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“Be not afraid of anything. You will do marvelous work. It is fear that is 

the great cause of misery in the world. It is fear that is the greatest of all 

superstitions. It is fear that is the cause of all our woes, and it is fearlessness 

that brings heaven even in a moment. Therefore, "arise, awake and stop not 

until the goal is reached.”--------------------Swami Vivekananda 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 
 

PREFACE 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACKNOWLEDGEMENTS  
 

 

 

 

 

 



ACKNOWLEDGEMENTS  

 
I take this extraordinary moment to express my deep sense of gratitude 

and respectful regards to my teacher Professor Samaresh Bhattacharya for 

showing a new direction in my research life, associating me in his research 

group. He inspired me to step not only to the fascinating world of science, but 

also, he taught how to achieve a goal. I am grateful to him for his valuable 

teaching, stimulating guidance and constant encouragement. I am also thankful 

to him for his efforts in explaining things clearly and simply, throughout the 

entire course of this work. In essence, he is a great mentor to work with.  

I am sincerely thankful to all the teachers and staffs of this department 

for their constant help to carry out my research work. Helps received from Prof. 

Chittaranjan Sinha, Prof. Kajal Krishna Rajak, Prof. Sourav Das, Prof. Amrita 

Saha and Dr. Partha Mahata deserves special mention. I would also thank Dr. 

Pravat Ghorai and Mr. Jayanta Mandal for their help in some UV-vis spectral 

measurements. 

I am really indebted to the members of our research group – Dr. 

Aparajita Mukherjee, Dr. Jit Karmakar, Dr. Papu Dhibar, Mintu Das, Anushri 

Chandra, Rupam Sinha and Binoy Ghosh. I owe special thanks to Dr. Aparajita 

Mukherjee for her valuable support and cooperation through my entire research 

period. 

I am grateful to Prof. Deepak Chopra, Department of Chemistry, IISER 

Bhopal, MP, INDIA for his generous help with some crystallographic detections. 

My special thanks are to my teachers of school, College and University 

whose efforts helped me to travel this journey. It is a great pleasure to 

acknowledge my teacher, Mr. Deepak Das whose inspiring teaching brought me 

in the field of higher studies. 





Contents 
 

 

Chapter I  

Introduction and scope of the present investigation 

1-23 

Chapter II  

Development of ruthenium-based catalyst in a 1,4-diazabutadiene and 

2,2′:6′,2′′-terpyridine ligand combination: Utilization in catalytic transfer 

hydrogenation of aldehydes, ketones, and nitroarenes 

24-69 

Chapter III  

Development of a ruthenium aquo complex for utilization in synthesis and in 

catalysis for selective hydration of nitriles and alkynes 

70-120 

Chapter IV 

Di-ruthenium complexes of 1,4-diazabutadiene ligands: Synthesis, 

characterization and utilization as catalyst-precursor for oxidative coupling 

of amine to imine in air 

121-161 

Chapter V 

Utilization of a phosphine containing mixed-ligand ruthenium complex in 

catalytic transfer hydrogenation and unusual C-C bond formation 

162-182 

  

 

 

 

 

 



 

 

 

 

 

Chapter I 
 

 

Introduction 

and 

scope of the present investigation 



2 

 

Chapter I 

 

Introduction and scope of the present investigation 
 

 

Abstract 
 

In this chapter the scope of the present investigation is delineated briefly along 

with the aim of the work. 

 

I. 1. Interest in the chemistry of ruthenium 
 

 The studies described in the present thesis involve coordination complexes of 

ruthenium. There has been continuous interest in the chemistry of this metal, largely 

because of these complexes have a diversified number of applications in many topics, 

including bioinorganic chemistry, photochemistry and photophysics, and catalysis. 

Ruthenium also offers a wide range of oxidation states which are easily accessible and 

inter-convertible both electrochemically and chemically. Such interconversion, when 

possible, often gives rise to the useful properties in the complexes. In this context, role of 

the coordination environment around the central metal ion is most important. Variation in 

the coordination environment can only bring about corresponding variation in the 

properties of the complexes. Complexation of ruthenium and other platinum group metals 

by ligands of various types has been of significant importance in this regard. Some of the 

properties of ruthenium and other platinum metal complexes, that are drawing much 

current attention, are highlighted below.* 

------------------------------------------------------------------------------------------------------------------------------------------------------------------ 

*Literature citation has been restricted to five major journals during 2016-2020. 



3 

 

I.1.1. Catalysis [1-64] 

 

The capability of undergoing inter-conversion between the available oxidation 

states of ruthenium usually makes a complex as a potent catalyst precursor which 

encourages significant interest of researchers in organic, inorganic and catalytic 

chemistry because of their high reactivity and unique catalytic activity. Presence of 

certain fragments in ruthenium complexes endows them to serve as efficient catalysts. 

For example, ruthenium complexes having a Ru-Cl bond can efficiently catalyze transfer 

hydrogenation reactions which are known to proceed through the intermediary of a 

ruthenium-hydrido species. Similarly, complexes having a Ru-OH2 fragment received 

much attention due to their smooth electrochemical or chemical transformation to the 

reactive intermediate [RuIV=O] without influencing the other coordination environment, 

which, in turn, very useful for their utilization in different oxidative transformations such 

as oxygen transfer to olefinic groups. Complexes of ruthenium are very much capable, 

and also well known, to catalyze different types of reactions that include C-H activation 

and C-C coupling, C-H insertion and especially redox catalysis with organic 

transformations. A few selected examples are given below. 

 

[8] 

i
PrOH, KOH

[Ru
II
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R

OH
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[51] 

R + HBpin
 [Ru

II
(p-cymene)Cl2]2

rt, 24 h
R

Bpin

R = alkyl ,aryl
No solvent
No activator

 

 

[64] 

 [Ru
II

(trpy)(BIAN)(H2O)]
2+

PIDA, CH2Cl2, 298 K, 5 h

O

 

 

I.1.2. Biological properties [65-107] 

 

Ruthenium complexes are very much useful in DNA binding and cytotoxic 

activities. It has been observed that, platinum-based complexes are studied enormously as 

promising anticancer agent during the last several years. Cisplatin, which is the first  

[68] 
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invented metallo-anticancer agent, created a new era in the application of transition metal 

complexes for therapeutic design. Nevertheless, due to their severe toxic side effects 

which need to be treated simultaneously and issue of drug resistance, nonplatinum drugs, 

such as ruthenium-based compounds have gained considerable interest as an alternative 

to platinum-based drugs in cancer therapy. The idea of development of ruthenium half-

sandwich organometallic compounds was first presented by Tocher et al. (1992) for use 

as anticancer agents. Ruthenium-based compounds for example, imidazolium trans-

[tetrachlorido(dimethylsulfoxide)-(1H-imidazole)ruthenate(III)] (NAMI-A) has shown 

prominent cytotoxicity selectively against metastatic tumors and completed clinical trials 

very recently. Two other complexes, viz. indazolium trans-[tetrachloridobis(1H-

indazole)ruthenate(III)] (KP1019) and its sodium salt KP1339 have also shown 

considerable activity against various primary tumors. Apart from these, ruthenium 

complexes have shown remarkable activity against primary and metastatic tumors with 

various ligands. 

 

[83] 
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I.1.3. Photochemical and electrochemical properties [108-149] 

 

Over recent decades formation of light-emitting ruthenium complexes has been 

considered as very promising scientific research topic duo to their inherent practical 

applications in different research areas such as molecular sensors, organic light-emitting 

diodes, bioimaging probes, optoelectronic devices, photocatalysis and in artificial 

photosynthesis. Ligands having low-lying vacant *-orbital (-acid ligand) prefer to bind 

metals in their lower oxidation states viz 0, +2. Bivalent ruthenium complexes (d6 

complexes) with polypyridyl ligands have been considerably studied as encouraging 

functional molecules because of their remarkable photophysical and photochemical 

properties which is related to a long-lived triplet metal-to-ligand charge-transfer 

(3MLCT) excited state, as well as their redox properties, including electrochemical 

properties, proton-coupled electron transfer. The most familiar example of this type is 

based on diimine containing metal species, such as [Ru(bpy)3]
2+, [Ir(ppy3)]. Few selected 

examples of such complexes showing interesting photophysical and photochemical 

reactions are shown in below. 

 

[117] 
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[127] 
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I.1.4. Coordination complexes [150-175] 

 

The basic science behind coordination compound can be broadly defined as of 

metals surrounded by ligands. In the most divergent families of coordination compounds, 

ruthenium complexes are one of the important members. This is particularly due to the 

variety number of formal oxidation states that ruthenium can access, that range from -2 

up to +8. Ruthenium mediated chemical transformation of organic molecules has been an 

active area of research where a lot of activities are now concentrating on. Ligands are 

carefully designed in order to provide a combination with the ruthenium metal. 

Ruthenium-metal complexes of conventional redox-active ligands viz diimines, 

dithiolene, azoaromatics, nitrosyl, porphyrins, quinones and iminoquinones are gained 

continuous interest primarily because of their intrinsic valence or spin configurations at 

the metal-ligand interface. Another new type of redox-active ligand 1,2-dinitrosoarene 

has been recently introduced, which is an intermediate tautomeric form of the 

biologically active benzofuroxan. Ruthenium complexes are known very efficiently to 

activate organic molecules and form interesting organometallic complexes. Some 

selected examples of such coordination complexes are given below. 
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[167] 
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I.1.5. DFT studies [176-191] 

 

Density functional theoretical study is of very special interest in modern 

coordination chemistry, particularly with regard to sorting out molecular orbital 

compositions, activation energy of reactions, stability and energy of the intermediates, 

reaction mechanism and various properties of the complexes. 

 

I. 2. Aim of the present work 
 

The main objective of this work has been to synthesize new series of complexes 

of ruthenium using different types of organic ligands, such as NO-donor, Schiff base 

ligand, NN-donor, etc., and characterize the complexes appropriately, and finally explore 

their spectral, redox and catalytic properties. In addition, theoretical studies have also 

been undertaken to probe the electronic structures of some of the complexes. Some of 

these chosen ligands, along with their possible modes of binding to the metal center, are 

illustrated below. 

 

Selected imine ligands and their binding modes: 

N

N

R

R

N

N

R

M

R

R = OCH3, CH3,

       H and Cl

 

 



10 

 

2,2': 6',2''-terpyridine and its binding modes: 

N

N

N

N

N

N

M

trpy

 

 

The main objectives of the present study have been as follows: 
 

(1) Syntheses of new complexes of ruthenium using different types of organic 

ligands. 

(2) The systematic and thorough characterization of the new complexes by elemental 

analysis and spectroscopic (Mass, UV-VIS, IR, NMR, etc.) techniques according 

to the need of the respective complexes. 

(3) Structure determination of some selected complexes by single crystal X-ray 

diffraction and correlation of the structure with the observed properties. 

(4) Study of electron-transfer properties of the synthesized ruthenium complexes by 

electrochemical (cyclic voltammetry) technique. 

(5) Probe the electronic structure of the complexes using DFT and TDDFT studies. 

(6) Exploring the catalytic activity for selected reactions (e.g., C-C cross coupling 

reaction, transfer hydrogenation, hydration rection, esterification, etc.) using the 

synthesized ruthenium complexes as catalysts. 
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Chapter II 

 

Development of ruthenium-based catalyst in a 1,4-

diazabutadiene and 2,2′:6′,2′′-terpyridine ligand 

combination: Utilization in catalytic transfer 

hydrogenation of aldehydes, ketones, and nitroarenes 
 

Abstract 
 

Reaction of [Ru(trpy)Cl3] with 1,4-diazabutadienes (p-RC6H4N=C(H)-(H)C=NC6H4R-p; 

R = OCH3, CH3, H and Cl; abbreviated as L-R) in refluxing ethanol in the presence of 

triethylamine has afforded a family of complexes, isolated as perchlorate salts, of type 

[Ru(trpy)(L-R)Cl]ClO4 [depicted as complexes 1 (R = OCH3), 2 (R = CH3), 3 (R = H) 

and 4 (R = Cl)]. Crystal structures of complexes 1, 2 and 4 have been determined, and 

structure of complex 3 has been optimized by DFT method. The 1,4-diazabutadiene 

ligand in each complex is bound to ruthenium as a N, N-donor forming five-membered 

chelate. Complexes 1 – 4 show intense absorptions in the visible and ultraviolet regions, 

which have been analyzed by TDDFT method. Cyclic voltammetry of complexes 1 – 4 in 

acetonitrile solution shows Ru(II)-Ru(III) oxidation within 1.03 – 1.12 V vs SCE, and 

ligand (trpy and L-R) based reductions on the negative side of SCE. Complexes 1 – 4 

catalyze transfer hydrogenation of aryl aldehydes to the corresponding alcohols with high 

(~106) TON. They are also found to catalyze transfer hydrogenation of aryl ketones to 

corresponding secondary alcohols, but with much less efficiency. Catalytic transfer 

hydrogenation of nitroarenes to the corresponding amines has also been achieved. 

 

N N RR

R = OCH3, CH3,

       H and Cl

[Ru(trpy)Cl3]

Ar NH2

HO

H

R
H/R'

O

H/R'

R

Ar NO2
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II. 1. Introduction 
 

 Hydrogenation of substrates is a key step in many organic transformations. 

Though addition of molecular hydrogen has always been there as a familiar protocol, 

transfer hydrogenation has gradually emerged as a favorite alternative for many such 

reductions,[1-31] primarily owing to the convenience associated with this method. Several 

transition metal complexes are reported to catalyze transfer hydrogenation reactions.[32-35] 

However, efficiency of bivalent ruthenium complexes in catalyzing transfer 

hydrogenation reactions is particularly noteworthy.[36-44] The Ru-catalyzed transfer 

hydrogenation reactions are known to proceed through the intermediacy of a ruthenium-

hydrido species. Hence complexes having a Ru-Cl bond, which is known to provide a 

Ru-H fragment in situ upon reaction with primary or secondary alcohols,[45-48] are 

especially useful as catalyst-precursors. In the present study, which has originated from 

our continued interest in developing new ruthenium-based catalysts,[49-56] our 

objectives have been to synthesize a new group of ruthenium complexes with a Ru-Cl 

moiety, and explore their catalytic potential in transfer hydrogenation reactions. 

As ruthenium(II) prefers to remain hexa-coordinated in majority of its 

complexes, choice of ligands that occupy the other five coordination sites of the metal 

center in the Ru-Cl moiety is crucial. A combination of tridentate and bidentate 

ligands is found to be very convenient for this purpose. Standard chelating tridentate 

ligands, as well as arene ligands with ability to display η6-mode of binding, are often 

utilized to occupy three coordination sites; while chelating bidentate ligands of 

different types are used to take up the remaining two sites. Ligands with recognized 

π-acid character are particularly useful in this regard, as they can stabilize the biva lent 

state of ruthenium. Herein we have planned to use 2,2′:6′,2′′-terpyridine (abbreviated as 

trpy) as the tridentate ligand, and as bidentate ligand we have chosen a group of 1,4-

diazabutadiene ligands, abbreviated in general as L-R, where R depicts the para-

substituent in the aryl ring. The trpy ligand is well known to form stable chelate (I) with 

ruthenium(II).[57-66] The 1,4-diazabutadiene ligands are reported to bind to metal centers 

as bidentate N,N-donors forming five-membered chelate ring (II).[67-71] The -diimine 

fragment in these ligands has considerable π-acidity,[72-75] and hence chelation by them is 
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expected to stabilize the bivalent state of ruthenium.[76,77] As the source of ruthenium 

[Ru(trpy)Cl3] has been selected, firstly as it can provide the Ru(trpy)Cl moiety, and 

secondly as it is well known to undergo facile displacement of two coordinated chlorides 

by chelating bidentate ligands (associated with one-electron reduction at the metal 

center).[57-66] Reaction of [Ru(trpy)Cl3]  

N

NN

N

NN

M

trpy I

N N RR N N RR

M

L-R IIR = OCH3, CH3,

       H and Cl

 

with the 1,4-diazabutadiene ligands indeed afforded a family of complexes of type 

[Ru(trpy)(L-R)Cl]+. In this chapter we describe the formation and characterization of 

these complexes; their electronic spectral and electrochemical properties; and their ability 

to serve as precursors in catalytic transfer hydrogenation of aryl aldehydes, aryl ketones 

and nitroarenes. 

