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Abstract 

The contents of the present thesis entitled “Pincer-Ruthenium and Pincer-Cobalt Catalyzed 

Value-Addition of Alcohols” 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 program. 

Chapter I discusses a brief description on catalytic organic transformations reported in 

literature utilizing pincer-metal complexes. A large library of pincer-complexes that have been 

studied for various reactions such as alkane dehydrogenation, C-C or C-N bond formation and 

reduction of carbon dioxide, have been briefly reviewed in the chapter. The chapter ends with 

the identification and scope of the current thesis. 

Chapter-II discusses the synthesis and characterization of three novel NNN pincer-Ru 

complexes based on bis(imino)pyridine ligands. These complexes along with other previously 

reported pincer-Ru complexes based on bis(imino)pyridine and 2,6-bis(benzimidazol-2-

yl)pyridine ligands have been studied for the β-methylation of 2-phenylethanol and the 

selective β-dimethylation of 1-phenylethanol utilizing methanol as an alkylating agent. The 

optimization studies revealed that the pincer-ruthenium complex [(MeBim2NNN)RuCl(PPh3)2]Cl 

is the most efficient among the considered catalysts. In the presence of 0.5 mol % of [(MeBim2 

NNN)RuCl(PPh3)2]Cl, 0.75 equivalents of KOH and 7.5 equivalents of methanol, up to 92% 

yield of β-methylated 2-phenylethanol was observed at 140 °C after 24 h. Under similar 

conditions, the β-dimethylation of 1-phenylethanol was achieved using 2 equivalents of Na and 

24.8 equivalents of methanol. The synthetic protocol was further extended towards the β-

methylation and selective β-dimethylation of about 35 substrates. The evidence for the 

homogeneous nature of the reaction was revealed from mercury drop experiments and kinetic 

studies. From the kinetic studies, it was observed that the rate of product formation has a linear 

dependence on the concentrations of both the pincer-ruthenium catalyst and 2-phenylethanol. 

DFT studies are in line with the observed secondary kinetic isotope effect (KIE) of 1.56 and 

suggest that dehydrogenolysis involving σ-bond metathesis of methanol with the Ru-H species 

leading to the evolution of hydrogen is the RDS with a barrier of 24.06 kcal/mol. The NMR 

and HRMS analysis have shown the presence of pincer-Ru-H and pincer Ru-OMe species, 

which are the lowest-energy intermediates of the catalytic cycle and are likely to be the resting 

states of the catalytic cycle. 
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Chapter-III  formulates the decarboxylative coupling of alcohols to alkanes employing a 

plethora of new and known NNN pincer-Ru complexes of the type (R2NNN)RuCl2L (R = iPr, 

tBu, Cy, Ph, p-F-C6H4, p-OMe-C6H4 and L = PPh3, CO and CH3CN) based on 

bis(imino)pyridine ligands and [(RBim2NNN)RuClL2]Cl (R = H and Me, L = PPh3 and CO) 

based on 2,6-bis(benzimidazole-2- yl)pyridine ligands. Notably, among the considered pincer-

Ru complexes and their Ru precursors, a majority were either not very active or were 

unselective giving alkene/alkane mixtures. However, in the presence of 0.5 equivalents of 

NaOH in toluene at 140 °C, the complex (MeBim2NNN)RuCl2(PPh3)2 based on 2,6-

bis(benzimidazole-2-yl)pyridine ligand gave excellent activity affording up to 91% yield of 

alkane (1,3-diphenyl propane) with 100% selectivity within 5 h of reaction. Experimental 

mechanistic studies point to the generation of hydrogen (detected by GC) and formic acid 

(detected by 1H NMR) during the reaction along with involvement of organic intermediates 

such as α,β-unsaturated aldehydes. The [(MeBim2NNN)RuCl(PPh3)2]Cl catalyzed transformation 

of 2-phenyl ethanol to 1,3-diphenyl propane demonstrated a first-order dependence of initial 

rate on both the catalyst concentration and the concentration of base. While catalyst poisoning 

experiments using mercury revealed the homogeneous nature of the catalyst, a few of these 

molecular species including the resting state [(MeBim2NNN)RuH(PPh3)2]Cl have been detected 

by HRMS analysis and NMR studies. The experimental studies are nicely complemented by 

the DFT studies, that indicate the dehydrogenolysis step leading to the formation of 2-phenyl 

acetaldehyde and the resting state (MeBim2NNN)RuHCl (experimentally trapped as PPh3 adduct) 

to be the rate-determining step with a barrier of 22.81 kcal/mole at 140 °C. Furthermore, the 

corresponding cycle with the least active catalyst (iPr2NNN)RuCl2(PPh3) that gave 14% yield 

of 1,3-diphenyl propane at 25% selectivity, involved insertion of 1,3-diphenyl propene into the 

Ru-H bond as the RDS that was kinetically unfavorable by 5 kcal/mole in comparison to the 

rate-determining dehydrogenolysis step of the cycle involving most active catalyst 

[(MeBim2NNN)RuCl(PPh3)2]Cl. This work elaborates the direct access to jet-fuel-grade 1,3-

diphenyl propane starting from 2-phenyl ethanol in a single-step one-pot reaction and offers 

great promise to open up exciting opportunities in this very important field of study. 

Chapter-IV deals with the catalytic β-alkylation of alcohols using inexpensive and readily 

available cobaltous chloride under aerobic conditions at 140 °C. At higher loadings of 

cobaltous chloride (1 mol%) in the presence of 2.5 mol% NaOtBu, there is an instant formation 

of heterogeneous Co nanoparticles (NPs) which are apparently air-sensitive and lead to poor 

yields (ca. 25%) of β-alkylated products. On the other hand, performing the reaction in an inert 
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atmosphere under otherwise identical conditions resulted in higher yields (ca. 44%). The 

heterogenization and gradual loss of activity in air could be mitigated by operating at a lower 

(0.01 mol%) CoCl2 loading in the presence of 2.5 mol% NaOtBu at 140 °C. Under these 

conditions, the catalytic β-alkylation of alcohols afforded high yields (up to 89%) and 

unprecedented turnovers (ca. 8900) of the desired product. Mechanistic studies are indicative 

of the involvement of catalysts based on in-situ generated molecular Co complexes of alcohols. 

The involvement of C–H activation is confirmed by the deuterium labelling experiments, where 

a KIE of 1.61 was obtained. Kinetic studies indicate linear dependence of the rate on the 

concentration (in the regime of homogeneity) of cobaltous chloride and sodium tert-butoxide 

along with a non-linear dependence on the concentration of both the substrates. 

 

Chapter-V describes the synthesis of pincer complexes of the type (R2NNN)CoCl2 (R = iPr, 

tBu, Cy, Ph, p-F-C6H4) derived from the inexpensive base metal cobalt. Among these 

complexes, (iPr2NNN)CoCl2 was found to be highly active for the catalytic β alkylation of 

alcohols in air at 140 °C. While the pincer-Co (0.0025 mol %) catalyzed β- alkylation in the 

presence of NaOtBu (2.5 mol %) took 24 h (85%, 34000 TON at 1417 TO/h) under 

conventional heating (140 °C), the corresponding reaction under microwave conditions (140 

°C at 75 W) was complete in only 2 h with comparable yields (83%, 33200 TON), but with a 

better TOF (16600 TO/h). In contrast, CoCl2 (0.0025 mol %) under similar conditions results 

in lower yields under both conventional (66%, 26400 TON at 1100 TO/h) and microwave 

heating (61%, 24400 TON at 12200 TO/h). The catalytic system has been successfully 

implemented (39 examples) to accomplish the β-alkylation of various secondary alcohols with 

several primary alcohols. EPR studies and magnetic moment measurements using the Evans 

method demonstrate that Co remains in its +2 oxidation state and in an octahedral geometry 

throughout the reaction. Significant evidence for the involvement of β- hydride elimination 

leading to acetophenone in the RDS of the pincer-Co catalyzed β-alkylation is obtained from 

competitive deuterium labelling experiments, which are indicative of a KIE of 6.14. The 

current report on base-metal catalysis in air under microwave conditions that leads to high 

yields of β-alkylation with unprecedented turnovers (33200 TON at 16600 TO/h) in a very 

short time (2 h) offers exciting atom-economical and greener possibilities for these class of 

synthetically valuable Guerbet-type reactions. 
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1.1. Pincer complexes   

The term “pincer” represents one of a pair of curved claws of an animal such as a crab. In 

organometallic chemistry, the pincer complex represents a tridentate ligand coordinated to the 

metal. The tridentate (pincer) ligand behaves as a chelating ligand where the three binding 

atoms are coplanar in a meridional fashion (as shown in Figure 1.1).1 The three binding atoms 

typically are N/P/C/S/O and the combination of ligating atoms are PCP, NCN, NNN, PNP, 

PCN, PNO and SCS. The unique chelating properties of pincer ligands imparts rigidity to the 

metal-ligand complex and the steric and electronic environments of the pincer framework 

results in the high selectivity in the catalytic reactions. Also, in certain cases the metal-ligand 

co-operation imparts stability to the metal complex. Tridentate pincer ligand frameworks strike 

an optimal balance between stability and reactivity.2-6 

Shaw and Moulton were the first ones who developed meridional tridentate systems with 

central anionic carbon attached by two tert-butyl phosphine units which is now famously 

abbreviated as tBu4PCP.3 In 1989, van Koten coined the term “pincer” to refer to such tridentate 

systems.  

 

Figure 1.1. Schematic representation of a pincer metal complex representing the variable 

parameters. 

The treatment of tBu4PCP ligand (1.1) with metal salt resulted in C-H activation  at the ipso 

position of the tBu4PCP ligand  (Scheme 1.1).12, 13 The reaction of group IX and X metal salts 

with the tBu4PCP resulted in the formation of hydrido-chloride complexes (1.Rh1 and 1.Ir1) 

and chloride complexes (1.Ni1, 1.Pd1, 1.Pt1) respectively (scheme 1.1). The synthesis of the 

pincer-metal complex depends on the nature of the donor atoms, nature of the ligand backbone, 

the solvent's polarity and hybridization of the ipso-atom. 

Pincer complexes has been modified by varying the ligating group or the linkers atoms 

depending on the various reaction requirements.6, 16, 17 The electronic properties can be tuned 

E = P, N, S, O, As 

X = CH
2
, CR

2
, NH, NR, O 

Y = C, N, B, Si 
M = Transition metals 

L = Ligands 

Z = Organic functional group 
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Scheme 1.1. Initial report on PCP pincer-metal complexes.14, 15 

by controlling the carbon para to the ipso carbon. Several polar functional groups could be 

placed on the p-carbon which provide an option to heterogenize the catalytic system on any 

solid support.18 The application of pincer complexes are vast, which has been studied and 

applied using various pincer frameworks.19, 20 Depending on the co-ordinating ligand 

framework the pincer complexes has been generalized as PCP,21 PNP,22-24 PCN,25  PNN,24, 26, 

27 NCN,21, 28 NNN,29-31  CNC.32, 33 Some of the selected examples of  different types of pincer 

complexes are shown in Figure 1.2. 

Pincer-metal catalyst plays a pivotal role in obtaining access to several synthetically 

challenging organic products, commodity chemicals,7 fine chemicals,7 fuels,7 pharmaceuticals, 

and agrochemicals. Pincer complexes have been widely used as catalysts for hydrogenation,8 

dehydrogenation,8 hydrofunctionalization8 and activation of CO2
9 to CH3OH as well as N2

10 to 

NH3.
 The transformation of alcohols which are readily available from bio-mass to several 

value-added chemicals and fuels are also accomplished using pincer-metal catalysts.7 Alcohols 

prove to be versatile feedstock materials for numerous organic transformations in chemical 

enterprises. Of particular interest are their utility in new C-C bond formations where they can 

be employed as a substitute of carbon source in hydrocarbon-based chemical industries and 

petrochemical industries. The traditional methods of synthesizing C-C bonds involve alkyl 

halide as alkylating agent with alcohols,9 but these methods produce lot of waste products and 

it requires expensive reagents which are toxic in nature. Among the various protocols, the one 

where -alkylation of alcohols have been employed to form C−C bond, catalyzed by transition 

metals have gathered huge attention.11 Formation of higher -alkylated alcohols via 

acceptorless dehydrogenative coupling of alcohols proves to be an environmentally benign 

process. Pincer-based metal complexes have been majorly employed for such transformations 

and the reports are crowded with precious metals having phosphine-based ligand systems.10 
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Figure 1.2. Different types of pincer-metal complexes reported in literature. 

 

1.1.1. Catalytic application of various pincer-metal complexes 

1.1.1.1. Alkane dehydrogenation reaction 

Olefins are key chemical intermediates that may be converted to amines, alcohols, alkyl 

halides, aldehydes, ketones and esters or enchained into polymers with various commercial 

applications.7 Pincer metal complexes play a huge role to convert the alkanes to the 

corresponding alkenes.  

 

Figure 1.3. Pincer-Ir complexes reported for alkane dehydrogenation. 
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In 1996, Kaska and Jensen reported the use of PCP pincer-iridium complex (tBu4PCP)IrH2 

(1.Ir3 = 1.Ir2-H2) as catalyst for the alkane transfer dehydrogenation (Figure 1.3).34 The 1.Ir3 

exhibited excellent activity for the dehydrogenation of COA that is driven by the periodic 

addition of TBE (increments of 0.4 M) at an elevated temperature (200 °C) giving up to 1000 

TOs at 12 TON/min. Later, Kaska, Jensen and Goldman investigated that the 1.Ir3 (1 mM) 

itself catalyzed the dehydrogenation of cyclodecane without any acceptor and yielded 360 TON 

in 24 h at 200 °C.35 Subsequently, Goldman group developed a active catalyst (iPr4PCP)IrH4 

(1.Ir4 = 1.Ir5-H4) for the acceptorless cyclodecane dehydrogenation. The dehydrogenation of 

cyclodecane proceeded via double dehydrogenation of cyclodecene followed by isomerization 

to give trans, trans-1,5 cyclodecadiene which subsequently underwent a Cope rearrangement 

to give trans-1,2-divinylcyclohexane. This trans-1,2-divinylcyclohexane acted as hydrogen 

acceptor to complete the catalytic cycle with a net production of diethylcyclohexane from 

cyclodecane (Scheme 1.2).7 

 

Scheme 1.2. Net isomerization of cyclodecane to diethylcyclohexane, catalyzed by (iPr4PCP)Ir. 

Goldman has performed a detailed study on the effect of substituents in the catalytic 

dehydrogenation of alkanes. The bulkiness of the substituents hindered the progress of the 

reaction. In spite of the ‘pincer effect’ the bulkiness of the tert-butyl groups inhibits 

H2 addition, i.e intermediates of dehydrogenation cycle are more favoured by isopropyl groups 

whereas it is sterically disfavoured by the tert-butyl groups. On this basis, the dehydrogenation 

of cyclooctane is more favoured with (iPr4PCP)IrH2 (1.Ir5-H2) than with (tBu4PCP)IrH2 (1.Ir2-

H2).36 The dehydrogenation of cyclooctane was carried out with both 1.Ir2-H2 and 1.Ir5-H2  

at 150 °C at a similar loading of 1 mM).  While in the case of 1.Ir5-H2 more than 94 TON was 

achieved, only 11 TON was obtained when 1.Ir2-H2 was used (Table 1.1). The rate of 
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acceptorless dehydrogenation rate is more for cyclodecane that has a high reflux temperature 

of 201 °C than that of low boiling cyclooctane (b.p 149°C). The 1.Ir5-H2 catalyzed the 

cyclodecane dehydrogenation to cyclodecene with a cis: trans ratio of 4.6:1 with 460 TON 

after 1h. In case of 1.Ir2-H2 lower TON of 170 after 4h was observed.36 

 

Table 1.1. Dehydrogenation of cyclooctane with 1.Ir2 and 1.Ir5 

entry catalyst [1.0 mM] time  TON 

1 1.Ir2-H2 1 h 11 

2 1.Ir5-H2 30 min  47 

3 1.Ir5-H2 1 h  >94  

4  1.Ir5-H2 15 h  105 

 

In 1999, Goldman reported the acceptorless dehydrogenation of n-alkanes with homogeneous 

catalyst 1.Ir5-H2 that resulted in a mixture of internal isomers.37 The catalyst 

(iPr4PCP)IrH2 (1.Ir5-H2) showed high efficiency for acceptorless dehydrogenation of n-alkanes 

compared with (tBu4PCP)IrH4 (1.Ir2-H4) and both the catalysts were selective towards 1-octene 

in the n-octane/1-decene transfer dehydrogenation at 150 °C. While (iPr4PCP)IrH2 (1.Ir5-H2) 

showed higher catalytic efficiency than  (tBu4PCP)IrH4 (1.Ir2-H2), the latter showed higher 

selectivity than the former in the catalytic transfer dehydrogenation of n-octane/1-decene at 

150 °C. 

 

For the COA/TBE and n-octane/NBE dehydrogenation,  Yamamoto developed fused tricyclic 

7-6-7 type pincer-Ir complex (7-6-7R4PCP)Ir (1.Ir13,R = iPr ; 1.Ir14, R = Cy; 1.Ir15, R = Ph) 

complexes (Figure 1.4) 38. These types of catalysts are highly efficient due to their flexible 

backbone and their fused nature of the bonds imparts rigidity and thermal stability to the 

iridium complex. The dehydrogenation rate of COA/TBE (1:1) was higher at both low and high 

temperature with phenyl analogue 1.Ir15,  while with the isopropyl analogue 1.Ir13, the rate 

was higher only at  high temperature. The catalyst 1.Ir15 showed a maximum of 4100 TON 

after 24 h at 200 °C for the transfer dehydrogenation of COA/TBE (1:1). In the case of n-

octane/NBE dehydrogenation, 1.Ir13 showed higher activity compared with 1.Ir15 due to the 

poor solubility of 1.Ir15 in n-octane. 
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Scheme 1.3. Transfer dehydrogenation of n-octane catalyzed by 1.Ir2-H2 and 1.Ir5-H4. 

 

In a similar fashion, Kaska and co-workers developed tricyclic (PCP)-Ir complex 

(tBu4Anthraphos)Ir, 1.Ir17 for the acceptorless dehydrogenation of alkanes (Figure 1.4).39 The 

complex 1.Ir17 was thermally stable up to 250 °C due to its high  rigidity. Later, Goldman and 

Brookhart observed that the isopropyl analogue (iPr4Anthraphos)Ir, 1.Ir16 (Figure 1.4) was 

very effective towards alkane dehydrogenation 40, 41.  

 

 

Figure 1.4. Fused tricyclic PC(sp2)P pincer-Ir complexes reported for alkane dehydrogenation. 

Brookhart and Jensen 42-45 independently developed (R4POCOP)Ir type pincer complexes for 

dehydrogenation of alkanes (Figure 1.5). The reactivity in alkane dehydrogenation was 

changed due to introduction of heteroatom such as O, S in place of CH2 of the PCP ligand 

framework. For the COA/TBE dehydrogenation, the catalyst (tBu4POCOP)Ir (1.Ir19) (1583 

TONs after 40 h) is more active than (tBu4PCP)Ir (1.Ir2) (230 TONs after 20 h). However, for 
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the dehydrogenation of linear alkanes, (tBu4POCOP)Ir (1.Ir19)  was less effective catalyst 

compared to (tBu4PCP)Ir (1.Ir2).42 

Brookhart and co-workers tested fluoro containing pincer complexes (p-F-tBu4POCOP)Ir 

(1.Ir24) and (p-C6F5-
tBu4POCOP)Ir (1.Ir25) for  the COA/TBE (1:1) dehydrogenation at 200 

°C. The catalyst (p-F-tBu4POCOP)Ir (1.Ir24) (1530 TONs after 40 h) showed  comparable 

activity with (tBu4POCOP)Ir (1.Ir19), whereas (p-C6F5-
tBu4POCOP)Ir (1.Ir25) showed a higher 

activity  (2041 TONs after 40 h) (Figure 1.5).  

 

 

Figure 1.5. PYCZP pincer-iridium complexes studied for alkane dehydrogenation. 

Huang and co-workers observed that (iPr4PSCOP)Ir (1.Ir23) catalyzed the transfer 

dehydrogenation of COA/TBE (1:1) at 200 °C with at the rate of 2900 TOh-1 but for the similar 

reaction (iPr4POCOP)Ir (1.Ir18) showed 6900 TOh-1 whereas for  (tBu4PCP)Ir (1.Ir2) TOF of 

1200 TOh-1 was observed.42 In case of (tBu4POCOP)Ir (1.Ir19) the dehydrogenation reactions 

levelled off after 6 h with only 62% conversion but (iPr4PSCOP)Ir (1.Ir18) catalyzed the 

dehydrogenation reactions with complete consumption of TBE after 8 h. 

Huang reported 1400 TOh-1 in the (iPr4PSCOP)Ir (1.Ir23) catalyzed  n-octane dehydrogenation 

using 0.5 M TBE,  whereas (tBu4POCOP)Ir (1.Ir19) and  (tBu4PCP)Ir (1.Ir2) demonstrated 220 

TOh-1 and 820 TOh-1 respectively under identical conditions. Both (iPr4PSCOP)Ir (1.Ir23) and 

(tBu4PCP)Ir (1.Ir2) showed similar regioselectivity  (30%) at comparable TON of 115.  

Wendt group reported an efficient transfer dehydrogenation of COA/TBE (1:1) with  ((m- 

CF3)2-
tBu4POCOP)Ir (1.Ir29) at 170 °C 46. The catalyst (p-((m-CF3)2C6H3)

tBu4POCOP)Ir 
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(1.Ir28) achieved 2070 turnovers after 40 h at 200 °C for the transfer dehydrogenation of 

COA/TBE (1:1). While the catalyst (p-((m-CF3)2C6H3)
tBu4POCOP)Ir (1.Ir28) showed lower 

activity than ((m-CF3)2-
tBu4POCOP)Ir (1.Ir29), it showed comparable activity as (p-C6F5-

tBu4POCOP)Ir  (1.Ir25) (Figure 1.5) 42. 

 

 

 

Figure 1.6. Fluorine containing POC(sp2)OP pincer-Ir complexes reported for alkane 

dehydrogenation. 

Over the last 4 decades, the catalytic alkane dehydrogenation using pincer metal complexes of 

group 9 has been extensively studied. In particular, pincer-iridium complexes played the most 

vital role as a catalyst for the transfer dehydrogenation of alkanes, demonstrating high TON 

and excellent regioselectivity. The pincer-iridium catalyzed dehydrogenation has various 

applications depending on substrates and acceptors. In the transfer dehydrogenation, the lighter 

alkene plays a dual role as both a sacrificial acceptor and a dienophiles in subsequent Diels-

Alder cyclization, leading to the production of various precious BTX-chemicals.46b The alkyl 

group in cross metathesis selectively produces industrially valuable linear n-alkyl arenes.46b 

Additionally, the direct functionalization of alkyl-boronate esters, silanes, linear alkyl amines 

and linear alkyl aldehydes has also been achieved.46b However, achieving high yield of α-

olefins starting from alkane remains a significant challenge. Though there are a plethora of 

pincer-metal catalysts based on Ir,46b-c Rh,34,46d Ru46e that have been reported for alkane 

dehydrogenation, only few of them has been discussed here to provide a glimpse of utility of 

pincer complexes in accomplishing this chemistry. 

1.1.1.2. Reduction of CO2 

Carbon dioxide (CO2) is a green-house gas and use of CO2 as a renewable and cost-effective 
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C1 building block has received increasing attention from the scientific point of view in recent 

years.47-53  The activation of CO2 is very challenging due its high thermal and kinetic 

stability.54-56 Hydrogenation of CO2 leads to several useful chemicals like methanol, methane, 

formaldehyde and formic acid that are versatile starting materials to fuels and fine chemicals. 

In 1976, Hashimoto and co-workers first reported CO2 hydrogenation to formic acid and its 

derivatives by using group VIII transition metal catalysts.57a Later, various methodologies  

were developed for the value-addition of CO2 using homogeneous57a as well as  

heterogeneous57b catalytic systems.  

For the first time, in 2009 Nozaki and co-workers carried out the hydrogenation of CO2 with a 

pincer complex.58 They developed PNP-Ir (1.Ir30) catalyst for the hydrogenation of CO2 to 

formate salts at 60 bar (CO2 : H2 = 1:1) with 3,500,000 TON (Scheme 1.4).58 Later, Hazari 

group introduced a new iridium complex 1.Ir31 for the hydrogenation of CO2  to formate salt 

with 348000 TON at 55 bar (CO2 : H2 = 1:1) (Scheme 1.4).  In 2011, Milstein and co-workers 

reported PNP pincer-iron complex 1.Fe1 and used it for the conversion of NaHCO3 to sodium 

formate in the presence of molecular hydrogen (8.3 bar) and achieved 320 TON. This catalyst 

also demonstrated activity for the hydrogenation of  carbon dioxide in the presence of 

molecular hydrogen under 10 bar of CO2 and H2 ( 2:1) and it produced formate with 788 TON 

(Scheme 1.4).59 In 2015, Pidko and co-workers used 1.Ru9 for the hydrogenation of CO2 to 

formate salt and obtained 1100000 TON at 40 bar (CO2 : H2 = 1:1) (Scheme 1.4).60 

 

Scheme 1.4. Some initial reports on CO2 hydrogention by pincer-metal catalysts. 

In 2015, Bernskoetter and co-workers reported iron catalyzed CO2 hydrogenation to formate 

salt (Scheme 1.5).61 The catalyst 1.Fe2 showed the best result with 58990 TON whereas 1.Fe3 
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(TON 46110) and 1.Fe5 (TON = 46130) exhibited almost similar activity. In contrast, 1.Fe4 

catalyzed the hydrogenation of CO2 with little less activity and exhibited TON of 38970 

(Scheme 1.5). 

 

Scheme 1.5. Hydrogenation of CO2 catalyzed by (PNP) pincer-iron complexes reported by 

Bernskoetter61 

In 2016, hydrogenation of CO2 with pincer catalyst was reported by Bernskoetter and co-

workers. They developed PNP pincer-cobalt catalyst for the hydrogenation of CO2 to formate 

as shown in Scheme 1.6.62 The catalyst 1.Co2 showed quite high TON of 29000 (TOF = 5700 

h−1) with LiOTf as Lewis acid and DBU as a base. In the presence of Lewis acid, formate anion 

dissociated from metal centre,61 but in absence of Lewis acid, catalytic activity decreased 

significantly, resulting in a TON of 460. Furthermore, the addition of one equivalent of ligand 

in the catalytic reaction mixture stabilized the metal complex and resulted in an increased TON. 

The analogous complexes of 1.Co2, namely 1.Co3 and 1.Co4 were also employed for the 

hydrogenation of CO2 as shown in Scheme 1.6.  The catalyst 1.Co3 with a cyclohexyl ligand 

displayed similar catalytic activity as 1.Co2   with TON of 24000, whereas its NH analogue 

1.Co4 displayed lower TON of 450. 

A hypothetical catalytic mechanism for hydrogenation of CO2 was proposed using 1.Co2 as 

shown in Scheme 1.7.62  The complex 1.Co2 reacts with H2 to form an intermediate 1.Co2a In 

presence of base DBU, 1.Co2a could be deprotonated to monohydride cobalt complex 1.Co2b 
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Scheme 1.6. Hydrogenation of CO2 catalyzed by (PNP) pincer-cobalt complexes. 62               

and it could reversibly converted to 1.Co2c with loss of one molecule of CO or react with CO2 

to form formate-coordinated cobalt intermediate 1.Co2d via insertion mechanism. In the last 

step, dissociation occurs to produce the formate anion while regenerating 1.Co2.62 

 

Scheme 1.7.  Proposed mechanism for CO2 hydrogenation using homogenous pincer-cobalt 

catalyst 1.Co2.62 

Recently in 2024, Ahmed and co-workers developed (CNC) carbene pincer-cobalt(I) complex 

for the hydrogenation of CO2 to formate salt with 39800 TON (Scheme 1.8).63  
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Overall, significant progress has been made for the hydrogention of CO2 to formic acid using 

 

Scheme 1.8. Hydrogenation of CO2 catalyzed by (CNC) pincer-cobalt(I) complex.63 

homogeneous pincer complexes, few of which have been discussed above.61,62 For CO2 

hydrogenation, utilizing inexpensive and earth-abundant metals that exhibit greater catalytic 

activity than their precious metal counterparts present a promising solution in near future. 

1.1.1.3. Catalytic fixation of nitrogen gas to ammonia 

Catalytic nitrogen fixation is an essential chemical revolution and one of the most important 

and challenging transformations.10 The development in this field made with the molecular 

complexes has enabled the formation of the bioactive form of NH3 from N2.
10 The conventional 

Haber-Bosch methods requires very high pressure of 150-250 bar and high temperature of 400-

500 °C for the transformation of N2 to NH3 which has very high demands in terms of cost.10 In 

order to accomplish this very important transformation under milder conditions, there has been 

numerous efforts on development of homogeneous catalytic systems.10  

In 2010, in a first example of a pincer catalyst for the N2 to NH3 reaction, Nishibayashi and co-

workers introduced dinuclear molybdenum complex for molecular nitrogen fixation (Scheme 

1.9).64  The N2 reduction was carried out in toluene at room temperature with [LutH]OTf (96 

equivalents) and Cp2Co (72 equivalents) as a proton and electron source respectively with 

1.Mo1 as (pre)catalyst which resulted in 6.9 equivalents of NH3 per Mo. Upon increasing the 

acid ([LutH]OTf) to 266 equivalents and reductant Cp2Co to 72 equivalents, the NH3 

production increased to 11.6 equivalents per Mo. The substituents present on the  phosphorous  

atom had significant influence on the PNP coordination mode, that has resulted in vast changes 

in the activity of the catalytic reaction.65 While the (pre)catalyst 1.Mo2 with tert-butyl on one 

phosphine arm and phenyl on the other phosphine arm provided 2 equivalents of NH3 per Mo, 
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1.Mo3 flanked with tert-butyl phosphine and adamantyl phosphine produced 14 equivalents of 

NH3 per Mo (Scheme 1.9).65 

 

Scheme 1.9. The first report on pincer-Mo catalyzed activation of N2 by Nishibayashi.64, 65 

In 2017, Schrock and co-workers developed a geometrically distinct pincer ligand framework 

of diamido(pyridine) for N2 fixation using Mo.66 The catalyst 1.Mo4 in the presence of 108 

equivalents of [Ph2NH2]OTf and 54 equivalents of Cp*2Co produced 1.3 equivalents of NH3 

(Scheme 1.10).66 The use of a large excess of base and Cp*2Co  is the drawback of this protocol. 

Furthermore, upon using the tert-butyl methoxy substituted catalyst  1.Mo5 under similar 

reaction conditions, a significant enhancement in the yield of NH3 (7.9 equivalents) was 

observed (Scheme 1.10).66 

 

Scheme 1.10. Mo catalyzed activation of N2 by Schrock.66 

 

Nitrogen fixation, a six-electron/six-proton reduction process that produces NH3 from N2, is a 
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very crucial transformation, yet very challenging due to the inert nature of N2.
10 The 

homogeneous pincer complexes have demonstrated high activity for the same and 

representative examples have been discussed above, as it is beyond the scope of the current 

chapter to cover all the reports. The recent investigations have focused on use of various metals 

such as Ru, Os, V, Ti and Co and have explored their mechanism in comparison to Mo.10 

1.1.1.4. Hydrofunctionalization of alcohols 

1.1.1.4.1. Guerbet reaction 

In the age of fast-depleting fossil fuels, alternative energy source are very necessary to satisfy 

the energy demand of the society.67, 68 Ethanol is acknowledged as a sustainable fuel, as it is 

very easy to access from fermentation process,69 However, ethanol has poor energy density 

(70%)69, 70 and higher absorptivity towards water.71-73 Therefore n-butanol is the alternative 

energy source because of its high energy density (85% ) and its immiscibility with water. 71-73 

Guerbet reaction is one such potential solution that can transform ethanol to n-butanol.74 Since, 

the last decade, the pincer catalytic system has been widely employed for such transformation. 

Transition metal catalyzed dehydrogenation of ethanol produces the corresponding 

acetaldehyde, which in the presence of a base undergoes aldol-condensation to produce α, β 

unsaturated aldehyde with water as a sole by-product. Hydrogenation of this α, β unsaturated 

aldehyde produces the n-butanol (Scheme 1.11).  

  

In 2016, Szymczak and co-workers developed (NNN) type pincer-ruthenium complex 1.Ru10 

for Guerbet reaction of ethanol to n-butanol.75 The catalyst 1.Ru10 (0.1 mol%) in presence of 

5 mol% NaOEt and 0.4 mol% PPh3 showed 53% conversion of ethanol towards n-butanol wth 

78% selectivity and 530 TON at 150 °C for 2 hours (Scheme 1.12). Under the same reaction 

conditions with only 0.001 mol% 1.Ru10 without 0.4 mol% PPh3, 1.4% conversion of ethanol 

with 1.4% yield towards n-butanol was observed with 100% selectivity and 1400 TON (700 

TOF).75 

In the same year Milstein carried out the Guerbet reaction with PNP and NNP type pincer-

ruthenium complexes.76  The 1.Ru1 (0.02 mol%) catalyzed the n-butanol formation from 

ethanol in the presence of 4 mol% NaOEt at 110 °C for 16 h to give 18.2% conversion (14.6 

% yield, 86. 1% selectivity) and 18209 TON (Scheme 1.12).76 When the reaction was carried 

out at elevated temperature (150 °C) for 40 hours in the presence of 20 mol% NaOEt and 0.02 
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mol% 1.Ru, 73.4% conversion (35.8% yield, 31.8% selectivity) of ethanol towards n-butanol 

was observed with 3671 TON.76 

 

 

Scheme 1.11: Schematic representation of the transition metal catalyzed upgradation of ethanol 

to n-butanol. 

In 2017,  Liu and co-workers developed the PNP type pincer-manganese complexes for the 

conversion of ethanol to n-butanol.77 The 1.Mn2 (0.00125 mmol) catalyzed the Guerbet 

reaction of ethanol (75 mL, 1275 mmol) in the presence of  12 mol% of  NaOEt at 160 °C and 

after 7 days 11.2% conversion of ethanol with 9.8% yield of n-butanol with 92% selectivity 

and 114120 TON was observed (Scheme 1.12).77 The Liu group reported the highest selectivity 

of 100% with 170 TON and 1.7% yield of n-butanol when the reaction was performed with  

1.Mn2 (0.01 mmol), NaOAc (6 mol%) and EtOH (6 mL, 100 mmol) for 24 h at 160 °C.77 They 

reported the highest yield of n-butanol of 22.7% with 87% selectivity and 286 TON using 

1.Mn2 (0.1 mmol, 0.1 mol%),  NaOEt (12 mol%) and EtOH (6 mL, 100 mmol) when the 

reaction was carried out at 160 °C for 96 h.77 

In a similar parallel investigation,  Jones and co-workers reported the formation of n-butanol 

from ethanol using (PNP) type pincer-Mn complexes.78 The catalyst 1.Mn2 (0.5 mol%) 

catalyzed the Guerbet reaction with 25 mol% of NaOEt at 150 °C for 24 h and 34% yield of  

n-butanol was obtained with 68 TON in presence of 1g molecular sieves (Scheme 1.12).78 

Recently, Kumar and co-workers developed a series of  (NNN) type pincer-Ru complexes for 

the Guerbet reaction.68, 79a  The bis(imino)pyridine based pincer ruthenium complex 

Cy2(NNN)RuCl2(CO) (1.Ru11) (0.05 mol%) in presence of 10% NaOEt provided 335 TON 

with 170 TOF (TOh-1 ) and 90% selectivity at 140 °C for the n-butanol formation from ethanol 

(Scheme 1.13). Subsequently, the 2,6-bis(benzimidazole-2-yl) pyridine based pincer ruthenium 

complex (Bim2NNN)RuCl2(CO) (1.Ru12) (0.025 mol%) in presence of 10% NaOEt provided 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter I 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 18 

 

 

Scheme 1.12: Pincer-metal based homogeneous catalysts reported n-butanol formation from 

ethanol. 

2100 TON with 710 TOF (TO h-1 ) with 70% selectivity  and 58% conversion at 140 °C  for 

longer time (72 h) for the n-butanol formation from ethanol (Scheme 1.13).79a These pincer 

complexes are not only active under thermal conditions but also very active under microwave 

conditions. The 2,6-bis(benzimidazole-2-yl) pyridine based ruthenium pincer complex 

[(Bim2NNN)RuCl(PPh3)2]Cl (1.Ru13) catalyzed the n-butanol formation from ethanol in 

presence of 10 mol% NaOEt at 110 °C under microwave irradiation at 75 W to obtain 8534 

TO h-1  with 18%  yield at 90% selectivity (Scheme 1.13). The 2,6-bis(benzimidazole-2-yl) 

pyridine based pincer ruthenium complex (Bim2NNN)RuCl2(CO) (1.Ru12) (0.025 mol%) in 

presence of 10% NaOEt provided 42% yield at 57% selectivity of n-butanol under microwave 

irridiation at 75 W at 110 °C , whereas in same reaction condtions, at low loading of 1.Ru12 

0.00225 mol%, 13022 TON with 22.8% yield of n-butanol at 78% selectivity was observed 

(Scheme 1.13). 

Scheme 1.13: Catalysts reported for n-butanol formation from ethanol by Kumar.68,79a 
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The field of ethanol upgradation is very vast and there are some excellent reviews that provide 

a nice overview of the same.79b, c The effort of this section is to just provide a glimpse of the 

utility of pincer complexes in this interesting chemistry. 

1.1.1.4.2. β-alkylation of alcohols 

Transition metal catalyzed dehydrogenation of primary and secondary alcohol produces the 

corresponding aldehyde and ketone, which in the presence of a base undergoes aldol-

condensation to produce α, β-unsaturated ketone with water as a sole by-product as observed 

in the Guerbet reaction. Hydrogenation of this α, β-unsaturated ketone produces the β-alkylated 

alcohol (Scheme 1.14).  

 

Scheme 1.14: Schematic representation of C-alkylation using alcohol as a starting material. 

In 2003, Shim and co-workers first demonstrated the -alkylation of secondary alcohols with 

primary alcohols by using dichloro tris(triphenylphosphine)ruthenium(II) [RuCl2(PPh3)3] in 

presence of NaOH. This methodology afforded a variety of -alkylated alcohol products.80 

Later, Carbtree,81a Yu,82 Achard,83a Bera,84 Kundu,85, 86 Ghosh,83b Kumar,79 Balaraman81b and 

others have developed the -alkylated alcohols or -alkylated ketones from the condensation 

of  secondary alcohols/ketones with primary alcohols using pincer-metal complexes. 

Moreover, the cross coupling of the secondary alcohols to generate the ketones has also been 

described by Gunanathan in two independent reports using 1.Ru18b.83c,d 

Kundu and co-workers synthesized a series of pincer-ruthenium complexes and employed them 

for the -alkylation of secondary alcohols with primary alcohols. The catalyst 1.Ru14 

performed -alkylation with 190 TON (Scheme 1.15).86 The (NNN) based pincer-ruthenium 

catalyst 1.Ru16 showed metal ligand co-operativity and provided 31500 TON with 640 TO h-
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1 for the -alkylation of secondary alcohols with primary alcohols (Scheme 1.15).87 The N-

hetero cyclic carbene (NHC) based on NNC-pincer-ruthenium catalyst 1.Ru15  with very low 

loading exhibited very good TON of 288000 ( TOF 24000 h-1) for -alkylation reaction 

 

Scheme 1.15: The homogeneous catalysts reported for -alkylation of secondary alcohols with 

primary alcohols.79, 81-83, 85, 86 

(Scheme 1.15). The reaction was carried out under solvent free condition and the optimized 

catalytic protocol was found to be efficient for a large variety of substrates. 

