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Abstract 

The contents of the present thesis entitled “Investigations on the Pincer-Ruthenium and 

Pincer-Nickel Catalyzed Organic Transformations” have been divided into five chapters 

based on the results achieved from the experimental and computational work carried out  

during the entire course of the PhD research programme. 

Chapter 1 contains a brief introduction and the literature review on the chemistry of 

pincer-metal complexes and their versatile applications in catalytic organic 

transformations. The chapter winds up with a discussion on the scope of the current thesis. 

Chapter 2 demonstrates an efficient and atom-economical Kharasch addition of CCl4 to 

styrene that is catalyzed by a series of pincer-ruthenium complexes (R2NNN)RuCl2(PPh3) 

(R = Cy, tBu, iPr, and Ph). Gratifyingly, very high turnovers (ca. 5670) have been observed 

for the (Cy2NNN)RuCl2(PPh3) catalyzed Kharasch addition of CCl4 to styrene. The reaction 

has also been probed to obtain a detailed mechanistic understanding. 

Chapter 3 sheds light on the utility of  NNN pincer-ruthenium complexes based on 

sterically less hindered 2,6-bis(benzimidazole-2-yl) pyridine ligands in catalyzing high 

yield (92%) transformation of glycerol selectively (98%) to lactic acid. Systematic 

mechanistic studies provide a clear understanding to the role of RuP bond and steric 

crowding around the Ru centre in favoring catalysis. 

Chapter 4 illustrates the application of a new and well-defined pincer-nickel complex 

(iPr2NNN)NiCl2(NCCH3) for catalytic N-alkylation that proceeds with very high turnovers 

(34000 TONs). Detailed insight on the operative mechanism points to the involvement of 

both hydrogenation and alcoholysis steps in the N-alkylation  reaction. The 

(iPr2NNN)NiCl2(NCCH3) catalyzed reactions have been extended to the dehydrogenative 

coupling of benzene-1,2-diamines with alcohols to yield the corresponding 

benzimidazoles. 

Chapter 5 reports a computational study on cyanomethylation reaction. Here the 

energetics of the cyanomethylation catalytic cycle for a series of ten pincer-nickel systems 

with varying electronic demands have been compared with the corresponding Miller’s 

catalyst (iPr2POCCNEt2)NiOtBu that is reported to be active at room temperature. The study 

culminates with the identification of imine based pincers with  C central atom as potential 

contenders for the Miller’s catalyst. Presence of strong -donors in the flanking groups  

and weak trans influencing pincer central atoms were found to lead to unfavorable 

energetics in the cyanomethylation catalysis.
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1.1 Organometallic complex 

Organometallic compounds have at least one bond between a metal and carbon atom which is part 

of an organic framework and very often, they are highly covalent in nature. Compounds having 

CO and CN- ligands, though not derived from organic frameworks, qualify as organometallic. 

Also, complexes based on phosphines (PR3; R=H, alkyl) and metal hydrides, though lacking the 

pre-defined metal-carbon bond, exhibit properties so similar to that of organometallic compounds, 

that these can be included in the same category. Some of the early organometallic compounds that 

have found extensive utility include tetraethyllead (antiknock reagent for gasoline) and Grignard 

reagents. One of the first organometallic compounds was reported by William Zeise in 1827. 

Zeise’s salt K[PtCl3(C2H4)].H2O was prepared by the reaction between ethanol and platinum(II) 

chloride.1 In the mid-1800s Edward C. Frankland synthesized a variety of air-sensitive metal alkyl 

complexes such as ZnEt2 (1849), HgEt2 (1852) and SnEt4 (1860). In the history of organometallic 

complexes, the first binary metal carbonyl complex was reported in 1890 by Ludwig Mond.2 He 

prepared tetrahedral complex Ni(CO)4, by direct reaction of nickel metal with CO. A year later 

(1891), Mond and Barthelot synthesized Fe(CO)5.
3 In 1899, Victor Grignard provided a protocol 

for the generation of Grignard reagent (RMgX) by the reaction of magnesium with organic halides 

RX (R= alkyl and X= halogen). This discovery is believed to have brought about a renaissance in 

synthetic organic chemistry as it paved the way for a plethora of valuable reactions of carbonyl 

compounds with alkyl/aryl halides that were mediated by magnesium. In 1938, Roelen 

demonstrated the use of Co2(CO)8 in catalytic oxo process for the hydroformylation of olefin by 

CO and H2.
4 Later Karl Ziegler5 and Giulio Natta6 independently discovered a catalytic system 

based on early transition metals such as Ti, Zr or Hf in combination with organoaluminium 

compounds to polymerize α-olefin with high regio- and stereo-selectivity. Owing to the versatile 

applications that were offered by the Ziegler Natta catalyst (Et3Al+TiCl4), Ziegler and Natta were 

awarded the Nobel Prize in 1963. In 1951, the discovery of first sandwich compound ferrocene 

exposed a new area of research and numerous cyclopentadienyl derivative of various metal and 

metalloids have been reported since then. Organometallic chemistry has seen rapid development 

in the decades that followed and have significantly influenced several branches of chemistry that 

includes but not limited to organic chemistry, catalysis, bio-inorganic chemistry, medicinal 

chemistry and bio-organometallic chemistry. In 2001 W. S. Knowles, R. Noyori, and Karl Barry 

Sharpless received the Nobel Prize in chemistry for transition metal catalyzed asymmetric 

TH-2410_156122031



Chapter 1                                          Investigations on the Pincer-Ru and Pincer-Ni Catalyzed…. 

Moumita Dutta, Ph.D Thesis, IITG                                                                                                             4 

hydrogenation. In 2005, Robert H. Grubbs, Yves Chauvin and Richard R. Schrock were awarded 

the Nobel Prize in chemistry for metal catalyzed alkene metathesis. Richard F. Heck, Ei-ichi 

Negishi, Akira Suzuki won the Nobel Prize for Pd catalyzed cross coupling reactions in 2010.  

The transition metal elements typically have incomplete d-orbitals. These transition metal 

elements have a tendency to achieve stability with the electrons given or shared by ligands. In an 

organometallic complex, the electrons provided by the ligands permit the metal to achieve the 18-

electron stable electronic configuration. A ligand is an ion or a neutral molecule that usually 

donates electrons to the metal to form a coordination complex. According to the number of 

donating atoms, ligands are categorized as monodentate, bidentate, tridentate, and so on. 

Monodentate ligands have only one site coordinated to a metal, and only one pair of electrons is 

capable of binding to the central atom or ion. H-, F-, Cl-, I-, H2O, NH3 are some examples of 

monodentate ligands. Bidentate ligands such as ethane 1, 2-diamine have two ligating atoms and 

tridenatate ligands have three ligating atoms e.g. diethylenetriamine, which has three lone pairs of 

electrons that can be donated to a metal centre. Ligands that can bind as bidentate, tridentate or 

polydentate are called chelating ligands. Typically monodentate ligands lead to less stable 

complexes than bidentate ligands which in turn form less stable complexes than tridentate ligands 

and so on. However, the stability comes at the cost of reactivity and it has been widely observed 

that tridentate pincer ligands form complexes with optimal stability and reactivity.7 

A pincer ligand is a chelating agent that grasps mainly a transition metal tightly via three adjacent 

ligating atoms in a meridional configuration.8 While the first report on such tridentate ligands came 

by pioneering work of Moulton and Shaw in 1976,9 the term “Pincer” for these type of tridentate 

ligands was coined by van-Koten in 1989.10 Prototypical pincer ligands can either have an aryl 

ring σ-bonded to a given metal or metalloid (M) or could involve chains or rings incorporating 

donor atoms flanking the C–M bond.11 Regardless of the type, the pincer framework imparts 

sufficient stability to the metal complex. The high thermal stability can be mainly attributed to the 

inflexibility of the pincer-metal interaction. As a result, most of these complexes have proven to 

be successful in accomplishing highly endothermic reaction such as alkane dehydrogenation.12-14 

Pincer ligands based on aryl backbone could either be anionic with a carbanion as the central donor 

site or could have neutral donor atoms (Figure 1.1).12-14 The modular nature of pincer ligands 
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allows the electronic and steric properties of the complex to be fine-tuned without significant 

modification of the coordination geometry.  

Figure 1.1: Representation of a pincer metal complex depicting the variable parameters for steric and electronic 

control.  

1.2 Types of pincer ligands 

1.2.1 ECE (E = N, P) and ENE (E = C, S, Se, P) type pincers 

Most of the tridentate pincer ligand systems are planar frameworks consisting of an anionic or 

neutral atom in the central aromatic backbone attached with flanking two-electron donor 

substituents. For instance, the terdentate η3-“ECE” type of pincer complexes contains a central aryl 

anionic carbon which binds to the metal centre via one metal-carbon σ-bond and the ortho 

substituents bearing sidearm ‘E’ that bind via the coordinate bond. In this “ECE” type of pincer 

complex, ‘E’ represents neutral two-electron donors such as -PR2, -SR or -NR2, which leads to the 

formation of PCP, SCS or NCN type of pincer systems respectively (Figure 1.2). In 1976 Moulton 

and Shaw reported the first tridentate chelating system, 2,6-bis[(di-t-butylphosphino)methyl]phenyl 

(PCP)H and made it to react with salts of Ni, Pd and Pt to generate the corresponding PCP metal-

pincer complexes 1.7 (Figure 1.4). In general, most of the reported pincer systems are co-planar 

with the metal center, due to the presence of the aromatic backbone in their structure.15 

 

Figure 1.2: PCP and NCN type of pincer ligands.7 
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On the other hand, the “ENE" pincers have a central nitrogen donor atom, with donor atom E on 

the side arm, which can either be N,16C,17 S,18 Se19 or P20 (Figure 1.3). 

 

Figure 1.3:Examples of architecture of CNC,21 NNN7 and PNP7 pincer ligands 

 

In tridentate CNC type pincer ligands, there are two M-C σ- bonds, whereas in case of NCN type 

variation one M-C σ-bond is present. Due to the strong M-C σ-bond, it possesses enhanced 

stability, thus avoiding dissociation of the metal from the ligand that leads to decomposition of the 

complex. The donor atoms and their corresponding substituents allow the fine tuning of the steric 

and electronic properties. 

 

Figure 1.4: Various reports of pincer systems. a) PCP aryl pincer (1.7),22 b) PCP anthraphos  Ni complex by Betz 

(1.8),23 c) PCP pincer-Ni complex by Bubnov (1.9),24 d) PNCNP pincer-Ni complex (1.10),25 e) POCOP pincer-Ni 

complex (1.11) by Morales-Morales,26 f) POCOP pincer-Ni complex (1.12) by Zargarian.27  

 

Phosphorous has ability to stabilize the metal centres in both high and low oxidation state. It has 

been observed that, phosphorous when attached to metal in low oxidation states, exhibits strong 
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nucleophilicity and reducing character. However, it also requires bulky groups to achieve air 

stability.28 Phosphinito PCP pincer ligands with oxygen spacers are commonly represented as 

POCOP type pincer ligands (Figure 1.4; 1.11 and 1.12).26 

Sulfur donor atoms can act as σ-donor, π-acceptor and even π-donor ligands. They have been used 

to tune the electronic properties of numerous metal centers due to their ability to accommodate 

both hard and soft auxiliary ligands and metal centers.29 In general, selenium shows some 

similarity in its chemistry with sulfur, however, selenium containing compounds are reported to a 

lesser range than its sulfur counterpart.28 Figure 1.5 depicts a variety of pincer-metal complexes 

having symmetrical donor atoms. 

 

 Figure 1.5: Examples of symmetrical pincer complexes. a) PCP aryl pincer (1.7),22 b) NCN pincer-Pd (1.13),30 c) 

SCS pincer-Pd complex (1.14),31d) NNN pincer-Ru complex (1.15),32 e) SeCSe pincer-Pd complex (1.16),33 f) CNC 

pincer-Ni complex (1.17),34 g) SNS pincer-Ru complex (1.18),35 h) SeNSe pincer-Ag complex (1.19),36 i) CCC pincer-

Zr complex (1.20).37  

TH-2410_156122031
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1.2.2 PCN and YNX (Y = C, N or O; X = N, O or S) pincer systems 

Apart from the well-known symmetrical pincer systems that include NCN, CNC, PCP, PNP, NNN, 

SNS and SCS, asymmetric types of pincer ligands also exist. In the asymmetric type of pincer 

ligand systems, different or combinations of at least two of the donor atoms are present (Figure 

1.6). This non-symmetric approach involving hemi-labile ligands might be beneficial as one of the 

weakly coordinating moiety can dissociate easily and create a vacant co-ordination site to promote 

catalysis.38  

 

Figure 1.6: a)PCN,39 b) NNS40 and c) PNN38 type of unsymmetrical pincer complex. 

1.2.3 Pincer-metal complexes based on NHC  

One or more donor sites of the pincer ligands could be  N-heterocyclic carbenes (NHCs) (Figure 

1.7). Monocarbene “ECE” ligands of type 1.26 (Figure 1.7) could have a central carbene with 

flanking neutral or anionic E groups (E = N, O, S or Se). Alternatively, dicarbene “CEC” pincer 

ligands of the type 1.25 have a central anionic or neutral E group with two flanking carbene ligands 

(Figure 1.7). 

 

Figure 1.7: Schematic representation of an general “ECE” type of pincer system 1.24, (E = N, O, S or Se) along with 

its NHC hybrid systems 1.25  and 1.26 based on dicarbene and monocarbene respectively.37 

Compared with traditional ligands,41 NHCs present exciting properties such as σ-donor ability, 

tailorable structural diversity that includes electronic and steric effects.42 In 1962, Wanzlick 

explored the reactivity and stability of N-heterocyclc carbenes.43 In 1991, Arduengo first 
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established the synthesis of a stable NHC.44 The electron donating ability of NHCs altered with 

the nature of azole ring and the order of electron donating power of azole ring follow the trend 

benzimidazole > imidazole > imidazoline. The first classical donor functionalized N-heterocyclic 

carbene complexes was defined by Lappert.45 Wanzlick group has shown the first application of 

NHCs as ligand for metal complexes.46 NHCs form very strong bond with a majority of metals, 

and are highly robust to oxidation and hydrolysis. Thus they are stable in presence of air, moisture 

and even to acidic conditions. 

The Marchetti group have reported mono-NHC Ta and Nb complexes.47-48 There are only a very 

few reports on tridentate chelating pincers incorporating N-heterocyclic carbene of “ECE” type  

where “ECE” ligands could have a central carbene with flanking neutral or anionic E groups (E = 

N, O, C, S or Se).37, 49-50 The first report of CNC pincer-Cr dicarbene complex was reported in 

2003.51 Subsequently, pincer dicarbene complexes of vanadium and titanium were reported.52 The 

CCC N-heterocyclic dicarbene complex of Zr 1.30 was synthesized by Hollis and co-workers 

(Figure 1.8).37 

Figure 1.8: Examples of a) mono-carbene NCN pincer-Zr complex,53 b) monocarbene OCO pincer-Zr complex,50 c) 

dicarbene CNC pincer-Cr complex,51 d) dicarbene CCC pincer-Zr complex,37 e) monocarbene SCN pincer-Rh 

complex,54 f) monocarbene SCS pincer-Rh complex,54 g) monocarbene SeCSe pincer-Rh complex.53  
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In addition to symmetrical NHC-pincer complexes, there are a few rare examples of NHC-pincer 

complexes where different donor functionalities are utilized to generate unsymmetrical 

environment around the metal centre (Figure 1.9). 

Figure1.9: Examples of unsymmetrical pincer-metal carbene complexes. a) NHCCOP pincer-Ni complex,55 b) CNN 

pincer-Ni complex,56 c) PNC pincer-Ni complex.57 d) PNC pincer-Ni complex.58  

1.3 Key factors in pincer ligand design 

In pincer architecture (Figure 1.1), bulky R groups have a direct impact on the steric hindrance 

around the metal, while the size of the linker arms (Y) determines the ring size and therefore 

influences the bite angle and also affects the reactivity of the complex. The electronic properties 

of the pincer can be fine-tuned by the nature of Z, a substituent on the para position of aromatic 

ring (Figure 1.1). The donor atom X can be varied to have an important electronic impact, 

particularly the trans influence. In addition to these factors, pincer ligands may introduce chirality 

in the complex, normally by employing chiral LRn groups (Figure 1.1) and sometimes by having 

a chiral linker (Y). A few of the salient features associated with the pincer-complexes is discussed 

below. 

1.3.1 Robustness of pincer type complex 

The tridentate chelate pincer complexes are highly thermally stable and generally the 

decomposition of pincer complexes only occur at > 100 °C. For example, diphosphine pincer-

Ni(II) complex was thermally stable up to 240 °C in air (Figure 1.10, 1.7).22 The thermal stability 

and presence of strong aromatic backbone allow the pincer complexes to react with otherwise 

deactivating ligands such as CO,59 CO2,
60 CN-,61 H2,

62 di-halide,63 oxidizing and reducing agents, 

water64 and acids,65 while retaining their coordination geometry (Figure 1.10).  
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Figure 1.10: Examples of robust pincer-metal complexes a) PCP pincer-Ni complex,22 b) PNN pincer-Fe complex,63 

c) PNP pincer-Ni carbonyl complex,59 d) NCN pincer-Pt aqua complex,64 e) PNP pincer-Ru dihydride complex,62 f) 

PNP pincer-Ni CO2 complex, 60 g) PNP pincer-Ni acetonitrile complex,61 h) lewis acid BH3 coordinated with PCP 

pincer-Ni hydride complex. 65  

Highly endothermic reactions such as the dehydrogenation of organic substrates are successfully 

carried out with highly robust pincer-Ir catalytic systems (Figure 1.11). Ir pincer complexes shows 

excellent thermal stability till 300 °C for an extended period of time.13 

Figure 1.11: A few robust pincer-Ir complexes reported for alkane dehydrogenation.13 a) (iPr4PCP)Ir complex,66 b) 

(tBu4PCP)Ir complex,67 c) (OMe-tBu4PCP)Ir complex,68 d) anthraphos supported (iPr4PCP)Ir complex,69 e) (iPr4POCOP)Ir 

complex,70 f) (tBu4POCOP)Ir complex,71 g) (tBu3MePCP)Ir complex,72 h) (tBu2Me2PCP)Ir complex.72  
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1.3.2 Pincer complexes containing metals in unusal formal oxidation state 

The pincer framework sometimes stabilizes the metal in unusual formal oxidation states. While 

square planar Ni(II) complexes73 are well known in organometallic chemistry, NCN pincer 

fragments bound to Ni(III) in species 1.54 have been reported to be stable owing to hard nitrogen 

donors.74 Strong σ-donation ability of chelating NMe2 group assists oxidation of Ni(II) complex 

to corresponding Ni(III) complex (Scheme 1.2).75 The subsequent five coordinated, square 

pyramidal pincer-Ni(III) complex is stabilized by the robustness of tridentate pincer ligand as well 

as the oxidation state of the metal. These air and moisture stable Ni(III) complexes also have good 

thermal stability.  

 
Scheme 1.2: Formation of Ni(III) from Ni(II) pincer complex.75 

 

Similarly, unusual Ni(IV) species 1.56 could be obtained by oxidation of a CCC NHC Ni(II) pincer 

complex with PhICl2 (Scheme 1.3).76 

 

Scheme 1.3: Formation of unusual Ni(IV) pincer complex.76 

Pyrrole based PNP pincer-Fe complex could be reduced in presence of CO to afford a low spin 

carbonyl complex [FeI(CO)2(PNP)] 1.59, which was further reduced to yield an anionic Fe(0) 

complex 1.60 (Scheme 1.4).77 

 

Scheme 1.4: Pincer-iron complexes having Fe in different oxidation states.77 
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1.3.3 Hemilability of pincer ligand 

Hemilabilty of pincer ligand acts as a key factor for the catalytic efficiency of the corresponding 

metal complex. In Figure 1.12, the Ni(II) in complex 1.61 (Figure 1.12) binds with a central N 

donor atom and is coordinated with two asymmetric amine arms. This Ni(II) successfully catalyzed 

the Sonogashira coupling between terminal alkynes and alkyl halides at room temperature. On the 

other hand, the symmetric pincer-Ni(II) complex 1.62 (Figure 1.12) showed lower catalytic 

activity under identical conditions and was active only at elevated temperatures.78 Here the 

symmetric rigid pincer ligand of 1.62 does not allow hemilability.  

 

Figure 1.12: Hemilability of Ni-pincer complexes.78  

In NCN ligand based complexes, the strong σ-donating amine functionalities participated in metal 

centered reactions and demonstrated good stoichiometric and catalytic properties, whereas PCP 

ligand based complexes exhibited strong chelation and activated strong bonds. It has been 

observed that amine arms will be involved in more labile coordination to the low oxidation state 

of late transition metals in comparison with phosphine arms.79 
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In 1.65 (Figure 1.13) the PCN ligand bears a longer arm with dimethylene unit between aromatic 

ring and the amine group. This results in loss of planarity and stabilization (arising from a planar 

5-membered ring as in the case of 1.66) which makes the amine arm labile. Hence, 1.65 can react 

with dihydrogen leading to interesting catalytic properties in stark contrast to unreactive nature of 

1.66 (Figure 1.13).80  

 

Figure 1.13: Effect of an additional linker atom on the hemilabile nature of a carbonyl pincer-Pt complex.80 

1.3.4 Pincer complexes; meridional Vs. facial 

Generally, ‘pincer’ ligand prefers to attain meridional tridentate geometry but occasionally we can 

find very few examples of facial tridentate chelates. 

Figure 1.14: Examples of facial and meridional pincer complexes. Dynamic behavior of Ir with PSiP pincers (1.67 

and 1.68),81 Arene complex of Ru with facial PSiP pincer ligand (1.69),82 and facial complex of PSiP pincer-Ru 

hydride (1.70).82  

The geometry of the pincer complexes are dependent on the central ligating atom of the tridentate 

ligand. A sp2-hybridized central donor atom prefers to attain meridional geometrical configuration 

due to its planar orientation. Steric hindrance or dimerization can enhance the chances of formation 

of facial coordination of the ligand (1.70, Figure 1.14). In absence of steric constraints meridional  

coordination is preferred (1.67, Figure 1.14). In Figure 1.14 structure 1.69 adopts facial geometry 

to accommodate another facial η6-arene ligand. 
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Strongly π- accepting phosphines with -CF3 groups lead to a pseudo square-planar Ir(I) complex 

with meridional configuration (Scheme 1.5). Addition of another carbonyl ligand to structure 1.71 

gives a distorted trigonal bipyramidal complex 1.72, where the P atoms occupy two equatorial 

binding sites and give rise to a non-meridional pincer co-ordination of PCP ligand to Ir. Oxidative 

addition of H2 to Ir(I) in complex 1.71 generates Ir(III) pseudo-octahedral complex 1.74, where 

pincer ligands favor meridional coordination mode. 

 

Scheme 1.5: Effect of H2 and CO on the meridional preference of PCP Ir complexes with CF3 groups.83 

1.3.5 Ring size effect 

In 2003, Yamamoto and coworkers have shown the difference in catalytic activity of allylic 

alkylation of two identical pincers with different ring size (Scheme 1.6). Symmetrical pincer-Pd 

complex 1.77a contains two five membered metallacycles, whereas structure 1.77b is associated 

with both the five and six membered ring. With a detailed analysis they have proved that palladium 

(II) complexes of unsymmetrical PCP' bis (phosphinito) ligand (1.77b, Scheme 1.6) are much more 

active towards allylic alkylation due to the greater flexibility of the 6-membered ring than the 

corresponding five-membered rings in symmetrical complexes based on PCP bis(phosphinito) 

ligand (1.77a, Scheme 1.6).84 Catalyst 1.77a shows only reasonable activity at high temperature 

whereas non-symmetrical pincer 1.77b is highly active at room temperature also. 
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Scheme 1.6: Difference in reactivity of pincer-Pd complexes with varying ring sizes towards allylic alkylation.84 

Between the symmetrical 6,6 membered pincer-Pd(II) complex 1.78b and the 5,6 membered 

selone ligated pincer-Pd(II) complex 1.78a, the unsymmetrical pincer complex 1.78a showed 

better catalytic activity for Heck C-C coupling reaction (Scheme 1.7).85 

Scheme 1.7: Higher reactivity of pincer-Pd85 complexes with unsymmetrical pincer ligand.85 

1.4 Application of pincer complexes in catalysis 

In the last four decades, pincer-complexes have been extensively used to efficiently catalyse 

several reactions, that are either not possible or provide very low yield with classical transition 

metal complexes. This fascinating chemistry of pincer-complexes have been reviewed several 

times.13, 86-91 

1.4.1 Transfer hydrogenation 

The variety of factors discussed in section 1.3 imparts versatile reactivity patterns to pincer-metal 

complexes and rightly a plethora of their applications are realized in catalyzing organic reactions 

of great synthetic utility. NCN and PCP pincer-Ru complexes efficiently catalyzed the transfer 
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hydrogenation of ketones to their corresponding alcohols, in presence of isopropanol as a source 

of sacrificial hydrogen and KOH as a co-catalyst (1.81 and 1.82, Scheme 1.8).92 

 
Scheme 1.8: Transfer hydrogenation of ketones by a) (Me2NCN)RuCl(PPh3),92 b) (Ph2PCP)RuOTf(PPh3),92 c) 

(Cy4PCP)RuCl(PPh3),93 d) (iPr4PCP)RuCl(PPh3),94 e) (Ph2tBu2PCP)RuCl(PPh3),95 f) (p-OMe-C6H4PCP)RuCl(PPh3),94 g) (p-

CF3-C6H4PCP)RuCl(PPh3),94 and h) (C24F20PCP) RuCl(PPh3)94  
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Even in presence of non-pincer complexes like RuCl2(PPh3) or RuCl(H)(PPh3), hydrogen transfer 

reactions occurred albeit with lower catalytic efficiency.96  For example RuCl2(PPh3) catalyzed the 

transfer hydrogenation of cyclohexanone which resulted in only 59% conversion.97 It has been 

observed that both NCN pincer-Ru (1.81, Scheme 1.8) and PCP pincer-Ru (1.82, Scheme 1.8) are 

active towards transfer hydrogenation. Among the two, the best yield and turnover number were 

obtained with PCP-Ru (1.82, Scheme 1.8) derivatives. For example, in case of cyclohexanone, 

PCP pincer-Ru (1.82, Scheme 1.8) gave 98% yield (27,000 TON).92 Among several PCP pincer-

Ru complexes (Scheme 1.8), (p-CF3-C6H4PCP)Ru (1.87, Scheme 1.8) pincer catalyzed transfer 

dehydrogenation of cyclohexanone resulted in 35,700 TON with 98% yield.  

 

Scheme 1.9: Asymmetric transfer hydrogenation using chiral NNN pincer complexes based on. a) Os,98 b) Ir,99 c) 

oxazolinyl/benzimidazolyl Ru,100 d) pybox Ru,101 e) pybox Ru,101 f) pyrazolyl-pyridyl-oxazolinyl Ru.102 
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Catalytic asymmetric transfer hydrogenation have also been reported by using chiral pincer 

complexes (Scheme 1.9).98-102 Among several pincer-metal complexes based on chiral pybox 

ligand, it has been found that enantioselectivity obtained with Ir (1.92, Scheme 1.9) was lower than 

that of Os and Ru (1.91, 1.93 or 1.94, Scheme 1.9).103 

Transfer hydrogenation using precious metal-based catalyst such as Ru,104 Rh,105 Os106 or Ir107 

have been well explored. Recently, inexpensive base metal pincer complexes have been developed 

for transfer dehydrogenation. Among different first row transition metals, base metal pincer 

complexes utilizing Fe,108 CO109 and Mn110-111 have been used to catalyze transfer hydrogenation 

of unsaturated compounds such as ketones,110 aldehydes,110 nitriles,110 and esters111.  

1.4.2 Dehydrogenation of alkanes 

Saturated hydrocarbons like alkanes or cycloalkanes are most abundant and easily available in 

nature. However, these compounds have been limited in use due to their lack of reactivity. 

Selective dehydrogenation of alkanes to produce alkenes have attracted significant attention due 

to their versatile nature. In one of the first reports, the dehydrogenation of cyclopentane 1.97 and 

cyclooctane 1.99 was carried out using cationic Ir complex [Ir(H2)(acetone)2(PPh3)2][BF4] in 

presence of tert-butylethylene (TBE), which functions as a hydrogen acceptor to produce the 

corresponding cyclopentadienyl complex 1.98 and cyclooctadienyl complex 1.100 respectively 

(Scheme 1.10).112 

 

Scheme 1.10:Transfer-dehydrogenation of cycloalkanes using [Ir(H2)(acetone)2(PPh3)2][BF4].112  
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Acceptorless dehydrogenation of cyclooctane resulted in cyclooctene in presence of 

IrH2(O2CR)(PCy3)2 with 36 turnover number (TON) in 48h.113 Jenson,114 Goldman115 and 

Leitner116 independently reported the use of derivatives of these complexes for its application in 

dehydrogenation of alkanes. Classical organometallic complexes catalyze highly endothermic 

dehydrogenation of alkanes with limited turnover numbers owing to their susceptibility to undergo 

thermal decomposition under the reaction conditions. 

It has been observed that several thermally stable pincer-Ir complexes were active towards 

dehydrogenation of alkanes. In 1996, Kaska and Jensen reported (tBu4PCP)IrH4 1.108 to be a 

remarkably robust catalyst and obtained 82 turnover/h at 150 oC for dehydrogenation of 

cyclooctane.117 In 1999, Jensen118 and Goldman119 have shown that while (iPr4PCP)IrH4 1.110 was 

highly active, the complex (tBu4PCP)IrH4 1.108 gave high kinetic selectivity for the formation of 

α-olefin in the transfer dehydrogenation of n-alkanes. For the acceptorless dehydrogenation of both 

n-alkane and cycloalkanes, the sterically less crowded catalyst (iPr4PCP)IrH2 was found to be more 

effective than (tBu4PCP)IrH2.
119 

Successful alkane transfer dehydrogenation were carried out by using 7-6-7 ring-type PCP iridium 

pincer catalyst 1.102, which is stable at very harsh reaction conditions and are able to produce the 

final product with high efficiency and selectivity (Scheme 1.11). 120 

Scheme 1.11: Alkane transfer dehydrogenation by 7-6-7 ring-type PCP iridium catalyst.120  

 

In 2009, Goldman and co-workers, investigated the catalytic application of various pincer-Ir 

complexes by systematic variation of the steric factors. DFT studies indicated that, (tBu3MePCP)IrH4 

complex 1.111 is expected have a favorable barrier than  (tBu4PCP)IrH4 1.108 for catalytic transfer 

dehydrogenation owing to lowered steric requirements. However subsequent Me for tBu 

substitution  as in (tBu2Me2PCP)IrH4 complex 1.109  is expected to have negligible effect which has 

been attributed to the cancellation of favorable steric effects by the inhibition effect due to olefin 
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binding. Accordingly,  (tBu2Me2PCP)IrH4 complex 1.109 demonstrates lower catalytic activity than 

(tBu3MePCP)IrH4 1.111(Scheme 1.12).72 However, as (tBu2Me2PCP)IrH4 complex 1.109 tends to form 

dimers, it was difficult to determine if cluster formation rather than intrinsic low reactivity was the 

source of low TON.  

 

Reactivity after 10 min:  1.111 (TON = 126) >1.110 (TON = 86) >1.109(TON = 76) >1.108 (TON = 31) 

Scheme1.12: Dehydrogenation of n-octane using various pincer-Ir systems.72  

The pincer-Ir catalyzed alkane dehydrogenation has shown great advances in recent times and have 

lead to conditions that give high turnover number of terminal olefins with good recyclability.13 

1.4.3 Dehydrogenation of alcohol 

Transfer dehydrogenation processes are typically carried out under sealed vessel conditions where 

the use of sacrificial hydrogen acceptor is mandatory to trap the released hydrogen. On the other 

hand, acceptorless dehydrogenation reactions are carried out under open-vessel conditions where 

the molecular hydrogen is free to escape from the system.  