 

II. 2. Results and discussion 

II.2.1. Synthesis and characterization 
 

As outlined in the introduction, the primary goal of this study was to synthesize a 

group of mixed ligand ruthenium(II) complexes of type [Ru(trpy)(L-R)Cl]+. Accordingly, 

reactions of [Ru(trpy)Cl3] with the chosen 1,4-diazabutadiene ligands were carried out in 

refluxing ethanol in the presence of triethylamine. The reactions proceeded smoothly to 

afford the targeted [Ru(trpy)(L-R)Cl]+ complexes, which were isolated as perchlorate 
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salts in good yields. Preliminary characterizations (microanalysis, mass, NMR and IR) of 

the new complexes are found to be consistent with their general [Ru(trpy)(L-R)Cl]ClO4 

formula. 2,2′:6′,2′′-Terpyridine being a symmetric tridentate ligand and the 1,4-

diazabutadienes being symmetric bidentate ligands, these new complexes can have only  

Ru

N N

N N

Cl

N

R

R

ClO4

N

N

N

Ru Ru(trpy)

  R         Complex  

OCH3

CH3   

H  

Cl 

1

2

3

4
 

 

Scheme 1. Geometry and numbering of the complexes. 

one possible geometry, which, along with numbering of the complexes, is shown in 

Scheme 1. Solid state structures of complexes 1, 2 and 4 were determined by X-ray 

crystallography. Single crystals of complex 3 were not obtained even after repeated 

attempts. Crystal structures of complexes 1, 2 and 4 are shown in Figures 1, 2 and 3; and 

the selected bond parameters are listed in Table 1. 

The structures show that the 1,4-diazabutadiene ligands are coordinated to 

ruthenium in the expected chelating mode (II, M = Ru) with a bite angle of ~78°. The C-

C and C-N bond lengths within the five-membered chelate of the coordinated 1,4-

diazabutadiene ligands deviate significantly from localized C-C single bond length and 

C=N double bond length, which is attributable to the combined influence of 

delocalization of the π-cloud and back-donation from the electron-rich low-spin d6 

ruthenium center. In all the crystal structures one imine-nitrogen (N2), that is trans to the 

coordinated chloride, is found to be closer to ruthenium than the other imine-nitrogen 
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(N1), which is trans to the central trpy-nitrogen (N3); presumably due to trans effect. The 

bond parameters within the Ru(trpy) fragment are all found to be quite usual.[57-66]  
 

 
 

Figure 1. Crystal structure of complex 1. The perchlorate ion and 

hydrogen atoms are omitted for clarity. 
 

 
 

Figure 2. Crystal structure of complex 2. The perchlorate ion and 

hydrogen atoms are omitted for clarity. 
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Figure 3. Crystal structure of complex 4. The perchlorate ion and 

hydrogen atoms are omitted for clarity. 

 

Table 1. Selected bond distances and bond angles for complexes 1, 2 and 4 

 

Complex 1 

Bond distances (Å) 

Ru1-N1 2.085(3) C1-N1 1.311(5) 

Ru1-N2 1.999(3) C3-N1 1.427(4) 

Ru1-N3 2.075(3) C1-C2 1.411(5) 

Ru1-N4 1.971(3) C2-N2 1.311(4) 

Ru1-N5 2.067(3) C10-N2 1.429(4) 

Ru1-Cl1 2.3874(10)   

Bond angles (°) 

N1-Ru1-N2 77.94(10) N3-Ru1-N4 79.19(10) 

N2-Ru1-Cl1 172.32(7) N4-Ru1-N5 79.14(11) 

N1-Ru1-N4 174.32(10) N3-Ru1-N5 158.21(11) 
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Complex 2 

Bond distances (Å) 

Ru1-N1 2.071(4) C1-N1 1.308(8) 

Ru1-N2 2.006(4) C3-N1 1.423(7) 

Ru1-N3 2.055(4) C1-C2 1.427(10) 

Ru1-N4 1.982(4) C2-N2 1.289(8) 

Ru1-N5 2.057(4) C10-N2 1.422(7) 

Ru1-Cl1 2.3948(15)   

Bond angles (°) 

N2-Ru1-Cl1 174.35(11) N3-Ru1-N5 157.68(17) 

N1-Ru1-N4 176.02(18) N1-Ru1-N2 77.77(16) 

Complex 4 

Bond distances (Å) 

Ru1-N1 2.065(9) C1-N1 1.300(19) 

Ru1-N2 2.013(11) C3-N1 1.448(17) 

Ru1-N3 2.040(10) C1-C2 1.39(2) 

Ru1-N4 1.968(9) C2-N2 1.308(15) 

Ru1-N5 2.064(10) C10-N2 1.444(18) 

Ru1-Cl1 2.403(4)   

Bond angles (°) 

N2-Ru1-Cl1 175.8(3) N3-Ru1-N5 158.2(4) 

N1-Ru1-N4 172.9(5) N1-Ru1-N2 77.1(4) 

 

 The perchlorate ion was located outside the coordination sphere in all three crystal 

structures. In complexes 1 and 2 it was found be highly disordered, while in complex 4 it 

did not show any disorder. As complexes 1 – 4 were synthesized similarly and they show 

similar properties (vide infra), the complex 3 is assumed to have a similar structure as the 

other three complexes. The structure of the complex cation in 3 was optimized by DFT 

method, which is shown in Figure 4 and some computed bond parameters are listed in 

Table 2. The computed bond parameters for complex 3 compare well with those found in 
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the crystal structures of its congeners. In all these complexes 1 – 4 ruthenium is nested in 

a N5Cl coordination environment, which is distorted significantly from ideal octahedral 

geometry as reflected in the bond parameters around the metal center. 

 

 
 

Figure 4. DFT-optimized structure of the complex cation in 3. 

Hydrogen atoms are omitted for clarity. 

 

Table 2. Some computed bond distances and bond angles for the complex cation in 3 

 

Bond distances (Å) 

Ru1-N1 2.148 C1-N1 1.313 

Ru1-N2 2.090 C3-N1 1.426 

Ru1-N3 2.114 C1-C2 1.429 

Ru1-N4 1.998 C2-N2 1.311 

Ru1-N5 2.114 C10-N2 1.429 

Ru1-Cl1 2.439   

Bond angles (°) 

N2-Ru1-Cl1 174.55 N3-Ru1-N5 157.45 

N1-Ru1-N4 176.21 N1-Ru1-N2 76.89 
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II.2.2. Spectral properties 
 

Magnetic susceptibility measurements show that complexes 1 – 4 are 

diamagnetic, which is consistent with the +2 oxidation state of ruthenium (low-spin d6, S 

= 0) in them. 1H NMR spectra of the complexes were recorded in CD3CN solution, and 

the NMR data are presented in the experimental section. Majority of the signals arising 

from the coordinated 1,4-diazabutadiene and trpy ligands could be identified, while few 

could not be because of overlap problem. For example, in complex 1 two distinct signals 

for the methoxy groups are observed at 3.58 and 3.86 ppm; and two sharp singlets at 8.56 

and 9.03 ppm are observed for the two azomethine protons. Similarly, in complex 2, two 

methyl signals at 2.07 and 2.41 ppm, and two azomethine proton signals at 8.59 and 9.06 

ppm, are observed. Appearance of these signals is consistent with the absence of any C2 

symmetry in these complexes. Signals from the Ru-coordinated trpy ligand are observed 

within 7.4 – 8.3 ppm in all four complexes. With reference to the plane containing the 

Ru(L-R)Cl moiety, that is orthogonal to and bisects the Ru(trpy) plane, six signals are 

expected from the trpy ligand, out of which three to four could be distinctly seen while 

the remaining ones appeared as overlapping signals. 

Infrared spectra of complexes 1 – 4 show many bands of varying intensities 

within 4000 - 450 cm-1. Comparison with the spectrum of the starting [Ru(trpy)Cl3] 

complex shows four common bands near 1602, 1448, 1386 and 770 cm-1, which are 

obviously due to the Ru-bound trpy ligand. This comparison with the spectrum of 

[Ru(trpy)Cl3] also shows presence of few additional bands near 1495, 1120, 1015, 735 

and 623 cm-1 in the spectra of complexes 1 – 4, of which the two bands near 1120 and 

623 cm-1 are attributable to the perchlorate anion. The remaining bands near 1495, 1015 

and 735 cm-1 are assignable to the Ru-coordinated 1,4-diazabutadiene ligand. The NMR 

and infrared spectral data of the new mixed-ligand complexes are therefore consistent 

with their compositions. 

Complexes 1 – 4 are found to be readily soluble in polar solvents such as acetone, 

acetonitrile, dimethylformamide and dimethylsulfoxide, producing intense wine-red or 

purple solutions. Electronic spectra of these complexes were recorded in acetonitrile 

solution, and the spectral data are presented in Table 3. Each complex shows four distinct 
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absorptions spanning over the visible and ultraviolet regions. A representative spectrum 

shown in Figure 5. Ruthenium (II) complexes of π-acid ligands are known to display 

intense metal-to-ligand charge-transfer (MLCT) transitions in the visible region. In the 

present group of complexes ruthenium is chelated by π-acid ligands of two types, viz. trpy 

and 1,4-diazabutadiene, and hence MLCT transitions involving both these ligands are 

probable. To gain insight into the nature of the observed absorptions, TDDFT 

calculations have been performed on all four complexes using the Gaussian 09 program 

package.[78],[79] The results of the TDDFT calculations are found to be similar for all four 

complexes. The main calculated transitions for complexes 1 – 4 and compositions of the 

molecular orbitals associated with these transitions are presented in Table 4 – Table 11 

and Figure 6 – Figure 9. The results for complex 1 are discussed here as a representative 

case. The lowest energy absorption at 701 nm is attributable largely (~85%) to a HOMO 

→ LUMO transition, and based on the nature of these two participating orbitals this 

electronic excitation is assignable to a MLCT transition, where the 1,4-diazabutadiene 

ligand is serving as the accepting ligand. This absorption is found to have much less 

HOMO-2 → LUMO and HOMO-3 → LUMO character, and hence this dominant MLCT 

transition has some ILCT (intra-ligand charge-transfer), LLCT (ligand-to-ligand charge-

transfer) and IMCT (intra-metal charge-transfer) characters. The next two absorptions at 

519 nm and 403 nm are found to be primarily due respectively to HOMO-2 → LUMO 

(~67%) and HOMO-4 → LUMO (~87%) transition; and both have dominant an ILCT 

character involving the 1,4- diazabutadiene (L-OCH3) ligand. The fourth absorption at 

322 nm is mostly (~69%) due to a HOMO-5 → LUMO+1 transition, and is best 

described as a LLCT transition from 1,4-diazabutadiene (L-OCH3) to trpy. 
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Table 3. Electronic spectral and cyclic voltammetric data of the complexes 

Complex Electronic spectral dataa 

max, nm (, M-1cm-1) 

Cyclic voltammetric datac 

E1/2, V (ΔEp, mV) 

1 701 (500), 519 (10700), 403 

(10700), 322 (20900) 

1.03 (73), -0.70 (67),  

-0.89 (67), -1.39 (90) 

2 706 (400), 515 (9800), 364b 

(8900), 321 (22600)  

1.06 (79), -0.69 (68), 

-0.87 (65), -1.32 (85) 

3 714 (300), 513 (8000), 361b 

(5600), 314(22100) 

1.08 (89), -0.64 (66),  

-0.82 (68), -1.29 (126) 

4 722 (300), 513 (10700), 362b 

(9300), 311 (23800) 

1.12 (77), -0.56 (66), 

-0.74 (66), -1.21 (168) 
 

 
 a In acetonitrile solution. b Shoulder. 

c Solvent, acetonitrile; supporting electrolyte, TBHP; scan rate, 50 mVs-1; E1/2 = 

0.5 (Epa + Epc), where Epa anodic peak potential and Epc cathodic peak potential; 

Ep = Epa - Epc. 
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Figure 5. Electronic absorption spectrum of complex 1 in acetonitrile solution. 
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Table 4. Computed parameters from TDDFT calculations on complex 1 for electronic 

spectral properties in acetonitrile solution 

 

Excited 

state 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-8 → L+1 

H-5 → L+1 

H-1 → L+3 

H → L+3 

0.20528 

0.58858 

0.15252 

0.14122 

3.9316 0.1867 315.36 ILCT 

LLCT/MLCT 

MLCT/LLCT 

LLCT/MLCT 

322 

2 H-4 → L 

H-2 → L+1 

0.66135 

0.15166 

3.0599 0.0226 405.19 ILCT/MLCT 

LLCT/MLCT 

403 

3 H-3 → L 

H-2 → L 

H-1 → L+1 

H → L 

H → L+2 

0.10653 

0.57947 

0.17859 

0.23678 

0.18701 

2.6098 0.4662 475.07 ILCT/MLCT/IMCT 

ILCT/MLCT/IMCT 

MLCT/LLCT 

MLCT/ILCT/LLCT 

LLCT/MLCT 

519 

4 H-3 → L 

H-2 → L 

H → L 

0.15236 

0.20160 

0.65052 

1.7956 0.0254 690.49 ILCT/MLCT/IMCT 

ILCT/MLCT/IMCT 

MLCT/ILCT/LLCT 

701 

 

 

Table 5. Compositions of the molecular orbitals of complex 1 

associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru Trpy L-OCH3 Cl 

HOMO (H) 41 6 31 22 

H-1 47 7 6 40 

H-2 12 2 70 16 

H-3 43 5 52 0 

H-4 33 4 60 3 

H-5 24 50 1 25 

H-8 4 45 10 41 

LUMO (L) 11 4 84 1 

L+1 7 91 1 1 

L+2 2 97 1 0 

L+3 1 99 0 0 
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Figure 6. Contour plots of the molecular orbitals of complex 1, which are associated 

with the electronic spectral transitions (See Table 4). 
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Table 6. Computed parameters from TDDFT calculations on complex 2 for electronic 

spectral properties in acetonitrile solution 

 

Excited 

state 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-8 → L+1 

H-6 → L+1 

H-5 → L+1 

H-1 → L+3 

H → L+3 

0.19446 

0.57443 

0.12588 

0.11351 

0.18131 

3.9408 0.1842 314.62 LLCT 

LLCT/MLCT/ILCT 

LLCT/MLCT/ILCT 

MLCT/LLCT 

MLCT/LLCT 

321 

2 H-5 → L 

H-4 → L 

H-1 → L+5 

0.66615 

0.14614 

0.11086 

3.3405 0.0144 371.15 ILCT/LLCT/MLCT/LMCT 

ILCT/LLCT/MLCT 

LMCT/MLCT/LLCT/IMCT 

364 

3 H-2 → L 

H-1 → L+1 

0.50500 

0.45408 

2.6033 0.1446 476.26 ILCT/LLCT/LMCT 

MLCT/LLCT 

515 

4 H-2 → L 

H → L 

0.12679 

0.68375 

1.7678 0.0118 701.36 ILCT/LLCT/LMCT 

MLCT/LLCT/LMCT/IMCT 

706 

 

 

Table 7. Compositions of the molecular orbitals of complex 2  

  associated with the electronic spectral transitions 

 

% Contribution 

of fragments to 

Fragments 

Ru trpy L-CH3 Cl 

HOMO (H) 50 7 12 31 

H-1 45 7 5 43 

H-2 3 1 84 12 

H-4 13 6 70 11 

H-5 12 12 51 25 

H-6 15 44 11 30 

H-8 3 54 6 37 

LUMO (L) 12 4 83 1 

L+1 7 92 0 1 

L+3 1 99 0 0 

L+5 47 10 33 10 
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Figure 7. Contour plots of the molecular orbitals of complex 2, which are associated 

with the electronic spectral transitions (See Table 6). 
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Table 8. Computed parameters from TDDFT calculations on complex 3 for electronic 

spectral properties in acetonitrile solution 

 
Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-8 → L+1 

H-5 → L+1 

H-4 → L+1 

H-3 → L+2 

H-1 → L+3 

H → L+3 

0.17476 

0.10628 

0.49675 

0.25932 

0.22324 

0.19053 

3.9267 0.1483 315.75 LLCT/ILCT 

LLCT/MLCT/ILCT 

LLCT/MLCT 

LLCT 

MLCT/LLCT 

MLCT/LLCT 

314 

2 H-5 → L 

H-4 → L 

H-1 → L+5 

0.58598 

0.32666 

0.12968 

3.3483 0.0625 370.29 ILCT/LLCT/MLCT/LMCT 

ILCT/LLCT/MLCT/LMCT 

IMCT/MLCT/LMCT/LLCT 

361 

3 H-2 → L 

H-1 → L+1 

H → L 

0.50429 

0.45831 

0.10176 

2.6235 0.1484 472.59 MLCT/LLCT/LMCT 

MLCT/LLCT 

MLCT/LLCT/LMCT/IMCT 

513 

4 H-2 → L 

H → L 

0.13942 

0.68336 

1.7576 0.0082 705.40 MLCT/LLCT/LMCT 

MLCT/LLCT/LMCT/IMCT 

714 

 

Table 9. Compositions of the molecular orbitals of complex 3  

  associated with the electronic spectral transitions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