In 2017, Achard group synthesized NPN tridentate pyridine based ruthenium complex 

(1.Ru18) ( Scheme 1.15) for the C-alkylation of  secondary alcohols with primary alcohols but  

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter I 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 21 

 

formation of  -alkylated ketones was observed as a major product instead of -alkylated 

alcohol.83a  

Bera group discovered the -alkylation of secondary alcohols with primary alcohols using a 

N-heterocyclic carbene based iridium catalyst 1.Ir31a. Due to the pyridyl(benzamide)-

functionalized NHC backbone, the catalytic system demonstrated very good activity towards 

the -alkylation with 1800 TON (Scheme 1.15).84 

In 2018, Yu and co-workers first reported Mn-catalyzed -alkylation of secondary alcohols 

with primary alcohols. They have reported a series of pyridyl-supported pyrazolyl-imidazolyl 

ligand-based Mn(I) complexes for -alkylation.88 The complex 1.Mn3 among all the 

complexes showed highest activity for -alkylation of secondary alcohols with primary 

alcohols. The 1.Mn3 (2.1 mol%) catalyzed the -alkylation in presence of 30 mol% of KOtBu 

at 110 °C for 24 h in N2 atmosphere and 92 % -alkylated product was obtained in alkylation 

of secondary alcohols with primary alcohols (Scheme 1.16). Using the optimized methodology, 

a large library of substrates were tested. Additionally, this protocol was extended for -

alkylation of cholesterol and its derivatives and one pot synthesis of flavan derivatives.88 

 

Scheme 1.16: The 1.Mn3 catalyzed -alkylation of secondary alcohols with primary 

alcohols.82 

In 2021, Ghosh group developed an amido-functionalized ruthenium carbene complexes for 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter I 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 22 

 

the -alkylation of secondary alcohols with primary alcohols. The 1.Ru18a (1 mol%) catalyzed 

the -alkylation in presence of 1 equivalent of NaOiPr at 110 °C after 3 hours to yield 72% of 

-alkylated alcohol starting from benzyl alcohol and 1-phenylethanol as model substrates 

(Scheme 1.17).83b The cationic picolyl functionalized NHC ruthenium complex also showed 

similar reactivity for the -alkylation of secondary alcohols with primary alcohols. The hydride 

intermediate of 1.Ru18a was detected and remained active for 120 h. A variety of substrates 

scope was carried out with good to moderate yield. 

Gunanathan and co-workers used Ru-MACHO 1.Ru18b for the catalytic cross coupling of 

secondary alcohols to get ketone product 1.4'. The 1.Ru18b (1 mol%) catalyzed the cross 

coupling of secondary alcohols in presence of 5 mol% of KOtBu at 125 °C in toluene medium 

for 4 h to obtain selectively the crossed coupled ketone product 1.4' (Scheme 1.18).83c A variety 

of substrates with different functional groups could be used to achieve the selective formation 

of ketones. 

 

Scheme 1.17: Ruthenium-carbene catalyzed -alkylation of secondary alcohols with primary 

alcohols. 83b 

The -alkylation reaction is an excellent choice for the synthesis of C-C bonds, because it 

generates minimal amount of waste and requires only small amount of additives. This method 

has wide synthetic utility and leads to the production of valuable fine chemicals, fuel, 

agrochemicals and natural products.82 In pharmaceutical industry, -alkylation finds utility in 

the preparation of Ezetimite (which reduces the amount of cholesterol absorbed),82 while in 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter I 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 23 

 

cosmetics, this reaction is employed for the synthesis of Licochalcone A.82 The homogeneous 

pincer complexes based on precious metal salts are highly active for -alkylation and have 

enjoyed a huge application. Some of the representative examples have been discussed here for 

 

Scheme 1.18: Ruthenium catalyzed selective cross coupling of secondary alcohols.83c 

the basic understanding of -alkylation.83e The use of pincer complexes based on 3d metals is 

currently being explored for -alkylation, however a detailed understanding of -alkylation of 

secondary alcohols with primary alcohols has been discussed in Chapter-IV. 

1.1.1.4.3. N-alkylation of alcohols 

N-alkylated amines are versatile intermediates for organic transformation and also it has wide 

utility in dyes, polymers, pharmaceutical products and in the synthesis of fine chemicals.89 

Traditional methods involves the reaction of  environmentally toxic alkyl halide with amines 

to produce N-alkylated amines.90 Instead of using hazardous alkyl halide molecules, use of less 

hazardous alcohol molecules (precursor of alkyl halide) is more greener and atom economical 

for the transformation of amines and alcohols to N-alkylated amines.91 The transition metal 

complex catalyzes the N-alkylation in presence of stoichiometric amounts of base. Transition 

metal complex catalyzed dehydrogenation of primary alcohol produces the corresponding 

aldehyde which reacts with amine and produces imine with water as a sole by-product.92 

Subsequent hydrogenation of imine produces the desired alkylated amine. (Scheme 1.19).93-96  

The stoichiometric amounts of base or molecular sieves are used in N-alkylation to scavenge 

the by-product water which is formed in the reaction mixture.92 The N-alkylation reaction has 

been well-explored by  Meilstein93 Kirchner94 Kundu95 Kumar96a and others. This reaction 
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proceeds via “hydrogen borrowing” strategy which involves transfer hydrogenation to mitigate 

the need of hydrogen gas, making it an overall atom efficient process (Scheme 1.19). 

In 2016, Kirchner developed PNP pincer-Fe complexes and tested them for the N-Alkylation 

 

  

Scheme 1.19: Schematic representation of N-alkylation using alcohol and amine as a starting 

material, with representative examples of well-explored catalytic systems. 

reaction of amines and alcohols.94 The 1.Fe6 (2 mol%) catalyzed the N-alkylation reaction of 

alcohol and amine in presence of 1.3 equivalents of KOtBu in toluene medium (4 mL) at 80 °C 

for 16 hours. A large variety of substrates were N-alkylated with good to moderate yields 

(Scheme 1.20)94 using the developed catalytic protocol. 

In 2019, Kumar and co-workers developed a series of bis(imino)pyridine based pincer-

Rucomplexes and tested for N-alkylation reaction of amines and alcohols.96 Pincer-ruthenium 

complexes of the type (R2NNN)RuCl2(PPh3) (1.Ru19; R = tBu, 1Ru20; R = iPr 1.Ru21; R = 

Cy, 1.Ru22; R = Ph) have been used to accomplish N-alkylation of primary amines. For the 

first time, they reported the use of Na to generate the base in-situ, that made the reaction more 

favourable. The alcohol precursor was regenerated from sodium alkoxide by its reaction with 

water produced during the process. Thus, water formed in the reaction mixture enhanced the 
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Scheme 1.20: The 1.Fe6 catalyzed N-alkylation of alcohols with amine.94 

 

Scheme 1.21: The 1.Ru20 catalyzed N-alkylation of alcohols with amine.96a  

rate of the catalytic cycle, making it more atom economical. The catalyst 

(tBu2NNN)RuCl2(PPh3) (1.Ru19) displayed highest TON of 29000 for N-alkylation of amine in 

solvent-free condition (Scheme 1.21).96a 

The N-alkylation reaction has huge application in industry, specially in pharmaceutical 96b and 

in medical chemistry.96b The N-alkylated amines are used to prepare various drug molecules 

like Sertraline,96b (effective antidepressant of various etiologies), Pramipexole, (agonist 

dopamine receptor and effective for Parkinson disease), Donepezil, (cholinesterase inhibitor) 

and Retigabine (used to normalize the potassium channel in neurons of the brain).96b The N-

alkylation of amines has been explored using various complexes and specially pincer 

complexes have exhibited higher efficiency for the selective formation of higher amines instead 

of imines.94 This section has attempted to shed light on some of the efficient amines N-  
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alkylation catalysts as representative examples. 

1.1.1.4.4. Catalytic β-methylation of various alcohols 

Methylation is a very useful technique among various C−C bond formation reactions, where 

access to branching provided by methyl groups is highly important as a structural motif in 

chemistry and biology,97 ranging from synthetic lubricants98 to drug molecules.99 The 

dehydrogenation of methanol is very challenging though methylation reactions are attractive 

towards alkylation. The dehydrogenation of methanol is highly challenging due to its high 

enthalpy (ΔH = 84 kJ/mol). This highlights the importance to design and develop efficient 

catalysts and optimal catalytic methods for dehydrogenative functionalization using methanol 

as the alkylating agent.100-102 Transition metal catalyzed dehydrogenation of methanol and 2-

phenylethanol produces the corresponding aldehydes which in the presence of a base undergoes 

aldol-condensation to produce α, β-unsaturated aldehyde with water as a sole by-product. 

Hydrogenation of this α, β-unsaturated aldehyde produces the β-methylated alcohol (Scheme 

1.22). A similar path for 1-phenylethanol can also be proposed (Scheme 1.22). 

In 2014, Beller and co-workers reported the β-methylation of 2-phenylethanol (1.7) with a dual 

catalytic system Ru-MACHO (1.Ru24) (0.1 mol %) and  Shvo’s catalyst (1.Ru23) (0.05 mol 

%) that has resulted in  87% yield of 1.9 at 140 °C ( Scheme 1.23).103  

 

 

Scheme 1.22: A general schematic representation of the transition metal catalyzed β-

methylation of 2-phenylethanol. 

In 2019, Leitner and co-workers reported a Ru-MACHO-BH4
 (1.Ru25) (0.1 mol%) catalyzed 

β-methylation of 2-phenylethanol and 1-phenylethanol with 2 equivalents of NaOMe at 150 °C 

for 28 h to obtain 82% of 2-phenylpropan-1-ol and 84% 2-methyl-1-phenylpropan-1-ol 

respectively (Schemes 1.24 and 1.25).104 The complex 1.Ru25 showed excellent catalytic 
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activity with 18000 TON for the β-methylation of alcohol. A variety of substrates based on 

both 2-phenylethanol and 1-phenylethanol were tested and good to moderate yields were 

observed.104  

The β-methylation of alcohols has been explored independently by Renaud,105 Kempe,106 

Leitner,104, 107, 108 Srimani,109 Kundu,110  Morril102, 111  and others using homogeneous 

complexes based on Fe, Mn, Ru. The selected pincer-metal complexes for β-methylation of 

alcohols have been shown in Scheme 1.23. The activation of methanol molecule is challenging 

but very useful for various C−C bond formation reactions. The synthesis of new carbon-methyl 

bond as a structural motif is very important in chemistry, biology,97 and it is used in applications 

ranging from lubricants98 to drug molecules.99 The β-methylation of alcohols is challenging yet 

various homogeneous 

 

Scheme 1.23: Homogeneous pincer complexes reported for β-methylation of 2-phenylethanol 

and 1-phenylethanol. 
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pincer-metal complexes based on precious metals have been extensively reported that catalyse 

the β-methylation reaction effortlessly.100-102 Here, some of the selected representative 

homogenous pincer-metal complexes have been discussed for β-methylation. The detailed 

reaction mechanism and other reports have been elaborately discussed in chapter-II. When the 

same reaction was carried out in the absence of methanol, the dehydrogenation product of 2- 

phenylethanol underwent self-coupling and produced alkane directly through decarboxylation 

coupling. There are very limited reports on decarboxylation of alcohol to alkane, therefore a 

detailed description is covered in chapter-III. 

 

Scheme 1.24: The β-methylation of 2-phenylethanol and its derivatives catalyzed by 1.Ru28 

catalyst.104 

 

Scheme 1.25: The β-methylation of 1-phenylethanol and its derivatives catalyzed by 1.Ru25 

catalyst.104 

 

1.1.1.4.5. Alcohol reforming reaction: H2 production 

Hydrogen is regarded as one of the most efficient alternatives to non-renewable fuels.112 In the 

of age of rapid depletion of fossil fuels, scientists are interested in the development of fuels 

based on renewable resources. Hydrogen is regarded as a clean fuel and an efficient energy 

carrier (120 MJ/Kg) that can be turned into electricity by utilising various fuel cell technologies 
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to get significant amount of energy per unit mass.113-115 The use of hydrogen will extend the 

range of available energy sources and recently there is significant progress in the field of  

hydrogen generation using liquid organic hydrogen carrier (LOHC) systems due their high 

hydrogen storage capacity, easy transportation and environmental friendliness.112 Recently, 

particular emphasis has been laid on alcohols as LOHCs to generate on-demand hydrogen.112 

Many potential LOHC candidates for hydrogen storage include methanol, ethanol, ethylene 

glycol, glycerol etc., which lead to the production of various value-added chemicals along with 

the concomitant generation of hydrogen.112 However, this section will focus on the hydrogen 

generation from methanol as a representative example. For alcohol reforming, methanol has a 

high hydrogen storage capacity (12.6 wt%) and is therefore considered a promising candidate 

for H2 generation.116-119 Among the various alcohols, majority of the reports are based on 

aqueous reforming of methanol,112 because of its easy availability. The reports with ethanol 

reforming are scarce due to the various side products formed during the reaction,112, 76-78 

thereby affecting the selectivity of the process. In case of ethylene glycol, it has only 6.5 wt% 

H2 and a higher boiling point, which makes it less favourable to produce hydrogen under mild 

conditions.112 Therefore, methanol is the most preferred candidate for the catalytic aqueous 

reforming employing homogeneous catalysts under mild conditions.120 

 

Scheme 1.26: Schematic representation of aqueous MeOH reforming reaction. 

Depending upon reaction conditions, methanol can be converted to different products like 

HCHO, HCOOH, CO2, CO and H2 (Scheme 1.26). For the on-site hydrogen generation, 

aqueous methanol-reforming is an attractive method as it involves the complete 

dehydrogenation of methanol into CO2 and H2.
112, 121 A variety of  homogeneous transition 

metal complexes can catalyze the aqueous reforming of methanol to H2 (Scheme 1.27).112, 121 
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In 2013,  Beller and co-workers reported the use of pincer-ruthenium complexes based on the 

MACHO ligand to catalyze MeOH/H2O mixture to CO2 (or CO3
2-) and H2.

121 The pincer-

ruthenium complexes (1.Ru23 and 1.Ru28) (21 ppm) in presence of 0.5 M base 

dehydrogenated a 4:1 methanol-water mixture to formaldehyde. In presence of base and water 

it gets further dehydrogenated to formic acid and at last to CO2 and H2 (3 equivalents) 

(Scheme1.28). The complex 1.Ru23  and 1.Ru28  showed very good catalytic activity  for the  

 

Scheme 1.27: Complexes reported for aqueous MeOH reforming reaction.  

reforming of methanol to hydrogen (Scheme 1.28).120 The 1.Ru23 (1.8 ppm, 0.008 mol%) with 

8.0 M KOH (1.4 equivalents with respect to  water) gave 8.23% yield of H2 with 1051 TOF (h-

1). On the other hand, under similar reaction conditions the catalyst 1.Ru28  showed better 

activity towards dehydrogenation of 9:1 MeOH/H2O with 16.6% yield of H2 at 2678 h-1 after 

3h at 91 °C. In neat methanol, after 3 hours an amazing TOF of 4734 h-1 was observed with 9.1 

% yield of hydrogen under similar reaction conditions,106 while using catalyst 1.Ru28. The 
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Scheme 1.28: 1.Ru23 and 1.Ru28 catalyzed aqueous reforming of   methanol.106   

studies by Beller laid the foundation for the systematic development on the MeOH reforming 

reaction with different complexes. Milstein,122, 123 Beller, 124-126 Kumar,127 Hazari128 and others 

developed various efficient homogeneous pincer-catalytic systems for aqueous phase methanol 

reforming reaction (Scheme 1.27). 

LOHC have many potential applications that involves the storage and transportation of 

hydrogen by eliminating the need of cooling or compressing H2 in an energy intensive manner. 

112 This makes the handling of hydrogen not only safer but cheaper as well. The hydrogen 

generated can be utilized in various applications such as fuel cell, power generation, hydrogen 

refuelling station, transportation and industrial sectors.112 Hence, it is pivotal to expand the on-

site production of hydrogen from LOHC in order to fulfil its ever-increasing demand as a fuel. 

In this context, this section has provided a brief overview of the application of pincer complexes 

towards H2 generation from abundant alcohols. 

 

1.2. Summary 

The concept of pincer-metal complexes, emerged in 1976, introduced by Moulton and Shaw, 

marks a significant milestone in the field of catalysis that has continued to evolve over past 

five decades. These versatile complexes have been widely applied across various fields, 

particularly in catalysis where they have played a transformative role. Numerous pioneering 

reports are there in this field that has demonstrated the effectiveness of these pincer metal 

complexes. These complexes have showcased outstanding catalytic properties in 
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fundamentally important dehydrogenation and hydrogenation reactions such as C-

alkylation,79a, 81-86 N-alkylation,93-96, alkane dehydrogenation,7, 8 transformation of CO2 to 

methanol9 and nitrogen fixation10 as well. Each of these areas have witnessed a significant 

growth, showcasing the wide utility of these complexes. While an in-depth discussion on each 

of the field is currently out of the scope of this thesis, we aim to provide a concise overview 

that highlights the most relevant reaction with representative example of these complexes. A 

detailed discussion on the literature for the relevant reactions has been provided in greater detail 

in the appropriate chapters. However, a significant amount of research is still ongoing globally 

that continues to lay emphasis on each of these reactions independently. All the observation 

presented above lay a solid foundation for the objectives of the current thesis. 

 

1.3. Objective of the current thesis 

The wide literature survey in this chapter discusses the role of pincer-metal complexes in 

various organic transformation that include the synthesis of fine chemicals, fuels, 

pharmaceuticals, and agrochemicals and, also the intermediates of various organic reactions. 

For a healthy global economy, energy self-sufficiency is essential. To satisfy the needs of 

energy of the society it is important to generate fine chemicals, fuel from abundant and cheap 

raw materials in an economical and environmentally-friendly fashion. The organometallic 

complexes with variety of metal-ligand combination under various optimized conditions have 

been successfully addressing the task to some extent. However, the expensive catalyst and 

sensitive reaction conditions are challenges that need to be addressed in the coming future. It 

would be beneficial if one could carry-out such transformation using an optimized reduced 

toxicity, low cost and less sensitive catalytic system. This thesis as a part of doctoral studies 

attempts to address the following questions, 

1. Can we generate easy to synthesize bis(iminopyridine) based ligands instead of phosphine-

based ligands and their corresponding pincer-ruthenium complexes? 

2. Can we use these pincer-ruthenium catalysts to generate alkanes from alcohols via the 

challenging decarboxylative coupling? 

3. Is it possible to use the simplest alcohol such as methanol as an alkylating agent in these 

pincer ruthenium catalysed reactions? 

4. Can we substitute the ruthenium in these pincers catalytic systems with base metals such as 

cobalt and still obtain good activity in the C-C bond formation reactions using abundantly  
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available alcohols as alkylating agents?  
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Pincer-Ru Catalyzed β-Methylation of Alcohols 
 

 

 

 

 

The contents of this chapter have been adapted from “Pincer-Ru Catalyzed β-Methylation of 

Alcohols” by Nandi, P. G.; Jasra, R. V.; Kumar, A. Organometallics 2023, 42, 3138-3152. 
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2.1 Introduction 

The formation of C−C bonds serves as one of the key processes in the synthesis of natural 

products,1 fine chemicals,1 fuels,1 pharmaceuticals,1 and agrochemicals.1 Conventionally, these 

C−C bond-forming reactions are accomplished via transition-metal-catalyzed activation of 

C−X (X = Cl, Br, I) bonds that typically involve organometallic2 or radical pathways.3 In a bid 

to move away from stoichiometric hazardous waste generation,2 global research has recently 

intensified its focus on the use of readily available alcohols as potential alkylating agents for 

the generation of versatile C−C bonds. Such alcohol refunctionalization reactions are known 

to proceed via the hydrogen auto-transfer4 or hydrogen-borrowing5 pathways, which have 

garnered greater research interest worldwide due to their green and atom economical nature 

with water as the only by-product.  

Among various C−C bond formation reactions, methylation is a very useful tool where access 

to branching provided by methyl groups is highly important as a structural motif in chemistry 

and biology,6 ranging from drug molecules7 to synthetic lubricants.8 Though methylation 

reactions are attractive, the use of methanol as an alkylating agent requires one to accomplish 

the challenging dehydrogenation of methanol, which has a very high enthalpy (ΔH = 84 

kJ/mol). This underlines the importance of the need to design and develop efficient catalysts 

and catalytic methods for dehydrogenative functionalization using methanol as the alkylating 

agent.9 

 Transition metal catalyzed dehydrogenation of methanol and 2-phenylethanol produces the 

corresponding aldehydes which in the presence of a base undergoes aldol-condensation to 

produce α, β-unsaturated aldehyde with water as a sole by-product. Hydrogenation of this α, β 

-unsaturated aldehyde produces the β-methylated alcohol (Scheme 2.1). A similar path for 1-

phenylethanol can also be proposed (Scheme 2.2). 

 

Scheme 2.1: A general schematic representation of the transition metal catalyzed β-

methylation of 2-phenylethanol. 
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Scheme 2.2: A general schematic representation of the transition metal catalyzed β-

methylation reaction of 1-phenylethanol. 

Among the catalysts that are known for the dehydrogenative functionalization, such as α- and 

β-alkylation of secondary alcohols using aliphatic primary alcohols as alkylating agents, 

catalysts based on Rh,10c Ru,10a,f,j and Ir10d,i have enjoyed great success.10 However, for the 

methylation of alcohols at the sp3 carbon, only a few catalytic systems have been reported.11 

Recently the β-methylation reaction has been explored independently by Tu,12 Beller,11c 

Renaud,13c Kempe,4 Leitner,13a,14 and Morril,9b,13b using homogeneous complexes4,9b,13 based 

on either Fe(0) or Mn(I). Apart from these few attempts to accomplish the β-methylation using 

catalysts based on earth-abundant 3d metals, there has been an equal emphasis toward 

identification of Ru-based β-methylation catalytic systems. 

In 2019, Leitner and co-workers reported β-methylation of primary and secondary alcohols 

catalyzed by a borane adduct of the Ru−dihydrido complex [RuH(CO)(BH4)(HN- 

(C2H4PPh2)2)] (abbreviated as Ru-MACHO-BH) (2.10Ru3).11a,14 The Guerbet-type coupling 

of methanol with ethanol leading to isobutanol was reported by Wass using [RuCl2(L)2] (L = 

bis(diphenylphosphino)methane) as a catalyst.15 Recently  Srimani reported a maximum yield 

of 90% in the methylation of 2-phenylethanol (2.1) catalyzed by 2 mol % (SNS)Ru(II) 

(2.10Ru4) after 36 h at 135 °C.16 The Kundu group have studied the methylation of both 2-

phenylethanol (2.1) and 1-phenylethanol (2.2) resulting in up to 95% yield and 90% yield of 

2.3 and 2.5, respectively, in the reaction catalyzed by (NNC)Ru(II) (0.5 mol %) in the presence 

of Cs2CO3 (1 equivalent) at 140 °C for 24 h.17  

Leitner and co-workers reported the highly selective β-methylation of alcohols using an earth-

abundant first-row transition metal complex [Mn(CO)2Br(HN(C2H4P
iPr2)2)] 2.10Mn1  
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Scheme 2.3: β-methylation reaction of 2-phenylethanol (2.1) and its derivatives by the Mn(I) 

catalyst 2.10Mn1.13a 

((HN(C2H4P
iPr2)2) = MACHO-iPr).13a The best yield 94% of 2-(p-tolyl)propan-1-ol was 

obtained at 0.5 mol% loading of 2.10Mn1 in the presence of  2 equivalents of NaOMe at 150 

oC after 24h in 1 mL methanol (Scheme 2.3). Alternatively, at a high loading of NaOMe (4 

equivalents), double methylation of 1-phenylethanol (2.2) was achieved with 77% yield of 2-

methyl-1-phenylpropan-1-ol (2.5) (Scheme 2.4). Excellent activity of the catalyst 2.10Mn1 

was observed in the case of methylation of 2-phenylethanol. However moderate to good 

activity was observed for the 2.10Mn1 catalyzed methylation of 1-phenylethanol and its 

derivatives.13a 

 

Scheme 2.4: The β-methylation of 1-phenylethanol (2.2) and its derivatives catalyzed by Mn(I) 

catalyst 2.10Mn113a 

In 2020, Kempe and co-workers reported the earth abundant metal catalyzed double and single 

methylation of 2-phenyl ethanol and 1-phenyl ethanol.4 The highest catalytic activity was 

observed with 2.10Mn2. The best yield of 89% 2-methyl-1-phenylpropan-1-ol was obtained in 

the presence of 1.5 equivalents KOtBu, at a loading of 0.1 mol% 2.10Mn2 and 3 equivalents 

methanol in 2 mL diglyme after 3h at 140 °C. A large number of substrates could be methylated 

using this protocol (Scheme 2.5).4  
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Scheme 2.5: The β-methylation of 1-phenylethanol (2.2) and its derivatives catalyzed by Mn(I) 

catalyst 2.10Mn24 

 

 

Scheme 2.6: The β-methylation of 2-phenylethanol (2.2) and its derivative catalyzed by 

2.10Fe1.13c   

In 2019 Renaud and co-workers carried out the β-methylation of 2-phenylethanol in the 

presence of 2 mol% 2.10Fe1, NaOH (10 mol%), tBuOH (1 mL) and NaOtBu (1 equivalent) at 

150 °C for 40h to get 71% of 2-methyl-1-phenylpropan-1-ol (2.2a) (Scheme 2.6). Notably the 

catalyst is moderately active for other 2-phenylethanol substrates.13c 
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Scheme 2.7: The β-methylation of 2-phenylethanol and its derivatives catalysed by 2.10Ir1 

catalyst.12  

 

Scheme 2.8: The β-methylation of 1-phenylethanol and its derivatives catalyzed by 2.10Ir1 

catalyst.12  

Tu and co-workers carried out the methylation reaction using bis-N-heterocyclic carbene based 

iridium (bis-NHC-Ir) complex at a low catalyst loading, broad substrates scope was achieved 

with excellent yields (Scheme 2.7 and Scheme 2.8). They carried out the β-methylation of 2- 

phenylethanol catalyzed by bis-NHC Ir complex (2.10Ir1) (0.05 mol %) in the presence of 2 

equivalents of NaOtBu and obtained up to 99% yield at 140 °C.12 DFT studies and other control 

experiments revealed that the ligand effect is critical for achieving an excellent catalytic 

activity towards the methylation of 2-phenylethanol and 1-phenylethanol.12  

Beller and co-workers developed a catalytic system based on Ru-MACHO for the methylation 

of 2-phenyl ethanol under drastic condition (200 oC, 1.6 equivalents NaOMe) to achieve 

sufficient conversion. However co-operativity of two ruthenium complexes namely 2.10Ru1 

(Shvo catalyst) and 2.10Ru2 (Ru-MACHO) is a key to success for the methylation of 2-aryl 

ethanols.11c The dual catalytic system based on Ru-MACHO (0.1 mol %) (2.10Ru2) in conjug- 
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Figure 2.1. Homogeneous ruthenium catalysts reported for the β-methylation of 2-

phenylethanol (2.1) and 1-phenylethanol (2.2). 

 

Scheme 2.9: The β-methylation of 1-phenylethanol and and it’s derivatives catalyzed by 

2.10Ru1 in the presence of 2.10Ru2 as co-catalyst.11c 

-ation with Shvo’s catalyst (2.10Ru1) (0.05 mol %) (Figure 2.1) for the β-methylation of 2- 

phenylethanol (2.1) that resulted in up to 87% yield of 2.3 at 140 °C.11c Using these co-catalysts 

a large library of substrates were transformed to corresponding products with moderate to good 

yields (Scheme 2.9, Figure 2.1). 
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Scheme 2.10: The β-methylation reaction of 1-phenylethanol and it’s derivatives catalyzed by 

2.10Ru5.17 

Recently Kundu and co-workers developed (NNC)Ru(II) pincer complexes which show very 

good activity for the β-methylation reaction for wide range of substrates (Scheme 2.10, Figure 

2.1). 17 

2.2. Objectives of the current work 

A comprehensive literature survey reveals that the pincer complexes are very much active for 

the activation of alcohols molecules. Our recent success in the synthesis of a series of NNN 

pincer-ruthenium complexes (2.6a−d and 2.10a−b; Figure 2.2) based on bis(imino)pyridine 

and 2,6-bis(benzimidazol-2-yl)- pyridine ligands for accomplishing catalytic reactions like N-

alkylation, 18 glycerol transformation to lactic acid,19 β- alkylation,20 methanol reforming,21a 

ethanol reforming,21b  and Guerbet reactions20,22a prompted us to test these catalysts for 

potential β-methylation reactions that involve dehydrogenation as a key step in the presence of 

base.  To the best of our knowledge there are no reports on the β-methylation reaction using 

bis(imino)pyridine and 2,6-bis(benzimidazol-2-yl)pyridine based pincer complexes. On the 

basis of these facts, the current work attempts to address the following questions 

 

➢ Can we utilize the pincer-Ru complexes based on bis(imino)pyridine and 2,6 

bis(benzimidazol-2-yl)pyridine ligands for the β-methylation of alcohols? 

➢ Can we extrapolate the catalytic activity towards β-methylation of alcohols from 

Guerbet reaction? 

➢ Are various functional groups tolerated? 

➢ Can we get better activity with bis(benzimidazol-2-yl)pyridine ligand based pincer-Ru 

complexes instead of those based on bis(imino)pyridine ligand? 
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Figure 2.2. Pincer-ruthenium complexes investigated in the current study for the β-

methylation of alcohols. 

 

Gratifyingly, in this chapter, apart from the previously reported complexes, three new 

pincer−ruthenium complexes (2.7, 2.8, and 2.9; Figure 2.2) were synthesized and were 

employed towards the catalytic β-methylation reaction. After 24 h at 140 °C, we were able to 

obtain up to 92% yield of 2.3 in the methylation of 2-phenylethanol (2.1) catalyzed by 2.10b 

(0.5 mol %) in the presence of 0.75 equivalents of KOH and up to 92% yield of dimethylated 

product 2.5 in the methylation of 1-phenylethanol (2.2) catalyzed by 2.10b (0.5 mol %) in the 

presence of 2 equivalents of Na. Both protocols were used to efficiently accomplish the 

synthesis of several derivatives of 2.3 and 2.5.  

2.3. Results and discussion 

2.3.1. Synthesis and characterization of pincer-ruthenium complexes 2.7−2.9 based on 

bis(imino)pyridine ligands 

The NNN pincer-Ru phosphine complexes 2.7 and 2.8 containing the p-F and p-CF3 groups 

were synthesized in good yields by treatment of the corresponding ligands2e,18−20,23 with 

RuCl2(PPh3)3 under an argon atmosphere at reflux for 12 h, and the NNN pincer−Ru phosphine 

complex 2.9 with a p-OMe moiety was synthesized in a similar fashion but at room 

temperature, followed by washing with diethyl ether and hexane (Scheme 2.11). Complexes 

2.7−2.9 were fully characterized by HRMS, 1H NMR, 31P NMR, and 13C NMR studies.  HRMS 

analysis of 2.7, 2.8, and 2.9 (Figures 2.S58−2.S66) demonstrated prominent peaks at m/z 

720.0725, m/z 820.0675, and m/z 744.1131 that correspond to [2.7 − Cl],+ [2.8 − Cl]+ and [2.9 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter II 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 51 

 

− Cl]+ respectively. The 31P NMR spectrum exhibited a single peak for each of the complexes 

2.7 and 2.8 at δ = 31.90 ppm and at δ = 30.74 ppm. However, for 2.9 two peaks were observed 

at δ = 29.09 ppm (minor amounts, ca 33% where PPh3 is trans to pyridyl N) and at δ = 33.20 

ppm (major amounts, 67 %, PPh3 trans to chloride).  

Good quality crystals of 2.7, 2.8, and 2.9 were obtained for SCXRD analysis by slow 

evaporation of their solutions (10 mg each in 1 mL) from a methanol/hexane mixture, a 

methanol/DCM mixture, and DCM, respectively. Notably, 2.7, 2.8, and 2.9 crystallized in 

space groups P21/c, Pna21, and P1̅, respectively (Table 2.1 and 2.S1). 

 

Scheme 2.11. General synthetic route to NNN pincer-ruthenium complexesa 

aThe molecular structures of 2.8′, 2.9′, 2.7, 2.8, and 2.9 are provided as ORTEPs drawn at 50% probability. The 

phenyl groups on the P atoms and all of the hydrogen atoms in 2.7, 2.8, and 2.9 have been omitted for the sake of 

clarity. 

2.3.2. Pincer-ruthenium-catalyzed methylation of 2-phenylethanol 

 The catalytic methylation reactions of 2-phenylethanol (2.1) as a model alcohol was initiated 

using 0.5 mol % (iPr2NNN)RuCl2(PPh3) (2.6a) in the presence of various bases at 140 °C. In 

the presence of 19.2 equivalents of methanol at 140 °C, the yield of the 2.6a-catalyzed 

methylation of 2.1 increased with an increase in the amount of NaOH used, giving methylated 

product 2.3 in a maximum yield of 54% (entries 1−5, Table 2.3). As the 2.6a catalyzed 

methylation levelled off at a loading of NaOH higher than 0.75 equivalents (entry 3, Table 2.3), 

further optimization of the 2.6a-catalyzed methylation of 2.1 was performed with 0.75 

equivalents of NaOH at 140 °C. While increased loading of 2.6a resulted in a marginal rise in 

the yield of 2.3 (entry 8, Table 2.3), at lower catalyst loadings there was a concomitant decrease  

in the yield of 2.3 (entries 6 and 7, Table 2.3).  
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Table 2.1. Crystal structure and refinement parameters of 2.7, 2.8 and 2.9 

 

Complex  2.7 2.8 2.9 

Empirical formula C37H28Cl2F2N3PRu C40H30Cl4F6N3PRu C78H68Cl4N6O4P2Ru2 

Formula weight 755.56 940.51 1559.26 

Temperature/K 298.00 297.0 296.00 

Crystal system monoclinic orthorhombic triclinic 

Space group P21/c Pna21 P-1 

a/Å 18.353(5) 20.562(3) 15.826(5) 

b/Å 12.641(3) 14.706(2) 16.155(6) 

c/Å 15.899(4) 14.128(2) 18.092(6) 

α/° 90 90 100.222(12) 

β/° 107.835(7) 90 103.786(12) 

γ/° 90 90 111.712(12) 

Volume/Å3 3511.4(16) 4272.3(12) 3989(2) 

Z 4 4 2 

ρcalcg/cm3 1.429 1.462 1.298 

μ/mm-1 0.685 0.712 0.602 

F(000) 1528.0 1888.0 1592.0 

Crystal size/mm3 0.34 × 0.26 × 0.23 0.32 × 0.24 × 0.21 0.32 × 0.26 × 0.21 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 

4.384 to 49.996 3.998 to 49.996 
4.242 to 50.17 

Index ranges -21 ≤ h ≤ 21, -15 ≤ k ≤ 

15, -18 ≤ l ≤ 18 

-24 ≤ h ≤ 24, -17 ≤ k ≤ 

17, -16 ≤ l ≤ 16 

-18 ≤ h ≤ 18, -19 ≤ k ≤ 19, -

21 ≤ l ≤ 21 

Reflections collected 70564 82137 50546 

Independent 

reflections 

6133 [Rint = 0.0357, 

Rsigma = 0.0157] 

7519 [Rint = 0.0525, 

Rsigma = 0.0267] 

14034 [Rint = 0.0466, 

Rsigma = 0.0462] 

Data/restraints/paramet

ers 

6133/0/415 7519/401/530 
14034/292/919 

Goodness-of-fit on F2 1.130 1.016 1.023 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0473, wR2 = 

0.1054 

R1 = 0.0811, wR2 = 

0.1925 
R1 = 0.0600, wR2 = 0.1412 

Final R indexes [all 

data] 

R1 = 0.0529, wR2 = 

0.1083 

R1 = 0.1087, wR2 = 

0.2323 
R1 = 0.0838, wR2 = 0.1644 

Largest diff. peak/hole 

/ e Å-3 

1.39/-0.82 0.15/-0.08 
1.09/-0.73 

Flack parameter - 0.08(12) - 
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Table 2.2. Selected bond lengths and bond angles around metal (Ru) centre 

Parameters 2.7 2.8 2.9 

Ru-N (Å) (Pyridyl) 1.941(3) 1.957(15) 1.948 (4), 1.936 (5) 

Ru –N (imine) (Å) 2.109 (3), 2.134 (3) 

 

2.111(13), 2.106 (14) 2.126 (4), 2.102 (4), 2.118 

(5), 2.101 (4) 

Ru – P (Å) 2.3049 (11) 2.330 (4) 2.43192 (15), 2.3334 (15) 

Ru – Cl (Å) 2.4425 (12), 2.4471 

(12) 

2.434 (4), 2.439 (4) 2.4482 (16), 2.4317 (15), 

2.4675 (17), 2.4643 (15) 

(Imine)N-Ru-N(Imine) (°) 155.18 (13) 157.0 (5) 155.33 (17), 156.2 (2) 

(Pyridyl)N -Ru-N(Imine) 

(°) 

77.34 (13),78.18 

(13) 

77.7(6),79.3(5) 78.10 (17), 77.92 (18), 77.8 

(2), 78.55 (19) 

Cl (cis) – Ru – P (°) 87.81 (4) 90.31 (16) 88.63 (5), 91.42 (12) 

Cl (trans) – Ru – P (°) 174.73 (4) 176.77 (17) 176.26 (5), 179.70 (5) 

Cl (cis) – Ru – N (°) 89.00 (10) 87.8 (4) 89.05 (13), 86.46 (13) 

Cl (trans) – Ru – N(°) 176.63 (10) 174.2 (4) 176.81 (13), 174.48 (13) 

 

Notably, no methylation of 2.1 was observed in the absence of the catalyst (entries 9 and 10, 

Table 2.3). The yield of the 2.6a catalyzed methylation of 2.1 in the presence of 0.75 

equivalents of NaOH was lower when the reaction was performed at 120 °C (entry 11, Table 

2.3). Upon repeating the 2.6a-catalyzed methylation of 2.1 under the optimized conditions 

(entry 3, Table 2.1), but with varying amounts of methanol (entries 12− 15, Table 2.3), the best 

results (ca. 76% yield of 3 after 24 h) were obtained with 7.5 equivalents of methanol (entry 

14, Table 2.3) at 140 °C. Shortening the duration of the 2.6a-catalyzed methylation of 2.1 using 

7.5 equivalents of methanol in the presence of 0.75 equivalents of NaOH at 140 °C to 12 h 

lowered the yield of 2.3 (entry 16, Table 2.3). Under these new optimized conditions (entry 14, 

Table 2.3), good yields were obtained either by the use of KOH or by the use of Na (to generate 

the base in-situ)18 (entries 17 and 24, Table 2.3). While the yields of 2.3 were appreciable when 

KOtBu and NaOtBu were used (entries 18 and 21, Table 2.3), very poor yields were observed 

with the use of bases based on the carbonate and bicarbonate salts of potassium and sodium 

(entries 19, 20, 22, and 23, Table 2.3). Among the pincer−ruthenium catalysts 2.6−2.9 based 

on bis(imino)pyridine ligands, only 2.6a provided good yields of methylated product 2.3 under 

the optimized conditions (entry 1 vs entries 2−7, Table 2.4). When the pincer−ruthenium 

catalysts 2.10a and 2.10b based on 2,6-bis(benzimidazol-2- yl)pyridine ligands were  
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Table 2.3. Pincer-ruthenium-catalyzed methylation of 2- phenylethanol under varying 

conditionsa 

 

Entry  2.6a (X mol%) Base (Y) MeOH 

(equivalents) 

%Yield of 2.3 b 

1  0.5 NaOH (0.25) 19.2 16 

2  0.5 NaOH (0.50) 19.2 36 

3  0.5 NaOH (0.75) 19.2 47 

4  0.5 NaOH (1.00) 19.2 50/55c 

5  0.5 NaOH (4.00) 19.2 54 

6  0.25 NaOH (0.75) 19.2 44 

7  0.1 NaOH (0.75) 19.2 27 

8  1 NaOH (0.75) 19.2 55 

9   − NaOH (0.75) 19.2 0 

10   − Na (0.75) 19.2 0 

11d 0.5 NaOH (0.75) 19.2 22 

12  0.5 NaOH (0.75 12.4 62 

13  0.5 NaOH (0.75) 24.8 42 

14  0.5 NaOH (0.75) 7.5 76 

15  0.5 NaOH (0.75) 5.0 68 

16e  0.5 NaOH (0.75) 7.5 65 

17  0.5 KOH (0.75) 7.5 83 

18  0.5 KOtBu (0.75) 7.5 70 

19  0.5 K2CO3 (0.75) 7.5 21 

20  0.5 Na2CO3 (0.75) 7.5 7 

21  0.5 NaOtBu (0.75) 7.5 60 

22  0.5 NaHCO3 (0.75) 7.5 0 

23  0.5 KHCO3 (0.75) 7.5 0 

24  0.5 Na (0.75) 7.5 83 
 

aReaction conditions, unless specified otherwise: 1 mmol of 2.1, 19.2−7.5 mmol of MeOH, Y equivalents of Base, 

and X mol % 2.6a at 140 °C for 24 h in a 5 mL Schlenk flask under an argon atmosphere. bDetermined by 1H 

NMR analysis using toluene as the standard. cReaction time = 48 h. dThe reaction was performed at 120 °C. eThe 

reaction was performed for 12 h. 

considered, the N-methylated analogue 2.10b outperformed not only 2.10a but also 2.6a and 

resulted in up to 92% yield of the methylated product 2.3 (entry 9 vs entries 8 and 1, Table 

2.4). Typical Ru(II) precursors RuCl2(PPh3)3, [Ru(p-cymene)Cl2]2, and [Ru(p-benzene)Cl2]2 

exhibited lower reactivity in comparison to the pincer−Ru catalyst 2.10b (entry 9 vs entries 

10−12, Table 2.4). 
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Table 2.4. Methylation of 2-phenylethanol catalyzed by various ruthenium catalystsa 

 

Entry  

 

Ru catalyst Equivalents of 

KOH 

Equivalents of 

MeOH 

%Yield of 2.3b 

1   2.6a 0.75 7.5 83 

2  2.6b 0.75 7.5 57 

3 2.6c 0.75 7.5 74 

4 2.6d 0.75 7.5 64 

5 2.7 0.75 7.5 61 

6 2.8 0.75 7.5 73 

7 2.9 0.75 7.5 73 

8 2.10a 0.75 7.5 27 

9 2.10b 0.75 7.5 92 

10 RuCl2(PPh3)2 0.75 7.5 52 

11 [Ru(p-cymene)Cl2]2 0.75 7.5 10 

12 [Ru(p-benzene)Cl2]2 0.75 7.5 19 

 

aReaction conditions, unless specified otherwise: 1 mmol of 2.1, 7.5 mmol of MeOH, 0.75 equivalents of KOH, 

and 0.5 mol % Ru catalyst at 140 °C for 24 h in a 5 mL Schlenk flask under an argon atmosphere. bDetermined 

by 1H NMR analysis using toluene as the standard. cAverage of two runs. 