The acceptorless dehydrogenation reaction of secondary alcohol 1.112 with evolution of molecular 

hydrogen to produce ketones is atom-economical and environmentally benign. A library of 

electron rich PNN and PNP Ru borohydride pincer complexes (Scheme 1.13, 1.114-1.116) have 

been reported for dehydrogenation of alcohol under mild conditions, to the corresponding carbonyl 

compounds with liberation of dihydrogen.121 Besides dehydrogenation of secondary alcohols, 

these Ru(II) hydridoborohydride pincer complexes (Scheme 1.13, 1.114-1.116) effectively 

catalyze acceptorless dehydrogenative coupling of primary alcohols to esters, and dehydrogenative 
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cyclisation of diols to lactones.121 PCP pincer-Ir complex (1.117, Scheme 1.13), followed a unique 

metal-ligand cooperation mechanism in the acceptorless dehydrogenation of alcohol.122 Apart 

from precious metal, pincer complexes of inexpensive 3d transition metals are also reported for 

dehydrogenation of alcohols (1.118, Scheme 1.13).109  

 

Scheme 1.13: Acceptorless dehydrogenation of 1-phenyl ethanol using pincer-Ru complexes (1.114-1.116),121 PCP 

pincer-Ir catalyst (1.117),122and e) PNP pincer-Co catalyst (1.118).109  

Primary alcohols, in addition to being directly converted to aldehydes, can also be converted to 

acetals 1.120 (Scheme 1.14) which is highly atom-economical. Milstein and co-workers developed 
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acridine based PNP pincer-Ru complex 1.121 for the conversion of alcohol to acetal (Scheme 

1.14).123-124 

Scheme 1.14:Conversion of primary alcohol to acetal catalyzed by acridine based PNP pincer-Ru catalyst123, 125  

 

Methanol can be dehydrogenated to formaldehyde, which can be further dehydrogenated to formic 

acid and finally to carbon dioxide. During this dehydrogenation, each step releases an equivalent 

of H2 gas. The generated hydrogen gas can be utilized as an attractive alternative energy source. 

PNP supported pincer-Fe complex 1.127 (Scheme 1.15) have been reported to be a highly active 

catalyst for dehydrogenation of methanol, and in absence of water, methanol is readily converted 

to methyl formate and H2. In presence of water and a Lewis acid co-catalyst, the PNP pincer-Fe 

dehydrogenates methanol to CO2 and H2.
126 Non-toxic, easily available pincer-Mn complex 1.129 

(Scheme 1.15) has been used to successfully carry out the dehydrogenation of aqueous methanol 

to carbon dioxide and dihydrogen.127 

 

Scheme 1.15: Dehydrogenation of methanol catalyzed by a) pincer-Fe complex,126 b) pincer-Ru complex,128 and c) 

pincer-Mn complex.127  
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1.4.4 Cross-coupling reaction 

Cross-coupling reactions represent one of the most important type of catalytic carbon-carbon bond 

forming reactions between a organic electrophile R1-X and an organometallic nucleophile R2-m in 

presence of a catalyst (Scheme 1.16).129 Among several transition metals, Pd metal has been widely 

used for coupling reactions. 

 

Scheme 1.16: General scheme of C-C cross coupling reaction.129 130 

  

1.4.4.1 Heck-coupling 

Heck reaction is the coupling between α-olefin and bromo or iodo derivatives catalyzed by Pd(II) 

or Pd(0) in presence of PPh3. Several pincer-Pd complexes containing aryl or pyridine backbone 

have been reported for catalytic Heck coupling reaction (Scheme 1.17). 

Heck reaction is catalyzed by either Pd(II) or Pd(0) derivatives in presence of auxiliary ligands. 

The reaction intermediates formed during the catalytic cycle are sensitive to oxygen and thermally 

unstable. To design the ideal catalyst to carry out the process, Milstein and co-workers were the 

first to employ PCP pincer-Pd(II) complexes (1.132 and 1.133, Scheme 1.17) in Heck coupling 

reaction.131 Milstein reported that these highly robust pincer-Pd complexes (1.132 and 1.133, 

Scheme 1.17) are stable at a very high temperature (upto 140 °C), over reaction periods of 300 

hours or more and act as a catalyst for coupling of iodobenzene with methacrylate with a maximum 

of 5,00,000 turnover number.131 Later, several pincer-Pd complexes have been developed. In 2007 

Morales-Morales reported that POCOP pincer-Pd complex (1.134, Scheme 1.17) displayed better 

catalytic activity compared to Milstein’s PCP-Pd complex.132 The superior catalytic activity was 

attributed due to both sterics and electronic factors ( better -donation ability of oxygen atom). 

TH-2410_156122031



Chapter 1                                          Investigations on the Pincer-Ru and Pincer-Ni Catalyzed…. 

Moumita Dutta, Ph.D Thesis, IITG                                                                                                             25 

Coupling between bromo benzene and n-butyl methacrylate in presence of POCOP-Pd 1.134 lead 

to  quantitative yields (Scheme 1.17).132 Ahn. et al. designed a 6-membered fused metallacycle 

containing NCN pincer-Pd complex 1.138 (Scheme 1.17) for coupling reaction between halo-

benzene and methyl acrylate with turnover number upto 8.4  10 8.133 

Scheme 1.17: Heck coupling catalyzed by a) PCP pincer-Pd(II) complex131 b) PC(sp2)P pincer-Pd(II) complex131 c) 

POCOP pincer-Pd(II) complex,132 d) SCS bis(N-heterocyclic thione) pincer-Pd(II) complex,134 e) (tBu2NNN)Pd 

complex,135 f) ONN pincer-Pd(II) complex,136 g) NOCON pincer-Pd(II),137 h) (Cy2NNN)Pd complex.135 
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1.4.4.2 Suzuki-Miyaura coupling 

The Suzuki reaction is an important tool for the construction of biaryl or substituted aromatic 

moieties. The Suzuki or Suzuki-Miyaura coupling generally occurs between halobenzene with aryl 

boronic acid in the presence of a base (Scheme 1.18).  

POCOP pincer-Pd(II) complex 1.143  has been utilized as a useful catalyst for the coupling 

between aryl halide and phenyl boronic acid leading to quantitative yield and around 92,000 

turnover number (Scheme 1.18).138  The SCS pincer-Pd(II)complex 1.144 has been reported to be 

an excellent catalyst for the reaction between p-bromo toluene and phenyl boronic acid to generate 

corresponding biphenyl product with a maximum of 69% yield (Scheme 1.18).139 The Suzuki 

coupling reaction of 4-bromo-acetophenone with phenylboronic acid took place in presence of 0.1-

0.01 mol % of a POCOP pincer-Pd(II) complex 1.145  to give 5790 TON of 4-acetylbiphenyl 

(Scheme 1.18).140 Aryl bromide can couple with phenyl boronic acid within a few minutes in 

presence of a PNCNP pincer-Pd(II) 1.146 based on amino phosphines (Scheme 1.18).141 

Bis(oxazole) coordinated NCN pincer-Pd(II)  1.147 (Scheme 1.18) catalyzed Suzuki-Miyaura 

coupling for the synthesis of biaryls under aerobic conditions with turnover upto 7,90,000.142 

Unsymmetrical SCS' pincer-Pd(II) complex 1.148 (Scheme 1.18) is shown to be an active catalyst 

for Suzuki-Miyaura coupling reaction.143 PNCNN pincer-Pd 1.149 bearing phosphinoamino group 

(Scheme 1.18) is also effective for Suzuki, Sonogashira and Hiyama coupling reactions.144 The 

unsymmetrical NCS pincer-Pd complex 1.150 (Scheme 1.18) demonstrated excellent catalytic 

activity for Suzuki coupling reaction of aryl halides and phenyl boronic acid.145 
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Scheme 1.18: Suzuki cross coupling catalyzed by a) POCOP pincer-Pd(II) complex,138 b) SCS pincer-Pd(II) pincer,139  

c) POCOP pincer-Pd(II) complex,140 d) PNCNP pincer-Pd(II) complex.141 e) bis(oxazole) NCN pincer-Pd(II) 

complex,142 f) 5- and 6-membered SCS' pincer-Pd(II) complex,143 g) unsymmetrical PNCNN pincer-Pd(II) 

complex,144 h) NCCNPS pincer-Pd(II) complex.145  

Apart from pincer-Pd, more abundant and bio-compatible metals such as Co146 and Ni based pincer 

catalytic systems147-148 are also known (Scheme 1.19) for catalytic Suzuki-Miyaura cross coupling. 

Co(II) pincer systems are able to catalyze Suzuki-Miyaura reaction at 80°C under open air. The 

fine tuning of side arm of the ligand was found to effect the catalytic activity. For instance, 

increasing the presence of donating nitrogen atoms enhances the catalytic activity. PNNNP Co 

pincer complex 1.153 thus shows superior catalytic activity than other Co pincer system  such as 

1.151 and 1.152 (Scheme 1.19).146 
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Scheme 1.19: Suzuki-Miyaura cross coupling reaction catalyzed by a) asymmetrical PNCOP pincer-Co,146 b) 

symmetrical PNCNP pincer-Co,146 c) PNNNP pincer-Co,146 d) bis(imidazolin-2-ylidene) pincer-Ni complex,149 e) 

bis(carbene) derived pincer-Ni complex,148 f) POCOP pincer-Ni complex,150  

1.4.4.3 Sonogashira cross-coupling 

Sonogashira coupling involves formation of aryl-alkyne or conjugated enyne compounds resulting 

from the coupling between aryl halide and terminal alkyne moiety (Scheme 1.20). 

Unsymmetrical amino phosphine based PCN pincer-Pd complex 1.161 (Scheme 1.20) is effective 

for coupling of iodo benzene and phenyl acetylene without the use of a typical Cu co-catalyst under 

mild conditions to obtain 97% of the corresponding product.144  Furthermore this PCN pincer-Pd 

complex 1.161 (Scheme 1.20) is shown to be an active catalyst for Suzuki-Miyaura as well as 
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Heck and Hiyama reaction. Other than Pd, pincer complexes such as 1.162 based on Ni (Scheme 

1.20) also catalyzed Sonogashira coupling reaction.151 

 

 

Scheme 1.20: Sonogashira coupling catalyzed by a) N-heterocyclic NCN pincer-Pd,152 b) unsymmetrcal PCN pincer-

Pd complex,144 and c) POCOP pincer-Ni complex.151  

 

1.4.4.4 Negishi coupling 

The Negishi cross coupling reaction is the coupling between organozinc reagents and aryl halides 

(Scheme 1.21). Several pincer-Pd and pincer-Ni complexes have been shown to catalyze the 

Negishi coupling reaction (Scheme 1.21). Lei and co-workers reported high yields in the SNS 

pincer-Pd 1.166 catalyzed Negishi coupling of aryl iodide and alkyl zinc derivates at very low 

temperatures (0-20 °C) (Scheme 1.21)153 and under very low catalyst loading (0.00001 mol %). 

Other than precious metals, both symmetric and non-symmetric pincer-Ni complexes can 

effectively catalyze Negishi coupling reaction (Scheme 1.21).154-155 
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Scheme 1.21: Negishi reaction catalyzed by a) SNS pincer-Pd complex,153 b) PNP pincer-Ni complex,154 c) NNP 

pincer-Ni complex.155   

 

1.4.4.5 Kumada-Corriu coupling reaction  

The Kumada-Corriu coupling reaction involves the coupling between Grignard reagent and aryl-

halide in presence of a catalyst. Nontoxic pincer-metal catalysts based on Ni and Fe were 

successfully used to carry out Kumada-Corriu coupling reactions (Scheme 1.22). Wang and co-

workers reported a series of pincer-Ni catalysts 1.173 which catalyzed Kumada-Corriu coupling 

reaction under mild conditions (Scheme 1.22).58 This reaction was successfully carried out to 

obtain good yields even under very low catalyst loading. Similarly Hu and co-workers 

demonstrated symmetrical Ni(II) pincer catalytic systems 1.174 for catalyzing the Kumada-

Corriu cross coupling of secondary alkyl halides (Scheme 1.22).156 The same group generated a 

library of pincer-Fe systems 1.175-1.176 for enantioselective cross-coupling between phenyl 

magnesium chloride and variety of alkyl chlorides (Scheme 1.22). These pincer-Fe catalyzed 

Kumada-Corriu coupling reaction is useful for highly chemo-selective synthesis of several natural 

products in good yields.157 
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Scheme 1.22: Kumada-Corriu coupling reaction catalyzed by a) unsymmetrical PNO pincer-Ni complex,158 b) NHC 

bearing NNC pincer-Ni complex,58 c) Symmetrical NCN pincer-Ni complex,156 d) and e) NNN pincer-Fe complex.157  

 

1.4.4.6 Allylation of aldehyde 

Allylation of aldehyde can be considered as another variety of cross coupling reaction. The SeCSe 

pincer-Pd complex 1.179  at a low loading (0.02 mol %) gave yields up to 96% in the allylation of 

benzaldehyde with allyltributyltin (Scheme 1.23). 33 An asymmetric PCN pincer-Pd complex 

1.180  when applied for allylation of aldehyde gave a lower yield (67 %) (Scheme 1.23).159 
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Scheme 1.23: Allylation of benzalehyde with allyltributyltin in presence of a) SeCSe pincer-Pd complex,33 b) PCN 

pincer-Pd complex.159   

1.4.4.7 C-S coupling 

Among the cross-coupling reactions, while the C-C coupling reaction is widely explored, the 

reports on C-S coupling reactions that generate several important natural products are very sparse.  

Scheme 1.24: C-S cross coupling using POCOP-Ni pincer complex,26 and NNN-Ni pincer complex (1.184-1.188).160 
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Scheme 1.24 depicts a variety of Ni pincer complexes 1.183-1.188 that have found success in 

catalyzing C-S couplings. Morales-Morales and co-workers developed a series of Ni(II)-NNN160 

and Ni(II)-POCOP pincer complexes26 for the cross coupling between halobenzenes and 

disulphides. 

1.4.5 Hydrosilylation of aldehydes and ketones 

In 2008, Guan and co-workers studied the utility of Ni-hydride catalyst 1.189 based on pincer 

ligands for hydrosilylation of aldehydes and ketones (Scheme 1.25).161 

Scheme1.25:Hydrosilylation of aldehydes catalyzed by POCOP-NiH complex.161 

 

1.4.6 Hydroamination 

Hydroamination reaction involves the addition of hydrogen and an amino group across unsaturated 

C-C bond. Direct addition of N-H bond to olefin to prepare substituted amine is highly atom-

economical, since no by-products are formed. In 2009, Davit Zargarian and co-workers presented 

a cationic pincer Ni complex 1.197 for hydroamination of cyano-olefins (Scheme 1.26).162  

In the hydroamination of acetonitrile, reaction proceeds via a mechanism in which the Ni center is 

acting as Lewis acid for activating olefin towards nucleophilic attack. In 2009, Zargarian proposed 

a variety of cationic pincer-Ni complexes (1.198, 1.199 and 1.200)  and analyzed their structure-

activity relationships (Scheme 1.26).162 
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Scheme 1.26: Hydroamination reaction catalyzed by a) cationic (POCOPiPr4)Ni(NCMe) pincer complex,27 b) cationic 

(PCPiPr4)Ni(NCMe) pincer complex,162 c) cationic (POCOPiPr4)Ni(NCMe) pincer complex,162 d) (PCPiPr4)Ni(NCMe) 

pincer complex,162 e) (POCOP)Ni(OSO2CF3) pincer complex.163  

1.5 Scope of the present study 

The brief review presented above sheds light on the significance of pincer complexes in catalytic 

organic transformations. The plethora of ligand variations that is available at one’s disposal offers 

promise to create numerous metal-pincer ligand combinations. The rich chemistry of pincer-metal 

catalysts thus offers several possibilities that are yet to be explored. For instance, while there are 

several reports on Kharasch addition reactions catalyzed by ruthenium complexes, there are no 

such studies using a pincer-ruthenium complex. Similarly, the investigations on the catalytic 

activity of pincer-metal complexes based on environmentally friendly NNN bis(aldimino) pyridine 

ligands is very sparse. Furthermore, the applicability of phosphine-free pincer complexes based on 

inexpensive metals in catalysis is still in its infancy.  

In the present thesis work, emphasis is laid on testing the catalytic activity of pincer-metal 

complexes based on less hazardous NNN bis(aldimino) pyridine ligands. The corresponding 
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pincer-ruthenium complexes have been employed to catalyze radical reactions and reactions that 

involve tandem dehydrogenation-condensation reactions. With an objective to move away from 

the use of precious metals and hazardous ligands, phosphine-free pincer-nickel complexes have 

been utilized to accomplish synthetically useful organic transformations. 

The thesis work was taken-up to address the following questions; 

1. Can one utilize pincer-ruthenium complexes to bring about the atom transfer radical 

addition (ATRA) of polyhalogenated methanes to olefins? 

2. In addition to reported systems involving phosphine based pincers, is it possible to employ 

phosphine-free pincer-ruthenium to accomplish the catalytic transformation of glycerol to 

precious lactic acid? 

3. Are phosphine-free pincer-nickel complexes active for catalytic dehydrogenation of 

alcohols? If so, can we utilize this reactivity to accomplish catalytic N-alkylation? 

4.  How does nickel complexes derived from phosphine-based pincers compare with the 

corresponding phosphine-free pincer systems towards catalytic cyanomethylation 

reactions? 
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2.1 Introduction  

Alkanes constitute a major proportion of global hydrocarbon reservoir and are highly unproductive 

except for a small fraction (C9C19) that find utility as fuels. On the other hand, the corresponding 

olefins are less abundant but versatile intermediates to a plethora of utility chemicals of 

pharmaceutical, agrochemical and industrial (food, polymers) importance.1 Routes that 

accomplish the transformation of either alkanes to alkenes or alkenes to valueadded compounds 

(Figure 2.1) are of high synthetic value.2 One such transformation involves the addition of 

polyhalogenated methanes across the double bond of olefins in either thermal or photochemical 

conditions pioneered by Kharasch in 1947 and hence rightly named as the Kharasch reaction.3 

Since the Kharasch addition involves a free radical chain reaction, it is also called as atom transfer 

radical addition (ATRA).4 Notably, the Kharasch addition preferentially gives anti-Markovnikov’s 

product.  

 

Figure 2.1: Olefins as versatile intermediates to several value-added products.   
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Scheme 2.1: Synthesis of alkaloids involving Kharasch addition as one of the steps.5 

The ATRA product could be used in further radical or ionic reactions6 which makes ATRA one of 

the most powerful tools in organic synthesis. Not surprisingly, ATRA has several applications that 

include synthesis of natural products7 with pharmacological properties.8 For instance, indolizidine 

alkaloids which belongs to a family of natural products are significantly useful due to their simple 

structure as well as their activity as moderator of neuromuscular transmission. Cordero-Vargas has 

shown that indolizidine alkaloids could be obtained starting from ATRA of ethyl iodoacetate to a 

proline derivative 2.1 followed by acid catalyzed lactamization of the ATRA product 2.2 to give 

the iodolactam intermediate 2.3. Subsequently, 2.3 could be easily transformed to the indolizidine 

2.4 (Scheme 2.1).5 

 

Scheme 2.2: Catalytic enantioselective allylic oxidation of cyclohexene.9 

Asymmetric allylic ester would eventually generate chiral allylic alcohols which are essential 

building blocks in organic synthesis.10-12 In 1998, Singh and co-workers used chiral pyridine 

bis(diphenyloxazoline) ligand coordinated with Cu for the enantioselective allylic oxidation of 

olefins (Scheme 2.2).9 In this case, it is assumed that the mechanism followed is a free radical 

ATRA reaction. The tert-butoxy radical abstracts an allylic hydrogen to give tert-butyl alcohol 
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and allylic radical. Next the Cu(II) benzoate adds to the allylic radical to generate allylic benzoate 

via a six-membered cyclic transition state. The use of PhNHNH2 in the presence of acetone 

increased the rate of the reaction.  

2.2 History of Kharasch reaction 

The origin of Kharasch or atom transfer radical addition (ATRA) reaction is associated with the 

peroxide effect, which was revealed by Kharasch and his co-workers. In 1937, they observed the 

anti-Markovnikov addition of HBr to unsymmetrical alkenes in the presence of peroxide initiators 

(Scheme 2.3).13  

Scheme 2.3: Anti-Markovnikov ATRA of HBr to unsymmetrical alkenes in the presence of peroxide initiators.13 

 

Kharasch was the first to discover that CX4 (X = Cl, Br, I) in the presence of radical initiators 

generated the organic radicals in-situ, which readily added across terminal olefins (Scheme 2.4).14 

He observed that the addition of poly-halogenated alkanes such as CBr4, CCl4, CBr3Cl, and CCl3Br 

to alkenes occurred in the presence of free-radical initiators or light with high anti-Markovnikov 

selectivity and good functional group tolerance.15 Under thermal conditions, the addition of 

halogenated hydrocarbons across unsaturated alkenes or alkynes occurs via the activation of 

halogenated hydrocarbons with a wide variety of radical initiators such as azobisisobutyronitrile 

(AIBN),16 BEt3,
17 sodium dithionate (Na2S2O4),

18 and peroxides [diacetyl peroxide (AcO)2, 

dibenzyl peroxide (BzO)2]
19.  
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Scheme 2.4: Anti-Markovnikov addition of poly-halomethanes to olefins.14 

 

The peroxide effect involves the use of peroxides as radical initiators to generate radicals from a 

variety of substrates such as hydrocarbons, poly-halogenated substrates,14 aldehydes,20 ketones,21 

and esters22  that could readily add to alkenes in an anti-Markovnikov fashion(Scheme 2.5). 

 

Scheme 2.5: (1) The ATRA of CCl4 across olefin first reported by Kharasch.3 (2) The ATRA of bromo-ester to 

olefins.22(3) The preparation of ketones by the ATRA of aldehyde to olefin.20  

 

This method is widely applicable in the presence of radical initiators or light and high yields are 

obtained only for α-olefins. One major drawback of Kharasch reaction is that it failed in efficiency 

with olefins such as styrene and methyl methacrylate. This limitation mainly arises due to the 

occurrence of side reactions such as radical coupling and telomerization (i.e., the addition of CCl4 

accompanied by alkene coupling to form alkanes).23 It should also be noted that the radical 

initiators are typically toxic and hazardous. 
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In 1956 Minisci and co-workers reported halo-alkylation of acetonitrile in CCl4 and CHCl3 in a 

steel autoclave and found a considerable amount of ATRA product.24 They also noticed that in the 

case of styrene and MMA, the chain transfer constant of both CCl4 and CHCl3 were very less and 

consequently, polymerization would happen. Subsequently, in 1961, the same group repeated the 

reaction in the presence of FeCl2 and obtained a higher value of chain transfer constant that led to 

preferential formation of ATRA product. This triggered the exploration of catalysts based on 

several transition metal complexes including metal oxides,25-26 zero-valent metal such as Cu(0)27-

28 and Fe(0)29-30 for ATRA reactions. Transition metal-catalyzed ATRA has now become broadly 

applicable for synthetic transformations. 

In the absence of any transition metal or  radical initiator, Sajiki and co-worker reported ATRA of 

various polyhalo alkanes to terminal olefins in the presence of sodium acetate in good to moderate 

yields with a broad substrate scope (Scheme 2.6).31,32 Generally, diacetyl peroxide [(AcO)2], 

generated the acetyloxyl radical, which is commonly used as radical initiator in Kharasch addition. 

Wang et al. had reported that NaOAc might work as a short-lived radical source.32 However, due 

to its potential anionic character, it might not be an efficient acetyloxyl radical source.  

 

Scheme 2.6: ATRA of polyhaloalkanes to olefins using NaOAc as a radical source. 31 

 

Over the last seven decades, the emphasis has shifted to the use of transition metal complexes 

based on Ni,33-35 Fe,36 Cu,37-38 and Nb,39 to mediate the atom transfer radical addition.  Transition-

metal-catalyzed ATRA has several applications, and it not only leads to higher yields of highly 

chemo-selective products but also is extensively applicable for a variety of substrates. It has been 

shown that one could achieve either ATRA or atom transfer radical polymerization (ATRP) as a 

significant product by merely varying the ratio of olefin to CCl4.
40-41 Typically, to reduce the extent 

of polymerization, excess of CCl4 or CHCl3 is used with respect to olefin.14, 40 In 2011, Larbi El 

Firdoussi and co-workers have shown that among several transition metal acetyl-acetonates, 

Fe(acac)3  was most reactive in catalyzing the addition of CCl4 to styrene (Scheme 2.7).42 They 
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performed the Kharasch addition of CCl4 to styrene, under mild condition using Fe(acac)3 (1 

mol%) and obtained up to 87 % yield.   

 
Scheme 2.7: Addition of CCl4 to styrene using Fe(acac)3 as catalyst.42 

 

In the same year, Molina et al. carried out the ATRA of CCl4 to styrene in the presence of 

TptBu,MeCu(NCMe) (Tp = hydrotrispyrazolyl-borate) (Scheme 2.8).43 They have obtained a clear 

mechanistic understanding and have shown that the initial step involves the dissociation of 

acetonitrile from TptBu,MeCu(NCMe). The resulting TptBu,MeCu subsequently activates CCl4 to 

generate CCl3 radical and Cl radical. The  CCl3 radical then adds to styrene to generate the benzyl 

radical which subsequently abstracts the Cl radical to yield the corresponding Kharasch product.43 

 
Scheme 2.8: ATRA of CCl4 to styrene catalyzed by the Cu-homoscorpionate complex 2.28.43  

 

The transition metal-catalyzed ATRA can occur intramolecularly when alkyl halide and olefin 

functionalities are part of the same substrate. In 2002, Clark reported the Cu mediated atom transfer 

radical cyclization (ATRC) of mono–, di– and tri–halo olefinic substrates to obtain various ring 

systems (Scheme 2.9).44 They have shown that by heating the tri chloro-acetate derivatives with 

CuCl in acetonitrile, the corresponding γ-lactum would be obtained in 95 % yield.44 

 
Scheme 2.9: Copper(I) mediated ATRC reported by Clark.44 
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Enantioselective addition of polyhalomethane to terminal olefins provides an optically active 

secondary halide (Scheme 2.10). Liu and Reddy used [{Rh(COD)2Cl}2] (COD = 1,4-                 

cyclooctadiene) catalyst in the presence of an optically active ligand p-tol DIOP (DIOP = 2,3-O-

isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane) with a 1:1 mixture of hexane 

and toluene.45 They proposed an asymmetric ATRA where stereo-determining step involves outer-

sphere bromine abstraction from a [(bisphosphine)RhIIBrCl] complex via a benzylic radical 

intermediate.  

 

 

Scheme: 2.10: Rhodium catalyzed enantioselective ATRA of CCl3Br to styrene.45 

 

Among several transition metal catalysts, ruthenium has played a prominent role in the Kharasch 

chemistry. The first report on ruthenium catalyzed ATRA came in 1973 by Matsumoto, Nakano 

and Nagai group. Here RuCl2(PPh3)3 (0.5 mol %) was utilized as catalyst for the Kharasch addition 

of CCl4 to styrene at 80 °C which resulted in 190 turnover number of the ATRA product after 4 

hours (Scheme 2.11).46  

 

 
Scheme 2.11: The first report on addition of CCl4 to styrene catalyzed by Ru(II) complex.46  

 

A decade later, the Davis group used RuCl2(PPh3)3 for ATRA and proposed that the reaction 

proceeds through the dissociation of one of the PPh3 ligands to generate a 14-electron active 
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species from the 16-electron Ru(II) catalyst precursor.47 The unsaturated 14-electron species 

activates the halocarbon towards ATRA. Later in 2007, the Demonceu group extended the 

RuCl2(PPh3)3 catalyzed ATRA by performing the reaction under microwave conditions. These 

efforts  increased turnover number up to 288 (at 135 °C after 30 min) using 0.33 mol % of 

RuCl2(PPh3)3 (Scheme 2.12).48 Under thermal conditions, the RuCl2(PPh3)3 (0.33 mol %) 

catalyzed ATRA to styrene at 85 °C after 30 h resulted in only 102 turnover number.48 They have 

shown that microwave heating has a more beneficial effect on Kharasch addition in comparison to 

conventional heating. 

 

Scheme 2.12: Microwave enhanced Kharasch addition by 16 electron-Ru(II) catalyst precursor.48  

Under microwave conditions, Demonceu and Gendre studied Kharasch addition of CCl4 to styrene 

at 160 °C for 10 min using arene-ruthenium complexes containing phosphane and N-heterocyclic 

carbenes (NHC) groups which gave about  90 and 6 turnovers respectively.49 

In 2000, Demonceu and co-workers reported stable and well-defined 14-electron ruthenium 

carborane-phosphine complexes for catalyzing Kharasch addition of CCl4 to styrene at 60 °C that 

resulted in 234 turnover number.40 In 2006, Demonceu demonstrated the prominent role that 

phosphine ancillary ligands play in generating the active catalyst owing to varying Ru-P bond 

energy. In these studies Ru(II) p-cymene complexes with triarylphosphine ligands with various 

substituents at the para- position were used to catalyze the ATRA of CCl4 to various olefins.50 

Notably, 12-electron Ru active species 2.34 was involved in the catalytic process, and lower TON 

(TON = 183) were obtained (Scheme 2.13) as compared to the previous reports where 14-electron 

Ru species were involved (Scheme 2.12, TON = 288).  Here, 12-electron Ru species 2.34 with 

electron-donating groups in the para- position of the aryl group on phosphines showed higher 

catalytic reactivity than the corresponding phosphines with less electron-donating substituents.50 
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Scheme 2.13: [RuCl2(p-cymene)(PAr3)]-catalyzed Kharasch addition reaction.50  

 

To obtain a better understanding of ligand release in ATRA reactions, ruthenium complexes such 

as [RuCl(arene)(PR3)2]
+40, 51 and [RuCl2(arene)PR3] were tested for ATRA of CCl4 to styrene and 

TON as high as 300 were obtained. While [RuCl(arene)(PR3)2]
+ lead to 16-electron 

[RuCl(arene)(PR3)]
+40, 51 as the active species via loss of PR3, arene loss lead to 12-electron 

[RuCl2(PR3)] as the active species in reactions catalyzed by [RuCl2(arene)PR3]. Reactivity with 

systems that generate 16-electron species was found to be better than corresponding systems that 

generate 12-electron species.  When phosphines from RuCl2(arene)PR3 
48, 50

 complex were 

replaced by N-heterocyclic carbenes, comparable catalytic efficiencies (ca. 270 TON) were 

obtained.52  

 

Scheme 2.14: Stabilization of the active species generated from RuCl2(arene)PR3 by hybrid phosphine−diene ligands 

during ATRA.53 

Very recently, the best result for Kharasch addition to styrene was reported by Malacea-Kabbara 

and Le Gendre.53 They reported the use of [RuCl2(arene)PR3] complex where PR3 is a phosphine 

diene ligand that could enhance the stability of the arene dissociated 12-electron species by 

donating additional 4 electrons to yield a 16-electron species. Utilizing this hybrid phosphine-

diene ligands at 147ºC in the absence of any co-catalyst, 3700 TON were obtained (Scheme 

2.14).53  
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Stradiotto and co-workers have investigated the ATRA activity of a series of neutral, cationic, and 

zwitterionic (arene)Ru(II) catalysts supported by P, N substituted indene and indenide ligands.54 

This group were the first to discuss the application of ligands which were a combination of both 

N and P.  For the ATRA of CCl4 to styrene at 60 °C, the Stradiotto group reported 291 turnover 

number using 0.33 mol % of Cp*Ru(Cl)(κ2-3-Ph2P-2-Me2N-indene).54 On the other hand under 

similar conditions, but in the presence of 5 mol% AIBN, 0.02 mol % of [Cp*Ru(Cl) (κ2-3-Ph2P-

2-Me2N-indene)]BF4 resulted in 4450 TON (Scheme 2.15).54 This is the highest TON (in the 

presence of co-catalyst radical initiator) reported for the ATRA of CCl4 to styrene.  

 

 

 

 

 

Scheme 2.15: P,N-substituted indene ligands supported by Ru(II) reported for the ATRA reaction.54 

 

In 2004, Snapper and co-workers demonstrated (PCy3)2Cl2Ru=CHPh catalyzed Kharasch addition 

of trihaloalkanes across olefin to provide polyhalogenated adducts, which undergo hydrolysis to 

provide α,β unsaturated ketones, aldehydes or γ-hydroxybutenolides (Scheme 2.16).55 The overall 

result of these two consecutive steps was an alternative strategy for direct olefin carbonylation. 