% Contribution of 

fragments to 

Fragments 

Ru trpy L-H Cl 

HOMO (H) 50 7 11 32 

H-1 45 7 4 44 

H-2 73 8 17 2 

H-3 7 3 74 16 

H-4 14 9 57 20 

H-5 18 18 36 28 

H-8 2 28 68 2 

LUMO (L) 13 4 82 1 

L+1 7 92 0 1 

L+2 2 97 1 0 

L+3 1 99 0 0 

L+5 45 9 37 9 
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Figure 8. Contour plots of the molecular orbitals of complex 3, which are associated 

with the electronic spectral transitions (See Table 8). 
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Table 10. Computed parameters from TDDFT calculations on complex 4 for electronic 

spectral properties in acetonitrile solution 

 
Excited 

state 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-7 → L+1 

H-5 → L+1 

H-4 → L+1 

H-3 → L+2 

H-2 → L+5 

H-1 → L+3 

H → L+3 

0.11389 

0.23296 

0.42825 

0.13331 

0.10217 

0.33123 

0.26346 

3.9187 0.1141 316.39 LLCT 

LLCT/MLCT/ILCT 

LLCT 

MLCT/LLCT 

ILCT/LMCT 

MLCT/LLCT 

MLCT/LLCT 

311 

2 H-6 → L 

H-5 → L 

0.67892 

0.11051 

3.3913 0.0385 365.59 ILCT/MLCT/LLCT/LMCT 

ILCT/MLCT/LLCT/LMCT 

362 

3 H-2 → L 

H-1 → L+1 

H → L 

0.58447 

0.33120 

0.12546 

2.5910 0.1676 478.53 ILCT/LMCT 

MLCT/LLCT 

MLCT/LLCT/LMCT/IMCT 

513 

4 H-2 → L 

H → L 

0.13973 

0.68385 

1.6930 0.0098 732.32 ILCT/LMCT 

MLCT/LLCT/LMCT/IMCT 

722 

 

 

Table 11. Compositions of the molecular orbitals of complex 4  

    associated with the electronic spectral transitions 

 

% Contribution 

of fragments to 

Fragments 

Ru trpy L-Cl Cl 

HOMO (H) 49 7 12 32 

H-1 46 7 4 43 

H-2 37 2 53 8 

H-3 41 7 42 10 

H-4 8 23 59 10 

H-5 24 20 14 42 

H-6 20 11 49 20 

H-7 9 30 13 48 

LUMO (L) 13 3 83 1 

L+1 7 91 1 1 

L+2 2 97 1 0 

L+3 2 98 0 0 

L+5 37 7 47 9 



43 

 

 

HOMO (H) 

 

LUMO (L) 

 
H-1 

 

L+1 

 
H-2 

 

L+2 

 
H-3 

 

L+3 

 
H-4 

 

L+5 

 
H-5 

 

H-7 

 
H-6 

 
Figure 9. Contour plots of the molecular orbitals of complex 4, which are associated 

with the electronic spectral transitions (See Table 10). 
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II.2.3. Electrochemical properties 
 

Electrochemical properties of complexes 1 – 4 have been studied by cyclic 

voltammetry in acetonitrile solution (0.1 M TBHP). Each complex shows an oxidative 

response on the positive side of SCE, and three reductive responses on the negative side. 

Cyclic voltammetric data are given in Table 3, and all the four voltammogram are shown 

in Figure 10. The first oxidative response, observed within 1.03 – 1.12 V, is assigned to 

Ru(II)-Ru(III) oxidation. This oxidation is found to be reversible with a peak-to peak 

separation (Ep) close to 70 mV.[80] The Ru(II)-Ru(III) oxidation potential is found to be 

fairly sensitive to the nature of the substituent R in the 1,4-diazabutadiene ligands, the 

potential increases with increasing electron-withdrawing nature of R. The three reductive 

responses observed on the negative side of SCE are believed to be ligand centered, but 

their assignment to specific sites has been rather difficult owing to the redox non-

innocent nature of both the organic ligands. The diimine moiety in the 1,4-diazabutadiene 

ligands is known to undergo two one-electron reductions with a gap of about 500 mV.[81] 

Hence the first (-0.56 to -0.70 V) and the third (-1.21 to -1.39 V) reductive responses are 

tentatively assigned to reductions of the diimine fragment. The second reduction (-0.74 to 

-0.89 V) is assigned, by comparing with cyclic voltammetric properties of reported 

ruthenium(II)-trpy complexes, to reduction of trpy. [57-66] The reductive responses are not 

reversible, and hence the observed shift in their potential could not be interpreted as 

manifestation of effect of the substituent R in the 1,4-diazabutadiene ligands. 

 

  

Complex 1 



45 

 

  

Complex 2 

  

Complex 3 

  

Complex 4 

 

Figure 10. Cyclic voltammograms of complexes 1, 2, 3 and 4 in acetonitrile solution (0.1 

M TBHP) at a scan rate of 50 mVs-1. 
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II.2.4. Catalytic transfer hydrogenation 
 

As outlined earlier, our second objective was to evaluate catalytic potential of the 

synthesized [Ru(trpy)(L-R)Cl]+ complexes towards transfer hydrogenation of selected 

substrates. We first decided to try aryl aldehydes as substrate, as they are known to 

undergo smooth Ru-catalyzed transfer hydrohenation.[2,5;36-44] We began our study by 

examining the transfer hydrogenation of 4-chlorobenzaldehyde to 4-chlorobenzyl alcohol 

using complex 1 as the catalyst precursor. All the experimental parameters were 

systematically varied to reach an optimum yield of the product, and after extensive 

optimization (Table 12) it was found that 0.00002 mol% catalyst, 1.0 mol% NaOtBu as 

base, 1-propanol as solvent, a reaction temperature of 85 °C, and a reaction time of 1 h 

furnished an excellent yield (98%) of the expected product (entry 22).[82] The other three 

complexes (2 – 4) were found to show catalytic efficiency similar to that of complex 1 

(entries 25-27), and hence only the results obtained with complex 1 as the catalyst 

precursor are presented here. 

Scope of the transfer hydrogenation of aldehydes is summarized in Table 13. 

Using the optimized the reaction conditions, transfer hydrogenation has been performed 

on thirteen different aldehydes. Using benzaldehyde and substituted benzaldehydes as 

substrates (S1 – S7), the corresponding alcohols (P1 – P7) were obtained in very good (85 

– 99%) yields; and the average turn-over number was remarkably high (~ 4.6 × 106). 

Electronic nature of the substituent(s) on the phenyl ring was varied, but the yields 

remained rather indifferent to it. When relatively bulkier substrates (S8 and S9) were used, 

the product alcohols were obtained in significantly lower yields. It is interesting to note 

that a substrate having both aldehyde and olefin fragments (S10) was found to undergo 

selective hydrogenation of the aldehyde function to furnish the corresponding alcohol 

(P10) in a decent (86%) yield. However, for substrates with a recognized donor site next 

to the -CHO group (S11 – S13), the expected product alcohols (P11 – P13) were not 

obtained at all, presumably due to catalyst deactivation via coordination of these 

substrates that are well known for their ability to form chelates. 
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Table 12. Optimization of experimental parameters for transfer hydrogenation of 

aldehyde to corresponding alcohola 

catalyst

solvent, base

H

O

Cl

H

H OH

Cl
 

Entry Catalyst Mole % 

of 

catalyst 

Solvent Base Temp, 

ºC 

Time,  

h 

Yeildb, 

% 

1 1 0.5 isopropanol NaOtBu 85 6 99 

2 1 0.25 isopropanol NaOtBu 85 6 99 

3 1 0.1 isopropanol NaOtBu 85 6 98 

4 1 0.1 isopropanol NaOtBu 85 4 96 

5 1 0.1 isopropanol NaOtBu 85 2 95 

6 1 0.1 isopropanol KOtBu 85 6 89 

7 1 0.1 isopropanol CS2CO3 85 6 73 

8 1 0.1 isopropanol KOH 85 6 92 

9 1 0.1 isopropanol NaOtBu 60 6 96 

10 1 0.1 1-propanol NaOtBu 85 6 >99 

11 1 0.1 Ethanol NaOtBu 85 6 95 

12 1 0.05 1-propanol NaOtBu 85 6 >99 

13 1 0.05 1-propanol NaOtBu 85 2 >99 

14 1 0.02 1-propanol NaOtBu 85 2 >99 

15 1 0.01 1-propanol NaOtBu 85 2 >99 

16 1 0.005 1-propanol NaOtBu 85 2 >99 

17 1 0.001 1-propanol NaOtBu 85 2 >99 

18 1 0.0005 1-propanol NaOtBu 85 2 >99 

19 1 0.00005 1-propanol NaOtBu 85 2 >99 

20 1 0.00005 1-propanol NaOtBu 85 1 >99 

21 1 0.00001 1-propanol NaOtBu 85 1 91 

22 1 0.00002 1-propanol NaOtBu 85 1 98 

23 1 0.00002 1-propanol NaOtBu 85 0.5 62 

24 1 0.00 1-propanol NaOtBu 85 1 N.O. 

25 2 0.00002 1-propanol NaOtBu 85 1 98 

26 3 0.00002 1-propanol NaOtBu 85 1 95 

27 4 0.00002 1-propanol NaOtBu 85 1 96 

 
a Reaction conditions: Substrate, para-chloro benzaldehyde (100 mg, 0.7 mmol); 

base (1.0 mol%); solvent (5.0 mL). 
b Determined by GCMS. 
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Table 13. Transfer hydrogenation of aldehydes.a,b 

CHO

R

Sn Pn

R
OHCatalyst

1-Propanol, NaO
t
Bu

85 °C, 1 h
 

OH

P1, 99% P2, 95%

OH

H3C

P3, 92%

OH

H3CO

OH

Br

P6, 85%

OH

Cl

P5, 98%P4, 99%

OH

F

P7, 96% P8, 75% P9, 50%

OH

H3CO OCH3

OH OH

 

P10, 86%

OH
CHO

S10
 

NH

CHO

NH

OH

P12, 0%S12

S11

CHO

OH OH

OH

P11, 0%

P13, 0%

N

OH

N

CHO

S13  

 
a Reaction conditions: Catalyst: complex 1, 0.00002 mol%; substrate, (0.7 

mmol); base (1.0 mol%); solvent (5.0 mL). 
b Product yield determined by GCMS. 
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Scheme 2. Probable mechanism for the observed transfer hydrogenation reaction. In 

the pre-catalyst (A), besides the Ru-Cl fragment no other coordinated 

ligand is shown. 

 The observed Ru-catalyzed transfer-hydrogenation of aldehydes is believed to 

follow the sequences illustrated in Scheme 2, which are essentially similar to those 

proposed earlier.[2,5] The [Ru(trpy)(L-R)Cl]+ catalyst-precursor, which is depicted as A 

with only the Ru-Cl fragment shown, undergoes reaction with 1-propanol in the initial 
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step to generate the intermediate B, in which the n-propoxide ion is coordinated to 

ruthenium through oxygen, and thus entry into the catalytic cycle takes place. This 

species B then undergoes a -hydride elimination from the coordinated n-propoxide 

ligand to afford the hydrido species C. Attachment of the aldehyde to the metal center is 

believed to take place next to generate species D, which is followed by insertion of the 

aldehyde substrate into the Ru–H bond to generate the corresponding aryloxo species E. 

In the final step, elimination of the product alcohol takes place with simultaneous 

regeneration of species B, and the catalytic cycle thus continues. 

The remarkable catalytic efficiency of complexes 1 – 4 in transfer hydrogenation 

of aryl aldehydes encouraged us to try similar hydrogenation of aryl ketones to the 

corresponding secondary alcohols. At first, we tried transfer hydrogenation of 4-

fluoroacetophenone under the same experimental condition used for the reduction of the 

aryl aldehydes, but the expected alcohol was not obtained at all (Table 14, entry 1). The 

catalyst loading had to be increased to 0.5 mol% in order to obtain the product alcohol in 

good (98%) yield (Table 14, entry 3). 

Table 14. Variation of experimental parameters for transfer hydrogenation of ketone to 

corresponding alcohola 

catalyst

solvent, base

CH3

O

F

CH3

H OH

F
 

Entry Catalyst Mole % 

of 

catalyst 

Solvent Base Temp, 

ºC 

Time,  

h 

Yeildb, 

% 

1 1 0.00002 1-propanol NaOtBu 85 1 0 

2 1 1 1-propanol NaOtBu 85 1 >99 

3 1 0.5 1-propanol NaOtBu 85 1 98 

4 1 0.1 1-propanol NaOtBu 85 1 30 

 
 a Reaction conditions: Substrate, para-fluoro acetophenone (100 mg, 0.7 mmol); 

   base (1.0 mol%); solvent (5.0 mL). 
b Determined by GCMS. 
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With this catalyst loading (0.5 mol%) reduction of twelve ketones was attempted, 

and the results are presented in Table 15. Using acetophenone and 4-substituted 

acetophenones as substrates (S1 – S7), the corresponding secondary alcohols (P1 – P7) 

were obtained in good (65 – 99%) yields. When cyclohexanone (S8) and benzophenone 

(S9) were used as substrates the corresponding alcohols (P8 and P9) were also obtained in 

good yields. Cyclohex-2-en-1-one (S10), a substrate with two reducible fragments, was 

found to undergo selective reduction of the carbonyl function to afford the corresponding 

alcohol (P10) in a relatively lower yield. When two aryl ketones with a recognized donor 

site next to the carbonyl function, viz. 2-hydroxyacetophenone (S11) and 2-acetylpyridine 

(S12), were tried as substrates, the expected reduction did not take place at all, probably 

due to catalyst deactivation via coordination of these substrates. In view of the relative 

difficulty in reduction of ketone compared to that of aldehyde,[83-86] the average turn-over 

number (1.6 × 102) observed in the present study is decent. The catalytic efficiency of our 

complexes in transfer hydrogenation of aldehydes and ketones is better than many of the 

reported ruthenium-catalysts.[2,5,7,9,14,15,84,85] 

For comparison of the catalytic efficiency of our complexes, we prepared the 

well-known [Ru(trpy)(bpy)Cl]ClO4 complex and tested it as catalyst precursor (0.00002 

mol%) under the same experimental condition for the transfer hydrogenation of 4-

chlorobenzaldehyde. The expected reduced product, viz. 4-chlorobenzylalcohol, was 

obtained in 31% yield, which indicates that compared to 2,2′-bipyridine, the 1,4-

diazabutadiene ligand favors the catalytic transfer hydrogenation. 
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Table 15. Transfer hydrogenation of ketonesa,b 

Sn Pn

R

O

R'

R

H OH

R'

85 °C, 1 h

1-Propanol, NaO
t
Bu

Catalyst

 

P4, 98% P5, 86% P6, 78%

P9, 85%P8, 65%P7, 65%

CH3

H OH

F

CH3

H OH

Cl

CH3

H OH

Br

CH3

H OH

I

CH3

H OH

H3C

CH3

H OH

H3CO

CH3

H OH

P3, 91%P2, 95%P1, 99%

H OHH OH

 

P10, 32%S10

H OHO

 

S11

OH

O

CH3

P11, 0%

P12, 0%

N

O

CH3

S12

CH3

H OH

OH

N

CH3

H OH

 

 
 a Reaction conditions: Catalyst: complex 1, 0.5 mol%; substrate, (0.7 mmol); 

   base (1.0 mol%); solvent (5.0 mL). b Product yield determined by GCMS. 
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Next, we planned to try reduction of nitroarenes with our Ru-catalyst. While 

catalytic reduction of nitroarenes by conventional methods is still in practice,[87-91] 

transfer hydrogenation is becoming popular as a convenient alternative.[27-31] At first we 

tried transfer hydrogenation of 4-nitrotoluene using complex 1 as the catalyst precursor. 

We did a thorough screening of the reaction parameters (Table 16), and after the 

extensive screening it was found that 5 mol% catalyst loading, 1-propanol as solvent, 20 

mol% KOtBu as base, 100° C reaction temperature and 12 h reaction time afforded 

aniline as the only reduced product in 97% yield (entry 10). Though aniline could also be 

obtained in 98% yield with 4 mol% catalyst loading, the reaction required much longer 

(21 h) time (entry 9). Hence, we accepted conditions in entry 10 as optimized ones. 

Scope of this catalytic reduction of nitroarenes is shown in Table 17. We 

attempted reduction of fourteen different nitroarenes. When nitrobenzenes having 

substituent at ortho or para position (S1 – S5) were taken as substrates, the corresponding 

anilines (P1 – P4) were obtained in excellent yields except for P5, where the yield was 

slightly lower. Changing size of the aryl fragment from phenyl (S1) to naphthyl (S6) did 

not have any observable effect as the products (P1 and P6) were obtained in same yield. 