 

The generic nature of the 2.10b-catalyzed synthetic protocol was demonstrated by applying it 

for the catalytic methylation of close to 18 derivatives of 2-phenylethanol (Table 2.5). In 

general, 2-phenylethanol derivatives with electron-donating and electron-withdrawing groups 

at the para position gave yields that were slightly lower than the corresponding yields obtained 

when 2-phenylethanol was used (2.3a, 2.3b, 2.3k, 2.3m, and 2.3p vs 2.3, Table 2.5). While the 

2-phenylethanol derivative with a p-nitro group was inactive toward methylation (2.3n, Table 

3), the methylation of the corresponding p-bromo derivative resulted in debromination leading 

to a mixture of 2.3d and 2.3 (Table 2.5). 

The yields of methylated products obtained from the meta-substituted 2-phenylethanol 

derivatives (2.3c, 2.3f, 2.3h, and 2.3l, Table 2.5) were comparable to the yield of 2.3. On the 

other hand, ortho-substituted 2-phenylethanol derivatives and 2-thiopheneethanol performed 

very poorly (2.3i, 2.3j, and 2.3e) in the 2.10b catalysed methylation reaction, presumably due  
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Table 2.5. Methylation of various 2-phenylethanol derivatives catalyzed by 2.10ba
 

 

 

___________________________________________________________________________ 

aReaction conditions, unless specified otherwise: 1 mmol of 2.1, 7.5 mmol of MeOH, 0.75 equivalents of KOH, 

and 0.5 mol % 2.10b at 140 °C for 24 h in a 5 mL Schlenk flask under an argon atmosphere. The yields were 

determined by 1H NMR analyses using toluene as the standard. 

to steric effects and deactivation via chelation, respectively. A moderate yield of 2.3o was 

obtained in the methylation reaction of 1- naphthaleneethanol catalyzed by 2.10b at 140 °C in 

the presence of 0.75 equivalents of KOH after 24 h (Table 2.5). 

Efforts were then focused on optimizing a synthetic protocol for the methylation of 1-

phenylethanol (2.2) using 2.10b as a catalyst. Upon employing the conditions that gave the best 
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Table 2.6. Pincer−ruthenium-catalyzed methylation of 1- phenylethanol under varying 

conditionsa 

 

Entry Ru catalyst (X) Base (Y) Equivalents of 

MeOH 

Yield (%) b 

2.4 2.5 

1  2.10b (0.5) KOH (0.75) 7.5 48 30 

2  2.10b (0.5) KOH (0.75) 24.8 27 44 

3  2.10b (0.5) Na (0.75) 12. 4 32 55 

4  2.10b (0.5) Na (0.75) 24.8 23 59 

5  2.10b (0.5) Na (0.75) 49.6 20 9 

6  2.10b (0.5) Na (1) 24.8 17 73 

7  2.10b (0.5) Na (1.5) 24.8 11 72 

8  2.10b (0.5) Na (2) 24.8 8 92 

9  2.10b (0.5) Na (3) 24.8 16 77 

10  2.10b (0.5) NaOH (2) 24.8 17 78 

11  2.10b (0.5) KOH (2) 24.8 14 76 

12  2.10b (0.5) NaOtBu (2) 24.8 12 87 

13  2.10b (0.5) KOtBu (2) 24.8 17 63 

14  2.10b (0.5) Cs2CO3 (2) 24.8 24 58 

15  2.10b (0.5) Na2CO3 (2) 24.8 0 0 

16  2.10b (0.5) K2CO3 (2) 24.8 25 12 

17  RuCl2(PPh3)3 (0.5) Na (2) 24.8 12 41 

18  2.6a (0.5) Na (2) 24.8 17 71 

19  2.10b (0.05) Na (2) 24.8 10 05 

20   2.10b (0.1) Na (2) 24.8 20 65 

21  2.10b (0.2) Na (2) 24.8 22 64 

 

aReaction conditions, unless specified otherwise: 1 mmol of 2.2, 7.5− 49.6 mmol of MeOH, Y equivalents of base, 

and X mol % Ru catalyst at 140 °C for 24 h in a 5 mL Schlenk flask under an argon atmosphere. bDetermined by 

1H NMR analyses using toluene as the standard. 

 

results for the methylation of 2-phenylethanol (entry 9, Table 2.4), the 2.10b (0.5 mol %)-

catalyzed methylation of 2.2 at 140 °C in the presence of 0.75 equivalents of KOH for 24 h 

resulted in a mixture of monomethylated product 2.4 (48%) and demethylated product 2.5 
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(30%) (entry 1, Table 2.6). Repeating the reaction with a higher amount of methanol (24.8 

equivalents rather than 7.5 equivalents) resulted in dimethylated 2.5 as the major product (44%; 

entry 2, Table 2.6). Switching to use Na (to generate the base in-situ) resulted in higher 

selectivity toward 2.5 in the 2.10b (0.5 mol %)-catalyzed methylation reaction of 1- 

phenylethanol at 140 °C (entries 3 and 4, Table 2.6). However, the reactivity (29% total yield) 

and selectivity dropped at very high dilutions in methanol (49.6 equivalents; entry 5, Table 

2.6). 

Considering 24.8 equivalents as an optimized methanol amount (entry 4, Table 2.6), the loading 

of Na was then increased to obtain 2.5 with a maximum yield and selectivity of about 92% 

(compare entry 8 with entries 6, 7, and 9, Table 2.6). At this optimized Na loading of 2 

equivalents in the 2.10b (0.5 mol %)-catalyzed methylation reaction of 1-phenylethanol at 140 

°C using 24.8 equivalents of methanol, the yield and selectivity of 2.5 obtained upon using 

other bases such as NaOH, KOH, NaOtBu, KOtBu, Cs2CO3, Na2CO3, and K2CO3 were less as 

compared to the corresponding results obtained with Na (entry 8 vs entries 10−16, Table 2.6). 

The loading of 0.5 mol % 2.10b was found to be optimal (entry 8 vs entries 19−21, Table 2.6), 

and 2.10b clearly outperformed both 2.6a and the precursor RuCl2(PPh3)3 (entry 8 vs entries 

17 and 18, Table 2.6). 

The optimized catalytic system for the dimethylation of 1- phenylethanol was then applied for 

the screening of about 24 1-phenylethanol derivatives (Table 2.7). In general, good yields of 

dimethylated products were obtained in the 2.10b-catalyzed dimethylation of 1-phenylethanol 

derivatives in the presence of 2 equiv of Na at 140 °C after 24 h using 24.8 equivalents of 

methanol (2.5, 2.5f, 2.5g, 2.5j, 2.5l, 2.5o, 2.5q, and 2.5r, Table 2.7). 

In stark contrast to the methylation of the p-bromo derivative of 2-phenylethanol, the 

corresponding demethylation of the p-bromo derivative of 1-phenylethanol did not result in 

debromination, and about 78% yield of dimethylated product 2.5a was observed (Table 2.7). 

However, debromination leading to a mixture of 2.5h and 2.5 was observed when the m-bromo 

derivative of 1-phenylethanol was used (Table 2.7). The 2.10b catalyzed dimethylation of 1-

(furan-2-yl)ethanol could be achieved in the presence of 2 equivalents of Na leading to the 

formation of 2.5c in 64% yield at 140 °C after 24 h using 24.8 equivalents of methanol (Table 

2.7). The performance of 2.10b in accomplishing the dimethylation of 1-(pyridin-2-yl)ethanol 

was not appreciable and led to only a 20% yield of 2.5d. The low reactivity of 1-(pyridin-2- 

yl)ethanol may be attributed to catalyst deactivation via chelation. In contrast, 2.10b could 
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catalyze the dimethylation of 1-(pyridin-3-yl)ethanol and 1-(pyridin-4-yl)ethanol with 

moderate efficiency and resulted in 49% and 51% yields of 2.5m and 2.5s, respectively. The 

Table 2.7. Methylation of various 1-phenylethanol derivatives catalyzed by 2.10ba 

 

___________________________________________________________________________ 

aReaction conditions, unless specified otherwise: 1 mmol of 2.2, 24.8 mmol of MeOH, 2 mmol of Na, and 0.5 

mol % 2.10b at 140 °C for 24 h in a 5 mL Schlenk flask under an argon atmosphere. The yields were determined 

by 1H NMR analyses using toluene as the standard. bAverage of two runs. 
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presence of −CF3, −OCF3, and −NO2 groups at the para position resulted in lower yields of 

dimethylated products (2.5b, 2.5k and 2.5p, Table 2.7). 

 

 

Figure 2.3. (a) Variation of the initial rate of formation of 2.3 with the concentration of 2.1, 

reaction conditions: (0.25−1.00 mmol of 2.1, 7.5 mmol of MeOH, 0.75 mmol of KOH, and 0.5 

mol % 2.10b at 140 °C for 24 h in a 5 mL Schlenk flask under an argon atmosphere). Also see 

Figures 2.S73−2.S76 and Figure 2.9 (b) Variation of the initial rate of formation of 2.3 with 

the concentration of 2.10b (reaction conditions: 1 mmol of 2.1, 7.5 mmol of MeOH, 0.75 mmol 

of KOH, and 0.1−0.5 mol % 2.10b at 140 °C for 24 h in a 5 mL Schlenk flask under an argon 

atmosphere). Also see Figures 2.S76−2.S78 and Figure 2.10. 

2.3.3. Control experiments 

The 1H NMR experiments performed during the current studies (Figures 2.5 and 2.S82) and 

the HRMS analysis along with the mercury-drop experiments previously reported by us21a are 

indicative of the integrity of the pincer fragment and show that the imino groups are intact 

during catalysis. The bonding of the bis(imino)pyridine fragment in a meridional fashion to Ru 

imparts a very high stability to the resulting pincer. In addition, the steric encumbrance around 

the imino groups bound to the metal strongly disfavors any reactivity such as insertion into 

M−H bonds and σ-bond metathesis reactions. Hence, the destruction/ reduction of the imino 

groups of the pincer fragment is highly unlikely. 

 

In the current studies, detailed mechanistic studies were performed with the most efficient 

catalyst 2.10b based on the 2,6-bis(benzimidazol-2-yl)pyridine ligand. Kinetic experiments 

were carried out to determine the order of the 2.10b-catalyzed methylation of 2.1 in the 

presence of 0.75 equivalents of KOH using 7.5 equivalents of methanol at 140 °C (Figure 2.3). 

Using the initial rate method, a first-order dependence of the rate was observed on the 
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concentrations of both 2.1 and 2.10b, which points to the homogeneous nature of the reaction. 

Additional evidence for the homogeneous nature of the reaction involving well-defined 

 

 

Figure 2.4. HRMS of the reaction mixture containing 2-phenylethanol (0.120 mL, 1 mmol), 

methanol (0.303 mL, 7.5 mmol), KOH (0.042 g, 0.75 mmol), and 2.10b (5.16 mg, 5 μmol) 

maintained at (a) room temperature (t = 0 h) and (b) 140 °C for 1 h. Also see Figures 

2.S68−S72. 

 

molecular catalysts was obtained from mercury poisoning experiments that led to hardly any 

change in reactivity (equation 9, Scheme 2.12). Analysis of the headspace of the reaction vessel 

of the 2.10b catalyzed methylation of either 2.1 or 2.2 under the optimized conditions (entry 9, 

Table 2.4 and entry 8, Table 2.6) revealed the evolution of hydrogen (equation 1, 5 and 6, 

Scheme 2.12 and Figures 2.S79−2.S8 and 2.6-2.8). The involvement of formaldehyde during 

the reaction was confirmed by its independent experiment with 2- phenylethanol under the 

optimized conditions which led to the β-methylated product 2.3 (equation 2, Scheme 2.12). 

This validates the likely formation of formaldehyde as the dehydrogenation product of 

methanol (equation 6, Scheme 2.12). 
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Methylation of acetophenone (2.2a) under the optimized conditions led to formation of 

monomethylated product 2.4, dimethylated product 2.5, and hydrogenated product 2.2 in 10%, 

88%, and 2% yield, respectively (equation 3, Scheme 2.12). This observation is indicative of  

 

Scheme 2.12. Control experiments 

 

the intermediacy of 2.2a in the 2.10b catalyzed methylation of 2.2. Further, the intermediacy 

of 2.4 in the 2.10b-catalyzed methylation of 2.2 was also confirmed by independently 
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performing its methylation under the optimized conditions, which gave rise to 2.5 in 

quantitative yield (equation 4, Scheme 2.12). Competitive deuterium labeling studies reveal a 

secondary kinetic isotope effect (KIE) of 1.5621 (equation 10, Scheme 2.12). It is hence unlikely 

that C−H activation is a part of the rate-determining step (RDS), though it is involved in the 

catalytic cycle. The productivity of the 2.10b-catalyzed methylation of 2.1 was greatly affected 

by the presence of externally added PPh3 (equation 7 and 8, Scheme 2.12), which highlights 

the importance of the dissociation of PPh3 from the pincer−ruthenium complex in generating 

the catalytically active species (Scheme 2.13).  

 

Scheme 2.13. Generation of catalytically active species 2.12a via dissociation of PPh3 from 

2.10b followed by salt metathesis. 

2.3.4. Plausible mechanism involved in the 2.10b-catalyzed methylation reaction 

 A catalytic cycle has been proposed employing the most efficient catalyst 2.10b for the 

methylation of 2.1 as a model alcohol (Schemes 2.13−2.16). This catalytic cycle has also been 

probed computationally using the PBE method with the LANL2DZ basis set for metal atoms 

and the 6-311G(d,p) basis set for non-metal atoms (Schemes 2.14−2.16). The generation of 16-

electron five-coordinate dichloride species 2.11 (Scheme 2.13) is likely to be the first step via 

the dissociation of the ancillary ligand (PPh3 from 2.10b). The loss of PPh3 was detected as 

Ph3PO both in the HRMS analysis (m/z 279.0935; Figure 2.4) and in the 31P NMR spectrum (δ 

= 31.37 ppm; Figure 2.5b,c) of the reaction catalyzed by 2.10b. As the NMR spectrum and 

HRMS analysis were performed under air, the pincer−ruthenium is likely to have catalyzed the 

oxidation of the dissociated PPh3 to PPh3O. This observation is very common for Ru(II)-based 

catalysts under air.21a,22 The salt metathesis of 16-electron five-coordinate dichloride species 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter II 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 64 

 

2.11 with KOR (R = Me or CH2CH2Ph) results in the formation of the active Ru−alkoxide 

species 2.12 (Scheme 2.13).19 Interestingly, only 2.12a was detected not only in HRMS 

analysis (m/z 1032.2315; Figure 2.4) but also in NMR studies (31P: δ = 50.65 ppm; Figure 2.5b) 

as its phosphine adduct, which apparently points to it being one of the resting-state species. 

 

 

Figure 2.5. (a) 31P NMR spectrum of 2.10b in CDCl3. (b) 31P NMR spectrum of the reaction 

mixture containing containing methanol (1 mL, 24.8 mmol), KOH (0.056 g, 1.0 mmol), and 

2.10b (10.35 mg, 0.01 mmol) maintained at room temperature (t = 0 h) under air. (c) 31P NMR 

spectrum of the reaction mixture containing methanol (1 mL, 24.8 mmol), KOH (0.056 g, 1.0 

mmol), and 2.10b (10.35 mg, 0.01 mmol) maintained at 140 °C for 5 min under air. The hydride 

region of the 1H NMR spectrum is given in the inset. 

The catalytic cycle begins with the β-hydride elimination from 2.12a/2.12b via TS-2.13a/TS-

2.13b to yield Ru−H species 2.14 along with the formation of carbonyl compound 2.1′ and/or 

formaldehyde (Scheme 2.14). Subsequent σ-bond metathesis of the O−H of methanol or 2.1 

with the Ru−H bond in 2.14 regenerates 2.12a/2.12b along with the production of hydrogen, 

going through TS-2.15a/TS-2.15b (Scheme 2.14). Interestingly, the Ru−H species 2.14 is 

detected as its phosphine adduct 2.14a both in NMR (31P: δ = 49.08 ppm; 1H: triplet at δ = 
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−4.47 ppm; Figure 2.5c) and HRMS analysis (m/z 966.2468; Figure 2.4b), indicating that it is 

a resting state of the reaction. This is well in agreement with the comparison of the energetics 

of the dehydrogenation of methanol and 2.1, which reveals that the overall dehydrogenation of 

the former is more endergonic by 7.05 kcal/mol. Further, for both the dehydrogenation of 

methanol and 2.1, the σ-bond metathesis (2.14 → TS-2.15a/TS- 2.15b → 2.12a/2.12b) is the 

rate-determining step, with the overall RDS lying in the dehydrogenation segment of the former 

ΔG140
⧧ = 24.06 kcal/mol) (Scheme 2.14).  

The catalytic dehydrogenation cycle is followed by an uncatalyzed base-mediated 

condensation of formaldehyde with 2.1′ leading to the formation of 2.16. The olefinic bond in 

2.16 can insert into the Ru−H bond in 2.14 to yield 2.18 via TS-2.17 (Scheme 2.15). This step 

can undergo σ-bond metathesis either with hydrogen is exergonic (ΔG140 = −7.05 kcal/mol) 

with a barrier of 9.46 kcal/mol. The intermediate 2.18 (hydrogenolysis) or with the O−H bond 

of methanol/2.1 (alcoholysis) to result in the regeneration of 2.14/2.12a/2.12b along with the 

formation of 2.22, going through TS- 2.19/TS-2.20/TS-2.21 (Scheme 2.15). Apparently, the 

hydrogenolysis step is both thermodynamically (ΔΔG140 = −9.54 kcal/mol with H2 vs ΔΔG140 

= −0.68 kcal/mol with methanol and ΔΔG140 = 0.85 kcal/mol kcal/mol with 2.1) and kinetically 

(ΔG140 
⧧ = 21.51 kcal/ mol with H2 vs ΔG140 ⧧ = 23.12 kcal/mol with methanol and ΔG140 

⧧
 = 

24.97 kcal/mol with 2.1) favored in comparison with the alcoholysis step (Scheme 2.15).  

In a similar fashion, insertion of a carbonyl group in 2.22 into the Ru−H bond of 2.14 followed  

by hydrogenolysis/alcoholysis would result in the formation of the product 2.3 via the path 

(2.14 → TS-2.23 → 2.24 → TS-2.25/TS-2.26/TS-2.27 → 2.14/2.12a/2.12b) (Scheme 2.16). 

The insertion of 2.22 into the Ru−H bond of 2.14 is endergonic (ΔG140 = 6.03 kcal/mol) with 

a barrier of 18.25 kcal/mol (TS-2.23). We were not able to locate TS-2.26 and TS- 2.27 for the 

alcoholysis step (Figure 2.S83). However, while step 2.24 → 2.12a is endergonic (ΔΔG140 = 

1.52 kcal/mol), the corresponding step 2.24 → 2.12b is thermodynamically neutral (ΔΔG140 = 

0.00 kcal/mol). In comparison, the hydrogenolysis step 2.24 → 2.14 is exergonic (ΔΔG140 = -

8.87 kcal/mol) with a barrier of 13.69 kcal/mol (TS-2.25). The thermodynamics of the 

alcoholysis step in this segment (Scheme 2.16) is very much comparable to that of the 

corresponding alcoholysis steps 2.18 → 2.12a (ΔΔG140 = −0.68 kcal/mol) and 2.18 → 2.12b 

(ΔΔG140 = 0.85 kcal/mol) in the previous segment (Scheme 2.15). Taking a cue from the 

previous step, one may infer that hydrogenolysis is the favored pathway in the overall 

transformation of 2.22 to 2.3, which is exergonic (ΔG140 = −2.84 kcal/mol) with a rate 
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determining hydrogenolysis barrier of 13.69 kcal/mol (Scheme 2.16). 

A comparison of the individual RDSs of the segments related to the transformation of 

methanol/2.1 → formaldehyde/2.1′ (Scheme 2.14), 2.16 → 2.22 (Scheme 2.15) and 2.22 → 

2.3 (Scheme 2.16) suggests that the overall RDS is the dehydrogenolysis step (TS-2.15a; 

ΔG140
⧧ = 24.06 kcal/mol) that lies in the methanol → formaldehyde dehydrogenation segment 

(Scheme 2.14). This is in line with the observed secondary KIE of 1.5621b (equation 9, Scheme 

2.12). Not surprisingly, none of the intermediates involved in the cycles 2.1 → 2.1′ (Scheme 

2.14), 2.16 → 2.22 (Scheme 2.15), and 2.22 → 2.3 (Scheme 2.16) are observed in the HRMS 

analysis. Furthermore, in the overall RDS 2.14 → TS-2.15a → 2.12a, as 2.14 (ΔG140 = −1.18 

kcal/mol) has a lower energy than 2.12a (ΔG140 = 9.21 kcal/mol) (Scheme 2.14), its phosphine 

adduct 2.14a is observed as the resting state, which was detected by both NMR (31P: δ = 49.08 

ppm; 1H: triplet at δ = −4.47 ppm; Figure 2.5c) and HRMS analysis (m/z 966.2468; Figure 

2.4b). The comparable energies of 2.14 (ΔG140 = −1.18 kcal/mol) and 2.12 (ΔG140 = 0.00 

kcal/mol) mean that the step 2.12a → TS-2.13 → 2.14 may be reversible, and not surprisingly, 

2.12a is also the resting state, as it was detected in the HRMS analysis (m/z 1032.2315; Figure 

2.4) and NMR studies (31P: δ = 50.65 ppm; Figure 2.5b) as its phosphine adduct. 

 

 

Figure 2.6: Evidence for the evolution H2 in dehydrogenation of methanol catalyzed by 

2.10b (0.5 mol %) at 140 °C via GC analysis. 
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Figure 2.7: Evidence for the evolution H2 in dehydrogenation of 2-phenyl ethanol (2.1) and 

methanol catalyzed by 2.10b (0.5 mol %) at 140 °C via GC analysis. 

 

 
Figure 2.8: Evidence for the evolution H2 in dehydrogenation of 1-phenyl ethanol (2.2) and 

methanol catalyzed by 2.10b (0.5 mol %) at 140 °C via GC analysis. 
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2.4. Conclusion 

We have reported the synthesis and characterization of three NNN pincer−ruthenium 

complexes based on bis(imino)-pyridine ligands. The β-methylation of 2-phenylethanol and 

selective β-dimethylation of 1-phenylethanol using methanol as an alkylating agent have been 

accomplished using pincer−ruthenium catalysts based on bis(imino)pyridine and 2,6- 

bis(benzimidazol-2-yl)pyridine ligands. Among the considered catalysts, the pincer−ruthenium 

complex [(MeBim2NNN)RuC(PPh3)2]Cl based on the dimethyl-substituted 2,6-bis- 

(benzimidazol-2-yl)pyridine ligand was found to be the most efficient. In particular, up to 92% 

yield of β-methylated 2-phenylethanol was obtained at 140 °C in the [(MeBim2NNN)- 

RuCl(PPh3)2]Cl (0.5 mol %)-catalyzed reactions in the presence of 0.75 equivalents of KOH 

using 7.5 equivalents of methanol. Additionally, selective β-dimethylation of 1-phenylethanol 

could be achieved in the [(MeBim2NNN)RuCl(PPh3)2]Cl (0.5 mol %)-catalyzed reactions in the 

presence of 2 equivalents of Na using 24.8 equivalents of methanol at 140 °C. The synthetic 

protocol could be successfully implemented to bring about the β-methylation and selective β-

dimethylation of about 35 substrates.  

 

 

Figure 2.9: Time-profile of the methylation of 2-phenyl ethanol, Reaction condition: 7.5 mmol of 

CH3OH, 5 µmol (5.2 mg, 0.5 mol%)  2.10b, 0.75 mmol KOH at 140 °C and (a) 0.25 mmol of 2.1, 90 

µL 1,4 dioxane was added, (b) 0.75 mmol of 2.1 30 µL 1,4 dioxane was added, (c) 0.833 mmol of 2.1, 

20 µL 1,4 dioxane was added and (d) 1 mmol of 2.1. 
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Figure 2.10: Time-profile of the methylation of 2-phenyl ethanol, Reaction condition: 1 mmol 

of 2.1, 7.5 mmol of CH3OH, 0.75 mmol KOH and (a) 5 µmol (5.2 mg, 0.5 mol%) 2.10b, (b) 3 

µmol (3.12 mg, 0.3 mol%) 2.10b and (c) 1µmol (1.04 mg, 0.1 mol%) 2.10b at 140 °C. 

Valuable information has been obtained from detailed and systematic mechanistic studies. The 

reactions are catalyzed by well-defined molecular catalysts as inferred from mercury-drop 

experiments, which are further fortified by kinetic experiments that indicate linear 

dependenceof the rate of product formation on the concentrations of both the pincer−ruthenium 

catalyst and 2-phenylethanol. Deuterium labeling studies indicate a secondary KIE of 1.56, 

which is suggestive of the unlikely participation of C−H activation in the rate-determining step 

(RDS), though it is involved in the catalytic cycle. Not surprisingly, DFT studies demonstrate 

that the dehydrogenolysis involving σ-bond metathesis of methanol with the Ru−H species 

with concomitant evolution of hydrogen is the RDS with a barrier of 24.06 kcal/mol. The 

evolved hydrogen was detected by GC during the analysis of the contents of the headspace of 

the reaction vessel. The resting state of the cycle comprises the lowest-energy intermediates, 

including the Ru−H species and the Ru−OMe species, which were detected by NMR and 

HRMS analysis. 
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Scheme 2.14. Plausible mechanism involved in the 2.10b-catalyzed dehydrogenation of 2.1 

and methanol and associated energy (ΔG140) profile. 
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Scheme 2.15. Plausible mechanism involved in the 2.10b-catalyzed transformation of 2.16 to 

2.22 and associated energy (ΔG140) profile. 
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Scheme 2.16. Plausible mechanism involved in the 2.10b-catalyzed transformation of 2.22 to 

2.3 and associated energy (ΔG140) profile. 
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2.5. Experimental Section 

2.5.1. General procedures and materials 

All manipulations were carried out under an argon atmosphere. All the chemicals, including 

NaOH, KOH, NaOtBu, KOtBu, Na2CO3, K2CO3, Na, CDCl3, CD3OD, 1- and 2-phenylethanol 

and their derivatives, and the ruthenium precursors RuCl3.xH2O and [RuCl2(p-cymene)]2, were 

purchased either from Sigma-Aldrich, Merck, or Alfa Aesar and used as such. All catalytic 

reactions were carried out in argon using ovendried glassware. The 1-phenylethanol derivatives 

that were not commercially available were prepared according to the literature procedure.26 

Methanol was dried and distilled under argon according to the literature procedure.27 Solvents 

such as toluene, tetrahydrofuran, and hexane were dried via double distillation over Na/ 

benzophenone prior to the experiment.27 The ruthenium precursor RuCl2(PPh3)3 and complexes 

2.6a−d, 2.10a, and 2.10b were prepared according to the literature protocol.23f 

 

2.5.2. Physical measurements 

1H, 13C{1H}, 19F, and 31P NMR spectra were recorded on a Bruker ASCEND 600 operating at 

600 MHz for 1H, 150 MHz for 13C{1H}, 564 MHz for 19F, and 243 MHz for 31P; on a Bruker 

AVANCE 500 operating at 500 MHz for 1H, 125 MHz for 13C{H}, 470 MHz for 19F, and 203 

MHz for 31P; or on a Bruker AVANCE 400 operating at 400 MHz for 1H, 100 MHz for 

13C{1H}, 377 MHz for 19F, and 162 MHz for  31P. Chemical shifts (δ) are reported here in parts 

per million, and spin−spin coupling constants (J) are reported in Hertz. The multiplicity data 

are reported as s−singlet, d−doublet, t−triplet, m−multiplet, q−quartet, and brs−broad singlet. 

X-ray crystallographic data were acquired on a Bruker D8 Venture single-crystal X-ray 

diffractometer using graphite-monochromatized Mo Kα radiation. The data refinement and cell 

reductions were carried out by the Bruker SAINT program.24 Structures were further solved 

and refined by the full matrix leastsquares method using SHELXL-14.25 HRMS measurements 

were done using an Agilent Accurate-Mass Q-TOF ESI-MS 6520 spectrometer. GC-MS 

analysis was carried out on an Agilent 5977B GC/MSD instrument. GC analysis was performed 

on an Agilent 7820 GC instrument fitted with an Agilent Front SS7 inlet N2 HP-PLOT Q 

column (30 m × 530 μm × 40 μm) using the following methods: Agilent 7820 GC back detector; 

detector temperature (TCD), 250 °C; detector temperature (FID), 300 °C; inlet temperature, 40 

°C; time at starting temperature, 0 min; ramp, 40 °C/min up to 250 °C; hold time, 5 min; flow 

rate (carrier), 25 mL/min (N2); split ratio, 195. The derivatives of 3 and 5 were separated using 

a CombiFlash NextGen 100 system.  
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2.5.3. General procedure for pincer−ruthenium-catalyzed methylation of 2-

phenylethanol (2.1) 

 A 5 mL Schlenk flask containing 2.10b (5.2 mg, 5 μmol), KOH (42 mg, 0.75 mmol), 2-

phenylethanol (120 μL, 1 mmol), and CH3OH (0.303 mL, 7.5 mmol) under an argon 

atmosphere was heated at 140 °C for 24 h. The reaction mixture was then cooled to room 

temperature, and toluene (50 μL, 4.7 μmol) was added with constant stirring. An aliquot 

(typically 10 mg) was withdrawn from reaction mixture and added into an NMR tube 

containing CDCl3 (0.5 mL). The yield of 2.3 was determined by 1H NMR spectroscopy using 

toluene as a standard.28 Methanol from the reaction mixture was removed under reduced 

pressure. The mixture was then diluted with dichloromethane and H2O followed by separation 

of the organic layer, which was subsequently dried over anhydrous Na2SO4 prior to removal 

under reduced pressure. The crude mixture was then purified on a flash chromatography system 

with a column containing 230−400 mesh silica using hexane and ethyl acetate as the eluent.  

 

2.5.4. General procedure for pincer−ruthenium-catalyzed methylation of 1-

phenylethanol (2.2)  

To a 5 mL Schlenk flask containing 1-phenylethanol (120 μL, 1 mmol), and CH3OH (1 mL, 

24.8 mmol) Na (45.96 mg, 2 mmol) was added under ice-cold condition under an argon 

atmosphere. (Caution: Na reacts with water violently to produce H2 gas, which is highly 

flammable. The Na metal should be handled under the surface of paraffin oil under argon and 

stored in paraffin oil in a tightly sealed container to avoid contact with skin and eyes.) After 

the exothermic reaction had ceased, the reaction mixture was brought to room temperature then 

2.10b (5.2 mg, 5 μmol) was added and subsequently heated at 140 °C for 24 h. The reaction 

mixture was then cooled to room temperature, and toluene (50 μL, 0.470 mmol) was added 

with constant stirring. An aliquot (typically 10 mg) was withdrawn from reaction mixture and 

added into an NMR tube containing CDCl3 (0.5 mL). The yields of 2.4 and 2.5 were determined 

by 1H NMR spectroscopy using toluene as a standard.28 Methanol from the reaction mixture 

was removed under reduced pressure. The mixture was then diluted with dichloromethane and 

H2O followed by separation of the organic layer, which was subsequently dried over anhydrous 

Na2SO4 prior to removal under reduced pressure. The crude mixture was then purified on a 

flash chromatography system with a column containing 230−400 mesh silica using hexane and 

ethyl acetate as the eluent. 
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2.5.5. General procedure for the kinetic study of the 2.10b-catalyzed methylation of 

alcohols 

(a) Variation in the amount of 2.1  

To four 5 mL Schlenk flasks containing 2.10b (5.2 mg, 5 μmol), KOH (42 mg, 0.75 mmol), 

CH3OH (0.303 mL, 7.5 mmol), and the standard mesitylene (50 μL, 0.359 mmol) under an 

argon atmosphere were added various amounts of 2-phenylethanol (30−120 μL, 0.25−1 mmol) 

using 1,4-dioxane (0.0−90 μL) as a makeup solvent to maintain a total volume of 0.473 mL. 

The reaction mixture was then heated at 140 °C. At regular intervals (Figures 2.S73−76, Figure 

2.9), an aliquot (typically 10 mg) was withdrawn from reaction mixture and added to an NMR 

tube containing CDCl3 (0.5 mL). The yield of 2.3 was determined by 1H NMR spectroscopy 

using mesitylene as the standard.28  

 

(b) Variation in the catalyst 2.10b loading 

To three 5 mL Schlenk flasks containing 2-phenylethanol (120 μL, 1 mmol), KOH (42 mg, 

0.75 mmol), CH3OH (0.303 mL, 7.5 mmol), and the internal standard mesitylene (50 μL, 0.359 

mmol) under an argon atmosphere, were added various amounts of catalyst 2.10b (1.0−5.2 mg, 

1−5 μmol). The reaction mixture was then heated at 140 °C. At regular intervals (Figures 

2.S76−78, Figure 2.10), an aliquot (typically 10 mg) was withdrawn from reaction mixture and 

added to an NMR tube containing CDCl3 (0.5 mL). The yield of 2.3 was determined by 1H 

NMR spectroscopy using mesitylene as the standard.28 

 

2.5.6. Synthesis of complex ((p‑F‑C6H4)2NNN)RuCl2(PPh3) (2.7) 

 In a 10 mL pear-shaped Schlenk flask, RuCl2(PPh3)3 (0.298 g, 0.311 mmol) and ligand 2.7′ 

(0.100 g, 0.311 mmol) were dissolved in dry, distilled THF (5 mL), and the solution was 

refluxed for 16 h. The solvent was evaporated under reduced pressure, and the deep-red-colored 

solid was washed with diethyl ether (5 × 4 mL) followed by hexane (5 × 4 mL). The resulting 

solid was then dried under vacuum and isolated as a deep-red solid in 88% yield (0.207 g). 1H 

NMR (400 MHz, CDCl3, 25 °C): δ 7.99 (s, 2H, N=CH), 7.57 (dd, J = 8.3, 4.9 Hz, 4H, Ar), 7.35 

(d, J = 7.6 Hz, 2H, Ar), 7.20 (q, J = 6.9 Hz, 1H, Ar), 7.11−7.06 (m, 9H, Ar), 6.98 (t, J = 8.4 

Hz, 4H, Ar), 6.85 (t, J = 6.9 Hz, 6H, Ar). 13C{1H} NMR (151 MHz, DMSO-d6, 25 °C): δ 

167.17, 162.43, 160.98, 160.81, 147.03, 132.36 (d, J = 9.6 Hz), 130.49 (d, J = 43.8 Hz), 128.88, 

127.23 (d, J = 9.2 Hz), 126.58 (d, J = 8.4 Hz), 126.13, 114.42 (d, J = 22.5 Hz) (Ar). 31P NMR 

(162 MHz, CDCl3): δ 31.90. 19F NMR (377 MHz, CDCl3): δ −113.19. HRMS (ESI): m/z 
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calculated for [2.7 − Cl]+ = [C37H28ClF2N3PRu]+: 720.0721, found 720.0725; m/z calculated 

for [(2.7 − Cl + CH3CN]+ = [C39H31ClF2N4PRu]+:  761.0986, found 761.0982.  

