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ABSTRACT 

The investigation embodied in the thesis entitled “SYNTHESIS, 

CATALYSIS AND THEORETICAL INVESTIGATIONS ON Ru(II) 

AND Ru(III)-NHC COMPLEXES” was initiated in July 2018 in the 

Department of Chemistry, Indian Institute of Technology Indore. The 

objectives of this thesis are synthesizing new Ru(II)-NHC complexes 

bearing the protic and classical NHC in one molecule and study their 

structural electronic and catalytic application. The theoretical investigation 

on Ru(III)-NHC precursor complexes utilized in the synthesis of Ru(II)-

NHC complexes. The focal points of the thesis are as follows- 

 

1) Design and synthesis of ligands precursors having possibility of protic- 

and classical-NHC in one molecule. 

 

2) Synthesis of transition metal complexes with CNC-pincer ligand 

platform having protic- and classical-NHC in same molecule. 

 

3) To compare the structural and electronic properties of protic & classical-

NHC and compare the catalytic activity of complexes. 

 

4) Theoretical investigations on our synthetic work of Ru(III)-NHC 

complexes.  

 

This thesis includes five chapters, and it starts with the general introduction 

of pincer complexes followed by a discussion about N-heterocyclic 

carbenes (NHCs) and protic-NHC as ancillary ligands (Chapter 1). This is 

followed by Chapter 2, which involves the structural and electronic study 

of the phosphine-based Ru-CNC pincer complex with protic- or anionic- 

and classical-NHC in the same molecule in a nearly identical environment. 

Further, Chapter 3 includes the Ru-based phosphine-free CNC pincer 

complexes having mixed protic- and classical-NHC which were used for 
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oxidant-free dehydrogenation of benzyl alcohols to benzoic acid. Chapter 

4 shows the role of ion-pairs in the synthesis of Ru(III)-NHC complexes. In 

Chapter 5, the conversion of Ru(III)-aNHC to Ru(III)-NHC has been 

studied computationally. Finally, the thesis concludes with the future 

outlook focusing on the utilization of protic-NHC complexes for small 

molecule activation (Chapter 6). The contents of each chapter included in 

the thesis are discussed as follows:  

 

Chapter 1 includes a general introduction about pincer complexes and their 

importance, followed by a brief discussion about N-heterocyclic carbenes 

(NHCs) and their bonding with metal. This discussion succeeded by 

comparing NHC and phosphine as spectator ligands in homogeneous 

catalysis. Furthermore, the protic-NHC complexes and their role in metal-

ligand cooperation are described.  

 

In Chapter 2, the first set of pincer complexes with the general formula 

[Ru(CNC)(PPh3)2Cl]Cl having a protic- and classical-NHC in the same 

molecule and nearly identical environments were synthesized. For this 

purpose, unsymmetrical imidazolium and benzimidazolium salts of CNC- 

pincer ligand precursors were synthesized and reacted with RuCl2(PPh3)3 

precursor. Further, protic-NHC complex was deprotonated to give anionic-

NHC complex. A direct comparison between classical-NHC with protic- 

and anionic-NHC could be possible. The study of the molecular structure of 

complexes suggested that the bond length for metal carbene bond for the 

anionic-NHC> protic-NHC> classical-NHC. When compared for these 

complexes, the electron donation tendency was found to be anionic-NHC> 

protic-NHC and classical-NHC> protic-NHC. The cooperation between 

metal and ligand was observed by the reaction of anionic-NHC complex 

with H2 gas at 1 atm. pressure which resulted in the heterolytic cleavage of 

H2 molecule to give protic Ru-hydride complex. 
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Figure 1. Schematic display of complexes bearing protic-NHC and anionic-

NHC with classical-NHC in same molecule and in nearly identical 

environment. 

 

In Chapter 3, new Ru-based phosphine free CNC pincer complexes 

([Ru(CHNCMe)(CNMe)I]PF6, [Ru(CHNCMe)(CNi-Pr)I]PF6, 

[Ru(CHNCAd)(CNMe)I]PF6, [Ru(CHNCAd)(CNi-Pr)I]PF6 with mixed protic- 

and classical-NHC were synthesized. For this purpose, initially the 

unsymmetrical imidazolium salts of CNC-pincer ligands precursors were 

synthesized. The ligands precursors were reacted with the in-house 

synthesized Ru(III)-NHC precursors to give the desired complexes. The 

complexes were characterized by various spectroscopic techniques like 1H-

NMR, 31P-NMR, 13C-NMR, and HRMS. The molecular structure of 

complex was determined using a single-crystal X-ray diffraction technique. 

These complexes were utilized for the oxidant-free, acceptorless 

dehydrogenation of benzyl alcohols to give the corresponding benzoic acid 

products. The catalytic activity for these phosphine-free complexes was also 

compared with the activity of our previously reported 

[Ru(CNC)(PPh3)2Cl]Cl complexes. The catalytic activity of the superior 

catalyst was screened for various aromatic, heteroaromatic, and aliphatic 

substrates. Mechanistic investigations conducted suggest the formation of 
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some crucial intermediates. The TON value could go up to 20,000, which 

is greater than several ruthenium complexes.  

 

Figure 2. Schematic display of complexes (1-6) with the oxidant-free, 

acceptorless dehydrogenation of benzyl alcohol. 

 

In Chapter 4, the role and effect of contact ion pairs in the synthesis of our 

in-house reported Ru(III)-NHC complexes has been described. During the 

synthesis of the Ru(III)-NHC precursor complex, an unusual reactivity was 

observed. In the presence of Cl- as counteranion, no product was observed, 

while in the presence of Br- as counteranion, mixed halide product was 

obtained. In the presence of I- as counteranion, pure product was obtained. 

To study the role of counteranion, DFT study was performed. The three 

halides were compared for the electrophilic C-H bond activation during the 

synthesis of the complex. The NMR and UV-vis spectroscopy indicated the 

existence of ion pairs in the ligand precursors. DFT modelling suggests two 

possible pathways for the formation of the product, i.e., halide coordinated 

pathway and ion-pair pathway. The ion pair pathway was feasible for the 

Cl- and I-, while for the Br-, the halide coordination pathway lead to a mixed 

halide complex. The ion-pair mechanism was found to follow the 

concerted-metalation-deprotonation (CMD) route. In the case of Cl-, a 

greater stabilization of the intermediate than the transition state was 
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observed due to halide coordination or hydrogen bonding with Cl- ions, 

which is responsible for the higher activation barrier. The conclusion of the 

DFT study was validated by the successful synthesis complex by the 

reaction of corresponding imidazolium precursor salt with Cl- ion and 

RuCl3·3H2O in dioxane solvent at 100 ºC. 

 

Figure 3. Schematic display of halide coordination pathway and ion-pair 

pathway for the different counteranion. 

 

Chapter 5 contains the mechanistic investigation on the conversion of 

Ru(III)-aNHC to Ru-NHC. During the synthesis of Ru(III)-aNHC complex, 

it has been observed that the Ru(III)-aNHC complex converts to Ru(III)-

NHC complex. Therefore, to study the mechanism of this conversion DFT 

study was performed. The suitable intermediates and transition states were 

optimized in gases states and their energies corrected for solvation in water. 

Three possible routes were proposed, i.e., pyridine roll-over (oxidative-

addition), pyridine roll-over (halide-assisted), and water-assisted pathway. 

The pyridine roll-over path involved the proton transfer from pyridine-C3 

to the imidazolium-C5. When this proton transfer occurred via the metal 

centre, it required very high energy. When the same proton transfer 

happened via chloride, the required energy was lowered. When the proton 
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transfer took place from the water coordinated to ruthenium instead of 

pyridine, the pathway called as water-assisted pathway. This pathway 

required lower energy than the pyridine roll-over pathway; hence, the 

pathway was found to be feasible for the conversion of Ru(III)-aNHC to 

Ru(III)-NHC.  

 

Figure 4. Schematic display of the routes for the conversion of Ru(III)-

aNHC (1A) into Ru(III)-NHC (1B) 

 

Chapter 6 includes the conclusion and the future scope of the work.  
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CHAPTER 1 

Introduction 

1.1 Pincer Ligands 

In 1976, Moulten and Shaw reported for the first time a tridentate chelating 

moiety 2,6-bis(di-t-butylphosphino) methylphenyl.[1,2] This diphosphine 

ligand and its corresponding complexes remained unnoticed for a decade. 

Later, after observing their extraordinary property of thermal stability, these 

tridentate complexes again came into the picture.[3] The pincer ligands 

provide high thermal stability to the complexes, making them a robust 

catalyst. The word pincer was coined by Van Koton in 1989 from a Dutch 

word tang, which means wrench or spanner in that language.[4][5] Pincer 

ligands are tridentate ligands that provide strong bonding and high stability 

to metal and allow meridional geometry around the metal center.[6] The 

selectivity of pincer complexes for meridional geometry differs from that of 

tripodal ligands, which prefer facial arrangement around the metal 

center.[6] It is the modular nature of the pincer ligand that makes it essential. 

The steric and electronic properties of pincer ligands can be fine-tuned 

without significantly modifying the coordination sphere (Figure 1.1).[7,8] 

 

 

Figure 1.1. Variable parameters that regulate the steric and electronic 

properties of pincer ligands. 



2 

 

1.2 N-Heterocyclic Carbenes (NHCs) 

Carbenes, ever since their discovery, have proved to play a vital role in 

organic synthesis by adding a single carbon atom to a molecule. Carbenes 

are neutral species with a divalent carbon and 6e- in the valence shell. The 

incomplete octet makes the carbenes unstable and highly reactive. Carbenes 

are categorized as singlets or triplets, as shown in Figure 1.2.[9] 

 

Figure 1.2. Geometry and hybridization of carbene: Single head arrow 

indicates electron. 

The first introduction of carbenes in inorganic and organometallic 

chemistry was made in 1964 by Fisher and his coworkers.[10] After the 

discovery of the first metal-carbene complexes 1, Ofele[11] and 

Wanzlick[12] et al. described complexes 2 and 3 containing N-heterocyclic 

carbenes (Figure 1.3).  

 

Figure 1.3. Early examples of carbene and NHC complexes. 

  Arduengo et al. in 1991 reported an isolable and bottleable first N-

heterocyclic carbene (NHC), 1,3-di(adamantyl)imidazol-2-ylidene 4[13], 

which further led to synthesis and theoretical studies on a series of new 

NHCs.  
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1.3 General properties and structural study of NHC 

NHCs can be defined as heterocyclic species bearing a carbene carbon and 

at least one hetero atom within the ring structure.[14,15] N-heterocyclic 

carbenes are far less reactive when bound to metals than Schrock carbenes 

and Fischer carbenes, the two main families of carbene ligands.[16] NHCs 

are regarded as spectator ligands in comparison to these two categories of 

ligands.[16] Unlike many other reactions commonly associated with metal 

carbenes, NHCs do not undergo cyclopropanations or metathesis 

reactions.[17] N-heterocyclic carbenes are electron-rich nucleophilic 

species, unlike other carbenes, which are typically electrophilic.[17] The 

exceptional stability of the carbene center can be partially explained by the 

combined electronic and steric impact of the structural characteristics. The 

general representative structure of the NHC, as given by the first isolated 

compound given by Arduengo et al., is shown in Figure 1.4. Since NHCs 

typically have bulky substituents (adamantyl group in 4) next to the carbene 

carbon, which sterically disfavor dimerization to the corresponding olefin, 

they help kinetically stabilize the species (the Wanzlick equilibrium).  

NHCs, in contrast to classical carbenes, have a singlet ground-state 

electronic configuration with an unoccupied p-orbital at the C2 carbon and 

a formally sp2-hybridized lone pair at the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), 

respectively (Figure 1.4 b). The adjacent nitrogen heteroatom stabilizes the 

structure due to its σ-electron withdrawing tendency, which lowers the 

energy of σ-orbitals inductively, and by π-electron donating tendency, 

which increases the electron density into the empty p-orbital mesomerically. 

NHCs are cyclic, which forces the carbene carbon into a bent, more sp2-

like structure, favoring the singlet state. 
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(a)            (b) 

(c) 

 

Figure 1.4. Structural features of NHC. (a) The general structure of 4 

describes the effect of backbone, nitrogen substituents, ring size, and 

nitrogen heteroatoms on the stability and reactivity of the NHC. (b) The 

general structure of imidazole-2-ylidine, where the σ-withdrawing and π-

donating nature of nitrogen atoms are the reasons for the stability of the 

singlet carbene structure. (c) Some examples of different classes of NHC. 

Ad = adamantyl; Me = methyl; Mes = mesityl; tBu = tert-Butyl; iPr = iso-

Propyl; Ph = phenyl. 
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The ground-state structure is represented in the C2-N bond lengths 

(1.37Å) found in, which indicate that the C2 nitrogen bonds have partial 

double bond character and fall between those of the equivalent imidazolium 

salt (1.32Å)[13] and its C2 saturated counterpart (1.49 Å) (Figure 1.5) [18]. 

 

Figure 1.5. Geometric and spectroscopic parameters of the first isolated 

free carbene 4 and the corresponding imidazolium ion.  

Although the proportional relevance of each effect varies from 

compound to compound, these broad principles of carbene stabilization 

apply to all classes of NHC (Figure 1.4c). The partial aromaticity of NHCs 

produced from heteroaromatic compounds provides a higher level of 

stability. This effect permits a lower requirement for proximal steric bulk, 

which is why the simple methyl-substituted NHC 1,3-di(methyl)imidazol-

2-ylidene is persistent in solution.[19] It has been estimated to be 

approximately 25 kcal/mol for model imidazol-2-ylidenes.[20] When the 

carbene center is generated at places other than C2, the species stabilized 

by a single nitrogen atom may arise (Figure 1.6). In general, these mesoionic 

or "abnormal" carbenes are more electron-donating than their "normal" 

analogs and can exhibit a wide range of behaviors.[21,22] It is impossible 

to construct a neutral, non-zwitterionic carbene resonance structure for 

them.  
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Figure 1.6. Normal-NHC (NHC) and Abnormal-NHC (aNHC). 

1. 4 Electronic properties of NHCs 

The successful isolation of (1,3-bis(adamantyl)imidazol-2-ylidene) by the 

deprotonation of the corresponding imidazolium chloride precursor has 

been a key event in the history of NHCs (Scheme 1.1).[13] The 

investigation of the characteristics and reactivity of this class of compounds 

was possible due to the continuous synthesis and isolation of stable NHCs. 

DFT study[23], 13C NMR[24] and X-ray photoelectron spectroscopic 

investigations[25] were conducted. The investigation suggests the carbonic 

structure instead of the ylidic structure. In imidazolylidenes, the HOMO is 

the lone pair located on the carbene carbon, whereas, in silylenes and 

germylenes, HOMOs are the π-orbitals concentrating closer to the center of 

Si or Ge as the atomic number increases.[26] 

 

Scheme 1.1. Synthesis of the first isolated NHC 4 from imidazolium 

chloride precursor.  

Electron density mapping on model carbene by Arduengo et al. 

revealed that the low reactivity of NHCs towards nucleophiles was caused 

by a significant electron density on the nitrogen atoms in addition to the 

expected electron density of the singlet carbene.[27] This electron mapping 

study also indicated little or no contribution from the ylidic resonance. 

Further study about the electronic nature of NHC suggested that the electron 

mapping method may not be appropriate for this purpose.[28] Experimental 

and theoretical studies were performed to study the electron delocalization 
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in imidazolylidenes and imidazolidinylidenes.[20,28] The study concludes 

that imidazolylidenes have a partial aromatic character that provides extra 

stability, whereas the imidazolidinylidenes do not have such aromatic 

character (Figure 1.7).[29] 

 

Figure 1.7. A downhill energy pathway leads from methylene to isolable 

heterocyclic carbenes.  

The DFT calculations indicated carbene stabilization by adjacent 

nitrogen atoms because of their electron-withdrawing tendency along the σ-

bond and the electron-donating tendency through which the lone pair of 

nitrogen is donated to the empty p-orbitals on carbenes. The stability of the 

carbene is decreased when the orientation of the nitrogen orbitals does not 

align with the empty p-orbital on the carbene.[30]  

1.5 Stability of NHC 

The study of steric and electronic properties can help understand the 

stability of NHCs and related species.[15] The unstable NHC tends to 

undergo dimerization by forming a double bond between the C2-centers 

(Figure 1.8).[31]  The energy gap between singlet and triplet states of 

carbenes has been explained to be the reason behind the phenomenon of 

dimerization.[32,33] It is the long-lived singlet carbene preferred over the 

unstable triplet carbene (t1/2 up to ca. 1 h at most)[34] in modern chemistry 

applications. The enthalpy of dimerization (Edim) calculated by DFT 

predicted the stability of NHC. The estimated values of Edim could also 



8 

 

predict the experimental behavior of NHC, i.e., when Edim ≤ -20 kcal/mol, 

the NHC is stable in the form of a dimer, whereas when the Edim  ≥ 0 

kcal/mol, the NHC is stable in the form of a monomer. For the between 

values, the NHCs exist as an equilibrium mixture between monomer and 

dimer.  

 

Figure 1.8. Transition state geometry for the dimerization of singlet 

carbenes. 

The σ-electron withdrawing group on carbene increases the energy 

gap between the π orbital and σ-orbital, favoring the singlet carbene, while 

the π-electron donating group stabilizes the carbene via interaction, 

resulting in bent carbenes (NHC belongs to this class). The π-electron 

withdrawing substituents favor linear singlet carbenes by breaking the px/py 

degeneracy. The two effects are combined when the substituents are π-

electron withdrawing and π-electron donating groups, stabilizing the 

carbene and favoring the singlet state. Bertrand displayed the impact of π-

electron donating and π-electron withdrawing groups on the stability of 

carbene (Figure 1.9).[15] Triplet carbenes are generally more inclined 

toward a bent geometry (where the px and py orbitals are degenerate) than 

singlet carbenes are toward a linear geometry.  
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Figure 1.9. Examples of singlet carbenes stabilized by (a) two π-electron-

donating substituents, (b) two π-electron-withdrawing substituents, and (c) 

a π-electron-donating substituent and a π-electron-withdrawing substituent.  

1.6 The nature of bonds of NHCs 

The ligand-metal bonding in the case of NHC is more complicated than that 

of phosphines. The contribution of σ- and π-bonding to metal centers in the 

case of NHCs has always been a subject of interest, while the phosphines 

involve the bonding to metal through σ-donation and π-backbonding. 

Tulloch et al. observed a shorter bond length for Cu-Ccarbene in copper-NHC 

complexes than the average Cu-C σ-bond distances.[35] A significant π-

interaction between the carbene p-π orbitals and dxz and dyz-orbitals of the 

metal center in (NHC)Ag complexes was observed by Hu et al. Theoretical 

investigations further support these interactions and suggest a 15-30 % 

contribution of the overall orbital interaction energy.[36] Further, 

crystallographic evidence showed a lengthening of the N–Ccarbene distance 

in bis(NHC) (7-9) complexes as the metal centers became more electron-

rich, allowing them to participate more in π-back bonding (Figure 1.10). 

 

Figure 1.10. The effect of metal center electron density on the N–Ccarbene 

distance in some NHC–metal complexes.  
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The π-donation tendency of NHC to metal was shown by Covallo 

and coworkers. DFT calculations were performed on complexes 10 and 11, 

reported by Nolan and coworkers.[37] The DFT calculations and 

crystallographic study indicate different Ir-C bond lengths for both carbenes 

(Figure 1.11). This difference in the bond length may be attributed to the 

partial π-donation into the d-orbitals of the metal center. Further, a study 

was performed on the series of NHC complexes with d-electrons from d0-

d10.[38] When species with a low d-electron count are considered, both π-

donation and π-backbonding contribute; when species with more d-electron 

counts are considered, π-backbonding dominates.  

 

Figure 1.11. The bis(NHC) complexes reported by Nolan et al. and the DFT 

study performed by Covallo et al. 

1.7 Quantitative measures for steric and electronic properties 

It has been known that a ligand's combined steric and electronic properties 

are responsible for the lone pair's availability on the carbene.[39] Nolan, 

Cavallo, and coworkers developed buried volume parameters (%Vbur), 

which could be used to quantify the steric properties of NHC 

conveniently.[40] %Vbur represents the proportion of the sphere occupied by 

the ligand after it has coordinated with the metal in its center in an NHC 

(Figure 1.12). Metal–carbene bond distances of 2 Å and sphere radius 

diameters of 3Å or 3.5Å are commonly used for higher %Vbur values to 

indicate that the ligand exerts a more significant steric influence on the 

metal center. The %Vbur can be calculated using theoretical calculations or 
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crystallographic data. Azolium salt precursor, free-NHC, or several metal-

NHC complexes can be used as suitable data sources.  

 

Figure 1.12. Sphere dimensions for steric parameter determination (%VBur) 

of NHC ligands.[40] 

Tolman electronic parameter (TEP) describes the electronic 

properties of NHCs.[41] In particular, TEP measures the infrared stretching 

frequencies of carbonyl ligands to assess a ligand's capacity to donate 

electrons. As the tendency for ligand donation increases, the metal center 

becomes more electron-rich, increasing the degree of π-backbonding into 

the carbonyl ligands, reducing their bond order and infrared stretching 

frequency (Figure 1.13). The greater the electron tendency of ligands, the 

lower the stretching frequency of carbonyl ligands. TEP was initially 

developed for phosphines, where [LNi(CO)3] based complexes were 

employed as initial model species for calculation. In contrast to absolute 

electron density at the metal, the TEP measures the p-donating ability of the 

metal center. As a result of differences in ligand-metal bonding, e.g., 

between imidazolylidenes and imidazolidinylidenes, the TEP may not be 

the best indicator of ligand-donating properties.[26] 
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Figure 1.13. Representation of metal carbonyl complexes, used to 

determine the electronic properties of NHC by IR spectroscopy.  

Crabtree and coworkers reported "abnormal" imidazolylidene 12 

and "normal" imidazolylidene 13, 14 & 15 and evaluated their Tollman 

electronic parameter (TEP) (Figure 1.14).[42] It has been shown that the 

abnormal-based imidazolidine has a greater electron donation tendency than 

the normal-based imidazolidine.  

 

Figure 1.14. Electronic properties of previously reported imidazolylidenes. 

1.8 Advantages of N-heterocyclic carbenes (NHC) over 

phosphine as a spectator ligand 

NHCs have come to replace phosphines in many organometallic and organic 

reactions for several reasons[43]- 

➢ NHCs have mostly comparable or superior activity to phosphines. 

➢ NHCs tend to donate electrons more than phosphines.  

➢ NHCs are easy to make on a large scale. 
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➢ The salts of the carbenes are stable without decomposition in air 

(phosphines degrade at higher temperatures and oxidize upon 

exposure to air). 

Milstein et al. reported phosphine-based Ru-PNN pincer catalyst 16 for 

ester hydrogenation with low TOF.[44] Later, Song et al. reported NHC-

based Ru-CNN pincer catalysts 17 and 18, utilized for ester hydrogenation 

with significantly higher TOF values (Figure 1.15).[45] 

 

Figure 1.15. Ruthenium catalyst for ester hydrogenation. 

1.9 General route for the synthesis of NHC complexes 

N-substituted azolium salts are typically the first step in manufacturing 

NHC complexes. The two synthetic pathways that lead to these precursors 

are usually complementary: [46] (i) nucleophilic substitution, which begins 

at the imidazole heterocycle (figure 1.16),[47–49] and (ii) a multi-

component reaction (figure 1.17)[29,50,51] that builds up the heterocycle 

with the necessary substituents in a single step.  

 

Figure 1.16. Synthesis of imidazolium salt from imidazole. 
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Figure 1.17. Synthesis of imidazolium salt via ring formation. 

The transition metal NHC complexes can be synthesized from 

imidazolium salts through various methods, including (i) proton abstraction 

using bases (e.g., BuLi) before metalation (free carbene route),[19,52–54], 

(ii) metalation with a basic metal precursor such as Pd(OAc)2 and 

[Ir(COD)(OEt)]2 (direct metalation),[55–57] (iii) metal exchange 

commencing from silver carbenes (transmetalation),[58,59] and (iv) 

oxidative addition of carbon-halogen bonds to low-valent metal 

precursors.[60,61] Direct base-free activation of C-H bonds, analogous to 

arene mercuration.[62] The most common method for the metalation of 

NHC is in situ deprotonation of the imidazolium precursor. 

 Among the three, the in situ deprotonation pathway is the most 

followed method for synthesizing NHC complexes. The imidazolium C2-H 

proton, being acidic, requires a basic anion for the deprotonation. The basic 

anion on the metal precursor or the azolium salt may lead to deprotonation 

and, hence, complexation. Figure 1.18 shows an example of the in situ 

deprotonation by metal precursor.[11]  

 

Figure 1.18. Example of in situ deprotonation by basic metalates. 
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In the case of counteranion as basic anion, the C2-H bond activation 

takes place by the hydrogen bonding interaction between the C2-H proton 

and the anion. This cation-anion pair is called the contact ion pair.[63] 

Recent research has demonstrated that the acidity of the C2-in imidazolium 

ionic liquids is contingent upon the character of the counteranion, in 

addition to the cationic moiety.[64] Thus, the rate of deprotonation may be 

substantially influenced by the counteranion's basicity in conjunction with 

its hydrogen-accepting capacity.  

In the past decade, reports have shown that halides are essential for 

forming transition metal complexes with the protonated precursor of the 

mesoionic-NHC.[65–68] In some cases, adding a halide from outside 

simulated the formation of complexes.[69,70] C-H bond polarization with 

halides has been observed to follow the order Cl- > Br- > I-.[71] However, 

with bulkier non-coordinating anions like BF4
- and PF6

-, poor C-H bond 

activation due to relatively weaker hydrogen bonding was observed.[71]  

1.10 Ruthenium-NHC complexes as catalysts 

NHCs are advantageous as ligands because of their strong σ-donor and 

weak σ-acceptor characteristics, which frequently aid intramolecular C-H 

bond activation and result in highly stable cyclometallated complexes.[72–

75] In the last three decades, Ru-complexes have been found to be valuable 

in organometallic chemistry and catalysis. Ru-NHC complexes are 

remarkably versatile in catalytic applications, offering effective ways to 

transform renewable resources and produce valuable products.[22,74,76–

80]  These complexes are effective in various processes, including C-H 

activation, metathesis, cross-coupling reactions, and 

(de)hydrogenation.[81–88] The distinct electronic and steric characteristics 

of NHC ligands and the tunable reactivity of ruthenium enable them to 

participate in various bond activations and transformations. Ru-NHC 

complexes are highly versatile tools in synthetic chemistry, especially when 

used as phosphine-free catalysts. Conventional transition metal catalysts 
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frequently use phosphine ligands to stabilize the metal center and control 

reactivity; nevertheless, using phosphine ligands can have some 

disadvantages, such as toxicity, sensitivity to oxygen and moisture, and 

restricted ligand tunability.[89–92] Among other advantageous 

characteristics, the well-established effectiveness of NHC–Ru complexes 

can be attributed to ruthenium's extraordinarily broad variety of oxidation 

states and coordination geometries. Some of the commonly known classes 

of Ru-NHC complexes are-  

1.10.1 Ru-NHC hydride and phenyl complexes- 

The Ru-NHC hydride (19-22) and phenyl (23) complexes can be found in 

the hydrogenation [93,94] and isomerization [95] processes of 

functionalized unsaturated substrates or alkenes. They can also occur as 

reactive intermediates during hydrogenations catalyzed by Ru-alkylidene 

complexes [96]. 

 

Figure 1.19. Examples of Ru-NHC-based hydride and phenyl complexes.  