Olefin carbonylation is an essential developing synthetic methodology which has a lot of 

applications in natural product synthesis.7 In addition to examples with Ru,16 the ATRA has been 

widely explored with Cu,56 Ni,33 Co57 and Fe58.   

 

Scheme 2.16: Kharasch addition followed by hydrolysis.55  
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It can be thus said that Ru(II) precursors, which readily produce 16-electron fragments demonstrate 

better catalytic activity towards ATRA without significant catalyst decomposition in comparison 

to 14-electron and 12-electron fragments. Generally, pincer complexes are robust in nature and 

show better catalytic applications due to various factors.59-60 There have been no reports on the use 

of pincer-ruthenium complexes in catalytic ATRA reactions. On the other hand, pincer ligated 

nickel complexes have been well studied towards catalytic ATRA reactions. In his pioneering 

studies, van Koten reported for the first time the use of a pincer-Ni complex for the Kharasch 

addition in 1998.33 They developed Ni(III) NCN type pincer complexes for catalytic additions of 

poly-halogenated alkanes to olefins to give anti-Markovnikov product. van Koten’s group have 

shown that the addition of CCl4 to MMA in DCM provides about 200 TON in 1h at room 

temperature.33 The van Koten group have several excellent reports and reviews on pincer-nickel 

catalyzed ATRA reactions.35 In 2007, Davit Zargarian exhibited Kharasch additions by using a 

POCOP Ni(III) pincer complex at room temperature to yield 90 and 300 TONs after 8 h and 24 h 

respectively. The catalytic activity of Ni(III)POCOP is however more efficient in refluxing 

acetonitrile (300 TON and 1000 TON after 8 h and 24 h respectively, Scheme 2.17).34 

 

 

Scheme 2.17: Kharasch addition of CCl4 to MMA catalyzed by a Ni(III)POCOP pincer complex.34  

 

The improved activity of 16electron Ru(II) species in comparison with the corresponding 

14electron and 12electron species towards ATRA has already been discussed.  It was envisaged 

that 18-electron NNN pincerruthenium complexes (2.1a-d, Scheme 2.18) would readily generate 

the corresponding 16-electron fragment (R2NNN)RuCl2 via the dissociation of the PPh3 ligand. 

This would provide access to potential active catalysts for the ATRA of CCl4 to styrene. 

Accordingly, the current chapter discusses the catalytic application of a series of four pincer-
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ruthenium complexes (R2NNN)RuCl2(PPh3) (2.1a; R = Cy, 2.1b; R = tBu, 2.1c; R = iPr, and 2.1d; 

R = Ph) chosen from the large library of pincerruthenium complexes that were synthesized by 

Kumar and co-workers61-63 towards Kharasch addition of CCl4 to styrene (Scheme 2.18). Prior to 

this study, the highest reported TON for the ATRA of CCl4 to styrene was 370053 and 445054 

TONs in the absence and in the presence of co-catalyst radical initiator, respectively. Interestingly, 

in this study very high turnover number (TON up to 5670) have been observed for the 

(Cy2NNN)RuCl2(PPh3) (2.1a) [0.2 mM] catalyzed Kharasch addition of CCl4 to styrene at 140 °C.61 

 

Scheme 2.18: Pincerruthenium complexes (R2NNN)RuCl2(PPh3) (R = Cy, tBu, iPr and Ph)  investigated in the current 

chapter. 

 

2.3 Results & discussions 

A typical experiment involved the reaction of styrene [2.17 M] and CCl4 [7.93 M] that is catalyzed 

by pincer-ruthenium complex [1 mM] with toluene [0.188 M] as an internal standard at 100 °C.  

After 48 h, the reaction mixture was cooled to room temperature and an aliquot was subjected to 

GC analysis. Among the four considered catalysts (2.1a-d, Scheme 2.18), while the catalyst 2.1a 

demonstrated the highest reactivity (1385 turnover number), the activity of 2.1d was very poor 

(350 TON) after 48 h at 100 °C (Table 2.1). Relatively good activity was observed by the use of 

(iPr2NNN)RuCl2(PPh3) (2.1c) (1280 TON) and (tBu2NNN)RuCl2(PPh3) (2.1b) (1160 TON). 
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Table 2.1: ATRA of CCl4 to styrene catalyzed by pincerruthenium complexes (2.1a-d) 

 

Entry Catalyst 
[1mM] 

Styrene Conversion %         Product 2.27 

Yield mM(%)a TON 

1. 

 

100 1385 (63)    1385 

2. 

 

95 1160 (53)    1160 

3. 

 

 

93 1280 (58)    1280 

4. 

 

 

59 350 (16)   350 

Reaction condition:  1 mM of (R2NNN)Ru(PPh3)Cl2 (R = Ph, Cy, iPr, tBu) at 100 oC. aYield determined by GC analysis 

using toluene as an internal standard. 

However, carrying out the ATRA with a mixture of styrene [2.2 M], CCl4 [7.9 M], and the pincer-

ruthenium complex (Cy2NNN)RuCl2PPh3 [1 mM], it had been observed that along with Kharasch 

product, a significant portion of styrene was undergoing ATRP as is evident from the broad signals 

at around 7.5 min and 10 min (Figure 2.2). In the GC spectra of the crude reaction mixture, apart 
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from the desired product (2.27) (30 % yield) observed at 5.21 min and the polymeric products, 

additional peaks of low intensity were also observed at 7.18 min and 7.27 min (Figure 2.2). These 

two peaks might correspond to diastereomeric products (2.41) or (2.43) arising either from the 

coupling of benzylic radical (2.40) or from the coupling of primary (1-chloroethyl) benzene radical 

(2.42) (Scheme 2.19). However, attempts to isolate these trace products were not successful. 

 

Figure 2.2: GC spectrum of the crude reaction mixture of styrene, CCl4 and 2.1a catalyst 

 

Scheme 2.19: Possible side products formed via radical coupling during ATRA reactions. 

The ATRA was then performed by varying the ratio of CCl4 to styrene while the ratio of styrene 

to catalyst (2.1a) was kept constant at 2170:1. When equimolar amounts of CCl4 [4.7 M] and 

styrene [4.7 M] were taken in the presence of (2.1a) [2.4 mM], 96 % conversion was observed 

with only 30 % yield of ATRA product (2.27) (Entry 1, Table 2.2). In this case, significant amount 

of ATRP (atom transfer radical polymerization) products were observed. However, the 2.1a [1.0 

mM] catalyzed reaction of styrene [2.2 M] with 7.9 M CCl4, resulted in higher yield (63 %) and 

turnover number (1385 TON) of the ATRA product (2.27) (Entry 2, Table 2.2). Further increment 
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in the concentration of CCl4 to 8.9 M, gave 92 % of Kharasch product (2.27) (ca. 1840 TON) 

(Entry 3, Table 2.2). It is evident that at a higher ratio of CCl4 to styrene, the yield of ATRA product 

increases with a significant reduction in the formation of ATRP as stated in previous reports.40, 43, 

64-67
 

2.3.1 Mechanistic studies 

The first step of catalysis involves the dissociation of PPh3 from 18-electron Ru precursors (2.1a-

d, Scheme 2.18) to generate the corresponding five-coordinate 16-electron species (R2NNN)RuCl2 

(2.45a-d, Scheme 2.20). As, this step is in equilibrium, it can be expected that in the presence of 

excess PPh3, the formation of the product would be reduced.  Accordingly, the ATRA activity of 

1 mM (Cy2NNN)RuCl2(PPh3) (2.1a) was inhibited in the presence of excess PPh3 (Entries 4 and 5, 

Table 2.2). No reaction was observed in the presence of radical inhibitor TEMPO (2.1 M)   (Entry 

6, Table 2.2) which points to the involvement of radicals in the process. 

 

Table 2.2: (Cy2NNN)RuCl2(PPh3) (2.1a) catalyzed ATRA of CCl4 to styrene under varying 

conditions at 100 °C. 

Entry Styrene:CCl4:2.1a 

M:M:mM 

Styrene Conversion (%) Product (2.27) 

Yield mM (%)a TON 

1 4.7:4.7:2.4 96 1405 (30) 585 

2 2.2:7.9:1.0 100 1385(63) 1385 

3 1.2:8.9:0.6 100 1104(92) 1840 

4b 2.2:7.9:1.0 10 115(5) 115 

5c 2.2:7.9:1.0 30 25 (1) 25 

6d 2.2:7.9:1.0 0 0 (0) 0 

Reaction conditions: a) Yield determined by GC analysis using toluene as an internal standard. b) Reaction performed 

in the presence of 100 mM of PPh3. c) Reaction performed in the presence of 500 mM of PPh3. d) Reaction performed 

in the presence of 2.1 M TEMPO. 

Transition-metal catalyzed ATRA reaction between CCl4 to styrene has been extensively studied 

and is known to follow a single electron transfer (SET) mechanism.43, 47 In 1988, van-Koten68 

performed (Me2NCN)NiCl catalyzed ATRA reactions and  proposed that the key step involved  a 

SET process that generated Ni(III)  species (Me2NCN)NiCl2 and •CCl3. The •CCl3 radical then 

attacks the alkene to produce the product radical which further attacks on (Me2NCN)NiCl2 leading 
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to product formation. The reactions involved are in equilibrium with the end result depending on 

the rate constants. Non-pincer based transition metal complexes are also reported to follow similar 

mechanism.43, 47 

In 1998, van Koten’s group proposed a catalytic cycle where the first step might be activation of 

CCl4 by Ni(II) pincer catalyst through the formation of an inner sphere activated complex.33 A 

similar mechanistic cycle can be anticipated (path A) in the pincer-ruthenium catalyzed ATRA of 

CCl4 to styrene (Scheme 2.20). However, other possibilities cannot be excluded due to the 

difference in coordination geometries of the catalytically active species (Me2NCN)NiCl and 

(R2NNN)RuCl2. Scheme 2.20 portrays four different possible pathways that result in the formation 

of the observed product in the pincer-ruthenium catalyzed ATRA reactions.  

Irrespective of the path, the first step of catalysis involves the dissociation of PPh3 molecule from 

the Ru pre-catalyst (2.1a-d) to generate the corresponding five-coordinate 16-electron species 

(R2NNN)RuCl2 (2.45a-d) via the transition state (2.44a-d). After the formation of catalytically 

active species 16-electron (R2NNN)RuCl2 (2.45a-d), among the four possible pathways it can 

either undergo a SET process with CCl4 (path A or path B) or add to styrene (path C or path D) 

prior to the SET process. Irrespective of the path, the 17-electron Ru(III) species (2.47a–d, 2.49a–

d, 2.57a–d and 2.60a–d) is likely to get stabilized by acting as a trap for the corresponding radicals 

(2.40, 2.42, •CCl3 and •Cl) generated (Scheme 2.20). 

Now, if the reaction proceeds through the widely accepted mechanism, i.e. Path A, then in the first 

step CCl4 (2.16) would homolytically cleave to generate •CCl3 and •Cl with a concerted transfer of 

•Cl to the Ru(II) centre as in transition state (2.46a-d). This results in the formation of Ru(III) 

intermediate (2.47a-d) and •CCl3. Subsequent attack of •CCl3 on to styrene would generate the 

benzylic radical (2.40) along TS (2.51a-d). Consequently, Ru(III) intermediate (2.47a-d) would 

react with the benzylic radical (2.40) via the transition state (2.53a-d) to yield the product (2.27) 

along with the regeneration of (2.45a-d). During the homolytic radical dissociation of CCl4, there 

is a possibility of Path B too. Here, •CCl3 gets bound to the Ru(II) centre in (2.45a-d) to generate 

the Ru(III) intermediate (2.49a-d) via TS (2.46'a-d).  The Cl• then attacks styrene to generate a 

primary (1-chloroethyl)benzene radical (2.42) through TS (2.48). The active catalyst (2.45a-d) is  
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Scheme 2:20: Plausible mechanistic pathways involved in pincer-Ru catalyzed ATRA of CCl4 to styrene.  
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then regenerated in the further reaction of (2.42) with (2.49a-d) via TS (2.50a-d) that also leads to 

the formation of product (2.27).  

The 5-coordinate 16-electron Ru(II) species (2.45a-d) might also prefer to co-ordinate with styrene 

to produce a relatively stable 18-electron species (2.55a-d) through TS (2.54a-d). After the 

generation of 18-electron species (2.55a-d), it might undergo either of the two catalytic cycles; 

path C or path D. Path C consists of the homolytic cleavage of CCl4, followed by a concerted 

attack of •CCl3 on coordinated styrene forming (2.60a-d) and Cl• via TS (2.59a-d). Subsequent 

attack of Cl• on (2.60a-d) via TS (2.61a-d) produces the final product (2.27) along with the 

simultaneous regeneration of (2.45a-d). Whereas in path D, the attack of Cl• on the coordinated 

styrene in (2.55a-d) leads to the formation of (2.57a-d) through TS (2.56a-d). The complex (2.57a-

d) could then react with •CCl3 to give the desired product (2.27) accompanied by the active catalyst 

(2.45a-d) via TS (2.58).  

The HRMS analysis of the reaction mixture containing styrene and two equivalents of CCl4 after 

stirring at 100 °C for 3 h in the presence of stoichiometric amount of (Cy2NNN)RuCl2(PPh3) (2.1a) 

revealed a peak at m/z = 696.1848 that corresponds to [(Cy2NNN)RuCl(PPh3)]
+ (Figure 2.3). With 

the reaction mixture containing catalytic amounts (10 mM and 40 mM) of (Cy2NNN)RuCl2(PPh3) 

(2.1a), similar peaks were observed in the HRMS (ESI) spectrum. This evidently proves that (2.1a) 

is the resting state of catalytic ATRA. The same reaction mixture was also analyzed by ESR 

experiment before and after heating at 100 °C and no peak was found in the ESR spectrum. Hence, 

there is no probability of a Ru(III) species as the resting state of the catalytic cycle. Similar results 

were obtained upon repeating the HRMS (ESI) analysis under identical conditions without styrene. 

These studies certainly show that the Ru(III) species formed via SET is highly reactive and not 

isolable. 
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Figure 2.3: HRMS (ESI) spectrum of reaction mixture containing styrene, CCl4 and equivalent amount of catalyst 

2.1a. 

Cyclic voltammetry studies were performed to differentiate the reactivity of the catalysts. Cyclic 

voltammetry has been reported to be a very useful tool in elucidating the difference in reactivity 

of several nickel34-35, 69 and ruthenium50-51, 67, 70 complexes towards catalytic ATRA which are 

widely accepted to involve a SET. Cyclic voltammetry analysis of pincer-Ru complexes 2.1a, 2.1c 

and 2.1d were performed to acquire an understanding on the ease of oxidation of Ru(II) species. 

The cyclic voltammograms of 1 mM solution of 2.1a, 2.1c and 2.1d in dichloromethane with 0.1 

M nBu4NPF6 as supporting electrolyte showed reversible redox waves at ca. 0.1-0.4 V vs ferrocene. 

In Figure 2.4, the representative cyclic voltammograms are given and the corresponding 

electrochemical data are given in Table 2.3.  
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Figure 2.4: Cyclic voltammogram of 2.1a, 2.1c and 2.1d in dichloromethane. 

From this cyclic voltammetry data it is evident that (Cy2NNN)RuCl2(PPh3) 2.1a (E0 = 0.110 V) and 

(iPr2NNN)RuCl2(PPh3) 2.1c (E0 = 0.137 V) are oxidized at lower potentials as compared to 

(Ph2NNN)RuCl2(PPh3) 2.1d (E0 = 0.293 V). It is clear that irrespective of the path, the SET from 

Ru(II) should occur more easily with 2.1a and 2.1c compared to 2.1d. In 2.1d pincer complex, 

presence of phenyl ring on N atom makes it a poor σ-donor and diminishes electron density on Ru 

center that makes it harder to oxidize (Table 2.3). The observed trend in potential values of 2.1a, 

2.1c and 2.1d are in good agreement with their corresponding catalytic efficiencies. 

Table 2.3: Cyclic voltammetry data of pincer Ru complex 2.1a, 2.1c and 2.1d.  

Entry Catalyst 1 mM Eo (V)b) Eo (V)c) TONd) 

1. 2.1a 0.110 0.100 1385 

2. 2.1c 0.137 0.090 1280 

3. 2.1d 0.293 0.102 350 

a)  Pincer Ru complex, 1 mM; nBu4NPF6 (0.1 M) in dry and degassed CH2Cl2 under Ar at room temperature; scan rate 

100mVs-1; potentials are reported in volts versus ferrocene as internal standard. b) Eo = (Epa + Epc)/2 ; Epa and Epc are 

the anodic and cathodic peak potentials respectively. c) E = | Epa + Epc |. d) Reaction conditions same as in Table 2.1. 
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2.3.2 Kinetic study 

van-Koten68 and Davis47 have demonstrated kinetic studies to understand the involvement of the 

path with radicals bound within the coordination sphere i.e. path A. Similar kinetic studies for the 

ATRA of CCl4 to styrene catalyzed by 2.1a at 140 °C were carried out. By employing the initial 

rate method, it was established that the plot of initial rate vs. [2.1a] (Figure 2.5c) and initial rate 

vs. [CCl4] was linear (Figure 2.5b). This indicates that rate is first order with respect to 

concentration of both 2.1a and CCl4. However, the dependence on concentration of styrene is non-

linear (Figure 2.5a). These observations were very similar to previous reports68 and they reveal the 

involvement of either path A or path B in the catalytic cycle with a rate as given in (Scheme 2.21, 

equation 1). 

 

Figure 2.5: Variation of initial rate of ATRA with concentration of (a) Styrene, (b) CCl4, and (c) 

(Cy2NNN)RuCl2(PPh3). 

van Koten has shown that the CCl3 generated is highly reactive, and for a selective reaction k-2 > 

k2 and k4 > k-4.
68 This corresponds to very low steady state concentration of radicals and the rate of 

product (2.27) formation is given in equation 1 (Scheme 2.21). In contrast, if the reaction follows 

path C or path D, then a zero-order dependence on [CCl4] is expected. In reaction mechanism it 

has been shown that, after hemolytic cleavage of CCl4, the corresponding radicals generated were 

bound to the co-ordination sphere. If the corresponding radicals were outside the coordination 

sphere then the rate equation would have zero order dependence on styrene concentration.43, 47 

From rate equation 1 (Scheme 2.21) it is clearly observed that free triphenyl phosphine causes a 

decrease in the rate as concentration of PPh3 is inversely proportional to rate of the reaction. 

Experimentally it has been observed that the addition of excess amount of PPh3 diminishes the rate 

of the reaction (Entry 4 and 5, Table 2.2). 
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Scheme 2.21: Rate equation for the pincer-ruthenium catalyzed ATRA for either path A or path B. 

2.3.3 Computational studies 

Quantum mechanical calculations (DFT) were done to get the detailed understanding of the 

reactivity patterns of (Cy2NNN)RuCl2(PPh3) (2.1a), (iPr2NNN)RuCl2(PPh3) (2.1c) and 

(Ph2NNN)RuCl2(PPh3) (2.1d). DFT studies offer remarkable understandings of not only the path 

involved in the ATRA of CCl4 to styrene, but also elucidate the differences in the reactivity of 

these catalysts. Demonceau had demonstrated that the catalytic efficiency of RuCl(Cp*)(PR3)2 (R 

= C6H5, p-CF3C6H4, p-CH3OC6H4) was dependent on the phosphine release with the efficiency 

increasing with decrease in ruthenium-phosphine bond energy.40 Similarly, in the current study, 

the removal of PPh3 is required for the generation of the catalytically active species (2.45a-d). The 

interaction energy (- ΔEint) of the PPh3 fragment with (R2NNN)RuCl2 followed the trend (2.1a) 

(42.15 kcal/mol) < (2.1c) (43.24 kcal/mol) < (2.1d) (44.35 kcal/mol) (Table 2.4). The Ru-P binding 

energy (-BE) also followed a similar trend, (2.1a) (20.86 kcal/mol) < (2.1c) (23.86 kcal/mol) < 

(2.1d) (25.21 kcal/mol) (Table 2.4). In accordance with these results, the 31P NMR spectra 

indicates the P in (2.1d) (δ 32.27) is more deshielded than that in (2.1c) (δ 29.16) and (2.1a) (δ 
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29.42) (Table 2.4). All these observations prove that the phosphine release is harder with (2.1d) as 

compared to (2.1a) and (2.1c), thus supporting the trend in catalytic activity (Table 2.4). 

Table 2.4: Binding energies, interaction energies and 31P NMR shifts for complexes (2.1a), (2.1c) 

and (2.1d). 

Entry Catalyst -BEa -ΔEint
b 31P shift TONc 

1. 2.1a 20.86 42.15 29.42 1385 

2. 2.1c 23.86 43.24 29.16 1280 

3. 2.1d 25.21 44.35 32.27 350 

a) Binding energy (kcal/mol) is the difference between the energy of complex (2.1a-d) and the energy of the 

corresponding isolated PPh3 and (R2NNN)RuCl2 (R = Cy, iPr and Ph) in their minima configuration. b) Interaction 

energy (kcal/mol) is the difference between the energy of the complex (2.1a-d) and the energy of the corresponding 

isolated PPh3 and (R2NNN)RuCl2 (R = Cy, iPr and Ph) in the geometry of the complex (2.1a-d). c) Reaction conditions 

same as in Table 2.1. 

On the other hand, calculations indicate that the Ru-P binding energy (-BE) of (2.1b) is very low 

(ca. 8.90 kcal/mol) presumably due to steric interference between the t-Bu groups and PPh3 ligand. 

This means that the molecule readily loses PPh3 to give highly unstable 16-electron species (2.45 

b), a majority of which may get deactivated via several pathways under the reaction conditions. 

This high instability in chlorinated solvents also prevents reliable characterization via NMR and 

cyclic voltammogram studies.71 The observed reaction (Entry 2, Table 2.1) may be actually 

catalyzed by a tiny concentration of undecomposed (2.45b). However, in the case of 2.1a, 2.1c 

and 2.1d, there is a better control on the phosphine release. Notably, the catalyst 2.1b is relatively 

more stable in alcohol solvents presumably due to the coordinating nature of alcohols (see chapter 

3). 

To explain the exact path involved in the ATRA, the energetics of all possibilities i.e. path A, path 

B, path C and path D were computed with the most active pincer-ruthenium complex (2.1a). The 

initial formation of active 5-coordinated 16-electron metal catalyst from precursor Ru complex 

(2.1a) is common for all paths.  

The formation of catalytically active 5-coordinated 16-electron species (2.45a) starting from (2.1a) 

is highly endothermic (ca. 15.17 kcal/mol). The dissociation of PPh3 molecule from 2.1a went 
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through TS (2.44a) (ca. 27.60 kcal/mol). The energy barriers involved in the formation of various 

intermediates through all the four paths (Figure 2.6 and Figure 2.7) are shown in Table 2.5. For 

both path A and path B, among all the possible transition states, the highest energy barrier was for 

the hemolytic cleavage of CCl4 and generation of corresponding Ru(III) centres 2.47a (TS:2.46a 

ca. 22.09 kcal/mol) and 2.49a (TS:2.46'a ca. 48.48 kcal/mol) respectively (Entries 1 and 4, Table 

2.5). 

On the other hand, for both path C and path D the highest barrier is for the attack of either Cl• or 

•CCl3 on coordinated styrene in (2.55a) leading to the formation of 2.60a in path C via TS:2.59a 

(ca. 48.65 kcal/mol) and (2.57a) in path D via TS:2.56a (ca. 42.08 kcal/mol) (Entries 8 and 10, 

Table 2.5). Remarkably, the highest barrier via path A is approximately half of the energy 

compared to the highest barrier involved via path B, path C and path D (Compare entry 1 with 

entries 4, 8 and 10, Table 2.5). It is thus apparent that path A is operative during the ATRA reaction 

which is also in line with findings by van-Koten68 and Davis.33, 47  

 
Figure 2.6: Energetics of various species involved in the (Cy2NNN)RuCl2(PPh3) catalyzed ATRA via path A and B.  

DFT studies were carried out using PBEPBE functional with LANL2DZ basis set for Ru and 6-311G(d,p) for all other 

atoms. 
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Figure 2.7: Energetics of various species involved in the (Cy2NNN)RuCl2(PPh3) catalyzed ATRA via path C and D. 

DFT studies were carried out using PBEPBE functional with LANL2DZ basis set for Ru and 6-311G(d,p) for all other 

atoms. 

Experimentally, from HRMS studies, it has been proved that 2.1a is the resting state of the catalyst 

in the reaction mixture. Thus, it can be conveniently assumed that the transformation of (2.1a) to 

(2.45a) is the rate determining step (RDS) and the corresponding barrier (ca. 27.60 kcal/mol) 

(Figure 2.6 and Figure 2.7) should be energy of the rate-determining transition state RDTS (2.44a) 

(Figure 2.6 and Figure 2.7). This means for the path leading to ATRA, the barrier for all subsequent 

steps should be lower than 27.60 kcal/mol. So, considering all TS energy barriers among all 

possible paths, path A would be the most favorable as the highest barrier via path A is 5.51 

kcal/mol lower than the barrier for the generation of (2.45a). This observation fits well with the 

HRMS (ESI) analysis. 
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Table 2.5: Energy barriers involved in formation of various intermediates via path A, path B, path 

C and path D. 

Entry Path TS Barrier kcal/mol 

1. Path A (2.46a) 22.09 

2. Path A (2.51a) 0.24 

3. Path A (2.53a) 13.51 

4. Path B (2.46'a) 48.48 

5. Path B (2.48a) 0.48 

6. Path B (2.50a) 29.87 

7. Path C & D (2.54a) 3.94 

8. Path C (2.59a) 48.65a 

9. Path C (2.61a) 20.03 

10. Path D (2.56a) 42.08 

11. Path D (2.58a) 26.87 

a) This number is a close approximation as moderedundant was used to freeze the bonds involved in TS. 

 

2.3.4 Varying catalyst loading 

The (Cy2NNN)RuCl2(PPh3) (2.1a) [1 mM] catalyzed ATRA of CCl4 to styrene [2.2 M] was then 

performed with varying catalyst loading. Increasing the catalyst loading to 5 mM and 10 mM in 

the reaction of CCl4 [7.9 M] and styrene [2.2 M] at 100 °C resulted in better yields of the ATRA 

product but with lower turnovers (Entries 1 and 2, Table 2.6). The ATRA of CCl4 [7.9 M] to 

styrene [2.2 M] at 100 °C catalyzed by 0.5 mM (2.1a) provided 2000 turnover number after 48 h 

(Entry 4, Table 2.6). Under identical conditions, the use of 0.2 mM (2.1a) resulted in 1665 and 

2478 TONs (Entry 5 and 6, Table 2.3) after 48 h and 96 h respectively. On increasing the 

temperature to 140 °C, the ATRA of styrene [2.2 M] with 0.2 mM (2.1a) resulted in 5670 turnover 

number after 48 h (Entry 7, Table 2.6). Presumably, this is the highest turnover reported up till 

now for the ATRA of CCl4 to styrene either with or without any radical initiator. 
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Table 2.6: Catalytic ATRA to styrene with varying loading of (Cy2NNN) RuCl2(PPh3)  

 

Entry Catalyst 

(2.1a) 

mM 

Styrene 

Conversion 

(%) 

Product (2.27) 

Yielda mM 

(%) 

TON 

1. 10.0 100 2100 (95) 210 

2. 5.0 100 1605(73) 321 

3. 1.0 100 1385 (63) 1385 

4. 0.5 98 1000 (45) 2000 

5. 0.2 50 334 (15) 1665 

6b. 0.2 57 496b (23) 2478 

7c. 0.2 100 1134 (52) 5670 

a) Yield determined by GC analysis using toluene as an internal standard. b) After 96 h of reaction. c) Reaction carried 

out at 140 °C. 

 

2.3.5 Substrate scope 

To further explore the catalytic activity, the Kharasch addition catalyzed by (2.1a) and (2.1c) was 

screened for two additional substrates 4-methyl styrene (2.26a) and 4-fluro-styrene (2.26b) (Table 

2.7). It is evident that under a given condition, the ATRA is more favorable with styrene substituted 

by electron-withdrawing -F group compared to electron donating methyl substituent in styrene 

(entry 2 and 3, table 2.7).  

 

The ATRA was repeated with CHCl3, CH2Cl2 and CBr4 in presence of 2.1a [1mM]. The catalyst 

2.1a was however very slow towards the ATRA of CHCl3 (Entry 4, Table 2.7), and CBr4 (Entry 

6, Table 2.7). When CH2Cl2 was treated with styrene in presence of 2.1a [1mM], no product was 

obtained (entry 5, table 2.7). It is observed that CCl4 is much better towards ATRA compared to 

CBr4. Under similar conditions, CCl4 gave 1385 TON, whereas CBr4 gave only 400 TON of the 

corresponding ATRA product.  

 

 

 

TH-2410_156122031



Chapter2                                            Investigations on the Pincer-Ru and Pincer-Ni Catalyzed….  

 
Moumita Dutta, Ph.D Thesis, IITG                                                                                                             71 
  

 

Table 2.7: ATRA performed with variety of substrates in presence of 2.1a [1 mM] 

 

 
Entry E Reactant Product TONa 

1. H CCl4 

 

1385 

2. CH3 CCl4 

 

1141 

3. F CCl4 

 

1540 

4. H CHCl3 

 

12 

5. H CH2Cl2 

 

0 

6. H CBr4 

 

400 

aYield determined by GC analysis using toluene as an internal standard 
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Table 2.8: ATRA performed with variety of substrate in presence of 2.1a [0.2 mM] 

 

Entry E R Reactant Product TONa 

1. H H CCl4 

 

5670 

2. Me H CCl4 

 

1747 

3. F H CCl4 

 

5920 

4. H Me CCl4 

 

5873b 

5c. H H CHCl3 

 

180 

aYield determined by GC analysis using toluene as an internal standard. b) Syn : Anti = 1 :3.c) Performed with   

1 mM of 2.1a 

 

TH-2410_156122031



Chapter2                                            Investigations on the Pincer-Ru and Pincer-Ni Catalyzed….  

 
Moumita Dutta, Ph.D Thesis, IITG                                                                                                             73 
  

 

It is observed that upon decreasing the Cl substituent on the polyhalogenated methane, the rate 

also decreases. While the polyhalogenated methane with maximum number of Cl as in CCl4 gave 

high TON 1385 (entry1, Table 2.7), use of CHCl3 where the Cl substitution is decreased by one 

unit yielded only 12 TON (entry 4, Table 2.7).  The yields obtained from the reaction between 

styrene and CHCl3 were significantly lowered compared to addition of CCl4 to styrene, due to the 

fact that the bond in chloroform is much less susceptible to attack than C-Cl bonds in CCl4.
3 The 

ATRA activity was fully diminished in presence of CH2Cl2 (entry 5, Table 2.7). The decrease in 

reactivity of halo-methane with decreasing number of halogen substituents has been previously 

observed in the addition between -chlorinated acetic acids to octene.72 Accordingly, while 

tricholoroacetyl chloride gave a practically quantitative yield of the addition product, methyl 

dichloroacetate gave slightly reduced yield (81 %). On the other hand, methyl chloroacetate gave 

a poor yield (10 %) of addition product.72  

When the reaction was performed with electron withdrawing F substituent on styrene in presence 

of 2.1a [1mM] 1540 TON of the ATRA product was obtained (Entry 3, Table 2.7). On the other 

hand, electron donating methyl substituent resulted in 1141 TON (Entry 2, Table 2.7). Upon 

lowering the catalyst loading from 1 mM to 0.2 mM of (Cy2NNN)RuCl2(PPh3) (2.1a), the TON 

increased and 1747 TON (entry 2, Table 2.8) were obtained with electron donating methyl 

substituents on styrene. Under similar condition, with electron withdrawing 4-fluro-styrene, the 

TON increased to 5920 (entry 3, Table 2.8). In the reactions performed with trans-β-methyl 

styrene, 5873 TON were obtained as a mixture of both syn and anti in the ratio of 1:3.  