 

2.5.7. Synthesis of complex ((p‑CF3‑C6H4)2NNN)RuCl2(PPh3) (2.8) 

 In a 10 mL pear-shaped Schlenk flask, RuCl2(PPh3)3 (0.205 g, 214 mmol) and ligand 2.8′ 

(0.090 g, 214 mmol) were dissolved in dry, distilled THF (5 mL), and the solution was refluxed 

for 16 h. The solvent was evaporated under reduced pressure, and the blackish-colored solid 

was washed with diethyl ether (5 × 4 mL) followed by hexane (5 × 4 mL). The resulting solid 

was dried under vacuum and isolated as a blackish solid in 88% yield (0.207 g). 1H NMR (600 

MHz, CDCl3, 25 °C): δ 8.08 (s, 2H, N=CH), 7.65 (d, J = 8.0 Hz, 4H, Ar), 7.54 (d, J = 8.1 Hz, 

4H, Ar), 7.40 (d, J = 7.8 Hz, 2H, Ar), 7.13 (t, J = 7.8 Hz, 1H, Ar), 7.12−7.01 (m, 9H, Ar), 6.80 

(t, J = 7.6 Hz, 6H, Ar). 13C{1H}  NMR (151 MHz, CDCl3): δ 165.74, 161.57, 153.28, 132.70 

(d, J = 9.6 Hz), 130.45 (d, J = 4.2 Hz), 130.19 (d, J = 8.8 Hz), 129.51, 128.31, 127.79 (d, J = 

9.8 Hz), 126.21, 125.74 (q, J = 3.6 Hz), 125.47, 125.04, 123.24 (Ar). 31P NMR (243 MHz, 

CDCl3, 25 °C): δ 30.74. 19F NMR (565 MHz, CDCl3, 25 °C): δ −62.25. HRMS (ESI): m/z 

calculated for [2.8 − Cl]+ = [C39H28ClF6N3PRu]+ : 820.0657, found 820.0675; m/z calculated 

for [(2.8 − Cl + CH3CN]+ = [C41H31F6N4PRu]+ : 861.0922, found 861.0939. 

 

2.5.8. Synthesis of complex ((p‑OMe‑C6H4)2NNN)RuCl2(PPh3) (2.9) 

In a 10 mL pear-shaped Schlenk flask, RuCl2(PPh3)3 (0.167 g, 0.174 mmol) and ligand 2.9′ 

(0.060 g, 0.174 mmol) were dissolved in dry, distilled THF (5 mL), and the solution was stirred 

for 16 h at room temperature. The solvent was evaporated under reduced pressure, and the 

blackish-colored solid was washed with diethyl ether (5 × 4 mL) followed by hexane (5 × 4 

mL). The resulting solid was dried under vacuum and isolated as a blackish solid in 78% yield 

(0.105 g). NMR analysis showed the presence of two isomers, cis (major) and trans (minor), 

in a 2:1 ratio. 1H NMR (400 MHz, CDCl3, 25 °C): δ 8.14 (s, 2H, N=CH), 7.95 (s, 1H, Ar), 7.74 

(d, J = 7.9 Hz, 2H, Ar), 7.58 (d, J = 8.9 Hz, 2H, Ar), 7.35−7.27 (m, 8H, Ar), 7.18 (dd, J = 13.6, 

8.2 Hz, 7H, Ar), 7.12−7.03 (m, 10H, Ar), 6.83 (t, J = 7.2 Hz, 6H, Ar), 6.37 (d, J = 8.8 Hz, 4H, 

Ar), 3.88 (s, 3H, OMe), 3.68 (s, 6H, OMe). 13C{1H} NMR (151 MHz, CDCl3, 25 °C): δ 166.44 

(d, J = 2.2 Hz), 162.93, 161.77, 160.04, 159.74, 158.73, 148.37, 144.57, 135.45 (d, J = 9.7 Hz), 

134.26, 134.02, 132.94 (d, J = 9.3 Hz), 132.77, 132.20 (d, J = 10.0 Hz), 132.05 (d, J = 2.8 Hz), 

130.91, 130.61, 129.02, 128.68 (d, J = 7.4 Hz), 128.57, 128.35, 127.54 (d, J = 9.7 Hz), 127.10 

(d, J = 8.9 Hz), 126.34, 124.92, 123.70, 123.32, 113.79, 113.63 (Ar), 55.82 (OMe), 55.42. 31P 
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NMR (243 MHz, CDCl3): δ 33.21, 29.10. HRMS (ESI): m/z calculated for [2.9 − Cl]+ = 

[C39H34ClN3O2PRu]+ : 744.1121, found 744.1131; m/z calculated for [2.9 − Cl + CH3CN]+ = 

[C41H37ClN4O2PRu]+ :785.1386, found 785.1381. 

 

2.5.9. Characterization of the products  

 

2-Phenylpropane-1-ol(2.3).11c Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 7.27−7.24 (m, 

2H, Ar), 7.20−7.14 (m, 3H, Ar), 3.61 (d, J = 7.1 Hz, 2H, -CH2), 2.89−2.84 (m, 1H, -CH), 1.70 

(br s, 1H, -OH), 1.21 (d, J = 7.1 Hz, 3H,-CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 143.83, 

128.72, 127.59, 126.75 (Ar), 68.76 (-CH2), 42.52 (-CH), 17.69 (-CH3). 

 

 

2-(p-Tolyl)propan-1-ol (2.3a).11a Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 7.18−7.11 

(m, 4H), 3.68 (d, J = 7.2 Hz, 2H, -CH2), 2.94− 2.89 (m, 1H, -CH), 2.33 (s, 3H, -CH3), 1.54 (br 

s, 1H, -OH), 1.26 (d, J = 7.0 Hz, 3H,). 13C{1H} NMR (151 MHz, CDCl3): δ 140.68, 136.38, 

129.49, 127.49 (Ar), 77.37, 68.91 (-CH2), 42.16 (-CH3), 21.13 (-CH3 (C6H4)), 17.79 (-CH3). 

 

 

2-(4-Chlorophenyl)propan-1-ol (2.3b).11c Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.32−7.28 (m, 2H), 7.20−7.13 (m, 2H), 3.93−3.47 (m, 2H), 2.96−2.90 (m, 1H), 1.62 (brs, 1H), 

1.26 (d, J = 7.0 Hz, 3H). 13C {1H} NMR (151 MHz, CDCl3): δ 142.35, 132.47, 128.97, 128.85 

(Ar), 68.63 (-CH2), 41.99 (-CH), 17.67 (-CH3). 
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2-(3-Chlorophenyl)propan-1-ol (2.3c).11f Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.30−7.20 (m, 3H, Ar), 7.14 (m, 1H, Ar), 3.70 (d, 2H, -CH2), 2.97−2.91 (m, 1H, -CH), 1.76 

(brs, 1H, -OH), 1.28 (d, J = 7.0 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 146.09, 

134.50, 129.94, 127.74, 126.91, 125.89 (Ar), 68.46, (-CH2), 42.32 (-CH), 17.58 (-CH3). 

 

 

2-(m-Tolyl)propan-1-ol (2.3f).13b Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 7.31−7.17 

(m, 1H, Ar), 7.11−6.98 (m, 3H, Ar), 3.69 (d, J = 6.9 Hz, 2H, -CH2), 2.94−2.89 (m, 1H, -CH), 

2.36 (s, 3H, -CH3(C6H4)), 1.65 (brs, 1H, -OH), 1.27 (d, J = 7.0 Hz, 3H, -CH3). 
13C{1H} NMR 

(151 MHz, CDCl3): δ 143.74, 138.30, 128.63, 128.39, 127.53, 124.55 (Ar), 68.75 (-CH2), 42.47 

(CH), 21.57 (-CH3(C6H4)), 17.73 (-CH3). 

 

 

2-(2-Methoxyphenyl)propan-1-ol (2.3g). Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.23−7.20 (m, 2H, Ar), 6.96 (td, J = 7.5, 1.1 Hz, 1H, Ar), 6.88 (d, J = 8.0 Hz, 1H, Ar), 3.83 (s, 

3H, -OMe), 3.77−3.66 (m, 2H, -CH2), 3.47−3.41 (m, 1H, -CH ), 1.69 (brs, 1H, -OH), 1.26 (d, 

J = 7.1 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 157.46, 131.89, 127.57, 127.46, 

120.95, 110.73 (Ar), 68.00 (-OMe), 55.53 (-CH2), 35.32 (-CH), 16.68, -CH3).  

 

 

2-(3-Fluorophenyl)propan-1-ol (2.3h).32 Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.30−7.27 (m, 1H, Ar), 7.02 (d, J = 7.7 Hz, 1H, Ar), 6.98−6.89 (m, 2H, Ar), 3.79−3.56 (m, 2H, 
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-CH2), 2.99−2.93 (m, 1H, -CH), 1.62 (brs, 1H, -OH), 1.27 (d, J = 7.0 Hz, 3H, -CH3). 
13C{1H} 

NMR (151 MHz, CDCl3): δ 164.02, 162.40, 146.64, 130.19, 130.13, 123.35, 123.33, 114.48, 

114.34, 113.73, 113.59 (Ar), 68.58 (-CH2), 42.38 (-CH), 17.60 (-CH3). 
19F NMR (565 MHz, 

CDCl3): δ −113.11. 

 

 

2-(o-Tolyl)propan-1-ol (2.3i).11c Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 7.24−7.09 

(m, 4H, Ar), 3.95−3.50 (m, 2H, -CH2), 3.29−3.23 (m, 1H, -CH), 2.37 (s, 3H, -CH3(C6H4)), 1.50 

(brs, 1H, -OH), 1.25 (d, J = 6.9 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 141.86, 

136.57, 130.71, 126.52, 126.42, 125.56 (Ar), 68.16 (-CH2), 37.34 (-CH), 19.76 (-CH3(C6H4)), 

17.67 (-CH3). 

 

 

2-(2-Chlorophenyl)propan-1-ol (2.3j). Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 7.37 

(dd, J = 8.0, 1.3 Hz, 1H, Ar), 7.30−7.23 (m, 2H, Ar), 7.18−7.15 (m, 1H, Ar), 3.80 (dd, J = 10.8, 

6.5 Hz, 1H, -CH2), 3.71 (dd, J = 10.8, 6.3 Hz, 1H, -CH2), 3.57−3.51 (m, 1H, -CH), 1.69 (brs, 

1H, -OH), 1.29 (d, J = 7.0 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 141.02, 134.42, 

129.88, 127.74, 127.71, 127.18 (Ar), 67.33 (-CH2), 38.20 (-CH). 17.61 (-CH3). 

 

 

2-(4-Methoxyphenyl)propan-1-ol (2.3k).11c Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.20−7.05 (m, 2H, Ar), 6.97−6.59 (m, 2H, Ar), 3.79 (s, 3H, -OMe), 3.77−3.45 (m, 2H, -CH2), 

3.16−2.69 (m, 1H, -CH), 1.63 (brs, 1H, -OH), 1.25 (d, J = 7.0 Hz, 3H, -CH3). 
13C{1H} NMR 

(151 MHz, CDCl3): δ 158.45, 135.73, 128.51, 114.16 (Ar), 68.91 (-OMe), 55.39 (-CH2), 41.68 

(-CH), 17.85 (-CH3). 
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2-(3-Methoxyphenyl)propan-1-ol (23l).11a Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.26 (t, J = 7.6 Hz, 1H, Ar), 6.87−6.75 (m, 3H, Ar), 3.82 (s, 3H, -OMe), 3.69 (d, 2H, -CH2), 

2.95−2.90 (m, 1H, -CH), 1.87 (brs, 1H, -OH), 1.27 (d, J = 7.1 Hz, 3H, -CH3). 
13C{1H} NMR 

(151 MHz, CDCl3): δ 159.87, 145.55, 129.68, 119.89, 113.56, 111.77 (Ar), 68.65 (-OMe), 

55.24 (-CH2), 42.57 (-CH), 17.66 (-CH3) 

 

 

2-(Naphthalen-1-yl)propan-1-ol (2.3o).11c Off-white solid. 1H NMR (600 MHz, CDCl3): δ 

8.16 (d, J = 8.6 Hz, 1H, Ar), 7.89 (d, J = 8.1 Hz, 1H, Ar), 7.76 (d, J = 8.1 Hz, 1H, Ar), 7.56−7.46 

(m, 3H, Ar), 7.42 (d, J = 7.3 Hz, 1H, Ar), 3.97−3.80 (m, 3H, -CH2, -CH), 1.77 (brs, 1H, -OH), 

1.55−1.33 (m, 3H). 13C{1H} NMR (151 MHz, CDCl3): δ 139.67, 134.10, 132.05, 129.09, 

127.15, 126.13, 125.64, 123.16, 123.13 (Ar), 68.17 (-CH2), 36.45 (-CH), 17.94 (-CH3). 

 

 

2-Methyl-1-phenylpropan-1-ol (2.5).11a,13b Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.36−7.25 (m, 5H, Ar), 4.36 (d, J = 6.9 Hz, 1H, -CHOH), 2.00−1.92 (m, 1H, -CH), 1.88 (brs, 

1H, -OH), 1.01 (d, J = 6.7 Hz, 3H, -CH3), 0.80 (d, J = 6.8 Hz, 3H, -CH3). 
13C{1H} NMR (151 

MHz, CDCl3): δ 143.77, 128. 30, 127.53, 126.69 (Ar), 80.17 (-CHOH) 35.38 (-CH), 19.12 (-

CH3), 18.36 (-CH3). 
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1-(4-Bromophenyl)-2-methylpropan-1-ol (55a).17 Colorless liquid. 1H NMR (600 MHz, 

CDCl3): δ 7.36−7.25 (m, 4H, Ar), 4.36 (d, J = 6.9 Hz, 1H, -CHOH), 1.99−1.92 (m, 1H, -CH), 

1.75 (brs, 1H, -OH), 1.00 (d, J = 6.7 Hz, 3H, -CH3), 0.80 (d, J = 6.8 Hz, 3H, -CH3). 
13C{1H} 

NMR (151 MHz, CDCl3): δ 143.78, 128.31, 127.53, 126.70 (Ar), 80.17 (-CHOH), 35.38 (-

CH), 19.12 (-CH3), 18.36 (-CH3). 

 

 

1-(4-(tert-Butyl)phenyl)-2-methylpropan-1-ol (5.5f). Colorless liquid. 1H NMR (600 MHz, 

CDCl3): δ 7.36−7.35 (m, 2H, Ar), 7.26− 7.23 (m, 2H, Ar), 4.32 (d, J = 7.1 Hz, 1H, -CHOH), 

1.99−1.91 (m, 1H, -CH), 1.79 (brs, 1H, -OH), 1.324 (s, 9H, -C(CH3)3) 1.02 (d, J = 6.6 Hz, 3H, 

-CH3), 0.80 (d, J = 6.8 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 150.45, 140.81, 

126.42, 126.40, 125.22 (Ar), 80.06 (-CHOH), 35.30 (-CH), 34.63 (-C(CH3)3), 31.51 (-

C(CH3)3), 19.24 (-CH3), 18.52 (-CH3). 

 

  

2-Methyl-1-(naphthalen-2-yl)propan-1-ol (5.5i).13b Off-white solid. 1H NMR (400 MHz, 

CDCl3): δ 7.87−7.80 (m, 3H, Ar), 7.76 (d, J = 1.7 Hz, 1H, Ar), 7.51−7.44 (m, 3H, Ar), 4.54 (d, 

J = 6.9 Hz, 1H, -CHOH), 2.12−2.03 (m, 1H, -CH), 1.80 (brs, 1H, -OH), 1.05 (d, J = 6.7 Hz, 

3H, -CH3), 0.85 (d, J = 6.9 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 141.25, 133.31, 

133.10, 128.09, 128.06, 127.79, 126.19, 125.86, 125.54, 124.77 (Ar), 80.29 (-CHOH), 35.33 

(-CH), 19.27 (-OH), 18.36 (-CH3). 

 

 

1-(4-Fluorophenyl)-2-methylpropan-1-ol (5.5j).17 Colorless liquid. 1H NMR (600 MHz, 

CDCl3): δ 7.36−7.30 (m, 3H, Ar), 7.29−7.25 (m, 1H, Ar), 4.37 (d, J = 6.9 Hz, 1H, -CHOH), 
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2.0−1.92 (m, 1H, -CH), 1.61 (brs, 1H, -OH), 1.00 (d, J = 6.7 Hz, 3H, -CH3), 0.80 (d, J = 6.8 

Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 143.77, 128.34, 127.57, 126.70 (Ar), 

80.21 (-CHOH), 35.41 (-CH), 19.15 (-CH3), 18.38 (-CH3). 
19F NMR (565 MHz, CDCl3): δ 

−121.88. 

 

 

1-(3-Methoxyphenyl)-2-methylpropan-1-ol (5.5l).4 Colorless liquid. 1H NMR (600 MHz, 

CDCl3): δ 7.28−7.24 (m, 1H, Ar), 6.90−6.83 (m, 2H, Ar), 6.85−6.81 (m, 1H, Ar), 4.34 (d, J = 

6.9 Hz, 1H, -CHOH), 1.99−1.91 (m, 1H, -CH), 1.88 (brs, 1H, -CHOH), 1.01 (d, J = 6.7 Hz, 

3H, -CH3), 0.82 (d, J = 6.8 Hz, 3H, -CH3). 13C{1H} NMR (151 MHz, CDCl3): δ 159.69, 145.56, 

129.28, 119.11, 112.93, 112.21 (Ar), 55.33 (-CHOH), 35.34 (-CH), 19.20 (-CH3), 18.33 (CH3). 

 

 

2-Methyl-1-(p-tolyl)propan-1-ol (5.5o).11a,17 Colorless liquid. 1H NMR (600 MHz, CDCl3): δ 

7.21−7.13 (m, 4H, Ar), 4.31 (d, J = 7.0 Hz, 1H, -CHOH), 2.35 (s, 3H, -CH3(C6H4)), 1.98−1.90 

(m, 1H, -CH), 1.86 (brs, 1H, -OH), 1.01 (d, J = 6.7 Hz, 3H, -CH3), 0.79 (d, J = 6.8 Hz, 3H, -

CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 140.82, 137.13, 128.99, 126.63 (Ar), 80.07 (-

CHOH), 35.32 (-CH), 21.22 (-CH3(C6H4)), 19.12 (-CH3), 18.48 (-CH3). 

 

 

1-(4-Methoxyphenyl)-2-methylpropan-1-ol (5.5q).17 Colorless liquid. 1H NMR (600 MHz, 

CDCl3): δ 7.24−7.20 (m, 2H, Ar), 6.89− 6.85 (m, 2H, Ar), 4.28 (d, J = 7.2 Hz, 1H, -CHOH), 

3.80 (s, 3H, -OCH3), 1.98−1.88 (m, J = 6.7 Hz, 1H, -CH), 1.75 (brs, 1H, -OH), 1.00 (d, J = 6.7 

Hz, 3H, -CH3), 0.76 (d, J = 6.8 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 159.05, 
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135.98, 127.83, 113.69 (Ar), 79.87 (-OMe), 55.37 (-CHOH), 35.39 (-CH), 19.07 (-CH3), 18.63 

(-CH3). 

 

1-(3-Chlorophenyl)-2-methylpropan-1-ol (5.5r).4 Colorless liquid. 1H NMR (600 MHz, 

CDCl3): δ 7.22−7.17 (m, 3H, Ar), 7.13−7.11 (m, 1 Hz, 1H, Ar), 4.31 (d, J = 6.6 Hz, 1H, -

CHOH), 1.93−1.83 (m, 1H, -CH), 1.63 (brs, 1H, -OH), 0.91 (d, J = 6.7 Hz, 3H, -CH3), 0.76 (d, 

J = 6.8 Hz, 3H, -CH3). 
13C{1H} NMR (151 MHz, CDCl3): δ 145.85, 134.28, 129.58, 127.65, 

126.83, 124.86 (Ar), 79.41 (-CHOH), 35.40 (-CH), 19.09 (-CH3), 18.02 (-CH3). 

 

2.5.10. Computational details 

The geometries of all the considered complexes were fully optimized using the DFT (PBE)29 

method with the Gaussian-09 package.30 The LANL2DZ31 and 6-311G(d,p) basis sets with a 

polarization function were used for the metal (Ru) and nonmetal atoms, respectively. The 

method and basis set were selected according to previous reports on pincer-ruthenium 

complexes.18,20,22 The transition states were located using the synchronous transit-guided quasi-

Neon (QST2) Genecp (gen keyword with the effective core potential) to define the basis set. 

The empirical dispersion-GD3 was used in all molecular geometry optimization and energy 

computations. Frequency calculations were used to characterize the obtained stationary points 

as minimum-energy structures or transition states based on the number of imaginary 

frequencies. Single-point calculations were performed to calculate the relative free energy 

values at 140 °C (ΔG140). 

 

 

Supporting information (containing NMR spectra and of pure compound and metal-complexes, 

HRMS data, GC plot ) for chapter II is available as appendix I and can be found at  

https://drive.google.com/file/d/1nRhwGf9bdDny5-1W_ZrfScmF2e7tI0ZP/view?usp=sharing 
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Chapter- III 

 

Pincer-Ruthenium Catalyzed Direct Formation 

of Fuel-Grade Alkanes via Decarboxylative 

Coupling of Alcohols 

 

 

 

 

The contents of this chapter have been adapted from “Pincer-Ruthenium-Catalyzed Direct 

Formation of Fuel-Grade Alkanes via a Net-Decarboxylative Coupling of Alcohols” by Nandi, 

P. G.; Maity, P.; Kumar, A. ACS Catat 2025, 15, 543-556.  
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3.1. Introduction 

There has been a flurry of activities towards sustainable conversion of easily available biomass 

into biofuels and chemical feedstock to counter the raw-material deficit that is inevitable owing 

to the rapid depletion of fossil fuels.1 Towards this end, the chemistry of C-C bond formation 

has been an evergreen area of synthetic organic chemistry that provides a convenient and 

versatile route to natural products, fine chemicals, fuels, pharmaceuticals and agrochemicals.2 

Typically, these otherwise unsurmountable C-C bond formation reactions are mainly 

accomplished by organometallic3-7 and radical pathways8 via transition metal-catalyzed 

activation of C-X (X = Cl, Br and I) bonds. Another convenient route to C-C bond formation 

that has received special attention recently due to its atom-economical and green nature has 

been the alcohol re-functionalization reaction via hydrogen auto-transfer9 or the hydrogen-

borrowing strategy10 where water is the only by-product. In particular, the direct transformation 

of alcohols derived from biomass into biofuel and long chain alkanes are not only sustainable 

but also attractive despite its tremendously challenging nature owing to the difficult to achieve 

hydrogenation of the decarboxylated alkene.11,12 

 

Scheme 3.1. General mechanistic pathway for the transformation of low-molecular weight 

alcohols to high-molecular weight alkanes via decarboxylative coupling. 

The first step of these low-molecular weight alcohol to higher-molecular weight alkane 

transformations involve the dehydrogenation of the low-molecular weight alcohol to produce 

aldehydes which couple in presence of a base to give α, β-unsaturated aldehyde via aldol-

condensation (Scheme 3.1). This is followed by decarboxylation to produce allyl anion and  
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then alkene which ideally then should react with the H2 released in the previous step in a metal 

 

Scheme 3.2. Catalytic methods reported for the decarboxylative coupling of alcohols. 
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catalyzed reaction to produce fuel-grade higher molecular weight alkane as the desired product 

(Scheme 3.1). 

A majority of the reported catalytic systems (Scheme 3.2) halt at the stage of formation of 

higher-molecular weight alkene and an additional effort is required to hydrogenate the alkene 

to alkane (Scheme 3.2). Efficient catalytic methods are hence vital to selectively produce 

alkane without the need of additional hydrogen and/or catalysts. The decarboxylation of 

alcohols to alkene or alkane has been reported in past by Ishii and Obora,13 Liu,14 Srimani,15 

Jhonson 16 and Tu.17  

 

 

 Scheme 3.3. Iridium catalyzed decarboxylative coupling of 2-phenylethanol to 1,3-

diphenylpropane.13 
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In 2011, Ishii and Obora carried out the formation of fluorescent active α, ω-diaryl alkanes 

from ω-aryl alcohols as the model substrates using iridium salt (Cp*IrCl2)2 (Scheme 3.3).13 

They have reported α, ω-diarylalkane (3.3) formation from ω-arylethanol (3.1) by 

dehydrogenation/β-alkylation (step1) and subsequent dehydrogenation/decarboxylation (step 

2) either by one step (direct) (route A) or sequential step (route B) (Scheme 3.3). The α, ω-

diaryl propanes were synthesized in good to moderate yield from the homo-coupling of 2-aryl 

ethanols using commercially available iridium catalyst (Cp*IrCl2)2 (1 mol%), KOtBu (0.4 

equivalents) in p-xylene (0.5 mL) at 120 °C for 4 hours. Similarly, when the reaction was 

carried out in 1,4 dioxane (1 mL) for 24 h, 3.3' was observed instead of 3.3 in good to moderate 

yield. In presence of [(Cp*IrCl2)2] (2)/ [{IrCl(cod)}2] (2) 3.3' was converted to 3.3 with dppe 

ligand, K2CO3 (20 mol%) in mesitylene (1.5 mL) at 160 °C for 24 h with good to moderate 

yields (Scheme 3.3). 

 

In 2018, Johnson and co-workers used commercially available RuCl2(PPh3)3 (1 mol%) for the 

conversion of a variety of 2-phenylethanols to the corresponding alkenes using 1.2 mol% of 

+DPPP ((1,3-bis(diphenylphosphino) propane) ligand, 0.6 equivalents NaOtBu in toluene 

under reflux for 24 h (Scheme 3.4).16 

 

Scheme 3.4. Ruthenium catalyzed decarboxylative coupling of 2-phenylethanol to 1,3-

diphenylpropene.16 
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In 2018, Liu and co-workers, for the first time studied the homo as well as hetero coupling of 

alcohols to corresponding alkenes using PNP pincer-Mn catalysts 3.Mn1. In the first step 2-

phenylethanols were converted to the corresponding alkenes with very good yields, using 

3.Mn1 (0.2 mol%), NaOH (0.6 equivalents) in xylene under reflux conditions for 16 hours 

(Scheme 3.5).14 A follow-up hydrogenation catalyzed by Ni@SiO2-Al2O3 under 20 bar H2 in 

methanol was carried out at 50 °C in a separate pot to get good to moderate yield of alkanes 

(Scheme 3.5). 

 

Scheme 3.5. The 3.Mn1 catalyzed decarboxylative coupling of 2-phenylethanol to 1,3-

diphenylpropenes and Ni@SiO2-Al2O3 catalyzed formation of 1,3-diphenylpropane and its 

derivatives.14 
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In 2021, Tu and co-workers carried out the direct formation of 1,3-diphenylpropane from 2-

phenylethanol using 3.Ir1 (0.8 mol%) in presence of 0.6 equivalents NaOH in tert-amyl 

alcohol for 24 h in 140 °C (Scheme 3.6).17 The catalyst 3.Ir1 catalyzed the hydrogenation of 

1,3-diphenylpropene without any additional molecular hydrogen (H2) and also the catalytic 

system is very suitable for both homo and hetero coupling of alcohols. Using the highly 

selective protocol a variety of alcohol substrates were upgraded to corresponding alkanes with 

good to moderate yield. 

 

Scheme 3.6. The 3.Ir1 catalyzed direct formation of 1,3-diphenylpropanes from 2-

phenylethanols.17 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter III 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 95 

 

Recently, Srimani developed a methodology for the transformation of 2-phenylethanols to the 

corresponding alkanes using (SNS)Ru (3.Ru1) catalytic system in two sequential steps 

(Scheme 3.7).15 In the first step 3.Ru1(0.5 mol%) catalyzed the transformation of  2-

phenylethanol to 1,3-diphenylpropene with 0.6 equivalents NaOH in toluene at 140 °C for 24 

h. In the second step, 3.Ru1(0.5 mol%) catalyzed the transformation 1,3-diphenylpropene  to 

1,3-diphenylpropane with 0.5 equivalents of KOtBu at 100 °C in presence of externally added 

molecular H2 (3 bar). This methodology was useful for the both homo and hetero coupling of 

a variety of alcohol substrates (Scheme 3.7).15 

 

 

Scheme 3.7. The 3.Ru1 catalyzed decarboxylative coupling of 2-phenylethanol to 1,3-

diphenylpropenes and sequential hydrogenation of 1,3-diphenylpropane and its derivatives .15 
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 3.2. Objectives of the current work 

A comprehensive literature survey reveals that the pincer complexes are very much active for 

the activation of alcohol molecules. Other than the independent reports by Ishi13 and Tu17 with 

Ir based catalysts, there are no investigations on the formation of alkanes starting from alcohols 

using a single-step one-pot strategy, to the best of our knowledge. In particular, all the reported 

Ru15,16 based catalysts have led to the formation of alkenes starting from alcohols and wherever 

alkanes were reported, these were accomplished in an additional15 hydrogenation step with 

molecular hydrogen (Scheme 3.2). 

 

 We have demonstrated the utility of NNN pincer-Ru catalysts based on bis(imino)pyridine 

ligands and 2,6-bis(benzimidazole- 2-yl)pyridine ligands in catalyzing various value addition 

of alcohols such as N-alkylation,18 alcohol reforming,19 β-alkylation,20 β- methylation21 and 

Geurbet reactions.20,22 Notably, all of these reactions involved a dehydrogenation step18-22 while 

some of the reactions involved a secondary hydrogenation step18,20-22 utilizing the hydrogen 

evolved during the former step. It would be interesting to examine the activity of these NNN 

pincer-Ru catalysts based on bis(imino)pyridine ligands and 2,6-bis(benzimidazole- 2-

yl)pyridine ligands towards decarboxylative coupling of alcohols to higher alkanes which also 

requires a very similar tandem occurrence of dehydrogenation and hydrogenation reactions.  

 

In this context, in the current work, the activity of a series of new and known NNN pincer-Ru 

catalysts of the type (R2NNN)RuCl2L (R = iPr, tBu, Cy, Ph, p-F-C6H4, p-OMe-C6H4 and L = 

PPh3, CO and CH3CN) based on bis(imino)pyridine ligands and (RBim2NNN)RuCl2L2 (R = H 

and Me, L = PPh3 and CO) based on 2,6-bis(benzimidazole-2-yl)pyridine ligands have been 

investigated towards the decarboxylative coupling of alcohols to alkanes. While most of the 

complexes were unselective giving alkene/alkane mixtures, the complex 

(MeBim2NNN)RuCl2(PPh3)2 based on 2,6-bis(benzimidazole-2- yl)pyridine ligand demonstrated 

high activity (ca. 88 ± 3% yield) with exclusive formation of the alkane (1,3-diphenyl propane) 

starting from 2-phenyl ethanol in the presence of 0.5 equivalents of NaOH in toluene at 140 °C 

within 5 h of reaction. The (MeBim2NNN)RuCl2(PPh3)2 catalyzed transformation of 2- phenyl 

ethanol to 1,3-diphenyl propane has been probed in detail from both synthetic and mechanistic 

point of view. To the best of our knowledge, this has been the first example of a Ru based 

catalyst for the direct upgradation of alcohols to alkanes using a single-step one-pot 

decarboxylative tandem transfer hydrogenation strategy. 
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3.3. Result and discussions 

3.3.1. Synthesis and characterization of pincer-ruthenium complexes based on 

bis(imino)pyridine ligands 

The NNN pincer ruthenium complexes 3.8a-f, 3.9a-d, 3.10a, 3.10c-d, 3.11a-b and 3.12a-b 

(Figure 3.1) were synthesized following our previously reported protocol.19a, 20-24 The new 

complexes 3.9e-f with CO as ancillary ligands were synthesized in good yields by treatment of 

the corresponding ligands21 with [Ru(p-cymene)Cl2]2 under CO atmosphere with THF at reflux 

for 16h (Scheme 3.8). Similarly, 3.10b and 3.10e-f with NCCH3 as ancillary ligand were 

synthesized in acetonitrile under argon atmosphere (Scheme 3.8).  

 

 

Scheme 3.8. Protocol for the synthesis of 3.9e-f and 3.10b,e-fa. 

aThe molecular structures of 3.9e, 3.9f, 3.10b and 3.10e are provided as ORTEP figures drawn at 50% probability. 

All the hydrogen atoms are omitted for the sake of clarity. 

 

All the new complexes 3.9e-f, 3.10b and 3.10e-f were fully characterized by 1H, 13C{1H }, 19F 

NMR spectroscopy and HRMS studies. The 13C{1H } NMR spectrum of 3.9e and 3.9f exhibited 

the chemical shift of CO group at δ = 201 ppm and δ = 204 ppm respectively (Figure 3.S3 and 

3.S5). The FT-IR studies revealed prominent bands at 1967 cm-1and 1945 cm-1 that correspond 

to the CO stretching in 3.9e and 3.9f respectively (Figure 3.7, 3.8 and 3.S13, 3.S14). While the 

complexes 3.10b and 3.10f exists as a single isomer with the NCCH3 ligand trans to the pyridyl 

N, the 1H NMR studies revealed that the complex 3.10e exists as two isomers in the ratio 1.00: 

0.75 where the major isomer has the NCCH3 ligand trans to the pyridyl N and the minor isomer 
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has the NCCH3 ligand trans to one of the chloride ligands. The HRMS analysis of 3.9e, 3.9f, 

3.10b, 3.10e and 3.10f demonstrated prominent peaks at m/z = 485.9749, 510.0155, 423.0893, 

499.0051and 523.0460 that correspond to [3.9e – Cl]+, [3.9f – Cl]+, [3.10b – Cl]+, [3.10e – Cl]+ 

and [3.10f – Cl]+ (Figure 3.S15-3.S32). For SCXRD studies, good quality crystals of 3.9e was 

obtained by layering its solution in CDCl3+DCM with hexane, while suitable crystals of 3.9f, 

3.10b and 3.10e were obtained by slow evaporation of the corresponding solvent from their 

solution in DMSO, CDCl3 and DCM respectively. The complexes 3.9e, 3.9f, 3.10b and 3.10e 

crystallized with a space-group of P21/c, C2/c, P -1 and C2/c respectively (Table 3.4 and 3.S1). 

 

3.3.2. Pincer-ruthenium catalyzed decarboxylative coupling of 2-phenylethanol to 1,3-

diphenyl propane 

The catalytic upgradation of lower-molecular weight alcohols to higher-molecular weight 

alkanes were initiated using 2-phenylethanol (3.1) as model substrate using 0.5 mol% 

(MeBim2NNN)RuCl2(PPh3)2 (3.11b) in presence of various bases at 140 °C in toluene (Table 

3.1). In the presence of an equivalent of NaOH at 140 °C, the yield of 1,3-diphenylpropane 

(3.3) increases to >99% with increase in the loading of 3.11b from 0.25 mol% to 1 mol% 

(entries 1-4, Table 3.1). 

At 1 mol% loading of 3.11b in 0.5 mL toluene, though the exclusive selectivity towards 3.3 

was retained, the yield of 3.3 however decreased upon lowering the NaOH loading (entries 4-

8, Table 3.1). To strike a good balance between the high yield of 3.3 and minimal base loading, 

the optimization was continued at a NaOH loading of 0.5 equivalents as in entry 6, Table 3.1. 

 

Further studies with 1 mol% loading of 3.11b in the presence of 0.5 equivalents of NaOH at 

varying dilutions in toluene revealed that the catalytic decarboxylation of 3.1 to 3.3 was more 

efficient in 0.5 mL toluene (entry 6 vs. entries 9-11, Table 3.1). Upon repeating the reaction 

under the new optimized conditions (1 mol% 3.11b, 0.5 equivalent NaOH in 0.5 mL solvent), 

it was observed that productivity of 3.11b in toluene was superior than the corresponding 

productivity of 3.11b in other solvents such as 1, 4 dioxane, tert-butanol, THF, m-xylene and 

tert-amyl alcohol (entry 6 vs. entries 12-16, Table 3.1). Entry 6, Table 3.1 thus continues to be 

the optimized condition till this stage. While the performance of 3.11b was relatively poor in 

the presence of bases such as NaOtBu, KOtBu and KOH (entries 18-20, Table 3.1), no reactivity  

was observed when the 3.11b catalysed decarboxylation was carried out in the presence of 
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presence of Na2CO3, K2CO3, Cs2CO3, NaHCO3 and KHCO3 (entries 21-25, Table 3.1).  

 

 

Figure 3.1. Pincer-Ru complexes investigated in the current study. 

 

The 3.11b catalyzed decarboxylation of 3.1 to 3.3 in the presence of 0.5 equivalents of NaOEt 

resulted in a selectivity and productivity that was comparable to the corresponding results 

obtained in the presence of 0.5 equivalents of NaOH (entry 6 vs. entry 17, Table 3.1 and Table 

3.S3). As the latter is readily available and more economical, further studies on the 3.11b 

catalyzed decarboxylation was carried out in the presence of 0.5 equivalents of NaOH in 0.5  

mL toluene at 140 °C. 
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Table 3.1. The 3.11b catalyzed decarboxylation of 2-phenyethanol to 1,3-

diphenylpropane under varying conditionsa 

 

Entry Catalyst 

(X mol %) 

Base 

(Y equivalents)  

Solvent (Z mL) % Yieldb  Selectivity 

of 3.3 (%)d 3.2 3.3 

1 3.11b (0.25) NaOH (1.0) Toluene (0.5) 15 12 44 

2 3.11b (0.5) NaOH (1.0) Toluene (0.5) 15 59 80 

3 3.11b (0.75) NaOH (1.0) Toluene (0.5) 0 63 100 

4 3.11b (1.0) NaOH (1.0) Toluene (0.5) 0 >99 100 

5 3.11b (1.0) NaOH (0.75) Toluene (0.5) 0 89 100 

6  3.11b (1.0) NaOH (0.5) Toluene (0.5) 0 88±3 100 

7 3.11b (1.0) NaOH (0.4) Toluene (0.5) 0 56 100 

8 3.11b (1.0) NaOH (0.3) Toluene (0.5) 0 15±1 100 

9 3.11b (1.0) NaOH (0.5) Toluene (0.3) 0 39 100 

10 3.11b (1.0) NaOH (0.5) Toluene (0.4) 0 61 100 

11 3.11b (1.0) NaOH (0.5) Toluene (1.0) 0 65 100 

12 3.11b (1.0) NaOH (0.5) 1,4 Dioxane (0.5) 26 20 43 

13 3.11b (1.0) NaOH (0.5) tert-butanol (0.5) 22 24 52 

14 3.11b (1.0) NaOH (0.5) THF (0.5) 0 42±3 100 

15 3.11b (1.0) NaOH (0.5) m-Xylene (0.5) 0 37 100 

16 3.11b (1.0) NaOH (0.5) tert-Amyl alcohol (0.5) 0 41 100 

17 3.11b (1.0) NaOEt (0.5) Toluene (0.5) 0 91 100 

18 3.11b (1.0) NaOtBu (0.5) Toluene (0.5) 0 63 100 

19 3.11b (1.0) KOtBu (0.5) Toluene (0.5) 15 37 71 

20 3.11b (1.0) KOH (0.5) Toluene (0.5) 15 61 80 

21 3.11b (1.0) Na2CO3 (0.5) Toluene (0.5) 0 0 - 

22 3.11b (1.0) K2CO3 (0.5) Toluene (0.5) 0 0 - 

23 3.11b (1.0) NaHCO3 (0.5) Toluene (0.5) 0 0 - 

24 3.11b (1.0) KHCO3 (0.5) Toluene (0.5) 0 0 - 

25 3.11b (1.0) Cs2CO3 (0.5) Toluene (0.5) 0 0 - 

26c 3.11b (1.0) NaOH (0.5) Toluene (0.5) 9 68 88 

27 No catalyst NaOH (0.5) Toluene (0.5) 27 0 0 

28 3.11b (1.0) No Base Toluene (0.5) 0 0 - 

 

aReaction conditions, unless specified otherwise: 0.5 mmol of 3.1, Y equivalents of Base, and X mol % 3.11b at 

140 °C for 24 h in a 15 mL high pressure tube with 0.5 mL solvent under air. bDetermined by 1H NMR analysis 

using mesitylene as the standard. cReaction performed at 120 °C. dSelectivity is calculated as Selectivity = 

(3.3*100)/(3.3+3.2).  