1.10.2 NHC–Ru arene complexes 

The easy accessibility of the commercially available [(p-cymene)RuCl2]2 

enables the synthesis of new Ru-NHC-based arene complexes (24, 25) 

using imidazolin-2-ylidene ligands. These complexes were utilized in the 

metathesis and radical reactions.[97,98]  
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Figure 1.20. Examples of Ru-NHC-based arene complexes. 

1.10.3 Ru-NHC alkylidene complexes 

The complex 26-28 developed by Grubbs belongs to this NHC class.[99–

102] 

 

Figure 1.21. Examples of Ru-NHC-based alkylidene complexes. 

1.10.4 Ru-NHC vinylidene and indenylidene complexes 

Despite the steric complexation in 29 and 30, these complexes have shown 

high reactivity in the atom transfer radical polymerization (ATRP) type 

reactions. 

 

Figure 1.22. Examples of Ru-NHC-based vinylidene and indenylidene 

complexes. 
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1.10.5 Ru-NHC Schiff-base complexes  

The complex 31a-f showed promising results for ATRP of vinyl 

monomers.[103]  

 

Figure 1.23. Examples of Ru-NHC-based Schiff-base complexes. 

1.11 Protic-NHC ligands 

The NHCs have always been an area of interest due to their electronic and 

steric tunability.[26,40] The substituents at the nitrogen atoms and the 

carbon backbone of the heterocyclic skeleton can alter the strong σ-donor 

characteristics of NHCs. Bulky groups on the ring-nitrogen atoms do have 

an extra effect on the steric requirement of NHCs in the coordination sphere 

of a metal atom, which affects the catalytic activity and selectivity of NHC 

complexes. A sterically less demanding hydrogen atom can replace one N-

substituent at an NHC, adding new aspects to the ligand's coordination 

chemistry and behavior. The terms NH-NHCs, NR, NH-stabilized carbenes, 

NH-functionalized NHCs, and so forth have been used to describe NHCs 

with one or two NH wingtips. This subclass of NHCs is called protic N-

heterocyclic carbenes (pNHCs).[104] In contrast to the nonprotic (N-

alkylated) classical NHCs, the free pNHC is less stable than the equivalent 

azole isomer due to an NH group adjacent to the nucleophilic carbene 

carbon atom (Figure 1.24).[33,105,106] However, coordination with a 

metal center may change the relative stability of the tautomers.[107] 
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Figure 1.24. Comparison between Nonprotic and Protic N-Heterocyclic 

 

The traditional synthetic route for synthesizing protic NHC 

complexes has been shown in Figure 1.25. Acid-induced tautomerization of 

imidazole, a synthetic technique exclusive to the production of pNHC 

complexes, was utilized by Sundberg and Taube in 1972 to accomplish the 

first synthesis of a complex containing a pNHC ligand (Figure 1.25 a).[108] 

The reversible deprotonation and creation of hydrogen bonding interactions 

with counterions in specific crystal structures soon revealed the Brønsted-

acidic nature of the wingtip NH group in these complexes.[109] The 

development of base-induced N-functionalization of pNHC complexes by 

Angelici and colleagues was also influenced by the NH group's acidic 

nature. Protonation of azolyl complexes gives rational access to pNHC 

complexes, as predicted from acid-base chemistry (Figure 1.25 b).[110] 

Conversely, isocyanide ligands have been acknowledged as valuable 

constituents for synthesizing pNHCs on metal templates, beginning with the 

Fehlhammer group's groundbreaking 1974 work on the cyclization of 

functionalized isocyanides (Figure 1.25c).[111] Angelici, in 1979, showed 

that nucleophilic substitution of Fischer carbene complexes also provides 

an annulation route to the pNHC complexes (Figure 1.25d).[112] Another 

alternative approach for the protic-NHC involves the removal of the 

deprotecting group on the masked NHC (Figure 1.25e).[113] 

 



20 

 

 

Figure 1.25. Representative synthetic strategies to access pNHC 

complexes. 

1.12 Metal−Ligand Cooperation (MLC) Involving pNHC 

Complexes 

A lot of attention has been focused on the direct involvement of ligands in 

substrate recognition, activation, and transformation through a variety of 

secondary interactions, including hydrogen bonding and proton transfer in 

the coordination sphere, to understand the function of metalloenzymes 

better and create new transition-metal catalysts. 

The NH wingtip was first used by Hahn and Waldvogel in 2007 to 

identify substrates, enabling the chemoselective catalytic hydrogenation of 

an ester-functionalized olefin over an unfunctionalized one (Figure 

1.26a).[114] Due to the pNHC's proton-responsive characteristics, bond 

activation and catalysis through metal-pNHC cooperation were further 

developed.[74] 

 Kuwata and Ikariya (2008) utilized a bifunctional technique to 

report C-O bond cleavage in allyl alcohol under moderate and neutral 

circumstances (Figure 1.26 b).[104] This strategy was then applied to the 
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catalytic dehydrogenative coupling of an allyl alcohol and an 

imidazole.[104] The Lewis acid/Brønsted base cooperation of a 

(imidazolyl)iridium complex allowed Grotjahn to demonstrate the 

heterolytic cleavage of dihydrogen (Figure 1.26c).[115]  The application of 

p-NHC ligands in bifunctional catalysis has increased in recent years. 

 

Figure 1.26. Examples of MLC involving pNHC. 

1.13 Deprotonation of protic-NHC 

The protic-NHC complexes, upon deprotonation, give a nucleophilic 

species defined as an azolyl complex or an anionic N-deprotonated NHC 

complex (Figure 1.27). 

 

Figure 1.27. N-Deprotonation of pNHC complexes. 
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The deprotonated NHC has been shown to activate the dihydrogen or H-X 

in a concerted stepwise manner. The resulting protic ligand can 

subsequently transfer the nucleophilic X to the unsaturated substrate (Figure 

1.28).[116,117] 

 

Figure 1.28. Bond activation and MLC by anionic-NHC.  

1.14 Structural comparison of pNHC and anionic-NHC 

complexes 

The crystallographic and 13C NMR spectroscopic data of some previously 

reported pNHC and its corresponding anionic NHC pair complexes have 

been shown in Figure 1.29.[104,118–120] These complexes establish the 

carbenic nature of deprotonated NHC.   
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Entry Complex Type M-C 

(Å) 

C-N:/N-H 

(Å) 

C-E 

(Å) 

α 

(°) 

β  

(°) 

13C δc 

1 32 NH 2.060(5) 1.332(7) 1.396(6) 106.5(4) 110.5(4) 182.2 

2 33 N: 2.048(4) 1.297(6) 1.417(4) 111.4(3) 106.4(3) na 

3 34 NH 2.061(4) 1.360(5) 1.351(5) 103.7(3) 112.8(3) 166.7 

4 35 N: 2.0715(17) 1.342(2) 1.383(2) 108.31(14) 107.05(13) 156.4 

5 36 NH 2.224(3) 1.358(4) 1.368(3) 102.9(2) 112.8(2) 188.2 

6 37 N: 2.236(8) 1.299(9) 1.497(9) 108.0(7) 103.2(7) 184.5 

7 38 NH 1.967(3) 1.373(3) 1.343(3) 106.0(2) 109.9(2) na 

8 39 N: 1.980(3) 1.352(3) 1.360(3) 110.6(2) 104.8(2) 150.3 

9 40 NH 1.976(6) 1.345(8) 1.352(8) 107.1(5) 109.8(5) 155.2 

10 41 N: 1.996(2) 1.323(3) 1.385(3) 111.70(19) 105.32(19) 149.9 

Figure 1.29. Structural and Spectral Comparison of pNHC and Azolyl 

(Anionic NHC) Complexes. na = not assigned.  

It has been observed that upon deprotonation, the N−C−N angle α 

increases, and the C−N−C angle β decreases. The Ccarbene-N bond length 

also differs significantly upon deprotonation. The 13C NMR resonance for 

the pNHC carbon atom observes an upfield shift upon N-deprotonation of 

pNHC.  

1.15 Application of NHC-Complexes in Homogeneous 

Catalysis  

There are limited homogeneous transition metal catalysts in which both 

steric and electrical effects can be precisely regulated through minor 

alterations in ligand structure within the series. Phosphines have been 

predominantly utilized in this context, facilitated by the accessibility of the 

Tolman map of electronic and steric effects.[121] N-heterocyclic carbenes 

(NHCs), formed by substituting the proton at C-2 in an imidazolium salt 

with a metal, have been recognized for years. NHC complexes have been 

widely explored in the field of homogeneous catalysis.[12,122] The NHCs, 

due to their nucleophilic nature, react efficiently with several electrophiles. 

Pincer carbene complexes have been the most beneficial catalytic system, 
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as the pincer framework provides thermal stability, and NHCs are known to 

be strong electron donors. Pincer ligands featuring N-heterocyclic carbenes 

(NHCs) are the most sought-after molecules due to their exceptional 

stability and pronounced chelate action, resulting in a stable class of 

compounds with notable catalytic properties.[67] The transition metal NHC 

complexes have been widely utilized for catalytic applications like 

hydrogenation/dehydrogenation reactions, coupling reactions, etc.[123–

125] 

We are more interested in the acceptorless dehydrogenation of 

benzyl alcohol to benzoic acid derivatives. The well-established method of 

synthesizing carboxylic acids involves oxidizing benzyl alcohols with a 

metal-based oxidant.[126,127] However, this process requires powerful, 

toxic oxidants or TEMPO in combination with a stoichiometric quantity of 

sodium hypochlorite, which reduces its atom efficiency.[128] Alternatively, 

benzoic acid can also be prepared by dehydrogenation of benzyl alcohol. 

Alcohol can be investigated as a hydrogen storage compound using an 

alcohol dehydrogenation process. This atom-economic method produces 

the required carboxylic acid and hydrogen gas, a potential fuel. The 

dehydrogenation of benzyl alcohol to benzoic acid is investigated at high 

temperatures in organic solvents or a high concentration of base in water. 

 

Figure 1.30. NHC-based complexes for acceptorless dehydrogenation of 

benzyl alcohol to benzoic acid.  

In recent years, the NHCs have been a highly sustainable alternative 

for spectator ligands over the traditional phosphine-based ligands in 

organometallic catalysis. Some previously reported NHC-based transition 
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metal complexes for dehydrogenating benzyl alcohols to benzoic acid have 

been shown in Figure 1.30. Madsen et al. in 2016 reported half sandwich 

Ru-NHC complex [(p-cymene)RuCl2(IiPr)] (where IiPr = 1,3-diisopropyl-

2,3-dihydro-1H-imidazole) which shows dehydrogenation of alcohol to 

acid in the presence of additives (PCy3 and HBF4) in the presence of toluene 

solvent at reflux temperature (110 ºC) in 6 h.[129] Yamaguchi et al. 

reported a dicationic complex based on Cp*Ir(III), which features a highly 

electron-donating N-heterocyclic carbene (NHC) ligand and a bidentate 

ligand derived from α-hydroxypyridine moiety[130]. Williams et al. in 

2018 reported Ir(III) complex [Ir(2-PyCH2(C4H5N2))(COD)]OTf bearing 

NHC ligand for the catalytic transformation of benzyl alcohol to benzoic 

acid in the presence of base (KOH)  in toluene solvent at 140 ºC.[131] In 

2022, Tu et al. reported acceptorless dehydrogenation of aromatic and 

aliphatic primary alcohol to carboxylic acid by a self-supported NHC-Ru 

single-site catalyst under mild conditions.[132] 

 

1.16 Research Gap 

The study of phosphines as spectator ligands in a pincer framework has been 

widely used and explored. However, phosphines have had several 

disadvantages, such as poor stability in air and moisture and limited 

tunability.[90] Therefore,  the NHCs as ligands were used to replace the 

phosphines, increasing the stability and enhancing steric and electronic 

tunability.[133] Further, the metal and ligand cooperation was observed 

upon introducing a special class of NHC ligands, i.e., protic-NHC (pNHC) 

ligands.[104] These pNHC ligands provided the formation of hydrogen 

bonds to selected substrates, which helped with substrate recognition, 

selection, and orientation. The deprotonation of the protic NH wingtip 

resulted in anionic NHC complexes, which have been shown to activate 

small molecules like H2, CO2, CO, etc.[134] 
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 However, the comparison between protic and classical NHCs has 

mostly been based on catalytic activity. For the structural and electronic 

comparison, no example has been reported that could provide a direct 

comparison between protic- or anionic- with classical-NHC. We found this 

research gap and designed our complexes to incorporate the protic-NHC 

and classical-NHC ligands in a single molecule and a nearly identical 

environment. These complexes provide a direct comparison of structural 

and electronic properties between protic- and classical-NHC ligands. 

Initially, we synthesized our complexes using a very common phosphine-

based ruthenium precursor (RuCl2(PPh3)3), which was later replaced by our 

in-house reported Ru(III)-NHC precursor. This replacement of the 

precursor resulted in new phosphine-free ruthenium complexes having 

mixed protic and classical-NHC ligands in one molecule. We could also 

establish the role of halides and ion-pairing in the C-H bond activation 

mediated by the Lewis acidic metal center. We also report the mechanism 

for in situ conversion of abnormal-NHC to normal-NHC for the first time. 

1.17 Objectives of thesis 

NHCs have drawn attention due to their strong donation tendency and 

greater metal carbene bond strength. Protic-NHC complexes have not been 

much explored, and the examples of complexes with protic- and classical-

NHC in one molecule are very limited.  

1. Design and synthesis of ligand precursors having the possibility 

of protic- and classical-NHC in one molecule. 

2. Synthesis of transition metal complexes with CNC-pincer ligand 

platform having protic- and classical-NHC in the same molecule. 

3. To compare the structural and electronic properties of protic & 

classical-NHC and the catalytic activity of complexes. 

4. Theoretical investigations on our synthetic work of Ru(III)-NHC 

complexes. 
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1.18 Organization of thesis 

This chapter includes five chapters describing the synthesis, catalysis, and 

theoretical investigations of Ru-NHC complexes.  

 Chapter 1 presents the general introduction of pincer complexes, 

followed by a discussion about N-heterocyclic carbenes (NHCs) and protic-

NHC as ancillary ligands. 

 In Chapter 2, the structural and electronic study of the phosphine-

based Ru-CNC pincer complex with protic- or anionic- and classical-NHC 

in the same molecule in a nearly identical environment has been extensively 

studied. 

 In Chapter 3, Ru-based phosphine-free CNC pincer complexes 

with mixed protic- and classical-NHC used for oxidant-free 

dehydrogenation of benzyl alcohols to benzoic acid have been studied.  

In Chapter 4, the role of ion pairs in synthesizing our in-house 

reported Ru(III)-NHC precursor complexes has been extensively explored.  

In Chapter 5, the conversion of our in-house synthesized and 

reported Ru(III)-aNHC to Ru(III)-NHC has been studied computationally. 
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CHAPTER 2 

Protic- or anionic-NHCs with classical-NHC in a 

single [Ru(CNC)(PPh3)2Cl]Cl pincer complex: 

Direct comparison of structure & electronic 

properties and heterolytic H2 splitting  

2.1. Introduction 

Proton-responsive ligands are known to provide a better insight into 

understanding metal-ligand cooperation.[1–9] They can show non-

covalent interaction, which facilitates the substrate binding to the 

metal, hence activation followed by transformation.[10] Protic-NHC 

ligands are a special class of proton-responsive ligands that provide the 

metal with proton delivering site at the β-position.[11] This β-proton 

functionality may provide hydrogen bonding for recognition and 

orientation of substrates at the metal center.[12] Deprotonation of the 

N-H wingtip of the protic-NHC ligand forms anionic-NHC, which has 

been shown to activate small molecules like H2, CO2, etc.[12–17]  

Synthesis of protic-NHC complexes has been achieved through 

multiple routes.[18] There are few reports where a comparison 

between protic and classical NHCs has been made, mainly based on 

catalytic activity.[19,20] For the structural comparison, two different 

molecules containing a protic- or classical-NHC ligand have generally 

been considered. These molecules may crystallize into different space 

groups or have different lattice parameters, thereby not giving a clear 

picture for direct comparison. Hahn in 2016 reported a Rh-based 

unsymmetrical complex that features protic and classical NHC in a 

single molecule.[21] A few examples of recently reported ruthenium-

based pincer complexes with protic-NHCs are shown in Figure 

2.1.[11,17,22]  
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Figure 2.1. Some representative examples of Ru-pincer complexes 

with protic-NHC ligands. 

CNC-pincer complexes based on a " pyridine-dicarbene" ligand 

platform have been developed by many groups and found to give 

robust complexes with two NHCs in the pincer platform. Figure 2.2 

shows some previously reported Ru-CNC pincer complexes that are 

structurally similar to the complexes reported here.[23–26] 

 

Figure 2.2. Some representative examples of Ru-CNC complexes.  

Our group had reported Ru(II)-CNC pincer complexes, which 

inspired us to design new Ru(II)-CNC pincer complexes, which 

enabled us to study structural and electronic changes due to protic vs. 

classical NHCs. In this chapter, we describe a simple and easy-to-

synthesize first set of ruthenium-based pincer complexes bearing protic 

and classical NHC within the same molecule. This pincer platform 

provides a direct comparison between protic and classical NHCs. 
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2.2 Results and Discussion 

The design of complexes was inspired by the previously reported 

analogous classical NHC complexes by our group.[25] The suitable 

ligand precursor salts L1·HI and L2·HI have been synthesized with 

92% and 86% yield, respectively, by selective methylation at the 

nitrogen atom of one of the imidazole/benzimidazole of the 

palindromic ligand 2,6-di(1H-imidazol-1-yl)pyridine[27] and 2,6-

bis(1H-benzo[d]imidazol-1-yl)pyridine[28] (Scheme 2.1) and 

confirmed by NMR.  

Scheme 2.1. Synthesis ligands (L1·HI) and (L2·HI) 

The azolium salts, when reacted with Ag2O in methanol for 12 

h, give silver-carbene complex, which further undergoes an in-situ 

transmetallation with Ru precursor. The reaction of RuCl2(PPh3)3 for 

24 h at 70 °C with the in-situ generated silver carbene complexes of 

L1·HI/L2·HI ligands leads to the formation of cyclometallated 

[(Im/BIm)-Ru(CHNCMe)(PPh3)2Cl]Cl protic-NHC complexes 1 and 2 

with 45% and 60% yield respectively (Scheme 2.2). These complexes 

were characterized by LCMS, HRMS, multinuclear NMR, and single-

crystal XRD techniques. The disappearance of C2-H peaks of azolium 

in 1H and 13C{1H} NMR indicates the generation of carbene during the 

complex formation. 

 

Scheme 2.2. Synthesis of complexes 1 and 2. 



 
 

49 
 

The 1H NMR spectrum of complexes 1 and 2 shows a 

downfield singlet peak at δ= 13.27 ppm and 14.42 ppm for protic-N-H 

protons, respectively. 31P{1H} NMR spectra show a singlet peak at δ= 

29.78 ppm and 27.08 ppm for 1 and 2, respectively, indicating the two-

phosphine are trans to each other. In 13C{1H} NMR, the chemical shift 

for carbene peaks in complex 1 and 2 appears at δ= 189.7 ppm, 187.8 

ppm and 202.6 ppm, 201.3 ppm respectively. The HRMS (ESI+) for 

complexes 1 & 2 show the m/z peaks for [M-Cl]+ fragments at 

886.1578 (886.1573 calculated for C48H41ClN5P2Ru) and 986.1902 

(986.1889 calculated for C56H45ClN5P2Ru) with ruthenium isotopic 

fingerprint pattern.  

The molecular structures of 1 and 2 have been confirmed by 

single crystal X-ray diffraction analysis. Complex 1 (Figure 2.3) and 2 

(Figure 2.4) crystallized in a monoclinic system with P21/c space 

group. The molecular structures show a distorted octahedral geometry 

around ruthenium, bound by an unsymmetrical CNC-based tridentate 

pincer ligand in a meridional position. The two PPh3 groups are trans 

to each other, and Cl occupies the 6th coordination site of ruthenium.  

In the case of complex 1, the Ru-C1 and Ru1-C11 bond 

distances are 2.109(7) Å and 2.059(8) Å, respectively, indicating a 

stronger bonding interaction of Ru with the classical-NHC compared 

to the protic-NHC. The bond length of C1-N1 and C11-N5 is 1.276(9) 

and 1.358(9) respectively. The shorter C1-N1 bond length than C11-

N5 indicates a more double bond character in the case of the protic-

NHC, while the classical-NHC bonds are more delocalized. The 

chlorido ligand is located trans to pyridine, and the bond distances for 

Ru1-N3 and Ru1-Cl1 are 2.032(6) Å and 2.457(2) Å, respectively. The 

free chloride is found hydrogen bonded to protic-NH (N-H---Cl) at a 

distance 2.324 Å from hydrogen and a bond angle of 155.63°. The bite 

angle between C1-Ru1-C11 formed by the CNC pincer ligand 

occupying the meridional site is 155.4(3)°.  
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Figure 2.3. Single-crystal X-ray diffraction structure of 1. One solvent 

H2O molecule and hydrogen atoms (except for NH) are omitted for 

clarity. Phenyl rings of the phosphine ligand are drawn in tube form for 

clarity. Selected bond lengths (Å) and bond angles (°): Ru1-C1= 

2.109(7) Å, Ru1-C11= 2.059(8) Å, N1-C1= 1.276(9) Å, N5-C11= 

1.358(9) Å, N2-C1=1.404(9) Å, N4-C11= 1.372(9) Å, N1-C1-N2= 

104.7(6)°,  N5-C11-N4= 103.5(6)°. 

 

 

Figure 2.4. Single-crystal X-ray diffraction structure of 2. One DMSO 

solvent molecule and hydrogen atoms (except for NH) are omitted for 

clarity. Phenyl rings of the phosphine ligand are drawn in tube form for 

clarity. Selected bond lengths (Å) and bond angles (°): Ru1-C1= 

2.056(6) Å, Ru-C11= 2.027(6) Å, N1-C1= 1.331(7) Å, N5-C11= 

1.344(7) Å, N2-C1=1.404(9) Å, N4-C11= 1.412(7) Å,  N1-C1-N2= 

103.5(5)°, N5-C11-N4= 103.6(5)°. 
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 Similarly, in the case of complex 2, the Ru1-C1 bond length is 

2.056(6) Å, while the Ru1-C11 bond length is 2.027(6) Å (Figure 2.4), 

indicating, again, a stronger bond between Ru and classical-NHC. The 

bond lengths of N1-C1 and N5-C11 bonds are found to be comparable, 

perhaps due to more delocalization possible in the benzimidazolylidene 

units. The ruthenium carbene bonds in the case of complex 2 are 

shorter than complex 1, perhaps due to the slightly better π-acceptor 

ability of benzimidazolydiene than imidazolydiene carbenes. 

Comparison of Ru-C(pNHC) bond of complex 1 and 2 with previously 

reported complexes has been listed in Table 2.1.  

Table 2.1. Comparison of relevant properties of 1 & 2 with reported 

pNHC complexes shown in Figure 2.1. 

ENTRY 1 2 A B C 

Ru-C (Å) 2.109(7) 2.056(6) 2.077(6) 1.993(3) 1.960(7) 

C-N(H) (Å) 1.276(9) 1.331(7) 1.348(8) 1.359(3) 1.351(8) 

N-C-N(H) (°) 104.7(6) 103.5(5) 103.4(5) 103.1(2) 104.5(6) 

*E1/2 0.97 1.09 0.44 - - 

* Oxidation potential vs Fc0/+ in Volts. 

The electron donation tendencies of protic-NHC and classical-

NHC ligands were compared by electrochemical investigations, for 

which the anion was exchanged from Cl to PF6 in complexes (Scheme 

2.3). The reversible one-electron oxidation for complex 1-PF6 and 1a-

PF6 appear at 0.97 V (vs. Fc0/+) and 0.73 V (vs Fc0/+), respectively 

(Figure 2.5). The more negative potential of 1a-PF6 than 1-PF6 

suggests more electron donation tendency of the classical-NHC ligand 

than the protic-NHC ligand. Another oxidation peak at 1.07 V ( vs. 

Fc0/+) in the case of 1a-PF6 is referred to as halide dissociated species 

identified by mass and NMR study in our previous report.[25] 

Similarly, the complex 1-PF6 oxidises at a lower potential than 2-PF6 

(1.09 V vs. Fc0/+), indicating more electron donation in the case of 

imidazoline-2-ylidene compared to benzimidazoline-2-ylidene (Figure 
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2.6). Comparison of oxidation potential (vs Fc0/+) of complex 1 and 2 

with previously reported complexes has been shown in Table 2.1. 

 

Scheme 2.3. Complexes for electronic comparison  

 

 

Figure 2.5. Comparison of CV-plot of complex 1-PF6 and 1a-PF6. 
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Figure 2.6. Comparison of CV-plot of complex 1-PF6 and 2-PF6. 

In the case of complex 2, the deprotonated complex could be 

isolated only upon the reaction of KHMDS with complex 2 in toluene 

solvent at room temperature under nitrogen atmosphere in the glove 

box (Scheme 2.4). The deprotonated complex 2' was characterized by 

ESI+-MS, multinuclear NMR, and single crystal x-ray diffraction 

techniques. 

 

Scheme 2.4. Deprotonation of protic N-H wingtip of 2. 

The 1H-NMR spectrum of complex 2' recorded in DMSO-d6 

solvent shows the disappearance of the protic N-H signal at δ= 14.42 

ppm. The 31P{1H} spectrum shows a singlet at δ= 31.41 ppm 

downfield to complex 2 (δ= 27.08 ppm). The carbene peaks in the 

13C{1H} spectra of 2' appear slightly different for samples of isolated 
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2' complex and in situ deprotonation of 2 in the NMR tube. In the case 

of in situ generated 2', signals at δ= 210.8 ppm and 202.6 ppm are 

obtained for the anionic- and classical-NHC, respectively, indicating 

the coordination of K+ to the deprotonated nitrogen atom. However, in 

case of 13C{1H}-NMR data of isolated 2', signals at δ= 193.7 ppm and 

206.6 ppm are obtained for the anionic- and classical-NHC, 

respectively, indicating no K···N ion-pair as confirmed by the solid-

state structures obtained from X-ray diffraction data. The complex 2' is 

a neutral complex and is identified in LCMS as [M+H]+ at 986.1966. 

The crystals for determining molecular structure were grown in two 

different sets of solvents. The first structure (2'-MeOH) was obtained 

from the diffraction of crystals formed by the layering of diethyl ether 

on methanol, whereas another structure was obtained from the 

diffraction of crystals formed by layering of ether on toluene (Figure 

2.6). The complex 2' crystallized in a monoclinic system with P21/n 

space group (Figure 2.7).  

A distorted octahedral geometry around ruthenium with CNC- 

pincer ligand occupying the meridional position, two PPh3 are trans to 

each other, and chloride trans to the pyridine group. When comparing 

the bond lengths for the metal carbene arm between complexes 2 and 

2', it is observed that the Ru-C1 bond length increases upon 

deprotonation, as reported in some previous cases.[18,29,30] The bond 

angle formed by N1-C1-N2 increases from δ= 103.5(5)° to 

108.75(14)° upon deprotonation. The bond length of the N1-C1 bond 

becomes shorter than the N5-C11 bond, which was comparable in the 

case of protic-NHC complex 2.  

 



 
 

55 
 

 

Figure 2.7. Single-crystal X-ray diffraction structure of 2' (hydrogen 

atoms and diethyl ether solvent molecule have been omitted for 

clarity). Phenyl rings of the phosphine ligand are drawn in tube form 

for clarity. Selected bond lengths (Å) and bond angles (°): Ru1-C1= 

2.0796(16) Å, Ru-C11= 2.0590(16) Å, N1-C1= 1.312(2) Å, N5-C11= 

1.349(2) Å, N2-C1= 1.441(2) Å, N4-C11= 1.409(2) Å, N1-C1-N2= 

108.75(14)°, N5-C11-N4= 103.95(13)°. 