 

2.4 Conclusion 

The catalytic application of a series of pincer-ruthenium complexes of the type 

(R2NNN)RuCl2(PPh3) (R = Cy , 2.1a; tBu, 2.1b; iPr, 2.1c; and Ph, 2.1d) is reported here. These 

pincer-ruthenium complexes have been found to be active towards Kharasch addition of CCl4 to 

styrene. Among the various complexes, (Cy2NNN)RuCl2(PPh3) (2.1a) exhibits very high catalytic 

efficiency (5670 TON) towards Kharasch addition. This is the highest turnover reported yet for 

the ATRA of CCl4 to styrene. The catalytic activity follows the order (Cy2NNN)RuCl2(PPh3) (2.1a) 

> (iPr2NNN)RuCl2(PPh3) (2.1c) >> (Ph2NNN)RuCl2(PPh3) (2.1d). This trend is in line with the 

cyclic voltammetry data, where it has been observed that 2.1a and 2.1c are being oxidized at lower 
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potentials compared to 2.1d. Quantum mechanical calculations provide valuable insights into the 

(R2NNN)RuCl2(PPh3) catalyzed Kharasch addition. The Ru-P bond energy is in accordance with 

the observed trend in corresponding catalytic activity. The generation of catalytically active 

species (Cy2NNN)RuCl2 (2.45a) is more favorable than (Ph2NNN)RuCl2 (2.45d). Experimental 

observations (HRMS analysis) and DFT calculations indicated that (2.1a-d) are the resting states 

of corresponding catalytic cycles. DFT studies also indicate that, the barrier of the path that 

involves benzyl radical bound within the coordination sphere of the active Ru(III) species is much 

lower and favorable compared to the barrier of other possible paths.  

2.5 Experimental section 

General procedure 

All manipulations were carried out under purified Ar using a standard double manifold. While 

tetrahydrofuran (THF) and toluene were dried via double distillation over Na/benzophenone prior 

to experiment, the solvents ethanol, methanol and CCl4 were purified and distilled under argon 

according to a literature procedure.73 The ruthenium precursor, RuCl2(PPh3)3 was prepared 

following a previous protocol.61, 74 The pincer-Ru complexes (2.1a-d) were synthesized according 

to literature procedure.61, 62 All other compounds including styrene and CDCl3 were purchased 

either from MERCK or from Sigma-Aldrich and used as such.  

Physical measurements 

1H, 13C, 19F, and 31P{H} NMR were recorded either on a Bruker ASCEND 600 operating at 600 

MHz for 1H, 150 MHz for 13C{H}, and 242.85 MHz for 31P{H} or on a Bruker AVANCE 400 

operating at 400 MHz for 1H, 100 MHz for 13C{H}, 376 MHz for 19F, and 161.9 MHz for 31P. 

HRMS measurements were done using an Agilent Accurate-Mass Q-TOF ESI–MS 6520. GC 

measurements were performed on an Agilent 7820-GC instrument fitted with Agilent Front SS7 

enlet N2 HP5 column (30 m length × 0.32 mm ID). Cyclic voltammograms (CVs) of the Ru 

complexes (1mM) were carried out on VersaSTST 3 instrument in dry CH2Cl2 (25 oC) solution 

containing 0.10 M nBu4NPF6 as supporting electrolyte. A glassy carbon as working electrode, a 

platinum wire as counter electrode and Ag/AgCl as reference electrode were used. The 

experiments were performed with scan rates of 50, 100 and 200 mV/s. Ferrocene was used as an 
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internal standard and all the potentials were referenced to the ferrocenium (Fc+)/ferrocene (Fc) 

couple. 

General procedure for the pincer-ruthenium catalyzed Kharasch addition of CCl4 to styrene 

In a typical reaction, the complex (iPr2NNN)RuCl2(PPh3) (2.1c) (0.7 mg, 1µmol) was added to a 

mixture of styrene (0.25 mL, 2.17 mmol) and CCl4 (0.77 ml, 7.93 mmol) in a sealable vial under 

an atmosphere of argon. Toluene (20 µL, 0.188 mmol) was added as an internal standard. The vial 

was closed under argon and the reaction mixture was refluxed for 48 h. An aliquot of the reaction 

mixture was subsequently injected into the GC and the TON was measured. The Kharasch addition 

product was then purified by column chromatography using hexane as eluent. 

(1,3,3,3–tetrachloropropyl)benzene (2.27)  

1H NMR (400 MHz, CDCl3, 25 °C): δ 7.45–7.32 (m, 5H), 5.32–5.29 (m, 

1H), 3.58 (qd, J = 15.3, 5.9 Hz, 2H) 13C{H} NMR (100 MHz, CDCl3, 25 

°C): δ 140.6, 129.1, 127.5, 96.4, 62.9, 58.4. 

 

1–methyl–4–(1,3,3,3–tetrachloropropyl)benzene (2.27a) 

1H NMR (400 MHz, CDCl3, 25 °C): δ 7.34 (d, J = 8.1 Hz, 2H), 7.20 (d, 

J = 8.0 Hz, 2H), 5.32–5.28 (m, 1H), 3.59 (qd, J = 15.3, 5.9 Hz, 2H), 2.37 

(s, 3H). 13C{H} NMR (100 MHz, CDCl3, 25 °C): δ 139.0, 137.7, 129.7, 

127.4, 96.4, 62.9, 58.4, 21.3. 

 

1–fluro–4–(1,3,3,3–tetrachloropropyl)benzene (2.27b) 

1H NMR (400 MHz, CDCl3, 25 °C): δ 7.43 (dd, J = 8.8, 5.2 Hz, 2H), 

7.08 (t, J = 8.6 Hz, 2H), 5.31 (dd, J = 6.9, 5.2 Hz, 1H), 3.62 (dd, J = 

15.3, 5.2 Hz, 1H), 3.52 (dd, J = 15.3, 7.0 Hz, 1H). 13C{H} NMR (100 

MHz, CDCl3, 25 °C): δ 164.1, 161.7, 136.4, 136.3, 129.5, 129.4, 116.1, 

115.9, 96.1, 62.8, 57.6. 19F NMR (376 MHz, CDCl3, 25 °C) –112.10. 

  

  

  

TH-2410_156122031



Chapter2                                            Investigations on the Pincer-Ru and Pincer-Ni Catalyzed….  

 
Moumita Dutta, Ph.D Thesis, IITG                                                                                                             76 
  

 

(1,3,3-trichloropropyl)benzene (2.27c) 

1H NMR (400 MHz, CDCl3, 25 °C): δ 7.35 – 7.23 (m, 5H), 5.71 (dd, J = 

8.3, 4.9 Hz, 1H), 4.98 (dd, J = 9.5, 5.0 Hz, 1H), 2.99 – 2.54 (m, 2H). 13C{H} 

NMR (100 MHz, CDCl3, 25 °C): δ 139.56, 129.18, 129.17, 127.13, 70.46, 

59.52, 52.89. 

(1,3,3,3–tetrabromopropyl)benzene (2.27e) 

1H NMR (400 MHz, CDCl3, 25 °C): δ 7.59 – 7.47 (m, 2H), 7.42 – 7.30 

(m, 3H), 5.33 (dd, J = 7.7, 4.1 Hz, 1H), 4.28 – 3.93 (m, 2H). 13C{H} 

NMR (100 MHz, CDCl3, 25 °C): δ 140.94, 129.09, 129.03, 128.30, 

66.61, 50.19, 35.15. 

Computational details 

Gaussian-09 (revision D.01) program package was used for all the calculations.75 Geometries of 

all the considered molecules were fully optimized using generalized gradient corrected exchange 

and correlation functional PBEPBE.76 The double-ζ quality LANL2DZ77-79 basis set with effective 

core potential (ECP) was used for Ru atom and triple-ζ quality 6-311G basis set with polarization 

function (d,p) was used for all other atoms. Frequency calculations at the same method and basis 

set were performed to distinguish the optimized geometries as minima or transition state on the 

potential energy surface. Intrinsic reaction coordinate (IRC) calculations,80  with mass weighted 

coordinates, were also performed to validate the reaction path and to follow the reaction profile. 

Supporting information (containing NMR spectra of various compound and Cartesian coordinates 

of the computed complexes) for chapter 2 is available as appendix 1 and can be found at 

https://drive.google.com/file/d/1ihehIqPowud_sMY2RUiE8h3ZbLGq1vos/view?usp=sharing 
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3.1 Introduction 

In recent years, crude-oil consumption has dramatically increased as a result of the enormous 

demand for transportation and domestic use, which has caused severe environmental concerns. As 

crude oil reserves diminish, emphasis has been laid on renewable and alternative energy sources 

in order to cater to the constantly increasing energy demand.1 Biodiesel can be one of the prominent 

renewable fuels which can be made from a variety of resources such as recycled cooking oil, 

soybean oil and animal fat. In the period of 2000-2012, biodiesel production has significantly 

increased from 15 to 430 thousand barrels.2-3 In 2018, global production of biodiesel increased 

nearly 7% compared to 2017, reaching to 153 billion liters.4 In the process of producing biodiesel 

during base-catalyzed transesterification, saponification and hydrolysis of fats/oils, glycerol is one 

of the major by-products.5 The last two decades have witnessed enormous use of biodiesel which 

has to lead to a surge in the production of glycerol. Approximately 0.1 pounds of crude glycerol is 

produced during the production of every one pound of oil.6 Worldwide crude glycerol derived from 

biodiesel conversion increased from 2,00,000 tonnes in 20047 to 9,00,000 tonnes in 20058 and 

1.224 million tonnes in 20089 that progressed to > 2 million tonnes in 2012.10 Now a days, the 

supply of glycerol is entirely independent of its demand as there is as much glycerol as the amount 

of vegetable oils and animal fats that are hydrolyzed or trans-esterified to produce biodiesel. Huge 

formation of crude glycerol from biodiesel has impacted the refined glycerol market and glycerol 

turns out to be significantly cheap. Glycerol can be converted to several value-added products 

including food, cosmetics and fine chemicals.11 Several value-added feedstock for chemicals such 

as 1,3-propanediol,12 citric acid,13 poly-hydroxyalkanoates (PHA),14 decosahexanoic acid,15 

succinic acid,16 hydrogen gas17 and other fuel molecules such as ethanol,18 methane,19 butanol20 

can be produced from glycerol via biological conversion. Numerous industrially important 

intermediates can be derived from glycerol including glyceric acid, glycolic acid, 1,2-propane diol 

(1,2-PDO), 1,3-propane diol (1,3-PDO) and ethylene glycol. These are essential building blocks 

for the synthesis of antifreeze, resin, polyester and other bio-gradable materials.21-24 

Dehydrogenation of glycerol also yields lactic acid which is a valuable feedstock for organic 

synthesis including food, pharmaceuticals, fine chemicals and cosmetics.25-26 

Selective acceptorless dehydrogenation of glycerol to lactic acid is very attractive. Lactic acid can 

be beneficial as an environmentally friendly green solvent27 and as a precursor for poly-lactic acid 

(PLA)28. The acceptorless dehydrogenative transformation of glycerol to precious lactic acid is 
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atom economical and is not only accompanied by the production of H2, a good source of clean 

energy but it also does not lead to waste generation.29 

H2 gas can be generated from water,30 from enzyme fermentation of biomass,31 from gasification,32 

and from heterogeneous catalytic reforming in super-critical water33. Homogeneous methods for 

hydrogen generation involve acceptorless dehydrogenation of alcohols such as EtOH, MeOH, 

iPrOH.34-37 Besides simple alcohols, polyols like glycerol can also generate H2 gas.38-40 Compared 

to the dehydrogenation of simple alcohols, glycerol dehydrogenation has several advantages since 

it is non-flammable, relatively non-toxic, has a high boiling point and is readily available via 

biodiesel production.41 

Lactic acid is non-volatile, odorless and recognized as safe for the general purpose use as food 

additive. It is an excellent preserving agent for pickled vegetables and used as an inhibitor of 

bacterial spoilage in a wide variety of processed food such as bakery products, soft drink, dairy 

products, candy, jam, jellies and processed eggs. In the leather tanning industry, technical grade 

lactic acid can be used as an acidulate for deliming hides and in vegetable tanning. Lactic acid is 

also used in pharmaceuticals, cosmetic and medicinal applications.  

 

3.2 History of lactic acid synthesis 

Lactic acid production was around 10,000 pounds in 1894;42 400,000 pounds in 1897;42 1,000,000 

pounds in 1917,42 and in 1982 it reached approximately 24,000-28,000 metric tonnes per year.43 

By 1990, the worldwide production of lactic acid had significantly increased to approximately 

40,000 metric tonnes per year.44 In 2006, the world wide lactic acid production including polymer 

uses was estimated to be around 1,20,000 metric tonnes per year.45 The polymeric form of lactic 

acid,  polylactic acid (PLA) is a valuable feedstock for biodegradable polymer and the market 

demand of PLA is estimated at 1,50,000 tons by 2017 and 4,00, 000 tons by 2022.46 

Lactic acid is a naturally occurring organic acid. The boiling point of lactic acid is 122 °C at 2 

KPa. In 1780, Swedish chemist Scheele first commercially produced lactic acid through its 

isolation from sour milk.47 Lactic acid is synthesized from glycerol via bioconversion involving 

traditional fermentation or chemical synthesis. 

3.2.1 Microbial source of lactic acid :  

Bacterial fermentation is well known for lactic acid production. Lactic acid bacteria (LAB) are 

used in lactic acid production from different carbon sources. The first report of lactic acid 
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production through fungal fermentation was reported in 1936.48 Bacterial species43 such as 

Lactobacillus, Streptococcus, Leuconostoc and Enterococcus as well as fungal strains49 such as 

Mucor, Monilia, Rhizopuscan efficiently produce lactic acid. The best known fungal source of 

lactic acid is Rhizopusoryzae.50 Fermentation techniques lead to high yields of desired stereo-

selective lactic acid.51 However, these suffer from several drawbacks such as expensive culture 

media for a specific lactic acid producing bacteria,47 product inhibition caused by impurities in 

crude glycerol 52 uneconomical and environment unfriendly purification processes47.  

 

3.2.2 Lactic acid production from renewable sources:   

Recovery and reuse of waste material are essential from both an environmental and rational 

utilization of natural resources point of view. Significant amounts of lactic acid are produced from 

hydrothermal treatment of organic waste i.e. domestic sludge, cellulosic and plastic waste with or 

without using H2O2.
53 Lactic acid can also be manufactured by means of anaerobic fermentation 

of carbohydrates (glucose, sucrose and lactose), sugar-containing materials (molasses and 

sugarcane bagasse) and starchy materials from potato, tapioca, wheat and barley.54 Globally, on an 

approximate,  3.5 billion tons of agricultural residue are produced per annum, and these agro-

industrial residues are utilized as a huge source of lactic acid production.44 Apart from agricultural 

resources, waste materials from animal origin can also be utilized as the carbon source for lactic 

acid formation. Different types of LAB under free cell or immobilized conditions enhances the 

fermentation of lactic acid.55-56 Hydrolysis of waste fish or meat from subcritical water can produce 

about 0.03g lactic acid per gram of dry meat and during the process, lactic acid is stable up to the 

reaction temperature of 240 °C (at 3.35 MPa).57 Quitain et al. have shown that lactic acid can be 

obtained through deamination and hydroxylation of amino acids such as alanine, aspartic acid.58 

 

3.2.3 Lactic acid from chemical synthesis: 

Earlier lactic acid was chemically synthesized from lactonitrile intermediate, which is obtained 

through base-catalyzed addition of hydrogen cyanide to aldehyde. From crude lactonitrile, lactic 

acid is obtained via hydrolysis by using either concentrated hydrochloric acid or sulfuric acid and 

then purified by hydrolysis.59 Along with the formation of crude lactic acid, corresponding 

ammonium salt is obtained as a byproduct. This crude lactic acid is esterified with methanol to 

form methyl lactate and further purified (Scheme 3.1, equation 1-3). This method is useful for 
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large scale synthesis of lactic acid but the limited raw material was a major drawback for this 

process. The chemical reaction between HCN and acetaldehyde is of less interest due to 

environmental concerns.  

Scheme 3.1: Lactic acid generated from an lactonitrile intermediate.59 

 

Kishida et al. studied a base-catalyzed conversion of glycerol to lactic acid by hydrothermal 

treatment at 573K (Scheme 3.2).60 In this base-catalyzed glycerol dehydrogenation reaction, 

glycerol is first converted to 2-hydroxypropenal and a molecule of H2. Then through keto-enol 

tautomerization, 2-hydroxypropenal leads to pyruvaldehyde, which is followed by Cannizaro 

reaction of pyruvaldehyde to lactic acid. Here, OH- group not only reacts as a catalyst but also acts 

as a base. 

 

Scheme 3.2: Glycerol dehydrogenation under alkaline conditions.60 

 

The concentration of OH- is vital for the transformation of glycerol. Various metal hydroxides with 

the same initial concentration gave different results. Alkaline metal hydroxides catalyzed glycerol 

dehydrogenation reaction followed the sequence KOH > NaOH > LiOH >  Ba(OH)2 > Sr(OH)2 > 

Ca(OH)2 > Mg(OH)2.
61 It was hypothesized that alkaline earth-based hydroxide forms five-
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membered ring salt with lactic acid and the ring structure promotes the decomposition of lactic 

acid which is facilitated by the increase of ionic radius. The major drawback in the base-catalyzed 

glycerol dehydrogenation reaction is its corrosiveness. The high concentration of OH- (excess than 

1 M) causes major corrosion of the stainless-steel container. High temperature and high pressure 

will further increase the corrosion.62 Also, high base concentration limits the initial concentration 

of glycerol and subsequently decreases the yield of lactic acid.  

To reduce the corrosiveness, the reaction was performed under reduced temperature, and the 

glycerol to glyceraldehyde or dihydroxy acetone conversion was performed in the presence of Au-

Pt/TiO2 and O2 (Scheme 3.3).  In the next steps, the glyceraldehyde or dihydroxyacetone are 

subjected to Cannizaro reaction in a lower concentration of alkaline medium to obtain lactic acid.63 

 

Scheme 3.3: Proposed pathway of glycerol conversion to lactic acid in the presence of Au-Pt/TiO2.63 

 

Other base mediated procedures involving NaOH in combination with either Cu2O,64 or Na2SiO3
65 

produce lactic acid from glycerol. However, alkali mediated reaction procedures suffer from either 

low productivity or high corrosive nature. Single component metal oxide like Na2O, K2O, CaO, 

MgO can act as Brønsted base for the reaction and is susceptible to CO2 or H2O contamination.66 

For such glycerol to lactic acid conversions; the catalyst should be isolated from CO2 or H2O by 

using anhydrous glycerol.  

In 2010, Lux et al. proposed partial electrochemical oxidation of glycerol to dihydroxy acetone 

and glyceraldehyde, which can be catalytically converted to lactic acid.67 Continuously, lactic acid 

and by-products were separated from the electrolyte by liquid extraction. Regeneration of the 
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electrolyte and isolation of lactic acid and by-products from the extracting phase was carried out 

through re-extraction with water at elevated temperature. The remaining unconverted glycerol 

along with the catalyst were recycled and the glycerol concentration was maintained by addition 

of crude glycerol to the anodic compartment of the electrolytic cell.  

Employing heterogeneous catalysts, the glycerol to lactic acid conversion occurred under both 

reductive68-70 and oxidative63, 71 conditions. Dam et al. have reported lactic acid formation with 

moderate (55%) selectivity by using Pt/CaCO3.
70 Hydrogenolysis of glycerol to lactic acid 

selectively was performed with up to 62% yield by using Pt/C and 60% yield by using Au-Ru/C.70 

Xu et al. have reported the glycerol to lactic acid transformation by using a bimetallic catalyst 

based on Au-Pd/TiO2 in the presence of Lewis acid AlCl3.
72 Cho et al. have reported highly 

selective lactic acid production with a bifunctional Pt/Sn-MFI catalyst under base-free 

conditions.73 Using these tin zeolites in combination with platinum, glycerol oxidation in water led 

to lactic acid with up to 80% selectivity at 90% conversion. Zhang et al. have reported unique 

bimetallic Pt-Co/CeOx complex to catalyze glycerol to lactic acid.74 Kamonoya have reported 

PVP-stabilized Pt nanoparticles (Pt-PVP) (PVP = polyvinylpyrrolidone) and TiO2 as a highly 

active catalyst for glycerol to lactic acid formation.75 Feng et al. proposed a bifunctional catalyst 

consisting of Pt nanoparticles (Pt NPs) and layered-Nb2O5 for glycerol to lactic acid without using 

any additive.76 The advantage of base free or Lewis acid-catalyzed reaction is that further 

purification steps can be avoided for lactic acid generation from the sodium lactate salt. However,  

these reactions often require intensive harsh conditions and are performed at about >200 °C with 

more than 2 MPa pressure causing a matter of concern.73 Non-noble metals can also catalyze 

glycerol to lactic acid transformation under the inert atmosphere in the presence of a base. 

Ni/graphite system has been studied for glycerol to lactic acid conversion with a yield of 89%.24 

A 30% CuO/ZrO2 catalyst can result in lactic acid yielding up to 95%.77 On the other hand, with 

20% Co3O4/CeO2, glycerol conversion of 86% with a selectivity of up to 80%  have been achieved 

towards lactic acid.78 Bimetallic Ni-Co supported on nanosized CeO2 catalyzed the glycerol 

transfer dehydrogenation reaction to selectively produce lactic acid.79 For effective heterogeneous 

catalyzed dehydrogenation, extremely harsh reaction conditions are required and the observed 

selectivity towards lactic acid is very low.69, 80-83 

Homogeneous catalysis for glycerol to lactic acid conversion demonstrated excellent reactivity 

and selectivity.84-86 Crabtree and co-workers have reported the first example of a homogeneous 
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catalyst for the conversion of glycerol to lactic acid. They have studied the acceptorless 

dehydrogenation of glycerol by using an Ir(I) NHC complex which provided up to 31,000 turnover 

number (TON) in about 90% yield with a selectivity of 95% towards lactic acid (Scheme 3.4).87 

 
Scheme 3.4: High productivities of lactic acid using Ir(I)NHC complex.87 

 

The significant advantage of the reaction reported by Crabtree is that it is carried out under mild 

reaction conditions under solvent-free conditions using catalyst loading as low as 0.003 mol %. It 

was proposed that glycerol was catalytically dehydrogenated to lactic acid through 

dihydroxyacetone and glyceraldehyde intermediates. Consequently, the base-catalyzed 

dehydration results in the formation of lactate salt. Beller and co-workers have reported numerous 

ruthenium complexes containing PNP38, PNN38 and CNN38 pincer ligands as capable catalysts for 

lactic acid and hydrogen production from glycerol. Among several pincer-Ru complexes, the 

Beller group demonstrated the utility of PNP pincer-Ru complex in obtaining 2,70,000 TON with 

about 67% yield of lactic acid at 140 °C using NMP as a solvent (Scheme 3.5).38 

 
Scheme 3.5: PNP pincer-Ru catalyzed glycerol to lactic acid synthesis.38  

 

Hazari and Crabtree have developed a catalyst having a similar PNP ligand coordinated to an 

inexpensive metal iron. For the first time, they have reported the base metal-catalyzed 

homogeneous glycerol conversion to lactic acid. In this selective conversion of glycerol to lactic 

acid catalyzed by PNP pincer-iron, about 880 turnover number were obtained in 3h using NMP as 
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solvent (Scheme 3.6).39 Previously, this homogeneous Fe complex with ancillary bifunctional PNP 

ligand was shown to be active towards dehydrogenation of formic acid,88 primary and secondary 

alcohols,89 methanol90-91 and nitrogen-containing heterocycles92. They have proposed a 

mechanism which involved metal-catalyzed dehydrogenation of glycerol to glyceraldehyde which 

is followed by dehydration, tautomerization, and an intra-molecular Cannizzaro reaction. The 

lactic acid is isolated as lactate salt.  

 

 
Scheme 3.6: Glycerol to lactic acid formation using Fe-PNP complex.39 

 

In 2015, Tao and co-workers have reported a highly selective, efficient and recyclable NHC-Ir co-

ordination polymer for the transformation of glycerol to value-added products.93 Here an NHC Ir 

coordination polymer was successfully applied as a robust self-supported catalyst in the oxidative 

dehydrogenation of glycerol to potassium lactate along with the liberation of hydrogen gas 

(Scheme 3.7).93The reaction was carried out under open-air with mild reaction conditions and 

exhibited high selectivity and productivity for potassium lactate with up to 1.24  105 turnover 

number (TON).  

 

Scheme 3.7: Oxidative dehydrogenation of glycerol catalyzed by NHC-Ir coordination polymer.93 
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Subsequently, William et al. have reported a highly robust NHC-pyridine Ir(I) catalyst for glycerol 

to lactic acid formation and obtained 4.5 million turnover number  in 32 days under neat condition 

(Scheme 3.8).40 This catalytic system enables comparatively high conversion of neat glycerol to 

sodium lactate salt with 99% selectivity. They have also isolated lactic acid from the crude reaction 

mixture.  

 

 
Scheme 3.8: Dehydrogenation of neat glycerol to lactic acid with an Ir complex.40 

 

Very recently, Vouthkova-kostal has utilized Ir(I), Ir(III) and Ru(II) NHC complexes with 

sulfonate functionalized wingtips for efficient transformation of glycerol to lactic acid. The 

catalytic activity was compared under both conventional heating and microwave condition. The 

most active [(NHC-Ph-SO3)2Ir(CO)2]
-complex reaches a TOF of 45,592 h-1 under microwave 

conditions and afforded 2,93,249 TON in 8 h (Scheme 3.9).94 The significant improvement in the 

activity of catalyst under microwave condition (11-folds on an average) might be due to more 

efficient heating at a set temperature and better solubility of base in viscous glycerol medium.  

  

 

Scheme 3.9: Conversion of glycerol to lactic acid using Ir-NHC complex.94 
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Recently, Kumar and co-workers have reported the synthesis of NNN pincer Ru complexes (3.3a, 

3.3b Scheme 3.10)95 and have successfully applied them for N-alkylation reactions96 which 

involved the dehydrogenation as the first step with 3.3a being more efficient than 3.3b. It was 

envisaged that these catalysts would find utility in other synthetically useful transformations that 

rely on dehydrogenation such as glycerol to lactic acid formation. In this chapter, a systematic 

mechanistic insight has been obtained by comparing the activity of pincer-ruthenium complexes 

(3.3a and 3.3b) based on bis(imino)pyridine with corresponding sterically less hindered 2,6-

bis(benzimidazole-2-yl) pyridine based complexes (3.3c and 3.3d) towards the synthesis of lactic 

acid from glycerol. 

 

3.3 Results & discussions 

A good dehydrogenation catalyst in combination with a base derived from alkali metal can bring 

about the conversion of glycerol to lactic acid via dihydroxyacetone (DHA) or glyceraldehyde 

(GAL) (Figure 3.1).  

 

Figure 3.1: Reaction pathway for conversion glycerol to lactic acid 

Use of stoichiometric amount of base during dehydrogenation stimulates the dehydration of 

pyruvaldehyde. In addition, the conversion and selectivity towards lactic acid is enhanced as the 

lactic acid is trapped as lactate salt. The utility of a variety of pincer-ruthenium complexes (Scheme 

3.10) reported by Kumar and co-workers95 97 has been tested here for the selective catalytic 

transformation of glycerol to lactic acid.98 
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Scheme 3.10: NNN pincer-ruthenium complexes 3.3 screened for the glycerol to lactic acid transformation 

In a typical experiment, to a flask containing 0.7 mol of catalyst 3.3 (Scheme 3.10) in glycerol 

(2.56 mmol), KOH (1.48 mmol) was added, followed by the addition of 2 ml ethanol (Table 3.1). 

The reaction mixture was heated at 140 °C, under an argon atmosphere. Ethanol is added to 

maintain proper homogeneity of the highly viscous reaction medium. Under the reaction 

conditions, ethanol (boiling point = 78 °C) was fully evaporated as is evident from NMR spectra 

of the crude products (Appendix 3).  

Table 3.1: Comparison of activity of 3.3a-d towards glycerol to lactic acid conversion 

 

Entry Catalyst (3.3) 3.2 Yielda (TON) 3.2a(3.2b) Yielda Selectivity of 3.2b 

1. 3.3a  53 (1767) 3%(2%) 85% 

2. 3.3b 26 (867) 1%(1%) 96% 

3. 3.3c  69±3c (2300) 2%(1%) 97% 

4. 3.3d  66 (2200) 1%(-) 98% 

Reaction conditions: 0.7 μmol of 3.3, 2.56 mmol of 3.1, 1.48 mmol KOH, 2 mL solvent in an open vessel under Ar at 

140 °C. a) Yield determined from 1H NMR using sodium acetate as an internal standard. b)Selectivity=(yield of 3.2/ 

conversion of 3.1)100. c) Reported as an average of two runs. 
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The reactions catalyzed by 3.3a (Entry 1, Table 3.1) gave moderate yields of lactic acid, whereas 

3.3b showed very poor activity towards lactic acid formation (Entry 2, Table 3.1). Among the 

screened catalysts (Scheme 3.10), the ruthenium complex 3.3c with 2,6-bis(1H-benzo[d]imidazol-

2-yl) pyridine ligand exhibited the best performance towards the selective formation of lactic acid 

with good yield (Entry 3, Table 3.1). Its analog 3.3d with a PF6 counter ion produced lactic acid 

with comparable efficiency.  

Table 3.2: Glycerol dehydrogenation to lactic acid catalyzed by 3.3c under varying conditions 

Entry Catalyst 3.3c 

(mol %) 

Base 

(Equiv.) 

Solvent 

 (2 ml) 

Yielda 3.1 conversiona 

(3.2 selectivity)b 

3.2 (TON) 3.2a(3.2b)  

1. (0.03) KOH(0.58 ) EtOH 693 (2367) 2% (1%) 71% (97%) 

2. (0.03) KOH (0.58) DMSO 9 (300) 5% (3%) 26% (35%) 

3. (0.03) KOH (0.58) DMF 2 (67) 5% (25%) 34% (6%) 

4. (0.03) KOH (0.58) P-xylene 46 (1533) 2% (-) 73% (63%) 

5. (0.03) KOH (0.58) Benzonitrile 2 (67) 1% (-) 3% (67%) 

6. (0.03) KOH (0.58) H2O 40 (1344) 3% (-) 44% (98%) 

7. (0.03) KOH (1.0) - 59 (1966) 2% (-) 61 % (97%) 

8. (0.03) KOH (0.58) Dioxane 68 (2267) 3% (-) 72% (94%) 

9. (0.03) KOH (1.0) EtOH 902c (3066) 1% (-) 92% (98%) 

10. (0.03) KOH (1.0) Dioxane 76 (2557) 1% (1%) 78% (97%) 

11. (0.03) NaOH (1.0) EtOH 371c (1267) 4% (5%) 52 % (71%) 

12d. (0.003) KOH (1.0) EtOH 5 (1667) 1% (1%) 6% (83 %) 

13d,e. (0.003) KOH(1.0) EtOH 45 (15000) 1% (1%) 46% (98%) 

14d,e. (0.003) KOH (1.0) - 44 (14666) 1% (1%) 46% (96%) 

Reaction conditions: 0.7 μmol of 3.3c, 2.56 mmol of 3.1, 1.48 mmol KOH, 2 mL solvent in an open vessel under Ar 

at 140 °C. a) Yield determined from 1H NMR using sodium acetate as an external standard. b)Selectivity=(yield of 3.2/ 

conversion of 3.1)100. c) Reported as an average of two runs. d) 0.3 μmol (0.003 mol %) of 3.3c, 10.24 mmol of 3.1, 

10.24 mmol KOH, and 2 mL solvent in an open vessel under Ar at 140 ° C. e) Reaction performed in presences of 5.12 

mmol of water. 
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It can be attributed to the fact that both the 3.3c and 3.3d give rise to the same active catalyst 3.5c 

(Scheme 3.12). Further optimization of the reaction conditions was carried out with 3.3c (Table 

3.2). Under the best reaction conditions, the observed high selectivity (Table 3.1 and 3.2) of lactic 

acid indicates that the decarbonylation of glycerol and decarboxylation of lactic acid leading to 

ethylene glycol and formic acid, respectively, is negligible.38-40, 86-87, 93-94 

The 3.3c catalyzed transformation of glycerol to lactic acid by using DMSO, DMF, and 

benzonitrile proceeded with very low yields (entries 2, 3 and 5, Table 3.2). Moderate yield of lactic 

acid was obtained with either p-xylene or water as a solvent (entries 4 and 6, Table 3.2). In the 

presence of dioxane as a solvent, the reaction yielded 68% of lactic acid. It should be noted that 

dioxane is quickly lost under the reaction conditions. In the presence of EtOH, the conversion of 

glycerol to form lactic acid occurred with high yield (72%) (Entry 1, Table 3.2).  Upon increasing 

the base loading, the reaction leads to the highest yield (92%) of lactic acid (Entry 9, Table 3.2). 