Table 3.2 depicts the efforts towards catalytic decarboxylation of 3.1 to 3.3 in the presence of 

0.5 equivalents of NaOH in 0.5 mL toluene at 140 °C using various pincer-ruthenium catalysts 
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and their precursors. Clearly, the catalyst 3.11b based on 2,6-bis(benzimidazole- 2-yl)pyridine 

Table 3.2. Decarboxylation of 2-phenyethanol to 1,3-diphenylpropane catalyzed by 

various ruthenium complexesa 

 

Entry Catalyst (1.0 mol %) %Yieldb Selectivity of 3.3 (%)c 

3.2 3.3 

1 3.8a 43 14 25 

2 3.8b 18 20 53 

3 3.8c 53 29 35 

4 3.8d 11 73 87 

5 3.8e 17 53 76 

6 3.8f 71 0 0 

7 3.9a 42 25 37 

8 3.9b 40 32 44 

9 3.9c 54±3 18±4 28 

10 3.9d 63 22 26 

11 3.9e 68 11 14 

12 3.9f 56 Trace - 

13 3.10a 61 3 5 

14 3.10b 82 14 15 

15 3.10c 61 38 38 

16 3.10d 69 7 9 

17 3.10e 8 27 77 

18 3.10f 6 69 92 

19 3.11a 50 16 24 

20 3.11b 0 88±3 100 

21 3.12a 1 38 97 

22 3.12b 0 21 100 

23 RuCl2(PPh3)3
 16 7 30 

24 [Ru(benzene)Cl2]2 32 18 36 

25 [Ru(p-cymene)Cl2]2 60 8 12 

 

aReaction conditions, unless specified otherwise: 0.5 mmol of 3.1, 0.5 equivalents of NaOH and 1 mol % 

ruthenium catalysts at 140 °C for 24 h in a 15 mL high pressure tube with toluene (0.5 mL) under air. bDetermined 

by 1H NMR analysis using mesitylene as the standard. cSelectivity is calculated as Selectivity = 

(3.3*100)/(3.3+3.2). 

ligand demonstrated the excellent activity among all the considered pincer-Ru complexes and 
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their precursors both in terms of selectivity and productivity (entry 20 vs. rest of the entries in 

Table 3.2 and Table 3.S4).  

 

Table 3.3. Decarboxylation of 2-phenylethanol to 1,3-diphenyl propane catalyzed by 

various ruthenium complexesa 

 

aReaction conditions, unless specified otherwise: 0.5 mmol of 3.1, 0.5 equivalents (10 mg, 0.25 mmol) of NaOH 

and 1 mol % (5.2 mg, 5 µmol) 3.11b at 140 °C for 24 h in a 15 mL high pressure tube with toluene (0.5 mL) under 

air. Yields determined by 1H NMR analysis using mesitylene as the standard. bIsolated yields. cRatio of precursor 

alcohols of structures marked in maroon to corresponding structures marked in blue are 4:1. 

Notably, reaction of 3.1 under the optimized conditions but in the absence of any catalyst lead 
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to exclusive formation of the alkene 3.2 in 27% yield (entry 27, Table 3.1). However, there 

was no reactivity when the reaction was repeated under the optimized conditions, but this time 

without using a base (entry 28, Table 3.1). These observations along with the inference 

obtained from control experiments (vide infra) sheds light on the key role that the catalyst 3.11b 

plays in leading to the selective formation of alkane 3.3 in high yields. 

 

The formulated protocol on the 3.11b catalyzed decarboxylation was then investigated for 

various derivatives of 2-phenylethanol not only for homocoupling but also for heterocoupling 

(Table 3.3). In general, functional groups at p-position of the arene ring on the derivatives of 

3.1 gave good yields of the corresponding 3.3 based alkanes (3.3a, 3.3f, 3.3h and 3.3j) with 

3.3g, 3.3m and 3.3n being the only exceptions. The yields of alkane derivatives 3.3b, 3.3c, 

3.3d, 3.3e, 3.3i, 3.3k and 3.3l which had substituents either in the m-position or in the o-position 

were slightly lower than the corresponding alkanes with p-substituents. A variety of 

heterocoupled alkane products 3.3r-3.3w could also be accessed in moderately good yields 

(Table 3.3). 

 

3.3.3. Control experiments and mechanistic insight 

 Various control experiments were performed with an objective to attain a clear understanding 

on the plausible mechanism involved in the 3.11b (1 mol%) catalyzed decarboxylation of 3.1 

to 3.3 in the presence of 0.5 equivalents of NaOH. Analysis of the head space of the vessel 

containing the reaction mixture under the optimized conditions (entry 6, Table 3.1 and entry 

20, Table 3.2) revealed the evolution of hydrogen during the reaction (equation 1, Scheme 3.4 

and Figures 3.9) essentially pointing towards dehydrogenation of 3.1 to the corresponding 

aldehyde 3.1' as one of the primary steps. Apart from the formation of 3.3, the generation of 

formic acid is also observed from the 1H NMR analysis of the crude reaction mixture 

corresponding to equation 3.1 of Scheme 3.9 which is indicative of an associated 

decarboxylative step in the upgradation of 3.1 to 3.3 The aldehyde 3.1' which is the 

dehydrogenated version of 3.1 when subjected to optimized reaction conditions in the absence 

of a base leads to α,β-unsaturated aldehyde 3.4 (equation 2, Scheme 3.9) which when treated 

with NaOH under the optimized conditions but in the absence of 3.11b resulted in the formation 

of the alkene 3.2 (equation 5, Scheme 3.9). Notably alkene 3.2 could be accessed exclusively 

in 92% yield by treating the aldehyde 3.1' under the optimized conditions either in the presence 
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Table 3.4. Crystal structure and refinement parameters of 3.9e, 3.9f, 3.10b and 3.10e 

 

Complex  3.9e 3.9f 3.10b 3.10e 

Empirical 

formula 
C21H14Cl5F2N3ORu C22H19Cl2N3O3Ru C19H30Cl8N4Ru C21H16Cl2F2N4Ru 

Formula weight 640.67 545.37 699.14 534.35 

Temperature/K 296.00 295(2) 301(2) 303.00 

Crystal system monoclinic monoclinic triclinic monoclinic 

Space group P21/c C2/c P-1 C2/c 

a/Å 10.189(3) 20.670(4) 8.9381(18) 17.8541(11) 

b/Å 15.341(4) 11.1071(17) 12.039(3) 14.1751(11) 

c/Å 15.361(4) 11.4435(17) 14.400(3) 8.6101(6) 

α/° 90 90 105.072(5) 90 

β/° 96.044(10) 121.238(5) 101.269(4) 101.573(3) 

γ/° 90 90 92.727(5) 90 

Volume/Å3 2387.8(11) 2246.4(7) 1459.5(5) 2134.8(3) 

Z 4 4 2 4 

ρcalcg/cm3 1.782 1.613 1.591 1.663 

μ/mm-1 1.252 0.965 1.285 1.017 

F(000) 1264.0 1096.0 704.0 1064.0 

Crystal size/mm3 0.24 × 0.21 × 0.18 0.28 × 0.25 × 0.20 0.25 × 0.21 × 0.18 0.25 × 0.21 × 0.18 

Radiation 
MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 
MoKα (λ = 0.71073) 

2Θ range for 

data collection/° 
3.762 to 48.812 8.424 to 49.984 3.95 to 54.27 3.698 to 51.996 

Index ranges 
-11 ≤ h ≤ 11, -17 ≤ 

k ≤ 17, -12 ≤ l ≤ 17 

-24 ≤ h ≤ 24, -13 

≤ k ≤ 13, -13 ≤ l ≤ 

13 

-11 ≤ h ≤ 11, -15 ≤ 

k ≤ 15, -18 ≤ l ≤ 18 

-22 ≤ h ≤ 22, -17 ≤ k 

≤ 17, -10 ≤ l ≤ 10 

Reflections 

collected 
10123 23305 37089 21632 

Independent 

reflections 

3766 [Rint = 

0.0673, Rsigma = 

0.0916] 

1935 [Rint = 

0.0231, Rsigma = 

0.0103] 

6283 [Rint = 0.0241, 

Rsigma = 0.0158] 

2107 [Rint = 0.0526, 

Rsigma = 0.0263] 

Data/restraints/p

arameters 
3766/0/298 1935/0/144 6283/0/296 2107/6/140 

Goodness-of-fit 

on F2 
1.041 0.980 0.950 1.150 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0749, wR2 = 

0.1907 

R1 = 0.0186, 

wR2 = 0.0490 

R1 = 0.0422, wR2 = 

0.1109 

R1 = 0.0519, wR2 = 

0.1068 

Final R indexes 

[all data] 

R1 = 0.1233, wR2 = 

0.2245 

R1 = 0.0199, 

wR2 = 0.0511 

R1 = 0.0446, wR2 = 

0.1134 

R1 = 0.0728, wR2 = 

0.1168 

Largest diff. 

peak/hole / e Å-3 
0.64/-0.77 0.20/-0.33 1.18/-0.98 0.76/-0.86 
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Table 3.5. Selected bond lengths and bond angles around metal (Ru) centre  

Parameters 3.9e 3.9f 3.10b 3.10e 

Ru-N (Å) (Pyridyl) 2.017 (8) 2.012 (2) 1.921 (2) 1.923 (5) 

Ru –N (imine) (Å) 2.090 (9), 

2.068 (9) 

2.1129 (14), 

2.1130 (14) 

2.104 (3), 2.108 

(3)  

2.073 (4), 

2.073 (4) 

Ru – C (CO) (Å) 1.934 (13) 1.895 (3) - - 

Ru – N (NCCH3) (Å) - - 2.078 (3) 2.070 (5) 

Ru – Cl (Å) 2.381(3), 

2.393 (4) 

2.3861(6), 

2.3861(6) 

2.3904 (8), 

2.3990 (8) 

2.3819 (13), 

2.3820 (13) 

(Imine)N-Ru-N(Imine) (°) 155.7 (3) 154.34 (8) 157.82 (10) 157.2 (2) 

(Pyridyl)N -Ru-N(Imine) (°) 77.8 (3), 77.9 

(4) 

77.17 (4), 

77.17 (4)  

79.06 (11), 

78.77 (11) 

78.58 (11), 

78.58 (11) 

Cl – Ru – CO (°) 91.2 (3), 92.2 

(3) 

91.016 (13), 

91.016 (13) 

- - 

Cl – Ru – NCCH3 (°) - - 89.75 (7), 90.60 

(7) 

87.61 (3) 

(Pyridile)N-Ru – N (NCCH3) 

(Å) 

- - 178.36 (10) 180.0 

(Pyridile)N-Ru – CO (°) 176.7 (4) 180.0 - - 

 

Figure 3.2. (a) Variation of the initial rate of formation of 3.3 with the concentration of 3.11b(reaction conditions: 

0.5 mmol of 3.1, 0.25 mmol (10 mg) of NaOH, 0.5 mL toluene and 0.25 – 2 mol% (1.3 mg – 10.4 mg, 1.25 µmol 

- 10 µmol) 3.11b at 140 °C for 24 h in a 15 mL pressure tube) (b) Variation of the initial rate of formation of 3.3 

with the concentration of NaOH (reaction conditions: 0.5 mmol of 3.1, 1 mol% (5.2 mg, 5µmol) 3.11b, 0.5 mL 

toluene and 0.125 – 0.75 mmol (5 mg – 30 mg) of NaOH at 140 °C for 24 h in a 15 mL pressure tube). (c) Time 

profile for formation of 3.3 at various loadings to 3.11b corresponding to reaction conditions described in (a) vide 

supra. (d) Time profile for formation of 3.3 at various loadings to NaOH corresponding to reaction conditions 

described in (b) vide supra. 
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 (equation 3, Scheme 3.9) or in the absence (equation 4, Scheme 3.9) of catalyst 3.11b. These 

observations indicate that the formation of alkene 3.2 starting from the aldehyde 3.1' is 

typically uncatalyzed and base mediated.  

 

Scheme 3.9. Control experiments. 
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Scheme 3.10. Plausible mechanism involved in the 3.8a and 3.11b catalyzed decarboxylative 

transformation of 3.1 to 3.3. 

 

In the 3.11b (1 mol%) catalyzed decarboxylation of 3.1 to 3.3 mediated by 0.5 equivalents of 

NaOH, while the presence of PPh3 had a detrimental effect on the productivity (equation 6, 

Scheme 3.9), there was a negligible effect on overall activity upon addition of excess mercury 
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(equation 7, Scheme 3.9). The former observation is indicative of the key role that phosphine 

dissociation plays in the generation of the active catalyst 3.8ac/3.11bc (Scheme 3.10) while the 

latter highlights the exclusively molecular homogeneous nature of the catalytic system. 

 

 Further evidence for the exclusive role of well-defined molecular nature of the catalyst system 

has been obtained from kinetic experiments that were conducted by varying the concentration 

of 3.11b. Using the initial-rate method, it was observed that the rate of the 3.11b catalyzed 

decarboxylation of 3.1 to 3.3 had a first-order dependence on the concentration of 3.11b (Figure 

3.2a and Figures 3.S38-S42). A linear dependence of rate on the concentration of NaOH was 

also observed by employing the initial rate method (Figure 3.2b and Figures 3.S43-S47).  

 

 

Figure 3.3. Free energy (ΔG140) profile for the 3.8a and 3.11b catalyzed dehydrogenation of 

3.1. 

The inferences drawn from the catalytic studies and control experiments have been 

instrumental in arriving at a plausible mechanism which is depicted in Scheme 3.10 where the 

pincer framework of the most efficient catalyst 3.11b and the least efficient catalyst 3.8a are 

represented only by their NNN ligating section for the sake of simplicity. One of the key events 

in the 3.8a/3.11b decarboxylative upgradation of 3.1 to 3.3 is the dehydrogenation of 3.1 to the 

corresponding aldehyde 3.1' which involves sequential β-hydride elimination from 

3.8aa/3.11ba followed by dehydrogenolysis (σ-bond metathesis) of 3.8ac/3.11bc with 3.1 via 
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TS-3.8ab/TS-3.11bb and TS-3.8ad/TS-3.11bd respectively (Scheme 3.10). For the overall 

endergonic reaction (ΔG140 = 2.16 kcal/mol), both the β-hydride elimination and the σ-bond 

metathesis are kinetically favorable with the most efficient catalyst 3.11b by 5.06 kcal/mol and 

3.34 kcal/mol respectively when compared with the least efficient system based on 3.8a (Figure 

3.3). Notably, for the dehydrogenation of 3.1 catalyzed by 3.11b and 3.8a, the 

dehydrogenolysis is the rate-determining step (RDS) with a barrier of 22.81 kcal/mol and 24.49 

kcal/mol respectively (Figure 3.3). 

 

Figure 3.4. Free energy (ΔG140) profile for the 3. 8a and 3.11b catalyzed hydrogenation of 3.2. 

In the presence of NaOH, the aldehyde 3.1' undergoes a decarboxylative coupling (Scheme 

3.1) to yield the internal olefin 3.2. The olefin 3.2 could then insert into the Ru-H bond in 

3.8ac/3.11bc to yield the intermediate 3.8af/3.11bf via TS-3.8ae/TS-3.11be (Scheme 3.10). 

While using 3.11b, this step is almost thermodynamically neutral with a barrier of 13.83 

kcal/mol. On the other hand, use of 3.8a leads to an endergonic step (ΔG140 = 1.84 kcal/mol) 

with a high barrier of 27.81 kcal/mol (Figure 3.4). The intermediate 3.8af/3.11bf either undergo 

an alcoholysis (3.8af/3.11bf→TS-3.8ah/TS-11bh→8aa/11ba→TS-8ab/TS 

11bb→8ac/11bc) with a molecule of 3.1 or a hydrogenolysis (3.8af/3.11bf→TS-3.8ag/TS- 

3.11bg→3.8ac/3.11bc) with hydrogen to complete the catalytic cycle. Figure 3.4 shows that 

both the sub-steps 3.8af/3.11bf→TS-3.8ah/TS-3.11bh→3.8aa/3.11ba and 

3.8aa/3.11ba→TS-3.8ab/TS- 3.11bb→3.8ac/3.11bc involved in the alcoholysis fragment are 

clearly kinetically more favored with 3.11b. 
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Figure 3.5. HRMS of the reaction mixture containing 2-phenylethanol (3.1) (0.6 mL, 0.5 

mmol), NaOH (10 mg, 0.25 mmol), toluene (0.5 mL) and 3.11b (5.2 mg, 5μmol) maintained 

at (a) room temperature (t = 0 h) and (b) 140 °C for 1 h. 

Similarly, the barrier for hydrogenolysis using 3.11b (TS- 3.11bg; ΔG140
‡ = 19.75 kcal/mol) is 

much lower than the corresponding barrier with 3.8a (TS-3.8ag; ΔG140
‡ = 27.58 kcal/mol) 

(Figure 3.4). When one compares the cycle for the transformation 3.2→3.3 the path 

3.8ac→TS-3.8ae→3.8af→TS-3.8ah→3.8aa→TS- 3.8ab→3.8ac via the alcoholysis step is 

more favored than the hydrogenolysis path 3.8ac→TS-3.8ae→3.8af→TS-3.8ag→3.8ac while 

using the relatively poor catalyst 3.8a with the formation of TS- 3.8ae (ΔG140
‡ = 27.81 

kcal/mol) as the RDS (Figure 3.4). Further comparison with the rate-determining barrier (TS-

3.8ad; ΔG140
‡ = 24.49 kcal/mol) of the previous step 3.1→3.1' (Figure 3.3), reveals that the 

formation of TS-3.8ae (ΔG140
‡ = 27.81 kcal/mol, Figure 3.4) during the transformation 

3.2→3.3 is the overall RDS for the 3.8b catalyzed reaction. 
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Figure 3.6. (a) The 31P NMR spectrum of 3.11b in CDCl3. (b) The 31P NMR spectrum of the 

reaction mixture containing 2-phenylethanol (3.1) (0.6 mL, 0.5 mmol), NaOH (10 mg, 0.25 

mmol), 3.11b (10.4 mg, 0.01 mmol) and toluene (0.5 mL) maintained at room temperature (t 

= 0 h) under air (c) The 31P NMR spectrum of the reaction mixture containing 2-phenylethanol 

(3.1) (0.6 mL, 0.5 mmol), NaOH (10 mg, 0.25 mmol), 3.11b (10.4 mg, 0.01 mmol) and toluene 

(0.5 mL) maintained at 140 °C (t = 5 min) under air (d) The hydride region of the 1H NMR 

spectrum corresponding to reaction conditions provided in Figure 3.6c. 

 

On the other hand, with the most efficient catalyst 3.11b, the route 3.11bc→TS-

3.11be→3.11bf→TS-3.11bg→3.11bc involving the hydrogenolysis step is energetically more 

favorable than the alcoholysis path 3.11bc→TS-3.11be→3.11bf→TS-3.11bh→3.11ba→TS-

3.11bb→3.11bc, with the formation of TS- 3.11bg (ΔG140
‡ = 19.75 kcal/mol) being the RDS 

(Figure 3.4). In the 3.11b catalyzed reaction, as the rate-determining barrier for the step 

3.2→3.3 (Figure 3.4) is 3.06 kcal/mol lower than the corresponding rate-determining barrier 

of the step 3.1→3.1' (Figure 3.3), the formation of TS-3.11bd (ΔG140
‡ = 22.81 kcal/mol) in the 

dehydrogenation step is the overall RDS. Gratifyingly, the intermediate 3.11bc which has the 

lowest energy among the species involved in the RDS 3.11bc→TS-3.11bd→3.11ba has been 

detected as its PPh3 adduct 3.11bca in the HRMS analysis (Figure 3.5) and NMR analysis 
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(Figure 3.6) of the reaction mixture under the optimized conditions (entry 6, Table 3.1 and 

entry 20, Table 3.2).  

Clearly, the sterically more open catalyst 3.11b has a lower overall rate-determining barrier 

(TS-3.11bd; ΔG140
‡ = 22.81 kcal/mol) in comparison with the corresponding overall barrier 

(TS-38ae; ΔG140
‡ = 27.81 kcal/mol) of the relatively bulky catalyst 3.8a. Not surprisingly the 

3.11b outperforms 3.8a both in terms of selectivity and productivity (entry 1 vs. entry 20, Table 

3.2 and Table 3.S4) during the catalytic upgradation of lower-molecular weight alcohol 3.1 to 

higher-molecular weight alkane 3.3. 

 

3.4. Conclusion 

A series of new and known NNN pincer-Ru catalysts of the type (R2NNN)RuCl2L (R = iPr, tBu, 

Cy, Ph, p-F-C6H4, p-OMe- C6H4 and L = PPh3, CO and CH3CN) based on bis(imino)pyridine 

ligands and [(RBim2NNN)RuClL2]Cl (R = H and Me, L = PPh3 and CO) based on 2,6-

bis(benzimidazole-2-yl)pyridine ligands have been utilized to examine the decarboxylative 

coupling of lower-molecular weight alcohols to higher-molecular weight alkanes. 

While a majority of the considered pincer-Ru complexes including the Ru precursors failed to 

demonstrate good activity towards the formation of the desired alkane, 1 mol% of 

(MeBim2NNN)RuCl2(PPh3)2 based on 2,6-bis(benzimidazole- 2-yl)pyridine ligand demonstrated 

excellent activity giving up to 91% yield with 100% selectivity towards the alkane (1,3-

diphenyl propane) starting from 2-phenyl ethanol within 5 h of reaction in the presence of 0.5 

equivalents of NaOH in toluene at 140 °C.  

Detailed mechanistic studies were indicative of the involvement of α, β-unsaturated aldehydes 

along with the evolution of hydrogen (detected by GC) and formic acid (detected by 1H NMR) 

during the reaction. A first-order dependence of initial rate on both the catalyst concentration 

and the concentration of base was observed in the [(MeBim2NNN)RuCl(PPh3)2]Cl catalysed 

transformation of 2-phenyl ethanol to 1,3-diphenyl propane. This points to the homogeneous 

and well-defined molecular nature of the catalyst which was also fortified by catalyst poisoning 

experiments with Hg. 

DFT studies nicely complement the experimental findings and indicate that the 

dehydrogenolysis step leading to the formation of 2-phenyl acetaldehyde and the resting state 
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Figure 3.7: IR spectrum of 3.9e. 

 

Figure 3.8: IR spectrum of 3.9f. 
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Figure 3.9: Evidence for the evolution of H2 in dehydrogenation of 2-phenylethanol (3.1) 

catalyzed by 3.11b (1 mol%) at 140 °C via GC analysis.  

 

Figure 3.10: Time-profile of the decarboxylative coupling of 2-phenylethanols. Reaction 

condition: 0.5 mmol of 3.1, 0.25 mmol (0.5 equivalents, 10 mg) NaOH, 0.5 mL toluene at 140 

°C and (a) 1.25 µmol (1.3 mg, 0.25 mol%) 3.11b, (b) 2.5 µmol (2.6 mg, 0.5 mol%) 3.11b, (c) 

3.75 µmol (3.9 mg, 0.75 mol%) 11b, (d) 5 µmol (5.2 mg,1 mol%) 3.11b and (e) 10 µmol (10.4 

mg, 2 mol%) 3.11b. 
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Figure 3.11: Time-profile of the decarboxylative coupling of 2-phenylethanols. Reaction 

condition: 0.5 mmol of 3.1, 5 µmol (5.2 mg, 1 mol%) 3.11b, 0.5 mL toluene at 140 °C and (a) 

(a) 0.125 mmol (5 mg, 0.25 equivalents) NaOH,  (b) 0.25 mmol (10 mg, 0.5 equivalents) 

NaOH, (c) 0.375 mmol (15 mg, 0.75 equivalents) NaOH, (d) 0.5 mmol (20 mg, 1 equivalents) 

NaOH, (e) 0.625 mmol (25 mg, 1.25 equivalents) NaOH and (f) 0.75 mmol (30 mg, 1.5 

equivalents) NaOH.  

 

 (MeBim2NNN)RuHCl is the rate-determining step with a barrier of 22.81 kcal/mole at 140 °C. 

The resting state [(MeBim2NNN)RuH(PPh3)2]Cl has been experimentally trapped as the PPh3 

adduct which has been detected by HRMS analysis and NMR studies. In comparison to the 

rate-determining dehydrogenolysis step of the cycle involving most active catalyst 

[(MeBim2NNN)RuCl(PPh3)2]Cl, the corresponding cycle with the least active catalyst 

(iPr2NNN)RuCl2(PPh3) involved insertion of 1,3-diphenyl propene into the Ru-H bond as the 

RDS which is kinetically unfavorable by 5.00 kcal/mol and gives only 14% of 1,3-diphenyl 

propane at 25% selectivity. To the best of our knowledge, this has been the first example of a 

Ru based catalyst for the upgradation of alcohols to alkanes directly without the need of an 

additional hydrogenation step. Selective production of jet-fuel-grade alkanes starting from 

lower-molecular weight alcohols in a single-step one-pot strategy has been demonstrated here 

which offers exciting avenues for catalytic production of jet-fuel-grade hydrocarbons. 
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3.5. Experimental section 

3.5.1. General procedure and materials 

All manipulations were carriedout under argon conditions. All the additives (NaOH, KOH, 

NaOtBu, KOtBu, Na2CO3, NaHCO3, K2CO3, KHCO3, Cs2CO3 and NaOEt), solvents 

(tetrahydrofuran, diethyl ether, hexane, toluene, CDCl3 and DMSO-d6), substrates (2-phenyl 

ethanol and their derivatives), the ruthenium precursors [RuCl2(p-cymene)]2 and RuCl3.xH2O 

were purchased either from Sigma−Aldrich or MERCK or Alfa Aeser and used as such. All 

catalytic reactions were carried out in air using oven-dried glassware. The solvent such as 

tetrahydrofuran, diethyl ether, toluene and hexane were dried via double distillation over Na/ 

benzophenone prior to the experiment25 

 

3.5.2. Physical Measurements 

1H, 13C{1H}, 19F and 31P NMR spectra were recorded on a Bruker ASCEND 600 operating at 

600 MHz for 1H, 150 MHz for 13C{1H}, 564 MHz for 19F and at 243 MHz for 31P or on a 

Bruker AVANCE 500 operating at 500 MHz for 1H, 125 MHz for 13C{H}, 470 MHz for 19F 

and at 203 MHz for 31P or on a Bruker AVANCE 400 operating at 400 MHz for 1H, 100 MHz 

for 13C{1H}, 377 MHz for 19F and at 162 MHz for 31P. Chemical shifts (δ) are reported here in 

ppm, spin – spin coupling constant (J) are expressed in Hz and the peak multiplicity is reported 

as s – singlet, d – doublet, t – triplet, m – multiple and q – quartet. FT-IR spectra were recorded 

using a PerkinElmer spectrophotometer. X-ray crystallographic data were acquired on a Bruker 

D8 Venture single-crystal X-ray diffractometer using graphite monochromated Mo Kα 

radiation. The data refinement and cell reductions were carried out by the Bruker SAINT 

program.24 Structures were further solved and refined by the full matrix least squares method 

using SHELXL-14.25 HRMS measurements were done using an Agilent Accurate-Mass Q-

TOF ESI–MS 6520. GC-MS analysis was carried out on an Agilent 5977B GC/MSD. GC 

analysis were performed on an Agilent 7820 – GC instrument fitted with an Agilent Front SS7 

inlet N2 HP – PLOT Q column (30 m × 530 μm × 40 μm) using the following methods. Agilent 

7820 – GC back detector, Detector temperature (TCD): 250 °C, Detector temperature (FID): 

300 °C, Inlet temperature: 40 °C, Time at starting temp: 0 min, ramp: 40 °C/min upto 250 °C, 

Hold time = 5 min, Flow rate (carrier): 25 mL/min (N2), Split ratio: 195. The homo-coupled 

derivatives of 3.3 were separated using CombiFlash NextGen 100 System and hetero-coupled 

derivatives were separated using column chromatography. 
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3.5.3. General procedure for pincer-ruthenium catalyzed decarboxylative homo-coupling 

of 2-phenyl ethanol (3.1) 

A 15 mL pressure tube containing 3.11b (5.2 mg, 5 μmol), NaOH (10 mg, 0.25 mmol), 2-

phenyl ethanol (60 μL, 0.5 mmol) and toluene (0.5 mL) under air was sealed and the reaction 

mixture was heated at 140 °C for 24 h. The reaction mixture was then cooled to room 

temperature and mesitylene (50 μL) was added with constant stirring. An aliquot (typically 10 

mg) was withdrawn from reaction mixture and added to a NMR tube containing CDCl3 (0.5 

mL). The yield was determined by 1H NMR using mesitylene as a standard.26 The reaction 

mixture was then diluted with water and washed with dichloromethane. The organic layer was 

separated and dried over anhydrous Na2SO4. The solvent was subsequently removed under 

reduced pressure. The crude product was then purified using flash chromatography system with 

a column containing 230-400 mesh silica using hexane as eluent. 

 

3.5.4. General procedure for pincer-ruthenium catalyzed decarboxylative hetero-

coupling of 2-phenyl ethanol (3.1) 

 A 15 mL pressure tube containing 3.11b (26 mg, 25 μmol), NaOH (50 mg, 0.25 mmol), 2-

phenyl ethanol or it’s derivative (2 mmol) and another 2-phenyl ethanol derivative (0.5 mmol) 

in toluene (2 mL) under air was sealed and the reaction mixture was heated at 140 °C for 24 h. 

The reaction mixture was then cooled to room temperature and mesitylene (50 μL, 0.359 mmol) 

was added with constant stirring. An aliquot (typically 10 mg) was withdrawn from reaction 

mixture and added to a NMR tube containing CDCl3 (0.5 mL. The yield was determined by 1H 

NMR using mesitylene as a standard.26 The reaction mixture was then diluted with water and 

washed with dichloromethane. The organic layer was collected and dried over anhydrous 

Na2SO4. The solvent was subsequently removed under reduced pressure. The crude product 

was then purified by column chromatography using 230-400 mesh silica with hexane as eluent. 

 

3.5.5. General procedure for 3.11b catalyzed decarboxylative coupling of 2-phenyl 

ethanol (3.1)– kinetic study 

 

(a) Catalyst (3.11b) loading variation  

To five 15 mL pressure tubes containing 2-phenyl ethanol (60 μL, 0.5 mmol), NaOH (10 mg, 

0.25 mmol), toluene (0.5 mL) and the internal standard mesitylene (50 μL, 0.359 mmol) under 

air various amounts of catalyst 3.11b (1.3 – 10.4 mg,1.25 - 10 μmol) were added and sealed. 
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The reaction mixtures were heated at 140 °C for 24 h. At regular intervals (Figure 3.S38 – 

Figure 3.S42, Figure 3.10) an aliquot (typically 10 mg) was withdrawn from each of the 

reaction mixtures and added to a NMR tubes containing CDCl3 (0.5 mL). The yield was 

determined by 1H NMR using mesitylene as a standard.26 

 

(b) Base loading variation 

 To six 15 mL pressure tubes containing 2-phenyl ethanol (60 μL, 0.5 mmol), 3.11b (5.2 mg, 

5 μmol), toluene (0.5 mL) and the internal standard mesitylene (50 μL, 0.359 mmol) under air, 

various amounts of NaOH (5 – 30 mg, 0.125 – 0.75 mmol) were added and sealed. The reaction 

mixtures were heated at 140 °C for 24 h. At regular intervals (Figure 3.S41 and Fugure 3.S43 

– Figure 3.S47, Figure 3.11) an aliquot (typically 10 mg) was withdrawn from each of the 

reaction mixtures and added to NMR tubes containing CDCl3 (0.5 mL). The yield was 

determined by 1H NMR using mesitylene as a standard.26 

 

3.5.6. Synthesis of ((p-F-C6H4)2NNN)RuCl2(CO) (3.9e) 

In a 10 ml pear shaped flask, [Ru(p-cymene)Cl2]2 (0.060 g, 0.0979 mmol) and the ligand 3.13e 

(0.0629 g, 0.1959 mmol) were dissolved in dry and distilled THF (5 mL) and the solution was 

refluxed for 16 h under a CO atmosphere. The solvent was evaporated under reduced pressure, 

and the brown-coloured solid was washed with diethyl ether (5 × 4 mL). The resulting residue 

was dried under vacuum and isolated as a brown solid (0.087 g) in 85% yield. 1H NMR (600 

MHz, CDCl3, 25 °C) δ 8.02 (s, 2H), 7.95 (t, J = 7.8 Hz, 1H), 7.83 (d, J = 7.8 Hz, 2H), 7.57 (dd, 

J = 8.8, 4.7 Hz, 4H), 7.12 (t, J = 8.5 Hz, 4H). 19F NMR (565 MHz, CDCl3, 25 °C) δ -110.74. 

13C{1H} NMR (151 MHz, CDCl3, 25 °C) δ 201.15, 164.05, 163.61, 162.39, 156.82, 148.69, 

148.66, 138.91, 124.96, 123.69, 123.63, 116.66, 116.51. Molecular weight: 521.3108, HRMS 

(ESI): m/z calculated for [3.9e – Cl]+ = [C20H13ClF2N3ORu]+ : 485.9759, found 485.9749; m/z 

calculated for [(3.9e – Cl + CH3CN]+ = [C22H16ClF2N4ORu]+ : 527.0024, found 527.0020; m/z 

calculated for [3.9e1 – Cl]+ = [C38H26ClF4N6Ru]+ : 779.0887, found 779.0895; m/z calculated 

for [3.9f2 – RuCl4]
2+ = [C38H26F4N6Ru]2+ : 372.0599, found 372.0595. 

 

3.5.7. Synthesis of ((p-OMe-C6H4)2NNN)RuCl2(CO) (3.9f) 

 In a 10 ml pear shaped flask, [Ru(p-cymene)Cl2]2 (0.060 g, 0.0979 mmol) and the ligand 3.13f 

(0.0676 g, 0.1959 mmol) were dissolved in dry and distilled THF (5 mL) and the solution was 

refluxed for 16 h under a CO atmosphere. The solvent was evaporated under reduced pressure, 
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and the brown-coloured solid was washed with diethyl ether (5 × 4 mL). The resulting residue 

was dried under vacuum and isolated as a brown solid (0.085 g) in 80% yield. 1H NMR (600 

MHz, DMSO-d6, 25 °C) δ 8.43 (s, 2H), 8.27– 8.23 (m, 1H), 8.13 (d, J = 7.7 Hz, 2H), 7.56 (d, 

J = 9.0 Hz, 4H), 7.07 (d, J = 9.0 Hz, 4H), 3.83 (s, 6H). 13C{1H} NMR (151 MHz, DMSO-d6, 

25 °C) δ 204.13, 165.74, 160.00, 156.00, 145.36, 139.99, 126.01, 123.31, 114.23, 55.65. 

Molecular weight: 545.3820, HRMS (ESI): m/z calculated for [3.9f – Cl]+ = 

[C22H19ClN3O3Ru]+ : 510.0158, found 510.0155; m/z calculated for [(3.9f – Cl + CH3CN]+ = 

[C24H22ClN4O3Ru]+ : 551.0424, found 551.0440; m/z calculated for [3.9f1 – Cl]+ = 

[C42H38ClN6O4Ru]+ : 827.1687, found 827.1733; m/z calculated for [3.9f2 – RuCl4]
2+ = 

[C42H38N6O4Ru]2+ : 396.0999, found 396.1007. 

 

3.5.8. Synthesis of (tBu2NNN)RuCl2(NCCH3) (3.10b) 

In a 10 ml pear shaped flask, [Ru(p-cymene)Cl2]2 (0.060 g, 0.0979 mmol) and the ligand 3.13b 

(0.048 g, 0.1959 mmol) were dissolved in dry and distilled acetonitrile (5 mL) and the solution 

was refluxed for 16 h. The solvent was evaporated under reduced pressure, and the brown-

coloured solid was washed with diethyl ether (5 × 4 mL). The resulting residue was dried under 

vacuum and isolated as a brown solid (0.075 g) in 84% yield. 1H NMR (400 MHz, CDCl3, 25 

oC) δ 8.29 (s, 2H), 7.64 (d, J = 7.8 Hz, 2H), 7.49 (t, J = 7.8 Hz, 1H), 2.86 (s, 3H), 1.65 (s, 18H). 

13C{1H} NMR (151 MHz, CDCl3, 25 °C) δ 162.22, 159.14, 129.26, 126.38, 123.79, 66.50, 

30.14, 5.08. Molecular weight: 458.3930, HRMS (ESI): m/z calculated for [3.10b – Cl]+ = 

[C17H26ClN4Ru]+: 423.0889, found 423.0893. 

 

3.5.9. Synthesis of ((p-F-C6H4)2NNN)RuCl2(NCCH3) (3.10e) 

In a 10 ml pear shaped flask, [Ru(p-cymene)Cl2]2 (0.060 g, 0.0979 mmol) and the ligand 3.13e 

(0.0629 g, 0.1959 mmol) were dissolved in dry and distilled acetonitrile (5 mL) and the solution 

was refluxed for 16 h. The solvent was evaporated under reduced pressure, and the brown-

coloured solid was washed with diethyl ether (5 × 4 mL). The residue was dried under vacuum 

and isolated as a brown solid (0.084 g) in 80 % yield. NMR analysis shows the presence of two 

isomers as cis (minor, NCCH3 ligand trans to one of the Cl ligands) and trans (major, NCCH3 

ligand trans to pyridyl N) in 1:1.33 ratio. 1H NMR (600 MHz, CDCl3, 25 °C) δ 8.56 (s, 2H), 

8.41 (s, 2H), 8.10 (d, J = 7.5 Hz, 2H), 7.80 (s, 1H), 7.79 – 7.72 (m, 5H), 7.70 (dd, J = 8.7, 4.9 

Hz, 3H), 7.55 (t, J = 7.8 Hz, 1H), 7.16 (t, J = 8.1 Hz, 4H), 7.11 (t, J = 8.6 Hz, 3H), 2.51 (s, 3H), 

2.44 (s, 2H). 19F NMR (565 MHz, CDCl3, 25 °C) δ -111.61, -113.31. 13C{1H} NMR (151 MHz, 
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CDCl3, 25 °C) δ 166.51, 163.80, 163.45, 162.77, 162.13, 161.81, 161.15, 147.89, 147.87, 

146.74, 146.73, 134.13, 129.21, 124.98, 124.92, 124.79, 124.73, 123.83, 116.45, 116.30, 

115.97, 115.81, 4.77, 4.50. Molecular weight: 534.3538, HRMS (ESI): m/z calculated for 

[3.10e – Cl]+ = [C21H16ClF2N4Ru]+ : 499.0075, found 499.0051; m/z calculated for [(3.10e – 

Cl + CH3CN]+ = [C23H19ClF2N5Ru]+ : 540.0340, found 540.0270. 