Further, electrochemical study on the protic-NHC complex 2-

PF6 and the anionic-NHC complex 2' was performed, and their cyclic 

voltammogram were compared (Figure 2.8). A reversible oxidation 

peak at 0.91 V and a non-reversible oxidation peak at 1.18 V were 

observed in the plots. The appearance of two oxidation peaks can be 

understood in terms of an equilibrium between the Cl- coordinated and 

dissociated forms in the case of anionic-NHC complex 2'. Upon 

electrochemical oxidation, the Cl- binding tendency increases, and only 

the Ru(III) complex with Cl- coordinated form exists in the solution. 

Therefore, a reversible oxidation for the Cl- bound form is observed, 

but not for the Cl- dissociated form. The comparison of CV spectra of 

complex 2-PF6 and 2' indicated a more electron-donating tendency of 

anionic-NHC than protic-NHC. 
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(a) 

(b)  

 

Figure 2.8. (a) Comparison of CV-plot of complex 2-PF6 and 2'. (b) 

Electrochemical oxidation-reduction of complex 2'. 

Further, to examine the cooperative nature of the proton-

responsive ligand, H2 splitting has been performed with complex 2'. 

The deprotonated complex 2' in toluene solvent was purged with H2 

gas and heated for 24 h at 110 °C (Scheme 2.5). The resulting product 

shows the formation of hydride complex 3 via heterolytic cleavage of 

H2. The Ru-H complex 3 is found stable at laboratory benchtop 

conditions in air. The formation of complex 3 was confirmed by the 1H 

and 31P{1H} NMR spectroscopy and ESI+-MS. The 1H NMR of 

complex 3 displays a hydride signal at δ= -8.50 ppm as a triplet and a 
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protic N-H signal at δ= 12.67 ppm as a singlet. The 31P{1H} NMR 

shows a new peak at δ= 51.36 ppm. The shifts in the 31P{1H} well as 

the protic-NHC signal in 1H NMR, upon formation of the hydride 

complex 3, are similar to our recent study.[17] The HRMS spectra 

show a peak [M]+ peak at 952.2225. 

 

Scheme 2.5. Heterolytic cleavage of H2 molecule. 

2.3 Conclusions 

In this chapter, first ruthenium-based CNC pincer complexes 1 and 2, 

having the protic and classical NHC within the same complexes and in 

nearly identical environment, have been described. To the best of our 

knowledge, this is the first report that directly compares protic and 

classical NHC ligands in a CNC-pincer complex. The structural study 

shows that the bond length of Ru-C(pNHC) > Ru-C(classical). The 

electrochemical study indicates that the classical-NHC ligand has more 

electron donation tendency than the protic-NHC ligand. Upon 

deprotonation, the bond length of the Ru1-C1 bond of the anionic-

NHC increases, and the carbene bond angle formed by the adjacent 

nitrogen atom of anionic-NHC also increases. Although the solid-state 

structure of complex 2' suggests a sizable contribution of the C-

imidazolyl structure, the 13C{1H}-NMR data indicate a carbene-like 

signal. The chemical shift (δ 193.7) doesn't show a drastic upfield shift 

expected for the C-atom if the extra negative charge is transferred to 

this C-atom. Further, a downfield shift of the chemical shift (δ 210.8) 

for in situ deprotonation in DMSO-d6 is described as resulting from 

the formation of K···N ion-pair which pulls the electron density away 

from the carbenic carbon. The CV study of the anionic NHC complex 

2' indicates a more electron donation tendency of anionic-NHC than 
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protic-NHC ligand. Cooperation between metal and ligand was shown 

by the reaction of 2' with H2 to give complex 3.  

2.4 Experimental Section and Characterization 

2.4.1 Materials and characterization methods 

All the reactions and modifications were performed under an inert 

(dinitrogen unless otherwise stated) atmosphere using standard 

Schlenk line and glove box techniques. The glasswares were oven-

dried over 200 °C overnight and cooled under vacuum. The solvents, 

i.e., dimethyl sulfoxide (DMSO), dichloromethane (DCM), toluene 

(C6H5CH3), methanol (CH3OH), and diethyl ether (C2H5OC2H5) were 

purchased from S. D. Fine-Chem Limited and further used after 

purification by distillation under N2 atmosphere. Azoles (1-H-

imidazole and 1-H-benzimidazole) and RuCl3·3H2O were purchased 

from Sisco Research Laboratories Pvt. Ltd. (SRL)-India and Sigma-

Aldrich respectively. RuCl3·3H2O was used as the metal salt for the 

synthesis of metal precursor RuCl2(PPh3)3 following literature 

procedure.[29] Deuterated solvents, DMSO-d6 and CDCl3 were 

purchased from Eurisotop and distilled using calcium hydride (CaH2). 

2,6-dibromopyridine was purchased from Sigma-Aldrich and used as 

starting material for the synthesis of ligand precursors L1 and L2 (2,6-

bis((benz)imidazolyl)pyridine).[30,31] Electrospray ionization mass 

spectrometry (ESI-MS) spectrogram was recorded using Bruker 

Daltonik-Micro-TOF-QII spectrometer for exact mass and true isotopic 

measurement and solutions were prepared using analytical grade 

methanol or acetonitrile. NMR was obtained using a Bruker Avance 

(III) spectrometer operating at 400 MHz (1H), 162 MHz (31P), and 100 

MHz (13C) and Bruker Avance NEO spectrometer operating at 500 

MHz (1H), 202 (31P), and 126 MHz (13C).  

2.4.2 Electrochemical and photophysical study 

The electrochemical properties of the complexes 1-PF6, 1a-PF6, 2-PF6 

and 2' were assessed using cyclic voltammetry, utilizing a standard 
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three-electrode set up comprising a glassy carbon as a working 

electrode, Pt wire as a counter electrode, and Ag/AgCl as a reference 

electrode. Analyte with 0.1 M tetrabutylammonium 

hexafluorophosphate ([nBu4N]PF6) in dry-degassed acetonitrile were 

utilized. All data were collected at scan rates of 100 mVs–1 and 

referenced to a [Ferrocene]/[Ferrocenium ion] redox couple internal 

standard, followed by conversion to SCE. Before each measurement, 

the electrochemical cell containing samples were deaerated by 

bubbling nitrogen gas. A photophysical study was attempted to 

compare the protic and classical NHC ligands in complexes 1-PF6 and 

1a-PF6, but no significant difference was observed in the UV spectra 

(figure 2.9). The electronic absorption spectra were recorded in a 

quartz cuvette using a Varian UV-vis spectrophotometer.  

 

Figure 2.9. Comparison of UV-plot of complex 1-PF6 and 1a-PF6 

2.4.3 Synthesis of Ligand Precursor L1/L2- The ligand L1/L2 was 

synthesized following the previously reported literature procedure. 

2.4.4 Synthesis of Ligand (L1·HI/L2·HI) 

An oven dried 100 ml two neck round bottle flask with magnetic bead 

was connected to reflux condenser in Schlenk line and then cooled 

under vacuum. The R.B flask was charged with L1/L2, methyl iodide (1 

eq. in case of L1 and 5 eq. in case of L2) and dry toluene under N2 

 1a-PF6 

 1-PF6 
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atmosphere. The temperature increased from room temperature to 

reflux for 18 hours, allowing precipitate to settle. After cooling to 

room temperature, the precipitate was filtered, washed with toluene, 

DCM, and diethyl ether. The pure product was obtained after 

crystallization in methanol solvent. 

2.4.4 (i) Characterization of L1·HI-  

1H NMR (500 MHz, DMSO-d6) δ 10.26 (s, 1H), 8.85 (s, 1H), 8.69 (d, 

0H), 8.39 (t, J = 8.1 Hz, 1H), 8.21 (s, 1H), 8.02 (d, J = 8.1 Hz, 1H), 

7.95 (d, J = 7.9 Hz, 1H), 7.20 (s, 1H), 4.00 (s, 2H). 13C{1H} NMR 

(126 MHz, DMSO-d6) δ 147.8, 145.2, 144.1, 136.0, 135.9, 130.7, 

125.0, 119.1, 117.0, 114.2, 113.0, 111.0, 36.5 

2.4.4 (ii) Characterization of L2·HI 

1H NMR (500 MHz, DMSO-d6) δ 10.58 (s, 1H), 9.17 (s, 1H), 8.55 (d, 

J = 8.1 Hz, 1H), 8.41 (d, J = 8.4 Hz, 1H), 8.27 (d, J = 7.9 Hz, 2H), 8.20 

(d, J = 8.4 Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.85 – 7.75 (m, 3H), 7.37 

(s, 2H), 4.26 (s, 3H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 148.9, 

145.6, 144.0, 143.5, 142.8, 142.2, 132.0, 131.3, 129.0, 127.6, 127.0, 

124.1, 123.3, 120.0, 115.0, 114.35, 113.9, 113.6, 33.7. 

2.4.5 Synthesis of Complex 1 and 2 

A 100 ml Schlenk tube with magnetic bead was cooled under vacuum 

and purged with nitrogen gas. The Schlenk tube was charged with 

L1·HI/L2·HI (1 equivalent) and dried under vacuum at 100 °C for 1 

hour and then cooled to room temperature under nitrogen atmosphere. 

Dry methanol 10 ml was added followed by addition of Ag2O (1 

equivalent). The reaction mixture was stirred at room temperature for 

12 hours under dark resulting in formation of white precipitate. After 

that 1 equivalent of RuCl2(PPh3)3 was added and the reaction 

temperature was increased to 70 °C for 24 hours. The reaction mixture 

was filtered through a pad of celite. the filtrate was concentrated to 2 

ml under reduced pressure followed by addition of 10 ml of diethyl 
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ether. X-ray quality crystals were obtained by layering of diethyl ether 

on the methanolic solution of complex at -18 °C.  

2.4.5 (i) Characterizaion of complex 1 

Yield (45% ) 1H NMR (500 MHz, DMSO-d6) δ 13.27 (s, 1H), 8.32 (d, 

J = 2.4 Hz, 2H), 7.90 (d, J = 2.4 Hz, 1H), 7.46 (s, 1H), 7.43 – 7.31 (m, 

2H), 7.26 (t, J = 7.4 Hz, 10H), 7.19 – 7.06 (m, 20H), 6.72 (d, J = 8.2 

Hz, 1H), 3.23 (s, 3H). 31P{1H} NMR (202 MHz, DMSO-d6) δ 29.78 

(s). 13C{1H} NMR (101 MHz, DMSO-d6) δ 189.7, 187.9, 152.2, 

152.2, 136.0, 133.5, 133.4, 133.1, 133.0, 132.7, 129.8, 129.2, 128.9, 

128.8, 127.9, 127.9, 127.8, 125.6, 121.8, 117.7, 116.4, 115.61, 105.3, 

105.0, 36.1. HRMS (ESI+) m/z calcd for C₄₈H₄₁ClN₅P₂Ru [M-Cl]+ 

886.1578, found  886.1573. Anal. Calcd for (C48H41Cl2N5P2Ru) C, 

62.54; H, 4.48; N, 7.60. Found C, 62.61; H, 4.25; N, 7.84. 

2.4.5 (ii) Characterizaion of complex 2 

Yield (60% ) 1H NMR (500 MHz, DMSO-d6) δ 14.40 (s, 1H), 8.27 (d, 

1H), 7.93 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 7.8 Hz, 10H), 7.65 (d, J = 

8.4 Hz, 1H), 7.63 – 7.48 (m, 4H), 7.38 (d, J = 7.7 Hz, 2H), 7.25 – 7.17 

(m, 6H), 7.09 – 7.04 (m, 23H), 3.52 (s, 2H). 31P{1H}  NMR (202 MHz, 

DMSO-d6) δ 27.18 (s). 13C{1H} NMR (101 MHz, DMSO-d6) δ 202.6, 

201.3, 152.4, 137.1, 136.6, 135.7, 132.6, 132.5, 132.5, 132.3, 132.1, 

130.6, 130.1, 129.4, 127.8, 127.9, 124.8, 124.5, 124.4, 123.6, 112.3, 

111.7, 111.2, 110.8, 106.8, 106.5, 33.8. HRMS (ESI+) m/z calcd for 

C₅₆H₄₅ClN₅P₂Ru, [M-Cl]+ 986.1901, found  986.1889. Anal. Calcd for 

(C56H45Cl2N5P2Ru) C, 65.82; H, 4.44; N, 6.85. Found C, 65.91; H, 

4.30; N, 6.98. 

2.4.6 Synthesis of Complex 1a 

To a solution of 1 (100 mg, 0.11 mmol) in THF, NH4PF6 was added 

and stirred for 30 min at room temperature. A precipitate of NH4Cl 

comes out of the solution. The solution was filtered, and filtrate was 
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vacuum dried. The residue was washed with diethyl ether and collected 

over filter paper. 

2.4.7 Synthesis of Complex 2a 

To a solution of 1 (100 mg, 0.10 mmol) in methanol, NH4PF6 was 

added and stirred for 30 min at room temperature. A precipitate of 2a 

slowly comes out, and on cooling at 0 °C, some more precipitation 

happens. Precipitate was filtered, washed with diethyl ether.  

2.4.8 Synthesis of Complex 2' by KHMDS 

A solution of KHMDS (356 µL, 0.10 mmol) is added to complex 2 

(100 mg, 0.10 mmol) in toluene at -78 ºC and allowed to stir at room 

temperature for 24 hours in glove box. The solution was filtered, and 

filtrate was dried under vacco. Subsequent recrystallization by 

Methanol/diethyl ether or toluene/diethyl ether afforded complex 2'. 

Yield (72%) 1H NMR (500 MHz, DMSO-d6) δ 8.23 (d, J = 9.0 Hz, 

1H), 7.64 – 7.58 (m, 2H), 7.56 (t, J = 5.3 Hz, 2H), 7.48 (d, J = 7.8 Hz, 

1H), 7.41 (dd, J = 6.5, 12.8 Hz, 5H), 7.32 (dt, J = 7.9, 14.7 Hz, 3H), 

7.24 (d, J = 3.8 Hz, 2H), 7.13 (q, J = 7.4 Hz, 15H), 6.94 (t, J = 7.6 Hz, 

10H), 6.61 (d, J = 8.2 Hz, 1H), 3.36 (s, 3H) ). 31P{1H} NMR (202 

MHz, DMSO-d6) δ 31.41 (s). 13C{1H} NMR (126 MHz, DMSO-d6) δ 

210.8, 202.6, 152.4, 137.2, 136.6, 135.7, 132.6, 132.6, 132.5, 132.3, 

132.2, 132.0, 131.5, 131.4, 130.6, 130.1, 129.4, 128.80, 128.7, 124.8, 

124.6, 124.5, 123.7, 112.3, 111.5, 111.2, 110.8, 106.8, 106.4, 33.8. 

Anal. Calcd for (C56H44ClN5P2Ru) C, 68.25; H, 4.50;  N, 7.11. Found 

C, 68.32; H, 4.33; N, 7.28. 

2.4.9 Heterolytic cleavage of H2 (1 atm) at 110 °C by 2' to give 3 

Complex 2' (50 mg, 0.05 mmol) in toluene solvent was purged with 

hydrogen gas and heated for 24 hours at 110 °C. After the reaction the 

precipitate was filtered, dried and washed with diethyl ether to give 

complex 3. Yield (45%) 1H NMR (500 MHz, DMSO-d6) δ 12.76 (s, 

1H), 8.22 (d, J = 8.2 Hz, 1H), 8.03 (s, 1H), 7.78 (d, J = 8.2 Hz, 1H), 
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7.62 (t, J = 6.3 Hz, 1H), 7.38 (d, J = 7.2 Hz, 2H), 7.31 – 7.25 (m, 2H), 

7.21 (d, J = 8.0 Hz, 2H), 7.19 – 7.10 (m, 6H), 7.01 (q, J = 3.2 Hz, 

24H), 2.90 (s, 3H), -8.50 (t, J = 24.5 Hz, 1H). 31P{1H} NMR (202 

MHz, DMSO-d6) δ 51.36.  

2.4.10 X-ray data collection 

The X-ray diffraction, of a single crystal acquired by crystallization of 

complexes, was performed and data obtained by using dual-core 

Agilent technologies (Oxford Diffraction) Super Nova CCD System 

equipped with micro focus Mo and Cu sources. Data was recorded at 

293(2) K using graphite-mono chromated Mo Kα radiation source (λα 

= 0.71073 Å). The crystal data was collected using CrysAlisPro CCD 

and was further reduced using CrysAlisPro RED software. The 

structure with intrinsic phasing was solved using the SHELXT1[32] 

software, and the entire matrix least-squares on F2 was refined using 

the SHELXL1[33] program within the Olex2[34] program for 

graphical interface. Anisotropic refinement was performed on all non-

hydrogen atoms.  

 

Figure 2.10. Single-crystal X-ray diffraction structure of 2'-MeOH 

(hydrogen atoms except for CH3OH solvent molecule are omitted and 

diethyl ether molecule has also been omitted for clarity). Phenyl rings 

of phosphine ligand drawn in tube form for clarity. 
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Table 2.2. Important crystallographic parameters with selected bond 

lengths and angle 

Crystals 1 2 2'-MeOH 2' 

Empirical 

formula 

C48H43Cl2N5

OP2Ru 

C58H51Cl2N5O

P2RuS 

C61H58ClN5O2

P2Ru 

C56H44ClN5P2Ru 

Formula weight 939.78 1100.01 1091.58 985.42 

Temperature/K 293(2) 293(2) 293(2) 300 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/c P21/n P21/n 

a/Å 11.9308(2) 9.7331(3) 13.1379(4) 16.6067(2) 

b/Å 17.8608(2) 23.3559(8) 24.4204(6) 18.5906(2) 

c/Å 21.5668(5) 23.4710(8) 17.1734(3) 19.4595(3) 

α/° 90 90 90 90 

β/° 104.447(2) 101.886(3) 93.432(2) 114.968(2) 

γ/° 90 90 90 90 

Volume/Å3 4450.42(14) 5221.2(3) 5499.9(2) 5446.24(15) 

Z 4 4 4 4 

ρcalcg/cm3 1.403 1.399 1.318 1.202 

μ/mm-1 0.586 0.550 0.439 0.434 

F(000) 1928.0 2264.0 2264 2024.0 

Crystal 

size/mm3 

0.31 × 0.18 

× 0.17 

0.17 × 0.07 × 

0.04 

0.33 × 0.29 × 

0.2 

0.43 × 0.34 × 

0.17 

Radiation Mo Kα (λ = 

0.71073) 

Mo Kα (λ = 

0.71073) 

Mo Kα (λ = 

0.71073) 

Mo Kα (λ = 

0.71073) 

2Θ range for 

data collection/° 

3.9 to 50.698 6.062 to 50.052 4.354 to 52.042 3.482 to 58.366 

Index ranges -14 ≤ h ≤ 14, 

-21 ≤ k ≤ 21, 

-25 ≤ l ≤ 25 

-11 ≤ h ≤ 11, -

27 ≤ k ≤ 27, -

27 ≤ l ≤ 27 

-15 ≤ h ≤ 16, -

28 ≤ k ≤ 30, -

21 ≤ l ≤ 21 

-21 ≤ h ≤ 22, -25 

≤ k ≤ 25, -24 ≤ l 

≤ 26 

Reflections 

collected 

81376 95237 56057 67182 

Independent 

reflections 

8144 [Rint = 

0.1053, 

Rsigma = 

0.0507] 

9224 [Rint = 

0.2046, 

Rsigma = 

0.1057] 

10821 [Rint = 

0.1022, 

Rsigma = 

0.0635] 

13643 [Rint = 

0.0468, Rsigma = 

0.0328] 

Data/restraints/p

arameters 

8144/0/536 9224/0/634 10821/0/654 13643/0/587 

Goodness-of-fit 

on F2 

1.165 1.040 1.076 1.029 

Final R indexes R1 = 0.0801, R1 = 0.0683, R1 = 0.0621, R1 = 0.0324, 
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[I>=2σ (I)] wR2 = 

0.1513 

wR2 = 0.1325 wR2 = 0.1546 wR2 = 0.0804 

Final R indexes 

[all data] 

R1 = 0.1209, 

wR2 = 

0.1774 

R1 = 0.1229, 

wR2 = 0.1551 

R1 = 0.0854, 

wR2 = 0.1715 

R1 = 0.0399, 

wR2 = 0.0857 

Largest diff. peak 

/hole/ e Å-3 
 

1.96/-0.67 1.64/-0.84 0.71/-0.58 0.54/-0.61 

 

Table 2.3. Important bond lengths and angles 

Structures Bond length  Bond Angles 

1 

Ru1-N3 = 2.032(6) N3-Ru1-C1 = 78.7(3) 

Ru1-C11 = 2.059(8) N3-Ru1-C11 = 76.8(3) 

Ru1-C1 = 2.109(7) C11-Ru1-C1 = 155.4(3) 

Ru1-Cl1 = 2.457(2) P1-Ru1-Cl1 = 91.10(7) 

Ru1-P1 = 2.376(2) P2-Ru1-Cl1 = 86.05(7) 

Ru1-P2 = 2.371(2) P2-Ru1-P1 = 177.12(7) 

N5-C11 = 1.358(9) N5-C11-N4 = 103.5(6) 

2 

Ru1-N3 = 1.997(4) N3-Ru1-C1 = 78.3(2) 

Ru1-C11 = 2.027(6) N3-Ru1-C11 = 78.9(2) 

Ru1-C1 = 2.056(6) C11-Ru1-C1 = 157.0(2) 

Ru1-Cl1 = 2.4487(14) P1-Ru1-Cl1 = 88.76(5) 

Ru1-P1 = 2.3847(16) P2-Ru1-Cl1 = 87.76(6) 

Ru1-P2 = 2.3820(17) P2-Ru1-P1 = 176.37(6) 

N1-C1 = 1.331(7) N1-C1-N2 = 103.5(5) 

N5-C11 = 1.344(7) N5-C11-N4 = 103.6(5) 

2’-MeOH Ru1-N3 = 1.989(3) N3-Ru1-C1 79.27(16) 



 
 

66 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ru1-C11 2.031(5) N3-Ru1-C11 = 78.67(16) 

Ru1-C1 2.076(5) C11-Ru1-C1 = 157.93(17) 

Ru1-Cl1 2.4448(11) P1-Ru1-Cl1 88.15(4) 

Ru1-P1 2.3720(11) P2-Ru1-Cl1 = 88.52(4) 

Ru1-P2 2.3703(12) P2-Ru1-P1 176.59(4) 

N1-C1 1.318(6) N1-C1-N2 108.6(4) 

N5-C11 1.352(6) N5-C11-N4 103.4(4) 

2' 

Ru1-N3 1.9993(12) N3-Ru1-C1 78.91(6) 

Ru1-C11 2.0590(16) N3-Ru1-C11 78.43(6) 

Ru1-C1 2.0796(16) C11-Ru1-C1 157.28(6) 

Ru1-Cl1 2.4780(4) P1-Ru1-Cl1 = 90.373(16) 

Ru1-P1 2.3753(4) P2-Ru1-Cl1 = 88.011(16) 

Ru1-P2 2.3716(5) P2-Ru1-P1 = 171.245(15) 

N1-C1 1.312(2) N1-C1-N2 = 108.75(14) 

N5-C11 1.349(2) N5-C11-N4 = 103.95(13) 
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2.5. Spectral data of ligands and complexes (NMR and 

MS data) 

  

Figure 2.11.1. 1H NMR spectrum of L1·HI in DMSO-d6. 

 

Figure 2.11.2. 13C{1H} NMR spectrum of L1·HI in DMSO-d6. 
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Figure 2.11.3. 13C{1H} NMR spectrum of L2·HI in DMSO-d6. 

 

 

Figure 2.11.4. HRMS of complex 1. 
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Figure 2.11.5. 1H NMR spectrum of 1 in DMSO-d6. 

 

 

 

Figure 2.11.6. 31P{1H} NMR spectrum of 1 in DMSO-d6. 

 



 
 

70 
 

 

Figure 2.11.7. 13C{1H} NMR spectrum of 1 in DMSO-d6. 

 

Figure 2.11.8. LCMS of complex 2. 
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Figure 2.11.9. 1H NMR spectrum of 2 in DMSO-d6. 

 

Figure 2.11.10. 31P{1H} NMR spectrum of 2 in DMSO-d6. 
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Figure 2.11.11. 13C{1H} NMR spectrum of 2 in DMSO-d6. 

 

 

Figure 2.11.12. LCMS of complex 2' 
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Figure 2.11.13. 1H NMR spectrum of 2' in DMSO-d6. 

 

 

Figure 2.11.14. 31P{1H} NMR spectrum of 2' in DMSO-d6. 
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Figure 2.11.15. 13C{1H} NMR spectrum of in-situ deprotonated (2') in 

DMSO-d6. 

 

 

Figure 2.11.16. 13C{1H} NMR spectrum of isolated 2'. 
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Figure 2.11.17. HRMS of complex 3. 
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Figure 2.11.18. 1H NMR of complex 3. 

 

 

Figure 2.11.19. 31P{1H} NMR spectrum of 3. 
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Chapter 3 

Phosphine-free Ru(II)-CNC pincer complexes with 

mixed protic- and classical-NHCs in the same 

molecule for hydrogen production via oxidant-free 

benzyl alcohol dehydrogenation to benzoic acids 

3.1 Introduction 

N-heterocyclic cyclic carbenes (NHCs) are cyclic species that bear a 

carbene carbon and have at least one nitrogen atom within the ring.[1,2] 

Protic-NHC (p-NHC) is a special class of cyclic carbenes ligands that are 

stabilized by two heterocyclic atoms with at least one NH group.[3,4] In 

recent years, NHCs have been preferred over phosphines for ancillary 

ligands as phosphines have disadvantages like toxicity, poor air and 

moisture stability, and limited tunability. On the other hand NHCs show 

high stability towards oxygen and moisture.[5] NHCs also have more 

electron donation tendency than phosphines, which makes the metal-ligand 

bond thermodynamically stronger; hence, more bond dissociation energy 

and shorter bond length are observed in NHC complexes than their 

corresponding phosphine complex.[6] Ru-NHC complexes have been 

widely studied and explored in the field of homogeneous catalysis. The 

distinctive steric & electronic properties of NHC and the tunable reactivity 

of ruthenium make the Ru-NHC complexes an excellent catalyst.[7–11] Ru-

NHC complexes have been employed in various catalytic applications like 

(de)hydrogenation, bond metathesis, cross-coupling reactions, and bond 

activation, etc.[12–19] 

The selective oxidation of benzyl alcohol to benzoic acid is a 

fundamental textbook reaction but is essential for academic and industrial 

production.[20–23] Traditionally, the stoichiometric amount of hazardous 
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(in)organic oxidants[24,25] or hydrogen acceptor reagents[26–29] are 

required to complete this reaction. This process has a low atom economy 

and generates high metal waste, which is not suitable for the environment. 

In recent years, an alternative route for synthesizing carboxylic acid has 

been employed, which involves the dehydrogenation of benzyl alcohols. In 

the process of dehydrogenation, the catalyst facilitates the production of 

hydrogen gas along with carboxylic acid product, making it an atom 

economic reaction as hydrogen gas is the sole by-product.[30] This 

hydrogen gas can be used as potential fuel; hence, this process opens the 

door to the possibility of using alcohols as hydrogen storage compounds. 

With the recent discovery of new catalytic conditions, some enabling the 

reaction under very comfortable circumstances (25-120 °C, 1 atm), 

carboxylate synthesis via acceptorless dehydrogenation presents a graceful 

approach. The catalytic dehydrogenation of alcohol has been widely 

explored using Ru,[31–43] Rh,[44] Ir,[45,46] Mn,[47,48] Fe,[47] Ni[49] 

based catalysts, but the problem with these reactions was that it required 

high catalyst loading, high base concentrations in aqueous medium of 

organic solvent and the reaction required high temperature (>110 ºC).  