The yield however dropped to 59% under solvent-free conditions indicating the importance of 

thorough premixing of the contents (Entry 7, Table 3.2). In particular, the use of ethanol may assist 

in the spontaneous generation of the catalytically active Ru-H species via β-hydride elimination 

from Ru-ethoxide (3.7a-c).99 The yields were drastically reduced with the use of NaOH as a base 

(entry 11, Table 3.2). Even upon decreasing the loading of 3.3c to 0.003 mol % (entry 12, Table 

3.2), lactic acid formation was reduced. However, in the presence of 0.5 equivalents of water, 45% 

of lactic acid (TON = 15,000) was obtained with 0.003 mol % of 3.3c catalyst (Entry 13 and 14, 

Table 3.2). It is noteworthy that at lower catalyst loading it is easy to homogenize the reaction 

mixture without the use of ethanol. 

Kumar and co-workers have recently demonstrated the ability of catalysts (3.3a-b) to generate H2 

when treated with primary alcohols at 140 °C.99 The plausible mechanism involved in the reaction 

is provided in Scheme 3.11. The complexes (3.5a-c), (3.6a-c), (3.7a-c) and (3.8a-c) depicted in 

Scheme 3.11 are either the intermediates or the transition states (TSs) involved in the cycle 

catalyzed by the corresponding complexes (3.3a-d). For the sake of simplicity, only the NNN 

ligating section of the pincer framework is represented (Scheme 3.11). While for (3.3a-b), the 

generation of active species (3.5a-b) is fairly straightforward (eq. 1, Scheme 3.12), one could 

anticipate the loss of two PPh3 molecules in the corresponding formation of the catalytically active 

species (3.5c) starting from both 3.3c and 3.3d (equation 2, Scheme 3.12). 
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Scheme 3.11: Plausible mechanism involved in the (3.3a-d) catalyzed transformation of glycerol to lactic acid 

 

 

Scheme 3.12: Generation of catalytically active (3.5a-c) starting from (3.3a-d). 

A β-hydride elimination from (3.5a-c) would result in the formation of (3.7a-c) and glyceraldehyde 

3.2' via TS (3.6a-c) (Scheme 3.11). Next, the catalytic cycle is completed by regeneration of the 
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active species (3.5a-c) via a σ-bond metathesis of O-H of 3.1 with the Ru-H of (3.7a-c) while 

going through TS (3.8a-c) (Scheme 3.11). Subsequent dehydration of 3.2' resulted in α,β-

unsaturated aldehyde 3.2'' along with its tautomer 3.2.'A Cannizaro reaction of 3.2''' leads to the 

formation of lactic acid 3.2.  

Table 3.3. Interaction energy, energy of formation and β-hydride elimination energy barriers 

involved in the transformation of glyceraldehyde to lactic acid catalyzed by 3.3a-d. 

 

 

Entry catalyst -ΔEint
a (Ru-

P)(kcal/mol) 

ΔGf
b(3.5→3.7) 

(kcal/mol) 

TS 3.6 /TS 3.8 

(kcal/mol) 

TONc 

1. 3.3a 39.82 8.62 31.78/21.39 1767 

2. 3.3b 44.35 2.51 21.89/23.90 867 

3. 3.3c 39.00d 2.08d 16.17/21.39d 2300 

4. 3.3d 39.00d 2.08d 16.17/21.39d 2200 

a)Interaction energy is calculated as the difference between the energy of the complex (3.3a–d) and the energy of the 

corresponding isolated PPh3 and (R2NNN)RuCl2 (R= tBu, Ph) or [(Bim2NNN)RuCl(PPh3)]+ in the geometry of the 

complex (3.3a–d). b) Free energy of formation for the β-hydride elimination step 3.5→3.7. C) Values obtained from 

Table 3.1. d) As Cation was computed, the values are the same for 3.3c and 3.3d. 

 

It has been widely accepted that, in the transformation of glycerol to lactic acid, only the 

dehydrogenation step is metal-catalyzed and the rest of the steps are spontaneous organic processes 

in basic solution.39  The observed difference between various catalysts (Table 3.1) can be attributed 

to the variation in their relative dehydrogenation efficiencies. With an intent to understand the 

relative ease of dehydrogenation, the Ru-P interaction energy and the relative free energy change 

(G140) for the species involved in the catalysis were computed. The catalytic efficiency of Ru 

catalysts with phosphine as ancillary ligands is dependent on the ease of their release to generate 

the active catalyst (3.5a-c).95, 100The phosphine release can be quantified as the interaction energy 
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(-Eint) of PPh3 either with (R2NNN)RuCl2 (R= tBu, Ph) arising from 3.3a and 3.3b or with 

[(Bim2NNN)RuCl(PPh3)]
+ arising from both 3.3c and 3.3d (Table 3.3).The (-Eint) followed the 

trend; 3.3b (44.35 kcal/mol) > 3.3a (39.82 kcal/mol)> (3.3c or 3.3d) (39.00 kcal/mol). Clearly, 

the complex 3.3b where the PPh3 is the hardest to remove in comparison with 3.3a, 3.3c and 3.3d, 

exhibited the lowest activity (867 TON).  

 

 
Figure 3.1: Free energy (140 °C) profile of the (3.3a-d) catalyzed glycerol dehydrogenation at PBEPBE functional 

using LANL2DZ basis set for Ru and 6-311G(d,p) for all other atoms. 

However, among 3.3a and 3.3c or 3.3d with comparable Ru-P bond energy, contrary to the 

expected trend, 3.3a exhibited much lower activity (1767 TON) than 3.3c (2300 TON) and 3.3d 

(2200 TON). This can be satisfactorily explained if one considers the energetics of β-hydride 

elimination and H2 evolution (Figure 3.1). 
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While for the reactions catalyzed by 3.3a, β-hydride elimination is the RDS, H2 evolution is the 

RDS for corresponding reactions catalyzed by 3.3b and 3.3c (Table 3.3, Figure 3.1). The barrier 

for the RDS followed the trend; 3.3a (TS 3.6a; ΔG⧧140 = 31.78 kcal/mol) > 3.3b (TS 3.8b; ΔG⧧140 

= 23.90 kcal/mol) > (3.3c or 3.3d) (TS 3.8c; ΔG⧧140 = 21.39 kcal/mol) (Table 3.3, Figure 3.1). 

Though the energetics of the 3.3b catalyzed reactions are more favourable than 3.3a (Table 3.3, 

Figure 3.1), the reluctance of 3.3b to easily release the PPh3 (Entry 2, Table 3.3) contributes to its 

lower reactivity. On the other hand, the reaction with catalyst 3.3c and 3.3d proceeds very 

efficiently not only because the barrier for the β-hydride elimination (TS 3.6c; ΔG⧧140 = 16.17 

kcal/mol) is about 1.96 folds (compare TS 3.6 barrier in entries 1 and 3 Table 3.3) lower but also 

because the β-hydride elimination is downhill by 6.54 kcal/mol (G⧧140 for entries 1 and 3 Table 

3.3) in comparison with 3.3a (Figure 3.1). This results in a significant build-up of glyceraldehyde 

in reactions catalyzed by 3.3c/3.3d in stark contrast to 3.3a where the equilibrium is more towards 

the left (3.5a + 3.1). The open vessel conditions ensure that the equilibrium for the subsequent step 

(3.7c +3.1→3.5c+H2) is more towards the right. Furthermore, among 3.3c/3.3d and 3.3a, the 

barrier for the RDS with 3.3c/3.3d is lower by 10.39 kcal/mol (TS: 3.8c, TS: 3.6a, Table 3.3). 

Despite the fact that the generation of the active catalyst 3.5 starting from 3.3c and 3.3d is 

comparable to 3.3a (Table 3.3), the favorable energetics that is attributable to a lower steric 

encumbrance (Figure 3.2) around the Ru center makes the catalysis with 3.3c/3.3d more favorable.  

 

Figure 3.2: Space-filling model of TS 3.6 depicting the steric crowding around ruthenium  
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3.4 Conclusion 

In conclusion, we represent here the dehydrogenation utilizing pincer-Ru catalysts based on 2,6-

bis(1H-benzo[d]imidazol-2-yl)pyridine and bis(imino)pyridine ligands. In the process, we have 

obtained selective formation of lactic acid with high catalytic efficiency and selectivity. Milder 

conditions, renewable feedstock, bio-degradable product and low catalyst loadings are the salient 

features of the current pincer-ruthenium catalyzed transformation of glycerol selectively to lactic 

acid. Using EtOH as a solvent initially helped to homogenize the catalyst in the highly viscous 

medium. The initial reaction of ethanol with catalyst would help in generating Ru-H species via β-

hydride elimination from Ru-ethoxide. Catalysts based on 2,6-bis(benzimidazole-2yl) pyridine 

ligands not only have optimal Ru-P bond energy that facilitates easy generation of active catalyst, 

but also enjoys less steric crowding around the Ru center that leads to favorable energetics making 

them highly efficient catalysts.  

3.5 Experimental section 

 

General procedure 

All manipulations were carried out under purified Ar using a standard double manifold. Anhydrous 

glycerol was purchased from SRL, and degassed prior to experiment.  KOH, NaOH were 

purchased from Merck and used as such. DMSO, benzonitrile, DMF, dioxane, EtOH were 

purchased from Spectrochem and dried according to standard literature technique.101 All catalytic 

reactions were carried out under argon atmosphere using dried glassware.D2O was purchased from 

Sigma-Aldrich and used as such. 1H NMR was recorded either on Bruker ASCEND 600 operating 

at 600 MHz or on Bruker AVANCE 400 operating at 400 MHz. Pincer complexes (3.3a, 3.3b, 

3.3c and 3.3d) were synthesized according to the literature procedure.95, 97, 98  

 

General procedure for the glycerol (3.1) conversion to lactic acid (3.2): To a 25 ml two neck 

round bottom flask containing degassed glycerol (3.1) (0.235g, 2.56 mmol), the pincer-ruthenium 

catalyst (3.3c) (0.7mol) was added under Ar atmosphere inside a glove box. The vessel was 

brought outside the glove box and connected to a Schlenk line through a water-cooled condenser. 

This was followed by addition of 0.58 equivalents of KOH (0.083 g, 1.48 mmol) under Ar 
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atmosphere. After addition of 2 mL of appropriate dry solvent (EtOH, DMSO, DMF, p-xylene or 

dioxane), the resulting reaction mixture was heated at 140 oC for 48 hours. The reaction mixture 

was then cooled to room temperature. An aliquot (known amount in each case) was withdrawn 

from the reaction mixture and sodium acetate solution was added as an internal standard. NMR 

yield was determined by 1H NMR using D2O (0.4 ml) as the solvent. The yield was calculated by 

1H NMR integration versus the internal standard (sodium acetate).  The products sodium lactate, 

ethylene glycol and formic acid were identified by their reported signature peaks.39, 87, 94 

 

Computational methodology 

All the calculations were performed using Gaussian-16 (revision C.01) program package.102 

PBEPBE level of DFT functional, along with LANL2DZ basis set for Ruthenium atom and 6-

311G(d,p) basis set for all other atoms, were selected on the basis of previous reports for geometry 

optimization of all considered complexes.103-106 Frequency calculations were performed at the 

same level of theory to confirm the minimum energy and transition state structures.  

 

Supporting information (containing NMR spectra of various compound and Cartesian coordinates 

of the computed complexes) for chapter 3 is available as appendix 2 and can be found at 

https://drive.google.com/file/d/1ihehIqPowud_sMY2RUiE8h3ZbLGq1vos/view?usp=sharing 
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4.1 Introduction 

The  C-N bond formation leads to a variety of nitrogen containing compounds, which are widely 

used in the synthesis of agrochemicals,1 dyes2 and fine chemicals.3 The N-alkylated moiety is also 

prevalent in bioactive pharmaceuticals as essential building blocks (Figure 4.1).  

Figure 4.1: Selected examples of nitrogen-containing drugs. 

There are a lot of powerful methods available that address the synthesis of amines such as, 

alkylation of amines by alkyl halides under basic conditions,4 reductive amination of carbonyl 

compounds,5 hydroamination of alkenes,6 hydroaminomethylation,7 reduction of nitriles8 and 

nitro9 compounds. Besides these, there are several typical nucleophilic substitutions reactions such 

as Hoffman alkylation,10 Ullmann reaction,11 Buchwald-Hartwig reaction,12 Gabriel reaction,13 and 

Mitsunobu reaction14 that leads to amines.  

C-N bond formation using Pd catalysts is widely known for the synthesis of a variety of amides,15 

aryl amines,16 and alkyl amines17. In the last three decades, the study on C-N bond formation via 

coupling of amines and aryl halides have been widely studied. In 1983, Migita and co-workers 

were the first to use palladium to catalyze the formation of C-N bonds (Scheme 4.1).18 Here they 

demonstrated the coupling of aryl bromide with N,N-diethylamino-tributyltin to provide 

diethylanilines in moderate yield. 
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Scheme 4.1: One of the preliminary reports on C-N bond formation by Migita using a Pd complex18 

Migita’s work stimulated a lot of related research activities. In 1984, Dale Boger and James Panek 

studied the intramolecular cyclization to generate C-N bond using Pd(0) in the absence of 

hazardous organotin reagent (Scheme 4.2).19 

 

Scheme 4.2: Intramolecular C-N bond formation using Pd(0) complex reported by Boger and Panek 19 

After the decade that followed Migita’s work, both Hartwig and Buchwald independently provided 

improvements and insight into Migita’s work.20-21 It has been demonstrated that the use of strong 

bases, such as KOtBu and LiHMDS, allowed C-N coupling using Pd.22 Use of Pd-based catalyst 

in N-alkylation most often is limited by their moisture sensitivity and expensive nature. Buchwald 

first reported the use of Ni(COD)2 (COD = 1,4 cyclooctadiene) in combination with 1,1′-

bis(diphenylphosphino)ferrocene (dppf) or 1,10-phenanthroline for the synthesis of arylamines.23 

In 2002, Yves Fort and co-workers have reported the use of an in-situ generated colloidal Ni(0) 

for cross coupling methodology. The Ni(0)/SIPr.HCl [SIPr = 1,3-bis(2,6-diisopropylphenyl) 

dihydroimidazole-2-ylidiene] catalyst combined with NaOtBu proved to be efficient for the 

arylation of secondary cyclic or acyclic amines and anilines (Scheme 4.3).24 

 

Scheme 4.3: Ni(0) catalyzed N-arylation reaction24 
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Alkylation reaction between amine and alkyl halide under basic condition can form C-N bonds. 

Recently, in 2015, Muthukumaran Nirmala explored C-N coupling reactions employing the air-

stable complex of nickel(II) bearing N-heterocyclic carbene (NHC) ligand (Scheme 4.4).25 Here 

alkyl halide is used as a substrate and HCl is generated as a byproduct. 

 

Scheme 4.4: C-N coupling reaction catalyzed by Ni(II) in the presence of a NHC ligand25 

In 1903, Ullmann found that Cu could be used in the formation of C-N bonds.26 In contrast with 

Buchwald and Hartwig’s reaction, the Ullmann coupling reaction can proceed under milder 

conditions. In 2011, Wang et al. demonstrated an efficient Ullman reaction of aryl bromide and N-

heterocycles catalyzed by the combination of CuI and acylhydrazine or acylhydrazone type of 

ligands (Scheme 4.5).27 

 

Scheme 4.5: An example of Ullman reaction leading to C-N bond formation that was reported by Wang27 

The Weinreb group explored an efficient route for direct conversion of alcohols to protected 

higher-order amines. N-methyl p-toluenesulfonamide could be directly coupled with primary and 

secondary alcohols in presence of phosphorane reagent CMBP 

(cyanomethylenetributylphosphorne) under Mitsunobu conditions to afford various sulfonamide-

protected amines (Scheme 4.6).28 
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Scheme 4.6: Generation of sulfonamide-protected amines via the Mitsunobu reaction28 

In 2017, Jun Yong Kang, with his coworkers achieved great success in N-alkylation by employing 

the Mitsunobu reaction condition. They reported C-N coupling with various cyclic amines in the 

presence of N-heterocyclic phosphine butane (NHP-butane) and an azo compound. Here benzyl 

alcohol and other aliphatic alcohols were used as substrates to give the corresponding N-alkylated 

products with more than 99% yield (Scheme 4.7).29 This reaction procedure involves the 

dehydrogenative coupling of alcohols using a combination of a phosphine containing reducing 

agent and azo group that operates as an oxidizing agent. 

Scheme 4.7: N-alkylation by employing the Mitsunobu condition.29  

The conversion of two secondary alcohol functionalities to corresponding alkyl azides can be 

achieved using Mitsunobu reaction condition. In 2001, Overman et al. exhibited a convenient route 

where these azides were subsequently reduced to primary amines and cyclized to desired bis-

amidine functionalities (Scheme 4.8).30 
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Scheme 4.8: Conversion of alcohol to azide under Mitsunobu reaction 30 

Though the Mitsunobu reaction offers interesting and efficient reactivity patterns, one of the major 

disadvantage is that this reaction requires more the stoichiometric amount of starting materials and 

regents such as alcohol, phosphine, azo compound, and an acid. Not surprisingly, the Mitsunobu 

reaction leads to several by-products such as phosphine oxide and biphenyl derivatives that are 

hard to separate from the desired product.  

 

Figure 4.2: A few available methods for C–N bond formation  

Most of the approaches to the N-alkylated amines that are discussed above (Figure 4.2) suffers 

from several limitations that include requirement of excess amounts of toxic halides along with 

generation of considerable amount of side products and waste. On the other hand, methods that 

accomplish the alkylation of primary amine with alcohol will generate higher-order amine with 
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water as a sole byproduct. This makes these methods environmental friendly as well as atom 

efficient (Figure 4.2). Besides, alcohols are more readily available and less hazardous starting 

materials compared to their corresponding halides. A generally accepted mechanism of this type 

of reaction involves “hydrogen borrowing”. 

The “hydrogen borrowing” approach, a term that was first coined by Williams,31 is an efficient and 

greener approach for the preparation of amines. It involves the metal-catalyzed dehydrogenation 

of alcohol to generate a carbonyl compound, which subsequently reacts with the amine in an un-

catalyzed step. The resulting imine is then hydrogenated in-situ to the amine while regenerating 

the transition metal catalyst.32 This approach is green and atom-economical as water is the sole by-

product. No additional external hydrogen source is needed because the parent alcohol itself acts as 

the hydrogen donor. 

4.2 Known methods towards N-alkylation involving hydrogen borrowing approach 

In 1981, Grigg33 and Watanabe34 independently reported for the first time, the homogeneous 

transition metal-catalyzed N-alkylation of amines. 

Grigg and co-workers reported N-alkylation with several metal-phosphine complexes and showed 

RhH(PPh3)4 to be the most active catalyst.33 They performed N-alkylation at 100 °C, and selective 

mono-alkylation of primary amines was observed (Scheme 4.9). Even heterocyclic rings could be 

obtained through intramolecular process. 

 

Scheme 4.9: N-alkylation of amines with alcohols catalyzed by RhH(PPh3)4 33 

In the same year, Watanabe and co-workers reported the formation of N-alkylaniline using aniline 

with saturated alcohol in presence of  a ruthenium catalyst at 180 °C (Scheme 4.10).34 
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Scheme 4.10: Ru catalyzed N-alkylation of aniline with alcohols34 

After five years, in 1986, Watanabe discovered that amines react with primary alcohols in the 

presence of Pt catalyst at 120-180 °C to give the corresponding N-alkylated product.35 In the years 

that followed several homogeneous catalytic N-alkylation systems were reported by van Koten,36 

Milstein,32 Beller37, Martín-Matute38 and Sabuj Kundu39 among others.40,41,45  

In 1998, van Koten observed that a Ru(II) complex containing a neutral terdentate donor of the 

type [C5H3N(CH2E)2-2,6] (E = PPh2 or NMe2 in case of PNP and NNN respectively) were effective 

as catalyst in N-(cyclo)alkylation reactions of aromatic amines with diols Y(CH2CH2OH)2 (Y= 

CH2, NR).36 These catalysts proved useful in the synthesis of N-phenylpiperidine in 85% yield 

starting from aniline and 1,5-pentanediol. The mono-alkylated product N-(5-hydroxypentyl) 

aniline, was formed in minor amounts. In 2010, Beller and Williams developed atom efficient and 

environmentally benign homogeneously catalyzed N-alkylation of indoles with alcohol.37 In 2006, 

Baratta and co-workers, observed high TON (1.7 × 105) in the reduction of ketones under hydrogen 

transfer condition by using a CNN pincer-Ru(II) complex 4.30 (Scheme 4.11).40 Employing the 

same catalyst in 2012, Belén Martín-Matute  reported selective mono-alkylation of amines with 

high efficiency (Scheme 4.11).38 They have shown that, by using catalyst loadings as low as 1 

mol%, in presence of stoichiometric amounts of KOtBu, the corresponding N-alkylated amines 

were obtained in quantitative yield. This pincer-Ru catalyzed N-alkylation has wide range of 

applicability. It catalyzes the selective monoalkylation of heteroaromatic amines with a wide range 

of primary alcohols, including heterocyclic ring substituents. In the presence of diamine substrates, 

N,N-dialkylation took place exclusively. 
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Scheme 4.11: Ru (II) CNN pincer catalyzed N-alkylation38 

In 2018, Kundu and co-workers developed an air and moisture stable 2-hydroxypyridine based bi-

functional ruthenium NNN-pincer complex to catalyze efficient (TON = 42,840) N-alkylation of 

amines under mild conditions (Scheme 4.12).39 

 

Scheme 4.12: NNN-Ru(II) catalyzed N-alkylation of amines39 

In 2019, Kumar and co-workers demonstrated the use of NNN pincer-Ru complex for catalytic N-

alkylation under neat conditions. Interestingly, for the first time the required base is generated in-

situ from benzyl alcohol and sodium (Scheme 4.13).41 The resulting sodium alkoxide reacts as a 

water scavenger. TON as high as 29,000 were observed for N-alkylation between aniline and 

cyclohexyl methanol using (tBu2NNN)RuCl2PPh3 (0.002 mol %). 

Scheme 4.13: NNN pincer-Ru(II) catalyzed N-alkylation41 

Most common catalysts used for N-alkylation are based on precious metals, including Ru37, 39, 42-

44, Ir45, Pd17, 46-47, and Rh.48 In general, Ir complexes are more reactive than Ru based catalysts.33 

In 2010, Kempe reported C-N alkylation by using iridium based catalysts at loadings as low as 0.1 
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mol % (Scheme 4.14).49 Similar Ir-catalyzed amine alkylation utilizing the “hydrogen borrowing” 

strategy, have been developed into efficient synthetic methods by Beller,50 Grigg51, Fujita52, 

Williams53, and Kempe49.  

Scheme 4.14: Ir catalyzed N-alkylation 49 

In 2013, Ponnam Satyanarayana et al. reported the reaction between 4-methyl aniline and 4-

methoxy benzyl alcohol in presence of Rh(acac)3 to obtain 94 % of corresponding N-alkylated 

product (Scheme 4.15). 

 

Scheme 4.15: N-alkylation using Rh(acac)3 catalyst48 

The group of Majeed Seayad reported N-alkylation of various primary and cyclic secondary 

amines using PdCl2 in the presence of dppe (dppe = 1,2-bis(diisopropylphosphino)ethane) as 

ligand (Scheme 4.16).54 Interestingly, more challenging secondary alcohols were used as 

alkylating agent to obtain N-alkylated product with good to moderate yield. 

 

Scheme 4.16: N-alkylation catalyzed by a combination of a  Pd(II) salt with dppe 54 

In homogeneous reactions, recovery, and reuse of expensive catalyst is challenging. On the other 

hand, heterogeneous catalysts have a lot of advantages, as they are easy to handle, are stable for a 

long time and can be securely disposed. Several heterogeneous catalysts have been developed for 
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alkylation of amines, which follows hydrogen borrowing methodology. Among them silica,55 

aluminum oxide,56 Raney nickel,57 copper (or copper oxide),58 gold59 have been used as 

heterogeneous catalysts. However, heterogeneous catalysts generally suffers from several 

limitations that include low turnover number (TON), limited scope, high catalyst loading and 

requirement of stoichiometric amounts of basic co-catalyst. 

For the last few decades, researchers are interested in the search of more eco-friendly, inexpensive, 

and highly abundant metal catalysts for N-alkylation reaction. Rightly, there is a significant growth 

in research on catalysts based on most abundant metals such as Fe,60 Mn,61 Cu62, Co63-64 and Ni65 

for N-alkylation. However, considerable challenges remain as the first row transition metals tend 

to undergo one-electron changes in oxidation state and demonstrate radical reactions, which has 

limited their application as catalysts. In 2015, Zhang et al. observed N-alkylation of both aromatic 

and aliphatic amines by using a well-defined cobalt based PNP pincer complex (Scheme 4.17). 

Scheme 4.17: Co-pincer catalyzed N-alkylation of aniline with benzyl alcohol64 

Heterogeneous Ni catalyst which is easily recoverable as well as non-expensive is also reported 

for N-alkylation.56, 66-67 In 2013, Shimizu and co-workers have obtained higher turnover number 

(ca. 800) in the N-alkylation of amines with n-octanol, catalyzed by Al2O3-supported Ni NPs (1 

mol %) (NP = nano-particles) (Scheme 4.18).66 However, there have been a very few reports on 

the use of homogeneous Ni68-71 systems for catalytic N-alkylation. 

 

Scheme 4.18: N-alkylation of amine using Ni NPs66  
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In 2017, the Banerjee group demonstrated the use of NiBr2 (10 mol%) in combination with 1,10 

phenanthroline (20 mol%) to accomplish the N-alkylation of various amines with TON up to 10 in 

presence of stoichiometric amount of KOtBu (Scheme 4.19).72  

Scheme 4.19: N-alkylation of amine catalyzed by NiBr2 in the presence of 1,10 phenanthroline72 

Very recently, Kundu and co-workers revealed the use of the same catalytic system as reported by 

Banerjee72 to produce a variety of substituted quinoxalines from the dehydrogenative coupling of 

vicinal diol with 1,2-diamines and 2-nitro-aniline derivatives (Scheme 4.20).73 They observed that 

the reaction was not fully homogeneous and some heterogeneous Ni particles contributed to the 

catalytic activity. 

Scheme 4.20: Ni-catalyzed quinoxalines synthesis using dehydrogenative coupling strategy73 

In 2018, the Sarkar group has reported the nickel catalyzed synthesis of poly-substituted 

quinolone.74 The Barta group obtained a maximum of 28 TON in the Ni(COD)2 (3 mol%) 

catalyzed N-alkylation of amines in the presence of KOH (30 mol%).75 They attributed the 

catalytic activity to the Ni nano-particles that were formed in-situ under the reaction condition 

(Scheme 4.21). 

 

Scheme 4.21: N-alkylation of amine using Ni(COD)2
75 
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Very recently in 2019, Adhikari and co-workers have reported azophenolate ligand coordinated 

Ni catalyst for the efficient catalytic N-alkylation of amine with upto 92 % yield (Scheme 4.22).69 

Scheme 4.22: Azophenolate ligand coordinated Ni catalyzed N-alkylation69 

The Balaraman group have recently reported the use of NNN pincer-Ni complex 4.43 for the N-

alkylation of aniline with secondary alcohols (Scheme 4.23).68  

 

Scheme 4.23: NNN-Ni catalyzed N-alkylation of amine with secondary alcohol68 

García and co-workers have utilized a catalytic system comprising of Ni(COD)2 in presence of 

dippe (dippe = 1,2-bis(diisopropylphosphino)ethane) to accomplish the N-ethylation reaction of 

aniline(Scheme 4.24).70 

 

Scheme 4.24: N-alkylation of aniline catalyzed by a combination of Ni(COD)2 with dippe70 

Very recently, Ramesh demonstrated a highly sustainable catalytic protocol for the coupling of 

alcohol and amine to selectively yield monoalkylated amines using inexpensive NNO pincer-

Ni(II) complexes (Scheme 4.25).71  

TH-2410_156122031



Chapter 4                                            Investigations on the Pincer-Ru and Pincer-Ni Catalyzed….   

Moumita Dutta, Ph.D Thesis, IITG                                                                                                            119 
 

Scheme 4.25: Ni(II)-NNO pincer catalyzed N-alkylation of amines with alcohol
71 

 

The studies on N-alkylation using homogeneous Ni catalysts are less explored and there have been 

no other reports on homogenous nickel catalytic systems for the alkylation of amines. In addition, 

there is no clear mechanistic understanding on these Ni catalyzed reactions. Accordingly, in this 

chapter, well-defined molecular pincer-Ni catalytic systems have been explored for N-alkylation 

reactions. Furthermore, a fundamental mechanistic understanding on the operative mechanism has 

been obtained both experimentally and theoretically.  

4.3 Results & discussions 

With an objective to work on environmental friendly pincer ligands as well as move away from 

precious metals, the reactivity of a well-defined molecular pincer-Ni(II)complex 

(iPr2NNN)NiCl2(NCCH3) 4.45 (Scheme 4.26)76 77 was studied towards N-alkylation.  

4.3.1 Optimization of catalytic protocol 

The 20-electron Ni pincer complex 4.45 catalyzes the N-alkylation between aniline and benzyl 

alcohol in presence of a base. Product conversion was suppressed significantly when a smaller 

amount of base was used (Table 4.1, Entries 8 and 9). Particularly, no product formation was  

Scheme 4.26: (iPr2NNN)NiCl2(NCCH3) 4.45 catalyzed N-alkylation of aniline with benzyl alcohol 
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Table 4.1: Solvent-free N-alkylation of benzyl alcohol catalyzed by 4.45 under varying conditionsi 

Entry Catalyst  

(Y mol %) 

Base (X Equivalents) Solvent Yielda of 4.29 

(%) 

TON of 4.29 

1. 4.45 (0.02) -  0 0 

2. 4.45 (0.02) NaOH (0.75)  2 70 

3. 4.45 (0.02) KOH (0.75)  7 350 

4. 4.45 (0.02) Na (0.75)  22 1080 

5. 4.45 (0.02) KOtBu (0.75)  20 1010 

6. 4.45 (0.02) NaH(0.75)  20 1000 

7. 4.45 (0.02) NaOtBu (0.75)  43 2135 

8. 4.45 (0.02) NaOtBu(0.50)  23 1135 

9. 4.45 (0.02) NaOtBu(0.25)  15 765 

10. 4.45 (0.02) NaOtBu(1.00)  47 2340 

11. 4.45 (4.0) NaH (0.75)  40 10 

12b. 4.45 (0.02) NaOtBu (0.75) toluene 42 2075 

13c. 4.45 (0.02) NaOtBu (0.75) THF 12 622 

14d. 4.45 (0.02) NaOtBu (0.75) dioxane 45 2250 

15e. 4.45 (2.0) NaOtBu (0.75) dioxane 48 24 

16f. 4.45 (2.0) NaOtBu (0.75) toluene 20 (15)g 10 

17h. 4.45 (2.0) NaOtBu (0.75) toluene 60 (11)g 30 

18h. 4.45 (4.0) NaOtBu (0.75) toluene 60 (30)g 15 

19. Ni(COD)2(0.02) KOH (0.3)  2 100 

20. [NiCl2+ 2 phen] 

(0.02) 

KOtBu (0.1)  25 1250 

a) Yield determined via 1H NMR using toluene as an internal standard. In all cases the remaining materials are 

unreacted starting material along with trace amount of the corresponding imine. b) 1 ml toluene is used as solvent. c) 1 

ml THF is used as solvent. d) 1 ml Dioxane is used as solvent. e)Reaction condition: 1 mmol 4.10, 1 mmol 4.16, 

0.75mmol of NaOtBu and 2 mol % of 4.45 in 1.8 ml of dioxane at 140 °C. f) Reaction condition: 1 mmol 4.10, 1mmol 

4.16, 0.75mmol of NaOtBu and 2 mol % of 4.45 in 1.8 ml of toluene at 140 °C.g) the yield of corresponding imine is 

given in parenthesis. h) Reaction condition: 1 mmol 4.10, 1 mmol 4.16, 0.75 mmol of NaOtBu and Y mol % of 4.45 in 

0.3 ml of toluene at 140 °C. i)Reaction condition unless specified otherwise: 4.8 mmol 4.10, 4.8 mmol 4.16, X 

equivalent of NaOtBu and Y mol % of 4.45 at 140 °C. 
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observed, when the reaction was performed without addition of base (Entry 1, Table 4.1) or in the 

absence of complex 4.45 (Entry 1, Table 4.2). Very poor results were obtained upon use of 0.75 

equivalents of NaOH and KOH (Entry 2 and 3, Table 4.1). Further evaluation of different reaction 

parameters showed better result (upto 43 % yield) while performing the reaction with NaOtBu 

(0.75 equivalent) as base and a loading of 0.02 mol% of the catalyst 4.45 (Entry 7, Table 4.1). 