 

3.5.10. Synthesis of ((p-OMe-C6H4)2NNN)RuCl2(NCCH3) (3.10f) 

In a 10 ml pear shaped flask, [Ru(p-cymene)Cl2]2 (0.060 g, 0.0979 mmol) and the ligand 3.13f 

(0.0676 g, 0.1959 mmol) were dissolved in dry and distilled acetonitrile (5 mL) and the solution 

was refluxed for 16 h. The solvent was evaporated under reduced pressure, and the brown-

coloured solid was washed with diethyl ether (5 × 4 mL). The residue was dried under vacuum 

and isolated as a brown solid (0.083 g) in 76% yield. 1H NMR (600 MHz, DMSO-d6, 25 °C) δ 

8.49 (s, 2H), 8.07 (d, J = 7.9 Hz, 2H), 7.92 (t, J = 7.9 Hz, 1H), 7.47 (d, J = 8.9 Hz, 4H), 7.00 

(d, J = 8.9 Hz, 4H), 3.80 (s, 6H), 3.34 (s, 4H). 13C{1H} NMR (151 MHz, DMSO-d6, 25 °C) δ 

167.64, 166.43, 159.05, 147.19, 142.89, 126.21, 124.66, 123.01, 114.20, 113.37, 55.48. 

Molecular weight: 558.4250, HRMS (ESI): m/z calculated for [3.10f – Cl]+ = 

[C23H22ClN4O2Ru]+ : 523.0475, found 523.0460; m/z calculated for [(3.10f – Cl + CH3CN]+ = 

[C25H25ClN5O2Ru]+: 564.0740, found 564.0724. 

 

 

3.5.11. Characterization of the products 

 

 

1,3-diphenylpropane (3.3).15,17 Colourless liquid, 1H NMR (600 MHz, CDCl3) δ 7.32 (t, J = 

8.3 Hz, 4H, Ar), 7.22 (d, J = 7.3 Hz, 6H, Ar), 2.69 (t, J = 7.7 Hz, 4H, -CH2Ar), 2.00 (t, J = 7.7 

Hz, 2H, -CH2). 
13C{1H} NMR (151 MHz, CDCl3) δ 142.43, 128.58, 128.44, 125.87 (Ar), 35.58 

(-CH2Ar), 33.08 (-CH2). GC-MS [M]+ : 196.1. 
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1,3-bis(4-methoxyphenyl)propane (3.3a).15,17 Colourless liquid, 1H NMR (600 MHz, CDCl3) 

δ 7.10 (d, J = 8.5 Hz, 4H, Ar), 6.83 (d, J = 8.6 Hz, 4H, Ar), 3.79 (s, 6H, -OMe), 2.61 – 2.55 

(m, 4H, -CH2Ar), 1.93 – 1.86 (m, 2H, -CH2). 13C{1H} NMR (151 MHz, CDCl3) δ 157.83, 

134.59, 129.44, 113.85 (Ar), 55.39 (-OMe), 34.58 (-CH2Ar), 33.55 (-CH2). GC-MS [M]+ : 

256.1. 

 

 

1,3-bis(2-methoxyphenyl)propane (3.3c). Colourless liquid, 1H NMR (400 MHz, CDCl3) δ 

7.23 – 7.17 (m, 2H, Ar), 6.81 – 6.72 (m, 6H, Ar), 3.80 (s, 6H, -OMe), 2.64 (t, J = 7.8 Hz, 4H, 

-CH2Ar), 2.02 – 1.91 (m, 2H, -CH2). 
13C{1H} NMR (151 MHz, CDCl3) δ 159.82, 144.08, 

129.39, 121.05, 114.41, 111.22 (Ar), 55.29 (-OMe), 35.61 (-CH2Ar), 32.78 (-CH2). GC-MS 

[M]+ : 256.1. 

 

 

1,3-bis(3-chlorophenyl)propane (3.3d).17 Colourless liquid, 1H NMR (400 MHz, CDCl3) δ 

7.24 – 7.13 (m, 6H, Ar), 7.05 (dt, J = 7.3, 1.7 Hz, 2H, Ar), 2.62 (t, J = 7.7 Hz, 4H, -CH2Ar), 

1.94 (p, J = 7.7 Hz, 2H, -CH2). 
13C{1H} NMR (151 MHz, CDCl3) δ 144.10, 134.24, 129.75, 

128.67, 126.76, 126.21 (Ar), 35.10 (-CH2Ar), 32.58 (-CH2). GC-MS [M]+ : 264.0. 

 

 

 

1,3-bis(4-chlorophenyl)propane(3.3f).15,17 Colourless liquid, 1H NMR (400 MHz, CDCl3) δ 

7.26 – 7.22 (m, 4H, Ar), 7.12 – 7.06 (m, 4H, Ar), 2.62 – 2.57 (m, 4H, -CH2Ar), 1.90 (p, J = 7.6 

Hz, 2H, -CH2). 
13C{1H} NMR (151 MHz, CDCl3) δ 140.54, 131.68, 129.89, 128.58 (Ar), 34.71 

9-CH2Ar), 32.87 (-CH2). GC-MS [M]+ : 264.0. 
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1,3-bis(4-fluorophenyl)propane(3.3h).15,17  Colourless liquid, 1H NMR (600 MHz, CDCl3) δ 

7.15 – 7.10 (m, 4H, Ar), 6.97 (t, J = 8.7 Hz, 4H, Ar), 2.61 (t, J = 7.7 Hz, 4H, -CH2Ar), 1.94 – 

1.88 (m, 2H, -CH2). 
19F NMR (565 MHz, CDCl3) δ -117.81. 13C{1H} NMR (151 MHz, CDCl3) 

δ 162.18, 160.57, 137.82, 137.80, 129.86, 129.81, 115.26, 115.12 (Ar), 34.59 (-CH2Ar), 33.36 

(-CH2). GC-MS [M]+ : 232.1. 

 

 

1,3-bis(3-fluorophenyl)propane(3.3i). Colourless liquid, 1H NMR (600 MHz, CDCl3) δ 7.11 

(dd, J = 8.4, 5.6 Hz, 4H, Ar), 6.99 – 6.93 (m, 4H, Ar), 2.60 (t, J = 7.7 Hz, 4H, -CH2Ar), 1.92 – 

1.87 (m, 2H, -CH2). 
19F NMR (565 MHz, CDCl3) δ -117.83. 13C{1H} NMR (151 MHz, CDCl3) 

δ 160.57, 137.79, 129.86, 129.81, 115.26, 115.12 (Ar), 34.59 (-CH2Ar), 33.36 (-CH2). GC-MS 

[M]+ : 232.1. 

 

 

1,3-di-p-tolylpropane (3.3j). 15,17 Colourless liquid, 1H NMR (600 MHz, CDCl3) δ 7.10 (d, J 

= 9.6 Hz, 8H, Ar), 2.62 (t, J = 7.7 Hz, 4H, -CH2Ar), 2.33 (s, 6H), 1.97 – 1.90 (m, 2H, -CH3Ar). 

13C{1H} NMR (151 MHz, CDCl3) δ 139.41, 135.24, 129.10, 128.46 (Ar), 35.11 (-CH2Ar), 

33.29 (-CH3Ar), 21.14 (-CH2). GC-MS [M]+ : 224.1. 

 

 

1,3-di-m-tolylpropane (3.3k).15 Colourless liquid, 1H NMR (600 MHz, CDCl3) δ 7.20 – 7.15 

(m, 2H, Ar), 7.03 – 6.97 (m, 6H, Ar), 2.62 (t, J = 7.8 Hz, 4H, -CH2Ar), 2.34 (s, 6H, -CH3Ar), 

1.98 – 1.91 (m, 2H, -CH2). 
13C{1H} NMR (151 MHz, CDCl3) δ 142.44, 137.95, 129.41, 128.32, 

126.58, 125.57 (Ar), 35.58 (-CH2Ar), 33.14 (-CH3Ar), 21.56 (-CH2). GC-MS [M]+ : 224.1. 

 

 

1-fluoro-3-(3-phenylpropyl)benzene (3.3r). Colourless liquid (Yield 79%),  1H NMR (600 

MHz, CDCl3) δ 7.36 – 7.33 (m, 2H, Ar), 7.30 – 7.22 (m, 5H, Ar), 7.01 (dd, J = 7.7, 3.9 Hz, 1H, 
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Ar), 6.97 – 6.93 (m, 1H, Ar), 2.74 – 2.68 (m, 4H, -CH2Ar), 2.06 – 1.98 (m, 2H, -CH). 19F NMR 

(565 MHz, CDCl3) δ -113.90. 13C{1H} NMR (151 MHz, CDCl3) δ 163.87, 162.25, 145.02, 

142.42, 129.82, 129.77, 128.58, 128.56, 128.49, 128.44, 125.97, 125.87, 124.22, 124.21, 

115.42, 115.28, 112.81, 112.67 (Ar), 35.57 (-CH2Ar), 35.44 (-CH2Ar), 35.25 (-CH2Ar), 35.24 

(CH2Ar), 33.09 (-CH2), 32.79 (-CH2). GC-MS [M]+ : 214.1. 

 

 

1-fluoro-4-(3-(4-methoxyphenyl)propyl)benzene (3.3s).14,15 Colourless liquid (Yield 75%), 

1H NMR (400 MHz, CDCl3) δ 7.15 – 7.06 (m, 4H, Ar), 7.00 – 6.92 (m, 2H, Ar), 6.86 – 6.79 

(m, 2H, Ar), 3.79 (s, 3H, -OMe), 2.64 – 2.54 (m, 4H, -CH2Ar), 1.90 (p, J = 7.7 Hz, 2H). 19F 

NMR (565 MHz, CDCl3) δ -118.00. 13C{1H} NMR (151 MHz, CDCl3) δ 162.15, 160.54, 

157.90, 138.05, 134.33, 129.87, 129.82, 129.43, 115.19, 115.05, 113.90 (Ar), 55.41 (-OMe), 

34.65 (-CH2(C6H4F)), 34.52 (-CH2(C6H4OMe)), 33.45 (-CH2). GC-MS [M]+ : 244.1. 

 

 

1-methoxy-3-(3-phenylpropyl)benzene (3.3t). Colourless liquid (Yield 85%), 1H NMR (400 

MHz, CDCl3) δ 7.36 – 7.28 (m, 3H, Ar), 7.23 (dd, J = 7.5, 1.4 Hz, 3H), Ar, 6.84 – 6.81 (m, 1H, 

Ar), 6.80 – 6.75 (m, 2H, Ar), 3.84 (s, 3H, -OMe), 2.68 (q, J = 8.2 Hz, 4H, -CH2Ar), 2.05 – 1.94 

(m, 2H, -CH)). 13C{1H} NMR (151 MHz, CDCl3) δ 159.76, 144.09, 142.41, 129.39, 128.59, 

128.44, 125.88, 121.03, 114.36, 111.15 (Ar), 55.28 (-OMe), 35.61 (-CH2Ph), 35.56 (-

CH2C6H4OMe), 32.95 (-CH2). GC-MS [M]+ : 226.1. 

 

 

1-methoxy-4-(3-phenylpropyl)benzene (3.3u).15 Colourless liquid (Yield 92%), 1H NMR 

(600 MHz, CDCl3) δ 7.28 (dd, J = 8.6, 6.5 Hz, 2H, Ar), 7.20 – 7.17 (m, 3H, Ar), 7.10 (d, J = 

8.7 Hz, 2H, Ar), 6.83 (d, J = 8.7 Hz, 2H, Ar), 3.79 (s, 3H, -OMe), 2.67 – 2.58 (m, 4H, -CH2Ar), 

1.96 – 1.89 (m, 2H, -CH2). 
13C{1H} NMR (151 MHz, CDCl3) δ 157.86, 142.52, 134.52, 129.45, 

128.59, 128.43, 125.84, 113.87 (Ar), 55.41 (-OMe), 35.52 (-CH2Ph), 34.65 (-CH2C6H4OMe), 

33.32 (-CH2). GC-MS [M]+ : 226.1. 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter III 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 124 

 

 

 

1-fluoro-4-(3-phenylpropyl)benzene (3.3v).15 Colourless liquid (Yield 83%), 1H NMR (600 

MHz, CDCl3) δ 7.32 (t, J = 7.5 Hz, 3H, Ar), 7.24 – 7.21(m, 4H, Ar), 7.18 – 7.13 (m, 1H, Ar), 

7.00 (t, J = 8.5 Hz, 1H, Ar), 2.69 (t, J = 7.7 Hz, 4H, -CH2Ar), 2.04 – 1.93 (m, 2H, -CH2). 
19F 

NMR (565 MHz, CDCl3) δ -117.86. 13C{1H} NMR (151 MHz, CDCl3) δ 160.56, 142.43, 

137.98, 129.82, 128.58, 128.44, 125.87, 115.21, 115.07 (Ar), 35.57 (-CH2Ph), 34.71 (-

CH2C6H4F), 33.09 (-CH2). GC-MS [M]+ : 214.1. 

 

 

1-methoxy-2-(3-phenylpropyl)benzene (3.3w). Colourless liquid (Yield 60%), 1H NMR (600 

MHz, CDCl3) δ 7.34 – 7.30 (m, 2H, Ar), 7.27 – 7.20 (m, 4H, Ar), 7.18 (dd, J = 7.4, 1.9 Hz, 1H, 

Ar), 6.93 (t, J = 6.8 Hz, 1H, Ar), 6.89 (d, J = 8.2 Hz, 1H, Ar), 3.86 (s, 3H, -OMe), 2.75 – 2.69 

(m, 4H,-CH2Ar), 2.01 – 1.95 (m, 2H, -CH2). 
13C{1H} NMR (151 MHz, CDCl3) δ 157.63, 

142.79, 130.88, 129.93, 128.57, 128.36, 127.08, 125.74, 120.46, 110.38 (Ar), 55.37 (-OMe), 

35.89 (-CH2Ph), 31.47 (-CH2C6H4OMe), 30.08 (-CH2). GC-MS [M]+ : 226.1. 

 

3.5.12. Computational details 

The geometries of all the considered complexes were fully optimized using the DFT (PBE)27 

Method on the Gaussian-09 package.28   The LANL2DZ29 and 6-311G (d, p) basis set with a 

polarization function were used, respectively, for the metal (Ru) and non-metal atoms. The 

method and basis set were selected according to previous reports on pincer ruthenium 

complexes.18,20,22 The transition states were located using the synchronous transit-guided quasi 

Newton (QST2) Genecp (gen keyword with the effective core potential) to define the basis set. 

The empirical dispersion-GD3 was used in all molecular geometry optimization and energy 

computations Frequency calculations characterize the obtained stationary points as minima 

structures or transition states based on the number of imaginary frequencies. Single point 

calculations were performed to calculate the relative free energy values at 140 °C. 
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Supporting information (containing NMR spectra and of various compounds complexes, 

HRMS data, Kinetics plot, GC plot, Cartesian coordinates of the computed complexes) for 

chapter III is available as appendix II and can be found at 

https://drive.google.com/file/d/1nRhwGf9bdDny5-1W_ZrfScmF2e7tI0ZP/view?usp=sharing 
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Chapter- IV 

 

Ligand-Free Guerbet-Type Reactions in Air 

Catalyzed by in-situ Formed Complexes of Base 

Metal Salt Cobaltous Chloride 

 

 

 

The content of this chapter has been adapted from “Ligand-Free Guerbet-Type Reactions in 

Air Catalyzed by in situ Formed Complexes of Base Metal Salt Cobaltous Chloride” by Nandi, 

P. G.; Kumar, P.; Kumar, A. Catal. Sci. Technol. 2022, 12, 1100-1108. 
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4.1. Introduction 

Catalytic methods that bring about the formation of C–C bonds find wide synthetic utility and 

lead to valuable fuel chemicals, fine chemicals, agrochemicals, pharmaceuticals and natural 

products.1 One of the most favourite routes to C–C bond forming reactions include the 

transition metal catalysed activation of C–X (X = H, Cl, Br and I) bonds via radical2 or 

organometallic pathways (Scheme 4.1).3 Of late, there has been a dramatic surge in the 

exploration of methods that use alcohols as an alkylating agent. Fondly tagged as a “hydrogen 

borrowing strategy”, these C–C bond forming reactions are green and atom-economical as they 

give water as the sole by-product. While metal-free4 systems for the β-alkylation of alcohols 

lead to large amounts of waste4b, c arising from the use of stoichiometric amounts of base, the 

use of toxic precious metals such as palladium,5 iridium,6 rhodium7 and ruthenium6b, d, j, 8 poses 

challenges in the economic viability of transition metal based homogeneous catalytic systems. 

In pursuit of earth-abundant, environmentally benign and inexpensive β-alkylation systems, 

researchers have developed catalysts based on cobalt,9 copper,10a, b chromium,10c manganese,11 

iron11k, l and nickel.12  

 

Scheme 4.1: Traditional approach to C-alkylation reaction.2,3 

Transition metal catalysed dehydrogenation of primary and secondary alcohol produces the 

corresponding aldehyde and ketone which in the presence of a base undergoes aldol-

condensation to produce α, β unsaturated ketone with water as a sole by-product. 

Hydrogenation of this α, β unsaturated ketone produces the β-alkylated alcohol (Scheme 4.2).  

In 2003, Shim and co-workers first demonstrated the -alkylation of secondary alcohols with 

primary alcohols that is catalyzed by the phosphine based salt dichloro 

tris(triphenylphosphine)ruthenium(II) [RuCl2(PPh3)3] in presence of NaOH (3 equivalents) 

(Scheme 4.3). This methodology afforded a variety of -alkylated alcohol products.8f 

In 2017, Achard and co-workers reported NPN tridentate pyridine based ruthenium metal 

complex (4.Ru1) for the formation of  -alkylated ketones as a major product during the 
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condensation of primary and secondary alcohols (Scheme 4.4).8b A variety of substrates could 

be -alkylated using the optimised conditions. 

 

Scheme 4.2: A new strategy towards C-alkylation using alcohol as a starting material 

 

Scheme 4.3: RuCl2(PPh3)3 catalyzed -alkylation of secondary alcohols with primary 

alcohols.8f 

 

Scheme 4.4: The 4.Ru1 catalyzed formation of -alkylated ketones starting from primary and 

secondary alcohols.8b  
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Scheme 4.5: The 4.Ru2 catalyzed formation of -alkylated alcohols starting from primary and 

secondary alcohols.6d 

Crabtree carried out the NNN pincer-ruthenium (4.Ru2) catalyzed -alkylation of secondary 

alcohols with primary alcohols (Scheme 4.5).6d Using the developed protocol a variety of 

substrates could be β-alkylated and a maximum of 95 TON was obtained. 

 

 Scheme 4.6: The 4.Ru3 catalyzed -alkylation of secondary alcohols with primary alcohols.8c 

In 2016, Yu and co-workers introduced a ligand system with trifluoromethylated groups which 

in presence of a ruthenium salt formed complex 4.Ru3 that is active for the -alkylation of 

alcohols.8c The CF3 groups present in the metal complex provides the lipophilicity, 

electronegativity and H-bond formation ability. In presence of 4.Ru3 as catalyst, the -

alkylated alcohols were formed from primary and secondary alcohols with excellent yield 

(Scheme 4.6).8c The precursor Ru(III) in presence of KOH transformed to Ru(II) species which 
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as considered as the active species that give rise to the excellent catalytic activity towards -

alkylation. 

 

Scheme 4.7: The 4.Ru9 catalyzed -alkylation of secondary alcohols with primary alcohols.8l 

 

Recently, Kumar has reported the -alkylation of 1-phenylethanol with  benzyl alcohol and it’s 

derivatives catalysed by  NNN pincer-Ru complexes based on bis(imino)pyridine and 2,6-

bis(benzimidazole-2-yl) pyridine ligands (Scheme 4.7).8l Among all the considered catalysts, 

4.Ru9 shows the best activity for the -alkylation. Kumar has achieved highest TON of 372000 

at a loading of 0.00025 mol% 4.Ru9 under solvent free conditions.8l A detailed analysis of 

reaction mechanism with the help of several control experiments and DFT studies led to the 

conclusion that -hydride elimination is the RDS.8l 

 

 

Scheme 4.8: The 4.Ir1 catalyzed -alkylation of secondary alcohols with primary alcohols.8o 

Gülcemal and co-workers observed excellent activity in the -alkylation of secondary alcohols 

with primary alcohols in the presence of a imidazol-2-ylidene ligand-based iridium(I) 4.Ir1 
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catalyst at very low loadings (Scheme 4.8).8o Up to 940000 TON was achieved in the presence 

of  20 mol% NaOH and 0.0001 mol% 4.Ir1 under aerobic conditions. 

 

 

Scheme 4.9: The 4.Ir2 catalyzed -alkylation of secondary alcohols with primary alcohols.11n 

 

Bera and co-workers also explored the -alkylation of secondary alcohols with primary 

alcohols using an N-heterocyclic carbene based iridium catalyst 4.Ir2 (Scheme 4.9).11n The 

catalytic system demonstrated very good activity towards the -alkylation owing to the 

pyridyl(benzamide)-functionalized NHC backbone. The catalyst 4.Ir2 demonstrated good 

activity over a wide range of substrates using the optimized reaction conditions (Scheme 

4.9).11k  

Kumar  has also reported CrCl3.6H2O and its NNN-pincer complex 4.Cr1 as efficient catalyst 

for the -alkylation secondary alcohols with primary alcohols under conventional as well as 

under microwave heating conditions with high yield (Scheme 4.10).10c In particular, pincer-Cr 

complex 4.Cr1(0.005 mol%) based on bis(iminopyridine) in presence of 5 mol% NaOtBu at 

140 ᵒC provide excellent activity for  -alkylation under conventional heating (84% yield and 

16800 TON at 5600 TOF-1) and microwave condition (90% yield and 18000 TON at 12000 

TOh-1 ) after only 3 hours and 1.5 hours respectively. The precursor salt CrCl3.6H2O also 

exhibited very good reactivity under the same reaction conditions but resulted in comparatively 

lower yields than its pincer complex under both conventional (79% yield and 15800 TON at 

5267 TOh-1) and microwave heating (76% yield and 15200 TON at 10133 TOh-1) (Scheme 

4.10).10c  

In 2012, in a first report, Sun and co-workers carried out the catalytic -alkylation of secondary 
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Scheme 4.10: The 4.Cr1 catalyzed -alkylation of secondary alcohols with primary 

alcohols.10c 

 

alcohols with primary alcohols using commercially available and inexpensive 

ferrocenecarboxaldehyde (4.Fe1).10d In the presence of NaOH (20 mol%) under argon medium 

at 130 °C in p-xylene, 4.Fe1 (5 mol%) catalyzed the  -alkylation of 1-phenylethanol with 

benzyl alcohol to produce -alkylated product in 97% yield (Scheme 4.11).10d 

 

 

Scheme 4.11: The 4.Fe1 catalyzed -alkylation of secondary alcohols with primary 

alcohols.10d 
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Balaraman and co-workers carried out the efficient β-alkylation of 1-phenylethanol with benzyl 

alcohol  using NiBr2/TMEDA (1:1) (5 mol%)  at 130 °C in n-octane in the presence of  1  

equivalent KOH and obtained up to 91% yield of the β-alkylated product (Scheme 4.12).12f 

This catalytic system is effective for a broad range of substrates and led to the corresponding  

-alkylated products in good yields.  

 

Scheme 4.12: The NiBr2/TMEDA catalyzed -alkylation of secondary alcohols with primary 

alcohols.12f 

 

Scheme 4.13: The 4.Ni1 catalyzed -alkylation of secondary alcohols with primary alcohols.12g 

 

Kumar has reported a series of pincer-Ni complexes based on bis(imino)pyridine ligands.12g 

Among them, 4.Ni1 (0.005 mol%) is most active for the -alkylation of secondary alcohols  

with primary alcohols which gave very high TONs of upto 18400 in the presence of 5 mol% 

NaOtBu at 140 °C under air after 24h (Scheme 4.13).12g 
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Scheme 4.14: The 4.Mn1 catalyzed -alkylation of secondary alcohols with primary 

alcohols.11m 

 

Recently, Kumar and co-workers have demonstrated the β-alkylation of secondary alcohols 

with primary alcohols by using a series of pincer-Mn complexes based on bis(imino)pyridine 

ligands. Among them, 4.Mn1 (0.5 mol%) proved to be the best while catalyzing the β-

alkylation in the presence of 2.5 mol% NaOH at 140 °C in neat conditions under both 

microwave as well as conventional heating to achieve 85% yield (1700 TON, 850 TOs/h) and 

92% yield (1840 TON, 153 TOs/h) after 2h and 12 h respectively (Scheme 4.14).11m This 

catalytic system could tolerate a large variety of substrates under both conventional and 

microwave heating.  

 

The first report on the Co-catalyzed β-alkylation of alcohols came from the group of Kempe9b 

using a PN3P pincer-Co (4.Co1) (5 mol%) in the presence of 1.1 equivalents of KHMDS 

(potassium hexamethyl disilazane) as a base that gave up to 90% yield of the β-alkylated 

product (Scheme 4.15 and 4.18).9b The complex 4.Co1 is capable for the alkylation of variety 

of alcohols starting from aliphatic to aromatic to hetero cyclic alcohols with moderate to good 

yield though the base loading is very high (1.1 equivalents KHMDS). 

 

In 2021, Ding has reported the use of a cobalt catalyst 4.Co2 (0.7 mol%) supported by a 

iPrPPPNHPyMe tridentate ligand for the β-alkylation of alcohols in up to 80% yield at 110 °C at 

a very high base loading (110 mol%) (Scheme 4.16).9c 
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Scheme 4.15: The 4.Co1 catalyzed -alkylation of secondary alcohols with primary alcohols.9b 

 

Scheme 4.16: The 4.Co2 catalyzed -alkylation of secondary alcohols with primary alcohols.9C 

 

The -alkylation of a large variety of substrates were carried out with 4.Co2 (0.7 mol%) in the 

presence of KOtBu(110 mol%) under N2 atmosphere at 110 °C.9c 

In 2010, Crabtree demonstrated the -alkylated alcohol formation starting from primary and 

secondary alcohols using 1 equivalent of NaOH or KOH as base without the need of any metal 

salt or complex,10e where, in very short time duration (4h), good to excellent yields of -

alkylated products were achieved (Scheme 4.17).10e 

  

Very recently, Gunanathan and co-workers have reported that sub stoichiometric (20 mol%) 

base mediated -alkylation of secondary alcohols with primary alcohols in toluene (Scheme 

4.18).10f The β-alkylation of 1-phenyl alcohol with benzyl alcohol and it’s derivatives were 
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performed in presence of KOH (20 mol%) in toluene at 135 °C for 36 h to achieve very good 

yield of -alkylated product. 

 

Scheme 4.17: KOH or NaOH (1 equivalent) mediated -alkylated alcohol formation starting 

from primary and secondary alcohols.4b 

 

 

Scheme 4.18: KOH (20%) mediated -alkylation secondary alcohols with primary alcohols.10e 

 

4.2. Objectives of the current work 

A comprehensive literature survey reveals that the pincer complexes and also other metal 

complexes are very active for the β-alkylation of alcohols with very high base loading. 
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Crabtree,4b Gunanathan,10e Jhonson and Wendit10f independently reported β-alkylation of 

secondary alcohols with primary alcohols mediated only by a base albeit at high loadings.  

On the basis of these facts, the current work attempts to address the following questions: 

 

➢ Can we attempt the β-alkylation of alcohols with catalytic amount of base loading?  

 

➢ Can we utilize the base metal salt instead of precious metal salt or metal complexes for 

the β-alkylation of alcohols? 

 

➢ If yes, can we design a very good catalytic system based on base metal salts that can 

tolerate various functional group on alcohol molecules for β-alkylation of alcohols? 

 

➢ Can we carry out the reaction in air which is easy to perform? 

 

To the best of our knowledge there are no other reports on Co catalyzed β-alkylation of alcohols 

with catalytic amount of base loading. The current study reports high yields (up to 89% yield, 

ca. 8900 TON) in β-alkylation of alcohols using readily available CoCl2 at loading as low as 

0.01 mol% in the presence of relatively small amounts of NaOtBu (2.5 mol%) (Scheme 4.19). 

 

Scheme 4.19. Efficient cobalt-based catalysts reported for β-alkylation of 1-phenyl ethanol 

and benzyl alcohol. 

 

4.3. Results and discussion 

4.3.1. Studies on the cobaltous chloride catalyzed β-alkylation of 1-phenyl ethanol with 

benzyl alcohol 
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The β-alkylation studies were initiated using benzyl alcohol and 1-phenyl ethanol as a model 

primary and secondary alcohol, respectively (Table 4.1). The reaction carried out in the 

presence of cobaltous chloride (1.0 mol%) and NaOtBu (2.5 mol%) (entry 1, Table 4.1) yielded 

25% of the β-alkylated product 4.4 (ca. 25 TON) in 86% selectivity (entry 1, Table 4.1 and 

4.S1). However, the yield of 4.4 dropped to 8% in the presence of mercury (entry 2, Table 4.1). 

Similar to the very recent report by Wang14b on CoCl2 catalyzed borylation, we found black 

heterogeneous Co nanoparticles (NPs) within 5 minutes of reaction (Figure 4.S91). However, 

in contrast to Wang's conditions, as the current reaction was performed in air, these particles 

were inactive and gave poor yields. Not surprisingly, repeating the reaction in an argon 

atmosphere under otherwise identical conditions gave better yields (ca. 44%) of 4.4 (entry 3, 

Table 4.1). 

 

The rate of formation of Co NPs could be slowed down by a systematic decrease in the CoCl2 

loading while maintaining the amount of NaOtBu at 2.5 mol% (entries 4–7, Table 4.1). One 

may note that as the catalyst loading was varied from 1 mol% to 0.01 mol%, the concentration 

of the catalyst changed from 89.4 mM to 0.894 mM. This led to identification of the best (87% 

yield of 4.4 at 8700 TON with 91% selectivity) catalytic system (entry 7, Table 4.1). In contrast 

to the results obtained with 1 mol% CoCl2 (entries 1, 2 and 3, Table 4.1), at lower loadings 

(0.01 mol%) of cobaltous chloride, the yield of 4.4 was comparable (entries 7, 8 and 9, Table 

4.1) when the reaction was carried out in air, Ar and also in the presence of mercury which is 

indicative of the absence of highly sensitive Co NPs under these conditions. The exceptional 

activity could actually be attributed to molecular Co catalysts that are formed in situ (vide 

infra). 

FETEM images were recorded by drop-casting the reaction mixture solution of 4.1 (5 mmol), 

4.2 (5 mmol) and NaOtBu (2.5 mol%)) containing 1 mol%, 0.5 mol% and 0.01 mol% CoCl2 

on a TEM grid (Figure 4.1). It is evident that the density of nanoparticles was higher in the 

reaction mixture containing 1 mol% CoCl2 (Figures 4.1a and b) in comparison to the one 

containing 0.5 mol% CoCl2 (Figures 4.1c and d). While the NPs formed with 1 mol% CoCl2 

were of larger dimensions (ca. 5– 6 nm), the size of the Co NPs formed upon use of 0.5 mol% 

CoCl2 was relatively smaller (ca. 2–3 nm). 

Notably there was hardly any NP formation when 0.01 mol% CoCl2 was used as demonstrated 

by the TEM images (Figures 4.1e and f). It is thus evident that the molecular Co species are 
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Table 4.1. The catalytic β-alkylation of 4.2 with 4.1 under varying conditionsa 

 
 

 

aReaction conditions: 5 mmol of 4.1, 5 mmol of 4.2, X mol% of base and Y mol% of Co catalyst at 140 oC. bmol 

% of base and catalyst is with respect to total alcohol content (4.1+4.2). cYield is determined from 1H NMR using 

toluene as standard. dPerformed in the presence of excess Hg. ePerformed under argon atmosphere. fPerformed at 

120 °C. gSelectivity of 4.4 = ((Yield of 4.4*/ Total yield (4.3 + 4.4)) *100). 

the major contributor towards catalysis when the β-alkylation is performed with 0.01 mol% 

Entry Catalyst 

(Y mol %)b 

Base 

(X mol%)b  

Yieldc % Selectivityg of 4.4  

  4.3 4.4  

1 CoCl2 (1.0) NaOtBu (2.5) 4 25 86 

2d CoCl2 (1.0) NaOtBu (2.5) 4 8 67 

3e CoCl2 (1.0) NaOtBu (2.5) 7 44 86 

4 CoCl2 (0.5) NaOtBu (2.5) 4 49 92 

5 CoCl2 (0.1) NaOtBu (2.5) 4 74 95 

6 CoCl2 (0.05) NaOtBu (2.5) 4 81 95 

7 CoCl2 (0.01) NaOtBu (2.5) 9 87 91 

8d CoCl2 (0.01) NaOtBu (2.5) 9 88 91 

9e CoCl2 (0.01) NaOtBu (2.5) 2 88 98 

10 CoCl2 (0.005) NaOtBu (2.5) 4 78 95 

11 CoCl2 (0.01) NaOtBu (1.25) 4 58 94 

12 CoCl2.6H2O (0.01) NaOtBu (2.5) 3 63 95 

13 CoCl2 (0.01) KOtBu (2.5) 4 41 91 

14 CoCl2 (0.01) Na2CO3 (2.5) 0 0 0 

15 CoCl2 (0.01) K2CO3 (2.5) 0 0 0 

16 CoCl2 (0.01) KOH (2.5) 3 40 93 

17 CoCl2 (0.01) NaOH (2.5) 6 82 93 

18 Co(OAc)2 (0.01) NaOtBu (2.5) 4 84 95 

19 Co(acac)2 (0.01) NaOtBu (2.5) 4 68 94 

20        - NaOtBu (2.5) 2 8 80 

21 CoCl2 (0.01) NaOtBu (1) 6 19 76 

22 CoCl2 (0.01) NaOtBu (5) 10 88 90 

23 CoCl2 (0.01) NaOtBu (10) 8 86 91 

24f CoCl2 (0.01) NaOtBu (5) 2 70 97 
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CoCl2. Interestingly, with 0.01 mol% CoCl2, the formation of Co NPs is observed only after 

stirring for prolonged times (ca. 8 h, Figure 4.S89). However, by this time, the β-alkylation had 

almost levelled off. 

 

 

 

Figure 4.1. FETEM images obtained by drop-casting a solution of 4.1 (5 mmol), 4.2 (5 mmol) 

and NaOtBu (2.5 mol%) in the presence of (a and b) CoCl2 (1.0 mol%), (c and d) CoCl2 (0.5 

mol%) and (e and f) CoCl2 (0.01 mol%) immediately after mixing. 

Utilization of KOtBu, Na2CO3, K2CO3 and KOH in combination with 0.01 mol% CoCl2 was 

found to yield inferior results (entries 13–16, Table 4.1). The yield of the β-alkylated alcohol 

4.4 in reactions catalyzed by other Co(II) catalysts (that are typically derived from CoCl2) was 

either poorer (entries 12 and 19, Table 4.1) or comparable (entry 18, Table 4.1). Using CoCl2 

as a catalyst, under the best conditions (entry 7, Table 4.1), the alkylation of several 1-phenyl 

ethanol derivatives with a variety of benzyl alcohols was carried out (Tables 4.2 and 4.3). 

Notably, the yield of the β-alkylation decreased upon the use of benzyl alcohols with electron 

withdrawing groups in the para-position (4.4a and 4.4g, Table 4.2), with primary/secondary 

alcohols based on heterocyclic rings (4.4d, 4.4e, 4.4f and 4.4l, Table 4.2; 4.4y, 4.4.za and 

4.4zb, Table 4.3), primary aliphatic alcohols (4.4n–p and 4.4zi Table 4.2) and secondary 

aliphatic alcohols (4.4s, Table 4.3). 
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Table 4.2. The CoCl2 catalyzed β-alkylation of 1-phenyl ethanol with various derivatives of 

benzyl alcohola 

  

 

aReaction conditions: 5 mmol of 4.1, 5 mmol of 4.2, 2.5 mol% of NaOtBu and 0.01 mol% of CoCl2. bYield is 

determined from 1H NMR using toluene as a standard. 

 

4.3.2. Control experiments 

The following points form the basis of the proposed mechanism of the CoCl2 catalyzed β-

alkylation of alcohols:  

(i) Higher loadings (1 mol%) of CoCl2 lead to instant particle formation (Figure 4.S91) which 

are rendered inactive (entry 1, Table 4.1) by air.  

(ii) At lower (0.01 mol%) loading of CoCl2, the similar product profiles observed for 

consumption of 4.2 and formation of 4.4 as a function of time for the reactions with (blue 

Figure 4.2a) and without (purple legends, Figure 4.2a) hot filtration13b,c suggest the 

involvement of molecular Co species (Figures 4.S86 and 4.S88) rather than the heterogeneous 
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species.  

(iii) Interestingly, in both cases, the catalyst heterogenized (see SEM images, Figures 4.2c and 

4.S89) when the reaction levelled off after 8 h. The onset of particle formation requires about 

8 h after which the reactivity is lost.  

 

Table 4.3. The CoCl2 catalyzed β-alkylation of various 1-phenyl ethanol derivatives with 

benzyl alcohola 

 
 

aReaction conditions: 5 mmol of 4.1, 5 mmol of 4.2, 2.5 mol% of NaOtBu and 0.01 mol% of CoCl2. bYield is 

determined from 1H NMR using toluene as a standard. 
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 (iv) The decrease in productivity as we move from an interval-free reaction (Figure 4.2a, 

purple legend) to reactions with a three-hour break after 3 h of reaction (Figure 4.2a, brown 

legends) further fortifies the contribution of molecular species rather than the heterogeneous 

species. A three-hour break after 3 h of reaction would mean a residence time of six hours for 

the catalyst in the solution. By this time the reaction mixture would be ready to witness the 

onset of formation of Co NPs. Hence further make-up for the lost heating time does not lead to 

the same productivity as interval-free heating owing to the fact that the majority of the active 

molecular Co species are lost as Co NPs.  