Alcohols can be readily dehydrogenated to equivalent aldehydes or 

ketones with the help of different noble metal catalysts;[50–55] however, 

the direct dehydrogenative transformation of alcohols into carboxylic 

acids/carboxylates without the need for an oxidant has received 

comparatively less attention. The first example of this reaction was given 

by Milstein et al. in 2013 where Ru-PNN catalyst was used.[31] This work 

was followed by other ruthenium complexes like Ru-PNP[34] complex in 

2014 and Ru-NHC[39] complex in 2015. The catalytic systems typically 

have significant drawbacks such as high metal loadings (up to 5 mol%), low 

turnover numbers (TON), long reaction periods (40 h), etc.[33,42,45,56] 

Recent reports show improved results for dehydrogenation of benzyl 

alcohol to carboxylic acid. 
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Figure 3.1. Some previously reported Ru-catalyst for Dehydrogenation of 

Benzyl Alcohol to Benzoic Acids. 
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Bera et al. in 2017 reported Ru-hydride catalyst having an N, N-type 

bidentate ligand for the acceptorless dehydrogenation of alcohol to acid 

aqueous solution under highly basic conditions.[40] Peng et al. in 2017 also 

reported Ru(II)-NNN pincer complex for neat alcohol dehydrogenation at 

high temperature (150 ºC).[36] Szymczak et al. reported dehydrogenative 

oxidation 0.2 mol% of catalyst at 120 ºC for 18 h.[57] Chen et al. in 2019 

reported Ru(II)-NC bidentate complex for alcohol dehydrogenation using 

0.5 mol % of catalyst toluene solvent.[43] Yi et al. in 2022 reported cis-pyr-

Ru-H Ru(pp)H(CO)(PPh3)2] complex (where Hpp = 2-(1H-pyrrol-2-yl) 

pyridine) used for acceptorless dehydrogenation of benzyl alcohol using 0.1 

mol% of catalyst in 12 hours.[58] Daw et al. in 2023 reported NNN-Ru 

catalyst for dehydrogenation benzyl alcohol to benzoic acid.[59] Kumar et 

al. in 2023 also reported (Cy2NNN)RuCl2(PPh3) pincer complexes used for 

the transformation of benzyl alcohols to corresponding acids products.[60] 

Some previously reported Ru-complexes for oxidant free dehydrogenation 

of benzyl alcohol to carboxylic acid have been shown in Figure 3.1.  

Our group reported Ru(III)-NHC complexes [Ru(CNR')(H2O)(Cl)3] 

(R'=Me (P1), i-Pr (P2)),[61] which were further used as precursors for the 

synthesis of Ru(II)-NHC based phosphine free complexes.[62] These 

phosphine-free complexes were utilized to nitrile hydration to amides in an 

aqueous medium.[62] In our previous chapter, we have shown the use of 

suitably substituted CNC ligand precursors for the preparation of complexes 

of general formula [Ru(CNC)(PPh3)2Cl]Cl, 1 and 2, bearing protic and 

classical NHC in the same molecule, and studied their structural and 

electronic properties. In this chapter, we report the use of this strategy 

starting from our in-house Ru(III)-NHC complexes P1, P2 as precursors for 

the preparation of new electron-rich phosphine-free complexes 

[Ru(CNC)(CN)I]PF6 (3-6) with multiple carbene ligands having protic- and 

classical-NHCs in the same molecule. These complexes have been further 

explored for acceptorless dehydrogenation of aromatic, heteroaromatic and 

aliphatic alcohols under oxidant-free conditions.  
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3.2 Results and Discussion  

3.2.1 Synthesis and characterization of ligands and Ru(II)-CNC based 

protic NHC complexes 

The synthesis of complexes 1 and 2 has been described in our previous 

chapter. The ligand precursor for this work was prepared following the 

previously reported literature procedure with slight modification. Initially, 

the commercially available 2,6-dibromopyridine was reacted with an excess 

of imidazole in the presence of CuI to give a symmetric bis-NHC pincer 

ligand, i.e., 2,6-di(1H-imidazol-1-yl)pyridine (L1) via Ullmann’s 

coupling.[63] The unsymmetrical CNC-pincer ligands L1·HI, L2·HBr 

were prepared by the selective alkylation of one of the imidazole of the 

palindromic ligand (Scheme 3.1). The ligands were confirmed by HRMS, 

1H, and 13C{1H} NMR spectroscopic techniques. In the case of L1·HI, the 

imidazolium-C2 proton and carbon appears in 1H & 13C{1H} at δ= 10.25 

ppm and 147.77 ppm, respectively, whereas the imidazole-C2 proton and 

carbon in 1H & 13C{1H} positions at δ= 8.79 ppm and 145.22 ppm 

respectively. Several attempts were made to synthesize ligand L2·HBr by 

varying the solvent and temperature; the successful synthesis was achieved 

under solvent-free conditions when the reaction was performed at 160 °C 

for 24 h. This synthesis was supported by 1H, 13C{1H} NMR, where the 

imidazolium C2-H proton appears at δ= 10.05 ppm and imidazolium C2 

carbon appears at 147.48 ppm in the respective NMR spectra. In addition, 

HRMS (ESI+) also indicated the formation of L2·HBr with the 

corresponding peak for [M-Br]+ at m/z = 346.2018 (calculated for C21H24N5; 

346.2026).  
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Scheme 3.1. Synthesis of ligands 

Further ruthenium precursors P1 and P2, where 

[Ru(CNR')(H2O)(Cl)3] (R'=Me (P1), i-Pr (P2)), were prepared following the 

previously reported literature procedures.[61] The desired Ru(II) complexes 

were obtained by the reaction of Ru(III) bidentate precursor (P1/P2) with 

unsymmetrical CNC-pincer ligands (L1·HI/L2·HBr) in ethylene glycol 

solvent at 200 °C in the presence of an excess of NaI, followed by anion 

exchange with aqueous NH4PF6 (Scheme 3.2). Excess sodium iodide 

prevents the synthesis of complexes with other halides in the coordination 

sphere.[64] The complexes obtained are [Ru(CHNCMe)(CNMe)I]PF6 (3), 

[Ru(CHNCMe)(CNi-Pr)I]PF6 (4), [Ru(CHNCAd)(CNMe)I]PF6 (5), 

[Ru(CHNCAd)(CNi-Pr)I]PF6 (6) which has two classical NHC and one protic 

NHC framework in the system (Scheme 3.2). The unsymmetrically 

substituted CNC pincer ligand and a bidentate CN-type ligand result in the 

formation of a racemic mixture of chiral-at-the-metal complexes from 

achiral starting material. However, at this stage, we have not attempted to 

separate the enantiomerically pure isomers. These complexes (3-6) were 

characterized by multinuclear NMR (1H, 31P{1H}, 13C{1H}) and HRMS 

techniques. The solid-state structure of complex 6 has been determined 

using single crystal X-ray diffraction technique.  
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Scheme 3.2. Synthesis of complexes (3-6) 

The 1H NMR spectra of complexes 3-6  in DMSO-d6 show two sets 

of signals for each proton. The formation of two sets of signals in the NMR 

peaks was also observed in the recently reported complexes of our lab, 

which was due to the halide substitution by nucleophilic DMSO-d6.[62] 

The 1H-NMR of complex 3 shows two protic signals at δ= 12.96 ppm and 

12.28 ppm, respectively, corresponding to complex 3 and the DMSO-d6 

coordinated species 3'. The chemical shift for 2-pyridyl-H atom of the 

bidentate ligand for 3 and in situ generated 3' appear at δ= 10.16 ppm 

(downfield shifted due to iodide) and 9.70 ppm, respectively, as a doublet. 

The four singlet peaks in the aliphatic region represent the four methyl 

groups of the complexes 3 and 3'. In the 13C{1H} NMR spectrum, the 

carbene peaks for CNCMe pincer appear at δ= 187.7 ppm, 186.2 ppm, and 
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for the bidentate CNMe appears at δ= 184.0 ppm in complex 3 The 31P{1H} 

NMR spectrum shows a septate peak at δ= -144.24 ppm, corresponding to 

PF6
- counter anion, and the splitting into septet occurs due to the presence 

of 19F nuclei. HRMS (ESI+) signal for complex 3 in methanol appears at m/z 

612.9898 (612.9899 for C21H20IN8Ru) corresponding to [M-PF6]
+.  

Complex 4 differs from complex 3 in having an isopropyl group, 

instead of methyl, at the nitrogen atom of the bidentate CNR ligand. The 1H 

NMR of complex 4 and 4' shows the protic signals at δ= 13.00 ppm and 

12.31 ppm, respectively, similar to complex 3. The 2-pyridyl-H atom for the 

DMSO-d6 coordinated complex appears at δ= 9.69 ppm, while the same for 

the halide coordinated species appears at 10.18 ppm. In the 13C{1H} NMR 

spectrum, the carbene signals for CNCMe pincer appear at δ= 187.8 ppm and 

186.4 ppm for protic and classical NHC, respectively, and the peak 

corresponding to bidentate CNi-Pr appears at δ= 182.0 ppm. The 31P{1H} 

NMR spectrum shows a septate peak at -144.24 ppm, corresponding to PF6
- 

counter anion. The HRMS (ESI+) signal for complex 4 appears at m/z 

641.0237 (641.0212 for C23H24IN8Ru) corresponding to [M-PF6].  

Complexes 5 and 6 contain the same CNCAd but differ in the alkyl 

group on bidentate CN, i.e., methyl group for 5 and isopropyl group for 6. 

Complex 5 and 5' have a protic signal at δ= 12.80 ppm and 11.96 ppm, and 

the peak for the 2-pyridyl-H atom of bidentate appears at δ= 9.99 ppm and 

8.51 ppm for iodide coordinated, and DMSO-d6 coordinated complex 

respectively. The 13C{1H} NMR for the carbene signals for classical, protic, 

and bidentate CNMe NHC carbene appear at δ= 185.4 ppm, 184.4 ppm, and 

178.7 ppm, respectively. In the 31P{1H} NMR, a peak at δ= 144.27 appears 

as a septet.  

The HRMS (ESI+) peak for complex 5 appears at m/z 733.0893, 

corresponding to [M-PF6]. Similarly, for complex 6, 1H NMR shows protic 

signals at δ= 12.85 ppm and 11.97 ppm corresponding to iodide coordinated 

complex 6 and DMSO-d6 coordinated species 6', respectively. The 2 
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pyridyl H atom shows chemical shift at δ= 12.85 ppm and 11.97 ppm for 

the two species. The 13C{1H} NMR spectrum shows the three carbenes for 

protic-NHC, classical-NHC, and bidentate-NHC at δ= 191.6 ppm, 190.6, 

and 188.2 ppm, respectively. In the 31P{1H} NMR, a septet peak appears at 

144.27 ppm. The HRMS (ESI+) for complex 6 shows a signal for m/z at 

761.1167 corresponding to [M-PF6]. 

3.2.2. Description of the crystal structure 

The molecular structure of the racemic mixture of complex 6 is confirmed 

using single crystal x-ray diffraction technique. The racemic mixture of 

complex 6 crystalized in a triclinic system with Pī space group containing 

both the enantiomers in the unit cell. The crystal structure has a distorted 

octahedral geometry around the ruthenium center with coordination to two 

five-membered metallacycles of the CNCAd based pincer ligand, one five-

membered metallacycle CNi-Pr , and I- occupying the sixth coordinate site of 

the ruthenium center. The electron residual map indicated the occupancy of 

iodine below 90%. The crystal data refines well upon consideration of a 

mixed halide position of iodide (85%) with chloride (15%). We expected 

the complex to have an abnormal NHC due to the bulkiness of the 

adamantly group so that we could have abnormal NHC, normal NHC, and 

protic NHC within the same system. However, the crystal structure indicates 

having normal NHC with adamantly group (Figure 3.2). The CNC pincer 

ligand has a tridentate chelating nature and coordinates with ruthenium in a 

meridional configuration. 

 

 



91 
 

 

Figure 3.2. Single crystal diffracted structure of complex 6. The hydrogen 

atom (except for protic-NH and methanol molecule) and PF6 atom have 

been omitted for clarity. Selected bond lengths Ru1-C1= 2.031(3) Å , Ru1-

C9= 2.119(3) Å, Ru1-C29= 1.972(4) Å, Ru1-N3= 2.007(3) Å, Ru1-N6= 

2.121(3) Å, Ru1-I1= 2.7971(7) Å, Ru1-Cl1= 2.740(16) Å, C1-N1= 1.342(4) 

Å, C1-N2= 1.396(4) Å, C9-N5= 1.348(4) Å, C9-N4= 1.392(4) Å, C29-N8= 

1.338(5) Å, C29-N7= 1.392(5) Å, C1-Ru1-C9= 155.79(14)º, C1-Ru1-N6= 

92.74(12)º, C9-Ru1-N6= 111.47(12)º. 

The bond length and bond angle formed by ruthenium with both 

carbene atoms of the pincer, i.e., Ru1-C1= 2.031(3) Å, Ru1-C9= 2.119(3) 

Å, C1-Ru1-C9= 155.79(14)º and the bite angle formed by C1-Ru1-N6= 

92.74(12)º. The bidentate ligand CNi-Pr occupies two coordination sites to 

ruthenium with the bond angle between Ru1-C29= 1.972(4) Å and bite 
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angle N6-Ru1-C29= 78.27(15)º. The pyridine ring of the CNCAd pincer 

ligand is located trans to the pyridine of the bidentate CNi-Pr ligand. The 

bond length of the Ru1-I1 bond, trans to the carbene of the bidentate ligand, 

is 2.7971(7) Å, which is longer than the previously reported Ru-I bond 

length of 2.7671 Å. The bond length for the Ru-N bond of the pyridine is 

comparable to the previously reported complexes.  

3.2.3. Catalytic applications in the dehydrogenation of benzyl alcohols 

The general route for the catalytic conversion of benzyl alcohol to benzoic 

acid occurs in two steps, i.e., (i) the conversion of alcohol to aldehyde with 

the release of 1 equiv. of hydrogen (H2) gas, (ii) conversion of this aldehyde 

into diols with the assistance of base, which again undergoes 

dehydrogenation with the release of 1 equiv. of H2 gas gives the final 

carboxylic acid product (Figure 3.3). This conversion of alcohol to acid is 

considered to be an atom economic process as this reaction provides a 

quantitative yield of the carboxylic acid product with the release of two 

equivalents of H2 gas (Figure 3.3). The catalytic performance of the 

synthesized complexes 1-6 was investigated for the acceptorless alcohol 

dehydrogenation to carboxylate/carboxylic acid using benzyl alcohol as 

model substrate.  

 

Figure 3.3 Catalytic approach in acceptorless dehydrogenation of alcohols 
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The initial attempt for dehydrogenation of benzyl alcohol was 

attempted by our previously reported [Ru(CNC)(PPh3)2Cl]Cl complexes 1 

and 2 using KOH (1 mmol) as base and water as solvent at reflux 

temperature for 16 hours. Complexes 1 and 2 did not react under the given 

reaction conditions (Table 3.1, entry 1, 2). This poor reactivity may be 

attributed to the poor stability of complexes 1 and 2 in water. However, 

under the given reaction conditions in water, the phosphine-free catalysts 

(3-6) gave low to moderate yields of benzoic acid  (Table 3.1, entry 3-6). 

Upon decreasing the catalytic loading from 1 mol % to 0.5 mol% percent in 

water, the yield of the benzoic acid decreases (Table 3.1, entry 7-10). When 

the solvent was changed to toluene, the catalytic activity of the complexes 

(1-6) increased drastically in the presence of base KOH (1 mmol). The 

catalysts 1 and 2 gave 60 % and 51 % yield of benzoic acid (Table 3.1, entry 

11, 12), while the phosphine-free catalyst (3-6) had 97 %, >99 %, 96 %, 95 

%, respectively (Table 3.1, entry 13-16). The more electron donation 

tendency of imidazoline-2-ylidene than benzimidazoline-2-ylidene is the 

reason for the more significant catalytic activity of complex 1 over 2. This 

is the reason for the design of imidazole-based catalysts. The catalytic 

activity of phosphine-free catalysts (3-6) is better than complexes 1 and 2 

because the bidentate-NHC has more electron donation tendency than 

phosphines and provides extra stability to the complexes.  

Catalyst 4 shows superior activity for dehydrogenation of benzyl 

alcohol to benzoic acid than catalysts 3, 5, and 6 in water and toluene. This 

may be due to the presence of the isopropyl group on the CN-bidentate, 

which increases the electron density on ruthenium. Catalyst 6 shows lower 

reactivity due to the bulkiness of the adamantyl group. Decreasing the 

catalyst loading to 0.5 mol%, no significant decrease in isolated yield of 

benzoic acid in 12 hours was observed (Table 3.1, entry 17-20). Upon 

decreasing the catalyst loading to 0.1 mol%, >99 % in 12 hours and 94 % 

yield of benzoic acid could be obtained in 6 hours, while further reducing 

the catalyst loading to 0.01 mol%, the 94% yield is obtained in 24 hours 
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(Table 3.1, entry 21-23). Further, it was observed that in the presence of a 

stronger base, better yield was obtained, while with weaker base, a low yield 

of benzoic acid was obtained (Table 3.1, entry 24-26). KOH acts as a base 

and nucleophile during the catalytic reaction; therefore, upon decreasing the 

KOH amount, a lower yield of benzoic acid is obtained (Table 3.1, entry 

27). The temperature decrease also lowers the benzoic acid yield (entry 28-

30). The most favorable condition for dehydrogenation of benzyl alcohol to 

benzoic acid is entry 23, which has catalyst 4 (0.01 mol%), base KOH (1 

equiv.), time 24 hours, and solvent toluene (3 ml). 

Table 3.1. Screening of Catalysts 1-6 for Benzyl Alcohol 

Dehydrogenationa. 

 

Entry Catalyst 

(mol %) 

Solvent Base 

(mmol) 

Temp. 

(°C) 

Time 

(h) 

Isolated 

Yield 

(%) 

1 1 (1) Water KOH 100 16 - 

2 2 (1) Water KOH 100 16 - 

3 3 (1) Water KOH 100 16 37 

4 4 (1) Water KOH 100 16 54 

5 5 (1) Water KOH 100 16 42 

6 6 (1) Water KOH 100 16 40 

7 3 (0.5) Water KOH 100 16 31 

8 4 (0.5) Water KOH 100 16 50 

9 5 (0.5) Water KOH 100 16 33 

10 6 (0.5) Water KOH 100 16 30 

11 1 (1) Toluene KOH 110 12 60 

12 2 (1) Toluene KOH 110 12 51 

13 3 (1) Toluene KOH 110 12 97 

14 4 (1) Toluene KOH 110 12 >99 

15 5 (1) Toluene KOH 110 12 96 

16 6 (1) Toluene KOH 110 12 95 
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17 3 (0.5) Toluene KOH 110 12 95 

18 4 (0.5) Toluene KOH 110 12 >99 

19 5 (0.5) Toluene KOH 110 12 94 

20 6 (0.5) Toluene KOH 110 12 91 

21 4 (0.1) Toluene KOH 110 12 >99 

22 4 (0.1) Toluene KOH 110 6 94b 

23 4 (0.01) Toluene KOH 110 24 94 

24 4 (0.01) Toluene NaOH 110 24 84 

25 4 (0.01) Toluene K2CO3 110 24 5 

26 4 (0.01) Toluene Na2CO3 110 24 <1 

27 4 (0.01) Toluene KOH 

(0.5) 

110 24 75 

28 4 (0.01) Toluene KOH 100 24 88 

29 4 (0.01) Toluene KOH 90 24 77 

30 4 (0.01) Toluene KOH 70 24 62 
 

aReaction condition: benzyl alcohol (1 mmol), catalyst (1-0.01 mol %), 

base (1, 0.5 equiv.), solvent (3 mL), time (24-6 h). b46.3 ml (≈ 2 mmol) of 

H2 gas collected by water displacement method (yield of H2 gas, 100 %). 

3.2.4 Substrate Screening 

Further, the better catalyst, i.e., 4, was used to screen a variety of substituted 

aromatic alcohol and aliphatic alcohol substrates for the acceptorless 

dehydrogenation of alcohol under the optimized reaction conditions (4-

(0.01 mol%), KOH (1 equiv.), toluene (3ml), 110 ºC for 24 hours (Table 

3.2). Complex 4 works as a precatalyst in converting the aromatic and 

aliphatic benzyl alcohols to the corresponding carboxylic acids. The 

substrates bearing an electron donating group or electron withdrawing 

group in the aryl group are found to react efficiently under the optimized 

reaction conditions, giving good to excellent yields. The effect of 

substituents at the ortho (o), meta (m), and para (p) positions on the 

corresponding carboxylic acid derivative product yield has also been 

observed. The carboxylic acid derivatives were isolated after workup and 

characterized by NMR spectroscopy. Dehydrogenation of benzylalcohol, 
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the model substrate, gave 94 % isolated yield of benzoic acid (4a). The 

alkoxy-substituted aryl groups like p-methoxybenzylalcohol, m-

methoxybenzylalcohol, o-methoxybenzylalcohol, m,p-

dimethoxybenzylalcohol, and (p-(benzyloxy)phenyl)methanol gave >99 %, 

83 %, 88 %, 81 % and 96 % of the corresponding carboxylic acid products 

respectively (4b, 4c, 4d, 4e, 4f). Since the substitution of the alkoxy group 

at the ortho and para position donates more electron density to ruthenium 

than the meta-substituted alkoxy, a lower product yield in the case of meta-

substituted benzylalcohol is observed. Similarly, p-methylbenzylalcohol, 

m-methylbenzylalcohol, p-isopropylbenzylalcohol, and p-

tertbutylbenzylalcohol gave the corresponding acid products in 85 %, 72 %, 

82  %, and 78 %, yield respectively (4g, 4h, 4i, 4j). Here again, a decrease 

in yield upon substitution of methyl group at meta position is observed. In 

the case of the amino-aryl derivatives, i.e., p-aminobenzylalcohol and m-

aminobenzylalcohol, the corresponding acid products were isolated in 84 % 

and 76 %  yield, respectively (4k, 4l). However, o-aminobenzylalcohol 

showed no reactivity under the optimized reaction conditions (4m). The 

electron-withdrawing nitro group substituted at the meta position of benzyl 

alcohol gave a m-nitrobenzoic acid (4n) with a 65 % yield lower than the 

m-aminobenzoic acid yield (4l). Halogen substituted benzyl alcohols, i.e., 

p-florobenzylalcohol, p-chlorobenzylalcohol, p-bromobenzylalcohol, p-

iodobenzylalcohol 81 %, 83 %, 78 %, 76 %, while m-florobenzylalcohol, 

m-chlorobenzylalcohol gave 52 %, 58 % product, and o-bromobenylalcohol 

gave 65 % yield of the corresponding carboxylic acid derivative (4o-4u). 

The o> p> m yield in the halo-substituted benzoic acid can be seen. Furfuryl 

alcohol, when reacted under the optimized reaction conditions, gives 65% 

of 2-furoic acid (4v), which is used as a preservative and a flavoring agent, 

where it imparts a sweet, earthy flavor. Another substrate, piperonyl alcohol, 

yields 80% of the corresponding piperonylic acid (4w) (a pharmaceutical 

drug to inhibit cancer cell growth and regulate immunity). In the case of 

aliphatic alcohols, catalyst 4 shows poor reactivity. The aliphatic alcohol 
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butan-1-ol gave a 55% yield (4x), while the other aliphatic alcohols, hexan-

1-ol (4y) and 2-phenylethan-1-ol (4z), did not react under the optimized 

reaction conditions. 

Table 3.2. Substrate Scope for Acceptorless Alcohol Dehydrogenation 

when Using catalyst 4.a  

 

aReaction Conditions: Alcohol (2 mmol), KOH (2 mmol), catalyst 4 (0.01 

mol%), toluene (6 ml), time 24 hours, temperature 110 °C, followed by 

acidification with 1N HCl. 
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3.2.5 Bulk reaction for alcohol dehydrogenation and calculation of TON 

(TOF) 

We further applied our catalytic system for gram-scale dehydrogenation of 

benzyl alcohol to synthesize carboxylic acid. For this purpose, 10 mmol of 

benzyl alcohol reacted with 10 mmol of KOH, and 0.1 mol % of catalyst 4 

were reacted under optimized reaction conditions for 8 h, giving 1.2 g of 

benzoic acid with the release of ca. 20 equiv. of H2 gas (yield = 100%). The 

catalyst loading could be reduced to 0.005 mol% and complete conversion 

was observed after 5 days (TON/ (TOF) = 20,000/ (167 h-1)) The TON and 

TOF values for catalyst 4 have been compared with some previously 

reported ruthenium complexes shown in Table 3.3. 

Table 3.3. Comparative study for catalytic dehydrogenation of benzyl 

alcohol to benzoic acid 

Entr

y 

Cat- (mol %) temp

. 

( °C) 

Tim

e 

(h) 

Base 

(equiv.

) 

Solvent TON/ 

(TOF) 

1. This work 

4 (0.01) 

4 (0.005) 

 

 

110 

110 

 

 

24 

120 

 

 

KOH 

(1) 

KOH 

(1) 

 

 

toluene 

toluene 

 

 

10,00

0 (416 

h-1) 

20,00

0 (167 

h-1) 

 

2. Milstein et al. 

(0.2) 

 

110 18 NaO

H 

(1.1) 

water 455/ 

(25h
-

1
) 

3. Peng et al. 

(0.2) 

 

150 24 CsO

H 

(1.0) 

- 400/ 

(17h-

1) 
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4. Bera etal. 

(5.0) 

 

110 6 NaO

H 

(18.5) 

water 20/ 

(3h-1) 

5. Szymczak et al. 

(0.4) 

 

 

120 18 KOH 

(3) 

toluene 250/ 

(14h-

1) 

6.            Chen et al 

(0.5) 

 

 

110 6 KOH 

(1.5) 

toluene 200/ 

(33h-

1) 

7. Yi et al. 

(0.1) 

 

120 12 KOH 

(1.1) 

toluene 4000/ 

(333h-

1) 

8. Daw 

(1) 

 

150 24 KOH 

(0.5) 

Diglyme

: 

H2O 

(9:1) 

400/ 

(17h-

1) 

TON = [(Number of moles of substrate converted)/(Number of moles of 

catalyst)] at the end of the reaction. TOF = [(TON)/hour] 
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3.2.6 Mechanistic investigation 

To understand the plausible pathway for the acceptorless dehydrogenation 

of alcohols to carboxylic acids, control experiments were conducted. 

Initially, deprotonation of the protic-NHC of the pincer ligand was observed 

when complex 4 was reacted with KOH (2 equiv.) at room temperature in 

toluene solvent for 1 h. This was observed in the mass spectrum by a peak 

at 533 for [M-PF6-I-H]. The mass spectrum was recorded in methanol 

solvent; therefore, a peak for the methoxy-substituted complex was also 

indicated by a peak for[M-PF6-I+OMe] After 2 h, the sample was analyzed 

and showed a peak for [M-PF6-I+OH+H2O] at 549. The deprotonation of 

protic N-H was also confirmed by 1H-NMR when catalyst 4 was reacted 

with KOH (2 equiv.) in DMSO-d6 solvent.   

Similarly, when complex 3 was reacted with KOH, deprotonated 

species [M-PF6-I-H], as observed in the case of complex 4, was observed at 

485. The Ru-OMe and Ru-OH species for complex 3, similar to the 

analogous complex 4, were observed at 517 and 521, respectively. 