When 1,4-dinitrobenzene (S7) or 1,3-dinitrobenzene (S8) were tried as substrate, both the 

nitro groups were found to undergo reduction to amine furnishing products (P7 and P8) in 

>70% yield. We then took 1-chloro-2,4-dinitrobenzene (S9), where the two nitro groups 

are distinguishable, and obtained the product (P9) with complete reduction of the nitro 

group next to chloro substituent, while the second nitro group remained unaffected. 

Though the exact reason behind this observation remains to be understood, preferential 

approach of the nitro group at 2-position to the metal center, assisted by the chloro 

substituent through hydrogen bonding with the coordinated ligand(s), seems plausible. 

With 4-nitrobenzaldehyde as substrate (S10), that has another reducible function (viz. 

aldehyde) besides nitro, reduction of both the functions was observed affording product 

(P10) in 94% yield. However, when 4-nitrostyrene (S11) was taken as substrate, products 

with reduction of only nitro group (P11a) and with reduction of both nitro and olefin 

fragments (P11b) were obtained in comparable yields. This result indicates that under the 

chosen experimental condition, reduction of olefin in presence of nitro group is relatively 

difficult. Styrene could be reduced completely with much less catalyst loading. When 2-
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nitrophenol (S12), 2-nitroaniline (S13) and 4-nitroaniline (S14) were tried as substrates, the 

corresponding expected reduced products were not at all obtained, indication catalyst 

poisoning via coordination through phenolic-oxygen or amine-nitrogen. 

Table 16. Optimization of experimental parameters for transfer hydrogenation of 

nitroarene to corresponding aminea 

NH2NO2 catalyst

solvent, base
 

Entry Catalyst Mole 

% of 

catalyst 

Solvent Base Mole 

% of  

base 

Temp, 

ºC 

Time,  

h 

Yeildb, 

% 

1 1 0.5 2-propanol NaOtBu 1 85 6 NO 

2 1 2.5 2-propanol KOH 15 85 21 12 

3 1 4 1-propanol KOH 15 100 21 35 

4 1 5 PEG KOH 15 140 15 NO 

5 1 5 PEG KOH 15 140 6 NO 

6 1 5 2-methoxy 

ethanol 

KOH 15 124 15 NO 

7 1 5 2-methoxy 

ethanol 

KOtBu 20 124 10 NO 

8 1 4 1-propanol-

toluene 

KOH 15 100 21 20 

9 1 4 1-propanol KOtBu 20 100 21 98 

10 1 5 1-propanol KOtBu 20 100 12 97 

11 1 4 1-propanol KOtBu 20 100 12 61 

12 1 5 1-propanol KOtBu 20 100 12 88 

 
 a Reaction conditions: Substrate, para-nitrotoluene (100 mg, 0.7 mmol); 

   solvent (6.0 mL). 
b Determined by GCMS. 



55 

 

Table 17. Transfer hydrogenation of nitroarenes to corresponding aminesa,b 

Sn Pn

NO2

100 °C, 12 h

1-Propanol, KO
t
Bu

Catalyst
R R

NH2

 
 

NH2

P1, 99% P2, 92%

NH2

Cl

NH2

CH3

P3, 95%

P5, 82%

NH2

HOOC

P4, 99%

NH2

ClOC

NH2

P6, 99%
 

 

P8, 72%

NH2H2NNO2O2N

S8

S10

NO2

OHC

NH2

HOH2C

P10, 94%

P11a, 53%

NH2NO2

S11

NH2

P11b, 47%

+

S9

NO2

Cl

O2N NH2

Cl

O2N

P9, 95%

S7

NO2

O2N

NH2

H2N

P7, 73%

 
 

S12

NO2

OH

NH2

OH

P12, 0%

P13, 0%

NH2

NH2

NO2

NH2

S13

S14

NO2

H2N

NH2

H2N

P14, 0%
 

 

 a Reaction conditions: Catalyst: complex 1, 5.0 mol%; substrate (0.7 mmol); 

   base (20.0 mol%); solvent (6.0 mL). b Product yield Determined by GCMS. 
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Scheme 3. Probable mechanism for the observed transfer hydrogenation reaction. In 

the pre-catalyst (A), besides the Ru-Cl fragment no other coordinated 

ligand is shown. 
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The observed catalytic transfer hydrogenation of nitroarenes to the corresponding 

amines is believed to proceed through sequences as shown in Scheme 3, which are 

basically drawn from those reported earlier.[27-30] The steps up to formation of the hydrido 

species C are same as in Scheme 2. Attachment of the substrate and hydride transfer take 

place in the following two steps, generating species D and E respectively. Interaction 

with 1-propanol happens next leading to elimination of nitrosobenzene along with water 

and generation of species B. This catalytic cycle thus continues. Transformation of 

nitrosobenzene to N-phenylhydroxylamine to aniline takes place via similar catalytic 

transfer hydrogenation.[27-31] The observed catalytic efficiency of our complexes in the 

transfer hydrogenation of nitroarenes is better than,[27,29] or comparable to,[30] the recently 

reported methods. It is also relevant to mention here that our catalytic protocol is superior 

to most of the reported methods as it furnishes arylamines as the only reduction product 

instead of a mixture of products. For instance, when [Ru(trpy)(bpy)Cl]+ was utilized as 

catalyst precursor for transfer hydrogenation of 4-nitrotoluene, the expected reduced 

product, p-toluidine, was not obtained at all. Instead the azoxy derivative (p-CH3-C6H4-

N=N(O)-C6H4-CH3-p) was obtained in 99% yield. Use of 1,4-diazabutadiene as 

ancillary ligand is thus found to help selective reduction of nitroarenes to aminoarenes. 

 

II. 3. Experimental 

II.3.1. Materials  
 

Ruthenium trichloride was obtained from Arora Matthey, Kolkata, India, and 

2,2′:6′,2′′-terpyridine (trpy) was purchased from Sigma-Aldrich. [Ru(trpy)Cl3] was 

prepared by following a reported procedure.[92] Glyoxal was obtained from SD Fine 

Chem, Mumbai, India, and the 4-R-anilines (R = OCH3, CH3, H and Cl) were procured 

from Merck, India. The 1,4-diazabutadiene ligands (L-R) were prepared by condensation 

of glyoxal with the 4-R-anilines in hot methanol. Tetrabutylammonium 

hexafluorophosphate (TBHP) procured from Aldrich and AR-grade acetonitrile procured 

from Merck (India) were used in electrochemical work. All other chemicals and solvents 

were reagent grade commercial materials and were used as received.  
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II.3.2. Physical measurements 

 

Microanalyses (C, H, and N) were performed using a Heraeus Carlo Erba 1108 

elemental analyzer. Mass spectra were recorded with a Micromass LCT electrospray 

(Qtof Micro YA263) mass spectrometer. Magnetic susceptibilities were measured using a 

Sherwood MK-1 balance. 1H NMR spectra were recorded in CD3CN solution on Bruker 

Avance DPX 400 and 500 NMR spectrometers using TMS as the internal standard. IR 

spectra were recorded on a Perkin Elmer Spectrum Two IR spectrometer, with samples 

prepared as KBr pellets. Electronic spectra were recorded on a JASCO V-630 

spectrophotometer. Electrochemical measurements were made using a CH Instruments 

model 600A electrochemical analyzer. A platinum disc working electrode, a platinum 

wire auxiliary electrode and an aqueous saturated calomel reference electrode (SCE) 

were used in the cyclic voltammetry experiments. All electrochemical experiments were 

performed at 298 K under a dinitrogen atmosphere. Geometry optimization by density 

functional theory (DFT) method and electronic spectral analysis by time-dependent 

density functional theory (TDDFT) calculation were performed using the Gaussian 09 

(B3LYP/GEN) package.[79] GC-MS analyses were performed using a Perkin Elmer 

CLARUS 680 instrument. 

 

II.3.3. Syntheses of ligands 
 

 The 1,4-diazabutadiene ligands (L-R) (R = OCH3, CH3 H and Cl) were prepared 

by condensation of glyoxal with the 4-R-anilines in hot methanol. 

H O

OH

2

NH2

R

R = -OCH3, -CH3 , -H , -Cl

- 2H2O

CH3OH

 Stirring &
 heating (30 min)



N

N

H

H

R

R
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II.3.4. Syntheses of complexes 

[Ru(trpy)(L-OCH3)Cl]ClO4, (1) 

To a solution of L-OCH3 (92 mg, 0.34 mmol) in 40 mL of hot ethanol 

[Ru(trpy)Cl3] (100 mg, 0.23 mmol), LiCl (100 mg 2.38 mmol) and NEt3 (0.5 mL, 0.41 

mmol) were added. The mixture was heated at reflux for 8 h under a dinitrogen  

atmosphere. The resulting red solution was filtered to remove any insoluble material. To 

the filtrate few drops of aqueous saturated NaClO4 solution was added, and it was kept in 

the refrigerator for 24 h [Ru(trpy)(L-OCH3)Cl]ClO4 separated as a red crystalline 

precipitate, which was collected by filtration, washed with a small volume of ice-cold 

water, and dried in a desiccator under vacuum. Yield: 73% (122 mg). Anal. Calcd. for 

C31H27N5O6Cl2Ru: C: 50.47; H: 3.66; N: 9.49; found C: 50.71; H: 3.63; N: 9.52%. MS 

(ESI), positive mode: [M-ClO4]
+, 638.1. 1H NMR (500 MHz, CD3CN):[93]  (ppm) = 3.58 

(s, 3H), 3.86 (s, 3H), 5.74 (d, J = 6.5 Hz, 2H ), 6.38 (d, J = 7.0 Hz, 2H), 7.08 (d, J = 7.0 

Hz, 2H), 7.47 (t, J = 7.0 Hz, 2H), 7.85 (d, J = 5.5 Hz, 2H), 7.90 (t, J = 8.0 Hz, 1H), 7.93-

8.11 (4H)*, 8.18 (d, J = 8.0 Hz, 2H), 8.23 (d, J = 8.0 Hz, 2H), 8.56 (s, 1H), 9.03 (s, 1H). 

IR (wave number, cm-1): 624, 636, 736, 770, 1015, 1085, 1120, 1145, 1246, 1284, 1396, 

1448, 1499 and 1602. 

[Ru(trpy)(L-CH3)Cl]ClO4, (2) 

This complex was synthesized by following the same above procedure, using L-

CH3 instead of L-OCH3.  Yield: 67% (108 mg). Anal. Calcd. for C31H27N5O4Cl2Ru: C: 

52.76; H: 3.82; N: 9.92; found C: 52.64; H: 3.90; N: 9.97%. MS (ESI), positive mode: 

[M-ClO4]
+, 606.1. 1H NMR (500 MHz, CD3CN):[93]  (ppm) = 2.07 (s, 3H), 2.41 (s, 3H), 

5.67 (d, J = 6.5 Hz, 2H ), 6.66 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 7.47 (t, J = 

6.5 Hz, 2H), 7.80-7.92 (5H)*, 7.97 (t, J = 8.0 Hz, 2H), 8.15 (d, J = 8.0 Hz, 2H), 8.22 (d, J 

= 8.0 Hz, 2H), 8.59 (s, 1H), 9.06 (s, 1H). IR (wave number, cm-1): 624, 636, 735, 770, 

1015, 1085, 1120, 1145, 1245, 1284, 1396, 1448, 1497 and 1602. 

[Ru(trpy)(L-H)Cl]ClO4, (3) 

To a solution of L-H (71 mg, 0.34 mmol) in 40 mL of hot ethanol [Ru(trpy)Cl3] 

(100 mg, 0.23 mmol), LiCl (100 mg 2.38 mmol) and NEt3 (0.5 mL, 0.41 mmol) were 

added. The mixture was heated at reflux for 8 h under N2 atmosphere. The resulting violet 
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solution was filtered to remove any insoluble material and few drops of aqueous saturated 

NaClO4 solution was added to it and the solvent was evaporated to dryness under reduced 

pressure. The dark solid, thus obtained, was washed with cold water to remove excess 

NaClO4, and dried in a desiccator. The dry solid was dissolved in a minimum volume of 

acetonitrile, and it was subjected to purification by column chromatography using neutral 

alumina. With 1:2 acetonitrile-benzene as eluant a purple band separated, which was 

collected. Evaporation of the solvents under reduced pressure afforded [Ru(trpy)(L-

H)Cl]ClO4 as a crystalline solid. Yield: 67%. Anal. Calcd. for C29H23N5O4Cl2Ru: C 

51.40; H 3.40; N 10.34; found C: 51.47; H: 3.36; N: 10.27%. MS (ESI), positive mode: 

[M-ClO4]
+, 578.0. 1H NMR (400 MHz, CD3CN):[93]  (ppm) = 5.84 (d, J = 7.6 Hz, 2H ), 

6.94 (t, J = 8.0 Hz, 2H), 7.11 (t, J = 7.6 Hz, 1H), 7.23 (t, J = 7.6 Hz, 1H), 7.5-7.7 (6H)*, 

7.94 (d, J = 6.8 Hz, 2H), 8.0-8.1 (3H)*, 8.22 (d, J = 8.4 Hz, 2H), 8.30 (d, J = 8 Hz, 2H), 

8.73 (s,1H), 9.18 (s, 1H). IR (wave number, cm-1): 625, 636, 734, 769, 1015, 1085, 1120, 

1144, 1246, 1282, 1395, 1448, 1495 and 1602. 

[Ru(trpy)(L-Cl)Cl]ClO4, (4) 

To a solution of L-Cl (95 mg, 0.34 mmol) in 40 mL of hot ethanol [Ru(trpy)Cl3] 

(100 mg, 0.23 mmol), LiCl (100 mg 2.38 mmol) and NEt3 (0.5 mL, 0.41 mmol) were 

added. The mixture was heated at reflux for 8 h under N2 atmosphere. The resulting 

purple solution was filtered to remove any insoluble material, and the solvent was 

evaporated under reduced pressure. The dark solid, thus obtained, was dissolved in a 

minimum volume of acetonitrile and few drops of aqueous saturated NaClO4 solution 

were added and it was kept in the refrigerator for 5 days. [Ru(trpy)(L-Cl)Cl]ClO4 

separated as a pinkish-red crystalline precipitate, which was collected by filtration, 

washed with a small volume of ice-cold water, and dried in a desiccator under vacuum. 

Yield: 70% (118 mg). Anal. Calcd for C29H21N5O4Cl4Ru: C: 46.64; H: 2.81; N: 9.38; 

found C: 46.59; H: 2.86; N: 9.32%.  MS (ESI), positive mode: [M-ClO4]
+, 648.0. 1H 

NMR (400 MHz, CD3CN):[93]  (ppm) = 5.82 (d, J = 8.4 Hz, 2H ), 6.93 (d, J = 8.4 Hz, 

2H), 7.51 (t, J = 6.4 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 7.83 (d, J = 5.6 Hz, 2H), 7.95-7.99 

(3 H)*, 8.04 (t, J = 8.2 Hz, 2H),  8.23 (d, J = 8.0 Hz, 2H),  8.28 (d, J =8.0 Hz, 2H), 8.70 

(s, 1H), 9.15 (s, 1H). IR (wave number, cm-1): 624, 638, 771, 750, 833, 1009, 1088, 1120, 

1145, 1212, 1284, 1390, 1449, 1479 and 1602. 
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II.3.5. X-ray crystallography 

 Single crystals of [Ru(trpy)(L-OCH3)Cl]ClO4 and [Ru(trpy)(L-CH3)Cl]ClO4 were 

harvested from ethanol solutions of the respective complexes, obtained directly from the 

synthetic reactions, after keeping them in the refrigerator for 24 h. Single crystals of 

[Ru(trpy)(L-Cl)Cl]ClO4 were obtained by slow evaporation of solvent from an 

acetonitrile solution of the complex. Selected crystal data and data collection parameters 

for complexes 1, 2 and 4 are deposited as Table 18. Data on all the crystals were 

collected on a Bruker SMART CCD diffractometer. X-ray data reduction, structure 

solution and refinement were done using the SHELXS-97 and SHELXL-97 

packages.[94],[95] The structures were solved by the direct methods. 

II.3.6. Application as catalysts 

General procedure for the catalytic transfer-hydrogenation of aldehydes and 

ketones. In a typical run, an oven-dried 10 mL round-bottomed flask was charged with 

the aldehyde or ketone, a known mol percent of the catalyst, and a known mol percent of 

NaOtBu dissolved in 1-propanol (5 mL). The flask was placed in a preheated oil bath at 

the required temperature. After the specified time, the flask was removed from the oil 

bath and water (20 mL) was added, and extracted with diethyl ether (3  10 mL). The 

combined organic layers were washed with water (3  10 mL), dried with anhydrous 

Na2SO4, and filtered. Diethyl ether was removed under vacuum and the residue obtained 

was dissolved in hexane and analyzed by GC-MS. 