 

With an objective of elucidating the mechanism of the reaction, 4.1 (5 mmol) and 4.2 (5 mmol) 

were independently heated at 140 °C with CoCl2 (0.01 mol%) and NaOtBu (2.5 mol%) under 

non-inert conditions for 1 h. While analysis of the head-space indicated the formation of 

hydrogen (Figures 4.7 and 4.S69), the corresponding analysis of the reaction mixture indicated 

the formation of trace amounts of benzaldehyde and acetophenone respectively (Figures 4.S40 

and 4.S41). In another experiment, a mixture of 4.1 (5 mmol) and 4.2 (5 mmol) was heated at 

140 °C in the presence of CoCl2 (0.1 mol%) and NaOtBu (2.5 mol%) in air. The brown reaction 

mixture was followed with time by ESR (Figure 4.S63) and HRMS (Figure 4.3) analysis. The 

HRMS analysis at t = 0 h (prior to heating) showed a peak at m/z = 351.2727 and m/z = 

679.5467 that corresponds to molecular complexes 4.5a and 4.5b, respectively, arising from 

the in-situ complex formation of 4.1 and/or 4.2 with CoCl2. 

 

Upon heating, the reaction mixture had a statistical mixture of various Co(II) complexes 

(4.19a–4.c) (Figures 4.3b and 4.S45) that could be attributed to coordination of starting 

materials and products (4.1–4.4) from the reaction mixture with CoCl2. These observations 

clearly indicate the involvement of molecular Co(II) species during catalysis with 0.01 mol% 

CoCl2 in line with the observations made in Figure 4.2. All throughout, the reaction mixture 

was ESR silent (Figures 4.S64–4.S68) indicative of the fact that these Co(II) species 4.5 and 

4.19 are in an octahedral environment.14 One could envisage that while species 4.5a could 

complete its octahedral environment by incorporation of a Cl− ligand, species 4.19a and 4.19b 

can include neutral alcohol/solvent molecules to satisfy their coordination.  

On the other hand, in the HRMS analysis of the reaction mixture at a higher loading of CoCl2 

(1 mol%), the only molecular species that was discernible was the one observed at m/z = 

679.5034 which corresponds to 4.5b (Figures 4.4a and 4.S55).  The rest of the species could  
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Figure 4.2. (a) Effect of hot-filtration on the CoCl2 (0.01 mol%) catalysed β-alkylation of 4.2 

with 4.1. (b) Typical reddish-brown clear solution observed during initial times (0–8 h) of the 

CoCl2 (0.01 mol%) catalysed β-alkylation of 4.2 with 4.1. (c) SEM image of the black Co NPs 

formed in the CoCl2 (0.01 mol%) catalyzed β-alkylation of 4.2 with 4.1. 

 

Figure.4.3. HRMS analysis of a mixture of 4.1 (5 mmol) and 4.2 (5 mmol) in the presence of 

CoCl2 (0.1 mol%) and NaOtBu (2.5 mol%) after (a) 0 h and (b) 1 h. 
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be mapped to Co NPs (4.5g, Figures 4.4a and 4.S55–4.S62) or their precursors (4.5d, 4.5e, 5h 

and 4.5i, Figures 4.4 and 4.S55-4.S62). Notably, NPs 4.5g–4.5i are not detected by HRMS 

after 1 h (Figure 4.4b) of reaction owing to the fact that these species grow with time and are 

effectively removed by the pre-filtration (through 0.2 μm filter paper) process during mass 

sampling. These observations fortify our argument of rapid formation of Co NPs at a higher 

loading of CoCl2. Furthermore, one must note that species 4.5g–4.5i are not observed during 

the time frame (up to 8 h) when good reactivity is observed in the CoCl2 (0.1 mol%) catalysed 

β-alkylation of 4.2 with 4.1. This is indicative of the fact that NPs that were capable of escaping 

the pre-filtration were not present and have not contributed to the reactivity observed in entry 

7, Table 4.1.  

 

Valuable information was obtained from deuterium labelling experiments. Heating a mixture 

of 4.2 (5 mmol) and 4.1a (5 mmol) at 140 °C with CoCl2 (0.01 mol%) and NaOtBu (2.5 mol%) 

in open air provided 4.4a in 43%  yield (Figure 4.5). In comparison, the corresponding yield 

obtained from 4.1 under similar conditions is 87%. 

 

 

Figure 4.4. HRMS analysis of a mixture of 4.1 (5 mmol) and 4.2 (5 mmol) in the presence of 

CoCl2 (1.0 mol%) and NaOtBu (2.5 mol%) after (a) 0 h and (b) 1 h. 
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Figure 4.5. NMR (1H and 2H) analysis of a mixture of 4.1 (5 mmol) and 4.2a (5 mmol) in the 

presence of CoCl2 (0.01 mol%) and NaOtBu (2.5 mol%). 

 

Analysis of the 1H and 2H NMR of the reaction mixture containing 4.4a indicated Ca, Cb and 

Cc to be 49%, 7% and 33% deuterated, respectively. The deuterium content (88%) of 4.1a was 

comparable to the net deuterium incorporated (89%) in the product 4.4a. The ratio of deuterium 

incorporation at position “a” to the corresponding incorporation at position “c” was found to 

be 2.97 and 2.98 by 1H and 2H NMR, respectively. On the other hand, the reaction of a mixture 

of 4.2 (5 mmol), 4.1 (2.5 mmol) and 4.1a (2.5 mmol) at 140 °C with CoCl2 (0.01 mol%) and 

NaOtBu (2.5 mol%) in open air provided 4.4a in 63% yield (Scheme 4.20) with a KIE of 

1.61.11k,15 These studies provide key evidence for the involvement of C–H activation (vide 

infra) in the β-alkylation of 1-phenyl ethanol with benzyl alcohol.11i 

 

4.3.3. Plausible mechanism 

The results obtained from filtration experiments, GC analysis of intermediates, ESR and 

HRMS studies form the basis of the proposed mechanism (Schemes 4.21–4.23). When CoCl2 

is dissolved in a mixture of 4.1 and 4.2, it spontaneously forms an octahedral complex 4.5/5.6 

(Scheme 4.21). A β-hydride elimination via transition state (TS) 4.7/4.8 gives the 

corresponding carbonyl compounds 1′/2′ and the hydride complex 4.12 (Scheme 4.21). While 

4.1′ and 4.2′ are detected by NMR in the independent dehydrogenation of 4.1 and 4.2 
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respectively (Figures 4.S40 and 4.S41), only 4.2′ is detected by NMR in the Guerbet reaction 

mixture (Figures 4.S70–4.S87). Subsequent σ-bond metathesis of the O–H bond in 4.1/4.2 with 

Co–H of 4.12 regenerates 4.5/4.6 (Scheme 4.21) with the evolution of H2 (detected by GC, 

Figure 4.7 and 4.S69). 

 

Scheme 4.20. KIE determination via competitive labelling. 

 

The base mediated reaction of benzaldehyde (4.1′) with acetophenone (4.2′) results in the 

formation of the α, β-unsaturated ketone 4.3′ (not observed in 1H NMR but detected in a few 

HRMS analyses, Figure 4.S49, 4.S52 and 4.S54). The next step (Scheme 4.22) involves the 

insertion of the double bond of 4.3′ into the Co–H bond in 4.12 to yield 4.14 via TS 4.13. The 

cycle is completed by the σ-bond metathesis of the Co–C bond in 4.14 with the H2 or the O–H 

bond of 4.1/4.2 to yield the corresponding ketone 4.3 with the regeneration of catalytically 

active 4.12/4.5/4.6 (Scheme 4.22). One could envisage a similar cycle for the transformation 

of 4.3 to 4.4 (Scheme 4.5). The loss of deuterium (ca. 39%) at Ca and the very low deuterium 

content on Cb (Figure 4.5) indicate the involvement of the dehydrogenation step 4.5 → 4.12 

and a rapid equilibrium of the σ-bond metathesis step 4.12 ↔ 4.5/4.6 (Scheme 4.21). For 

instance, dehydrogenation of 4.1a would result in formation of Co–D species 4.12a. The HD 

that is released via σ-bond metathesis step 4.12a → 4.5/4.6 can result in D scrambling while 

reacting back in the reverse direction to give a Co–H species 4.12 and the corresponding 

alcohol that is deuterated at O. This O–D upon σ-bond metathesis with 4.14 would transfer the 

deuterium back to Ca. Insertion of 4.3′ into 4.12 would lead to no deuterium incorporation at 

Cb.  

Similar to earlier reports with Ru8l  and Ir6h  catalysts, there is no initial build-up of 4.3 at very 

low loadings of CoCl2 (Figures 4.S70 and 4.S71). This indicates rapid formation of 4.3 and 4.4 

with a rate-determining dehydrogenation of either 4.1 or 4.2. While we do not observe 

benzaldehyde 4.1′, trace amounts (1–2%) of acetophenone 4.2′ are observed in the 1H NMR of 
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Scheme 4.21. Dehydrogenation segment of the proposed catalytic cycle for the cobaltous 

chloride catalyzed β-alkylation of 4.2 with 4.1. 

 

Scheme 4.22. Hydrogenolysis/alcoholysis of 4.3′ in the proposed catalytic cycle for the 

cobaltous chloride catalyzed β-alkylation of 4.2 with 4.1. 
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the β-alkylation reaction mixture (Figures 4.S70–4.S87). Hence, it is likely that, very similar 

to our previous report,8l the step 4.6 → 4.12 is rate-determining.  

 

Scheme 4.23. Hydrogenolysis/alcoholysis of 4.3 in the proposed catalytic cycle for the 

cobaltous chloride catalyzed β-alkylation of 4.2 with 4.1. 

 

The observed KIE of 1.61 is also consistent with this argument. This means that 4.2′ has enough 

time to react back with Co–D species 4.12a in a reversible fashion which eventually would 

reflect in the deuterium content at Cc. Hence, the deuterium distribution clearly indicates that 

the Co–D 4.12a species formed in the first step is mostly transformed to a Co–H 4.12 species 

via a facile reverse reaction with HD and 4.2′. Alternatively, the insertion of 4.3 into the Co–

D species 4.12a can also conveniently explain the deuterium incorporation at Cc. Further in 

such a case, the deuterium distribution at Ca and Cb can also be rationalized if one invokes the 

possibility of Co–D species 4.12a doing a D− transfer to the β-carbon of 4.3′. through the step 

14.2a → 4.14a (rather than the α-carbon as shown in the step 4.12 → 4.14, Scheme 4.22) and 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter IV 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 154 

 

a subsequent σ-bond metathesis with O–H of the alcohol (Scheme 4.24). However, this 

possibility can be ruled out owing to steric reasons.  

 

Scheme 4.24. An alternate path for hydrogenolysis/alcoholysis of 4.3′. 

 

4.3.4. Kinetic studies  

The time course profiles of the cobaltous chloride catalysed β-alkylation of 4.2 with 4.1 at 

various concentrations of catalyst, base and alcohol are shown in Figures 4.S70–4.S82c. For 

each reaction, the concentration of a given compound was varied while keeping all other 

concentrations unchanged. For kinetic reactions involving alcohol (4.1 or 4.2) variations, 

mesitylene was used as a make-up solvent. It is evident from Table 4.1 (entries 7, 8 and 9), 

Figures 4.2 and 4.3 that the cobaltous chloride catalyzed β-alkylation of 4.2 with 4.1 is mostly 

homogeneous at low catalyst loadings. Accordingly, for a range of low catalyst concentrations 

(<0.025 mol% CoCl2 equivalent to <2.24 mM), we have compiled the kinetic data using the 

initial rate method. The plots of initial rate vs. [CoCl2] and initial rate vs. [NaOtBu] were linear 

with a negligible intercept (Figure 4.6a and b). This points to a first order dependence of the 

rate on the concentration of both CoCl2 and NaOtBu. On the other hand, the dependence on 

concentration of both 4.1 and 4.2 was nonlinear (Figure 4.6c and d). 
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Figure 4.6. Dependence of the initial rate of the Guerbet reaction on the concentration of (a) 

cobaltous chloride (extracted from 30 minutes data of Figures 4.S70, 4.S71, 4.S72, 4.S75a, 

4.S75b and 4.S75c), (b) Sodium t-butoxide (extracted from 60 minutes data of Figure 4.S70, 

4.S76, 4.S77, 4.S78a and 4.S78b), (c) Benzyl alcohol (extracted from 60 minutes data of 

Figures 4.S70, 4.S79, 4.S80, 4.S80a, 4.S80b and 4.S80c) and (d) 1-Phenyl ethanol (extracted 

from 60 minutes data of Figures 4.S70, 4.S81, 4.S82, 4.S82a, 4.S82b and 4.S82c) (see Figure 

4.11). 

 

4.4. Conclusion 

For the first time, we report the use of readily available CoCl2 that forms complexes with 

alcohols in-situ which efficiently catalyzes the β-alkylation of alcohols in air. Higher loading 

of CoCl2 (1 mol%) is accompanied with rapid formation of heterogeneous cobalt NPs which 

being sensitive to air result in poor yields (25%) of β-alkylated products. A better control over 
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reactivity (87% yield, ca. 8700 TON) could be obtained by delaying the heterogenization upon 

operating at very small amounts of CoCl2 (0.01 mol%). Deuterium labelling studies are 

indicative of the involvement of C–H activation in the cobaltous chloride catalyzed β-

alkylation with a kH/kD value of 1.61. The reaction exhibits a first-order dependence of the 

initial rate on the concentration of both cobaltous chloride and sodium t-butoxide. On the other 

hand, a non-linear dependence of the rate on the concentration of 1-phenyl ethanol and benzyl 

alcohol was observed. Molecular Co catalysts rather than heterogeneous Co NPs thus lead to 

superior reactivity owing to the reaction conditions. These studies could open up several related 

reactivity with substrates that are capable of forming in-situ complexes with CoCl2. 

 

 

Figure 4.7. Evidence for H2 evolution in the dehydrogenation of benzyl alcohol (4.1) catalyzed 

by CoCl2 (0.01 mol %) at 140 °C via GC analysis. 

 

4.5. Experimental section 

4.5.1. General procedure and materials  

All manipulations were carried out in air. The Co metal salts, NaOtBu, KOtBu, NaOH, KOH, 

Na2CO3, K2CO3, CDCl3, benzyl alcohol, 1-phenyl ethanol and their derivatives were purchased 
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either from MERCK or Sigma−Aldrich and used as such. To prepare the stock solution, CoCl2 

was dissolved either in benzyl alcohol or 1-phenyl ethanol. All catalytic reactions were carried 

out in air using oven-dried glassware. The 1-phenyl ethanol derivatives which were 

commercially not available were prepared according to literature procedure. 

 

4.5.2. Physical measurements 

1H, 13C{H} and 19F NMR were recorded on a Bruker ASCEND 600 operating at 600 MHz for 

1H, 150 MHz for 13C{H} or on a Bruker AVANCE 400 operating at 400 MHz for 1H, 100 MHz 

for 13C{H} or on a Bruker AVANCE 500 operating at 500 MHz for 1H, 125 MHz for 13C{H}. 

Chemical shifts (δ) are reported in ppm. HRMS measurements were done using an Agilent 

Accurate-Mass Q-TOF ESI–MS 6520. The X-band EPR spectra were recorded on a JES-

FA200 ESR spectrometer. The  field-emission scanning electon microscopy (FESEM) were 

performed using JSM-7610F instrument. Transmission electron microscopy (TEM) analysis 

were carried out using a JEOL JEM-2100F FETEM instrument. GC analysis (TCD detection) 

was performed on a Agilent 7820-GC instrument fitted with Agilent Front SSZ Inlet N2 HP-

PLOT Q column (30 m length x 530 μm x 40 μm) using the following method: Agilent 7820-

GC back detector TCD, Oven temperature: 50 °C, Inlet temperature: 100 °C, Detector 

temperature (TCD): 250 °C, Detector, temperature (FID): 300 °C, Time at starting temp: 0 min 

, Hold time = 10 min , Flow rate (carrier): 25 mL/min (N2) , Split flow: 50 mL/min, Split ratio: 

10. 

4.5.3. General procedure for CoCl2 catalyzed β-alkylation of alcohols 

In a 10 mL pear-shaped flask, 1-phenyl ethanol or benzyl alcohol were taken in air. This was 

followed by addition of 2.5 mol % of NaOtBu and 0.01 mol % of CoCl2 (from a stock solution 

either in 1-phenyl ethanol or benzyl alcohol). After the addition, the reaction mixture contained 

0.61 mL (5.00 mmol) of 1-phenyl ethanol, 0.52 mL (5.00 mmol) of benzyl alcohol, 24 mg (0.25 

mmol) of NaOtBu and 0.13 mg (1 mol) of CoCl2. The mixture was heated at 140 C for 24 h 

in air. The reaction mixture was then cooled to room temperature. An aliquot (Typically 10 

mg) was withdrawn from reaction mixture and the yield was determined by 1H NMR using 

CDCl3 as solvent and toluene (Typically 10 μL) as a standard.  

 

4.5.4. Preparation of FESEM sample 

An aliquot (approximately 10 mg) was withdrawn from reaction mixture and drop casted on a 
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glass slide. The drop casted sample was submitted for FESEM analysis. A JSM-7610F 

instrument was used for the field-emission scanning electron microscopy (FESEM) analysis.  

 

4.5.5. Preparation of TEM sample 

An aliquot (approximately 10 mg) was withdrawn from reaction mixture and drop casted on a 

TEM grid. The dropcasted sample was submitted for TEM analysis. Transmission electron 

microscopy (TEM) analysis were carried out using a JEOL JEM-2100F FETEM instrument. 

 

4.5.6. General procedure for CoCl2 catalyzed β-alkylation of alcohols-kinetic study 

In a 10 mL pear-shaped flask, 1-phenyl ethanol or benzyl alcohol were taken in air. This was 

followed by addition of 2.5 mol % of NaOtBu and 0.01 mol % of CoCl2 (from a stock solution 

either in 1-phenyl ethanol or benzyl alcohol). After the addition, the reaction mixture contained 

0.61 mL (5.00 mmol) of 1-phenyl ethanol, 0.52 mL (5.00 mmol) of benzyl alcohol, 24 mg (0.25 

mmol) of NaOtBu and 0.13 mg (1 mol) of CoCl2. The mixture was heated at 140 C and 

aliquots were withdrawn at periodic intervals of 0.5h, 1h, 2h, 3h, 5h, 6h, 9h, 12h, 15h, 18h, 21h 

and 24 h. Yield of the desried product was determined by 1H NMR using CDCl3 as solvent and 

toluene as standard. 

 

4.5.7. Procedure for CoCl2 catalyzed β-alkylation of alcohols with hot filtration 

In a 10 mL pear-shaped flask, 1-phenyl ethanol or benzyl alcohol were taken in air. This was 

followed by addition of 5 mol % of NaOtBu and 0.02 mol % of CoCl2 (from a stock solution 

either in 1-phenyl ethanol or benzyl alcohol). After the addition, the reaction mixture contained 

0.61 mL (5.00 mmol) of 1-phenyl ethanol, 0.52 mL (5.00 mmol) of benzyl alcohol, 24 mg (0.25 

mmol) of NaOtBu and 0.13 mg (1 mol) of CoCl2. The mixture was heated at 140 C and an 

aliquot was withdrawn after 1h and the yield of the desried product was determined by 1H 

NMR using CDCl3 as solvent and toluene as standard. The hot reaction mixture was 

subsequently filtered using 0.2 μm Nylon Membrane Filter. The filterate was then heated at 

140 C and aliquots were withdrawn at periodic intervals of 0.5h, 1h, 2h, 3h, 5h, 6h, 9h, 12h, 

15h, 18h, 21h and 24 h. Yield of the desried product was determined by 1H NMR using CDCl3 

as solvent and toluene as standard. 

 

4.5.8. Procedure for CoCl2 catalyzed β-alkylation of alcohols with 3h interval after 3h of 

reaction 
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In a 10 mL pear-shaped flask, 1-phenyl ethanol or benzyl alcohol were taken in air. This was 

followed by addition of 5 mol % of NaOtBu and 0.02 mol % of CoCl2 (from a stock solution 

either in 1-phenyl ethanol or benzyl alcohol). After the addition, the reaction mixture contained 

0.61 mL (5.00 mmol) of 1-phenyl ethanol, 0.52 mL (5.00 mmol) of benzyl alcohol, 24 mg (0.25 

mmol) of NaOtBu and 0.13 mg (1 mol) of CoCl2. The mixture was heated at 140 C and 

aliquots were withdrawn after 1h, 2h and 3h. The reaction mixture was then allowed to stand 

for 3h. After this 3h break, heating was then resumed and aliquots were withdrawn at periodic 

intervals of 5h, 6h, 9h, 12h, 15h, 18h, 21h and 24 h of reaction at 140 C. Yield of the desried 

product was determined by 1H NMR using CDCl3 as solvent and toluene as standard. 

 

Supporting information (containing NMR spectra and of reaction mixtures, HRMS data, 

Kinetics plot, GC plot, EPR data, TEM image, SEM image) for chapter IV is available as 

appendix III and can be found at 

https://drive.google.com/file/d/1nRhwGf9bdDny5-1W_ZrfScmF2e7tI0ZP/view?usp=sharing 
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Chapter- V 

 

Pincer-Cobalt Catalyzed Guerbet-Type β-

alkylation of Alcohols in Air under Microwave 

Conditions 

 

 

The contents of this chapter have been adapted from “Pincer-Cobalt Catalyzed Guerbet-Type 

β-alkylation of Alcohols in Air under Microwave Conditions” by Nandi, P. G.; Thombare, P.; 

Prathapa, S. J; Kumar, A. Organometallics 2022, 41, 22, 3387–3398. 
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5.1. Introduction 

Methods that create C−C bonds provide convenient and versatile routes to agrochemicals, 

pharmaceuticals, natural products, fuels, and fine chemicals.1 Radical2 and organometallic3 

pathways have largely contributed to C−C bond-forming reactions mainly via the transition-

metal-catalyzed activation of C−X (X = H, Cl, Br, I) bonds. Recent years have witnessed the 

rise of several methods that use alcohols as an alkylating agent. These “hydrogen borrowing 

strategies” have continued to garner greater research interest due to their green and atom-

economical nature with water as the only by-product. The use of stoichiometric amounts of 

base leads to large amounts of waste4b,c and renders the metal-free4 systems inappropriate for 

the β-alkylation of alcohols. In a similar vein, several challenges are associated with the use of 

homogeneous catalytic systems based on toxic precious metals such as palladium,5 iridium,6 

rhodium,7 and ruthenium.6b,d,j,8 Earth-abundant, environmentally benign, and inexpensive β-

alkylation catalytic systems have been an area of intense research lately, which have rightly led 

to catalysts based on cobalt,9 copper,10 manganese,11 iron,11k,l nickel,12 and chromium.13  

 

Scheme 5.1: The 5.Co1 catalyzed -alkylation of secondary alcohols with primary alcohols.9b 

 

The first report on Co-catalyzed β-alkylation of alcohols came from the group of Kempe9b 

using a PN3P pincer-Co (5.Co1) (5 mol%) in the presence of 1.1 equivalents of KHMDS 

(potassium hexamethyl disilazane) as a base with up to 90% yield of the β-alkylated product 

(Scheme 5.1).9b The complex 5.Co1 is capable for the alkylation of variety of alcohols starting 

from aliphatic to aromatic to hetero cyclic alcohols with moderate to good yields however, at 

a very high base loading (1.1 equivalents of KHMDS). 
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In 2021, Ding has reported the use of a Co catalyst (0.7 mol%) supported by a iPrPPPNHPyMe 

tridentate ligand for the β-alkylation of alcohols in up to 80% yield at 110 °C at a very high 

base loading (110 mol%) (Scheme 5.2).9c A large variety of substrates could be β-alkylated 

with 5.Co2 (0.7 mol%) in the presence of KOtBu(110 mol%) under N2 atmosphere at 110 °C.9c 

 

 

Scheme 5.2: The 5.Co2 catalyzed -alkylation of secondary alcohols with primary alcohols.9C 

 

Scheme 5.3: CoCl2 catalyzed -alkylation of secondary alcohols with primary alcohols.9C 

We recently reported that cobaltous chloride (0.01 mol %) efficiently accomplishes the 

catalytic β-alkylation of alcohols with high yields (up to 87%) and unprecedented turnovers 

(ca. 8700) in the presence of only 2.5 mol % of NaOtBu (Scheme 5.3).9f This reaction has been 

discussed in detail in the previous chapter. 

 

5.2. Objectives of the current work 
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A comprehensive literature survey reveals that the pincer complexes and also other metal 

complexes are very active for β-alkylation of alcohols at a very high base loading. Crabtree,10e 
Gunanathan,10f Jhonson and Wendit10g have independently reported that only base can mediate 

the β-alkylation of secondary alcohols with primary alcohols albeit at very high loadings. In 

the Chapter-IV, we have demonstrated that base metal salt CoCl2 itself acts as a very active 

catalyst for the β-alkylation of various secondary alcohols with primary alcohols (also see 

Scheme 5.3) in the presence of NaOtBu at loadings as low as 2.5 mol% in air at 140 °C. A 

comprehensive literature survey reveals that the pincer complexes are very much active for the 

activation of alcohols molecules. Following the success in the synthesis of a series of NNN 

pincer-ruthenium complexes (2.6a−d, Figure 5.2, Chapter-II) based on bis(imino)pyridine 

ligands and their application as efficient catalysts for the β-alkylation of alcohols,8l the current 

work attempts to address the following questions: 

 

➢ Using the same bis(imino)pyridine ligand system, can we utilize pincer-cobalt 

complexes rather than pincer-ruthenium complexes as catalysts for the very important 

β-alkylation reactions?  

 

➢ How does the β-alkylation activity of pincer-cobalt complexes compare with 

corresponding activity of the precursor CoCl2? 

 

➢ What will be the functional group tolerance of the resulting β-alkylation catalytic 

system based on pincer-cobalt? 

  

➢ Can we carry out the reaction in air which facilitates the ease of operation without 

compromise on the overall performance?  

 

Apart from the studies by Kempe,9b Ding9c and Kumar9f (Scheme 5.4), there have been no other 

reports on Co-based β-alkylation systems, to the best of our knowledge. In the current study, 

we report the synthesis of a series of NNN pincer-Co complexes based on bis(imino)pyridine 

ligands to yield complexes of the type (R2NNN)CoCl2 (5.1a, R = iPr; 5.1b, R = tBu; 5.1c, R = 

Cy; 5.1d, R = Ph; 5.1e, R = p-F-C6H4) (Figure 5.1). While cobaltous chloride at a 0.0025 mol 

% loading in the presence of 2.5 mol % of NaOtBu at 140 °C gives about a 66% yield in the β-

alkylation of 1-phenylethanol with benzyl alcohol, its corresponding pincer complex 
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(iPr2NNN)CoCl2 (0.0025 mol %) is highly productive (ca. 1.3-fold vs CoCl2) and results in up 

to 85% yield (ca. 34000 TON) of the β-alkylation product under otherwise identical conditions 

(Scheme 5.4). 

 

Figure 5.1. Magnetic moment of pincer-cobalt complexes investigated in the current study 

for the β-alkylation of 1-phenylethanol with benzyl alcohol  

 

 

Scheme 5.4. Efficient cobalt-based catalysts reported for the β-alkylation of alcohols. 
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5.3. Results and discussions 

5.3.1. Synthesis and characterization of pincer-cobalt complexes based on 

bis(imino)pyridine ligands 

The NNN pincer-Co complexes 5.1a−e were synthesized in good yields by the treatment of the 

corresponding ligands14 with CoCl2 in THF at room temperature for 20 h, followed by washing 

with diethyl ether (Scheme 5.5). The NNN pincer-Co complexes 5.1a−e were paramagnetic in 

nature, as indicated by their magnetic susceptibility measurements (5.1a, μeff = 3.23 μB; 5.1b, 

μeff = 4.42 μB; 5.1c, μeff = 3.51 μB; 5.1d, μeff = 4.09 μB; 5.1e, μeff = 4.19 μB;).15 The paramagnetic 

behavior of the considered complexes was further confirmed by an EPR analysis (Figure 5.2).16  

 

All of the considered complexes other than 5.1d14c are new and have not been reported. In 

contrast to Jiang’s report14c on the structure of 5.1d, which contained two molecules per 

asymmetric unit, the single-crystal X-ray analysis of 5.1d in the current study shows only one 

molecule in the asymmetric unit with Co in a trigonal-bipyramidal environment having the 

pincer ligand bound in a meridional fashion with the two chlorides cis to each other. Very 

similar to our studies with pincer-Ni complexes12g and pincer-Fe complexes,12h the dicationic 

octahedral complex [(R2NNN)2Co]2+ in 5.3c whose charge is balanced by a dianionic 

tetrahedral cobalt tetrachloride is obtained during crystallization upon layering a solution of 

5.1c in methanol with hexane (Scheme 5.2). This presumably arises due to the equilibration of 

5.1c with 5.3c in the mother liquor (Scheme 5.5). In 5.3c, which has two molecules per 

asymmetric unit, the two pincer ligands are attached in a meridional fashion to the Co, which 

is in an octahedral environment (Scheme 5.5). While the complex (Ph2NNN)CoCl2 (5.1d) 

crystallized in P21/n space group, the complex [(Cy2NNN)2Co][CoCl4] (5.3c) crystallized in the 

I4̅ space group (Table 5.1 and Table 5.S1). The Co−N(pyridyl) bond distance is slightly 

elongated in the case of neutral complex 5.1d, 2.011(10) Å; 5.3c, 1.972(8) and 1.968(7) Å). In 

5.1d, one of the Co-N(imine) bonds was longer (2.287(11) Å) than the other (2.260(10) Å) 

with (pyridyl)N-Co-N(imine) bond angles of 74.7(4) and 76.20(4)° respectively (Table 5.2 and 

Table 5.S2). 

Similarly, each of the pincer fragments in 5.3c had one long Co-N(imine) bond (2.190(9) and 

2.194(10) Å) and one short Co-N(imine) bond (2.149(8) and 2.163(8) Å). The corresponding 

(pyridyl)N-Co-N(imine) bond angles were also larger (77.40(4) and 76.40(3)°) and smaller 

(75.30(4) and 76.10(4)°), respectively. The N(imine)−(pyridyl)N− N(imine) bond angle in the 
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case of 5.1d (113.83°) is slightly larger than the corresponding angles in 5.3c (110.88 and 

110.91°). 

 

Scheme 5.5. General synthetic pathway towards (R2NNN)CoCl2 (5.1a-e)a 

aThe molecular structures of 5.1d and 5.3c are provided as ORTEP figures drawn at 40% probability. The 

cyclohexyl groups on two N atoms of one of the pincer fragments in 5.3c and all of the hydrogen atoms on both 

5.1d and 5.3c are omitted for the sake of clarity. 

 

 

Figure 5.2. EPR spectra of pincer-Co complexes 5.1a-e in methanol at 77 K. 
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Table 5.1. Crystal structure and refinement parameters of 5.1d and 5.3c 

 

Complex  5.1d 5.3c 

Empirical formula C13H15Cl2CoN3 C38H54Cl4Co2N6 

Formula weight 415.17 854.53 

Temperature/K 296.15 296.15 

Crystal system monoclinic tetragonal 

Space group P21/n I-4 

a/Å 7.716(6) 25.1147(13) 

b/Å 13.681(14) 25.1147(13) 

c/Å 17.066(13) 16.3935(9) 

α/° 90.00 90 

β/° 91.95(2) 90 

γ/° 90.00 90 

Volume/Å3 1800(3) 10340.2(12) 

Z 4 10 

ρcalcg/cm3 1.531 1.372 

μ/mm-1 1.241 1.095 

F(000) 700.0 4460.0 

Crystal size/mm3 0.31 × 0.25 × 0.21 0.32 × 0.24 × 0.21 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.62 to 50 3.24 to 50.14 

Index ranges 
-9 ≤ h ≤ 9, -16 ≤ k ≤ 16, -20 ≤ l ≤ 

20 

-19 ≤ h ≤ 19, -29 ≤ k ≤ 29, -19 ≤ 

l ≤ 17 

Reflections collected 12567 8228 

Independent reflections 
3121 [Rint = 0.1201, Rsigma = 

0.1150] 

8221 [Rint = 0.0101, Rsigma = 

0.0237] 

Data/restraints/parameters 3121/0/226 8221/390/566 

Goodness-of-fit on F2 1.046 1.346 

Final R indexes [I>=2σ (I)] R1 = 0.1362, wR2 = 0.2719 R1 = 0.0723, wR2 = 0.2296 

Final R indexes [all data] R1 = 0.2096, wR2 = 0.2929 R1 = 0.0992, wR2 = 0.2489 

Largest diff. peak/hole / e Å-3 0.74/-0.95 0.61/-0.42 

Flack parameter  0.48(7) 

 

However, the N(imine)−Co−N(imine) bond angle in 5.1d (150.80(4)°) is smaller than the 

corresponding angles in 5.3c (152.40(4) and 152.60(4)°). In line with the single-crystal  
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Table 5.2. Selected bond lengths and bond angles around the Co centre  

 5.1d 5.3c 

Co-N (Å) (Pyridyl) 2.011(10) 1.972(8), 1,968 (4) 

Co –N (imine) (Å) 2.260(10), 2.287 (11) 2.194(10), 2.163 (8) 

2.190(9), 2.149(8) 

(Imine)N-Co-N(Imine) (°) 150.8(4) 152.4(4), 152.6(4) 

(Pyridyl)N-Co-N(Imine) (°) 74.7(4),76.2(4) 76.1(4),76.4(3), 75.3(4), 77.4(4) 

(Pyridyl)N-Co-(Pyridyl)N (°) NA 177.2(3) 

 

X-ray diffraction studies, HRMS analysis provided key evidence for the presence of fragments 

originating from both 5.1 and 5.3 (Figure 5.3). For example, the HRMS analysis of 5.1a showed 

peaks at m/z values of 246.6250, 311.0593. 406.1107 and 469.1891 that correspond to [5.3a − 

CoCl4]
2+, [5.1a − Cl]+, [5.1a − Cl + CH3CN + 3H2O]+ , and [5.1a′ + 2CH3CN + 3H2O + Na]+ 

, respectively. HRMS analyses were thus complementary to single-crystal X- ray diffraction 

studies, clearly indicating that in solution complex 5.1 exists in equilibrium with 5.3 (Scheme 

5.5), the position of which is dictated by the nature of the R group (R = iPr, tBu, Cy, Ph, p-F-

C6H4).  

 

The TGA analysis demonstrated the excellent thermal stability of the synthesized NNN pincer-

Co complexes 5.1a−e/5.3a−e (Figure 5.4). Due to the lack of labile ancillary ligands, hardly 

any mass loss was observed at lower temperatures and a sudden decomposition was observed 

at elevated temperatures (Figure 5.4). However, prior to decomposition, 5.1a and 5.1c 

demonstrated gradual mass losses of about 11% and 10%, respectively, that correspond to the 

loss of one chloride.12g 

 

5.3.2. Studies on the 5.1-catalyzed β-alkylation of 1-phenyl-ethanol with benzyl alcohol 

 Employing benzyl alcohol and 1-phenylethanol as model primary and secondary alcohol, 

respectively, the studies on β-alkylation at 140 °C were initiated using 5.1a as the catalyst  

(Table 5.3). In the presence of 5.1a (0.01 mol %) and NaOtBu (5 mol %) (entry 1, Table 5.3) 

about 87% of the β-alkylated product 5.7 (ca. 8700 TON) was obtained in 96% selectivity 

(Table 5.3). The yield of 5.7 was comparable when the reaction was carried out at a lower 

loading of NaOtBu (2.5 mol %) (entry 2, Table 5.3).  

 

TH-3638_186122024



Pincer-Ruthenium and Pincer-Cobalt Catalyzed Value-Addition of Alcohols…………………………Chapter V 

__________________________________________________________________________________________ 

  

Pran Gobinda Nandi, Phd Thesis, IIT Guwahati 173 

 

 

Figure 5.3. HRMS analysis of 5.1a in acetonitrile and methanol. 

 

 

Figure 5.4. TGA analysis of pincer-Co complexes 5.1a−e under argon with a heating rate of 

10 °C min−1. 
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Though this reactivity is seemingly comparable with the results obtained by us recently with 

CoCl2 as catalyst (0.01 mol %) (entry 2 vs entry 3, Table 5.3),9f one can appreciate the value 

of 5.1a as a more efficient catalyst, as is evident from further optimizations. Lowering of the 

base loading (1.25 mol % NaOtBu) resulted in poorer yields (entry 4, Table 5.3). Hence, further 

studies were carried out at a catalyst and base loadings of 0.01 and 2.5 mol %, respectively. 

The β-alkylation did not occur upon use of Na2CO3 and K2CO3 (entries 5 and 6, Table 5.3). 

While KOH demonstrated poor reactivity (entry 7, Table 5.3) in the 5.1a-catalyzed β-

alkylation, good yields were obtained in the corresponding reaction with NaOH (entry 8, Table 

5.3). In the 5.1a-catalyzed reaction, among NaOtBu (2.5 mol %) (entry 2, Table 5.3) and KOtBu 

(entry 9, Table 5.3), the yield of 5.7 in the case of the former was better than that of the latter. 

Among the catalysts considered (entry 2 and entries 10-13, Table 5.3), the yield of β-alkylated 

product was very good with 5.1a (88% yield at 8800 TON, entry 2, Table 5.3) and 5.1e (83% 

yield at 8300 TON, entry 13, Table 5.3). The yields of 5.7 hardly changed (84%, ca. 16800 

TON) when the loading of both 5.1a and 5.1e was decreased to 0.005 mol % (entries 14 and 

15, Table 5.3). However, since 5.1e had poor solubility, further optimization was carried out 

only with 5.1a. Upon a further decrease in the amount of 5.1a to 0.0025 mol %, the β-alkylation 

in the presence of NaOtBu (2.5 mol %) resulted in an 85% yield (34000 TON) of 5.7 (entry 16, 

Table 5.3). These are the highest turnovers reported for a β-alkylation system based on Co and 

are far superior to the best ones reported, also by us very recently.9f In contrast, the 

corresponding reaction catalyzed by CoCl2 (0.0025 mol %) resulted in only a 66% yield (ca. 

26400 TON) (entry 17, Table 5.3). Subsequent lowering of the catalyst loading of 5.1a 

(0.00125 mol %) gave inferior yields (52%, ca. 41600 TON) (entry 18, Table 5.3). Similarly, 

the β-alkylation carried out at higher loadings of 5.1a resulted in moderate yields (entries 19 

and 20, Table 5.3). 

These reactions were associated with formation of black particles that are very similar to the 

observations reported by us recently and can be attributed to the formation of cobalt 

nanoparticles (Co NPs) that are inactive due to the fact that the reaction is carried out in air.9f 

Repeating the β-alkylation with the best composition of 5.1a (0.0025 mol %) and NaOtBu (2.5 

mol %) at a lower temperature (120 °C) under otherwise identical conditions resulted in 

reduced yields (35%, ca. 14000 TON) (entry 21, Table 5.3). Negligible reactivity was observed 

either in the absence of catalyst or in the absence of NaOtBu (entries 22 and 23, Table 5.3). 

The total yield of products (5.6 + 5.7) was comparable when the reaction was performed in a 

closed vessel (entry 16 vs entry 24, Table 5.3), which points to alcoholysis as the major 
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contributor toward product formation (see Plausible Mechanism; vide infra). Furthermore, the 

yields were similar under atmospheres of argon and air (entry 25 vs entry 16, Table 5.3).  