Similarly, when catalyst 3 was reacted in water solvent with KOH (1 mmol), 

peaks at 485 and 517 are observed in the mass spectra as observed in the 

toluene solvent. When 1 mmol of benzyl alcohol was added to the complex 

3 and KOH reaction mixture in the toluene solvent, a mass peak at 627 

indicated the coordination of Ph-C(OH)O- to the ruthenium center.   

The catalytic dehydrogenation of benzyl alcohol to benzoic acid 

may proceed via aldehyde or ester intermediate. Experiments were 

conducted to differentiate between the two intermediates. When benzyl 

alcohol was reacted with base KOH in the presence of catalyst 3 at a 

temperature of 110 °C without any solvent, benzaldehyde was observed as 

the only product observed in GC. When the same reaction was performed 

in toluene solvent at 60 °C, similar benzaldehyde without any trace of 

formation of benzyl ester, this indicates that the reaction proceeds via the 

Cannizaro-like pathway and not with Tishchenko-like reaction pathway. 
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The aromatic aldehydes in the presence of base KOH are known to readily 

disproportionate into benzyl alcohol and benzoic acid. Also, when 

benzaldehyde (1 mmol) and KOH (1 mmol) are reacted for 1 h without a 

catalyst, the benzoic acid formed in 56 % with benzyl alcohol in 42 %. On 

the other hand, when reacted in the presence of the catalyst, the benzoic acid 

>99 % and with traces of benzyl alcohol formed. This suggests that the 

catalytic alcohol dehydrogenation pathway via benzaldehyde is responsible 

for benzylic alcohol derivatives.  

Based on the experimental findings, a mechanistic pathway has been 

proposed using complex 3 (Scheme 3.3). In the first step, catalyst 3 

undergoes deprotonation in the presence of KOH to give a neutral complex 

3-A. Next, in the presence of base KOH, substrate benzyl alcohol was 

added, which coordinated to 3-A as benzyloxy to give 3-B. The alkoxy 

coordinated species are a very common intermediate in acceptorless 

dehydrogenation process of alcohols and have been invoked in several 

mechanistic and theoretical studies.[65–67]  In the next step, the 3-B 

undergoes β-hydride transfer from CH2 of benzyloxy to give 3-D via 3-C. 

The incoming water molecule attacked the electrophilic carbon of aldehyde 

in 3-D to give 3-E. Followed by the attack of water; in the next step, one 

equiv. of H2 gas is liberated to give the 3-F. In the next step, β-hydride 

transfer occurs in 3-F to give ruthenium hydride complex 3-H via 3-G. 

Another equiv. of H2 gas is released, resulting in 3-I species. This 3-I 

species, in the presence of KOH and benzyl alcohol, regenerates the active 

catalyst 3-C, which continues the cycle. 
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Scheme 3.3. Plausible Mechanistic pathway for the acceptorless 

dehydrogenation of benzyl alcohol to benzoic acid. 
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3.3 Conclusions 

In this chapter, we report that we have synthesized and characterized 

unsymmetrical ligands L1·HI and L2·HBr, which were used for the 

synthesis of a series of new phosphine-free, moisture and air-stable 

complexes [Ru(CHNCMe)(CNMe)I]PF6 (3), [Ru(CHNCMe)(CNi-Pr)I]PF6 (4), 

[Ru(CHNCAd)(CNMe)I]PF6 (5), [Ru(CHNCAd)(CNi-Pr)I]PF6 (6). The 

unsymmetrically substituted CNC pincer ligand and a bidentae CN-type 

ligand result in the formation of a racemic mixture of chiral-at-the-metal 

complexes from achiral starting material. However, at this stage, we have 

not attempted to separate the enantiomerically pure isomers. The complexes 

were characterized by multinuclear NMR and HRMS techniques, and the 

molecular structure of complex 6 was determined using a single-crystal x-

ray diffraction technique. The catalytic investigation of these complexes for 

oxidant-free acceptorless dehydrogenation of benzyl alcohol to 

corresponding acid derivative compound was performed and compared to 

the previously reported [Ru(CNC)(PPh3)2Cl]Cl complexes 1 and 2. The 

catalytic activity of complex 1 > 2 because of the electron donation 

tendency of imidazoline-2-ylidene > benzimidazoline-2-ylidene. The 

phosphine-free catalysts (3-6) show higher catalytic activity than 1 and 2 

due to the presence of NHC, which has more electron donation ability than 

phosphines. The best activity and performance for acceptorless 

dehydrogenation of benzyl alcohol to benzoic acid was shown by complex 

4 due to the isopropyl group, which increases the electron density on 

ruthenium. Catalyst 6 has lower activity due to the bulkiness of the 

adamantyl group. Under the optimized reaction conditions, i.e., cat 4 (0.01 

mol%) with 1 equiv. of KOH against 1 equiv. of benzyl alcohol substrate in 

toluene solvent at 110 ºC, 94 % yield of benzoic acid in 24 h with the 

production of 2 equivalent of H2 gas. Catalyst 4 was utilized for the 

dehydrogenation of a wide range of aromatic, aliphatic, and heteroaromatic 

alcohols to their corresponding acid product. Catalyst 4 is also compatible 
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with large-scale reactions for converting benzyl alcohol into benzoic acid. 

A maximum TON of 20,000, greater than several previously reported 

ruthenium catalysts, was achieved using 0.005 mol% of catalyst 4. The 

mechanistic investigation indicates that the reaction proceeds via the 

catalyst's deprotonation followed by Ru-OH species formation. This 

efficient system allows a simple and straightforward synthesis of carboxylic 

acids in good yields, and the only by-product is the H2 gas, which uses a 

very low catalyst loading and low base loading.  

3.4. Experimental Section and characterization data 

3.4.1 General considerations 

All reactions and modifications were performed under an inert atmosphere 

(dinitrogen unless otherwise stated) using the standard Schlenk line 

techniques. Solvents were purchased from S. D. Fine-Chem Limited and 

purified by distillation under an inert atmosphere. Azoles (1-H-imidazole 

and 1-H-benzimidazole) and RuCl3·3H2O were purchased from Sisco 

Research Laboratories Pvt. Ltd. (SRL)-India and Sigma-Aldrich 

respectively. Deuterated dimethyl sulphoxide (DMSO-d6), and deuterated 

chloroform (CDCl3) were purchased either from EURISOtop or Sigma-

Aldrich. NMR spectra were recorded on Bruker Avance (III) spectrometer 

and Bruker Avance NEO spectrometer operating at 400 and 500 MHz for 

1H, 162 and 202 MHz for 31P, and 101 and 126 MHz for 13C NMR, 

respectively. NMR chemical shifts are reported in ppm and referenced to 

the solvent peaks for 1H (CDCl3 δ 7.26 and DMSO-d6 δ 2.50 ppm) and 13C 

(natural abundance of 13C in CDCl3 δ 77.16 and DMSO-d6 δ 39.52 ppm). 

31P NMR chemical shifts are referenced to an external 85% H3PO4 standard 

as 0 ppm. Multiplicities are given as s (singlet), d (doublet), t (triplet), and 

m (multiplet), and the coupling constants J are given in hertz. The mass 

chromatograms were recorded on Bruker-Daltonics-MicroTOF-QII mass 

spectrometer in HPLC grade methanol (catalytic samples) and acetonitrile 

(metal complexes). Elemental analysis was carried out on a Thermo Fischer 
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Scientific FLASH 2000 (formerly the Flash EA1112) CHNS-O elemental 

analyser.  

3.4.2 synthesis of ligand precursors 

The ligand precursors were prepared following the previously reported 

literature procedure by the reaction of 2,6-dibromopyridine, imidazole via 

Ullmann coupling. 

3.4.3 Synthesis of ligand L1·HI 

An oven dried 100 ml two neck round bottle flask with magnetic bead was 

connected to reflux condenser in Schlenk line and then cooled under 

vacuum. The R.B flask was charged with ligand precursor L (1055 mg, 5 

mmol), methyl iodide (1 equiv.) and dry toluene (10 ml) under N2 

atmosphere. The temperature increased from room temperature to reflux 

(110 ºC) for 18 hours, allowing the white precipitate to settle. After cooling 

to room temperature, the precipitate was filtered, washed with toluene, 

DCM, and diethyl ether. The pure product was obtained after crystallization 

in methanol solvent. Yield= 1100 mg, 97 %. 1H NMR (500 MHz, DMSO-

d6) δ 10.26 (s, 1H), 8.85 (s, 1H), 8.69 (d, 1H), 8.39 (t, J = 8.1 Hz, 1H), 8.21 

(s, 1H), 8.02 (d, J = 8.1 Hz, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.20 (s, 1H), 4.00 

(s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 147.77, 145.22, 144.07, 136.01, 

135.89, 130.63, 124.96, 119.11, 116.96, 114.20, 112.96, 111.01, 36.53. 

3.4.4 Synthesis of ligand L2·HBr 

An oven dried 100 ml ACE glass pressure tube with magnetic bead 

was cooled under vacuum and purged with nitrogen gas. The ligand 

precursor L (5 mmol, 1055 mg) was added to the pressure tube followed by 

1-bromoadmantane (1075.65 mg, 5 mmol). The pressure tube was sealed 

and dipped in a pre-heated oil bath at 160 ºC and allowed to react for 24 h. 

After 24 h, the reaction was stopped, and the tube was cooled to room 

temperature. The precipitate was filtered and washed with DCM and diethyl 
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ether. Yield= 1620 mg , 94 %. 1H NMR (400 MHz, DMSO-d6) δ 10.05 (s, 

1H), 9.08 (s, 1H), 8.85 (s, 1H), 8.40 (s, 2H), 8.32 (s, 1H), 8.16 (d, J = 7.9 

Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 20.7 Hz, 1H), 2.27 (s, 9H), 

1.76 (s, 6H). 13C NMR (126 MHz, DMSO-d6) δ 147.48, 145.27, 143.77, 

133.12, 129.65, 120.69, 119.71, 114.97, 113.06, 112.03, 110.64, 60.52, 

41.29, 34.81, 28.92. HRMS for [M-Br]+ C21H24N5 346.2018 (found), 

346.2018 (calculated). 

3.4.5. General procedure for the synthesis of metal precursors 

[Ru(CNMe)(H2O)Cl3] (P1) and [Ru(CNi-Pr)(H2O)Cl3] (P2) precursors were 

synthesized following the procedure reported by our research group using 

RuCl3·3H2O as starting materials. 

3.4.6. General procedure for the synthesis of metal complexes 

The complexes 1 and 2 were reported earlier by our group, and synthesis 

was performed following the previously reported procedure. Further for the 

synthesis of complexes 3-6, an oven-dried schlenk tube with a magnetic 

stirring bar was charged with ligand precursor (1 equiv.), ruthenium 

precursor (1 equiv.), and NaI (0.149 g, 1mmol) in ethylene glycol (10 ml), 

the resulting mixture was refluxed under N2 atmosphere for 4 h. After the 

reaction was completed, cooled to room temperature, and added an aqueous 

solution of NH4PF6 (0.184 g, 1 mmol, 10 ml water), then stirred for 2 min 

at room temperature. The desired complex was precipitated out, filtered the 

precipitate, washed with H2O, and dried under vacuum.  

3.4.7. synthesis of complex (3) 

Complex 3 was prepared following the general procedure for complex 

synthesis, by the reaction of L1·HI (184 mg, 0.52 mmol) and 

[Ru(CNMe)(H2O)Cl3] (P1) (200 mg, 0.52 mmol) to giving the product as red 

solid. Yield = 440 mg (58%).  
1H NMR (400 MHz, DMSO-d6) δ 12.96 (s, 

1H), 12.29 (s, 1H), 10.17 (d, J = 5.9 Hz, 1H), 9.71 (d, J = 5.9 Hz, 1H), 8.54 
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– 8.48 (m, 3H), 8.42 (q, J = 4.5, 6.1 Hz, 5H), 8.30 – 8.20 (m, 4H), 8.10 (p, 

J = 8.0 Hz, 4H), 7.95 (t, J = 8.5 Hz, 2H), 7.66 – 7.53 (m, 3H), 7.45 – 7.35 

(m, 2H), 7.31 – 7.26 (m, 1H), 7.15 – 7.07 (m, 1H), 3.13 (s, 3H), 2.98 (s,3H), 

2.51 (s 3H), 2.47 (s, 2H). 
13C{1H} NMR (101 MHz, DMSO-d6) δ 187.83, 

186.39, 182.01, 153.57 (d, J = 3.1 Hz), 152.69, 152.09, 141.74, 138.59, 

137.72, 125.60, 124.26, 121.91 (d, J = 16.4 Hz), 120.60 (d, J = 6.6 Hz), 

119.93, 118.57, 118.33, 117.80 (d, J = 14.3 Hz), 116.88, 116.31 (d, J = 7.5 

Hz), 112.27, 35.89, 21.96. 31P{1H} NMR (202 MHz, DMSO-d6) δ -144.24 

ppm. HRMS for C21H20N8RuI calculated- 612.9899 found- 612.9198. Anal. 

Calcd. for [C21H20N8RuI]PF6 calculated- C, 33.30; H, 2.66; N, 14.80 Found- 

C, 33.62; H, 2.33; N,14.57. 

3.4.8 synthesis of complex (4) 

Complex 4 was prepared following the general procedure for complex 

synthesis, by the reaction of L1·HI (175 mg, 0.50 mmol) and [Ru(CNi-

Pr)(H2O)Cl3] (P2) (190 mg, 0.50 mmol) to giving the product as light red 

solid. Yield= 511 mg (65%). 1H NMR (400 MHz, DMSO-d6) δ 13.00 (s, 

1H), 12.31 (s, 1H), 10.19 (d, J = 7.8 Hz, 1H), 9.70 (d, J = 7.8 Hz, 1H), 8.54 

(s, 3H), 8.44 (d, J = 15.3 Hz, 2H), 8.38 (s, 1H), 8.16 (d, J = 8.3 Hz, 3H), 

7.96 (t, J = 10.5 Hz, 1H), 7.59 (d, J = 6.8 Hz, 4H), 7.38 (d, J = 20.3 Hz, 

2H), 3.12 (s, 3H), 2.97 (s, 1H), 2.20 (s, 1H), 1.57 (s, 1H), 0.80 – 0.61 (m, 

8H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 187.83, 186.39, 182.00, 

153.55, 152.69, 152.09, 141.74, 138.59, 125.59, 121.99, 121.83, 119.93, 

118.32, 117.86, 117.72, 112.26, 107.78,107.50, 49.84, 35.88, 21.96. 

31P{1H} NMR (202 MHz, DMSO-d6) δ -144.24 ppm. HRMS for 

C23H24N8RuI calculated- 641.0212 found- 641.0237. Anal. Calcd. for 

[C23H24N8RuI]PF6 calculated- C, 35.17; H, 3.08, N; 14.27 found- C, 35.48; 

H, 3.25; N, 14.10.  

3.4.9 synthesis of complex (5) 
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The complex 5 was prepared following the general procedure for complex 

synthesis, by the reaction of L2·HI (222 mg, 0.52 mmol) and 

[Ru(CNMe)(H2O)Cl3] (P1) (200 mg, 0.52 mmol) to giving the product as red 

solid. Yield = 456 mg (52%). 1H NMR (500 MHz, DMSO-d6) δ 12.80 (s, 

1H), 11.96 (s, 1H), 9.99 (d, J = 5.7 Hz, 1H), 9.83 (d, J = 5.7 Hz, 1H), 8.52 

(d, J = 2.7 Hz, 1H), 8.39 (s, 1H), 8.25 (d, J = 2.7 Hz, 4H), 8.22 – 8.06 (m, 

1H), 7.92 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 2.7 Hz, 1H), 7.46 (t, J = 6.7 Hz, 

1H), 7.30 (s, 1H), 7.10 (d, J = 2.7 Hz, 1H), 2.47(s, 3H) 1.86 (d, J = 9.9 Hz, 

4H), 1.74 (s, 4H), 1.35 (d, J = 12.2 Hz, 4H), 1.23 (s, 1H), 0.94 (d, J = 11.4 

Hz, 4H).  13C{1H} NMR (126 MHz, DMSO-d6) δ 185.42, 184.39, 178.68, 

154.73, 153.20, 153.04, 152.93, 152.43, 151.92, 126.33, 122.67, 122.19, 

121.61, 118.06, 117.65, 116.03, 112.46, 107.98, 59.59, 58.61, 41.69, 34.57, 

34.40, 28.93. 31P{1H} NMR (202 MHz, DMSO-d6) δ -144.24 ppm. HRMS 

for C30H32N8RuI calculated- 733.0840 found- 733.0893. Anal. Calcd. for 

[C30H32N8RuI]PF6 calculated- C, 41.06; H, 3.68; N, 12.77 found- C, 41.52; 

H, 3.75; N, 12.61. 

3.4.10 Synthesis of complex (6) 

Complex 3 was prepared following the general procedure for complex 

synthesis, by the reaction of L2·HI (222 mg, 0.52 mmol) and [Ru(CNi-

Pr)(H2O)Cl3] (P2) (200 mg, 0.52 mmol) to giving the product as red solid. 

Yield = 498 mg (55%). 1H NMR (400 MHz, DMSO-d6) δ 12.85 (s, 1H), 

11.97 (s, 1H), 10.02 (d, J = 6.0 Hz, 1H), 9.84 (d, J = 6.0 Hz, 1H), 8.53 (s, 

3H), 8.37 (d, J = 19.8 Hz, 5H), 8.29 – 8.25 (m, 1H), 8.15 (s, 4H), 8.12 (d, J 

= 14.3 Hz, 1H), 8.05 (s, 2H), 7.92 (d, J = 8.0 Hz, 2H), 7.64 (d, J = 8.5 Hz, 

2H), 7.44 (s, 3H), 7.34 (d, J = 18.1 Hz, 4H), 1.85 (d, J = 11.8 Hz, 6H), 1.78 

(s, 2H), 1.73 (s, 6H), 1.47 (d, J = 11.3 Hz, 7H), 1.35 (d, J = 12.3 Hz, 7H), 

0.92 (d, J = 12.3 Hz, 7H) 0.65 (dd, J = 6.9, 21.7 Hz, 15H). 13C{1H} NMR 

(101 MHz, DMSO-d6) δ 191.59, 190.62, 188.15, 156.25, 153.09, 151.59, 

151.35, 137.55, 136.57, 120.35, 118.68, 116.03, 115.87, 115.67, 110.95, 

57.09, 49.04, 41.21, 34.41, 28.61, 21.39, 20.97. 31P{1H} NMR (202 MHz, 
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DMSO-d6) δ -144.24 ppm. HRMS for C32H36N8RuI calculated- 761.1154 

found- 761.1167. Anal. Calcd. for [C32H36N8RuI]PF6 calculated- C, 42.44; 

H, 4.01 N, 12.37 found- C, 42.05; H, 4.22; N, 12.63. 

3.4.11 X-ray data collection 

The X-ray diffraction of a single crystal acquired by crystallization of 

complexes were performed, and data obtained by using dual-core Agilent 

technologies (Oxford Diffraction) Super Nova CCD System equipped with 

micro focus Mo and Cu sources. Data was recorded at 293(2) K using 

graphite-mono chromated Mo Kα radiation source (λα = 0.71073 Å). The 

crystal data was collected using CrysAlisPro CCD and was further reduced 

using CrysAlisPro RED software. The structure with intrinsic phasing was 

solved using the SHELXT software, and the entire matrix least-squares on 

F2 was refined using the SHELXL program within the Olex2 program for 

graphical interface. Anisotropic refinement was performed on all non-

hydrogen atoms. CCDC Deposition Number 2367429 contains the 

supplementary data for complex 6. 

Table 3.4 Crystal data and structure refinement parameters of complex 6 

Empirical formula C33H40Cl0.14F6I0.85N8OPRu 

Formula weight 924.41 

Temperature/K 293(2) 

Crystal system triclinic 

Space group P-1 

a/Å 11.7722(3) 

b/Å 12.5423(3) 

c/Å 14.3998(4) 

α/° 77.402(2) 

β/° 69.513(2) 

γ/° 71.130(2) 

Volume/Å3 1871.37(9) 
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Z 2 

ρcalcg/cm3 1.641 

μ/mm-1 1.246 

F(000) 926.0 

Crystal size/mm3 0.25 × 0.2 × 0.18 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.632 to 58.01 

Index ranges -15 ≤ h ≤ 15, -16 ≤ k ≤ 16, -18 ≤ l ≤ 14 

Reflections collected 20121 

Independent reflections 8714 [Rint = 0.0484, Rsigma = 0.0653] 

Data/restraints/parameters 8714/1/474 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0477, wR2 = 0.1048 

Final R indexes [all data] R1 = 0.0712, wR2 = 0.1189 

Largest diff. peak/hole / e Å-3 0.77/-0.67 

 

Table 3.5 Selected bond lengths and bond angles of complex 6. 

Bond lengths (Å) Bond Angles (°) 

    
Ru1-I1 2.7971(7) N3-Ru1-I1 87.32(9) 

Ru1-N3 2.007(3) N3-Ru1-N6 170.60(11) 

Ru1-N6 2.121(3) N3-Ru1-C1 78.01(13) 

Ru1-C1 2.031(3) N3-Ru1-C9 77.80(12) 

Ru1-C9 2.119(3) N3-Ru1-C29 100.47(15) 

Ru1-C29 1.972(4) N6-Ru1-I1 94.36(9) 

N1-C1 1.342(4) N6-Ru1-C1 92.74(12) 

N2-C1 1.396(4) N6-Ru1-C9 111.47(12) 

N5-C9 1.348(4) N6-Ru1-C29 78.27(15) 
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N4-C9 1.392(4) N1-C1-N2 103.0(3) 

N8-C29 1.338(5) N5-C9-N4 103.4(3) 

N7-C29 1.392(5) N8-C29-N7 103.2(4) 

Ru1-Cl1 2.740(16) N3-Ru1-Cl1 81.6(6) 

- - N8-Ru1-Cl1 99.6(6) 

 

3.4.12 General procedure for dehydrogenation of benzyl alcohol to benzoic 

acid 

In an oven-dried and vacuum-cooled schlenk tube, catalyst (0.01 mol%) 

and potassium hydroxide KOH (2 mmol) toluene solvent (6 ml) under inert 

atmosphere were added. The reaction mixture allowed to stir at room 

temperature for 1 hour. Further, increased the reaction temperature to 110 

°C and added benzyl alcohol (2 mmol). The mixture was then refluxed for 

24 hours. After cooling to room temperature, the solution was evaporated 

under reduced pressure to produce crude potassium carboxylate salt. 

Deionized water (20 ml) was added to the crude reaction mixture to dissolve 

the potassium carboxylate, and the resulting aqueous solution, washed with 

DCM (3 x 20 mL). The final aqueous solution is then acidified with 1N HCl 

and extracted with ethyl acetate (3 x 20 mL). The combined organic phase 

was separated and dried over anhydrous Na2SO4 and evaporated to dryness 

under vacuum to provide the corresponding carboxylic acid. 

3.4.13 Large-scale synthesis of benzoic acid 

A mixture of catalyst 4 (0.01 mmol), base (560 mg, 10 mmol) and toluene 

30 ml was added in a 100 ml two neck round bottom flask and allowed to 

stir at room temperature for 1 hour. Further, the temperature was elevated 

from room temperature to reflux temperature and then benzyl alcohol (1.08 

g, 10 mmol) was added to the reaction mixture and r was dibbed in the 
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preheated oil bath. The reaction was allowed to reflux for 6 hours and then 

allowed to cool. The work up was performed following the usual procedure 

and pure carboxylic acid was received as white solid (1.20 g, 97%). 

3.4.14 Volumetric estimation of H2 gas evolved during synthesis of 

carboxylic acid 

An oven dried, vacuum cooled schlenk tube was purged with nitrogen and 

charged with catalyst 4 (0.1 mol%), KOH (1 mmol) in 3 ml toluene solvent. 

The reaction mixture was stirred at room temperature for 1 hour and then 

the temperature of the oil-bath was increased to 120 °C. After the 

temperature reached, benzyl alcohol (1 mmol) was added to the reaction 

mixture. The schlenk tube was again purged with nitrogen and then its side 

arm was connected to a gas burette and headspace was closed tightly. The 

schlenk tube was then dipped in preheated oil bath and then reaction 

continued until evolution of H2 gas ceased. The reaction was performed 3 

times to get the consistent reading and the calculation for number of moles 

was done using ideal gas equation n(H2)= [(Patm - Pwater)V]RT. Vapour 

pressure of water (Pwater) at 293 K = 17.5424 Torr. Atmospheric pressure 

(Patm ) at 293 K = 761.3126 Torr. R = 62.363 L Torr K-1 mol-1, volume of gas 

displaced = 46.3 ml.  

3.4.15 Reaction of benzaldehyde with KOH 

Added benzaldehyde (1 mmol) and KOH (1 mmol) in 3 ml of dry toluene 

in an oven dried, vacuum cooled Schlenk tube and dipped in a preheated oil 

bath at 110 ºC. Allowed to reflux for 1 hour in N2 atmosphere. The reaction 

allowed it to cool, and the solvent removed under vacuum. The solid 

remains weas washed several time with ethyl acetate and then filtered. The 

precipitate was dissolved in deionized water (30 ml) and extracted with 

ethyl acetate. The organic phase was dried over Na2SO4, and the solvent 

was removed under vacuum to give pure solid product of benzoic acid (68 

mg, 56%). 
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3.4.16 Control Experiments  

(a) A mixture of benzyl alcohol (1 mmol) and KOH (1 mmol) were added 

in a Schlenk tube and reacted at 110 ºC for 4 hours in N2 atmosphere. The 

reaction was cooled and analyzed by GCMS. No indication for ester 

formation, but a peak for benzaldehyde was observed.  

(b) A mixture of benzyl alcohol (1 mmol) and KOH (1 mmol) were mixed 

in toluene solvent (3 ml) and in a Schlenk tube and reacted at 110 ºC for 4 

hours in N2 atmosphere. The reaction was cooled and further analyzed by 

GCMS. No indication of ester formation but a peak for benzaldehyde was 

observed. 

(c) Dehydrogenation of benzaldehyde to benzoic acid 

Catalyst 4 (0.1 mol%), KOH (1 mmol) were mixed in dry toluene 3 ml in a 

schlenk tube and then stirred for 1 hour. After that the oil bath temperature 

was heated to 120 °C and benzaldehyde (1 mmol) was added to reaction 

mixture and schlenk tube was dipped in preheated oil bath under inert 

atmosphere. The reaction was stirred for 1 hour and cooled. The workup 

was followed as mentioned in the procedure. The product was analysed by 

1H-NMR showing formation of benzoic acid with traces of benzyl alcohol 

(Figure 3.4.19). 
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3.5 Spectral Data  

 

Figure 3.4.1 1H NMR spectrum of L1.HI. 

 

Figure 3.4.2 13C{1H} NMR spectrum of L1·HI. 
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Figure 3.4.3 HRMS of L2·HBr ligand. 
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Figure 3.4.4 1H NMR of L2·HBr ligand. 

 

 

Figure 3.4.5 13C{1H} NMR of L2·HBr ligand. 
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Figure 3.4.6 HRMS of complex 3. 
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Figure 3.4.7 1H NMR of complex 3 

 

Figure 3.4.8 31P{1H} NMR of complex 3 
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Figure 3.4.9 13C{1H} NMR of complex 3 



120 
 

 

Figure 3.4.10 HRMS of complex 4 
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Figure 3.4.11 1H NMR of complex 4 

 

Figure 3.4.12 31C{H} NMR of complex 4 
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Figure 3.4.13 HRMS of complex 5 
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Figure 3.4.14 1H NMR of complex 5 

 

Figure 3.4.15 13C{1H} NMR of complex 5 
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Figure 3.4.16 HRMS of complex 6 
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Figure 3.4.17 1H NMR of complex 6 

 

 

Figure 3.4.18 13C{1H} NMR of complex 6 
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Figure 3.4.19 NMR spectra for dehydrogenation of benzaldehyde 

 

3.5.1 NMR of carboxylic acid products after dehydrogenation of alcohol 

(4a) Benzoic acid:   

1H NMR (500 MHz, CDCl3) δ 11.67 (s, 1H), 8.14 (dd, J = 1.5, 8.4 Hz, 2H), 

7.63 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H). 13C{1H} NMR (126 MHz, 

CDCl3) δ 172.18 (COOH), 133.72, 130.12, 129.20, 128.39.  