General procedure for the catalytic transfer-hydrogenation of nitroarenes. In a 

typical run, an oven-dried 10 mL round-bottomed flask was charged with the nitroarene, 

a known mol percent of the catalyst, and KOtBu (20.0 mol%) dissolved in 1-propanol (6 

mL). The flask was placed in a preheated oil bath at the required temperature. After the 

specified time, the flask was removed from the oil bath and water (20 mL) was added, 

and extracted with diethyl ether (3  10 mL). The combined organic layers were washed 

with water (3  10 mL), dried with anhydrous Na2SO4, and filtered. Diethyl ether was 

removed under vacuum and the residue obtained was dissolved in toluene and analyzed 

by GC-MS. 
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Table 18. Crystallographic data for complexes 1, 2 and 4 

 

Complex [Ru(trpy)(L-OCH3)Cl]ClO4 

(1) 

[Ru(trpy)(L-CH3)Cl]ClO4, 

0.5EtOH (2) 

[Ru(trpy)(L-Cl)Cl]ClO4, 

CH3CN (4) 

empirical 

formula 

C31H27N5O2ClRu, ClO4 C31H27N5ClRu, ClO4, 

CH3O0.5 

C29H21N5Cl3Ru, ClO4, 

C2H3N 

formula weight 737.55 728.55 787.43 

crystal system  Orthorhombic triclinic triclinic 

space group Pbca Pī Pī 

a (Å) 20.9231(18) 10.2459(6) 10.9675(18) 

b (Å) 11.4216(9) 12.7321(7) 13.016(2) 

c (Å) 26.183(2) 13.2874(7) 14.105(2) 

α (◦) 90 86.688(3) 99.689(5) 

β (◦) 90 84.726(3) 109.115(5) 

γ (◦) 90 75.038(3) 112.584(5) 

V (Å3) 6257.1(9) 1666.47(16) 1653.8(5) 

Z 8 2 2 

Dcalcd /mg m-3 1.564 1.452   1.581 

F (000) 2989 736 792 

crystal size 

(mm) 

0.22  0.24  0.32 0.18  0.20  0.32 0.10  0.11  0.14 

T (K) 296 296 296 

 (mm-1) 0.724   0.675 0.843 

R1a 0.0402 0.0637  0.1518 

wR2b 0.1483 0.2051 0.3072 

GOFc 0.77 1.16 1.51 

 
a R1 =  Fo - Fc   Fo.  
b wR2 = [{w(Fo

2-Fc
2)2}{w(Fo

2)}]1/2.  
c GOF = [(w(Fo

2-Fc
2)2)(M-N)]1/ 2, where M is the number of reflections and N is the 

  number of parameters refined. 
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II. 4. Conclusions 
 

 A group of heteroleptic 1,4-diazabutadiene (L-R) complexes of ruthenium of type 

[Ru(trpy)(L-R)Cl]ClO4 has been synthesized and the scope of these complexes as 

catalyst precursor for transfer hydrogenation of aryl aldehydes, aryl ketones and 

nitroarenes has been examined. The Ru-Cl fragment in these complexes is found to be 

highly effective for their utilization as pre-catalyst in transfer hydrogenation reactions 

using 1-propanol as the provider of hydrogen. The ruthenium-hydrido species C (see 

Scheme 2), generated in situ, serves as an excellent catalyst for the transfer 

hydrogenation of aryl aldehydes to the corresponding alcohols with high turn-over 

number (~ 106). Aryl ketones, which are known as relatively difficult to reduce, could 

also be hydrogenated, but with less efficiency (turn-over number ~ 102). Catalytic 

transfer hydrogenation of nitroarenes was also done smoothly, and while ruthenium-

catalyzed transfer hydrogenation of nitroarenes usually furnishes a mixture of amino-, 

azo- and azoxy-products, our catalytic protocol is found to afford the corresponding aryl 

amines as the only reduction product. The demonstrated ability of this group of 

ruthenium complexes as efficient catalyst precursor for transfer hydrogenation indicates 

further scope of their utilization for reduction of other functional groups under relatively 

mild homogeneous condition. 
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Chapter III 

Development of a ruthenium aquo complex for 

utilization in synthesis and in catalysis for selective 

hydration of nitriles and alkynes 

 

Abstract 
 

Synthesis of a ruthenium(II)-aquo complex bearing 2,2′:6′,2′′-terpyridine and a 

1,4-diazabutadiene ligand, and exploration of its synthetic utility and catalytic activity are 

described. Ag+-assisted displacement of the coordinated chloride from the previously 

described [Ru(trpy)(L-OCH3)Cl]ClO4 in Chapter II [depicted as complex 1; where L-

OCH3 represents 1,4-di-(p-methoxyphenyl)azabutadiene] in aqueous ethanol affords the 

[Ru(trpy)(L-OCH3)(H2O)]2+ complex cation, which has been isolated as the perchlorate 

salt (complex 1a). Complex 1a undergoes facile substitution of the aquo ligand by neutral 

monodentate ligands leading to the formation of complexes of type [Ru(trpy)(L-

OCH3)(L')]2+, also isolated as perchlorate salts [L' = acetonitrile (complex 1b); L' = dmso 

(complex 1c); L' = 4-picoline (complex 1d) and L' = PPh3 (complex 1e)]. Complexes 1b 

– 1e can also be synthesized directly from complex 1, via the Ag+-assisted displacement 

of coordinated chloride by the respective monodentate L' ligand. Crystal structures of 

complexes 1a, 1b and 1d have been determined. The complexes show intense absorptions 

in the visible and ultraviolet regions, the origin of which have been probed into with the 

help of TDDFT method. Cyclic votammetry of the complexes shows an irreversible 

Ru(II)-Ru(III) oxidation within 0.9 – 1.6 V vs SCE, and two ligand (trpy and L-R) based 

reductions on the negative side of SCE. The aquo-complex (1a) is found to serve as an 

efficient catalyst for the hydration of aryl nitriles to the corresponding amides, and aryl 

alkynes to aldehydes. 
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III. 1. Introduction 
 

 There has been considerable effort across the globe towards development of 

ruthenium based molecular systems for their application in different fields, particularly in 

catalysis and biology.[1-24] Synthesis of pre-designed ruthenium complex marks the 

beginning of such studies. We have been active in exploring the chemistry of ruthenium 

complexes, and the present work has originated from our continued interest in this area, 

with particular reference to development of new ruthenium-based catalysts for useful 

organic transformations.[25-34] Ruthenium offers a wide range of oxidation states, and 

many of its applications are primarily based on the inter-conversion of these oxidation 

states. But there are several other applications as well, which do not involve changes in 

oxidation state of the metal center, and herein we intended to scrutinize reactivity of this 

second type in a ruthenium-aquo complex. Our primary target has been to synthesize a 

ruthenium(II)-aquo complex of type L5RuII-OH2, where L5 is a general depiction of 

ligands that occupy the other five coordination sites of  ruthenium. Complexes bearing a 

RuII-OH2 moiety are mostly utilized as precursor for generation of the corresponding 

L5RuIV=O species, followed by assessment of their efficiency as oxidants.[35-38] The other 

utility of such L5RuII-OH2 complexes, that appears to have remained much less explored, 

is the synthetic utility manifested through substitution of the coordinated water by 

monodentate ligands (L') for preparing new complexes of type L5RuII- L'.[39-42] The 

ability of Ru-complexes to undergo facile substitution of ligand(s) also endows them to 

be utilized as effective Lewis acid catalyst in many reactions, such as for the hydration of 

nitriles and alkynes.[43-45,46-48] In view of the ease of substitution, Ru-OH2 moiety 

outperforms other Ru-X (X ≠ H2O) moieties, and hence utilization of Ru-aquo complexes 

for such catalysis, which seems to remain uncultivated, was envisaged to be useful. 

 Encouraged by all these considerations, we aimed at the synthesis of a 

ruthenium(II)-aquo complex, its characterization, and exploration of its reactivity of two 

types: (i) susceptibility towards substitution of the aquo ligand by other monodentate 

ligands, and (ii) ability to serve as a Lewis acid catalyst for hydration of aryl nitriles and 

aryl alkynes. Addition of water to the –C≡N moiety is known to result in the formation of 

amide (–C(=O)NH2) function. Although other methods of amide formation are known, 

hydration of nitrile is regarded as the most preferred one due to the green nature of such 
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reaction. It has been a growing trend in the industry to move from conventional chemical 

processes to green protocols, particularly for reducing harmful effect on human health.[49] 

As water is inexpensive, and an environment-friendly reagent due to its non-inflammable 

and non-toxic nature,[50] synthesis of useful class of compounds, such as amides or 

aldehydes, utilizing water as the key reagent is of significant importance. Amides find 

wide application in the synthesis of pharmaceuticals, polymers, lubricants and herbicides, 

and also as intermediates in organic synthesis.[51-54] Similarly aldehydes also constitute a 

hub wherefrom a variety of useful compounds, such as perfumes, dyes, pharmaceuticals, 

etc., can be derived.[55-57] Thus catalytic hydration of nitriles and alkynes, to produce 

amides and aldehydes respectively, is of considerable current interest.[43-45,46-48] 

 To fulfill the five coordination sites on the metal center in the targeted Ru-OH2 

moiety, we planned to utilize a combination of 2,2′:6′,2′′-terpyridine (trpy) and 1,4-di(N-

p-methoxyphenyl)azabutadiene (L-OCH3). The binding modes of these ligands are shown 

in I and II. The combination of these two ligands is found to stabilize ruthenium(II) both 

in the solid state, as well as in solution.[26] In this chapter we describe the synthesis and 

characterization of the targeted aquo complex, [Ru(trpy)(L-OCH3)(H2O)]2+; its utilization  

 

N
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N N OCH3CH3O
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as a precursor for the synthesis of new ternary complexes of ruthenium(II); and its ability 

to serve as an efficient catalyst-precursor for the hydration of aryl nitriles and aryl 

alkynes to produce amides and aldehydes respectively. 
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III. 2. Results and discussion 

III.2.1. Synthesis and characterization 
 

 As outlined in the introduction, the first task was to synthesize the Ru-aquo 

complex bearing terpyridine (trpy) and 1,4-diazabutadiene (L-OCH3) ligands. To achieve 

this initial goal we selected [Ru(trpy)(L-OCH3)Cl]ClO4 (complex 1), that has been 

described in Chapter I,[26] as the starting material. The ruthenium-coordinated chloride in 

complex 1 could be smoothly taken out by its interaction with Ag+ ion in aqueous-ethanol 

medium, and the generated complex cation, [Ru(trpy)(L-OCH3)(H2O)]2+, was isolated as 

its perchlorate salt in a decent yield. Preliminary characterizations (microanalysis and IR) 

on this [Ru(trpy)(L-OCH3)(H2O)](ClO4)2 complex, henceforth referred to as complex 1a, 

are found to be consistent with its composition. Crystal structure of 1a has also been 

determined by X-ray diffraction method. The structure is shown in Figure 1, and selected  

 

Figure 1. Crystal structure of complex 1a (30% probability ellipsoids). The perchlorate 

ions and hydrogen atoms (other than the two of the coordinated water molecule) are 

omitted for clarity. 

 

bond lengths and bond angles are given in Table 1. The structure shows that the 1,4-di-

(p-methoxyphenyl) azabutadiene and trpy ligands are chelated to ruthenium in their usual 

modes (as shown in I and II), and a water molecule has taken up the remaining sixth 

coordination site and is bound to the metal center through oxygen. The Ru-O distance is 
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found to be normal, as reported for other structures with a similar RuII-OH2 moiety.[58-60] 

The bond parameters within the Ru(trpy) and Ru(L-OCH3) fragments compare well with 

those found in the same fragments of the precursor complex 1.[26] 

Table 1. Selected bond distances and bond angles for complex 1a 

 

Bond distances (Å) 

Ru1-N1 2.0636(17)  C3-N1 1.433(3) 

Ru1-N2 1.9908(18)  C1-N1 1.305(3) 

Ru1-N3 2.0741(19)  C1-C2 1.425(3) 

Ru1-N4 1.9750(18)  C2-N2 1.295(3) 

Ru1-N5 2.0777(19)  C10-N2 1.437(3) 

Ru1-O3 2.1358(16)   

Bond angles (°)  

N1-Ru1-N4 172.67(7)  N1-Ru1-N2 77.67(7) 

N2-Ru1-O3 175.98(7)  N3-Ru1-N4 79.24(8) 

N3-Ru1-N5 158.06(8)  N4-Ru1-N5 79.11(8) 

 

Presence of the aquo ligand in complex 1a prompted us to explore its potential as 

a precursor for the synthesis of new complexes via substitution of the coordinated water 

by other monodentate ligands. We attempted four such reactions and could successfully 

isolate complexes of the expected type, [Ru(trpy)(L-OCH3)(L')](ClO4)2, which are 

depicted as complex 1b (L' = acetonitrile); complex 1c (L' = dmso); complex 1d (L' = 4-

picoline) and complex 1e (L' = PPh3). Complexes 1b – 1e could also be synthesized 

directly starting from complex 1 via Ag+-assisted displacement of the chloride by the 

respective monodentate ligand L'. The synthetic reactions are summarized in Scheme 1. 

Synthesis of complexes 1b – 1e via substitution of water in complex 1a by L' is 

found to be more convenient compared to the Ag+-assisted substitution of chloride in 

complex 1 by L'. The latter route for the formation of 1c, 1d and 1e, where ethanol was 

used as solvent, presumably proceeds via in situ formation of a solvento species of type 

[Ru(trpy)(L-OCH3)(solvent)]2+. The Structures of two of these four derivative complexes, 

viz. 1b and 1d, were determined by X-ray crystallography. The structures are shown in 

Figure 2 and Figure 3, and the selected bond parameters are listed in Table 2. 
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(1) (1a)

(1b - 1e)

L' = acetonitrile, dmso,

        4-picoline, PPh3

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of complexes 1a – 1e (the perchlorate ions are not shown). 

 

 
Figure 2. Crystal structure of complex 1b (30% probability ellipsoids). The perchlorate 

ions and hydrogen atoms are omitted for clarity. 

Ag
+

H2O

L'

Ag
+

L'
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Figure 3. Crystal structure of complex 1d (30% probability ellipsoids). The perchlorate 

ions and hydrogen atoms are omitted for clarity. 

 

Table 2. Selected bond distances and bond angles for complexes 1b and 1d 

 

Complex 1b 

Bond distances (Å) 

Ru1-N1 2.065(8)  C3-N1 1.443(13) 

Ru1-N2 2.005(8)  C1-N1 1.301(14) 

Ru1-N3 2.083(9)  C1-C2 1.425(16) 

Ru1-N4 1.979(8)  C2-N2 1.295(13) 

Ru1-N5 1.984(7)  C10-N2 1.449(13) 

Ru1-N6 2.039(9)   

Bond angles (°) 

N1-Ru1-N4 170.6(3)  N3-Ru1-N4 79.8(4) 

N2-Ru1-N6 174.3(3)  N4-Ru1-N5 79.4(3) 

N3-Ru1-N5 159.1(3)  Ru1-N6-C32 175.9(10) 

N1-Ru1-N2 77.2(4)  N6-C32-C33 178.2(16) 
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Complex 1d 

Bond distances (Å) 

Ru1-N1 2.066(8)  C3-N1 1.414(14) 

Ru1-N2 2.050(8)  C1-N1 1.290(14) 

Ru1-N3 2.075(8)  C1-C2 1.394(16) 

Ru1-N4 1.987(8)  C2-N2 1.272(14) 

Ru1-N5 2.061(8)  C10-N2 1.446(14) 

Ru1-N6 2.099(9)   

Bond angles (°)  

N1-Ru1-N4 175.0(3)  N1-Ru1-N2 76.8(4) 

N2-Ru1-N6 170.0(4)  N3-Ru1-N4 79.2(3) 

N3-Ru1-N5 157.6(3)  N4-Ru1-N5 78.5(3) 

 

Besides the metrical parameters in the Ru- L' moiety, remaining structural data of 

these two complexes are found to be similar to those in complex 1a. Single crystals of the 

dmso-derivative 1c could not be grown even after several attempts. As dmso is known to 

bind to ruthenium through its oxygen or sulfur,[61-64] we optimized structures of both the 

linkage isomers of 1c by DFT method. The linkage isomer with O-bonded dmso is found 

to be more stable than that with S-bonded dmso by 13.21 kcal/mol (Figure 4). Hence we 

assigned the thermodynamically more stable structure with O-bonded dmso for complex 

1c. Similar linkage preference of dmso was noted earlier.[62] We also optimized the 

structure of complex 1e, for which crystals of good quality could not be harvested either, 

by DFT method. The DFT-optimized structures of complexes 1c (with O-bonded dmso) 

and 1e are shown respectively in Figure 5. Some computed bond parameters of these 

structures are presented in Table 3. Except in the Ru- L' (L' = dmso and PPh3) moiety, 

the other bond parameters in the Ru(trpy)(L-OCH3) fragment compare well with those 

found in the crystal structures of 1a, 1b and 1d. 
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Figure 4. Energy difference between linkage isomers of complex 1c. 