Interestingly, under these reaction conditions, the alkylation proceeds to give high turnover 

number (ca. TON 2132).  

Notably, in no case N, N-alkylation was observed. While lowering the amount of NaOtBu resulted 

in poor turnover number, higher loading of NaOtBu (1 equivalent) increased the yield of N-

alkylated product to 47 % (Entry 10, Table 4.1). As higher base loading decreases the homogeneity 

of reaction mixture, 0.75 equivalents of NaOtBu was used for further screening. Moreover, use of 

toluene and dioxane as solvents had a negligible effect on the turnover number, whereas using 

THF significantly lowered the yield. Upon increasing the catalyst loading from 0.02 to 4 mol % in 

presence of NaH, the yield of N-alkylated amine 4.29 increases from 20 % to 40 % (Entry 6 and 

11, Table 4.1).  

At higher catalyst concentrations, there is a chance of catalyst deactivation through cluster 

formation, which mainly occurs via the C-H activation of the isopropyl groups.78-81 The 

deactivation through cluster formation could be minimized by operating at optimal dilutions. 

Particularly upon use of 4 mol % of catalyst 4.45 in presence of 0.3 ml of toluene, the total yield 

of amine and imine obtained was about 90 % (Entry 18, Table 4.1). The catalytic system reported 

by Barta75 and Banerjee72 gave poor results under the current reaction conditions (Entry 19 and 

20, Table 4.1). The catalytic system screened in the current study also showed better efficiency 

from an atom-economy point of view and required 1:1 ratio of benzyl alcohol and aniline to yield 

the N-alkylated product, which is in stark contrast to previous reports72, 75 where an excess (1.2-8 

folds) of alcohol is used with respect to aniline. 

With higher catalyst loading, the yield does not increase significantly. For instance, upon 

increasing the catalyst loading from 0.05 mol % to 0.1 mol %, the yield remains the same with 

decrease in TONs (Entry 4 and 5, Table 4.2). As TONs are significantly diminished with higher 
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catalyst loading, the studies were continued under low catalyst loading (0.02 mol %) in the 

presence of 0.75 equivalent of NaOtBu for most of the N-alkylation reactions.  

 

Table 4.2: Solvent-free N-alkylation of aniline with benzyl alcohol using various Ni catalysts 

Entry Catalyst (mol %) Base (X equivalents) Yielda  of 4.29 TON 

1. - NaOtBu (0.75) 2% 70 

2. NiCl2 (0.02) NaOtBu (0.75) 26% 1300 

3. NiCl2(DME) (0.02) NaOtBu (0.75) 42% 2100 

4. 4.45 (0.05) NaOtBu (0.75) 46% 925 

5. 4.45 (0.1) NaOtBu (0.75) 46% 460 

Reaction condition: benzyl alcohol (4.8 mmol), aniline (4.8 mmol) at 140 °C in closed vessel. aYield determined via 

1H NMR using toluene as an internal standard. 

It should be noted that (entry 2-10, Table 4.1), the catalyst 4.45 was handled under inert (Ar) 

atmosphere and reaction mixture was homogenous and clear purple coloured which later turned 

into black colour that is indicative of the formation of Ni-H species.72 Instead, if the catalyst 4.45 

was handled under air, then the resulting reaction mixture quickly formed a clear colourless 

solution with black particulates leading to trace (<2%) product formation 4.29 after 72 h (Entry 1, 

Table 4.2). 

While NiCl2 gave moderate turnover number (Entry 2, Table 4.2), the turnover number obtained 

with 0.02 mol % of NiCl2(DME) were comparable with NNN-Ni pincer complex 4.45 (Entry 3, 

Table 4.2). The high thermal stability of NNN-Ni pincer complex makes it a better catalyst towards 

N-alkylation at elevated temperature in comparison with NiCl2(DME) (see Table 4.5). The TGA 

data for catalyst (iPr2NNN)NiCl2(NCCH3) 4.45 (Figure 4.3) indicates an initial loss of an 

acetonitrile molecule (12 % mass loss) at 83.7 oC following which the resulting species containing 

the two Cl- ligands (which are key to catalysis) remained stable up to 260 °C. On the other hand, 

NiCl2(DME) is relatively less stable and readily loses its Cl- ligands. 
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Figure 4.3: TGA data for catalyst (iPr2NNN)NiCl2(NCCH3) 4.45 and NiCl2(DME) 

4.3.2 Substrate scope 

Having established the optimal reaction conditions for the effective N-alkylation of aniline with 

benzyl alcohol, the methodology was applied to other substrates i.e., various alcohols and amines. 

The reactions of benzyl alcohol with various aniline derivatives were tested under standard 

optimized reaction conditions (Entry 7, Table 4.1). 

4.3.2.1 N-alkylation of various anilines with benzyl alcohol 

Substrates bearing both electron-donating and electron-withdrawing substituents on the aryl ring 

of aniline were selectively alkylated to afford the N-monoalkylated anilines in good to moderate 

(typically 16 – 47 %) yields (Table 4.3). Amine with electron donating -OMe group (4.29d, Table 

4.3), provided the corresponding mono-alkylated amines with 16 % yield. In contrast, strong 

electronegative substituent (-CF3) at the para position of the aniline moiety did not proceed for N-

alkylation reaction (4.29b, Table 4.3). Presence of strong electron donating methyl (-CH3) 

substituent leads to corresponding product with 32 % yield (4.29e, Table 4.3). 

 

 

TH-2410_156122031



Chapter 4                                            Investigations on the Pincer-Ru and Pincer-Ni Catalyzed….   

Moumita Dutta, Ph.D Thesis, IITG                                                                                                            124 
 

Table 4.3: Solvent-free N-alkylation of various amines with benzyl alcohol catalyzed by 4.45 at 

140 °Cf 

 

Table 4.3:(a)Yield is determined by 1H NMR using toluene as an internal standard. In all cases remaining contain 

reacted starting material along with trace amount of the corresponding imine. b)yield of the corresponding imine, c) 

isolated yield, d) 1 ml of toluene was used as solvent, e) same condition as footnote h in Table 4.1 but with 4 mol % of 

4.45,f) Reaction condition: 4.8 mmol of 4.16a-p, 4.8 mmol of 4.10a-p, 3.6 mmol of NaOtBu, and 1 µmol of 4.45 at 

140 °C in sealed vessel. 

 

Hetero-aromatic amines led to the products (4.29g and 4.29h, Table 4.3) in very poor yields (less 

than 5%). Reactions with methyl amine and benzyl amine (4.29l and 4.29f, Table 4.3) did not 

proceed to yield N-alkylated amines. In the presence of cyclohexyl amine, only 6 % N-alkylated 

product was obtained (4.29i, Table 4.3).  N-alkylation reaction between 2-amino-pyridine and 

benzyl alcohol gave 21 % yield and 1050 TON (4.29o, Table 4.3). Identical results were obtained 
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with N-alkylation of 2-amino pyridine with 4-methoxy benzyl alcohol (4.29k, Table 4.3). At higher 

catalyst (4 mol %) loading, very high yield (>98 %) of 4.29k was obtained. The reaction of 4-

amino pyridine with benzyl alcohol resulted in 11 % of the N-alkylated product with 550 TON 

(4.29j, Table 4.3). The reaction of pyridine-2, 6-dimethanol with 2 equivalents of aniline gave 37 

% isolated yield of the corresponding bis-N-alkylated product (4.29m, Table 4.3). Similarly, 2, 6 

pyridine di-methanol could also be alkylated with 2 equivalent of 4-fluoro aniline and the bis-

alkylation product was isolated in 12% yield (4.29n, Table 4.3). 

4.3.3.2 N-alkylation using (hetero)aromatic and aliphatic alcohols 

It is noticed that strongly electron-donating 4-methoxy-derived benzylic alcohol is an excellent 

substrate for the reaction, affording the corresponding product in 48% yield and high TON 2420 

(4.29p, Table 4.4), while electron-withdrawing substituents on the benzylic alcohol considerably 

decreased the yield of the desired secondary amine products to only 8% (4.29q, Table 4.4). 

It is observed that the reaction of hetero-aromatic alcohols did not proceed well and provided the 

desired products in most cases with very low yields (less than 1%) (4.29s and 4.29t, Table 4.4). 

Even in the presence of excess base, the yield did not increase satisfactorily. A secondary alcohol 

e.g., 4-fluro-α-methyl benzyl alcohol was tested for the reactions with aniline (4.29r, Table 4.4) 

and no coupling reactions were detected. Attempts were made to dehydrogenate methanol but N-

methylation of amine was not observed (4.29za, Table 4.4). This is very different from the 

observation of Barta and co-workers who obtained moderately good yields of 4.29za using Ni 

nanoparticles. This selectivity towards various alkylating agents is a signature of molecular 

catalysts and not nano-particles. In the presence of aliphatic amine such as cyclohexyl amine 

(4.29v, Table 4.4) N-alkylation reaction did not proceed well and corresponding yield is less than 

10 %.   

Pyridine 2-methanol and pyridine 4-methanol were also utilized as alkylating agents and the 

corresponding N-alkylated products were obtained with 39 % and 11% yield respectively (4.29x, 

4.29w, Table 4.4). N-alkylation between naphthalene-1-methanol and 2-amino pyridine provided 

the highest yield (around 90 %) and TON of 4500 (4.29z, Table 4.4). The reaction between 

naphthalene-1-methanol and aniline resulted in 1900 TON (4.29y, Table 4.4).  
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Table 4.4: The 4.45 catalyzed solvent-free N-alkylation of aniline with various alcoholsf 

 

Table 4.4: (a)Yield is determined by 1H NMR using toluene as an internal standard. In all cases remaining contain 

reacted starting material along with trace amount of the corresponding imine. c) NaH used as additive, d)NaH used as 

additive in presence of 4 mol % catalyst 4.45, e) same condition as footnoteh in Table 1 but with 4 mol % of 4.45, f) 

Reaction condition: 4.8 mmol of 4.16q-zb, 4.8 mmol of 4.10q-zb, 3.6 mmol of NaOtBu, and 1 µmol of 4.45 at            

140 °C in sealed vessel. 

Interestingly, upon lowering the catalyst loading, very high TON were obtained for few 

representative N-alkylation reactions at higher temperature 200 °C (Table 4.5). The N-alkylation 

at 200 °C of aniline with benzyl alcohol using NiCl2(DME) resulted in lower TON (11,000 TON) 
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in comparison to the corresponding turnover obtained with NNN pincer-Ni 4.45 (17,500 TON) 

(4.29, Table 4.5). This difference is attributed to the high thermal stability of 4.45 when compared 

to NiCl2(DME) (Figure 4.3). High TONs with moderate yields of N-alkylated products (4.29w and 

4.29x, Table 4.5) were obtained when 2-pyridinemethanol and 4-pyridinemethanol were used as 

alkylating agents. The best turnovers and yields were obtained for a combination of 2-amino 

pyridine with either benzyl alcohol (4.29o, Table 4.5) or 4-methoxy benzyl alcohol (4.29k, Table 

4.5). Even TONs of the cyclohexyl amine N-alkylated products increased from 300 (4.29i, Table 

4.3) to 6,500 (4.29i, Table 4.5), when performed under lower catalyst loading (0.002 mol %) and 

higher temperature (200 °C). 

Table 4.5: Solvent-free N-alkylation of amines at 200 °Cc 

 
Table 4.5:(a)Yield determined from 1H NMR using toluene as internal standard. b) Performed with 0.002 mol % of 

NiCl2(DME). c) Reaction condition unless specified otherwise 4.8 mmol of 4.16a-z, 4.8 mmol of 4.10a-z, 3.6 mmol of 

NaOtBu, and 0.1 µmol of 4.45 at 200 °C in sealed vessel. 
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4.3.3 Control experiments 

To gain additional insight into coupling between benzyl alcohol and amine, mechanistic studies 

on the N-alkylation process was performed.  

Scheme 4.27: Control experiments  
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The reaction of aniline 4.10 and benzyl alcohol 4.16 in the presence of catalytic amounts of 

NaOtBu (0.1 mol %) and 4.45 (0.02 mol %) in an open vessel lead to no reaction. It can be 

presumed that dehydrogenation of 4.16 is highly endothermic and the corresponding 

dehydrogenated product 4.16' undergoes a facile reverse reaction rather than forming imine 4.29' 

and water. To overcome this problem, the same reaction was performed in presence of 0.75 

equivalents of NaOtBu under open vessel condition where the hydrogenated product N-benzyl 

aniline 4.29 (35 %) is obtained in addition to the expected 4.29' (25 %) (Scheme 4.27, equation 1). 

The stoichiometric amount of base quenches water and pushes the equilibrium towards the forward 

direction. Stoichiometric amounts of base in reaction medium resulted in highly viscous reaction 

mixture, which consequently led to poor removal of H2 and hence the formation of hydrogenated 

product 4.29 is observed even under open-vessel conditions.  

 

On the other hand, under sealed-vessel conditions, hydrogenated product 4.29 is formed as a major 

product with only trace amounts (< 1%) of imine 4.29' (Table 3.1). Additionally, under hydrogen 

atmosphere (4 atm) in a high-pressure reactor in presence of catalyst 4.45 (0.02 mol %), 4.29 

readily gets hydrogenated to N-benzyl amine 4.29 (Scheme 4.27, equation 2). When only benzyl 

alcohol was treated in presence of catalytic amount of base (0.1 mol % of NaOtBu) and 0.05 mol 

% of catalyst 4.45 at 140 oC for 24 h, benzaldehyde (150 TON) and benzyl benzoate (70 TON)32, 

47 were observed along with H2 gas evolution (equation 3, Scheme 4.27, Figure 4.4).  

From the previous discussions, it is already known that N-alkylation of benzyl alcohol and aniline 

in the presence of NaOtBu (0.075 equivalent) and 4.45 (0.02 mol %) in a closed vessel at 140 °C, 

resulted in the formation of 4.29 (Entry 7, Table 4.1, NMR yield = 43 % and isolated yield = 40 

%). When this reaction was repeated with C6H5CD2OH (4.16-D2) (90 % D), the products (4.29-D, 

4.29-D2, 4.29) were obtained in the ratio of 1.00:3.54:3.15 with an overall 29 % deuterium loss 

(equation 4, Scheme 4.27). The total isolated yield of N-alkylation of 2.16-D2 is 12 % in 

comparison with 4.16, which resulted in a 40 % isolated yield of 4.29. Intermolecular competitive 

reactions between 4.16 and 4.16-D2 with aniline in presence of NaOtBu (0.75 equivalent) and 4.45 

(0.02 mol %) in a closed vessel at 140 °C lead to the formation of 4.29, 4.29-D, 4.29-D2 in the 

ratio 8.25: 3.25: 1.00 (equation 5, Scheme 4.27). The 1H NMR studies revealed kCHH/kCHD to be 

2.5.68-69, 72 
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Figure 4.4: Evidence for H2 evolution in the reaction of dehydrogenation of benzyl alcohol at 140 °C via GC analysis. 

4.3.4 Mechanistic understanding 

The plausible mechanism involved in N-alkylation is provided in Scheme 4.28. The first step in 

N-alkylation reaction involves the dissociation of acetonitrile from catalyst 4.45. This is followed 

by the salt metathesis with NaOCH2Ph leading to the formation of 4.46. For the sake of simplicity, 

the substitution of only one of two chlorides by benzyloxide in the transformation of complex 4.45 

to 4.46 is represented. A β-hydride elimination from benzyloxide (OCH2Ph) group in 4.46 results 

in the formation of Ni-hydride complex 4.48 along with the generation of benzaldehyde. The 

formation of Ni-hydride complex goes via TS 4.47. 

The hydride complex 4.48 can then readily react with another molecule of benzyl alcohol where it 

undergoes an σ-bond metathesis via TS 4.49 to regenerate 4.46 with the liberation of hydrogen 

molecule. This step completes the dehydrogenation cycle. An uncatalyzed reaction of 

benzaldehyde with aniline to give corresponding imine couples the dehydrogenation segment with 

the hydrogenation segment. In the hydrogenation segment, the first step involves the insertion of 

imine into the Ni-H bond in 4.48. The insertion between Ni-hydride complex 4.48 and imine 

4.29'occurs through TS 4.50 and results in the formation of complex 4.51. The intermediate 4.51 

then undergoes an σ-bond metathesis with H2 via TS 4.52 and extrudes the product N-benzyl amine 

with the regeneration of 4.48. 
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Scheme 4.28: Plausible mechanism involved in the (iPr2NNN)NiCl2(NCCH3) catalyzed N-alkylation of amines 

 

The N-alkylated amine could also form via an alternative path that involves alcoholysis without 

the requirement of H2. In the alcoholysis segment, σ-bond metathesis occurs between Ni-N bond 

of 4.51' and O-H bond of benzyl alcohol to yield the N-alkylated product. Notably here one would 

expect complete incorporation of deuterium in N-alkylated product upon use of deuteriated benzyl 

alcohol 4.16-D2. However, the observed overall 29 % deuterium loss, indicates a minor 

contribution from the hydrogenation segment.  

At a higher catalyst loading (10 mol %) by keeping all other reaction conditions identical, the N-

alkylation reaction was performed and the mixture was analyzed by HRMS (ESI). After 12 h of 

reaction at 140 °C, distinct peaks at m/z = 364.1815, m/z = 531.4092 and m/z = 712.4996 were 

observed which corresponds to [4.45a+H]+, [4.47a+H+CH3CN]+, [4.51a +CH3OH] (Figure 4.5). 
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HRMS also indicated the formation of imine 4.29' (m/z = 182.0990) during the initial stages of 

the reaction. The formation of 4.45a could possibly be attributed to the reaction of catalyst 4.45 

with water formed during the uncatalyzed imine formation step of the reaction. In addition, it is 

likely that 4.47a and 4.51a are the resting species of the reaction (Figure 4.6-4.8; vide infra). 

 

Figure 4.5: HRMS (ESI) plot of the reaction mixture obtained from the 4.45 (10 mol %) catalyzed reaction. 

4.3.5 DFT studies 

To understand the energetics of the various intermediates involved in the reaction, DFT studies 

were performed at the B3LYP/BSI level of theory. Both high spin and low spin states were 

optimized for all the complexes. Since the triplet state is lower in energy universally, it was 

selected for calculating the barrier.  

The 20-electron Ni pincer catalyst (iPr2NNN)NiCl2(NCCH3) 4.45, will readily lose a molecule of 

acetonitrile to form either a 16-electron square-planar complex 4.46' or an 18-electron trigonal-

bipyramidal complex 4.46'' (Scheme 4.29). Generally, one might assume that formation of square 

planar complex 4.46' would be much more favorable than trigonal bi-pyramidal complex 4.46''. 

But, DFT calculations shows that the generation of 18-electron trigonal-bipyramidal complex 
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4.46'' is more exothermic by 23.16 kcal/mole compared to square planar complex 4.46' (Scheme 

4.29). Hence it can be assumed that, complex 4.46'' and the related trigonal-bipyramidal species 

are involved in the catalytic cycle rather than square-planar complexes analogous to 4.46'.  

 
Scheme 4.29: Computed energetics for formation of trigonal bipyramidal and square planar complex 

 

The free energies at 140 °C of various intermediates involved in the dehydrogenation segment and 

the corresponding hydrogenation segment (Scheme 4.28) are shown in Figure 4.6 and Figure 4.7 

respectively. The β-hydride elimination from benzyloxide group in 4.46 and the associated 

extrusion of benzaldehyde to give 4.48 is computed to be thermodynamically uphill (ΔG140= 7.66 

kcal/mol) with a high barrier (TS: 4.47, ΔG‡
140= 24.29 kcal/mol). The subsequent σ-bond 

metathesis is a downhill process (ΔG140= - 13.35 kcal/mol) and proceeds with a lower barrier (TS: 

4.49, ΔG‡
140= 13.15 kcal/mol) (Figure 4.6).  

The imine 4.29' inserts into the Ni-H bond of 4.48 in a downhill process (ΔG140= -11.73 kcal/mol) 

while crossing a barrier (TS: 4.50) of 31.34 kcal/mol (Figure 4.7). This is followed by a relatively 

uphill (ΔG140= 5.75 kcal/mol) σ-bond metathesis of 4.51 with H2 with a high energy barrier (TS: 

4.52, ΔG‡
140= 39.74 kcal/mol) (Figure 4.7). The alternative alcoholysis of 4.51 which involves 

initial coordination of benzyl alcohol 4.16 to Ni in 4.51 to yield 4.51' is endothermic (G140 = 

11.30 kcal/mol). This is followed by σ-bond metathesis of Ni-N with O-H of 4.16 in 4.51', leading 

to product 4.29 with regeneration of 4.46, which is exothermic (G140 = -18.09 kcal/mol) and has 

a lower barrier (TS: 4.52', G‡
140 = 7.40 kcal/mol). 
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Alcoholysis (4.51'→4.52', Figure 4.8) may not be the sole pathway to product (4.29) formation, 

though it has lower barrier than hydrogenation (4.51→4.52, Figure 4.7 and Figure 4.9). It should 

be noted that the lower barrier (TS: 4.49, G‡
140 = 13.15 kcal/mol) for the step 4.48→4.49 (Figure 

4.6 and Figure 4.9) in comparison to the step 4.48→4.50 (Figure 4.7 and Figure 4.9) contributes 

to a significant amount of H2 production. This corresponds to the fact that 4.51 can now react with 

either H2 or 4.16. Experimentally, it is observed that NNN-Ni pincer complex 4.45 can 

hydrogenate 4.29' in presence of H2 (equation 2, Scheme 4.27). In addition, deuterium loss (ca. 

29%) is also observed in the N-alkylated product of reaction between 4.16-D2 with 4.10 (equation 

4, Scheme 4.27). All these observations indicate the evolution of H2 and its reaction with 4.29'. 

 

 

Figure 4.6: Relative free energies (140 °C) of intermediates involved in dehydrogenation of benzyl alcohol 

DFT studies were carried out using B3LYP functional with SDD basis set for Ni and 6-311G(d) for all other atoms. 
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Figure 4.7: Free energy profile 4.45 catalyzed hydrogenation of aldimine 

DFT studies were carried out using B3LYP functional with SDD basis set for Ni and 6-311G(d) for all other atoms. 

 

 

Figure 4.8: Free energy profile of the 4.45 catalyzed alcoholysis of aldimine 4.29' 

DFT studies were carried out using B3LYP functional with SDD basis set for Ni and 6-311G(d) for all other atoms. 
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Figure 4.9: Comparison of free energies of species involved in various paths that are available for 4.48 and 4.51. 

DFT studies were carried out using B3LYP functional with SDD basis set for Ni and 6-311G(d) for other atoms. 

 

Computational studies indicate the lower barrier for alcoholysis (Figure 4.8 and Figure 4.9). These 

observations open up a possibility of the existence of both pathways (alcoholysis and 

hydrogenation) leading to formation of 4.29. This bodes well for the formation of 4.29 under open-

vessel conditions (equation 1, Scheme 4.27), which may now be attributed to not only poor H2 

removal but also an alternative alcoholysis path. 

 

The β-hydride elimination is the rate-determining step (RDS) for dehydrogenation with 4.46 as the 

resting state. On the other hand, either for hydrogenation having a rate-determining σ-bond 

metathesis of 4.51 with H2 or for alcoholysis with a rate-determining imine insertion step, 4.51 

appears to be the resting state. This is in agreement with the HRMS (ESI) analysis (vide supra), 

where derivatives of both 4.46 and 4.51are observed. As both the β-hydride elimination and imine 

insertion steps required for breaking and/or for forming of a C−H bond, further support of the 

claim of these two steps being rate determining is obtained from labeling studies that have been 

performed with use of 4.16- D2, where the kCHH/kCHD value of about 2.5 is obtained. 
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4.4 Introduction to the synthesis of benzimidazoles via dehydrogenative coupling 

N-containing heterocyclic compounds are essential building blocks of numerous natural products 

such as α-amino acids, proteins, purines and biotin.82 Besides this, they also find applications in 

organic or polymeric materials, optical brighteners for coating and thermally stable membranes 

for fuel cells.83 In particular, benzimidazole derivatives are medicinally important bioactive 

scaffolds, having miscellaneous applications including anti-cancer, anti-viral, anti-bacterial, anti-

tumor, anti-HIV, and related anti-fungal medicines (Figure 4.10).84 

 

Figure 4.10: Drugs containing benzimidazole moiety  

It is noteworthy that benzimidazole derivatives are important scaffolds and there are several 

synthetic strategies to generate this structure (Figure 4.11).85-102 

Figure 4.11: A few reported methods for benzimidazole synthesis 
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Intramolecular aryl-amination/cyclization is a one-step process to synthesize benzimidazoles. 

However, here along with the desired product, stoichiometric amounts of halide waste would be 

generated. In 2002, the Brain group developed a novel synthetic strategy to benzimidazoles via an 

palladium-catalyzed intramolecular N-arylation reaction starting from a (o-bromo-phenyl)amidine 

precursor (Scheme 4.30).85 

 

Scheme 4.30: Pd(0) catalyzed synthesis of benzimidazoles starting from amidines85  

In 2009, Wang and co-workers developed a three component reaction for the synthesis of 

functionalized benzimidazoles by using p-toluene sulfonylazide, terminal alkynes and amino 

anilines (Scheme 4.31).86 CuI undergoes oxidative addition with alkyne and azide 4.57 (Scheme 

4.31) which is followed by nucleophilic addition of benzene-1,2-diamine to generate 

corresponding N-sulfonylamidine. Further intramolecular cyclization produces substituted 

benzimidazoles.86 

 

Scheme 4.31:The copper mediated three component cascade reaction to synthesize benzimidazoles86 

One of the classical methods to synthesize 1,2-disubstituted benzimidazoles is the condensation 

reaction between 1,2-diaminoarene with benzaldehyde or its derivatives. Other than metal 

complexes several other mild reagents such as poly (N,N–dibromo-N-ethyl benzene-1,3-

disulfonamide) (PBBS) or N,N,N,N-tetrabromobenzene-1,3-disulfonamide (TBBDA),87 L-

proline,88 and SiO2/ZnCl2 (Scheme 4.32),89 can be used to catalyze this reaction.  
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Scheme 4.32: Synthesis of 1, 2 disubstituted benzimidazoles catalyzed by  SiO2/ZnCl2
89 

In 2009, Dang et al. generated phosphoric acid-containing benzimidazole moiety starting from 3-

nitro-1,2-phenylene diamine and aldehyde as starting materials. The cyclization between these two 

reactants was catalyzed by using a combination of FeCl3/SiO2 (Scheme 4.33).90 

 

Scheme 4.33: Synthesis of phosphoric acid containing benzimidazoles90  

Classical methods for the synthesis of functionalized benzimidazoles either generate 

stoichiometric amount of waste (because of the substrate leaving group or additive)91-93 or are 

catalyzed by precious noble metal-based (Ir, Ru) catalyst94-97. Acceptorless dehydrogenative 

coupling (ADC) for the benzimidazole synthesis using highly abundant, less toxic and inexpensive 

base metal catalyst is a challenging task. This synthetic methodology attracts significant attention 

not only for avoiding multistep synthesis but also for being atom-economical. Dehydrogenative 

coupling between primary alcohols and derivatives of 1, 2-phenylenediamine is a useful synthetic 

pathway for benzimidazole formation, since here the only byproducts are stoichiometric amounts 

of water and two equivalents of valuable molecular hydrogen. In 2014, Kempe group reported that 

Ir catalyzed the benzimidazole synthesis via acceptorless dehydrogenative coupling of 1,2-

benzene-diamines and aliphatic alcohols.97 Here, KOtBu is needed for accelerating the oxidation 

step of alcohol. This dehydrogenative coupling is catalyzed by an Ir complex 4.64 which is 

stabilized by tridentate PNP pincer ligand (Scheme 4.34). 
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Scheme 4.34: Benzimidazole synthesis catalyzed by an PNP pincer-Ir complex97  

In the same year, synthesis of benzimidazole was carried out by Ramachandran et al. in the 

presence of Ru(II) carbonyl complex 4.65 with phosphine functionalized PNS type 

thiosemicarbazone ligand (Scheme 4.35).98 They also have shown the versatile catalytic activity 

of Ru(II) pincer towards both N-alkylation.  

Scheme 4.35: Pincer-Ru(II) catalyzed benzimidazole synthesis98 

In recent years, considerable efforts have been made towards the development of several different 

dehydrogenative reaction methodologies using first row transition metal complexes. Apart from 

precious transition metals such as Ir97 and Ru98, very recently non-toxic and earth-abundant Co99 

and Mn100 have been revealed to act as a good catalysts for dehydrogenative coupling reactions. 
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Scheme 4.36: Synthesis of functionalized benzimidazoles that are catalyzed by a PNN pincer-Co.99 

In 2017, the Milstein group demonstrated the use of pincer-Co complex 4.65a (5 mol %) to 

accomplish the dehydrogenative coupling between ortho-phenylene diamines and hexane-1-ol 

with TON up to 20 in presence of stoichiometric amount of KOtBu (Scheme 4.36).99 

Very recently, in 2019, the Banerjee group demonstrated the use of NiBr2 (2.5 mol %) in 

combination with 1,10 phenanthroline (3 mol %) to accomplish the synthesis of 1,2-disubstituted 

benzimidazoles in 91 % isolated yield in the presence of stoichiometric amount of KOtBu (Scheme 

4.37).101 

Scheme 4.37: Synthesis of 1,2-disubstituted benzimidazoles that is catalyzed by a combination of NiBr2 and 1, 10-

phenanthroline101 

In 2019, Pathak and co-workers have demonstrated the use of pincer-nickel complexes for the 

synthesis of benzimidazoles using benzaldehydes and benzene diamines as precursors.102 The 

NNN-Ni complex 4.45 reported in this chapter, efficiently catalyzes the dehydrogenation of benzyl 

alcohol to benzaldehyde. Hence, it would be interesting to see if 4.45 can be used to accomplish 

the synthesis of benzimidazole starting from benzyl alcohols rather than benzaldehyde.  

4.5 Synthesis of benzimidazoles via dehydrogenative coupling catalyzed by 

(iPr2NNN)NiCl2(NCCH3) 

To establish the synthetic potential of the pincer Ni system (iPr2NNN)NiCl2(NCCH3)  4.45 towards 

catalytic dehydogenative coupling as an alternative synthetic route to 2-phenyl-1H-
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benzo[d]imidazole, the cyclization of 1,2-benzene diamine with benzyl alcohol was attempted 

under open vessel conditions (Scheme 4.38). 

Scheme 4.38: Benzimidazole synthesis via dehydrogenative coupling catalyzed by (iPr2NNN)NiCl2(NCCH3) 

4.5.1 Optimization of the catalytic protocol  

Table 4.6: Solvent-free benzimidazole synthesis catalyzed by 4.45 (0.02 mol %) under varying 

conditions. 

Entry Temperature Base (loading) Isolated yield 

1. 200 °C NaOtBu (0.75 equiv.) 35 % 

2. 200 °C NaOtBu (0.1 mol %.) 42 %  

3. 140 °C NaOtBu (0.1 mol %.) 10 % 

Reaction condition: benzyl alcohol (4.8 mmol), 1, 2-benzene di-amine (4.8 mmol) at 200 °C in open vessel.  