(4b) p-Methoxy benzoic acid: 

1H NMR (500 MHz, CDCl3) δ 6.39 (dd, J = 5.5, 8.9 Hz, 2H), 6.13 (t, J = 

8.9 Hz, 2H), 2.94 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 167.18 

(COOH), 163.01, 131.52, 123.14, 113.99, 55.62. 

(4c) m-Methoxy benzoic acid 

1H NMR (500 MHz, CDCl3) δ 7.72 (d, J = 7.6 Hz, 1H), 7.63 (s, 1H), 7.39 

(t, J = 8.0 Hz, 1H), 7.17 (ddd, J = 1.0, 2.7, 8.3 Hz, 1H), 3.87 (s, 3H). 13C{1H} 



127 
 

NMR (126 MHz, CDCl3) δ 171.69 (COOH), 159.77, 130.65, 129.69, 

122.83, 120.63, 114.54, 55.62. 

(4d) o-Methoxy benzoic acid 

1H NMR (500 MHz, CDCl3) δ 8.06 (dd, J = 1.5, 8.3 Hz, 1H), 7.45 (td, J = 

1.5, 7.5 Hz, 1H), 7.27 (m, 2H), 2.58 (s, 3H). 13C{1H} NMR (126 MHz, 

CDCl3) δ 172.55 (COOH), 141.50, 133.09, 132.08, 131.71, 128.34, 126.00, 

29.85. 

(4e) m,p-dimethoxybenzoic acid 

1H NMR (500 MHz, CDCl3) δ 7.78 (dd, J = 2.0, 8.4 Hz, 1H), 7.60 (d, J = 

2.1 Hz, 1H), 6.92 (d, J = 8.5 Hz, 1H), 3.95 (d, J = 5.2 Hz, 6H). 13C{1H} 

NMR (126 MHz, CDCl3) δ 171.71 (COOH), 153.86, 148.83, 124.73, 

121.81, 112.45, 110.46, 56.16.  

(4f) p-(benzyloxy)benzoic acid 

1H NMR (500 MHz, DMSO-d6) δ 12.62 (s, 1H), 7.92 – 7.86 (m, 2H), 7.46 

(d, J = 7.1 Hz, 2H), 7.37 (dt, J = 7.4, 29.5 Hz, 3H), 7.09 (d, J = 8.1 Hz, 2H), 

5.18 (d, J = 3.2 Hz, 2H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 166.97 

(COOH), 161.93, 136.54, 131.34, 128.50, 127.82, 114.62, 69.45. 

(4g) p-Methyl benzoic acid: 

1H NMR (500 MHz, DMSO-d6) δ 7.83 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 8.2 

Hz, 2H), 2.37 (s, 3H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 167.16 

(COOH), 142.82, 129.16, 127.94, 20.96. 

(4h) m-Methyl benzoic acid: 

 1H NMR (500 MHz, DMSO-d6) δ 12.83 (s, 1H), 7.78 – 7.71 (m, 2H), 7.41 

(dd, J = 7.7, 22.6 Hz, 2H), 2.36 (s, 3H). 13C{1H} NMR (126 MHz, DMSO-

d6) δ 167.43, 137.91, 133.48, 130.73, 129.74, 128.47, 126.47, 20.83. 

(4i) p-IsoPropyl benzoic acid: 
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1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 6.3 Hz, 2H), 7.33 (d, J = 8.4 Hz, 

2H), 3.04 – 2.93 (m, 1H) 1.27 (d, J = 17.1 Hz, 6H). 13C{1H} NMR (126 

MHz, CDCl3) δ 171.83, 155.40, 130.53, 127.16, 126.75, 34.49, 23.83.  

(4j) p-tertButyl benzoic acid 

1H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 8.7 Hz, 2H), 7.49 (d, J = 8.7 Hz, 

2H), 1.36 (s, 9H). 13C{1H} NMR (126 MHz, CDCl3) δ 171.95, 157.73, 

130.27, 126.65, 125.64, 35.35, 31.25. 

(4k) p-Amino benzoic acid 

1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 8.7 Hz, 2H), 6.66 (d, J = 8.7 Hz, 

2H). 13C{1H} NMR (126 MHz, CDCl3) δ 171.10 (COOH), 151.62, 132.53, 

118.77, 113.93. 

(4l) m-aminobenzoic acid 

1H NMR (500 MHz, DMSO-d6) δ 12.55 (s, 1H) 7.16 (s, 1H), 7.13 – 7.04 

(m, 2H), 6.79 – 6.73 (m, 1H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 

167.90 (COOH), 148.85, 131.33, 128.89, 117.99, 116.64, 114.44. 

(4m) o-aminobenzoic acid 

No reaction  

(4n) m- Nitro benzoic acid: 

1H NMR (500 MHz, DMSO-d6): δ 8.29 (d, J = 8.4 Hz, 1H), 8.16 (t, J = 8.5 

Hz, 1H), 7.9  (d, J = 8.5 Hz, 1H), 7.3 (s, J = 8.5 Hz, 1H). 13C{1H}NMR (126 

MHz, DMSO-d6) δ 192.83, 130.93, 130.73, 127.09, 123.74, 123.53, 

123.35.  

(4o) p-Fluoro benzoic acid:                                                      
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1H NMR (500 MHz, DMSO-d6) δ 8.00 (dd, J = 5.6, 8.9 Hz, 2H), 7.32 (t, J 

= 8.9 Hz, 2H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 166.82, 131.87, 

131.47, 130.30, 127.01.  

(4p) p-Chloro benzoic acid: 

1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 4.4 Hz, 2H), 7.45 (d, J = 9.0 Hz, 

2H). 13C{1H} NMR (126 MHz, DMSO-D6) δ 166.82, 131.87, 131.47, 

130.30, 127.01. 

(4q) p-Bromo benzoic acid: 

1H NMR (500 MHz, DMSO-d6) δ 7.86 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 6.4 

Hz, 2H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 166.82, 131.87, 131.47, 

130.30, 127.01. 

(4r) p-Iodo benzoic acid: 

1H NMR (500 MHz, DMSO-d6) δ 8.03 (d, J = 4.4 Hz, 2H), 7.45 (d, J = 9.0 

Hz, 2H).13C{1H} NMR (126 MHz, DMSO-d6) δ 166.82, 131.87, 131.47, 

130.30, 127.01. 

(4s) m-Floro benzoic acid: 

1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 9.2 Hz, 1H), 7.46 (td, J = 5.5, 

8.0 Hz, 2H), 7.32 (td, J = 2.7, 8.2 Hz, 1H). 13C{1H} NMR (126 MHz, 

CDCl3) δ 170.50, 163.69, 161.73, 131.55 (d, J = 7.4 Hz), 130.35 (d, J = 3.7 

Hz), 126.10 (d, J = 3.7 Hz), 121.08 (d, J = 21.1 Hz), 117.20 (d, J = 23.0 

Hz). 

(4t) m-Chloro benzoic acid:  

1H NMR (500 MHz, DMSO-d6) δ 13.26 (s, 1H), 7.92 (s, 1H), 7.70 (d, J = 

8.0 Hz, 1H), 7.55 (d, J = 8.2 Hz, 1H). 13C{1H} NMR (126 MHz, DMSO-

d6) δ 166.10 (COOH), 133.35, 132.95, 132.73, 130.68, 128.84. 

(4u) o-Bromo benzoic acid:  
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1H NMR (500 MHz, DMSO-d6) δ 7.72 (ddd, J = 1.8, 7.6, 11.4 Hz, 2H), 

7.51 – 7.39 (m, 2H). 13C{1H} NMR (126 MHz, DMSO-d6) δ 167.42 

(COOH), 133.77, 132.52, 127.74, 119.94. 

(4v) Furan-2-Carboxylic acid: 

1H NMR (500 MHz, DMSO-d6) δ 8.74 (s, 1H), 7.63 (dd, J = 0.9, 1.8 Hz, 

1H), 7.34 – 7.28 (m, 1H), 6.55 (dd, J = 1.8, 3.5 Hz, 1H). 13C{1H} NMR 

(126 MHz, DMSO-d6) δ 163.62, 147.68, 144.36, 120.29, 112.62.  

(4w) Piperonylic acid: 

1H NMR (500 MHz, DMSO-d6) δ 12.74 (s, 1H), 7.54 (dd, J = 1.8, 8.2 Hz, 

1H), 7.36 (d, J = 1.8 Hz, 1H), 7.00 (d, J = 8.2 Hz, 1H), 6.12 (s, 2H). 13C{1H} 

NMR (126 MHz, DMSO-d6) δ 166.64, 151.15, 147.49, 124.98, 124.67, 

108.80, 108.09, 101.95.  

(4x) Butyric acid:  

1H 1H NMR (500 MHz, CDCl3) δ 2.33 (t, J = 7.4 Hz, 2H), 1.66 (q, J = 7.5 

Hz, 2H), 0.96 (d, J = 7.5 Hz, 3H). 13C{1H} NMR (126 MHz, CDCl3) δ 

179.52, 35.77, 18.04, 13.48. 

(4y) Hexan-1-ol: 

No reaction 

 (4z) Phenylethan-1-ol: 

No reaction 
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Chapter 4 

Insights into the effect of contact ion-pairs on C-H 

bond activation for the synthesis of Ru(III)-NHC 

complexes: A combined experimental and 

computational study 

4.1 Introduction 

Transition metal catalyzed C-H bond activation is one of the most widely 

investigated methods for converting petroleum feedstock into 

functionalized and value added chemicals.[1,2] Functionalization of 

hydrogen bond of methane is considered to be one of the major challenges 

in the field of chemistry.[3,4] In addition, C-H activation is also routinely 

utilised in various synthetic methodologies for the preparation of new 

compounds.[5–9] In general, C-H activation in organocatalysis is 

considered to be a step-economical process because of reduced functional 

group manipulations in substrates undergoing C-X (X = C, or other 

heteroatom) bond formation.[10–15] In this regard, understanding the 

selectivity and factors affecting C-H functionalization has been an 

important area of investigation in all fields of chemistry.[16–18] C-H 

activation is considered as the most straightforward path for the generation 

of N-heterocyclic carbenes[19–21] because of its efficiency in producing 

the least number of side products.[9,18,22–25]   

 In general, C-H bond activation by transition metal is proposed to 

involve the interaction between σ C-H bonding orbital and the vacant d-

orbital of the transition metal. This interaction leads to synergic electron 

transfer between metal orbitals and C-H orbitals, which is accompanied by 

electron transfer from the filled d orbital of the metal to σ* antibonding 

orbital.[26–28] The different types of transition metal catalysed C-H bond 

activation mechanisms include oxidative addition, σ-bond metathesis, 
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electrophilic substitution, 1,2 addition, and concerted metalation 

deprotonation (CMD) pathway. The concerted metalation deprotonation 

(CMD) pathway, proposed by Winstein and Traylor in 1955 for the 

acetolysis of diphenyl mercury in acetic acid, is one of the most common 

ways to activate C-H bonds.[29] This process involves cleaving the C–H 

bond of the substrate and forming a new C–Metal bond through a single 

transition state using transition metals.[30,31] Transition states in CMD are 

influenced by various factors, such as agostic interactions, syndetic 

donations, noncovalent interactions, and so on. C–H bond activation has 

found extensive utilization of carboxylate ligands due to their ability to act 

as bases and spectator ligands. When acting as base[32], the carboxylates 

with electron electron-donating group are preferred, whereas when acting 

as spectator ligand[33], electron-deficient carboxylates are useful.[34]  

 It has been very well known for 1-2 decades that mesoionic NHCs 

(their protonated precursors, respectively) may not be metalated with any 

late transition metal without the presence of halide.[35–40] In some 

circumstances, an external ion source is used to stimulate the formation of 

metal complexes containing only one type of anion[41]. The presence of 

halide deshields the azolium proton due to the formation of a strong 

hydrogen bond.[42] This hydrogen bond further makes the azolium proton 

acidic and favors the formation of NHC complexes in the presence of late-

transition metals. 

 C-H activation in ionic liquids (IL), based on azolium salts, can be 

affected by the cation-anion interactions through hydrogen bonding.[43,44] 

This hydrogen bonding in ionic liquids has been regarded as crucial in 

determining melting point as well as viscosities.[45] Owing to their 

importance in IL properties and structures, there have been many studies on 

the ion species dependence of hydrogen bonding strength.[46–50] 

However, ion pairs have not been extensively studied in regioselective or 

site-selective processes employing transition metals, because they are often 
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thought to lack the directionality required to obtain high degrees of 

positional control when compared to hydrogen bonds.[51–54]  

 Recent developments in organometallic chemistry have increased 

the importance of counteranion effects brought by ion-pairing.[55] In the 

imidazolium-based salts, the formation of H-bonds is primarily facilitated 

by the hydrogen atoms on the imidazolium ring.[56] The hydrogen atom at 

C2-H has been found to be more acidic than the hydrogen atom at C4/5-H, 

which points to the possibility of stronger H-bonds forming between donor 

C2-H and an anionic acceptor.[56–58] The C2-H/D exchange reactions 

have been shown to depend on the relative strength of hydrogen bonding 

with anions; the stronger the H-X interaction, the easier the C2-H/D 

exchange.[43,44,50] Huynh et al. reported that the external addition of 

halide ions is required for the activation of C2-H in [azolium][X] (X = BF4
-

, PF6
-, and OTf-) for the generation of carbene, even in the presence of Ag2O 

as a base.[59–61] However, the role of such H-X interactions during the 

synthesis of transition metal-NHC complexes has not been thoroughly 

investigated until now. 

 Among the halides (Cl-, Br-, and I-) and weakly coordinating bulkier 

anions (e.g., BF4
- and PF6

-) in ionic liquids, the rapid ease of C-H bond 

polarization followed the trend Cl- > Br- > I- followed by BF4
- and PF6

-.[43] 

However, ionic liquids bearing weakly coordinating anions (e.g., BF4
- and 

PF6
-) undergo poor C-H activation even under harsh reaction conditions, 

due to the lower acidity of C-H proton of the heterocyclic ring.[43] 

Recently, we reported the synthesis of Ru(III)-NHC complexes 1a and 1b 

(Figure 4.1) by the reaction of RuCl3·H2O with a bidentate PyNHCR ligand 

framework bearing R = Me and iPr alkyl wingtips.[62] We observed that 

the anions of the azolium salts played an important role in the synthesis of 

complex.  
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Figure 4.1. Recently reported Ru(III)-NHC complexes by our group 

Our group had previously reported Ru(III)-NHC precursor 

complexes[62], which were used for the synthesis of our phosphine-free 

complexes in our previous chapter. During the synthesis of the Ru(III)-NHC 

precursor complex, usual reactivity was reported. In the presence of azolium 

salts with different counteranions, the product was affected. In case of Cl-

as counteranion no product was formed while with  Br- as counteranion, 

mixed halide product obtained. [62] Pure product with high yield was 

obtained in case of I- as counteranion. [62] In this chapter we report the 

existence of ion-pairing between azolium cations and anions like halides 

and BF4
-, PF6

-
 in the imidazolium salts, by different spectroscopic 

techniques like NMR, UV-Vis spectroscopy and further supported by DFT 

analysis. The role and effect of ion pair in the reaction during the synthesis 

of complex 1a and 1b have been studied theoretically. Two possible 

pathways involving ion-pairing or halide coordination have been explored 

and suitable explanations can be provided for the experimental observations 

for the synthesis of these Ru(III)-NHC complexes. 

4.2 Results and Discussion 

4.2.1 Investigation of contact ion pairs in solution 

The formation of contact ion pairs in numerous ionic liquids and their 

solutions has been previously studied using various tools, including 

conductivity measurements[63–65] and spectroscopic techniques, such as 

NMR,[66,67] UV-vis,[68,69] and IR[70,71].  As described in our recent 

work, the synthesis of Ru(III)-NHC complexes depends on the counterions 
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of azolium salts. The best yields, with no indication of mixed halide 

complexes, were obtained with iodide as the counter ion for synthesizing all 

three complexes. Therefore, to study the ion-pair interactions, ligand 

precursors were synthesized, and a systematic investigation was carried out 

with the ligand precursor, [PyImiPr·HX] with X = Cl-, Br-, I-, PF6
-, and BF4

-, 

using NMR and UV-Vis spectroscopic techniques. Table 4.1 lists the 1H 

and 13C NMR chemical shifts of NCHN in CDCl3 and max observed in the 

UV-Vis spectra in acetonitrile solutions of imidazolium salts with different 

anions (figure 4.2).  

Table 4.1.  Spectral data for [3-isopropyl-1-(pyridine-2-yl)imidazolium]X 

(X = Cl, Br, I, BF4) salts recorded at room temperature. 

X H(NCHN) (DCl)a C(NCN) (DCl)a max [transitions] 

Cl- 11.56 148.82 266 [py→*py] 

226 [Im→*Im] 

Br- 11.28 (0.28) 148.95 (-0.13) 266 [py→*py] 

221 [Im→*Im] 

I- 10.94 (0.62) 149.05 (-0.23) 266(s) [py→*py] 

244 [CTTS] 

206 [Im→*Im] 

BF4
- 9.53 (2.03) 149.24 (-0.42) 266 [py→*py] 

227 [Im→*Im] 

PF6
- --b --b 266 [py→*py] 

227 [Im→*Im] 

a Chemical shift difference from Cl- analogue. 

b NMR spectra could not be obtained due to its negligible solubility in 

CDCl3. 
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The difference in the chemical shift of the imidazolium proton, 

NCHN, followed the order Cl- > Br- > I- > BF4
- which reflects the strength 

of the cation-anion interactions and the formation of hydrogen bonds from 

Cl- to BF4
-. The data obtained were in accordance with previous reports on 

ion-pair formation in imidazolium salt solutions.[66,67] The imidazolium 

salt, [PyImiPr·HPF6], could not be analysed through NMR spectroscopy due 

to its poor solubility in CDCl3. The chemical shift change in 13C NMR data 

is less pronounced (Table 4.1); however slight increase in  C2 carbon from 

Cl- to BF4
- can be related to the basic nature of anion. The chemical shift of 

C2 follows the reverse trend in 13C NMR (BF4
- > I- > Br- > Cl-) to that 

observed in 1H NMR. As the basicity of anion increases, the tendency to 

form strong hydrogen bond with H2 proton also increases. The stronger 

base, Cl-, strongly pulls the H2 proton via hydrogen bonding interactions, 

leaving the corresponding ligand scaffold with slightly increased electron 

density on the C2 carbon.  

 

Figure 4.2. Plot of UV-Vis spectra of [3-isopropyl-1-(pyridine-2-

yl)imidazolium]X (L2·HX) where X = Cl, Br, I, BF4, PF6 recorded in 

CH3CN. Inset showing the formation of charge transfer complex with I- 

counter anion with a red shift in absorption maximum. 
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Figure 2 shows plots of UV-Vis spectra for [PyImiPr·HX] with X = 

Cl-, Br-, I-, PF6
-, and BF4

-. The absorption spectra for imidazolium salts with 

PF6
- and BF4

- counter ions are identical, showing two absorption maxima at 

227 nm (→*, imidazole ring) and 266 nm (→*, pyridine ring), 

respectively. While the absorption spectrum with chloride counter ions is 

nearly identical with those of BF4
- and PF6

-, those with bromide and iodide 

ions show a clear blue shift for the →* transition in the imidazole ring 

from 227 nm to 221 nm and 206 nm, respectively. The absorption spectrum 

of the azolium salt with iodide counter ion also has another absorption 

centred around 244 nm, which is attributed to the CTTS (Charge-transfer-

to-solvent) for iodide.[68,72] The very small blue shift from the literature-

reported value of 246 nm for the CTTS of iodide in acetonitrile solvent has 

also been observed in earlier reports and attributed to the formation of a 

charge transfer complex with the imidazolium ion.[72] In addition, on 

increasing the concentration of the solution, a broad background absorption 

at 360 nm followed by a gradual rise in the curve from 326 nm was 

observed, which can be assigned as the CT band in ion pairs.[68,69,73] 

Similar to the previous reports, with increase in concentration, the intensity 

of CT band was also increased whereas the →* bands at shorter 

wavelength were diminished.[72] Both, NMR and UV-Vis investigations 

confirm the ion-pair interactions and existence of contact ion-pairs in 

[PyImiPr·HX] in solutions.  
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Figure 4.3. UV-vis spectra of L2·HI recorded at various concentration in 

MeCN.   

4.2.2 Computational Modelling 

4.2.2 (i) Investigation of C2-H----X interaction in imidazolium salts 

Interactions between azolium cations and anions such as halides and other 

bulkier anions have been studied by several groups, and previous reports 

suggest that halides develop stronger and more stable interactions with 

imidazolium proton compared to bulkier anions (BF4
-
 , PF6

-, BPh4
-, etc.).[ 

42–44] To investigate the structure of the [PyImR][X] (R=Me, iPr) based 

ion pairs, a stepwise optimization process was followed. Initially, we 

optimized the pyridine imidazolium ligand framework by considering two 

possible orientations of pyridine with respect to the C2-H of the 

imidazolium cation. In one orientation, pyridine-N remains anti to 

imidazolium C2-H, while in the other, it remains syn to C2-H. The 

optimized geometries of the ligand precursors [PyImMe/iPr]+ with C2-H bond 

length and dihedral angle between the intersecting planes formed by atoms 

C2-N1-C5-N3 are shown in Figure 4.4.  
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Figure 4.4. DFT-optimized structures of the ligand precursors [PyImMe]+ 

and [PyImiPr]+. The dihedral angle Φ between the intersecting planes formed 

by the azolium ring and pyridine ring is defined by four atoms, C2-N1-C5-

N3. 

Furthermore, halides or other counteranions were added to the 

optimized azolium cations, and the geometries were re-optimized to observe 

changes in the bond parameters and dihedral angles. In the case of methyl 

substituted azolium salts having the pyridine-N anti to C2-H (figure 4.5A), 

a linear hydrogen bonding interaction between the C2-H and X where X=Cl-

, Br-, I- and BF4
- was observed.  

 

Figure 4.5. DFT-optimized structures of the ligand precursors 

[PyImMe][X], where X= Cl (green), Br (red), and I (purple). (A) The Py-N 



149 
 

anti to C2-H of imidazoium. (B) The Py-N syn to C2-H of imidazolium. 

The dihedral angle (Φ) between the intersecting planes formed by the 

azolium ring and pyridine ring is defined by four atoms, C2-N1-C5-N3. 

The increase in the C2-H bond length can be understood in terms of 

increasing polarization due to hydrogen bonding as experimentally 

validated by NMR (Table 1). The change in the dihedral angle is observed 

as a result of the interaction between PyC-H and the counteranion. In the 

case of structural optimization of methyl-substituted azolium salts with 

pyridine-N syn to the C2-H bond, repulsion between the lone pair of 

nitrogen and counteranions is apparent (Figure 4.5B). This repulsion affects 

the hydrogen bonding interaction between C2-H and X (X=Cl-, Br-, I-, BF4
-

), making it bent and relatively weaker. The repulsion also forces the 

pyridine ring out of the plane, thereby increasing the dihedral angle between 

the intersecting planes formed by the atoms, as shown in figure 4.5B.  

 The stabilization energy due to hydrogen bonding in the solution 

was estimated by DFT calculations in a THF solution. As expected, the 

stabilization due to hydrogen bonding interaction between H---X was found 

to be in order Cl- (-12.9 kcal)>Br- (-11.9 kcal)>I- (-9.9 kcal)> BF4
- (-7.0 

kcal) in case of pyridine-N anti to C2-H and for azolium salts with pyridine-

N syn to C2-H the stabilization due to hydrogen bonding was found to be -

10.2 kcal/mol, -9.4 kcal/mol, -8.8 kcal/mol, and -4.9 kcal/mol for Cl-, Br-, 

I- and BF4
-
 anion respectively. These values indicate the ion-pairing with 

BF4
- can be easily broken due to solvation. Similarly, upon structural 

optimization and frequency calculation of isopropyl substituted azolium 

salts, identical results were obtained as their methyl substituted analogs 

(figure 4.6). Further investigation into the mechanistic pathway was 

conducted using methyl-based azolium salts with halides as counteranions. 
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Figure 4.6. DFT-optimized structures of the ligand precursors [PyImiPr][X], 

where X= Cl (green), Br (red), and I (purple). (A) The Py-N trans to C2-H 

of imidazoium. (B) The Py-N cis to C2-H of imidazolium. The dihedral 

angle (Φ) between the intersecting planes formed by the azolium ring and 

pyridine ring is defined by four atoms, C2-N1-C5-N3. 

4.2.2 (ii) Role of ion-pairs during synthesis of Ru(III)-NHC complexes 

It has been reported that the addition of halide ions is required for the 

activation of C2-H for the generation of carbenes even in the presence of 

Ag2O, facilitated by the precipitation of AgX in the transmetalation 

step.[76–78] The mechanism for the formation of 1a   was first investigated 

using PyImMe·HCl and RuCl3·3H2O as the model reactions (scheme 4.1). 

For this reaction, two possible pathways were taken into consideration, first 

in which halide coordination to the ruthenium center takes place while the 

other in which halide doesn’t coordinates to the ruthenium center. In the 

halide coordination path (Path-1), the coordination of the Cl- ion and 

pyridine nitrogen to ruthenium leads to three isomeric intermediates, 

namely A-Cl1, A-Cl2, and A-Cl3. In A-Cl1, one remaining water molecule 

is trans to pyridine; in A-Cl2, the water is trans to the chloride, which leaves 

at the later stage, and in A-Cl3, water is cis to both the leaving chloride and 

pyridine. In Path-2, the chloride ion of the imidazolium salt does not 
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coordinate with the ruthenium center but remains hydrogen-bonded to 

imidazolium C2-H in intermediate A'-Cl. Of these four optimized 

intermediates, A-Cl1, with water trans to pyridine, was found to have the 

lowest energy. The relative energies for the other isomers were calculated 

w.r.t A-Cl1 and found to be slightly higher as 3.0 kcal/mol, 2.3 kcal/mol 

and 4.9 kcal/mol for A-Cl2, A-Cl3 and A'-Cl respectively. These energies 

were calculated for the doublet spin states. The DFT-optimized structures 

of A-Cl1, A-Cl2, A-Cl3, and A'-Cl, with important bond parameters, are 

shown in figure 4.7.  
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Scheme 4.1. Computational modelling of possible paths of formation of 

Ru(III)-NHC complexes. Gibbs free energies are reported in kcal/mol at 

293.15 K, relative to the most stable intermediate A-Cl1. 
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Figure 4.7. DFT optimized geometries of A-Cl1, A-Cl2, A-Cl3 and A'-Cl 

along with the important bond lengths and the dihedral angle (Φ) between 

the intersecting planes defined by four atoms, C2-N1-C5-N3. 