 

 

 
Complex 1c 

 

 
Complex 1e 

 

Figure 5. DFT-optimized structure of complexes 1c and 1e. The hydrogen atoms are 

omitted for clarity. 

13.21 kcal/mol 

1c (with S-bonded dmso) 

1c (with O-bonded dmso) 
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Table 3. Some computed bond distances and bond angles for complexes 1c and 1e 

 

Complex 1c 

Bond distances (Å) 

Ru1-N1 2.151 C1-N1 1.313 

Ru1-N2 2.086 C3-N1 1.417 

Ru1-N3 2.133 C1-C2 1.427 

Ru1-N4 2.007 C2-N2 1.313 

Ru1-N5 2.116 C10-N2 1.422 

Ru1-O3 2.195 S1-C32 1.816 

O3-S1 1.526 S1-C33 1.822 

Bond angles (°) 

N1-Ru1-N2 77.799 N3-Ru1-N4 78.427 

N2-Ru1-O3 170.139 N4-Ru1-N5 79.034 

N1-Ru1-N4 176.902 N3-Ru1-N5 157.445 

Ru1-O3-S1 126.135   

Complex 1e 

Bond distances (Å) 

Ru1-N1 2.211 C1-N1 1.312 

Ru1-N2 2.171 C3-N1 1.422 

Ru1-N3 2.137 C1-C2 1.431 

Ru1-N4 2.006 C2-N2 1.304 

Ru1-N5 2.133 C10-N2 1.423   

Ru1-P1 2.551   

Bond angles (°)  

N1-Ru1-N2 76.522 N3-Ru1-N4 78.376 

N2-Ru1-P1 178.154 N4-Ru1-N5 78.674 

N1-Ru1-N4 170.360 N3-Ru1-N5 156.279 
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III.2.2 Spectral properties 
 

Magnetic susceptibility measurements show that complexes 1a – 1e are 

diamagnetic, which corresponds to the +2 oxidation state of ruthenium (low-spin d6, S = 

0) in them. 1H NMR spectra of complexes 1b – 1e were recorded in CD3CN solution and 

the data are presented in the experimental section.[65] The methyl signal from coordinated 

acetonitrile is observed at 2.16 ppm in the spectrum of 1b. The methyl groups in the 

coordinated dmso in 1c show a distinct signal at 2.92 ppm. From the coordinated 4-

picoline in 1d three signals (one singlet for -CH3, and two doublets for the pyridyl ring 

protons) were expected, out of which the methyl signal is observed at 2.15 ppm, while the 

two expected doublets could not be identified due to overlap with signals arising in the 

same region from the other ligands. The phenyl protons of the coordinated PPh3 in 1e 

give rise to broad signals within 7.5 -7.9 ppm. Rest of the spectra are qualitatively similar 

to that of the parent complex 1. 31P NMR spectrum of 1e was recorded, which shows only 

one signal at 27.6 ppm attributable to the phosphorus in the coordinated PPh3. 

Infrared spectra of complexes 1a – 1e (data shown in the experimental section) 

are mostly similar to the spectrum of complex 1. Bands near 1602, 1449, 1384 and 770 

cm-1 were observed in each complex due to the Ru-bound trpy, and those near 1502, 1023 

and 636 cm-1 are assignable to the Ru-coordinated 1,4-diazabutadiene. Two strong bands 

observed near 1120 and 626 cm-1 in all five complexes are attributable to the perchlorate 

anion. In 1b a distinct band at 2050 cm-1 is attributed to C≡N stretch from the coordinated 

acetonitrile. In 1c a discrete band observed at 953 cm-1 is assigned to the S-O stretch of 

O-bonded dmso.[61-63] In 1e two strong bands at 540 and 747 cm-1 are due to the 

coordinated PPh3 ligand. 

Complexes 1a – 1e are found to be soluble in polar organic solvents; such as: 

acetonitrile, dimethylformamide and dimethylsulfoxide; producing intense red solutions. 

However, as the coordinated water in 1a was found to undergo facile substitution by 

coordinating ligands (vide supra), its spectrum was recorded in aqueous solution. Spectra 

of the remaining four complexes, viz. 1b – 1e, were recorded in acetonitrile solutions. 

Each of the five complexes displays five distinct absorptions within the 800 - 200 nm 

region (Table 4). The spectrum of 1a is shown in Figure 6 as representative of all the 

spectra. To assess the contribution of the three types of ligands, as well as of the metal 
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center, in the absorptions displayed by these [Ru(trpy)(L-OCH3)(L')]2+ complexes, 

TDDFT calculations were performed on all five complexes using the Gaussian 09 

program package.[66,67]  

 

Table 4. Electronic spectral and cyclic voltammetric data of the complexes. 

 

Complex Electronic spectral dataa 

max, nm (, M-1cm-1) 

Cyclic voltammetric datac 

 

1a 492 (11200), 395 (10900), 312 (19400), 

269 (20400), 227 (45000) 

0.94d 

 

1b 481 (9800), 405 (12300), 304 (17600),  

273 (19700), 232 (30200)b 

1.57d, -0.75e, -0.87e 

1c 486 (9100), 403 (11100), 310 (22300),  

271 (23900), 216 (26600)b 

1.55d, -0.83e, -1.05e 

1d 493 (11500), 410 (13200), 310 (24300), 

272 (23000), 235 (32100) 

1.50d, -0.78e, -1.01e 

1e 485 (10400), 406 (13200), 307 (21300), 

271 (25700), 227 (51300)b 

1.58d, -0.68e, -1.01e 

 
a Solvent is water for 1a, acetonitrile for 1b – 1e. 
b Shoulder. 
c Solvent is water for 1a, acetonitrile for 1b – 1e; Scan rate, 50 mVs-1; Supporting 

electrolyte for 1a is KCL and for 1b – 1e is TBHP.  
d Epa (anodic peak potential) value. 
e Epc (cathodic peak potential) value. 

 

The main calculated transitions and composition of the molecular orbitals 

associated with the transitions are presented in Table 5 – Table 14, and the contour plots 

of these orbitals are shown in Figure 7 – Figure 11. As results of the TDDFT 

calculations are found to be qualitatively similar for all the four complexes, only the 

results for 1a are discussed here. The lowest energy absorption at 492 nm is attributable 

to a combination of HOMO-3 → LUMO, HOMO-1 → LUMO and HOMO → LUMO 

transitions, and based on the nature of these four participating orbitals this electronic 

excitation is assignable to a combination of MLCT (ruthenium-to-diazabutadiene charge-
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transfer), LLCT (trpy-to-diazabutadiene charge-transfer) and ILCT (intra-diazabutadiene 

charge-transfer) transitions. The next absorption at 395 nm is found to be primarily due to 

the HOMO-4 → LUMO transition; and has dominant MLCT (ruthenium-to-

diazabutadiene charge-transfer) character, with minor contribution from ILCT (intra-

diazabutadiene charge-transfer) and LLCT (trpy-to-diazabutadiene charge-transfer) 

transitions. The third absorption at 312 nm is attributable to a combination of three 

(HOMO-5 → LUMO+1, HOMO → LUMO+3, and HOMO → LUMO+4) transitions; 

which have only LLCT (diazabutadiene-to-trpy charge-transfer) character. The fourth 

band at 269 nm is due to a HOMO-5 → LUMO+2 transition, which also has dominant 

LLCT (diazabutadiene-to-trpy charge-transfer) character. The fifth band at 227 nm is 

found to have major ILCT (intra-diazabutadiene charge-transfer) character, with much 

less contribution coming from LMCT (diazabutadiene-to-ruthenium charge-transfer) and 

LLCT (diazabutadiene-to-trpy/water charge-transfer) transitions. 

 


 

Figure 6. Electronic absorption spectrum of complex 1a in aqueous solution.  
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Table 5. Computed parameters from TDDFT calculations on complex 1a for electronic 

spectral properties in aqueous solution 

 

Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-3 → L 

H-1 → L 

H → L 

0.44216 

0.37240 

0.39467 

2.5721 0.4901 482 MLCT/LLCT 

ILCT 

ILCT 

492 

2 H-4 → L 

H-4 → L+1 

H-3 → L+1 

H-2 → L 

H-2 → L+1 

H-1 → L+1 

H-1 → L+2 

H-1 → L+5 

H → L+5 

0.43694 

0.10291 

0.24545 

0.12469 

0.11714 

0.10428 

0.10440 

0.27243 

0.20279 

3.1122 0.0277 389 MLCT/ILCT/ LLCT 

MLCT/ILCT 

MLCT/ILCT 

MLCT/LLCT 

MLCT/LLCT/ ILCT 

LLCT 

LLCT 

LMCT/LLCT/ILCT 

LMCT/LLCT/ILCT 

395 

3 H-5 → L+1 

H → L+3 

H → L+4 

H → L+5 

0.40042 

0.34558 

0.37591 

0.10524 

3.9929 0.2109 310 LLCT 

LLCT 

LLCT 

LMCT/LLCT/ILCT 

312 

4 H-8 → L+1 

H-5 → L+2 

H-3 → L+3 

H-3 → L+4 

H-2 → L+4 

H-1 → L+4 

0.13454 

0.48720 

0.26888 

0.27855 

0.10789 

0.21551 

4.5044 0.0880 275 ILCT 

LLCT 

MLCT/ILCT 

MLCT/ILCT 

MLCT/ILCT/LLCT 

LLCT 

269 

5 H-12 → L 

H-11 → L 

H-10 → L+1 

H-5 → L+4 

H-1 → L+9 

0.35228 

0.23171 

0.13218 

0.27703 

0.36093 

5.1824 0.0136 239 ILCT/LMCT 

ILCT/LMCT 

LLCT 

LLCT 

ILCT/LLCT 

227 
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Table 6. Compositions of the molecular orbitals of complex 1a 

        associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru Trpy L-OCH3 H2O 

HOMO (H) 5 1 94 0 

H-1 9 2 89 0 

H-2 73 14 12 1 

H-3 77 17 5 1 

H-4 66 11 23 0 

H-5 0 0 99 1 

H-8 2 95 3 0 

H-10 0 1 99 0 

H-11 1 3 95 1 

H-12 0 1 98 1 

LUMO (L) 10 2 88 0 

L+1 6 93 0 1 

L+2 1 99 0 0 

L+3 3 96 0 1 

L+4 3 97 0 0 

L+5 52 12 18 18 

L+9 11 3 72 14 
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HOMO (H) 

 

H-1 

 

H-2 

 

H-3 

 
H-4 

 

H-5 

 

H-8 
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L+2 

 

L+3 

 

L+4 

 

L+5 

 
L+9 

 

 

Figure 7. Contour plots of the molecular orbitals of complex 1a, which are associated 

with the electronic spectral transitions (See Table 5). 
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Table 7. Computed parameters from TDDFT calculations on complex 1b for electronic 

spectral properties in acetonitrile solution 

 

Excited 

state 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-3 → L 

H-1 → L 

H → L 

0.49112 

0.28458 

0.40475 

2.5632 0.4854 484 MLCT/LLCT 

ILCT 

ILCT 

481 

2 H-4 → L 

H-3 → L+1 

H-2 → L 

0.63154 

0.10707 

0.24464 

3.0572 0.0456 405 MLCT/ILCT/LLCT 

MLCT/ILCT 

MLCT/LLCT 

405 

3 H-5 → L+1 

H → L+3 

0.44630 

0.50881 

4.0032 0.2295 310 LLCT 

LLCT 

304 

4 H-8 → L+1 

H-5 → L+2 

H-3 → L+3 

H-3 → L+4 

H-2 → L+4 

H-1 → L+4 

0.12636 

0.48345 

0.34287 

0.18001 

0.14342 

0.21724 

4.5065 0.0979 275 ILCT 

LLCT 

MLCT/LLCT/ILCT 

MLCT/ILCT/LLCT 

MLCT/ILCT/LLCT 

LLCT 

273 

5 H-12 → L 

H-2 → L+7 

H-2 → L+8 

H-2 → L+9 

H-1 → L+7 

H-1 → L+8 

H-1 → L+9 

H→ L+10 

0.15867 

0.33532 

0.19579 

0.16477 

0.19995 

0.30896 

0.21252 

0.19191 

5.1735 0.0187 240 ILCT/LMCT 

IMCT/MLCT/LLCT/ILCT 

MLCT/LLCT 

MLCT/LLCT 

LMCT/LLCT/ ILCT 

ILCT/ LLCT 

ILCT/ LLCT 

LLCT/ ILCT 

232 
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Table 8. Compositions of the molecular orbitals of complex 1b 

  associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru Trpy L-OCH3 CH3CN 

HOMO (H) 4 0 96 0 

H-1 6 1 93 0 

H-2 73 14 9 4 

H-3 74 16 5 5 

H-4 69 12 18 1 

H-5 0 1 99 0 

H-8 2 94 4  

H-12 0 1 99 0 

LUMO (L) 8 3 89 2 

L+1 5 94 1 0 

L+2 1 98 0 1 

L+3 1 99 0 0 

L+4 3 97 0 0 

L+7 55 15 26 4 

L+8 4 2 80 14 

L+9 4 2 77 17 

L+10 6 1 15 78 
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Figure 8. Contour plots of the molecular orbitals of complex 1b, which are associated 

with the electronic spectral transitions (See Table 7). 
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Table 9. Computed parameters from TDDFT calculations on complex 1c for electronic 

spectral properties in acetonitrile solution 

 
Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-2 →L 

H-1 →L 

H →L 

0.54729 

0.15447 

0.39826 

2.5655 0.5531 483 MLCT/LLCT 

ILCT/MLCT 

ILCT 

486 

2 H-4 →L 

H-3 →L 

H-3 →L+1 

H-3 →L+2 

H-2 →L+1 

H-1 →L+2 

0.46758 

0.21236 

0.10453 

0.11788 

0.32982 

0.25499 

3.0525 0.0242 406 MLCT/ILCT 

MLCT/LLCT 

MLCT/ILCT 

MLCT/ILCT 

MLCT/LLCT/ILCT 

LLCT/MLCT 

403 

3 H-5 →L+1 

H-2 →L+3 

H-2 →L+9 

H-1 →L+3 

H-1 →L+4 

H-1 →L+5 

H-1 →L+9 

H →L+3 

H →L+4 

H →L+9 

0.31171 

0.10529 

0.16964 

0.35149 

0.20294 

0.17985 

0.16712 

0.11691 

0.14905 

0.12275 

4.0151 0.1169 309 LLCT 

MLCT/ILCT/LLCT 

MLCT/LLCT/ILCT 

LLCT/MLCT 

LLCT/MLCT 

MLCT/ILCT/LLCT/LMCT 

MLCT/ILCT 

LLCT 

LLCT 

ILCT 

310 

4 H-6 →L+2 

H-5 →L+2 

H-2 →L+5 

H-1 →L+5 

H →L+5 

0.10232 

0.35304 

0.40564 

0.11118 

0.37918 

4.4551 0.1444 278 LLCT 

LLCT 

MLCT/ILCT/LLCT/LMCT 

MLCT/ILCT/LLCT/LMCT 

LMCT/LLCT/ILCT 

271 

5 H-15 →L 

H-13→L 

H-4 →L+7 

H-3 →L+7 

H-3 →L+9 

H-2 →L+7 

H-2 →L+8 

H-2 →L+9 

0.31982 

0.15501 

0.28094 

0.41276 

0.10248 

0.15762 

0.13455 

0.11581 

5.2754 0.0546 235 LLCT 

ILCT/LLCT 

MLCT/ILCT/LLCT/LMCT 

MLCT/ILCT/LLCT/LMCT 

MLCT/LLCT 

MLCT/ILCT/LLCT/LMCT 

MLCT/ILCT/LLCT 

MLCT/ILCT/LLCT 

216 
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Table 10. Compositions of the molecular orbitals of complex 1c 

associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru Trpy L-OCH3 DMSO 

HOMO (H) 6 1 93 0 

H-1 14 2 83 1 

H-2 70 12 14 4 

H-3 70 13 9 7 

H-4 68 10 22 0 

H-5 0 1 99 0 

H-6 1 0 97 2 

H-13 1 11 66 22 

H-15 1 90 5 4 

LUMO (L) 10 3 87 0 

L+1 7 91 1 1 

L+2 2 97 1 0 

L+3 2 96 0 2 

L+4 2 97 1 0 

L+5 57 11 17 15 

L+7 56 24 14 6 

L+8 4 2 85 9 

L+9 0 2 97 1 
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Figure 9. Contour plots of the molecular orbitals of complex 1d, which are associated 

with the electronic spectral transitions (See Table 9). 
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Table 11. Computed parameters from TDDFT calculations on complex 1d for electronic 

spectral properties in acetonitrile solution 

 

Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-3 → L 

H-1 → L 

H → L 

0.34955  

0.42985 

0.41819 

2.5341 0.5379 489 MLCT/LLCT 

ILCT 

ILCT 

493 

2 H-4 → L 

H-4 → L+1 

H-3 → L+1 

H-2 → L 

H-1 → L+1 

H-1 → L+2 

0.49666 

0.10156 

0.34931 

0.23312 

0.12310 

0.11789 

3.0361 0.0214 408 MLCT/LLCT/ILCT 

MLCT/LLCT 

MLCT/ILCT 

MLCT/LLCT 

LLCT 

LLCT 

410 

3 H-5 → L+1 

H → L+3 

H → L+5 

0.54863 

0.31981 

0.17420 

3.9620 0.2109 313 LLCT 

LLCT 

LLCT 

310 

4 H-10 → L 

H-8 → L+1 

H-5 → L+2 

H-3 → L+3 

H-2 → L+4 

H-1 → L+4 

0.10579 

0.27445 

0.52526 

0.10395 

0.17197 

0.14673 

4.4638 0.0947 278 ILCT/LLCT/LMCT 

LLCT 

LLCT 

MLCT/ILCT 

MLCT/LLCT/ILCT 

LLCT 

272 

5 H-13 → L 

H-3 → L+8 

H-1 → L+11 

H-1 → L+12 

H → L+12 

0.13239 

0.13449 

0.15755 

0.21121 

0.54779 

5.1140 0.0335 242 ILCT/LMCT 

MLCT/LLCT 

ILCT 

ILCT 

ILCT 

235 
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Table 12. Compositions of the molecular orbitals of complex 1d 

  associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru Trpy L-OCH3 4-

picoline 

HOMO (H) 5 1 94 0 

H-1 7 1 92 0 

H-2 73 14 10 3 

H-3 76 16 4 4 

H-4 70 10 19 1 

H-5 0 1 99 0 

H-8 0 1 7 92 

H-10 0 26 72 2 

H-13 0 1 99 0 

LUMO (L) 10 1 89 0 

L+1 6 92 1 1 

L+2 1 98 0 1 

L+3 1 98 0 1 

L+4 3 96 0 1 

L+5 4 0 1 95 

L+8 1 42 5 52 

L+11 2 1 97 0 

L+12 5 3 92 0 
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Figure 10. Contour plots of the molecular orbitals of complex 1d, which are associated 

with the electronic spectral transitions (See Table 11). 
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Table 13. Computed parameters from TDDFT calculations on complex 1e for electronic 

spectral properties in acetonitrile solution 

 
Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-3 →L 

H-2 →L 

H-1 →L 

H →L 

0.44901 

0.21785 

0.24486 

0.41560 

2.4677 0.3669 502 MLCT/LLCT 

MLCT/LLCT 

ILCT 

ILCT 

485 

2 H-5 →L 

H-3 →L+1 

H-3 →L+2 

H-2 →L+1 

H-2 →L+2 

H-1 →L+2 

H →L+2 

0.46758 

0.21236 

0.10453 

0.11788 

0.32982 

0.25499 

3.1130 0.0205 398 LLCT 

MLCT/LLCT 

MLCT/LLCT 

MLCT/ILCT 

MLCT/ILCT 

LLCT 

LLCT 

406 

3 H-3 →L+5 

H-3 →L+9 

H-1 →L+4 

H-1 →L+5 

H →L+3 

H →L+4 

H →L+5 

0.31171 

0.10529 

0.16964 

0.35149 

0.20294 

0.17985 

0.16712 

4.0540 0.1060 306 MLCT/LLCT/ILCT/LMCT 

MLCT/LLCT/ILCT 

LLCT 

LLCT/ILCT/LMCT 

LLCT 

LLCT 

LLCT/ILCT/LMCT 

307 

4 H-11 →L+2 

H-10 →L+2 

H-4 →L+3 

H-4 →L+5 

H-2 →L+3 

H-2 →L+5 

H-1 →L+3 

0.10963 

0.24403 

0.39297 

0.18952 

0.31114 

0.25729 

0.15528 

4.4670 0.0534 278 LLCT 

LLCT 

MLCT/LLCT/ILCT 

MLCT/LLCT/ILCT/LMCT 

MLCT/ILCT 

MLCT/LLCT/LMCT 

LLCT 

271 

5 H-7→L+4 

H-7→L+5 

H-4 →L+6 

H-2 →L+6 

H-2 →L+8 

0.10637 

0.13913 

0.53488 

0.23400 

0.11942 

4.9812 0.0337 249 MLCT/LLCT 

MLCT/LLCT/ILCT/LMCT 

MLCT/LLCT/ILCT 

MLCT/ILCT 

MLCT/LLCT/ILCT/LMCT 

227 
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Table 14. Compositions of the molecular orbitals of complex 1e 

associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru Trpy L-OCH3 PPh3 

HOMO (H) 4 1 93 2 

H-1 6 1 90 3 

H-2 74 15 8 3 

H-3 27 4 5 64 

H-4 51 13 7 29 

H-5 1 1 4 94 

H-7 16 3 8 73 

H-10 1 1 9 89 

H-11 1 0 73 26 

LUMO (L) 8 2 90 0 

L+1 6 92 1 1 

L+2 1 98 0 1 

L+3 1 97 0 2 

L+4 3 95 0 2 

L+5 48 8 14 30 

L+6 4 91 1 4 

L+8 22 10 4 64 

L+9 3 2 18 77 
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Figure 11. Contour plots of the molecular orbitals of complex 1e, which are associated 

with the electronic spectral transitions (See Table 13). 
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III.2.3. Electrochemical properties 
 

Electrochemical properties of complexes 1a – 1e were studied by cyclic 

voltammetry. The voltammetric data are presented in Table 4 and a representative 

voltammogram is shown in Figure 12. Cyclic voltammetry of complex 1a was carried 

out in aqueous solution (0.1 M KCl) to retain integrity of the complex. An irreversible 

oxidation was observed at 0.94 V, which is assigned to Ru(II)-Ru(III) oxidation.[68,69] No 

other redox response was observed within the relatively narrow voltage window offered 

by water. In acetonitrile solution (0.1 M TBHP) complex 1b shows an irreversible 

oxidation at 1.57 V and two irreversible reductions at -0.75 and -0.87 V. The oxidative 

response at 1.57 V is assigned to Ru(II)-Ru(III) oxidation. It is interesting to note that in 

the parent [Ru(trpy)(L-OCH3)Cl]ClO4 complex (1) this Ru(II)-Ru(III) oxidation takes 

place at 1.03 V, which indicates that substitution of chloride from the parent complex 1 

by acetonitrile (in 1b) has stabilized the +2 state of ruthenium by 540 mV. Comparison of 

Ru(II)-Ru(III) potential in 1a and 1b also reveals that coordination by acetonitrile 

stabilizes Ru(II) to a significant extent (by 650 mV) over that by water, which is 

attributable to the relatively soft nature of nitrogen in acetonitrile compared to the hard 

nature of oxygen in water. Based on the assignments done earlier in case of complex 1, 

the two reductive responses at -0.75 and -0.87 V in 1b are assigned respectively to 

reduction of the coordinated diazabutadiene and trpy ligands. Cyclic voltammetry of 

complexes 1c – 1e (acetonitrile solution (0.1 M TBHP)) shows qualitatively similar 

results as 1b; viz. irreversible Ru(II)-Ru(III) oxidation (around 1.5 V), irreversible 

reduction of diazabutadiene (-0.68 to -0.83 V) and irreversible reduction of trpy (around -

1.0 V). 

  

Figure 12. Cyclic voltammogram of complex 1b in acetonitrile solution (0.1 M TBHP) at 

a scan rate of 50 mVs-1. 
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III.2.4. Catalytic hydration 

Hydration of Nitriles 

As delineated in the introduction, after synthesis of the aquo complex our next 

objective was to examine its catalytic potential towards hydration of aryl nitriles and aryl 

alkynes. It may be mentioned in this context that utilization of ruthenium-based catalysts 

for these catalytic hydration reactions is well known,[70-80,81-90] but that of Ru-aquo 

complex for such reaction appears to be much less known.[91,92] 

We began our study by examining the hydration of 4-flurobenzonitrile using 

complex 1a as the catalyst. Hydration was tried by variation of all the experimental 

parameters, and in each case 4-fluorobenzamide was obtained as the sole product (Table 

15).[93] After this screening it was found that 0.5 mol% catalyst, 1.0 mol% KOH as base, 

1:9 water-isopropanol as solvent, a reaction time of 6 h, and ambient temperature (25° C), 

furnished an excellent yield (98%) of the expected product (entry12 Table 15). 

Scope of the hydration of nitriles is summarized in Table 16. Using the optimized 

reaction conditions, hydration has been performed on thirteen different aryl nitriles. Alkyl 

nitriles could not be hydrolyzed under these conditions. Using benzonitrile and 

substituted benzonitriles as substrates (S1 – S8), the corresponding amides (P1 – P8) were 

obtained in good (64 – 99%) yields; the average turn-over number (1.6 × 102) observed in 

the present study is decent. Several electron-withdrawing and electron-donating 

functional groups in the para position of the aromatic ring were tolerated, and no over-

hydrolysis to carboxylic acids was observed. When relatively bulkier 1-cyanonaphthalene 

(S9) was used as substrate, the product amide was obtained in a moderate yield (61%, P9). 

We have also used ortho- and meta-substituted benzonitriles (S10 and S11) as substrates, 

which afforded the expected amides (P10 and P11), but in slightly lower yield compared to 

the product (P2) from para-substituted benzonitrile (S2). The reason behind seems to be 

steric in nature, as indicated from slightly higher yield in case of meta-substitution 

compared to ortho-substitution. However, when terephthalonitrile (S12) was tried as 

substrate, product with hydration of only one nitrile group (P12a) was obtained in 

significantly high yield, while the product with hydration of both nitrile groups (P12b) was 

obtained in significantly low yield. The opposite was observed upon doubling the catalyst 
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loading, when P12b was obtained in 88% yield and P12a was obtained in 12% yield. We 

also examined the current catalytic system for the hydration of heterocyclic nitriles under 

the optimized condition. Thus, with the hydration of isonicotinonitrile, the corresponding 

amide (P13) was obtained in 98% yield. 

 

Table 15. Optimization of experimental parameters for catalytic hydration of nitrile to 

corresponding amidea 

Catalyst

Solvent, base

N

F

O

NH2

F
 

Entry Catalyst Mole % of 

catalyst 

Solvent base Temp, ºC Time,  

h 

Yeildb, 

% 

1 1a 1 1:9 water-isopropanol KOtBu 85 6 >99 

2 1a 1 1:9 water-isopropanol KOtBu 85 4 94 

3 1a 0.5 1:9 water-isopropanol KOtBu 85 6 70 

4 1a 0.1 1:9 water-isopropanol KOtBu 85 6 30 

5 1a 1 1:9 water-n-propanol KOtBu 85 6 35 

6 1a 1 1:9 water-isopropanol - 85 6 20 

7 1a 1 1:9 water-isopropanol KOH 85 6 >99 

8 1a 1 1:9 water-isopropanol KOH 85 4 >99 

9 1a 0.5 1:9 water-isopropanol KOH 85 4 90 

10 1a 0.1 1:9 water-isopropanol KOH 85 4 29 

11 1a 0.5 1:9 water-isopropanol KOH Rt 4 87 

12 1a 0.5 1:9 water-isopropanol  KOH rtc 6 98 

13 1a 0.5 2:8 water-isopropanol  KOH rtc 6 57 

14 1a 0.5 isopropanol  KOH rtc 6 77 

15 - - 1:9 water-isopropanol KOH Rt 6 - 

16 1 0.5 1:9 water-isopropanol  KOH rtc 6 31 

 
a Experimental condition: Substrate, 4-Fluro Benzonitrile(0.5 mmol), Catalyst 1a, 

solvent (5 mL), base (1 mol%). 
 b Conversion was determined by GC analysis. 

 c Room temperature stirring. 



 102 

Table 16. Hydration of aryl nitriles to aryl amidesa,b 

Ar C N Ar C

O

NH2

Catalyst

1:9 water-isopropanol

KOH

25
o
 C, stir, 6 h

 
O

NH2

P1, 99% P2, 81%

O

NH2

H3C

O

NH2

H3CO

P3, 78%

P6, 99%

O

NH2

Br

O

NH2

Cl

P5, 99%P4, 98%

O

NH2

F

O

NH2

I

P7, 64% P8, 75%

O

NH2

O2N

O

NH2

P9, 61%

P10, 67%

O

NH2

CH3 O

NH2

H3C

P11, 73%
 

C

C

N

N
S12 P12a, 90%

C

C
N

O

NH2

C

C

O

NH2

O

H2N

P12b, 10%

+

 

P13, 98%

N

O

NH2

 
a Reaction conditions: Catalyst: complex 1a (0.5 mol%), Substrate (0.5 mmol), KOH 

(1mol%).; solvent (5.0 mL).  
b Product yield determined by GCMS. 
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In view of the catalyst loading, yield of product, reaction temperature (ambient 

(25° C)) and reaction time, the catalytic efficiency of the aquo complex 1a in hydration of 

nitriles to amides is comparable to that of some reported Ru-catalysts,[73,75,79,80] and better 

than many of the reported ruthenium-catalysts.[70-72,74,76-78] The other notable aspect of our 

observed catalytic hydration is the selective formation of amides, and hydrolysis of 

amides to carboxylic acids, which is often encountered in such catalysis,[94] did not take 

place at all. We also compared catalytic efficiency of the aquo complex 1a with that of 

the parent chloro complex 1, and the aquo complex is found to be a much better catalyst 

(entries 12 and 16; Table 15), which is attributable to the ease of substrate binding via 

displacement of coordinated water in 1a. 

We propose a probable mechanism (Scheme 2) for the observed catalytic 

hydration of nitriles to amides, which is based on the mechanisms reported for similar 

Ru-catalyzed hydration of nitriles to amides.[70-73,75,78] In the initial step, substitution of 

the coordinated water in the precursor complex (depicted as A) by the aryl nitrile takes 

place to generate a new species B, that marks the entry into the catalytic cycle. Attack on 

the coordinated nitrile-carbon by the base (used in catalytic amount) follows to produce 

species C, in which the imine-nitrogen formally carries a negative charge. Interaction of 

C with water takes place next, whereby the nitrogen gets protonated to produce D and 

regenerate the base needed for transformation of B into C. The hydroxyl-imine fragment 

in D rearranges into an amide moiety to form species E. In the final step the coordinated 

aryl amide is eliminated as the product upon interaction with the substrate aryl nitrile 

with simultaneous generation of the catalytically active species B, and the catalytic cycle 

thus continues. 

Hydration of Alkynes 

Success in catalytic water addition to –C≡N moiety, and thus converting it to 

amide (–C(=O)NH2) function, using 1a as the catalyst, encouraged us to attempt similar 

catalytic water addition across another triple-bonded fragment, viz. the aklyne (-C≡C-) 

fragment. At first we tried hydration of phenylacetylene using complex 1a as the catalyst. 

We performed a thorough screening of the reaction parameters (Table 17), and after 

extensive screening it was found that 1 mol% catalyst loading, 1:9 water-isopropanol as 
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solvent, 1 mol% KOH as base, room temperature (25° C) and 10 h reaction time, 

afforded phenylacetaldehyde as the only hydrated product in 96% yield (entry 7).[95] 

Though phenylacetaldehyde could also be obtained in 98% yield with 1 mol% catalyst 

loading and 6 h reaction time but the reaction required high temperature (85° C) (entry 5). 

Hence we accepted conditions in entry 7 as optimized ones.  