To generate the active Ni species, the use of minimal amount base (0.01 mol % of NaOtBu) was 

sufficient. It is observed that by use of (iPr2NNN)NiCl2(NCCH3) catalyst 4.45 (0.02 mol %) without 

any solvent, in an open vessel, resulted in the formation of 2-phenyl-1H-benzo[d]imidazole (Entry 

2, Table 4.6) with 42 % isolated yield at 200 °C after 72 h. Lowering the temperature to 140 °C 

resulted in a yield drop to 10 % (Entry 3 in Table 4.6).  

4.5.2 Dehydrogenative coupling of 1,2-benzene diamine with various aromatic alcohols 

Upon use of various functionalized aromatic alcohols, moderate yields of benzimidazoles were 

obtained with high turnovers in most of the cases. Alcohols based on five-membered heterocycles 

such as furfuryl alcohol (4.63c), thiophenyl alcohol (4.63d) gave the corresponding N-heterocyclic 

product with 4% and 6% yield respectively.  
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Table 4.7: The 4.45 catalyzed synthesis of various benzimidazoles at 200 °C 

 

 

Reaction conditions: 4.6 mmol of 4.37a-z, 4.6 mmol of 4.16a-z, 4.62 μmol of NaOtBu and 0.9 μmol of 4.45 at 200 

°C in an open vessel. (a)Isolated yield. (b)Mixture of isomers. 

Dehydrogenative coupling reaction with six-membered heterocyclic compounds such as pyridine 

4-methanol, pyridine 3-methanol (4.63m and 4.63n, Table 4.7) did not lead to corresponding 

products. Alcohols with electron-withdrawing p-fluoro (4.63b) and with substituents at the meta 

positions such as 3-OMe (4.63f), 3-Cl (4.63i), 3-Me (4.63j, Table 4.7) gave slightly lower 

turnovers. Substituted diamines resulted in mixture of isomers (4.63k and 4.63l, Table 4.7). The 
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highest TON (2550) is achieved for the dehydrogenative coupling of 1,2-benzene diamine with 

pyridine 2-methanol (4.63e, Table 4.7).  

4.6 Conclusion 

In one of the first reports, NNN pincer-nickel complex (iPr2NNN)NiCl2(NCCH3) has been utilized 

as an efficient catalyst for the benign formation of C–N bonds. The pincer-nickel complex 

(iPr2NNN)NiCl2(NCCH3) is highly thermally stable and proved to be versatile for both 

dehydrogenative coupling and hydrogen-transfer reactions at temperatures as high as 200 °C. The 

alkylation of various amines utilizing a variety of alcohols has been successfully catalyzed by 

(iPr2NNN)NiCl2(NCCH3) in moderate yields (35% - 60%) but with good turnovers. Operating at 

lower catalyst loading (0.002 mol %) and elevated temperatures (200 °C) gave very high turnovers 

with the best results (ca. 68% yield and 34000 TON) obtained for a combination of 2-amino 

pyridine with 4-methoxy benzyl alcohol. It is also observed that (iPr2NNN)NiCl2(NCCH3) 

efficiently catalyzes the dehydrogenative coupling of benzene-1,2-diamines with alcohols to yield 

benzimidazoles. 

Quantum mechanical calculations provide valuable information on the operative mechanism. At 

140 °C, the overall change in free energy for dehydrogenation is computed to be downhill with β-

hydride elimination as the RDS. For the corresponding hydrogenation segment, the free energy 

change is also favorable but with σ-bond metathesis as the RDS. DFT studies are also in favor of 

the alcoholysis step for the formation of an N-alkylated product where the imine insertion appears 

to be the RDS. Control experiments are complementary to DFT calculations and provide strong 

evidence for the involvement of both hydrogenation and alcoholysis. The respective resting states 

of all the individual RDS have been identified by HRMS analysis. Labeling studies are in 

agreement with the DFT analysis and show the involvement of a benzylic C−H bond in the RDS. 

This is one of the first reports on the use of a pincer-nickel system for the N-alkylation of amines. 

This offers exciting opportunities for the design and development of pincer-Ni complexes for 

dehydrogenation and related reactions. 

 

 

 

TH-2410_156122031



Chapter 4                                            Investigations on the Pincer-Ru and Pincer-Ni Catalyzed….   

Moumita Dutta, Ph.D Thesis, IITG                                                                                                            145 
 

4.7 Experimental section 

General procedure and materials 

All manipulations were carried out under purified Ar using a standard double manifold. The nickel 

precursor, NiCl2 was purchased from Sigma-Aldrich. Benzyl alcohol and aniline were purchased 

from MERCK and were dried according to literature procedure prior to experiment.  Other 

chemicals were purchased from Sigma-Aldrich and used as such. All catalytic reactions were 

carried out with air and/or under argon atmosphere using dried glassware. The Pincer complex 

4.45 was synthesized according to the literature procedure.76, 77 

Physical measurements  

1H, 13C(H)and 19F NMR were recorded either on a Bruker ASCEND 600 operating at 600 MHz 

for 1H, 150 MHz for 13C(H), and 565 MHz for 19F  or on a Bruker AVANCE 400 operating at 400 

MHz for 1H, 100 MHz for 13C(H), 376 MHz for 19F. Chemical shifts (δ) are reported in ppm, 

spin−spin coupling constant (J) are expressed in Hz, and other data are reported as follows: s = 

singlet, d = doublet, t = triplet, m = multiplet, q = quartet, and br s = broad singlet. HRMS 

measurements were done using an Agilent Accurate-Mass Q-TOF ESI–MS 6520. GC analysis 

(TCD detection) was performed on a Agilent 7820-GC instrument fitted with Agilent Front SS7 

inlet N2 HP5 column (30 m length x 0.32 mm ID) using the following method: Agilent 7820-GC 

Detector, Oven temperature 70 °C, Time at starting temp: 0 min, Hold time = 10 min, Flow rate 

(carrier): 5 mL/min (N2), Split ratio: 50, Inlet temperature: 70 °C, Detector temperature: 250 °C. 

General procedure for the pincer-nickel catalyzed N-alkylation of amine with alcohol. 

To a 5 ml high pressure sealable Schlenk flask containing benzyl alcohol 4.16 (0.5 ml, 4.8 mmol), 

0.75 equivalents of NaOtBu (0.345 g, 3.6 mmol) was added under Ar atmosphere. The flask was 

closed and the contents were solubilized. The mixture was cooled to room temperature and to the 

resulting white slurry, aniline 4.10 (0.44 ml, 4.8 mmol) and iPr2NNNNiCl2(NCCH3) (0.3 mg, 0.7 

µmol) were added respectively. The reaction mixture was heated at 200 oC for 72 hours. The 

reaction mixture was then cooled to room temperature followed by addition of toluene (100 µL) 

as an internal standard. An aliquot (21 mg) was withdrawn from the reaction mixture and NMR 

yield was determined by 1H NMR using CDCl3 (0.5 ml) as solvent. The rest of reaction mixture 
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was quenched with water followed by extraction of organic fraction with dichloromethane. The 

organic phase was separated and was dried over anhydrous Na2SO4. The solvent was removed 

from organic fraction under reduced pressure. Carrying out column chromatography using hexane-

ethyl acetate mixture (0% - 5 %) as eluent gave product 4.29 in the pure form. The isolated product 

was characterized by NMR spectroscopy.  

General procedure for the Pincer- Nickel catalyzed benzimidazole by dehydrogenation of 

amine with alcohol. 

A mixture of 1, 2-diaminobenzene 4.37 (0.50 g, 4.62 mmol), benzyl alcohol 4.16 (0.48 ml, 4.62 

mmol), NaOtBu (0.4 g), and 4.45 (0.9µmol) was stirred under neat condition at 200 °C for 20 h in 

open vessel under Ar atmosphere. After cooling, MeOH was added to dilute the mixture and 

filtered. The filtrate was concentrated under reduced pressure, and the residue was purified by 

silica gel column chromatography using 10% - 30% ethyl acetate in hexane as an eluent to get the 

benzimidazole derivative in the pure form. 

Computational details 

All the considered molecules were fully optimized using the Gussian 09 D.01 program package.103 

The B3LYP/BSI level of DFT was used for all the calculations (BSI is defined here as a basis set 

combination of SDD104 for nickel atoms and 6-311G(d) for all other atoms). The level of 

calculation was selected on the basis of a previous report on Ni complexes.105 Frequency 

calculations were also carried out to differentiate minima structures or transition states on the 

potential energy surface. Transition-state structures were further validated by following the 

reaction path using intrinsic reaction coordinate (IRC) calculations wherever necessary.106 ΔG 

values were estimated by using the sum of electronic and thermal free energies. These values were 

computed at 140 °C to meet the experimental conditions. 

N-benzylaniline (4.29) 

Yellow liquid (isolated yield = 42 %). 1H NMR (400 MHz, CDCl3) δ 7.44     

– 7.35 (m, 4H), 7.31 (dd, J = 9.4, 4.3 Hz, 1H), 7.21 (t, J = 7.9 Hz, 2H), 

6.75 (t, J = 7.3 Hz, 1H), 6.67 (d, J = 7.7 Hz, 2H), 4.36 (s, 2H), 4.05 (s, 

1H). 13C NMR (151 MHz, CDCl3) δ 148.29, 139.57, 129.39, 128.76, 

127.63, 127.35, 117.69, 112.97, 77.16, 48.45. HRMS (ESI): 

[M+H]+calculated 184.1048, found 184.1151. 
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N-benzyl-4-fluoroaniline (4.29a) 

Yellow liquid (isolated yield = 44 %) 1H NMR (600 MHz, CDCl3) δ 

7.42 (d, J = 4.9 Hz, 4H), 7.35 (d, J = 5.2 Hz, 1H), 6.95 (t, J = 9.5 Hz, 

2H), 6.61 (d, J = 12.5 Hz, 2H), 4.33 (s, 2H). 13C NMR (151 MHz, 

CDCl3) δ 156.72, 155.17, 144.58, 139.35, 128.77, 127.58, 127.41, 

115.83, 115.69, 113.75, 113.70, 48.95. 19F NMR (565 MHz, CDCl3) δ 

-127.80.HRMS (ESI): [M+H]+ calculated 202.2444, found 202.1081 

 

N-benzyl-2,4,5-trifluoroaniline (4.29c) 

Yellow liquid (isolated yield = 13 %) 1H NMR (400 MHz, CDCl3) δ 

7.30 – 7.24 (m, 4H), 7.17 (s, 1H), 6.78 (td, J = 10.4, 7.2 Hz, 1H), 6.35 

(dt, J = 12.1, 7.9 Hz, 1H), 4.22 (s, 2H). 13C NMR (151 MHz, CDCl3) δ 

138.03, 128.86, 128.43, 127.67, 127.34, 104.81, 104.70, 104.55, 

100.80, 100.71,  100.55, 100.52, 48.05. 19F NMR (377 MHz, CDCl3) δ 

-138.72 , -142.45 – -142.58 (m), -151.11.  

 

 

N-benzyl-4-methoxyaniline (4.29d)  

1H NMR (400 MHz, CDCl3) δ 7.38 (t, J = 5.2 Hz, 4H), 7.29 (d, J 

= 6.9 Hz, 1H), 6.79 (d, J = 8.9 Hz, 2H), 6.62 (d, J = 8.9 Hz, 2H), 

4.29 (s, 2H), 3.75 (s, 3H).1H NMR (400 MHz, CDCl3)δ 7.38 (t, J 

= 5.2 Hz, 4H), 7.29 (d, J = 6.9 Hz, 1H), 6.79 (d, J = 8.9 Hz, 2H), 

6.62 (d, J = 8.9 Hz, 2H), 4.29 (s, 2H), 3.75 (s, 3H). HRMS (ESI): 

[M+H]+calculated 214.1154, found 214.1285. 

 

N-benzyl-4-methylaniline (4.29e) 

1H NMR (400 MHz, CDCl3) δ 7.31 – 7.13 (m, 5H), 6.89 (d, J = 8.0 

Hz, 2H), 6.46 (d, J = 8.2 Hz, 2H), 4.20 (s, 2H), 2.14 (s, 3H). 13C 

NMR (151 MHz, CDCl3) δ 145.94, 139.68, 129.78, 128.63, 127.53, 

127.18, 126.77, 113.02, 48.66, 20.45. HRMS (ESI): 

[M+H]+calculated 198.1204, found = 198.1299.     
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N-(4-methoxybenzyl)aniline (4.29p) 

1H NMR (600 MHz, CDCl3) δ 7.35 (d, J = 8.6 Hz, 2H), 7.25 (s, 2H), 

6.95 (d, J = 8.4 Hz, 2H), 6.81 – 6.77 (m, 1H), 6.69 (d, J = 7.9 Hz, 

2H), 4.30 (s, 2H), 3.85 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 

158.86, 148.25, 131.45, 129.31, 128.86, 117.52, 114.05, 112.88, 

55.33, 47.80. HRMS (ESI): [M+H]+ calculated 214.1154, found 

214.1247. 

 

 

N,N'-(pyridine-2,6-diylbis(methylene))dianiline (4.29m) 

 
1H NMR (600 MHz, CDCl3) δ 7.60 (t, J = 7.7 Hz, 1H), 7.25 – 7.17 

(m, 6H), 6.74 (s, 2H), 6.69 (d, J = 8.3 Hz, 4H), 4.48 (s, 4H). 13C 

NMR (151 MHz, CDCl3) δ 158.12, 147.93, 137.31, 129.30, 

119.92, 117.68, 113.12, 49.28.HRMS (ESI): [M+H]+calculated 

290.1579, found = 290.1669. 

 

 

N,N'-(pyridine-2,6-diylbis(methylene))bis(4-fluoroaniline) (4.29n) 

1H NMR (600 MHz, DMSO-d6) δ 7.66 (t, J = 7.7 Hz, 1H), 

7.21 (d, J = 7.4 Hz, 2H), 6.89 (t, J = 8.5 Hz, 4H), 6.58 – 

6.54 (m, 4H), 4.33 (s, 4H).13C NMR (151 MHz, DMSO-d6) 

δ 158.91, 155.15, 145.23, 137.16, 119.24, 115.21, 113.05, 

49.00.19F NMR (565 MHz, DMSO-d6) δ -129.49 (s).HRMS 

(ESI): [M+H]+calculated 326.1391, found = 326.1519. 

 

N-(pyridin-4-ylmethyl)aniline (4.29w) 

1H NMR (600 MHz, CDCl3) δ 8.54 (d, J = 5.9 Hz, 2H), 7.30 (d, J = 5.8 

Hz, 2H), 7.17 (t, J = 7.9 Hz, 2H), 6.74 (t, J = 7.3 Hz, 1H), 6.58 (d, J = 7.7 

Hz, 2H), 4.38 (s, 2H). 13C NMR (151 MHz, CDCl3) δ150.09, 149.11, 

147.54, 129.48, 122.19, 118.22, 113.00, 47.21. HRMS (ESI): 

[M+H]+calculated 185.1000, found = 185.1110. 
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N-benzylpyridin-2-amine (4.29o) 

 
1H NMR (600 MHz, CDCl3) δ 8.10 (d, J = 4.7 Hz, 1H), 7.44 – 7.31 (m, 

5H), 7.28 (d, J = 7.0 Hz, 1H), 6.62 – 6.57 (m, 1H), 6.37 (d, J = 8.4 Hz, 

1H), 4.90 (s, 1H), 4.51 (d, J = 5.8 Hz, 2H). 13C NMR (151 MHz, CDCl3) 

δ 158.77, 148.35, 139.32, 137.62, 128.78, 127.54, 127.39, 113.33, 106.95, 

46.50 . HRMS (ESI): [M+H]+calculated 185.1000, found 185.1135. 

 

 

N-(pyridin-2-ylmethyl)aniline (4.29x) 

 
1H NMR (600 MHz, CDCl3) δ 8.61 – 8.58 (m, 1H), 7.64 (td, J = 7.7, 1.8 

Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.21 – 7.16 (m, 3H), 6.73 (td, J = 7.3, 

1.2 Hz, 1H), 6.70 – 6.65 (m, 2H), 4.47 (s, 2H). 13C NMR (151 MHz, 

CDCl3) δ 158.67, 149.33, 148.02, 136.73, 129.36, 122.19, 121.70, 

117.72, 113.18, 49.44. HRMS (ESI): [M+H]+calculated 185.1000, found 

= 185.1013. 

 

N-(4-methoxybenzyl)pyridin-2-amine (4.29k) 

1H NMR (600 MHz, CDCl3) δ 8.08 (s, 1H), 7.38 (s, 1H), 7.27 (d, J 

= 6.7 Hz, 2H), 6.86 (d, J = 6.7 Hz, 2H), 6.57 (s, 1H), 6.35 (d, J = 

7.4 Hz, 1H), 4.87 (s, 1H), 4.41 (s, 2H), 3.78 (s, 4H). 13C NMR (151 

MHz, CDCl3) δ 159.00, 158.78, 148.30, 137.58, 131.29, 128.82, 

114.17, 113.20, 106.91, 55.41, 45.96. HRMS (ESI): 

[M+H]+calculated 214.1106, found = 215.1225. 

 

2-phenyl-1H-benzo[d]imidazole (4.63) 

1H NMR (600 MHz, DMSO-d6) δ 12.93 (s, 1H), 8.19 (d, J = 8.3 Hz, 2H), 

7.67 (d, J = 7.7 Hz, 1H), 7.59 – 7.48 (m, 4H), 7.21 (dt, J = 20.2, 6.8 Hz, 

2H). 13C NMR (151 MHz, DMSO-d6) δ 151.66, 144.24, 135.44, 130.60, 

130.31, 129.42, 126.88, 123.00, 122.13, 119.33, 111.78.HRMS (ESI): 

[M+H]+calculated 195.0844, found = 195.0938. 
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2-(4-methoxyphenyl)-1H-benzo[d]imidazole (4.63a) 

1H NMR (600 MHz, DMSO-d6) δ 12.73 (s, 1H), 8.11 (s, 2H), 

7.62 (d, J = 7.5 Hz, 1H), 7.49 (d, J = 7.4 Hz, 1H), 7.12 (d, J = 

8.7 Hz, 4H), 3.85 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 

161.07 , 151.80 , 144.35 , 135.43 , 128.46 , 122.53 , 121.90 , 

118.95 , 114.83 , 111.48 , 55.81 .HRMS (ESI): [M+H]+ 

calculated 225.0950, found = 225.1052 

 

2-(4-fluorophenyl)-1H-benzo[d]imidazole (4.63b) 

1H NMR (600 MHz, DMSO-d6) δ 12.94 (s, 1H), 8.22 (dd, J = 8.7, 5.5 

Hz, 2H), 7.66 (d, J = 4.4 Hz, 1H), 7.54 (d, J = 7.0 Hz, 1H), 7.42 (t, J 

= 8.8 Hz, 2H), 7.26 – 7.16 (m, 2H).13C NMR (151 MHz, DMSO-d6) 

δ 164.33, 162.69, 150.83, 129.20, 129.15, 127.27, 116.55, 116.41.19F 

NMR (565 MHz, DMSO-d6) δ -111.12 (d, J = 8.6 Hz).HRMS (ESI): 

[M+H]+calculated 213.0750, found = 213.0883. 

 

2-(furan-2-yl)-1H-benzo[d]imidazole(4.63c) 

1H NMR (400 MHz, DMSO-d6) δ 13.50 (s, 1H), 9.83 (s, 1H), 8.21 (s, 1H), 

7.96 (s, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.65 (s, 2H), 7.31 (s, 2H).13C NMR 

(151 MHz, DMSO-d6) δ 144.50, 144.42, 131.67, 131.28, 129.70, 129.40, 

124.70, 122.96, 120.31, 112.85. HRMS (ESI): [M+H]+calculated 

185.0637, found = 185.1098. 

 

2-(thiophen-2-yl)-1H-benzo[d]imidazole(4.63d) 

1H NMR (400 MHz, DMSO-d6) δ 12.95 (s, 1H), 7.83 (d, J = 4.6 Hz, 1H), 

7.73 (dd, J = 5.1, 1.2 Hz, 1H), 7.55 (d, J = 32.2 Hz, 3H), 7.25 – 7.16 (m, 

3H). 13C NMR (151 MHz, DMSO-d6) δ 147.48, 134.06, 129.21, 128.72, 

127.17.HRMS (ESI): [M+H]+calculated 201.0408, found = 201.1046. 
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2-(pyridin-2-yl)-1H-benzo[d]imidazole (4.63e) 

1H NMR (600 MHz, CDCl3) δ 10.73 (s, 1H), 8.64 (d, J = 4.7 Hz, 1H), 

8.44 (d, J = 7.9 Hz, 1H), 7.87 (t, J = 7.7 Hz, 2H), 7.50 (s, 1H), 7.41 – 7.36 

(m, 1H), 7.31 (dd, J = 6.1, 2.8 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 

150.89, 149.12, 148.52, 137.67, 124.74, 121.98.HRMS (ESI): 

[M+H]+calculated 196.0796, found = 196.0890. 

 

2-(3-methoxyphenyl)-1H-benzo[d]imidazole (4.63f) 

1H NMR (600 MHz, DMSO-d6) δ 12.75 (s, 1H), 8.12 (d, J = 8.8 Hz, 

2H), 7.62 (d, J = 7.5 Hz, 1H), 7.50 (d, J = 7.4 Hz, 1H), 7.17 (t, J = 

8.3 Hz, 2H), 7.12 (d, J = 8.8 Hz, 2H), 3.84 (s, 3H). 13C NMR (151 

MHz, DMSO-d6) δ 161.07 , 151.81 , 144.35 , 135.43, 128.47 , 

123.17 , 122.53 , 121.90 , 118.95 , 114.83 , 111.48 , 55.81 . HRMS 

(ESI): [M+H]+calculated 225.0950, found = 225.1069 

 

2-(p-tolyl)-1H-benzo[d]imidazole (4.63g) 

1H NMR (400 MHz, DMSO-d6) δ 12.81 (s, 1H), 8.10 – 8.02 (m, 

2H), 7.66 – 7.61 (m, 1H), 7.53 – 7.47 (m, 1H), 7.36 (d, J = 7.9 Hz, 

2H), 7.19 (td, J = 6.6, 1.6 Hz, 2H), 2.39 (s, 3H). 13C NMR (151 

MHz, DMSO-d6) δ 151.84 , 144.29, 140.01, 135.40 , 129.96 , 

127.92 , 126.85 , 122.01 , 119.16 , 111.64 , 21.44 .HRMS (ESI): 

[M+H]+ calculated 209.1000, found = 209.1118. 

 

2-(4-chlorophenyl)-1H-benzo[d]imidazole (4.63h) 

1H NMR (600 MHz, DMSO-d6) δ 13.01 (s, 1H), 8.19 (d, J = 8.6 Hz, 

2H), 7.64 (d, J = 8.6 Hz, 4H), 7.23 (s, 2H). 13C NMR (151 MHz, 

DMSO-d6) δ 151.66 , 144.24 , 135.44 , 130.60 , 130.31 , 129.42 , 

126.88 , 123.00 , 122.13 , 119.33 , 111.78 . HRMS (ESI): 

[M+H]+calculated 229.0454, found = 229.0530. 
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2-(3-chlorophenyl)-1H-benzo[d]imidazole (4.63i) 

1H NMR (400 MHz, DMSO-d6) δ 13.05 (s, 1H), 8.23 (s, 1H), 8.15 (d, J 

= 7.2 Hz, 1H), 7.57 (s, 4H), 7.24 (s, 2H).13C NMR (151 MHz, DMSO-

d6) δ 150.19 , 134.23 , 132.66, 131.40 , 130.00 , 126.48 , 125.48 , 122.37 

, 119.51 , 111.98 .HRMS (ESI): [M+H]+calculated 229.0454, found = 

229.0577. 

2-(m-tolyl)-1H-benzo[d]imidazole (4.63j) 

1H NMR (600 MHz, DMSO-d6) δ 12.88 (s, 1H), 8.03 (s, 1H), 7.97 (d, 

J = 7.7 Hz, 1H), 7.66 (d, J = 7.4 Hz, 1H), 7.53 (d, J = 7.2 Hz, 1H), 7.44 

(t, J = 7.6 Hz, 1H), 7.32 (d, J = 7.4 Hz, 1H), 7.24 – 7.17 (m, 2H), 2.42 

(s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 151.78 , 138.62 , 130.93 , 

130.55 , 129.30 , 127.46 , 124.05 , 122.95 , 122.08 , 119.25 , 111.74 , 

21.52 . HRMS (ESI): [M+H]+calculated 209.1000, found = 209.1100. 

5-methyl-2-phenyl-1H-benzo[d]imidazole(4.63k) and 6-methyl-2-phenyl-1H-benzo[d]imidazole 

(4.63k) 

1H NMR (600 MHz, DMSO-d6) δ 

12.79 (s, 1H), 12.75 (s, 1H), 8.15(d, J = 

7.5 Hz, 5H), 7.54 (t, J = 7.7 Hz, 7H), 

7.51-7.45 (m, 4H), 7.41 (d, J = 8.1 Hz, 

1H), 7.31 (s, 1H), 7.03 (dd, J= 21.1, 8.1 

Hz, 3H), 2.44 (s, 4H), 2.42 (s, 3H).  13C 

NMR (151 MHz, DMSO-d6) δ 151.60, 150.82, 135.05, 130.78, 130.10, 129.36, 129.25, 127.16, 

126.85, 123.56, 122.89, 122.21, 116.73, 109.23, 17.62, 17.13. HRMS (ESI): [M+H]+calculated 

209.1000, found = 209.1108. 

4-methyl-2-phenyl-1,4-dihydrocyclopenta[d]imidazole and 6-methyl-2-phenyl-1,4-

dihydrocyclopenta[d]imidazole (4.63l) 

1H NMR (600 MHz, DMSO-d6) δ 12.85 (s, 1H), 

12.59(s, 1H), 8.25 (d, J = 7.3  Hz, 2H), 8.18 (d, 

J = 7.3 Hz, 3H), 7.56 (q, J = 7.3 Hz, 5H), 7.53-

7.46 (d, J = 8.0 Hz, 1H), 713-7.07 (m, 3H), 7.00 

(t, J= 7.4 Hz, 2H), 2.59 (s, 4H), 2.57 (s, 3H).  

13C NMR (151 MHz, DMSO-d6) δ 151.17, 

142.41, 130.14, 130.07, 126.79, 124.43, 123.70, 119.06, 119.81, 111.48, 111.29, 21.84, 21.75. 

HRMS (ESI): [M+H]+calculated 209.1000, found = 209.1092. 
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Supporting information (containing NMR spectra of various compound and Cartesian coordinates 

of the computed complexes) for chapter 4 is available as appendix 3 and can be found at 

https://drive.google.com/file/d/1ihehIqPowud_sMY2RUiE8h3ZbLGq1vos/view?usp=sharing 
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5.1 Introduction 

β-hydroxy nitrile is an important moiety which has a cyano moiety and a hydroxyl group attached 

to the same carbon atom. β-hydroxy nitrile is an useful biologically active intermediate used in the 

synthesis of β-hydroxy amides,1 β-hydroxy esters,2 β-amino alcohols,3 β-hydroxy ketones,4 β-

hydroxy carboxylic acids5 and α-hydroxy acids6. These compounds have several importance in 

producing fine-chemicals,7 pharmaceuticals8 and agrochemicals9. In addition, the hydroxyl group 

can generate new stereo-centers which would be used as chiral auxiliaries.  

Figure 4.1: A few examples of β-hydroxy nitrile intermediates that are of pharmaceutical importance 

5.2 History of cyanomethylation reaction 

β-hydroxy nitrile can be prepared through several techniques. It can be directly obtained through 

ring-opening of 1,2 epoxide with HCN.10 Better results can be obtained by the use of aqueous 

sodium cyanide in presence of 12-crown-4.11  

A simple, efficient, regio- and stereo-selective method for the synthesis of β-hydroxy nitrile was 

demonstrated by the direct ring opening of 1, 2 epoxide with alkali metal cyanides in the presence 

of perchlorates (Scheme 5.1).12  
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Scheme 5.1: Formation of β-Hydroxy nitriles by reaction of 1,2-epoxides with potassium cyanide12  

LiCN can also be used for cyanation of epoxide.13 β-hydroxy nitriles has been obtained by the 

regio-selective ring-opening of styrene oxide with NaCN in aqueous–alcoholic medium.14 The 

presence of water in the reaction media not only facilitates the availability of the cyanide 

nucleophile but also assists the complete regioselective opening in good yields. 

The cyanotrimethylsilane can be utilized as a versatile reagent for introduction of the cyano 

functionality to various electrophilic substrates. Reaction of Bu3Yb, prepared from YbCl3 and 

BuLi, smoothly proceeds with cyanotrimethylsilane to give Yb(CN)3, which is the active species 

to produce a β-trimethylsiloxy nitrile from an oxirane (5.3) with excellent yield (Scheme 5.2).15 

Deprotection of trimethyl silyl ether to alcohol is easily achieved through several methods.16  

 

Scheme 5.2: Formation of nitriles mediated by Yb(CN)3.15 

Another technique to produce β-hydroxy nitrile is from the reaction between trimethylsilyl cyanide 

with epoxide in presence of aluminum chloride (Scheme 5.3).  Initial reaction between Me3SiCN 

with catalytic amounts of diethyl aluminium chloride gives diethyl aluminium cyanide and 

trimethyl chlorosilane. Diethyl aluminium cyanide then reacts with oxirane (5.5) to obtain ring 

opened product 5.5.1 which further reacts with additional trimethylsilyl cyanide to generate the 

desired product 5.6.17 There are several reports that use trimethyl silyl cyanide to afford β-hydroxy 

nitriles.17-20  
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 Scheme 5.3: Reactions of epoxides with trimethylsilyl cyanide to obtain nitrile species.17  

Cyanide ion can also be generated from acetone cyanohydrin.21 Acetone cyanohydrin in presence 

of stoichiometric amount of triethyl amine can open epoxides regio-specifically to give β-hydroxy 

nitriles (Scheme 5.4).22 

 

Scheme 5.4: Formation of β-hydroxy nitriles by ring opening of 1,2-epoxides with acetone cyanohydrin.22 

N. Iranpoor and co-workers reported an efficient method for addition of cyanide to 1, 2 epoxide in 

presence of Ce(OTf)4 to afford β-hydroxy nitriles in high yield (Scheme 5.5).23 Here epoxides 

having both electron donating and withdrawing substituents can react with cyanide to obtain β-

hydroxy nitriles as a major product through attack of cyanide ion on less substituted carbon atom. 

 

Scheme 5.5: Generation of β-hydroxy nitriles from ring opening of epoxides catalyzed by Ce(OTf)4.23 

Most of these methods suffer from limitations such as poor chemo-selectivity, use of volatile toxic 

substances and expensive reagents. In order to overcome these problems, a new practical method 
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for the preparation of β-hydroxy nitrile could be through the aldol-type cyanomethylation that 

involves the nucleophilic addition of α-cyano carbanions to carbonyl substrates.  

Palomo and co-workers first reported the cyanomethylation by nucleophilic addition of α-cyano-

carbanion generated from trimethylsilylacetonitrile (TMSCH2CN). TMSCH2CN reacted with 

carbonyl compound in presence of catalytic amount of tris(dimethylamino)sulfonium 

diflurotrimethyl silicate (TSAF) to afford β-trimethylsiloxy nitrile in excellent yield.24 

Subsequently, the Shibasaki’s group demonstrated Cu(I) catalyzed cyanomethylation of carbonyl 

substrates with trimethylsilylacetonitrile (TMSCH2CN) in the presence of (EtO)3SiF            

(Scheme 5.6) 25  

 

Scheme 5.6: CuF-catalyzed cyanomethylation of acetophenone using TMSCH2CN25 

Later Mukaiyama reported LiOAc catalyzed cyanomethylation of aldehydes and ketones in the 

presence of TMSCH2CN (Scheme 5.7).26 Aromatic aldehydes having electron donating or 

withdrawing group reacted efficiently to afford cyanomethylated product in excellent yield.  

 

Scheme 5.7: Lewis base-catalyzed cyanomethylation of carbonyl compounds with TMSCH2CN26 

Trimethylsilyl acetonitrile (TMSCH2CN) in presence of metal fluorides exhibited 

cyanomethylation of N-protected isatin to yield 3-hydroxy-3-cyanometyl oxindoles (Scheme 

5.8).27 Fluoride anion due to its high silicon-fluoride affinity can activate Si-C bond of 
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TMSCH2CN and generate the cyanomethylene anion in-situ. The CsF catalyzed aldol reaction was 

tested for a series of N-protected isatin derivatives at room temperature.  