Further in the reaction following path 1, transition state TS1 for all 

the isomers were located, in which the bond length between the leaving 

chloride and ruthenium increases while the imidazolium C2-H unit starts 

coming closer to the ruthenium. The transition state TS1-Cl3 has the lowest 

energy, i.e., 20.1 kcal/mol, while the TS1-Cl1 and TS1-Cl2 have 25.5 

kcal/mol and 34.1 kcal/mol energy respectively. This lowering in energy of 

the transition state TS1-Cl3 can be attributed to the hydrogen bonding 

between the cis-water molecule, the leaving chloride, and the imidazolium 

C2-proton. The highest energy of TS1-Cl2 is due to the presence of water 

trans to leaving chloride, which strengthens the ruthenium-chloride bond 

with a shorter bond length (2.317 Å in A-Cl2 and 2.399 Å in A-Cl1), which 

requires more energy to cleave this bond. In the case of open-shell 

complexes, the involvement of species with higher spin states, especially in 

the transition states, cannot be ruled out. Therefore, attempts have been 

made to locate the transition states for the quartet (S=3/2) and sextet (S=5/2) 

spin states in both pathways.  

During our attempt at sextet states, the molecule started to deform, 

and no suitable transition state could be located. In the case of TS1-Cl1, the 

Löwdin spin density localized on Ru was 0.85 in doublet spin state while in 

quartet spin state it becomes 2.43 on ruthenium. This spin densities gets 

distributed on the three chlorides viz 0.19 on Cl atom trans to leaving group 

and 0.20, 0.15 on two chlorides trans to each other and cis to the pyridine. 
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As the leaving chloride becomes free, new intermediate B-Cl1 (26.0 

kcal/mol) and B-Cl3 (18.8 kcal/mol) are formed with the free Cl- hydrogen 

bonded to the imidazolium C2-H. On the other hand, the TS1-Cl2 transition 

state was found to form the product P-Cl2 (-10.8 kcal/mol) directly. The 

lower energy of the intermediate B-Cl3 than B-Cl1 may be due to the 

additional hydrogen bonding between the cis-water molecule and free 

chloride. Next, TS2-Cl1 and TS2-Cl3 were located, involving C-H 

activation by ruthenium. The TS2-Cl3 (30.8 kcal/mol) is 2.2 kcal/mol lower 

in energy than TS2-Cl1 (33.0 kcal/mol). In case of TS2-Cl3, the Löwdin 

spin density located on ruthenium in doublet state was 0.90 while in the 

quartet state, the spin density become 2.43 on ruthenium and 0.27 on 

chloride atom trans to water molecule. The chloride ion, hydrogen bonded 

to the imidazolium C2 proton, then leaves as H-Cl, taking the proton and 

giving the final products P-Cl1 (-8.6 kcal/mol) and P-Cl3 (-2.4 kcal/mol). 

Among the three paths with isomeric structures, the one starting with A-Cl3 

gives the lowest energy route, with TS2-Cl3 at 30.8 kcal/mol as the highest 

energy. 

In Path-2, the chloride ion of the imidazolium salt does not 

coordinate with the ruthenium center but remains hydrogen-bonded to 

imidazolium C2-H in intermediate A'-Cl (4.9 kcal/mol). In the next step, 

the transition state TS1'-Cl (30.9 kcal/mol) was located, involving the 

dissociation of a water molecule and imidazolium C2-H coming closer to 

Ru. TS1'-Cl is directly converted to the final product P'-Cl, which is 

identical to that of P-Cl2.  
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For the quartet spin state, transition states TS1-Cl1, TS1-Cl2, TS1'-

Cl1, and TS2-Cl2 were located successfully, while TS1-Cl3 and TS2-Cl1 

could not be found. The energy of transitions states with quartet spin was 

found lower than the doublet spin only for those transition states in which 

water molecule is present trans to the leaving group, i.e., TS1-Cl2 (31.0 

kcal/mol) and TS1'-Cl (27.3 kcal/mol) while in other cases higher energy 

for quartet transition state was observed. The energies calculated for the 

doublet spin states indicate the possibility of two channels, one starting from 

A-Cl3 (halide coordination) and the other via A'-Cl (ion-pair path). 

However, considering the quartet spin state, the mechanism follows the ion 

pair path (Path-2) as it is the lowest energy route, with TS1'-Cl giving only 

27.3 kcal/mol as the barrier height. The energy profile diagram for chloride 

salts following both the halide coordinated as well as ion-pair paths is 

shown in Figure 4.8. 

In the case of reactions starting from imidazolium salts with bromide 

or iodide anions, for the halide coordinated pathway (Path-1), the number 

of possible isomeric forms will be doubled, depending on the type of leaving 

halide ion. For example, the corresponding intermediate, A-Br1, gives two 

possibilities denoted as A-Br1a (when it’s the Br- ultimately leaving the 

coordination sphere) or A-Br1b (when instead of the Br-, one of the Cl- ions 

leaves the coordination sphere and gives a mixed halide product). For 

bromide/iodide cases following the halide-coordinated pathway (Path-1), 

only the lowest energy path found for Cl- starting from A-X3a and A-X3b 

(X = Br or I) was considered in addition to Path-2 (no Br-/I- coordination), 

starting from A'-X (X = Br or I).  

The energy profile diagrams for the bromide and iodide salts 

following both pathways are shown in Figures 4.9 and 4.10, respectively. 

The energies of the intermediates and transition states for the doublet spin 

state were calculated for both pathways. The transition states in the quartet 

spin state were located for both pathways and for both halides. In case of 



157 
 

TS1-Br3a, the Löwdin spin population density located on the ruthenium in 

doublet spin state was 0.90 whereas in the quartet spin state, it is 2.51 on 

ruthenium and 0.23 on Cl trans to the leaving bromide. In TS1-Br3b, 0.90 

Löwdin spin population density was located on ruthenium in doublet spin 

state, while in quartet spin state, 2.53 on ruthenium and 0.23 spin density 

on Cl trans to the leaving chloride was found. In the TS2-Br3a transition 

state, Löwdin spin density on ruthenium in doublet spin state was 0.90, on 

the other hand in the quartet state, 2.43 on ruthenium and 0.27 on Cl atom 

trans to water molecule coordinated to ruthenium. In case of TS2-Br3b, 

Löwdin spin density on ruthenium in doublet spin state was 0.90 while in 

quartet state, 2.41 on ruthenium and 0.30 on bromide was located.  In TS'-

Br, the Löwdin spin population density in the doublet spin state localized 

on ruthenium was 0.87, whereas in quartet state, 2.55 on ruthenium and 

0.18, 0.15 on two chlorides trans to each other and cis to pyridine-N. 

Similarly for iodide salts, in TS1-I3a transition state, the 0.90 Löwdin spin 

density on ruthenium was found in doublet state, while in quartet spin state, 

2.50 on ruthenium and 0.25 on Cl atom trans to leaving iodide. For TS1-

I3b, the Löwdin spin population density localized on ruthenium 0.91 in 

doublet spin state, while in quartet spin state it becomes 2.55 on ruthenium 

and 0.24 on Cl atom trans to the leaving chloride. For TS2-I3a, the spin 

density observed on ruthenium quartet state was 0.90, which becomes 2.43 

in quartet spin state along with 0.15, 0.21 spin population density on Cl 

atom trans to pyrdine-N and Cl atom cis to pyridine-N respectively. In case 

of TS2-I3b the Löwdin spin population density on ruthenium in doublet 

spin state was 0.90, while in quartet state, the spin density on ruthenium is 

2.36 and 0.32 on iodide atom. The energy of the transition state for the 

quartet spin states was again found to be lower only for TS'-X of Path-2 (X 

= Br and I). For Path-1, only the energies for the doublet spin states are 

shown. In the case of iodide as leaving group, the reaction follows the ion 

pair pathway as it is the lowest energy route with TS'-I for doublet (24.7 

kcal/mol) and quartet spin state (23.3 kcal/mol). However, in the case of 
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bromide, the lower energy route was found to be the halide coordination 

pathway, in which the transition state for chloride dissociation with TS2-

Br3b (20.9 kcal/mol) is lower in energy, while TS2-Br3a (29.1 kcal/mol) 

involving dissociation of bromide requires higher energy. This is in line 

with the experimental observation that mixed halide complexes are formed 

starting from imidazolium salts with bromide ions but not with iodide ions. 

An intramolecular CMD route for the synthesis of Ru(III)-NHC complex in 

the presence of different halides is followed. In the case of I- which follows 

ion pair pathway, the non-coordinated iodide abstracts the imidazolium C2-

H proton of intermediate A'-I, and simultaneous bond formation between 

ruthenium and C2 carbon of imidazolium takes place via CMD transition 

state TS'-I.  In case of Br-, halide coordination route is followed which 

involves stepwise deprotonation and then metalation. 
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In contrast to the observations where rates of C2-H/D exchange 

were directly in line with the strengths of hydrogen bonding with the halide 

ions,[66,70] higher activation barrier was found in this study for Cl- ions. 

To understand the reason for the high activation barrier in the reaction with 

imidazolium salts containing chloride anions, the stabilization effect of 

halide coordination and hydrogen bonding in ion pairs with different halides 

was calculated. The Intermediate A'-NoX and the transition state TS'-NoX, 

where the halides of imidazolium salt neither coordinate to the ruthenium 

nor remain hydrogen bonded (due to solvation), to the imidazolium C2-H 

were optimised, and their energies are compared to the corresponding 

species of the halide coordination (path 1) and ion-pairing (path 2) pathways 

with all three halides (Figure 4.11). 

As can be seen in Figure 4.10, both the halide coordination as well 

as the hydrogen bonding with halides lower the energies of all transition 

states, thus making the halide-assisted C-H activation feasible. However, in 

case of X = Cl, the extent of stabilisation is significantly more for the 

intermediates A-Cl1, or A'-Cl compared to the corresponding transition 

states due to which the energy barriers become higher for the reaction with 

imidazolium salts having chloride anions. In the case of I- ions, the 

stabilization of intermediates A-I1a (halide coordination) or A'-I (hydrogen 

bonding) is less than that of Cl- analogs. This can be understood in terms of 

I- being a soft ligand, while Cl- is a hard ligand, which makes the latter a 

better ligand for the borderline acid Ru(III). The reaction involving Br- 

presents an interesting scenario for the transition state TS2-Br3b having 

stabilisation due to Br- coordination as well as the stabilisation due to 

relatively stronger hydrogen bonding of leaving halide, Cl-, with the C-H 

group as well as the water molecule at cis position. The stabilisation of TS2-

Br3b is nearly equal to the stabilisation of A-Br3a making the energy 

barrier lowest among all the three halides. A similar observation has been 

reported by Huynh et. al where the reactions with Br- ions[76,78] proceed 
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at room temperature while the reaction with Cl- ions[77] required a slightly 

elevated temperature.  The DFT optimized structures for intermediates A'-

NOX with different counteranions have been shown in Figure 4.12. 

 

Figure 4.12. DFT optimized structures of intermediate A'-X where X= Cl, 

Br, I and BF4 along with A'-NoX. 

4.2.3 Synthesis of complex 1b from imidazolium salt with Chloride ions at 

elevated temperature 

As indicated by computational analysis, a high activation barrier is required 

for the synthesis of complex in the presence of chloride counteranion. In 

order to achieve the higher activation barrier, we attempted the synthesis of 

complex 1b using the corresponding imidazolium salt with chloride ions in 

dioxane solvent at elevated temperature (Scheme 4.2).   
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Scheme 4.2. Synthesis of complex 1b in dioxane solvent at 100 ºC. 

The successful synthesis of desired complex 1b was confirmed by UV-Vis 

spectroscopy (Figure 4.13). The characteristic MLCT absorption maxima 

(max) in UV-vis spectra for the Ru-NHC bond in complex 1b was observed 

at 385 nm identical to the complex synthesized from corresponding 

imidazolium precursor with iodide counteranion. Despite poor yield, the 

successful synthesis of 1b from imidazolium salt with chloride ions 

validates the findings of the computational study.  

4.3 Conclusions 

In this chapter, the role and effect of contact ion pairs for the synthesis of 

the Ru(III)-NHC complexes 1a and 1b have been investigated. To the best 

of our knowledge, this chapter describes the role of various halides and ion 

pairing in the C-H activation mediated by a Lewis acidic metal centre, for 

the first time. The existence of contact ion pairs in [PyImiPr·HX] ligand 

precursors was studied by NMR and UV-Vis spectroscopy.  DFT modelling 

of possible paths for the formation of desired products suggests that the 

reaction follows the ion pair pathway when X = iodide in [PyImMe·HX] 

ligand precursor. Whereas in the case of Br-, the reaction proceeds via a 

halide coordination pathway and yields mixed halide complexes. This 

synthetic route follows concerted metalation deprotonation (CMD) 

mechanism for ion pair route. The reaction could not be possible with Cl- 

counterion under similar reaction conditions because of the higher 
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activation barrier resulting from the greater stabilisation of intermediates A-

Cl1 and A'-Cl compared to their corresponding transition states. This was 

further validated by the synthesis of complex 1b using (L2·HCl) at a higher 

temperature in refluxing dioxane. 

4.4 Experimental Section 

4.4.1 General Considerations 

All reactions were performed in oven dried glassware under an inert 

atmosphere using Schlenk line technique. Azoles (1-H-imidazole and 1-H-

benzimidazole) were purchased from Sisco Research Laboratories Pvt. Ltd. 

(SRL)-India. Solvents: dichloromethane (DCM), hexane, ethyl acetate 

(EtOAc), were purchased from S. D. Fine-Chem Limited and used after 

purification. Deuterated NMR solvent and CDCl3, were purchased from 

Eurisotop and distilled from CaH2 before use. 2-Bromopyridine was 

purchased from Spectrochem (India). Alkyl halides and RuCl3·3H2O were 

purchased from Spectrochem (India) and Sigma Aldrich respectivley. ESI+-

MS chromatograms were recorded using Bruker-Daltonics-MicroTOF-QII 

mass spectrometer for exact mass and true isotopic measurement. Electronic 

absorption spectra were recorded in a quartz cuvette using a Varian UV-vis 

spectrophotometer. A Bruker Avance NEO spectrometer operating at 500 

MHz (1H), and 126 MHz (13C) were used to record the NMR spectra. 

4.4.2 Synthesis of ligands 

The synthesis of ligands was carried out by following the previously 

reported literature procedures.  

4.4.3 Synthesis of complexes 

4.4.3 (i) Synthesis of 1b using L2·HCl at high temperature:  
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Following the synthetic procedure described for 1a, L2·HCl (1.85 mmol, 

0.412 g) and RuCl3·3H2O (1.85 mmol, 0.485 g) were added in dioxane (7-

8 ml). The reaction mixture was stirred for 12 hours at reflux temperature. 

Subsequently, the solid product was filtered and washed with dioxane. The 

sticky red-brown precipitate was obtained in a very small amount. Yield 

2mg  5%. UV-vis max/CH3CN, nm: 432, 385 (Figure 4.13). 

 

Figure 4.13. UV-vis spectra of 1b synthesized from L2·HCl in dioxane, 

recorded in MeCN at room temperature and its comparison with plot of 1b 

synthesized from L2·HI in THF. 

4.4.4 DFT calculations 

All   DFT calculations were performed using the ORCA 5.0.3 program 

package developed by Neese and co-workers.[79–81] The geometry 

optimizations along with frequency calculations were carried out using 

B97-3c composite functional which is a low-cost method and is shown to 

produce excellent geometries for transition metal complexes and including 

open-shell complexes.[82] The B97-3c uses a modified, stripped-down 

triple-ζ basis, def2-mTZVP (BS1) along with auxiliary basis def2-mTZVP/J 

for Resolution of Identity (RI) approximation and def2-ECP[83–90] on 
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heavier elements (Ru and I), Grimme’s atom-pairwise dispersion correction 

with the Becke-Johnson damping scheme (D3BJ),[91,92] and a short-range 

bond length adjustment.[82]. Tight SCF convergence criterion and a solvent 

model in which THF is described by an implicit conductor-like polarizable 

continuum medium (CPCM) was used during all calculations. Stationary 

points were confirmed to have either no imaginary frequency (for reactants 

and intermediates) or only one imaginary frequency along the reaction 

coordinates (for TS) by performing analytical frequency calculations at the 

same level of the DFT method. Transition states were confirmed to connect 

their respective intermediates via IRC calculations followed by geometry 

optimization in both directions. For final energies, single point calculations 

were performed using two of the most popular hybrid functionals shown to 

give excellent barrier heights for transition metal complexes; a hybrid meta-

GGA functional M06-2X[93] of the Minnesota family developed by Donald 

G. Truhlar and coworkers;  with Grimme’s D3(zero) dispersion correction 

and another, range separated hybrid meta-GGA functional B97M-V[94] 

developed by Martin Head-Gorden and coworkers which includes VV10 

non-local correlation. Larger basis set (BS2) def2-QZVP with def2-ECP on 

Ru, def2-TZVPD on halides (with def2-ECP on I) and def2-TZVP on all 

other atoms were used for single point energy calculations. To further check 

the reliability of the calculated energies with B97M-V and BS2 basis set, 

energies of few important intermediates and TS were recalculated with 

def2-QZVPPD on Ru and def2-TZVPPD on all other atoms (BS3) along 

with def2-ECP on Ru and I. ORCA’s, inbuilt, finer integration grid 

“DEFGRID3” was used during all the single point calculations. The 

energies obtained from single point calculations were converted to Gibbs 

free energies using the total corrections obtained for the thermochemical 

calculations following the frequency calculations at the B97-3c level. To 

account for the entropy penalty during the change in number of components 

during a chemical change, MHP scheme proposed by Martin, Hay, and Pratt 

was applied which has also been used in several systems to produce 
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reasonable results.[95–97] According to this method, a correction of (n-m) 

4.3 kcal/mol is imposed whenever a reaction component changes from m 

components to n components. Gibbs free energies obtained from the single 

point calculations using BS2 or BS3 basis sets using M06-2X and B97M-

V functionals after applying all the corrections mentioned above have been 

used to calculate the barrier heights and relative energies of various species. 

The energy profiles constructed using Gibbs free energies for both 

functionals follow similar pattern and give the same description of the 

possible paths, however ΔG values only for the B97M-V/BS2 are shown 

in figures throughout this paper. Gibbs free energies, ΔG are reported in 

Kcal/mol. The DFT calculated energies for all the species has been shown 

in Table 4.2. 

Table 4.2. Energies of DFT optimized structures. 

Species B97-3c wB97M-

V/BS2 

M06-2X/BS2 wB97M-

V/BS3 

 G G-Eel Eel Eel Eel 

PATH-1      

A-Cl1 (S=1/2) -2525.16779 0.16215422 -2525.498772 -2525.459053 * 

A-Cl2 (S=1/2) -2525.162533 0.16206776 -2525.493956 -2525.454397 * 

A-Cl3 (S=1/2) -2525.162168 0.16195382 -2525.494950 -2525.455593 * 

TS1-Cl1 

(S=1/2) 

-2525.137867 0.16132721 -2525.457247 -2525.418869 * 

TS1-Cl1 

(S=3/2) 

-2525.126486 0.16003194 -2525.443907 * * 

TS1-Cl2 

(S=1/2) 

-2525.122685 0.16173305 -2525.443982 -2525.405291 * 

TS1-Cl2 

(S=3/2) 

-2525.128802 0.15804565 -2525.445240 * * 

TS1-Cl3 

(S=1/2) 

-2525.145587 0.16197066 -2525.466603 -2525.428898 * 

TS1-Cl3 

(S=3/2) 

* * * * * 

B-Cl1 (S=1/2) -2525.145699 0.16140913 -2525.456526 -2525.417142 * 

B-Cl2 (S=1/2) -2525.191589 0.15566926 * -2525.467176 * 

B-Cl3 (S=1/2) -2525.152265 0.16166784 -2525.468289 -2525.428763 * 

TS2-Cl1 

(S=1/2) 

-2525.146445 0.15978579 -2525.443826 -2525.403452 * 

TS2-Cl1 

(S=3/2) 
* * * * * 

TS2-Cl2 

(S=1/2) 

* * * * * 

TS2-Cl2 

(S=3/2) 
* * * * * 

TS2-Cl3 

(S=1/2) 

-2525.151194 0.15861528 -2525.446109 -2525.405872 * 

TS2-Cl3 

(S=3/2) 
-2525.126761 0.15147917 -2525.416815 * * 
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P-Cl1 (S=1/2) -2064.427007 0.15185753 -2064.703062 -2064.651387  

P-Cl2 (S=1/2) -2064.43218 0.15108531 -2064.705817 -2064.655444  

P-Cl3 (S=1/2) -2064.417785 0.15198211 -2064.693421 -2064.643702  

      

A-Br(1a) 

(S=1/2) 

-4640.109977 0.16107424 -4639.321243 -4639.455738 -4639.331667 

A-Br(3a) 

(S=1/2) 

-4640.104486 0.16097371 -4639.317642 -4639.452403 * 

A-Br(3b) 

(S=1/2) 

-4640.104913 0.1607825 -4639.31732 -4639.451945 * 

TS1-Br(3a) 

(S=1/2) 

-4640.088026 0.16099068 -4639.291302 -4639.428628 * 

TS1-Br(3a) 

(S=3/2) 

* * * * * 

TS1-Br(3b) 

(S=1/2) 

-4640.088635 0.16093005 -4639.289423 -4639.425926  

TS1-Br(3b) 

(S=3/2) 

-4640.080452 0.15888369 * * * 

B-Br(3a) 

(S=1/2) 

-4640.095049 0.16051554 -4639.29275 -4639.428263 * 

B-Br(3b) 

(S=1/2) 

-4640.096446 0.16042939 -4639.291228 -4639.425643 * 

TS2-Br(3a) 

(S=1/2) 

-4640.094952 0.15582251 -4639.269693 -4639.405155 -4639.280224 

TS2-Br(3a) 

(S=3/2) 

-4640.068552 0.14942345 -4639.239300 * * 

TS2-Br(3b) 

(S=1/2) 

-4640.101093 0.15595918 -4639.282887 -4639.413625 -4639.2934 

TS2-Br(3b) 

(S=3/2) 

-4640.072387 0.15044113 * * * 

P-Br(3a) 

(S=1/2) 
-2064.417785 0.15198211 -2064.693421 -2064.643702 * 

P-Br(3b) 

(S=1/2) 

-4179.362257 0.15089766 -4178.517954 -4178.64221 * 

      

A-I(1a) (S=1/2) -2363.11112 0.16023252 -2362.995055 -2362.888953 -2363.005405 

A-I(3a) (S=1/2) -2363.105649 0.16045519 -2362.991544 -2362.885418 -2363.001801 

A-I(3b) (S=1/2) -2363.107098 0.15998201 -2362.991622 -2362.885198 -2363.001874 

TS1-I(3a) 

(S=1/2) 

-2363.088815 0.16004413 -2362.966728 -2362.864352 -2362.976957 

TS1-I(3a) 

(S=3/2) 

-2363.081752 0.1585561 -2362.955193 * * 

TS1-I(3b) 

(S=1/2) 

-2363.091344 0.16022981 -2362.964286 -2362.859943 -2362.974572 

TS1-I(3b) 

(S=3/2) 

-2363.083492 0.15800292 -2362.953565 * * 

B-I(3a) (S=1/2) -2363.095776 0.1598795 -2362.966662 -2362.862833 -2362.976956 

B-I(3b) (S=1/2) -2363.100823 0.15934497 -2362.966444 -2362.859621 -2362.976801 

TS2-I(3a) 

(S=1/2) 

-2363.096684 0.15412088 -2362.946018 -2362.841917 -2362.956349 

TS2-I(3a) 

(S=3/2) 

-2363.069614 0.14824267 -2362.911812 * * 

TS2-I(3b) 

(S=1/2) 

-2363.101487 0.15744294 -2362.948066 -2362.840337 -2362.958464 

TS2-I(3b) 

(S=3/2) 

-2363.078061 0.14979873 -2362.919672 * * 

P-I(3a) (S=1/2) -2064.417785 0.15198211 -2064.693421 -2064.643702  

P-I(3b) (S=1/2) -1902.367069 0.14993832 -1902.195422 -1902.078296 -1902.204993 

      

1A-tMeCN (P-

Cl1) (S=1/2) 

-2120.704885 0.17070198 -2121.027849 * * 

1A-tMeCN (P-

Cl2) (S=1/2) 
-2120.701544 0.17084844 -2121.027039 * * 
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PATH-2      

A’-Cl (S = 1/2) -2601.552585 0.18465754 -2601.942176 -2601.899481 * 

A’-Cl (S = 3/2) -2601.534712 0.17887917 -2601.908546 * * 

A’-Br (S = 1/2) -4716.495264 0.1835744 -4715.767017 -4715.899089 * 

A’-Br (S = 3/2) -4716.478787 0.17739069 -4715.734415 * * 

A’-I (S = 1/2) -2439.496832 0.18246485 -2439.442475 -2439.335023 -2439.455841 

A’-I (S = 3/2) -2525.149021 0.15631727 -2525.460817 * * 

A’-NOX 

(S=1/2) 
-2141.206038 0.18718657 -2141.552584 2141.501809 * 

A’-NOX 

(S=3/2) 

-2141.194373 0.17938057 -2141.520481 2141.482045  

TS’-Cl (S = 
1/2) 

-2601.521165 0.18292754 -2601.89899 -2601.857485 * 

TS’-Cl (S = 

3/2) 

-2601.528971 0.17895304 -2601.900755 * * 

TS’-Br (S = 
1/2) 

-4716.465606 0.18196658 -4715.726024 -4715.859705 * 

TS’-Br (S = 

3/2) 

-4716.473345 0.17809265 -4715.727176 * * 

TS’-NOX 

(S=1/2) 
-2141.185415 0.18532287 -2141.516976 -2141.466771  

TS’-NOX 

(S=3/2) 

-2141.191886 0.18071929 -2141.517325 -2141.479116  

TS’-I (S = 1/2) -2439.46951 0.18002361 -2439.404232 -2439.29812 -2439.418011 

TS’-I (S = 3/2) -2439.476349 0.17733296 -2439.40365 * * 

      

REAGENTS 

(S=1/2) 

     

H2O -76.40352788 0.00339891 -76.43894548 -76.43557981 -76.44477695 

PyImiPr+ -591.2270077 0.19702956 -591.690388 -591.674402 * 

RuCl3·3(H2O) -1704.920844 0.04054698 -1704.912061 -170.882904 * 

Py(C)ImiPr-Cl -1051.564995 0.19270684 -1052.072783 -1052.064645 * 

Py(N)ImiPr-Cl -1051.56098426 0.19320825 -1052.070069 *  

Py(C)ImiPr-Br -3166.509852 0.19204338 -3165.899889 -3166.066898 * 

Py(N)ImiPr-Br -3166.50669973 0.19230995 -3165.897571 *  

Py(C)ImiPr-I -889.5124929 0.1912207 -889.577778 -889.505053 * 

Py(C)ImiPr-I -889.50967490 0.19162308 -889.575888 *  

Py(C)ImiPr-BF4 -1015.721392 0.20197465 -1016.428726 -1016.378585 * 

Py(C)ImiPr-BF4 -1015.71716036 0.20385645 -1016.426520 * * 

Py(C)ImMe-Cl -973.0224809 0.13963544 -973.456245 -1052.064645 * 

Py(N)ImMe-Cl -973.01831085 0.14009591 -973.453374 -973.439778 * 

Py(C)ImMe-Br -3087.967794 0.13842352 -3087.2833 -3166.066898 * 

Py(N)ImMe-Br -3087.96402083 0.13906628 -3087.280767 -3087.442309 * 

Py(C)ImMe-I -810.968701 0.1391813 -810.961028 -810.882933 * 

Py(N)ImMe-I -810.96707716 0.13799415 -810.958892 -810.880713 * 

Py(C)ImMe-BF4 -937.177151 0.14941301 -937.810888 -937.755133 * 

Py(N)ImMe-BF4 -937.17488090 0.15010154 -937.809161 -937.7540187 * 

Ru(Cl)3(H2O)2(

Cl) 

-2088.863009 0.01572912 * * * 

Ru(Cl)3(H2O)2(

Br) 

-4203.806313 0.01448133 * * * 

Ru(Cl)3(H2O)2(

I) 

-1926.808559 0.01364238 * * * 

HX (X=Cl) -460.763282 -

0.01143043 

-460.7944947 -460.8033287 * 

HX (X=Br) -2575.700837 -
0.01355368 

-2574.612081 -2574.794669 * 

HX (X=I) -298.698248 -

0.01517169 

-298.2852921 -298.2266756 * 

X=Cl -460.32158648 -

0.01504214 

-460.3578120 * * 
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X=Br -2575.26994012 -
0.01619296 

-2574.186428 * * 

X=I -298.27430763 -

0.01684816 

-297.8659268 * * 

X=BF4 -424.49171522 -
0.01409727 

-424.7130312 * * 
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Chapter 5 

Ru(III)-aNHC to Ru(III)-NHC conversion: A 

Computational Study  

5.1 Introduction 

NHCs have been used as ancillary ligands for over five decades and are 

considered to be stronger electron donors than phosphines and 

pyridines.[1,2] N-heterocyclic carbenes have garnered significant attention 

over the past two decades due to their remarkable σ-donating capabilities 

and steric tunability, facilitating the stabilization of various metal centers 

and the subsequent utilization of the resultant NHC compounds in numerous 

applications, particularly in homogeneous catalysis.[3–13] Imidazol-2-

ylidene-type N-heterocyclic carbenes (NHCs) typically coordinate to metal 

centers or heteroatoms via the C2 carbon, resulting in "normal" NHC 

(nNHC). However, Crabtree and colleagues first demonstrated that these 

NHCs could bind to a metal center through the C4/C5 carbon, yielding the 

corresponding "abnormal" or mesoionic NHC species (aNHC).[14,15] In 

comparison to nNHCs, aNHCs demonstrate a more pronounced σ-donating 

ability, attributed to the partial vinylic character of the C4/C5-bonding, 

resulting in higher basicity at the metal center, making them good 

candidates for achieving highly active homogeneous catalysts for T.H. and 

Oppenauer-type oxidations. [16–22] Additionally, aNHC exhibits reduced 

steric hindrance due to the proximity of a single nitrogen and its 

corresponding N-substituent altering the reactivity from NHC, increasing 

the stability of aNHC more than NHC.[23–25] Despite the higher reactivity, 

the aNHC complexes have been less explored.  