 

Table 5.3. The 5.1-Catalyzed β-alkylation of 5.5 with 5.4 under varying conditionsa 

 

Entry Catalyst 

(Y mol %)b 

Base 

(X mol%)b  

% Yieldc 5.7 Selectivityd 

5.6 5.7 

1 5.1a (0.01) NaO
t
Bu (5) 4 87 96 

2 5.1a (0.01) NaO
t
Bu (2.5) 3 88 97 

3 CoCl
2
(0.01) NaO

t
Bu (2.5) 9 87 91 

4 5.1a (0.01) NaO
t
Bu (1.25) 2 58 97 

5 5.1a (0.01) Na2CO3 (2.5) 0 0 0 

6 5.1a (0.01) K2CO3 (2.5) trace 0 0 

7 5.1a (0.01) KOH (2.5)   3 40 93 

8 5.1a (0.01) NaOH (2.5) 2 76 97 

9 5.1a (0.01) KOtBu (2.5) 2 65 97 

10 5.1b (0.01) NaOtBu (2.5) 4 63 94 

11 5.1d (0.01) NaOtBu (2.5) 5 70 93 

12 5.1c (0.01) NaOtBu (2.5) 4 66 94 

13 5.1e (0.01) NaOtBu (2.5) 6 83 93 

14 5.1a (0.005) NaOtBu (2.5) 5 84 94 

15 5.1e (0.005) NaOtBu (2.5) 5 84 94 

16 5.1a (0.0025) NaOtBu (2.5) 5 85 94 

17 CoCl2(0.0025) NaOtBu (2.5) 4 66 94 

18 5.1a (0.00125) NaOtBu (2.5) 2 52 96 

19 5.1a (0.05) NaOtBu (2.5) 5 78 94 

20 5.1a (0.25) NaOtBu (2.5) 7 52 88 

21e 5.1a (0.0025) NaOtBu (2.5) 3 35 92 

22 - NaOtBu (2.5) 2 8 80 

23 5.1a (0.0025) - 0 0 0 

24f 5.1a (0.0025) NaOtBu (2.5) 2 90 98 

25g 5.1a (0.0025) NaOtBu (2.5) 10 84 89 
a Reaction conditions unless specified otherwise: 2 mmol of 5.4, 2 mmol of 5.5, X mol % of base, and Y mol % 

of Co catalyst at 140 °C (conventional heating) for 24 h in an open vessel. b The mol % values of base and catalyst 

are with respect to the total alcohol content (5.4 + 5.5). c The yield is determined from 1H NMR using toluene as 

a standard. d Selectivity = (Yield of 5.7/ Total yield (5.6 + 5.7)) *100 e Performed at 120 °C. f Performed in a 

closed vessel. g Performed under an argon atmosphere. 
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Table 5.4. The 5.1a-Catalyzed β-alkylation of 5.5 with 5.4 under microwave heating 

 

Entry Catalyst (0.0025 mol%)b Time (minutes) % Yieldc Selectivityd of 

5.7   
5.6 5.7 

1 5.1a  30 3 23 88 

2 5.1a  60 4 55 93 

3 5.1a  90 6 75 93 

4 5.1a  120 7 83 92 

5e 5.1a  120 1 16 94 

6 CoCl2  120 2 61 97 

7f CoCl2  120 10 85 89 

aReaction conditions: 2 mmol of 5.4, 2 mmol of 5.5, 2.5 mol% (0.0048 g, 0.05 mmol) of NaOtBu and 0.0025 

mol% of Co catalyst at 140 oC (microwave heating at 75 W) in a closed vessel. bThe mol % of base and catalyst 

is with respect to total alcohol content (5.4 + 5.5). cYield is determined from 1H NMR using toluene as a standard. 

dSelectivity = (Yield of 5.7/ Total yield (5.6 + 5.7)) *100 e Reaction Performed under 120 oC. fPerformed in an 

open vessel. 

Apart from the conventional heating method, under the optimized reaction conditions (entry 

16, Table 5.3), the reactions were carried out under the influence of microwave heating (140 

°C, 75 W, and 20 psi, Table 5.4). Very similar to our recent observation with Cr-based 

catalysts,13 microwave conditions led to better yields of 5.7 (ca. 83%, 33200 TON at 16600 

TO/h) after only 2 h of the reaction (entry 4, Table 5.4). The productivity was poor at lower 

temperatures (entry 5, Table 5.4) in the 5.1a-catalyzed reaction under microwave conditions. 

In comparison to the yields obtained with conventional heating, the yield of β-alkylation with 

CoCl2 (0.0025 mol %) under microwave conditions was similar (ca. 61%, 24400 TON) at a 

much-reduced reaction time (2 h). However, even under microwave conditions, 5.1a was more 

efficient than CoCl2 (entries 4 and 6, Table 5.4).  

Using 5.1a as catalyst, under the best conditions (entry 16, Table 5.3, and entry 4, Table 5.4), 

the alkylations of several 1- phenylethanol derivatives with variety of benzyl alcohols were 

carried out under both conventional and microwave heating (Tables 5.5 and 5.6). 

Electron-withdrawing and electron-donating groups on benzyl alcohols hardly affected the  
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Table 5.5. The 5.1a-catalyzed β-alkylation of 1-phenylethanol with various derivatives of 

benzyl alcohola  

 
a Reaction conditions unless specified otherwise: 2 mmol of 5.4, 2 mmol of 5.5, 2.5 mol% (0.0048 g, 0.05 mmol) 

of NaOtBu and 0.0025 mol% (0.00001735 g, 0.00005 mmol) of 5.1a at 140 °C (conventional heating) for 24 h in 

an open vessel. bThe yield is determined from 1 H NMR using toluene as a standard. cAt 140 °C under microwave 

heating at 75 W for 2 h in a closed vessel.  

 

 yield of β-alkylation of 1-phenylethanol (5.7, 5.7a−c, 5.7g, 5.7i and 5.7k, Table 5.3). While 

the yield of β-alkylated product 5.7d was good with pyridine-3-ylmethanol- as the starting  
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Table 5.6. The 5.1a-catalyzed β-alkylation of various 1- phenylethanol derivatives with 

benzyl alcohola 

 
a Reaction conditions unless specified otherwise: 2 mmol of 5.4, 2 mmol of 5.5, 2.5 mol% (0.0048 g, 0.05 mmol) 

of NaOtBu and 0.0025 mol% (0.00001735 g, 0.00005 mmol) of 5.1a at 140 °C (conventional heating) for 24 h in 

an open vessel. bThe yield is determined from 1 H NMR using toluene as a standard. cAt 140 °C under microwave 

heating at 75 W for 2 h in a closed vessel. 
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material, the corresponding yields with pyridin-4-ylmethanol and pyridine-2-ylmethanol (5.7l 

and 5.7e, Table 5.5) were low.  

Very similar to our earlier observations,9f,12g the yield of 5.1a-catalyzed β-alkylation of 1-

phenylethanol with thiophen-2-ylmethanol was better than that of the corresponding reaction 

with furan-2- ylmethanol (5.7m Vs 5.7f, Table 5.3). Furthermore, 5.1a-catalyzed β-alkylation 

of 1-phenylethanol with primary aliphatic alcohols resulted in poor yields (5.7n−q, Table 5.3). 

In stark contrast to the observation with primary alcohols, the presence of electron-withdrawing 

groups in the para position of 1-phenyl ethanol (−F, −Cl, and −NO2 in 5.7s, 5.7zd, 5.7zg 

respectively, Table 5.6) leads to lower yields of products. This observation is significant and 

likely points to the involvement of a methine C−H bond in the RDS (Scheme 5.7 and discussion 

in Plausible Mechanism, vide infra).  

 

With the exception of heteroaromatic secondary alcohols (5.7z, 5.7zb, 5.7zc and 5.7zk, Table 

5.6) and acyclic aliphatic secondary alcohols (5.7t, 5.7zl, Table 5.6), reasonably good yields 

were observed for the 5.1a-catalyzed β-alkylation of most of the 1-phenylethanol derivatives 

using benzyl alcohol as the alkylating agent (Table 5.6). 

 

5.3.3. Control experiments 

We have recently demonstrated that hot-filtration experiments are complementary to a 

mercury-drop test and that the former could be used as an effective alternate to the hazardous 

latter.9f,13 In the current study it was observed that, heating a mixture of 2 mmol of 5.4, 2 mmol 

of 5.5, 2.5 mol % of NaOtBu, and 0.0025 mol % of 5.1a at 140 °C for 24 h under conventional 

heating conditions resulted in an 85% yield of 5.7 (entry 16, Table 5.3 and equation 1, Scheme 

5.6).  

 

In a repeat experiment, the reaction mixture was heated for 1 h and hot-filtered and the filtrate 

was heated for another 23 h. An analysis of the resulting mixture indicated the formation of 5.7 

in 80% yield. The comparable yields of β-alkylation of reactions with (equation 2, Scheme 5.6) 

and without (equation 1, Scheme 5.6) hot-filtration13,17 fortifies the involvement of a well-

defined molecular Co catalyst rather than heterogeneous Co. 

 

Furthermore, when 5.4 (2 mmol) and 5.5 (2 mmol) were independently heated at 140 °C 

with5.1a (0.0025 mol %) and NaOtBu (2.5 mol %) in air for 1 h, the formation of hydrogen 
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Scheme 5.6. Control Experiments 
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(Figures 5.8 and 5.9) was detected by GC analysis of the headspace. Trace amounts of 

benzaldehyde and acetophenone, respectively, were also observed in the 1H NMR of the 

reaction mixture. As a trace amount of acetophenone 5.5′ is observed in all of the 5.1a-

catalyzed β-alkylations (Figures 5.S1−5.S66), a control experiment was performed in which 

5.5′ was heated with 5.4 under the optimized β-alkylation conditions (equation 5, Scheme 5.6). 

This led to the formation of 5.6 and 5.7 in 19% and 15% yields, respectively.  

 

The observation of the α,β-unsaturated ketone 5.6′ and hence its possible intermediacy in the 

reaction was confirmed by heating it with either 5.4 or 5.5, which served as a sacrificial 

hydrogen donor under the optimized β-alkylation conditions to yield 5.6 and 5.7, respectively 

(equations 6 and 7, Scheme 5.6). More mechanistic insights were obtained from labelling 

studies by the use of deuterated benzyl alcohol 5.4a. When a mixture of 5.5 (2 mmol), 5.4 (1 

mmol), and 5.4a (1 mmol) was heated to 140 °C with 5.1a (0.0025 mol %) and NaOtBu (2.5 

mol %) in an open vessel under air, the β-alkylated product 5.7′ was obtained in 49% yield 

(equation 8, Scheme 5.6). On the basis of the amount of deuterium incorporation at Ca, the KIE 

was found to be 6.14.9f,11k,12g,13,18  

 

Valuable information was obtained from following a reaction of 5.4 (2 mmol) and 5.5 (2 mmol) 

catalyzed by 5.1a (0.25 mol %) in the presence of NaOtBu (2.5 mol %) at 140 °C in air by ESR 

(Figure 5.5) and HRMS (Figure 5.7). Complex 5.1a is paramagnetic (μeff = 3.23 μB in the solid 

state and μeff = 4.29 μB in solution), which indicates it to be either octahedral or trigonal 

bipyramidal.15 On the basis of an HRMS analysis (Figure 5.3) it is clear that there is actually a 

mixture of 5.1a (trigonal bipyramidal) and 5.3a (octahedral). However, it should be noted that 

the well-defined ESR signal (Figure 5.5a) arises from only 5.1a with a trigonal-bipyramidal 

geometry, as Co(II) in an octahedral geometry is reported to be ESR inactive.9f,16 The reaction 

mixture was ESR silent (Figure 5.5) throughout the reaction, which points to Co(II) species in 

an octahedral environment.9f,16 The paramagnetic nature of these ESR-silent octahedral Co(II) 

species was confirmed by magnetic moment measurements (Figure 5.6b)  by the Evans method. 

The observed magnetic moment value of 3.04 μB 15 (Figure 5.6b) and the ESR-silent nature9f,16 

(Figure 5.5b−i) points to the involvement of octahedral Co(II) species8−12 5.8-5.12 (Scheme 

5.7). Notably under the reaction conditions both the TBP precursor 5.1 and the Oh/Th ion pair 

precursor 5.3 is likely to transform irreversibly to Oh species 5.8-5.12. 
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Figure 5.5. ESR spectra of (a) 5.1a in methanol, (b) reaction mixture containing 5.1a (0.25 

mol %) in a solution of 5.4 and 5.5 immediately after mixing, (c) reaction mixture containing 

5.1a (0.25 mol %) and NaOtBu (2.5 mol %) in a solution of 5.4 and 5.5 immediately after 

mixing, (d) reaction mixture containing 5.1a (0.25 mol %) and NaOtBu (2.5 mol %) in a 

solution of 5.4 and 5.5 after heating at 140 °C for 30 min, (e) reaction mixture containing 5.1a 

(0.25 mol %) and NaOtBu (2.5 mol %) in a solution of 5.4 and 5.5 after heating at 140 °C for 

1 h, (f) reaction mixture containing 5.1a (0.25 mol %) and NaO Bu (2.5 mol %) in a solution 

of 5.4 and 5.5 after heating at 140 °C for 3 h, (g) reaction mixture containing 5.1a (0.25 mol 

%) and NaOtBu (2.5 mol %) in a solution of 5.4 and 5.5 after heating at 140 °C for 5 h, (h) 

reaction mixture containing 5.1a (0.25 mol %) and NaOtBu (2.5 mol %) in a solution of 5.4 

and 5.5 after heating at 140 °C for 14 h, (i) reaction mixture containing 5.1a (0.25 mol %) and 

NaOtBu (2.5 mol %) in a solution of 5.4 and 5.5 after heating at 140 °C for 24 h.  

 

At t = 0 h (prior to heating), a HRMS analysis (Figure 5.7) of the reaction mixture showed 

peaks at m/z 338.3429 and 675.6765 that correspond to 5.8a′ and [5.9a′ + H2O + 2CH3CN + 

K]+, respectively, with the former presumably arising from the methoxide for benzyl oxide/1-

phenyl ethoxide substitution of 5.8a/5.9a (when X = OCH2Ph, OCH(CH3)Ph, Scheme 5.7) in 

the methanol solvent used for analysis. When the system is heated for 1 h, apart from the peaks 
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Figure 5.6. Determination of the magnetic moment of the Co species present in the solution 

containing 5.1a (a) before the addition of base and (b) after the addition of base. 

 

observed at 0 h, an additional peak at m/z 419.2005 corresponding to [5.8a″ + H]+ was 

observed in the HRMS analysis. The HRMS analyses at later times (Figures 5.S82−5.S85) 

were similar to those observed at 1 h . These observations indicate the involvement of well-

defined molecular Co(II) species during catalysis, in line with the observations made in 

equations 1 and 2 (Scheme 5.6). The HRMS analyses are also indicative of the integrity of the 

pincer fragment and show that the imino groups are intact during catalysis. Furthermore, the 

similar yields obtained under atmospheres of air and argon (entry 16 vs entry 25, Table 5.3) 

are indicative of the absence of any redox species (Co(II)/ Co(0) or Co(II)/Co(III)) in the 

catalytic cycle. One should also not ignore the fact that pincer-Co adducts containing the 

products 5.6 and 5.7 are not observed. This points to their absence in the RDS.  
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Figure 5.7. HRMS analysis of a mixture of 5.4 (2 mmol) and 5.5 (2 mmol) in the presence of 

5.1a (0.001735 g, 0.005 mmol 0.25 mol %) and NaOtBu (0.0048 g, 0.05 mmol, 2.5 mol %) 

after (a) 0 h and (b) 1h. 

 

5.3.4. Plausible Mechanism 

The inferences drawn from control experiments (Scheme 5.6 and Figures 5.5−5.7) have been 

instrumental in arriving at a plausible mechanism (Scheme 5.7). The NNN pincer-Co complex 

5.1/5.3 upon treatment with NaOtBu in the presence of 5.4/5.5 yields octahedral Co(II) species 

5.8/5.9 along with the formation of NaCl (Scheme 5.7). The detection of 5.8a′ and 5.9a′ in the 

HRMS of the reaction mixture at room temperature suggests that the salt metathesis of 5.1/5.3 

with NaOtBu occurs at room temperature. Subsequent β-hydride elimination from 5.8/5.9 gives 

the corresponding carbonyl compounds 5.4′/5.5′ and the hydride complex 5.10. Notably 5.4′ 

and 5.5′ are detected by NMR in the independent dehydrogenations of 5.4 and 5.5, respectively 

(equations 3 and 4, Scheme 5.6). On the other hand, in the Guerbet reaction mixture, only 5.5′ 

is detected by NMR. The absence of Co adducts with either 5.6 or 5.7 in the HRMS analysis 

(Figure 5.7) suggests that the rate-determining step (RDS) lies in the alcohol dehydrogenation 
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fragment (Scheme 5.7) and more so in the β-hydride elimination from 5.9, which is in good 

agreement with the KIE of 6.14, lower yields in the presence of electron-withdrawing groups 

in the - para position of 1- phenyl ethanol, and the observation of 5.5′ in trace amounts in the 

reaction mixture. 

 

 

 

Scheme 5.7. Plausible mechanism involved in the 5.1/5.3-catalyzed β-alkylation of 1-

phenylethanol with benzyl Alcohol. 

 

A follow-up σ-bond metathesis of the O−H bond of 5.4/5.5 with Co−H of 5.10 regenerates 

5.8/5.9 along with the liberation of H2 (detected by GC, Figures 5.8 and 5.9). Further, the 

formation of the α, β-unsaturated ketone 5.6′ from the aldol condensation of benzaldehyde 

(5.4′) and acetophenone (5.5′) is uncatalyzed and is mediated by the base (NaOtBu). Though 

5.6′ is not observed in 1H NMR, it is detected in a few HRMS analyses (m/z 209.0960, Figure 

5.7). The insertion of the double bond of 5.6′ into the Co−H bond in 5.10 yields 5.11. A further 

σ-bond metathesis of the Co−C bond in 5.11 either with the O−H bond of 5.4/5.5 or with H2 

completes the cycle to yield the corresponding ketone 5.6 along with the regeneration of 

catalytically active 5.8/5.9/5.10 (Scheme 5.7). A similar cycle involving insertion and 
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alcoholysis/ hydrogenolysis via 5.10 → 5.12 → 5.8/5.9/5.10 can be envisaged for the 

transformation of 5.6 to 5.7. If hydrogenolysis is involved, it requires closed-vessel conditions. 

On the other hand, the reaction is unaffected by either a closed-vessel or open-vessel condition 

if alcoholysis is involved. In our current studies, apparently, alcoholysis is a major contributor 

to product (entries 16 and 24, Table 5.3 and entries 4 and 7, Table 5.4) formation and hence 

not surprisingly the reaction yields are similar under either open-vessel or closed-vessel 

conditions. Though hydrogen is involved, it is likely to be in a low steady-state concentration 

and could be rapidly consumed back in a reverse reaction apart from leading to a minor amount 

of product formation via hydrogenolysis. This is very similar to our recent reports on β-

alkylation with CoCl2,
9f pincer-Ni,12g and pincer-Cr-based catalysts.13  

 

 

Figure 5.8. Evidence for the evolution of H2 in dehydrogenation of benzyl alcohol (5.4) 

catalyzed by 5.1a (0.005 mol %) at 140 °C via GC analysis. 

5.4. Conclusion 

The environmentally benign, earth-abundant, and inexpensive base metal cobaltous chloride 

has been used to synthesize pincer-Co complexes of the type (R2NNN)CoCl2 (R = iPr, tBu, Cy, 

Ph, p-F-C6H4). On the basis of the nature of the R group, these complexes are found to exist 
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Figure 5.9. Evidence for the evolution of H2 in dehydrogenation of 1-phenyl ethanol (5.5) 

catalyzed by 5.1a (0.005 mol %) at 140 °C via GC analysis. 

in equilibrium with the corresponding ion-pair [(R2NNN)2Co]CoCl4. The TGA analysis 

indicates that the considered pincer-Co complexes demonstrate very good thermal stability. All 

of the considered pincer-Co complexes have been found to efficiently catalyze β-alkylation of 

1-phenylethanol with benzyl alcohol. In particular, (iPr2NNN)CoCl2 has demonstrated the best 

activity in air at 140 °C. Under conventional heating, (iPr2NNN)CoCl2 (0.0025 mol %) 

catalyzed the β-alkylation in the presence of NaOt Bu (2.5 mol %) in 24 h to yield 85% (34000 

TON at 1417 TO/h) of the β-alkylated product. On the other hand, the corresponding reaction 

under microwave conditions (140 °C at 75 W) was complete in only 2 h with a comparable 

yield (83%, 33200 TON) and far better TOF (16600 TOs/h). Under similar conditions, the 

precursor CoCl2 (0.0025 mol %) gave relatively poor results under both conventional (ca. 66%, 

26400 TON at 1100 TOs/h) and microwave heating (ca. 61%, 24400 TON at 12200 TOs/h). 

The β-alkylations (ca. 39 examples) of a range of secondary alcohols with several primary 

alcohols have been successfully accomplished using (iPr2NNN)CoCl2 as a catalyst under both 

conventional and microwave heating.  

Hot-filtration experiments and HRMS analyses suggest the existence of well-defined molecular 

Co(II) species during the catalytic β-alkylation. During the reaction Co remains in its +2 state, 
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as inferred from EPR studies and magnetic moment measurements using the Evans method. In 

good agreement with HRMS analyses that show pincer-Co adducts only with reactant alcohols 

and in line with the observation of trace amounts of acetophenone during the β-alkylation, key 

evidence for the involvement of C−H activation (β-hydride elimination of acetophenone in 

particular) in the RDS of the pincer-Co-catalyzed reaction is obtained from competitive 

deuterium labelling experiments that result in a KIE of 6.14. This also explains the low yields 

of β-alkylation of 1-phenylethanol derivatives with electron-withdrawing groups. To the best 

of our knowledge, these unprecedented turnovers (33200 TON at 16600 TO/h) in such a short 

time (2 h) are the best reported hitherto with base-metal catalysis for β-alkylation. These pincer-

Co catalytic systems that operate in air under microwave conditions offer exciting possibilities 

for related tandem (de)hydrogenation reactions. 

 

5.5. Experimental section 

5.5.1. General Procedure and Materials 

All manipulations were carried out in air. The chemicals NaOtBu, KOtBu, NaOH, KOH, 

Na2CO3, K2CO3, CDCl3, benzyl alcohol, 1-phenylethanol, and their derivatives were purchased 

either from Sigma-Aldrich or MERCK and used as such. All catalytic reactions were carried 

out in air using oven dried glassware. The 1-phenyl ethanol derivatives that were not 

commercially available were prepared according to a literature procedure.19a Tetrahydrofuran 

(THF) was dried via double distillation over Na/benzophenone. 

 

5.5.2. Physical Measurements  

The 1H and 13C{1H} NMR spectra were recorded on a Bruker ASCEND 600 instrument 

operating at 600 MHz for 1H and 150 MHz for 13C{1H}, a Bruker AVANCE 500 instrument 

operating at 500 MHz for 1H and 125 MHz for 13C{1H}, or a Bruker AVANCE 400 instrument 

operating at 400 MHz for 1H and 100 MHz for 13C{1H}. Chemical shifts (δ) are reported in 

ppm. HRMS measurements were carried out using an Agilent Accurate- Mass Q-TOF ESI-MS 

6520 instrument. The X-band EPR spectra were recorded on a JES-FA200 ESR spectrometer. 

X-ray crystallographic data were acquired on a Bruker D8 Venture single-crystal Xray 

diffractometer using graphite-monochromated Mo Kα radiation. The data refinement and cell 

reductions were carried out with the Bruker SAINT program.20 Structures were further solved 

and refined by the full-matrix least-squares method using SHELXS-14.21 Thermogravimetric 

analyses were performed using a thermal analyser (SDTQ600) with a simultaneous DTA/TGA 
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system, under argon with a heating rate of 10 °C min−1. Solid-state magnetic susceptibilities of 

the complexes were recorded using a Sherwood Scientific MSB-1 magnetic balance at room 

temperature. Microwave reactions were carried out with a CEM Discover apparatus operating 

at a voltage of 110 V and microwave irradiation of 2.45 GHz with a maximum microwave 

output of 300 W. 

 

5.5.3. Synthesis of (iPr2NNN)CoCl2 (5.1a) 

The metal salt CoCl2 (0.045 g, 0.346 mmol) was stirred with the ligand 5.2a (0.075 g, 0.346 

mmol) in dry and distilled THF (3 mL) for 16 h at room temperature. The solvent was 

evaporated under reduced pressure, and the light green solid was washed with diethyl ether (3 

× 3 mL). The residue was dried under vacuum and isolated as a light green solid (0.103 g) in 

86% yield. HRMS (ESI): m/z calculated for [5.3a − CoCl4]
2+ = [C26H38CoN6],

2+ 246.6245, 

found 246.6250; m/z calculated for [5.1a − Cl]+ = [C13H19ClCoN3]
+, 311.0600, found 

311.0593; m/z calculated for [5.1a − Cl + CH3CN + 3H2O]+ = [C15H28ClCoN4O3],
+ 406.1182, 

found 406.1107; m/z calculated for [5.1a′ + 2CH3CN + 3H2O + Na]+ = [C17H33CoN5NaO5]
+, 

469.1891, found 469.1711. Magnetic susceptibility: μeff = 3.23 μB. 

 

5.5.4. Synthesis of (tBu2NNN)CoCl2 (5.1b) 

The metal salt CoCl2 (0.065 g, 0.5 mmol) was stirred with the ligand 5.2b (0.129 g, 0.5 mmol) 

in dry and distilled THF (3 mL) for 16 h at room temperature. The solvent was evaporated 

under reduced pressure, and the green solid was washed with diethyl ether (3 × 3 mL). The 

residue was dried under vacuum and isolated as a green solid (0.146 g) in 78% yield. HRMS 

(ESI): m/z calculated for [5.1b − Cl]+ = [C15H23ClCoN3]
+, 339.0913, found 339.0907; m/z 

calculated for [(tBu2NNN)Co(OH)(OCH3) + 2CH3CN + H]+ = [C20H34CoN5O2]
+ 435.2045, 

found 435.3767. Magnetic susceptibility: μeff = 4.42 μB. 

 

5.5.5. Synthesis of (Cy2NNN)CoCl2 (5.1c) 

The metal salt CoCl2 (0.045 g, 0.346 mmol) was stirred with the ligand 5.2c (0.103 g, 0.346 

mmol) in dry and distilled THF (3 mL) for 16 h at room temperature. The solvent was 

evaporated under reduced pressure, and the blackish green solid was washed with diethyl ether 

(3 × 3 mL). The residue was dried under vacuum and isolated as a blackish green solid (0.126 

g) in 43% yield. HRMS (ESI): m/z calculated for [5.3c − CoCl4]
2+ = [C38H54CoN6]

2+, 326.6871, 
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found 326.6866; m/z calculated for [5.1c − Cl]+ = [C19H27ClCoN3]
+, 391.1226, found 391.1221. 

Magnetic susceptibility: μeff = 3.51 μB. 

 

5.5.6. Synthesis of (Ph2NNN)CoCl2 (5.1d) 

The metal salt CoCl2 (0.045 g, 0.346 mmol) was stirred with the ligand 5.2d (0.099 g, 0.346 

mmol) in dry and distilled THF (3 mL) for 16 h at room temperature. The solvent was 

evaporated under reduced pressure, and the yellow solid was washed with diethyl ether (3 × 3 

mL). The residue was dried under vacuum and isolated as a yellow solid (0.129 g) in 90% 

yield. HRMS (ESI): m/z calculated for [5.3d − CoCl4]
2+ = [C38H30CoN6]

2+ 314.5932, found 

314.5943; m/z calculated for [5.1d − Cl]+ = [C19H15ClCoN3]
+, 379.0287, found 379.0281. 

Magnetic susceptibility: μeff = 4.09 μB. 

 

5.5.7. Synthesis of ((p‑F‑C6H4)2NNN)CoCl2 (5.1e) 

The metal salt CoCl2 (0.045 g, 0.346 mmol) was stirred with the ligand 5.2e (0.111 g, 0.346 

mmol) in dry and distilled THF (3 mL) for 16 h at room temperature. The solvent was 

evaporated under reduced pressure, and the yellow solid was washed with diethyl ether (3 × 3 

mL). The residue was dried under vacuum and isolated as a yellow solid (0.144 g) in 93% 

yield. HRMS (ESI): m/z calculated for [5.1e – Cl + 3CH3OH + CH3CN]+ = 

[C24H28ClCoF2N4O3]
+, 552.1150, found 552.3152. Magnetic susceptibility: μeff = 4.19 μB. 

 

5.5.8. General Procedure for 5.1a-Catalyzed β-Alkylation of Alcohols 

In a 10 mL pear-shaped flask containing 1-phenylethanol and benzyl alcohol were added 2.5 

mol % of NaOtBu and 0.0025 mol % of (iPr2NNN)CoCl2 (from a stock solution in either 1-

phenylethanol or benzyl alcohol). Ultimately, the reaction mixture contained 0.0347 mg (0.1 

μmol) of (iPr2NNN)CoCl2, 9.6 mg (0.1 mmol) of NaOtBu, 0.241 mL (2.00 mmol) of 1-

phenylethanol, and 0.206 mL (2.00 mmol) of benzyl alcohol. The contents were heated at 140 

°C (either under conventional heating for 24 h or under microwave (75 W) for 2 h) in air and 

subsequently cooled to room temperature. A known amount of toluene was then added to the 

reaction mixture. From the reaction mixture, an aliquot (10 mg) was withdrawn and the 1H 

NMR recorded in CDCl3. The yield (in mmol) of product formed was calculated from 1H NMR 

using a known amount of toluene as a standard.19b The percentage yield was obtained by 

multiplying the ratio of calculated yield to theoretical yield by 100. 
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Supporting information (containing NMR spectra and of reaction mixtures, HRMS data, GC 

plot, TGA data, EPRS data) for chapter V is available as appendix IV and can be found at 

https://drive.google.com/file/d/1nRhwGf9bdDny5-1W_ZrfScmF2e7tI0ZP/view?usp=sharing 
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Chapter-I discusses the use of pincer complexes as efficient catalysts for various 

transformations. Pincer-metal complexes, due to their robust nature and high thermal stability, 

have been at the forefront in the dehydrogenation of alkanes and alcohols. Further, the use of 

alcohols as alkylating agent with various substrates using these complexes has been reviewed. 

The chapter ends with the discussion of the scope of the current thesis. 

 

Chapter-II deals with the synthesis and characterization of three new NNN pincer-ruthenium 

complexes based on bis(imino)-pyridine ligands. These complexes in addition to their 2,6-

bis(benzimidazol-2-yl)pyridine counterparts have been further applied towards the β-

methylation of 2-phenylethanol and selective β-dimethylation of 1-phenylethanol using 

methanol as an alkylating agent. Among all the considered complexes, the pincer-ruthenium 

complex [(MeBim2NNN)RuCl(PPh3)2]Cl exhibited the best catalytic activity. The complex 

[(MeBim2NNN)RuCl(PPh3)2]Cl (0.5 mol %) catalyzed the β-methylation of 2- phenylethanol in 

presence of  0.75 equivalents of KOH and 7.5 equivalents of methanol, resulting in 92% yield 

of β-methylated alcohol at 140 °C after 24h. Further, the selective β-dimethylation of 1-

phenylethanol was achieved in presence of [(MeBim2NNN)RuCl(PPh3)2]Cl (0.5 mol %) with 2 

equivalents of Na using 24.8 equivalents of methanol at 140 °C to obtain β-dimethylated 

alcohol with 92% yield and 92% selectivity. The kinetic experiments showed the linear 

dependence of rate of product formation on the concentrations of both 2-phenylethanol and the 

pincer-ruthenium catalyst. The reaction was catalyzed by well-defined molecular catalysts as 

inferred from the mercury-drop test and kinetic studies. The kinetic isotope effect studies were 

performed, where a secondary KIE of 1.56 was obtained. The σ-bond metathesis of methanol 

with the Ru−H species with concomitant evolution of hydrogen is the RDS with a barrier of 

24.06 kcal/mol as inferred from the DFT calculations. 
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Figure 1: [(MeBim2NNN)RuCl(PPh3)2]Cl catalyzed β-methylation of 2-phenylethanol and 1-

phenylethanol. 

 

Chapter-III discusses a series of new and previously known NNN pincer-Ru catalysts of the 

type (R2NNN)RuCl2L (R = iPr, tBu, Cy, Ph, p-F-C6H4, p-OMe- C6H4 and L = PPh3, CO and 

CH3CN) based on bis(imino)pyridine ligands and [(RBim2NNN)RuClL2]Cl (R = H and Me, L = 

PPh3 and CO) based on 2,6-bis(benzimidazole-2-yl)pyridine ligands. All complexes were 

tested for the decarboxylative coupling of lower-molecular weight alcohols to higher-

molecular weight alkanes. The (MeBim2NNN)RuCl2(PPh3)2 (1 mol%) based on 2,6-

bis(benzimidazole-2-yl)pyridine ligand catalyzed the decarboxylation of 2-phenylethanol in 

presence of 0.5 equivalents of NaOH to produce  91% of 1,3-diphenyl propane with 100% 

selectivity at 140 °C within 5 hours. The first-order dependence of initial rate on both the 

concentration of base and catalyst concentration was inferred from the kinetic studies. The DFT 

calculations were in accordance with the experimental findings and indicate that the 

dehydrogenolysis step leading to the formation of 2-phenyl acetaldehyde and the resting state 

(MeBim2NNN)RuHCl is the rate-determining step with a barrier of 22.81 kcal/mole at 140 °C.  

In comparison to the rate-determining dehydrogenolysis step of the cycle involving most active 

catalyst [(MeBim2NNN)RuCl(PPh3)2]Cl, the corresponding cycle with the least active catalyst 

(iPr2NNN)RuCl2(PPh3) involved insertion of 1,3-diphenyl propene into the Ru-H bond as the 

RDS which is kinetically unfavorable by 5.00 kcal/mol and gives only 14% of 1,3-diphenyl 

propane at 25% selectivity. To the best of our knowledge, this is the first example of a Ru based 
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catalyst for the upgradation of alcohols to alkanes directly without the need of an additional 

hydrogenation step.  

 

 
 

Figure 2: [(MeBim2NNN)RuCl(PPh3)2]Cl catalyzed deoxygenative coupling of alcohols to 

alkane.  

 

Chapter-IV describes the use of readily available CoCl2 that forms complexes with alcohols 

in-situ and efficiently catalyzes the β-alkylation of alcohols under air. The rapid formation of 

heterogeneous cobalt NPs was observed in the presence of 1 mol% of CoCl2, which were 

sensitive to air, resulting in poor yields (25%) of β-alkylated products.  When the reaction was 

carried out with 0.01 mol% of CoCl2, a better control over reactivity (87% yield, ca. 8700 

TON) was observed with the delay in the heterogenization. The kinetic experiments exhibited 

the linear dependence of rate of the product formation on the concentrations of both, cobaltous 

chloride (in the regime of homogenity) and sodium tert-butoxide. Further, the concentration of 

1-phenyl ethanol and benzyl alcohol showed a non-linear dependence on the rate of the product 

formation. The superior reactivity for the β-alkylation of alcohols was observed with molecular 

Co catalysts rather than heterogeneous Co NPs. The possible involvement of C–H activation 

in the cobaltous chloride catalyzed β-alkylation was inferred from the deuterium labelling 

experiments with a kH/kD value of 1.61. 
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Figure 3: CoCl2 catalyzed β-alkylation of secondary alcohols with primary alcohols. 

 

Chapter-V discuss the use of earth-abundant, inexpensive, environmentally benign base metal 

cobaltous chloride to synthesize pincer-Co complexes of the type (R2NNN)CoCl2 (R = iPr, tBu, 

Cy, Ph, p-F-C6H4). These complexes are found to exist in equilibrium with the corresponding 

ion-pair [(R2NNN)2Co]CoCl4 depending on the nature of the R group. The high thermal 

stability of considered pincer-Co complexes was tested using TGA analysis. Among the 

considered complexes, (iPr2NNN)CoCl2 demonstrated the best activity in air  under both 

thermal and microwave heating at 140 °C for the -alkylation of secondary alcohols with 

primary alcohols. The (iPr2NNN)CoCl2 (0.0025 mol %) complex in the presence of  2.5 mol% 

of NaOtBu gave 85% (34000 TON at 1417 TO/h) of the β-alkylated product in 24 h under 

conventional heating. On the other hand, the same reaction under microwave conditions (140 

°C at 75 W) was accomplished within 2 h with a comparable yield of 83% (33200 TON) with 

a better TOF of 16600 TOs/h. Upon using CoCl2 with similar reaction conditions, poor results 

under both conventional (ca. 66%, 26400 TON at 1100 TOs/h) and microwave heating (ca. 

61%, 24400 TON at 12200 TOs/h) were observed. The existence of well-defined molecular 

Co(II) species formed during the catalytic β-alkylation was proved by HRMS analysis and hot-

filtration experiments. The EPR studies and magnetic moment measurements using the Evans 

method, pointed towards the presence of octehadral cobalt in +2 oxidation state. The C-H 

activation (β-hydride elimination of acetophenone in particular) is the RDS, which was 
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confirmed from HRMS analysis and competitive deuterium labelling experiments that result in 

a KIE of 6.14. 

 

 

Figure 4: (iPr2NNN)CoCl2 catalyzed β-alkylation of secondary alcohols with primary alcohols. 

 

The current thesis has explored the synthetic methodologies to arrive at new pincer-Ru and 

pincer-Co complexes based on bis(imino)pyridine and 2,6-bis(benzimidazol-2-yl)pyridine 

ligands. These pincer complexes have been utilized for various organic transformations with a 

special emphasis towards the transformation of alcohols to value-added chemicals. Attempts 

have been made to attain systematic understanding of reaction mechanism wherever possible. 

The finding of the thesis could open new route for the synthesis of fuels, organic reaction 

intermediates, fine chemicals and value-added chemicals from readily available alcohols. 

Due to high selectivity, high efficiency and increased reaction rate, the catalytic reactions are 

of utmost importance in the industrial sectors. They enable the transformation of several raw 

materials into various value-added commodities, by lowering the activation energy while 

simultaneously cutting down on the costs.  Studying their catalytic activity and understanding 

the underlying mechanism of various consider pincer-metal systems throughout the chapters 

of this thesis, it is obvious that several challenges remains and need to be addressed, such as 
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1. Can one activate the small molecules like N2, CO2 using the most effective and efficient 

pincer-ruthenium catalyst based on bis(imino)pyridine or bis(benzimidazole-2-

yl)pyridine ligand system? 

2. Is it possible to heterogenize these pincer-ruthenium and pincer-cobalt complexes for 

catalytic recyclability?  

3. Is it possible to design better catalyst and perform the reactions which have been studied 

throughout the thesis under milder reaction conditions for safe and efficient catalytic 

process? 

4. Can one design catalytic system based on bis(benzimidazole-2-yl)pyridine ligands that 

employ Co(I) or Co(II) that can show high efficiency for such challenging organic 

transformations? 

Overall there is a need of designing a catalytic system consisting of earth abundant metals 

which is less sensitive, air stable, environmentally benign and which is highly efficient towards 

catalytic value-addition of alcohols under mild reaction conditions. 
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