 

Scheme 5.8: Cyanomethylation of various N-trityl isatins with trimethyl-silyl acetonitrile27 

Very recently, the cyanomethylation of ketone in the presence of α-alkylated 

(dimethylsilyl)acetonitrile using MgCl2 or CaCl2 has been reported.28 Highly basic tris(2,4,6-

trimethoxy phenyl)phosphine (TTMPP) catalyzes the cyanomethylation of carbonyl compound to 

give the corresponding product under metal-free condition (Scheme 5.9).29  

 

Scheme 5.9: TTMPP-catalyzed cyanomethylation of aldehyde29 

Other than alkali metal cyanides and TMSCH2CN, acetonitrile (CH3CN) can also act as good 

nitrile source. In 2005, Suto et al. developed Cu alkoxide-chiral phosphine catalysts to generate 

enantio-selective β-hydroxy nitriles (Scheme 5.10).30 Here chemo-selective activation and de-

protonation of donor acetonitrile substrate occurred by soft metal alkoxide as BrÖnsted base. 

Lewis-acidic metal alkoxide center enhanced the catalytic activity. In metal alkoxides, the d-p 

repulsion between an occupied metal d-orbital and the lone pair of oxygen, acts as an driving force 

for activation of CH3CN.31 
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Scheme 5.10: Cu(I)-catalyzed aldol-type reaction of acetonitrile30  

Transition metal catalyzed, base mediated deprotonaton of acetonitrile followed by a nucleophilic 

addition is an important strategy for the synthesis of β-hydroxy nitrile species. Shibasaki and co-

workers reported [CpRu(PPh3)(CH3CN)2]PF6 as an effective catalyst for coupling of aldehyde and 

acetonitrile in presence of DBU (DBU = 1,8 diazabicyclo[5.4.0]undec-7-ene)  as a base (Scheme 

5.11).32  

 

Scheme 5.11: Cationic ruthenium catalyzed cyanomethylation reaction32 

Saito and co-workers reported cyanomethylation of aldehyde using Rh(I) under mild condition.33 

Here Rh(OMe)(COD)2 catalyzed aldol type condensation of unactivated alkyl nitrile with aldehyde 

under mild conditions (Scheme 5.12). In 2011, the same group developed a straight forward 

method to provide β-hydroxy carboxamides from aldehyde, nitrile and water in an atom-

economical fashion.34  

 

Scheme 5.12:  Rh-catalyzed synthesis of β-hydroxy nitriles33 
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Among several methods, catalytic cyanomethylation using inexpensive, air and moisture stable Ni 

complexes have resulted in high yield and selectivity.35-38 Ozerov group have developed an 

efficient catalytic system involving a cationic nickel complex supported by a diarylamido-based 

PNP pincer ligand (Scheme 5.13).35 The cationic, base mediated Ni catalyzed reaction proceed 

through a Lewis acid mechanism. Analogous PNP pincer catalysts based on Pd and Pt were not as 

competent as Ni for the cyanomethylation reaction.35  

 

Scheme 5.13: Diarylamido-based PNP Ni catalyzed coupling of acetonitrile with aldehydes.35 

In 2013, Guan and co-workers isolated an air and moisture stable cyanomethyl species (Ni-

CH2CN) that proved to be a highly active catalyst for the coupling between aldehyde and 

acetonitrile without an added base or additive (Scheme 5.14).38 After the reaction with aldehyde, 

the d-p repulsion between Ni and O orbital of the resulting Ni-alkoxide species facilitates the 

activation of acetonitrile followed by 1, 2 insertion of the aldehyde to generate Ni-C bond. 

Subsequent deprotonation of acetonitrile by nickel alkoxide would release the corresponding 

cyanomethylated product.38 The main advantage of this reaction is that it proceeds without any 

added base. They also observed that the catalytic reaction is sensitive to steric effect of pincer 

ligand. Compare to iPr substituent on the pincer ligand, bulky tBu substituent gave poor result for 

the same reaction under similar condition.  
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Scheme 5.14: Cyanomethylation of aldehydes catalyzed by a pincer-nickel catalyst under base-free conditions38 

In 2015, the Miller group developed a new Ni catalyst supported by diethylamine or aza-crown-

ether containing amino-phosphinate (NCOP) pincer ligands for catalyzing the insertion of 

benzaldehyde into a C-H bond of acetonitrile (Scheme 5.15).36  

 

Scheme 5.15: Neutral and cationic pincer-nickel complexes reported for cyanomethylation reaction36 

Miller proposed two distinct mechanistic pathways for pincer-Ni bound to a OtBu- group and for 

pincer-Ni bound to CH3CN. The neutral (NCOP)Ni(OtBu) complex can generate active catalyst 

without any added base, whereas the cationic complex [(NCOP)Ni(NCCH3)]
+ slowly enter in the 

catalytic cycle in presence of base (Scheme 5.15). The area of Ni catalyzed cyanomethylation of 
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aldehydes offers exciting possibilities considering the mild conditions involved in the pincer-Ni 

catalyzed reactions in addition to the ready availability and inexpensive nature of Ni.  In 2015, 

Ariafard et al. have computationally probed the mechanistic pathway of cyanomethylation of 

benzaldehyde with POCOP-Ni pincer catalyst 5.26 that was experimentally studied by chakraborty 

et al.37,39 They have proposed that the exchange of alkoxide ligand with acetonitrile was highly 

energy demanding and presence of bulky pincer ligand prominently retards the exchange reaction 

which leads to catalyst deactivation. Similar observation was experimentally made by Guan.38 

While the effects of sterics around the Ni center is somewhat well-studied, the information on how 

electronics would affect the pincer-nickel catalyzed cyanomethylation is not available. The 

growing interest on pincer-Ni catalyzed cyanomethylation and the inherent subtle steric and 

electronic challenges that lead to significant changes in catalytic reactivity calls for systematic 

understanding on the operative mechanism. With this objective, a series of ten catalysts (5.27b-

5.27k) (Figure 5. 2) were chosen with varying electronic demand and their cyanomethylation 

activity was computationally compared with the best catalyst (iPr2POCCNEt2)NiOtBu (5.27a) that 

was reported by Miller. 36  

5.3 Results & discussions 

 

Figure 5.2: Pincer-Ni complexes (5.27b-k) screened for the DFT studies on cyanomethylation reaction.  
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In the current thesis, several pincernickel complexes have been tested by systematic variation of 

the ligating and linker atoms (Figure 5.2) on the active catalyst 5.27a that was reported by Miller.  

The mechanism of cyanomethylation of benzaldehyde catalyzed by the Miller’s system36 is shown 

in Scheme 5.15. The catalyst precursor 5.27a is readily generated by the treatment of 

corresponding nickel chloride with an equivalent of KOtBu. Complex 5.27a upon reaction with 

acetonitrile leads to the formation of the catalytically active species 5.28a. This is followed by the 

insertion of carbonyl group of benzaldehyde into the Ni-C bond giving rise to intermediate 5.29a. 

Acetonitrile then reacts with 5.29a to regenerate 5.27a along with the formation of product 4.9 via 

an σ-bond metathesis reaction. One can anticipate similar catalytic intermediates in the 

corresponding cycles of 5.27b-5.27k. 

It was envisaged that a good start point for rational design would be to look at Ni complexes 

derived from (iPr4NNN)Ni(OtBu) 5.27b and (iPr4NCN)Ni(OtBu) 5.27c. Contrary to the mixed 

phosphine based systems, these amine systems not only offer greener reaction conditions but also 

are relatively easier to synthesize. With an objective to validate the choice of catalytic system and 

to compare it with the system (iPr2POCCNEt2)NiCl already reported by the Miller group,36 the 

energetics of the cyanomethylation reaction was computed using Gaussian 09 program package.40 

All the considered derivatives were fully optimized at room temperature (RT) by DFT (Density 

Functional Theory), using the hybrid three-parameter Becke-Lee-Yang-Parr (B3LYP) functional 

with 6-31G(d) basis set. All the obtained stationary points from frequency calculations characterize 

that they are minima on potential energy surface.  

The barrier for the step 5.285.29, starting with (iPr4NNN)Ni(CH2CN) 5.28b (TS 5.30b; GRT
⧧ = 

68.85 kcal/mol) is higher than the corresponding barrier with either (iPr2POCNEt2)Ni(CH2CN) 

5.28a (TS 5.30a; GRT
⧧ = 37.61 kcal/mol) or (iPr4NNN)Ni(CH2CN) 5.28c (TS 5.30c; GRT

⧧ = 

40.51 kcal/mol) (Figure 5.3a and Table 5.1). In comparison with 5.29a, the barrier for the 

subsequent step 5.295.28+5.9 is unfavorable starting from both 5.29b and 5.29c by 24.82 

kcal/mol and 10.98 kcal/mol respectively. The relatively higher barrier for the both the steps makes 

the catalysis by 5.28b and 5.28c unfavorable when compared to 5.28a. The 5.28a-c catalyzed 

reactions involves σ-bond metathesis of NiO in 5.29 with CH of acetonitrile as the RDS. 

Repeating the calculations at a different level (BSI level, Figure 5.3b) and using a different method 

(PBEPBE, Figure 5.3c) provided a similar trend in energetics (Table 5.1)  
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Figure 5.3: Relative free energy profile of 5.28a-c catalyzed cyanomethylation determined from DFT studies carried 

out using (a) Hybrid three-parameter Becke-Lee-Yang-Parr (B3LYP) functional with 6-31G(d) basis set. (b) 

B3LYP/BSI level (BSI is defined here as a basis set combination of SDD basis set for Ni and 6-311G(d) for other 

atoms). (c) PBEPBE functional with the LANL2DZ basis set for Ni and 6-311G(d,p) for other atoms. 
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However, the barriers obtained with PBEPBE are much lower (Table 5.1) and more reasonable for 

a reaction occurring at room temperature. Apparently, the loss of reactivity of amine based pincers 

5.28b/5.28c in comparison with the mixed phosphine-amine system (iPr2POCNEt2)Ni(OtBu) 5.28a 

originates from the stronger -donating ability of amine ligands. 

Table 5.1. Free energy barrier (GRT
⧧) involved in the 5.28ac catalyzed cyanomethylation.  

Entry Catalyst TS  

GRT
⧧ (kcal/mol) 

B3LYP  

/6-31G(d) 

B3LYP 

SDD for Ni,  

6-311G(d) for all other atoms 

PBEPBE 

LANL2DZ for Ni 

6-311G(d,p) for all other atoms 

1. 
(iPr2POCNEt2)Ni(CH2CN) 

5.28a 

5.30a 37.61 31.73 31.42 

5.31a 45.57 48.95 35.05 

2. 
(iPr4NNN)Ni(CH2CN) 

5.28b 

5.30b 68.85 66.90 53.12 

5.31b 70.39 68.27 53.15 

3. 
(iPr4NCN)Ni(CH2CN) 

5.28c   

5.30c   40.51 39.03 30.65 

5.31c   56.55 52.79 39.69 

To reduce the amount of -donation, the energetics of the path involving imine based pincers 

(iPr2NNN)NiCl(CH2CN) 5.28d and (iPr2NCN)Ni(CH2CN) 5.28e were computed (Figure 5.4). At 

the B3LYP/6-31G(d) level of theory (Figure 5.4a), when compared to the catalysis by 5.28a, the 

step 5.285.29 is more downhill with both 5.28d and 5.28e by 9.38 kcal/mol and 11.02 kcal/mol 

respectively (Figure 5.4a). Furthermore, the corresponding transition states (TSs) 5.30d and 5.30e 

are lower in energy by 10.15 kcal/mol and 13.67 kcal/mol (Figure 5.4a and Table 5.2). For the 

subsequent step 5.295.28+5.9, while both 5.29a and 5.29e have similar barrier, the forward 

reaction with 5.29d is kinetically unfavorable by 13.71 kcal/mol in comparison with 5.29a (Figure 

5.4a and Table 5.2). The trend in the relative free energy changes of the intermediates involved in 

the cyanomethylation reaction catalyzed by 5.28a, 5.28d and 5.28e were very similar when the 

computations were repeated at a different level (Figure 5.4b) and with a different method (Figure 

5.4c). Similar to 5.28a, the reactions catalyzed by either 5.28d or 5.28e involve the σ-bond 

metathesis of NiO in 5.29 with CH of acetonitrile is the RDS. Clearly, in comparison with 5.28a, 

while the catalysis with 5.28d is disfavored (entry 2, Table 5.2), the corresponding catalysis with 

5.28e is favorable (entry 3, Table 5.2). The complex (iPr2NCN)Ni(CH2CN) 5.28e based on 

phosphinefree and environmentally friendly ligands thus offers great promise. 
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Figure 5.4: Relative free energy profile of 5.28a, 5.28d, 5.28e catalyzed cyanomethylation determined from DFT 

studies carried out using (a) Hybrid three-parameter Becke-Lee-Yang-Parr (B3LYP) functional with 6-31G(d) basis 

set. (b) B3LYP/BSI level (BSI is defined here as a basis set combination of SDD basis set for Ni and 6-311G(d) for 

other atoms). (c) PBEPBE functional with the LANL2DZ basis set for Ni and 6-311G(d,p) for other atoms. 
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Table 5.2. Free energy barrier (GRT
⧧) involved in the 5.28de catalyzed cyanomethylation.  

Entry Catalyst TS  

GRT
⧧ (kcal/mol) 

B3LYP  

/6-31G(d) 

B3LYP 

SDD for Ni,  

6-311G(d) for all other atoms 

PBEPBE 

LANL2DZ for Ni 

6-311G(d,p) for all other atoms 

1. 
(iPr2POCNEt2)Ni(CH2CN) 

5.28a 

5.30a 37.61 31.73 31.42 

5.31a 45.57 48.95 35.05 

2. 
(iPr2NNN)Ni(CH2CN)    

5.28d 

5.30d 27.46 30.74 27.49 

5.31d 59.28 58.48 46.73 

3. 
(iPr2NCN)Ni(CH2CN)     

5.28e 

5.30e   23.94 26.09 19.69 

5.31e   46.94 47.87 34.89 

 

The Phebox based NNN and NCN pincer complexes 5.28f and 5.28g demonstrated a very striking 

similarity in reactivity in comparison to their respective bis-imino pyridine based counterparts 

5.28d and 5.28e. Accordingly, the σ-bond metathesis of NiO in 5.29 with CH of acetonitrile is 

the RDS for catalytic cyanomethylation with both 5.28f and 5.28g (Figure 5.5, Table 5.3). 

Analogous to the bis-imino pyridine systems, the catalysis with Phebox based NNN 5.28f is less 

favored (entry 2, Table 5.3) in comparison to the corresponding catalysis with Phebox based NCN 

5.28g (entry 3, Table 5.3). Interestingly, in the case of both bis-imino pyridine based and Phebox 

based complexes, the PBEPBE method provides the lowest barriers (Table 5.2 and 5.3) that are 

reasonable for a reaction that occurs at room temperature. Notably, the DFT studies indicate the 

possibility of Phebox based NCN pincer complex 5.28g as another potential “green” catalyst (in 

addition to (iPr2NCN)Ni(CH2CN) 5.28e) for cyanomethylation reactions. 

Table 5.3. Free energy barrier (GRT
⧧) involved in the 5.28dg catalyzed cyanomethylation.  

Entry Catalyst TS  

GRT
⧧ (kcal/mol) 

B3LYP  

/6-31G(d) 

B3LYP 
SDD for Ni,  

6-311G(d) for all other atoms 

PBEPBE 
LANL2DZ for Ni 

6-311G(d,p) for all other atoms 

1. 
(iPr2POCNEt2)Ni(CH2CN) 

5.28a 

5.30a 37.61 31.73 31.42 

5.31a 45.57 48.95 35.05 

2. (dmPhebox NNN)Ni(CH2CN) 

5.28f 

5.30f 34.15 38.41 33.65 

5.31f 
58.1 

59.09 43.55 

3. (dmPhebox NCN)Ni(CH2CN) 

5.28g 

5.30g   30.38 28.48 23.07 

5.31g   49.6 51.36 37.88 
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Figure 5.5: Relative free energy profile of 5.28a, 5.28f, 5.28g catalyzed cyanomethylation determined from DFT 

studies carried out using (a) Hybrid three-parameter Becke-Lee-Yang-Parr (B3LYP) functional with 6-31G(d) basis 

set. (b) B3LYP/BSI level (BSI is defined here as a basis set combination of SDD basis set for Ni and 6-311G(d) for 

other atoms). (c) PBEPBE functional with the LANL2DZ basis set for Ni and 6-311G(d,p) for other atoms. 
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Thus, among the catalysts 5.28b-g that were generated by the P for N substitutions in 5.28a, the 

catalytic activity of complexes 5.28e and 5.28g were computed to be on par with that of the Millers 

system 5.28a. It should be noted that with the best method (PBEPBE), the overall reaction 

(5.28+PhCHO+CH3CN5.28+5.9) catalyzed by 5.28e and 5.28g is uphill by 2.09 kcal/mol and 

2.19 kcal/mol respectively that is in contrast to the Miller’s system 5.28a for which the 

cyanomethylation is uphill by 5.97 kcal/mol (Figure 5.4c, Figure 5.5c, Table 5.2 and Table 5.3). 

In comparison to 5.28a, while the barrier for the insertion of benzaldehyde into the NiC bond in 

5.28 was significantly lower for both 5.28e and 5.28g (Figure 5.4c, Figure 5.5c, Table 5.2 and 

Table 5.3), the barrier for the corresponding rate determining σ-bond metathesis was comparable.   

The next task was to probe the effect of N for P substitutions. This was explored by employing Ni 

catalysts 5.28h and 5.28i based on the traditional PCP and PNP ligands. In comparison with the 

Miller’s catalyst 5.28a, the catalysts 5.28h and 5.28i had a slightly higher barrier (TS 5.30h; GRT
⧧ 

= 39.55 kcal/mol and TS 5.30i; GRT
⧧ = 43.51 kcal/mol respectively, Table 5.4) for the step 5.28 

5.29 when B3LYP/6-31G(d) was used (Figure 5.6a and Table 5.4). The activation energy 

required for the subsequent step 5.295.28+5.9 was comparable for 5.28a and 5.28h. On the other 

hand, the corresponding barrier was about 19.19 kcal/mol higher when 5.28i was used as catalyst. 

Among the different methods and basis sets employed, the calculations carried out with PBEPBE 

provided the lower barriers (Figure 5.6c). In all cases the σ-bond metathesis of NiO in 5.29 with 

CH of acetonitrile is the RDS. The activity of 5.28a and 5.28h are comparable and the catalysis 

by 5.28i is energetically unfavorable (Figure 5.6c and Table 5.4). 

Table 5.4. Free energy barrier (GRT
⧧) involved in the 5.28hi catalyzed cyanomethylation.  

Entry Catalyst TS  

GRT
⧧ (kcal/mol) 

B3LYP  

/6-31G(d) 

B3LYP 
SDD for Ni,  

6-311G(d) for all other atoms 

PBEPBE 
LANL2DZ for Ni 

6-311G(d,p) for all other atoms 

1. 
(iPr2POCNEt2)Ni(CH2CN) 

5.28a 

5.30a 37.61 31.73 31.42 

5.31a 45.57 48.95 35.05 

2. (iPr4PCP)Ni(CH2CN)    

5.28h 

5.30h 39.55 33.52 35.15 

5.31h 47.33 50.60 35.24 

3. (iPr4PNP)Ni(CH2CN)   

5.28i 

5.30i  43.51 44.83 39.17 

5.31i   64.76 62.90 48.15 
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Figure 5.6: Relative free energy profile of 5.28a, 5.28h, 5.28i catalyzed cyanomethylation determined from DFT 

studies carried out using (a) Hybrid three-parameter Becke-Lee-Yang-Parr (B3LYP) functional with 6-31G(d) basis 

set. (b) B3LYP/BSI level (BSI is defined here as a basis set combination of SDD basis set for Ni and 6-311G(d) for 

other atoms). (c) PBEPBE functional with the LANL2DZ basis set for Ni and 6-311G(d,p) for other atoms. 
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Subsequent studies involved the investigation on the effect of change in linker atoms. For this 

purpose the catalytic activity of asymmetric phosphine based complexes (iPr4PNOP)Ni(CH2CN) 

5.28j and (iPr4PCOP)Ni(CH2CN) 5.28k were computed at the B3LYP/6-31G(d) level of theory 

(Figure 5.7a) and compared to 5.28a. In stark contrast to 5.28a, the first step 5.28 5.29 is uphill 

for both 5.28j and 5.28k by 7.97 kcal/mol and 2.96 kcal/mol (Figure 5.7a). While the 

corresponding barriers 5.30 is lower by 2.89 kcal/mol upon starting from 5.28j, the value is higher 

by 3.57 kcal/mol in the case of 5.28k (Figure 5.7a, Table 5.5). For the next step 5.295.28+5.9, 

the free energy of activation is higher for 5.28j by 13.9 kcal/mol in comparison to 5.28a. On the 

other hand, the barrier (5.31) is comparable with both 5.28a and 5.28k.  Analogous to previous 

catalysts, the RDS involves the σ-bond metathesis of NiO in 5.29 with CH of acetonitrile.  

The barriers of the TSs calculated using the PBEPBE method (Figure 5.7c and Table 5.5) were 

lower than the corresponding barriers calculated using B3LYP. While 5.28j the catalyzed reactions 

were clearly unfavourable due to both kinetic and thermodynamic reasons, the energetics involved 

in cyanomethylation catalyzed by 5.28k were very much comparable to that of 5.28a.  

Interestingly, in the PBEPBE method (Figure 5.7c and Table 5.5), while the σ-bond metathesis of 

NiO in 5.29 with CH of acetonitrile is the RDS when 5.28a is used (TS 5.31a; GRT
⧧ = 35.05 

kcal/mol, Table 5.5), the insertion of benzaldehyde into the NiC bond is the RDS when 5.28k is 

used as a catalyst with an very similar barrier (TS 5.30k; GRT
⧧ = 35.66 kcal/mol, Table 5.5). 

 

Table 5.5. Free energy barrier (GRT
⧧) involved in the 5.28jk catalyzed cyanomethylation.  

Entry Catalyst TS  

GRT
⧧ (kcal/mol) 

B3LYP  

/6-31G(d) 

B3LYP 
SDD for Ni,  
6-311G(d) for all other atoms 

PBEPBE 
LANL2DZ for Ni 
6-311G(d,p) for all other atoms 

1. 
(iPr2POCNEt2)Ni(CH2CN) 

5.28a 

5.30a 37.61 31.73 31.42 

5.31a 45.57 48.95 35.05 

2. (iPr4PONP)Ni(CH2CN)    

5.28j 

5.30j 34.72 35.85 39.72 

5.31j 59.47 56.34 43.01 

3. (iPr4POCP)Ni(CH2CN)   

5.28k 

5.30k   41.18 40.37 35.66 

5.31k  45.32 45.56 33.83 
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Figure 5.7: Relative free energy profile of 5.28a, 5.28j, 5.28k catalyzed cyanomethylation determined from DFT 

studies carried out using (a) Hybrid three-parameter Becke-Lee-Yang-Parr (B3LYP) functional with 6-31G(d) basis 

set. (b) B3LYP/BSI level (BSI is defined here as a basis set combination of SDD basis set for Ni and 6-311G(d) for 

other atoms). (c) PBEPBE functional with the LANL2DZ basis set for Ni and 6-311G(d,p) for other atoms. 
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Upon comparison of the energetics of various species involved in the catalytic cycle, it is evident 

that complexes 5.27e, 5.27g, 5.27h and 5.27k that have strong trans influencing atom like C in the 

pincer central position assisted in reducing the barrier of rate determining σ-bond metathesis of 

NiO with CH of acetonitrile (Table 5.1-5.5).41, 42 On the other hand, complexes 5.27d, 5.27f, 

5.27i and 5.27j having relatively weaker trans influencing N in the pincer central position had a 

significantly higher barrier for the σ-bond metathesis of NiO with CH of acetonitrile (Table 5.1-

5.5). 

5.4 Conclusion 

The PBEPBE method provides a reasonable energetics for the cyanomethylation reactions 

catalyzed by (iPr2POCNEt2)Ni(CH2CN) which is reported by Miller to experimentally accomplish 

this reaction at room temperature. Systematic computational studies have provided two potential 

leads into the possibility of a rational design of efficient phosphine free catalysts 

(iPr2NCN)Ni(CH2CN) and (dmPheboxNCN)Ni(CH2CN) based on bis(imino)pyridine and Phebox 

ligands. The catalytic efficiency is attributed to optimal -donating ability of imine based pincers 

that help not only in lowering the barrier but also in making the thermodynamics more favorable. 

The inability of amine based pincer nickel complexes (iPr4NNN)Ni(CH2CN) and 

(iPr4NNN)Ni(CH2CN) in catalyzing cyanomethylation reactions is attributed to their strong -

donating nature. Among the phosphine based catalysts, while the efficiency of  

(iPr4POCP)Ni(CH2CN)   and (iPr4PCP)Ni(CH2CN were comparable with (iPr2POCNEt2)Ni(CH2CN), 

the catalysis with (iPr4PONP)Ni(CH2CN) and (iPr4PNP)Ni(CH2CN) appears to be strongly 

disfavored. In most of the cases, the σ-bond metathesis of NiO with CH of acetonitrile is the 

RDS. It is likely that having a strong trans influencing atom like C in the pincer central position 

will help in lowering barrier of the σ-bond metathesis of NiO with CH of acetonitrile. On the 

other hand, a weaker trans influencing atom like N will not provide any such favorable assistance. 

Catalysts with improved efficiency can thus be computationally predicted by clever tuning of the 

ligand environment. 
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5.5 General procedure 

Computational details 

Gaussion-09 package (revision D.01) program package was used for all the calculation.40 

Geometries of all the considered molecules were fully optimized using generalized gradient 

corrected exchange and correlation functional PBEPBE.43 The double-ζ quality LANL2DZ44-46 

basis set with effective core potential (ECP) was used for Ni atom and triple-ζ quality 6-311G 

basis set with polarization function (d,p) was used for all other atoms. Geometry optimization was 

performed at two more levels of DFT.One is the B3LYP/BSI level (BSI is defined here as a basis 

set combination of SDD47 for nickel atoms and 6-311G(d) for all other atoms) and the other is 

B3LYP/6-31G(d,p) level48. The level of calculation was selected on the basis of a previous report 

on Ni complexes.49 Frequency calculations at all three selected methods given above were 

performed to distinguish the obtained stationary points as minima structures or transition states on 

the potential energy surface. All the calculations were performed in the gas phase. ΔG values were 

estimated by using the sum of electronic and thermal free energies at room temperature.  

Supporting information (containing Cartesian coordinates of the computed complexes) for 

chapter 5 is available as appendix 4 and can be found at 

https://drive.google.com/file/d/1ihehIqPowud_sMY2RUiE8h3ZbLGq1vos/view?usp=sharing 
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Summary & Outlook 

This thesis describes the application of NNN pincer complexes of ruthenium and nickel towards 

several catalytic reactions of great synthetic utility. All the probed reactions have been studied 

from a detailed mechanistic point of view. 

Chapter 1 provides a brief introduction to organometallic complexes and how in recent times the 

pincer-metal chemistry has played a pivotal role in the success and applicability of 

organometallics. A historical perspective of the birth and growth of pincer-metal chemistry is 

provided with glimpses on their application in catalytic organic transformations. The chapter ends 

with a section that discusses on the scope of the current thesis. 

Chapter 2 demonstrates the utility of NNN pincer-ruthenium complexes towards atom transfer 

radical addition (ATRA) or the Kharasch addition of polyhalogenated methanes to styrene in one 

of the first such reports for pincer-Ru. In particular, the complex (Cy2NNN)RuCl2(PPh3) [0.2 mM], 

catalyzed Kharasch addition of CCl4 to styrene at 140 °C with very high turnovers (up to 5670) 

which is the highest reported hitherto either in the presence or in the absence of a co-catalyst radical 

initiator. The excellent activity of (Cy2NNN)RuCl2(PPh3) was attributed not only due to the easy 

generation of 5-coordinate 16-electron species but also owing to the ready oxidation of the Ru 

center.  Detailed mechanistic studies point to the involvement of a benzylic radical in a path where 

the dissociation of PPh3 is the rate determining step.    

Chapter 3 discusses the application of NNN pincer-ruthenium complexes in catalytic 

transformation of glycerol to lactic acid. In a systematic mechanistic study, a rational explanation 

has been provided for the higher efficiency of pincer-ruthenium complexes based on less hindered 

2,6-bis(benzimidazole-2-yl) pyridine ligands in comparison with the corresponding complexes 

based on bis(imino)pyridine. Interestingly the 2,6-bis(benzimidazole-2-yl) pyridine based pincer-

ruthenium complexes had an optimal Ru-P bond energy that helped in easy generation of the 

catalytically active species. Furthermore, the favorable energetics that is attributable to lower steric 

encumbrance around the Ru center made the catalysis more conducive. On a synthetic front, the 

pincer-ruthenium complexes based on 2,6-bis(benzimidazole-2-yl) pyridine ligands were found to 
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be highly efficient in selectively (ca. 98%) transforming glycerol to lactic acid with up to 90 % 

yield and turnovers as high as 15,000.

Chapter 4 investigates the utility of phosphine-free pincer-nickel complexes in accomplishing 

catalytic N-alkylation of amines with alcohols in an attempt to move away from the use of catalysts 

derived from hazardous ligands and precious metals.  The complex (iPr2NNN)NiCl2(NCCH3) was 

found to catalyze the N-alkylation with high yields (up to 90 %) and high TONs (up to 34000). 

under neat conditions. The labeling experiments provide evidence for the involvement of the 

benzylic C−H bond in the RDS with a kCHH/kCHD value of about 2.5. DFT studies are 

complementary and reveal that while β-hydride elimination is the RDS for alcohol 

dehydrogenation, the N-alkylated product can be formed either via alcoholysis that has imine 

insertion as the RDS or by hydrogenation with a rate-determining σ-bond metathesis. The 

corresponding resting states have been observed by HRMS (ESI) analysis. The studies have been 

extended to probe efficient dehydrogenative coupling (TONs up to 2550) of benzyl alcohols with 

benzene-1,2-diamines. 

Chapter 5 dwells upon the efforts to computationally probe a phosphine-free pincer-nickel 

complex that would demonstrate an efficiency better than the reported phosphine based pincer-

nickel complex (iPr2POCNEt2)Ni(CH2CN) for cyanomethylation reaction. For this purpose, the 

mechanism of cyanomethylation of benzaldehyde was studied quantum mechanically for a series 

of eleven pincer-nickel complexes. The energetics of various intermediates and transition states 

involved in the catalytic cycle for each catalyst was compared with the corresponding energetics 

of the Miller’s catalyst (iPr2POCNEt2)Ni(CH2CN) that is reported to accomplish the 

cyanomethylation at room temperature.  While pincer complexes (iPr4NNN)Ni(CH2CN) and 

(iPr4NNN)Ni(CH2CN) containing strong -donating amines were found to fare poorly, pincer-

nickel complexes (iPr2NCN)Ni(CH2CN) and (dmPheboxNCN)Ni(CH2CN) based on weaker -

donating imines had energetics more favorable than the reported catalyst 

(iPr2POCNEt2)Ni(CH2CN). Furthermore, having strong trans-influencing C as the pincer central 

atom was found to be pivotal for lowering the kinetics of the reaction. On the other hand, presence 
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of a poor trans-influencing N proved to be detrimental on the overall energetics of the 

cyanomethylation reaction. 

The current thesis has made an attempt to gain a systematic understanding on the mechanism of 

various pincer-Ru and pincer-Ni catalyzed organic transformations with an objective to help the 

rational design of future catalytic systems. It is gratifying to acknowledge that in recent years a 

significant amount of global research is focused on the versatile applications of pincer-chemistry. 

Not surprisingly, the current thesis also offers exciting leads which mainly includes but not limited 

to investigation of the asymmetric catalysis, development of sustainable and recyclable pincer-

metal catalytic systems for synthesis of fuel, fine and value-added chemicals. These studies can be 

taken up for future investigations as they offer exciting possibilities. 
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