The formation of M-aNHC complexes is kinetically more 

favorable[26] and is influenced by various parameters, including the steric 

bulk at the N-wingtip of the azolium ring, [27–31]the impact of counter 

anions from the ligand precursors, [32–35] and the solvent's effect[36]. 
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These factors may also prompt the inversion of the ring and the 

establishment of the stable isomer following rearrangement. [37–41]  

The normal to abnormal NHC rearrangement in transition metal 

chemistry has recently been reported.[42–46] These rearrangements readily 

occur due to steric congestion, thus overcoming the electronic preference 

for nNHC versus aNHC ligation.[46] It has been reported that the free NHC 

is more stable than the free aNHC; however, the DFT calculations suggest 

that the abnormal binding through C4/C5 can be thermodynamically much 

less favored (23.3 kcal/mol) than normal C2-binding (MLn = PtCl3
-).[15,47] 

Energy decomposition calculations indicate that the energy gap between the 

parent nNHC and aNHC is approximately 19 kcal/mol.[47,48] High 

activation barrier for the metalation with aNHC than NHC was found by the 

pKa values for the C2 bound and C5 bond proton, i.e., for the C2 bound 

proton pKa = 24.9, while for the C5 bound proton pKa = 33.0.[49–54] 

High valent metal-NHC complexes have always been a subject of 

interest due to the limited work done in this field. Prior to our group's 

work,[55] few Ru(III)-NHC-based complexes were reported to be obtained 

either from a Ru(II) precursor oxidation or identified as intermediate during 

the electrochemical reaction.[56–59] Ever since the isolation of the first 

abnormal-NHC carbene complexes by Crabtree and coworkers in 2002,[60] 

a series of transition metal complexes with aNHC have been reported. The 

conversion of normal-NHC to abnormal-NHC has also been found to occur 

due to steric congestion.[46] However, the conversion of abnormal-NHC to 

normal-NHC has not been observed. In our recent work, we observed this 

unusual phenomenon. 

Our group has recently reported the synthesis of Ru(III)-NHC (1B) 

complex by the reaction of RuCl3·3H2O with PyNHCMe
·X (where X= Cl, 

Br, I) bidentate ligand framework.[55] This complex (1B) was utilized as a 

precursor in the synthesis of phosphine-free Ru(II)-CNC pincer complexes 

shown in Chapter 3. Theoretical investigations in the previous chapter 
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described the halide-assisted electrophilic C-H activation of imidazolium 

salts (PyNHCMe
·X (where X= Cl, Br, I)), following the concerted-

metalation-deprotonation (CMD) mechanism in the synthesis of our 

Ru(III)-NHC complexes. Recently, our group, in the hunt to design a high 

valent Ru-NHC complex, reported a new synthetic route for the synthesis 

of kinetic product Ru(III)-aNHC (1A) via electrophilic C-H bond activation 

in an aqueous solution of acid.[62] An in situ conversion of the kinetic 

product 1A to the thermodynamic product 1B  was observed. Several 

controlled experiments were performed to predict the mechanism of this 

conversion.[62]  

In this chapter, we describe the computational study for the 

mechanistic pathway leading to the conversion of kinetic product 1A to the 

thermodynamic product 1B (Scheme 5.1) and also validate the 

experimentally predicted pathway by our DFT computed mechanism. 

 

Scheme 5.1. The recently reported Ru(III)-aNHC and Ru(III)-NHC 

complexes by our group. 

5.2 Results and Discussion 

In the previous chapter, we described the role of halides in the synthesis of 

Ru(III)-NHC complex (1B). The experimental investigation suggests that 

the conversion of 1A to 1B takes place with time in the reaction medium 

(water solvent) and is effected by several factors, like the concentration of 

chloride in solution and the occupancy of the C3Py position. To gain 

mechanistic insight into the in situ conversion of Ru(III)-aNHC (1A) to 

Ru(III)-NHC (1B), DFT investigations were performed at 293.15 K 
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temperature in water solvent. Initially, the geometries of 1A and 1B were 

optimized, and their energies were calculated. The relative Gibbs free 

energy energy of 1B w.r.t to 1A was calculated and found to be -8.8 

kcal/mol (Figure 5.1).  

 

Figure 5.1. DFT optimized structures of 1A and 1B with Gibbs free 

energies w.r.t. 1A. 

The bond length for the Ru-OH2 bond in 1A was found to be 2.332 

Å, while the bond length for the Ru-OH2 bond in 1B was 2.314 Å (Figure 

5.1). The longer Ru-OH2 bond in 1A suggests stronger σ-donation and a 

greater trans effect. The bond length of the Ru-carbene(C5Im) for 1A is 

1.902 Å, while for 1B, the Ru-carbene(C2Im) appears to be 1.905 Å in the 

DFT optimized structures (Figure 5.1).  

 In the experimental study, control experiments have been performed 

to predict the plausible pathway for the conversion of 1A to 1B.[62] In one 

of the experiments., the C3 position of the pyridine ring of the azolium salt 

was substituted by the methyl group and reacted under the reaction 

condition with RuCl3·3H2O to give the corresponding products. The kinetic 

product 3A and the thermodynamic product 3B were observed (Figure 5.2). 

Upon substitution of the C3Py proton by methyl, it was observed that the 

conversion of abnormal 3A to normal 3B slowed down drastically. This 
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experiment indicated the role of C3Py-H in the in situ conversion of 1A to 

1B. 

 

Figure 5.2. Recently reported complexes 3A and 3B by our group. 

 Based on the experimental findings and literature survey, it can be 

assumed that the proton required for the conversion may be coming from 

C3Py. Taking this into account, we initially propose a very common 

cyclometallation pathway involving the C3Py-H called the pyridine roll-over 

pathway. 

5.2.1 Pyridine roll-over pathway-  

Roll-over cyclometallation is a common and widely studied pathway for Pd 

and Pt metals and bipyridine as ligands.[63–71] Choudhury and coworkers 

reported C-H functionalization of alkynes via the bimodal flip-flop roll-over 

of pyridine and NHC in Rh(III)-NHC complex via a proto-demetalation 

step.[72,73]. Serrano and coworkers reported a roll-over complex via C-H 

bond activation from a new bromide 2-(pyridin-2-yl)imidazo[1,2-

a]pyridine ligand and IrCl3.[74]  

In the first step, starting from 1A, dissociation of hemilabile Ru-NPy 

followed by a roll-over of pyridine along the C-N bond takes place to give 

intermediate A vis transition state TS1. In intermediate A, the bond length 

for the Ru-carbene(C5) increases to 1.932 Å (1.902 Å for 1A) while the 

bond length for the trans Ru-OH2 decreases to 2.317 Å (2.332 for 1A). The 

C3Py-H comes in close proximity to the ruthenium, with the bond distance 

between Ru-H(C3Py) appearing 2.228 Å in the optimized geometry. In the 

case of TS1, the Löwdin spin density localized on Ru was 0.82.  
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In the subsequent step, C-H bond activation of C3Py by ruthenium 

occurs, followed by intramolecular proton transfer to imidazolium-C5. This 

C-H proton transfer may proceed through two different routes. If the C-H 

proton transfer occurs via the ruthenium center, this is called the oxidative 

addition pathway. On the other hand, when the Cl coordinated to the 

ruthenium center acts as a proton carrier, this pathway is called Cl assisted 

pathway. After the proton transfer to C5Im, both routes follow same 

pathway.  

5.2.1.a Oxidative Addition pathway (Path 1) 

This pathway involves the ruthenium center for the proton transfer from 

C3Py to C5Im. In this pathway, the C-H bond activation of the C3Py takes 

place by the Ru(III)-Lewis acidic metal center followed by the transfer of 

proton to imidazolium-C5 to give intermediate B with the cleavage of the 

Ru-C5Im bond via TS2 (51.5 kcal/mol). The bond length between Ru-C3Py 

in intermediate B appears as 2.040 Å (Ru-NPy bond length for 1A =  2.061 

Å), and the bond length of the Ru-OH2 decreases drastically to 2.147 Å. The 

Löwdin spin density for TS2 localized on Ru increases to 0.86. As the 

proton transfer and the cleavage of the Ru-C5Im bond occurs, the 

imidazolium ring undergoes rotation along the C-N bond. This rotation of 

the imidazolium ring occurs through transition state TS3, such that the 

imidazolium-C2 proton comes close to the Ru(III) center, resulting in 

intermediate C. The bond of Ru-OH2 in C becomes 2.151 Å while the Ru-

C3Py becomes 2.056 Å. The Löwdin spin density in the case of TS3 

localized on ruthenium increases to 0.88.  

In the next step, C-H bond activation of the C2Im proton occurs by 

the Lewis acidic Ru(III) center, followed by proton transfer to C3Py, leading 

to intermediate D via transition state TS4. The intermediate D closely 

resembles A but with the C2Im coordination i.e., normal coordination. The 

bond length of Ru-C2Im appears to be 1.929 Å while the Ru-OH2 bond 
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becomes 2.292 Å. The Löwdin spin density localized on ruthenium for TS4 

becomes 0.86.  

In the final step, the pyridine roll-over happens again via TS5 to give the 

Ru(III)-NHC (1B). The Löwdin spin density localized on ruthenium for 

TS5 becomes 0.83. The energy profile diagram for the pyridine rotation 

involving the oxidative addition route with DFT-optimized structures of 

intermediates and their corresponding Gibbs free energies calculated in 

kcal/mol are shown in Figure 5.3. The important bond lengths of 

intermediates and their dihedral angles are shown in Figure 5.4. 

The transition state TS2 involves the proton transfer via ruthenium 

from C3Py of intermediate A to C5Im of intermediate B. This proton transfer 

requires 51.5 kcal/mol energy, which is higher; therefore, another route for 

the proton transfer was proposed, which involves the participation of 

chloride coordinated to ruthenium.  

5.2.1.b Chloride-assisted pathway (Path 2) 

This route was proposed as an alternative to intramolecular proton transfer 

from C3Py of A to C5Im of B via the metal center. This route proposes proton 

transfer via nearby chloride coordinated with the ruthenium center. The 

chloride becomes free and acts as a carrier of proton. Starting from 

intermediate A, the chloride coordinated to ruthenium dissociates and 

abstracts the C3Py proton, forming a free H-Cl molecule and giving 

intermediate P1 via transition state TS2a (45.0 kcal/mol). The Ru-C5Im bond 

of P1 upon chloride dissociation becomes 1.936 Å while the Ru-OH2 bond 

becomes 2.319 Å. The Löwdin spin density localized on ruthenium for 

TS2a is 0.86. In the following steps, the intramolecular rearrangement of 

H-Cl occurs before transferring the proton to the C5Im, forming intermediate 

B. Next, the free H-Cl rearranges its orientation such that its proton comes 

in the vicinity of the other chloride, forming an intermediate P2. The proton 

from the H-Cl is transferred to another chloride, regenerating a new H-Cl 
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free molecule, giving an intermediate P3. Later, this proton from the free 

H-Cl is transferred to the C5Im via transition state TS2c (46.1 kcal/mol), 

giving the intermediate B. The Löwdin spin density localized on ruthenium 

for TS2a is 0.84. The next steps from B to 1B follow the same route as the 

oxidative addition pathway (wide supra). The energy profile diagram for 

the pyridine rotation pathway following the chloride-assisted route with 

DFT-optimized geometries and their corresponding Gibbs free energies are 

shown in Figure 5.5. The critical bond length of intermediates and their 

dihedral angles are shown in Figure 5.6. 
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Figure 5.4 DFT optimized intermediates with important bond lengths and 

dihedral angle (Φ) for Path 1. 

 

Figure 5.5. DFT computed energy profile diagram for the conversion of 

Ru(III)-aNHC (1A) to Ru(III)-NHC (1B) by pyridine roll-over chloride 

assisted pathway. Gibbs free energies are reported in kcal/mol at 293.15 K, 

relative to the 1A. 
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Figure 5.6. DFT optimized intermediates with important bond lengths and 

dihedral angle (Φ) for Path 2. 

The experimental study observed that the complex 3A remained as 

abnormal-NHC and did not convert to its normal-NHC analog 3B even after 

15 days, which supports the pyridine roll-over mechanism. 

Through the DFT study, we could observe that the pyridine roll-over 

mechanism is still a high-energy pathway as the dissociation of the Ru-NPy 

bond of 1A requires 56.1 kcal/mol of energy. This indicates that the C3Py is 

not a feasible source of proton. Therefore, an alternative source of proton 

was required for intramolecular proton transfer to C5Py following a lower 

energy pathway. We propose that the intramolecular proton transfer may 

occur either from an external proton source or from the water coordinated 

to ruthenium trans to the aNHC. The experimental investigations rejected 

the possibility of the proton coming from an external source. [62] Therefore, 

the coordinated water molecule is the only possible source of proton. When 

the coordinated water acts as the proton source, the pathway is called a 

water-assisted pathway.  

5.2.2 Water assisted pathway 

The aNHC coordinated trans to the water molecule makes the Ru-OH2 bond 

elongated, hence labile (Figure 5.1). Figure 5.7 shows the energy profile 

diagram for the water-assisted pathway with DFT-optimized geometries of 

the transition state and intermediates and their corresponding Gibbs free 

energies, calculated in kcal/mol. In the first step, a dynamic intramolecular 
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exchange between the H2O and one of the axially coordinated chloride 

occurs via berry pseudo rotation, making the H2O molecule cis- to the 

aNHC, resulting in intermediate A. In this geometry, the water molecule is 

not trans to another axial chloride, while the aNHC is also trans to chloride. 

The bond length of the Ru-OH2 in A becomes 2.234 Å, while the bond 

length for Ru-C5Im becomes 1.939. The Ru-Cl bond length for trans to 

carbene Cl is 2.463 Å. In the next step, protonation of the carbene carbon 

by one of the protons of the H2O molecule, followed by cleavage of the Ru-

aNHC bond, takes place via the transition state TS2 to give the intermediate 

B having free imidazolium ring. This proton transfer requires 38.4 kcal/mol 

energy, much lower than the energy needed for proton transfer by pyridine 

rotation (51.5 kcal/mol for oxidative addition and 45.0 for chloride-assisted 

pathway). The Ru-OH bond length in B is 1.926 Å while the Ru-Cl trans to 

dissociated carbene becomes 2.261. The Löwdin spin density localized on 

ruthenium for TS2 is 0.87.  

Ananikov and coworkers reported 2015 that Ni(II)-NHC complexes 

tended to undergo hydrolysis and cleavage of Ni-NHC bonds under mild 

conditions due to water in organic solvents.[75] The nature of halogen 

influences this hydrolytic ability, which is coordinated to the metal center 

and follows the order Cl > Br > I.[75] This indicates that the chloride 

coordinated to the metal center facilitates the proton-assisted dissociation 

of the Ru(III)-aNHC bond.  

In the next step, the rotation of the imidazolium ring, along with the 

rotation of the Ru-NPy bond, takes place via transition state TS3 such that 

the C2Im proton comes in the vicinity of the OH coordinated to ruthenium, 

resulting in intermediate C. The Ru-OH bond length after rotation along the 

single bond becomes 1.946 Å, and the Ru-Cl bond trans to carbene becomes 

2.340 Å. The Löwdin spin density localized on ruthenium for transition 

state TS2 decreases to 0.82. This step is followed by C2Im-H bond activation 
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by ruthenium via transition state TS4 and reprotonation of OH to form H2O, 

resulting in intermediate D. The intermediate D is  similar to A but with  
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coordination of normal NHC to ruthenium. The Ru-OH2 bond length 

becomes 2.209 Å with Ru-C2Im bond length 1.933 Å and Ru-Cl trans to 

carbene as 2.497 Å. The Löwdin spin density localized on ruthenium for 

TS4 becomes 0.85. The water molecules rearrange back to the trans-to-

carbene orientation, giving the Ru(III)-NHC 1B. The important bond 

lengths of intermediates and their dihedral angles are shown in Figure 5.8. 

 

Figure 5.8. DFT optimized intermediates with important bond lengths and 

dihedral angle (Φ) for Path 3. 

5.3 Conclusion 

In this chapter, we report the DFT computed plausible pathways for the 

conversion of our recently reported complexes 1A to 1B. This is the first 

report in which the mechanism for the abnormal-NHC conversion to 

normal-NHC conversion is given. We propose three possible routes, i.e., 

pyridine roll-over oxidative addition pathway (Path 1), pyridine roll-over 

chloride-assisted pathway (Path 2), and Water-assisted pathway (Path 3). 
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Path 2 differs from path 1 in that chloride plays a role in transferring a 

proton from C3Py to C5Im instead of ruthenium. This proton transfer via 

chloride lowers the transition state, making the conversion more feasible. 

The DFT study proposed a pyridine rotation pathway, which is also 

supported by the experimental results from our recent work, where the 

importance of C3Py-H was observed. The dissociation of Ru-NPy requires 

high energy, i.e., 56.1 kcal/mol; therefore, a Water-assisted pathway was 

proposed where the coordinated Water trans to the aNHC takes part in the 

proton transfer to C5Im. The water-assisted pathway follows the lowest 

energy route, and therefore, it is the most feasible pathway for the 

conversion of R(III)-aNHC (1A) to Ru(III)-NHC (1B). 

5.4 DFT experimental 

All   DFT calculations were performed using the ORCA 5.0.3 program 

package developed by Neese and coworkers.[76–78] The geometry 

optimizations along with frequency calculations were carried out using 

B97-3c composite functional which is a low-cost method and is shown to 

produce excellent geometries for transition metal complexes.[79] The B97-

3c uses a modified, stripped-down triple-ζ basis, def2-mTZVP (BS1) along 

with auxiliary basis def2-mTZVP/J for Resolution of Identity (R.I.) 

approximation and def2-ECP[80–87] on heavier elements (Ru), Grimme's 

atom-pairwise dispersion correction with the Becke-Johnson damping 

scheme (D3BJ),[88,89] and a short-range bond length adjustment.[79]. 

Tight SCF convergence criterion and a solvent model in which "water" is 

described by an implicit conductor-like polarizable continuum medium 

(CPCM) was used during all calculations. Stationary points were confirmed 

to have either no imaginary frequency (for reactants and intermediates) or 

only one imaginary frequency along the reaction coordinates (for T.S.) by 

performing analytical frequency calculations at the same level of the DFT 

method. Transition states were confirmed to connect their respective 

intermediates via IRC calculations followed by geometry optimization in 
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both directions. For final energies, single point calculations were performed 

using one of the most popular hybrid functionals shown to give excellent 

barrier heights for transition metal complexes i.e., range separated hybrid 

meta-GGA functional B97M-V[90] developed by Martin Head-Gorden 

and coworkers which includes VV10 non-local correlation. Larger basis set 

(BS2) def2-QZVP with def2-ECP on Ru, def2-TZVPD with def2-ECP on 

Cl and def2-TZVP on all other atoms were used for single point energy 

calculations. ORCA's, inbuilt, finer integration grid "DEFGRID3" was used 

during all the single point calculations. The energies obtained from single 

point calculations were converted to Gibbs free energies using the total 

corrections obtained for the thermochemical calculations following the 

frequency calculations at the B97-3c level. Gibbs free energies, ΔG are 

reported in Kcal/mol. 

Table 5.1 Energies of DFT optimized structures. 

Pyridine roll-over oxidative addition pathway 

Species B97-3c wB97M-

V/BS2 

G G-Eel Eel-sol Eel 

1A -2064.37497144 0.15022775 -2064.56706761106 -2064.63967119191 

TS1 -2064.33397893 0.1491613 -2064.51743721883 -2064.5977182342 

A -2064.34621983 0.1487541 -2064.52678130367 -2064.6076912328 

TS2 -2064.31058476 0.14638638 -2064.48945244956 -2064.563175201 

B -2064.32285555 0.14950082 -2064.51044937949 -2064.58085655618 

TS3 -2064.29750904 0.15057737 -2064.48479966948 -2064.57575622285 

C -2064.32692447 0.1490242 -2064.51254892314 -2064.58157033306 

TS4 -2064.32584349 0.14665609 -2064.49627371897 -2064.57868970987 

D -2064.3646773 0.15040937 -2064.53789187214 -2064.62836340731 

TS5 -2064.34947592 0.15073098 -2064.52424843749 -2064.61488171521 

1B -2064.40062608 0.15125834 -2064.57942721576 -2064.66911915847 
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Pyridine roll-over chloride assisted pathway 

Species B97-3c wB97M-

V/BS2 

G G-Eel Esol Eel 

TS2a -2064.31562603 0.14354065 -2064.48591149929 -2064.57639956203 

P1 -2064.3174592 0.14496128 -2064.49143280199 -2064.58364035952 

P2 -2064.34358167 0.14392903 -2064.51380428983 -2064.59628498811 

P3 -2064.34388071 0.14411396 -2064.5135297492 -2064.59689507899 

TS2c -2064.31421595 0.14355533 -2064.48429012136 -2064.57494284887 

 

 

 

Water-assisted pathway 

Species B97-3c wB97M-

V/BS2 

G G-Eel Esol Eel 

A -2064.35974336 0.15100476 -2064.55638557673 -2064.62541714709 

TS2 -2064.29865168 0.14657542 -2064.49939864294 -2064.56251972698 

B -2064.32330871 0.15140566 -2064.52422677391 -2064.58362130908 

TS3 -2064.31505602 0.15149583 -2064.51915911728 -2064.57906935579 

C -2064.33200656 0.15050813 -2064.52620706835 -2064.58132560486 

TS4 -2064.3175608 0.14687234 -2064.50841771288 -2064.57013162903 

D -2064.38196901 0.15213944 -2064.56595032553 -2064.65288885124 
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Chapter 6 

Conclusions and Future Scope 

6.1 Conclusions  

In summary, my thesis primarily focuses on the synthesis, 

characterization, and applications of Ru(II)-NHC complexes, followed by 

theoretical investigations of Ru(III)-NHC complexes. These Ru(III)-NHC 

complexes have been used for the synthesis of phosphine-free Ru(II)-NHC 

complexes having mixed protic- and classical-NHC in one molecule.  

In chapter 1, we briefly describe the structural and electronic study on the 

NHCs and its ruthenium complexes. Factors effecting the synthesis of 

NHCs and the importance of protic-NHCs have been discussed. 

In chapter 2, we briefly describe the synthesis of Ru(II)-CNC pincer 

complexes 1 and 2 having protic- or anionic-NHC and classical-NHC in 

one molecule. These complexes directly compare the structural and 

electronic properties of protic- or anionic-NHC with the classical NHC 

ligands. A comparison of molecular structures indicated the metal carbene 

bond length for anionic-NHC > protic-NHC > classical-NHC. The 

electrochemical investigation revealed the electron donation tendency for 

classical-NHC > protic-NHC and anionic-NHC > protic-NHC. The 

cooperative nature of anionic-NHC ligand was shown by heterolytic H2 

splitting to give the Ru(II)-pNHC hydride complex 3. 

In chapter 3, we report the synthesis of new phosphine-free Ru(II)-NHC 

complexes (3-6) having mixed protic- and classical-NHC in one molecule. 

These complexes were synthesized from our in-house reported Ru(III)-

NHC precursor complex. The new complexes were explored for the 

catalytic application in the oxidant-free acceptorless dehydrogenation of 

benzyl alcohol to benzoic acid. The catalytic activity of the phosphine-
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based (1, 2) and phosphine-free complexes (3-6) was compared. The best 

results were shown by catalyst 4, and a maximum TON up to 20000 has 

been observed.  

In chapter 4, we describe the role of halides in the synthesis of our in-

house reported Ru(III)-NHC complexes. We performed experimental and 

theoretical investigations. The existence of ion-pair interaction was 

confirmed by the UV-vis and NMR study. At the same time, the DFT 

calculations were performed to understand the mechanism involved in the 

synthesis of complexes with different halides. Two plausible pathways 

were proposed, i.e., the ion-pair pathway and halide coordination pathway. 

The azolium salts with Cl- and I- counteranions follow the ion-pair 

pathway. In the case of Br-
 counteranion, the halide coordination pathway 

is followed, which results in the mixed halide complex as observed in the 

experimental study. The DFT result was also validated by an experiment 

where the Ru(III)-NHC complex could be prepared at a higher 

temperature by the azolium salt with chloride counteranion. 

In Chapter 5, we describe the DFT-computed mechanistic pathway for the 

in situ conversion of kinetic product Ru(III)-aNHC (1A) to Ru(III)NHC 

(1B). We proposed three possible pathways for this conversion, i.e., the 

pyridine roll-over oxidative addition pathway, pyridine rotation chloride-

assisted pathway, and the water-assisted pathway. The water-assisted 

pathway is the most feasible as it follows a lower-energy route.  
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6.2 Future Scope 

The NHCs known for their stability and strong electron donation tendency 

make the transition metal complexes highly stable and electron-rich. The 

protic-NHC ligands provide the metal with a proton-delivering site at the 

β-position. This β-functionality may provide hydrogen bonding for 

recognition and orientation of substrates at the metal center. The 

complexes reported can therefore be further utilized for small molecule 

activation like CO2, H2, CO, etc., and the cooperativity between metal and 

ligand can be explored. The catalysts, being electron-rich, can also be 

utilized for water oxidation catalysis.  

The synthetic strategy can be utilized for the design of a new series 

of complexes that provide a comparison between 

cyclic(alkyl)(amino)carbenes (CAACs), protic-NHCs, anionic NHCs, and 

classical NHCs.  
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Table A1  
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Table A1. Permissions for re-producing the materials 

Figure 

1.12 

Sphere dimensions for steric 

parameter determination 

(%VBur) of NHC ligands 

Reproduced from Ref. [40]: 

Chapter 1, with permission from 

the American Chemical Society 

 