 

 

(A)

Ru OH2

(B)

N C Ar

C NAr

Ru N

H

C

Ar

OH
(D)

(E)

Ru N

H

C

Ar

O

H

Ru N C Ar

Ru N

C

Ar

OH
(C)

H2O

C

O

NH2Ar

OH
-

OH
-

 

Scheme 2. Probable mechanism for the observed hydration of nitriles. In the pre-

catalyst (A), besides the Ru-OH2 fragment no other coordinated ligand is 

shown. The overall charge on species A, B, D and E is 2+, while that on C 

would be 1+. 
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Table 17. Optimization of experimental parameters for catalytic hydration of alkyne to 

corresponding aldehydea 

CH H

O

Catalyst

Solvent, base
 

Entry Catalyst Mole % of 

catalyst 

Solvent Base Temp, ºC Time,  

h 

Yeildb, 

% 

1 1a 1 1:9 acetone-water - 70 6 - 

2 1a 1 1:9 acetone-water - 85 6 19 

3 1a 1 1:9 acetone-water KOH 85 6 40 

4 1a 1 1:9 water-n-propanol KOH 85 6 25 

5 1a 1 1:9 water-isopropanol KOH 85 6 98 

6 1a 1 1:9 water-isopropanol KOH rtc 6 71 

7 1a 1 1:9 water-isopropanol KOH rtc 10 96 

8 1a 1 1:9 water-isopropanol KOtBu rt 10 87 

9 - 1 1:9 water-isopropanol KOH rtc 10 - 

10 1a 1 isopropanol KOH rtc 10 53 

11 1a 0.5 1:9 water-isopropanol KOH Rt 10 41 

12 1a 1.5 1:9 water-isopropanol KOH Rt 6 95 

13 1 1 1:9 water-isopropanol KOH rtc 10 61 

 
a Reaction conditions: Catalyst [Ru(trpy)(L-OCH3)(H2O)](ClO4)2; Substrate, 

Phenylacetylene (0.5 mmol), solvent (5.0 mL), base (1 mol%). 
b Determined by GCMS. 

 c Room temperature stirring. 

Scope of this catalytic hydration of arylacetylenes is shown in Table 18. We 

attempted hydration of twelve different arylacetylenes. When para-substituted 

phenylacetylenes (S1 – S6) were taken as substrates, the corresponding 
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phenylacetaldehydes (P1 – P6) were obtained in excellent (95% – 98%) yields. With 

increasing size of the aryl fragment from phenyl (S1) to naphthyl (S7) and to phenanthryl 

(S8), yield of the product arylacetaldehydes gradually decreases (from P1 (96%) to P7 

(83%) to P8 (71%)). Ortho- and meta-substituted phenylacetylenes (S9 and S10) were also 

employed as substrates, and the corresponding phenylacetaldehydes (P9 and P10) were 

obtained, but in slightly lower yield than the para-substituted phenylacetylene (P4), 

indicating steric problem for substrate binding to the metal center in case of ortho- and 

meta-substituted phenylacetylenes. For substrates where the acetylenic hydrogen in 

phenylacetylene is substituted by a methyl (S11) or a phenyl (S12), none of the expected 

hydration products was obtained, indicating the difficulty in attachment of such sterically 

crowded substrates to the metal center (vide infra). 

A notable feature of the observed catalysis is that while many Ru-catalysts furnish 

both aldehyde and ketone with aldehyde as the major product,[96-98] and in one case 

ketone as the only product,[99] we are getting only aldehyde. In view of the catalyst 

loading, yield of product and, reaction temperature and time, the catalytic efficiency of 

the aquo complex 1a in hydration of arylalkynes to aldehydes is found to be better than 

that of the reported ruthenium-catalysts.[81-90] As observed in the case of nitrile hydration, 

here also the aquo complex 1a is found to be a better catalyst than the parent chloro 

complex 1 (entries 7 and 13; Table 17). 

The observed catalytic hydration of arylacetylenes to the corresponding aldehydes 

is believed to follow the sequences shown in Scheme 3, which are essentially similar to 

those proposed earlier for similar reactions.[81-83,86,88-90] Initially the coordinated water in 

the aquo complex, depicted as A, gets substituted by arylalkyne to generate the π-

complex B, and thus entry into the catalytic cycle takes place. Subsequently B rearranges 

into a vinylidene species C, in which the Ru-bound carbon that is most electrophilic, 

undergoes attack by base to produce species D. Tautomerization of D into E follows next. 

The product aldehyde is eliminated in the final step upon interaction of E with water, 

along with generation of hydroxide ion that serves as an essential reagent for conversion 

of C to D in the second step of the catalytic cycle. The coordination site left vacant due to 

elimination of the aldehyde from E is taken up by a substrate alkyne, regenerating species 

B, and thus completing the catalytic loop. 
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Table 18. Hydration of aryl alkynes to aryl aldehydesa,b 

Ar C CH Ar CH2

C H

O

Catalyst

1:9 water-isopropanol

KOH

25
o
 C, stir, 10 h  

CHO

P1, 96% P2, 98%

CHO

H3C

CHO

H3CO

P3, 97%

P6, 95%

CHO

Br

CHO

Cl

P5, 96%P4, 96%

CHO

F

CHO

P7, 83% P8, 71%

CHO

P10, 91%

CHO

F

P9, 87%

CHOF

 

C C CH3

CH3

O

CH3

O

S11

P11a, 0%

P11b, 0%
 

C C

O

S12 P12, 0%
 

 
a Reaction conditions: Catalyst: complex 1a (1 mol%), Substrate (0.5 mmol), 

solvent (5.0 mL), KOH (1 mol%). 
b Product yield determined by GCMS. 
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Scheme 3. Probable mechanism for the observed hydration of alkynes to aldehydes. 

In the pre-catalyst (A), besides the Ru-OH2 fragment no other coordinated 

ligand is shown. The overall charge on species A, B and C is 2+, while 

that on D and E would be 1+. 
 

III. 3. Experimental 

III.3.1. Materials 
 

[Ru(trpy)(L-OCH3)Cl]ClO4 was prepared by following as described in Chapter II. 
 

III.3.2. Physical measurements 

 

As described in Chapter II. 
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III.3.3. Syntheses of complexes  

[Ru(trpy)(L-OCH3)(H2O)](ClO4)2, (1a) 

Complex 1 (100 mg, 0.13 mmol) was taken in 1:1 ethanol-water mixture (25 mL) 

and heated at reflux for 10 min, and AgNO3 (34 mg, 0.20 mmol) was added to it. The 

mixture was stirred for 1.5 h under warm condition. The deposited AgCl was separated 

by filtration. Volume of the filtrate was reduced to about 10 mL, and an excess saturated 

aqueous solution of NaClO4 was added to it. The resulting solution was kept in the 

refrigerator for 7 days, wherefrom [Ru(trpy)(L-OCH3)(H2O)](ClO4)2, (1a), was obtained 

as a red crystalline precipitate, which was collected by filtration, washed with ice-cold 

water, and dried in a desiccator. Yield: (90 mg) 81%. Anal. calc. for C31H29N5O11Cl2Ru: 

C, 45.42; H, 3.54; N, 8.55%. Found: C, 45.79; H, 3.51; N, 8.61%. IR (wave number, cm-

1): 625, 636, 771, 830, 1023, 1088, 1109, 1121, 1141, 1172, 1250, 1302, 1390, 1442, 

1502, 1602 and 1634. 

[Ru(trpy)(L-OCH3)(CH3CN)](ClO4)2, (1b) 

Method A: Complex 1a (100 mg, 0.12 mmol) was taken up in acetonitrile (30 mL), and 

the resulting solution was heated at reflux for 30 min. Solvent was then evaporated under 

reduced pressure to obtain [Ru(trpy)(L-OCH3)(CH3CN)](ClO4)2, (1b), as a 

microcrystalline solid in quantitative yield. 

Method B: To a solution of complex 1 (100 mg, 0.13 mmol) in warm acetonitrile (30 

mL), AgNO3 (34 mg, 0.20 mmol) was added, and the mixture was stirred for 1.5 h. The 

deposited AgCl was separated by filtration. Volume of the filtrate was reduced to about 

10 mL and an excess saturated aqueous solution of NaClO4 was added to it. The resulting 

solution was kept in the refrigerator for 2 days. [Ru(trpy)(L-OCH3)(CH3CN)](ClO4)2, 

(1b), separated as a dark red crystalline precipitate, which was collected by filtration, 

washed with ice-cold water, and dried first in air and then in a desiccator. Yield: (107 

mg) 94%. Anal. calc. for C33H30N6O10Cl2Ru: C, 47.03; H, 3.56; N, 9.98%. Found: C, 

47.08; H, 3.59; N, 9.92%. 1H NMR (300 MHz, CD3CN):[100]  (ppm) =  2.16 (s, 3H), 

3.64 (s, 3H), 3.94 (s, 3H), 5.80 (d, J = 9.0 Hz, 2H),  6.45 (d, J = 9.0 Hz, 2H), 7.23 (d, J = 

9.0 Hz, 2H), 7.63 (t, J = 5.8 Hz, 2H), 7.89 (d, J = 9.0 Hz, 2H), 8.01(d, J = 5.7 Hz, 2H), 

8.14-8.36 (m, 7H)*, 8.47 (s, imine CH), 9.12 (s, imine CH). IR (wave number, cm-1): 
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626, 636, 771, 838, 1021, 1088, 1108, 1120, 1142, 1253, 1303, 1384, 1449, 1502, 1602, 

1637 and 2050. 

[Ru(trpy)(L-OCH3)(dmso)](ClO4)2, (1c) 

Method A: Complex 1a (100 mg, 0.12 mmol) was taken in dmso (30 mL). The resulting 

solution was heated at reflux for 1 h. The volatiles were removed under reduced pressure 

and the red solid, thus obtained, was washed with ether to afford [Ru(trpy)(L-

OCH3)(dmso)](ClO4)2, (1c), as a microcrystalline solid in quantitative yield. 

Method B: Complex 1 (100 mg 0.13 mmol) was taken in 30 mL of warm ethanol and 

AgNO3 (34 mg 0.20 mmol) was added. The mixture was stirred for 1.5 h. The deposited 

AgCl was separated by filtration. Then dmso (10 mL) was added to the filtrate and the 

solution was refluxed for 2 h. Volume of the solution was reduced to about 10 mL and an 

excess saturated aqueous solution of NaClO4 was added to it. The resulting solution was 

transferred to a petridish and kept in air for seven days. [Ru(trpy)(L-

OCH3)(dmso)](ClO4)2, (1c), separated as a red crystalline precipitate, which was 

collected by filtration, washed with ice-cold water, and dried in a desiccator. Yield: (107 

mg) 90%. Anal. calc. for C33H33N5O11Cl2RuS: C, 45.05; H, 3.75; N, 7.96%. Found: C, 

45.09; H, 3.78; N, 7.97%. 1H NMR (400 MHz, CD3CN):[100]  (ppm) =  2.92 (s, 6H, 

dmso), 3.59 (s, OCH3, 3H), 3.88 (s, OCH3, 3H), 5.77 (d, J = 8.0 Hz, 2H),  6.42 (d, J = 8.8 

Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 7.60 (t, J = 6.4 Hz, 2H), 7.87 (d, J = 8.8 Hz, 2H), 8.00 

(d, J = 5.2 Hz, 2H), 8.10 (t, J = 7.6 Hz, 2H), 8.30-8.36 (m, 5H)*, 8.43 (s, imine CH), 9.09 

(s, imine CH). IR (wave number, cm-1): 627, 636, 768, 835, 941, 953, 1020, 1089, 1111, 

1120, 1141, 1175, 1253, 1318, 1384, 1437, 1505, 1600 and 1638. 

[Ru(trpy)(L-OCH3)(4-picoline)](ClO4)2, (1d) 

Method A: 4-Picoline (30 mg, 0.32 mmol) was taken in ethanol (30 mL), and complex 

1a (100 mg, 0.12 mmol) was added to it. The resulting solution was heated at reflux for 1 

h. The volatiles were removed under reduced pressure to afford [Ru(trpy)(L-OCH3)(4-

picoline)](ClO4)2, (1d), as a microcrystalline solid in quantitative yield. 

Method B: Complex 1 (100 mg, 0.13 mmol) was taken in 30 mL of warm ethanol and 

AgNO3 (34 mg, 0.20 mmol) was added, and the mixture was stirred for 1.5 h. The 

deposited AgCl was separated by filtration. Then 4-picoline (30 mg, 0.32 mmol) was 

added to the filtrate and the mixture was refluxed for 2 h. Volume of the solution was 
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reduced to about 10 mL, an excess saturated aqueous solution of NaClO4 was added to it, 

and the resulting solution was kept in the refrigerator for 2 days. [Ru(trpy)(L-OCH3)(4-

picoline)](ClO4)2, (1d), separated as a red crystalline precipitate, which was collected by 

filtration, washed with ice-cold water, and dried in a desiccator. Yield: (99 mg) 82%. 

Anal. calcd. for C37H34N6O10Cl2Ru: C, 49.66; H, 3.80; N, 9.40%. Found: C, 49.78; H, 

3.79; N, 9.42%. 1H NMR (300 MHz, CD3CN):[100]  (ppm) = 2.15 (s, CH3, 3H), 3.65 (s, 

OCH3, 3H), 3.83 (s, OCH3, 3H), 5.76 (d, J = 8.8 Hz, 2H), 6.44 (d, J = 8.8 Hz, 2H), 6.73 

(d, J = 5.2 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 7.11 (d, J = 5.1 Hz, 2H), 7.29 (d, J = 8.9 Hz, 

2H), 7.70 (t, J = 6.5 Hz, 2H), 8.03-8.18 (m, 3H)*, 8.29-8.37 (m, 6H)*, 8.54 (s, imine 

CH), 9.24 (s, imine CH).  IR (wave number, cm-1): 624, 636, 765, 824, 843, 1020, 1086, 

1107, 1120, 1144, 1172, 1254, 1302, 1384, 1448, 1503, 1602 and 1621. 

[Ru(trpy)(L-OCH3)(PPh3)](ClO4)2, (1e) 

Method A: Triphenylphosphine (36 mg 0.14 mmol) was taken in ethanol (30 mL), and 

complex 1a (100 mg, 0.12 mmol) was added to it. The resulting solution was heated at 

reflux for 1 h. The volatiles were removed under reduced pressure and the red solid, thus 

obtained, was washed several times with ether to afford [Ru(trpy)(L-

OCH3)(PPh3)](ClO4)2, (1e), as a microcrystalline solid in quantitative yield. 

Method B: Complex 1 (100 mg 0.13 mmol) was taken in 30 mL of warm ethanol and 

AgNO3 (34 mg 0.20 mmol) was added. The mixture was stirred for 1.5 h. The deposited 

AgCl was separated by filtration. Then PPh3 (36 mg 0.14 mmol) was added to the filtrate 

and the solution was refluxed for 2 h. The Volume of the solution was reduced to about 

10 mL, an excess saturated aqueous solution of NaClO4 was added to it, and the solution 

was kept in refrigerator for 5 days. [Ru(trpy)(L-OCH3)(PPh3)](ClO4)2, (1e), separated as 

a red crystalline precipitate, which was collected by filtration, washed with ice-cold 

water, and dried in a desiccator. Yield: (87 mg) 61%. Anal. calcd for 

C49H42N5O10Cl2PRu: C, 55.32; H, 3.95; N, 6.59%. Found: C, 55.38; H, 3.92; N, 6.63%. 

1H NMR (400 MHz, CD3CN):[100]  (ppm) =  3.63 (s, OCH3, 3H), 3.93 (s, OCH3, 3H), 

5.79 (d, J = 12.0 Hz, 2H), 6.44 (d, J = 12.0 Hz, 2H), 7.23 (d, J = 12.0 Hz, 2H), 7.59-7.62 

(m, 5H)*, 7.70 (d, J = 8.0 Hz, 3H), 7.88 (d, J = 12.0 Hz, 3H), 8.10 (d, J = 8.0 Hz, 3H), 

8.29-8.34 (m, 14H)*, 8.47 (s, imine CH), 9.11 (s, imine CH). 31P NMR (400 MHz, 

CD3CN): δ 27.59 (s, PPh3). IR (wave number, cm-1): 540, 628, 637, 747, 769, 830, 1028, 

1088, 1111, 1143, 1251, 1302, 1384, 1449, 1502, 1602 and 1637. 
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III.3.4. X-ray crystallography 

 

Single crystals of complexes 1a, 1b and 1d were harvested by concentrating the 

solutions obtained directly from the synthetic reactions (described in Method B), and 

then keeping them in the refrigerator for several days as indicated in the synthetic 

method. Selected crystal data and data collection parameters for the complexes are 

deposited as Table 19. Data on all the crystals were collected on a Bruker AXS smart 

Apex CCD diffractometer. X-ray data reduction, structure solution and refinement were 

done using the SHELX and Olex packages.[101-105] The structures were solved by the 

direct methods. CCDC 2105125-2105127 contain the supplementary crystallographic 

data for 1a, 1b and 1d. 

 

III.3.5. Application as catalysts 
 

General Procedure for the Catalytic Hydration of Nitriles. In a typical run, an 

oven-dried 10 mL round-bottomed flask was charged with 0.5 mmol of nitrile, a known 

mol percent of the catalyst, and a known mol percent of KOH dissolved in isopropanol (5 

mL). The reaction mixture was stirred at room temperature for 6 h. After the specified 

time, 20 mL water was added to the mixture, and extracted with diethyl ether (3  10 

mL). The combined organic layers were washed with water (3  10 mL), dried with 

anhydrous Na2SO4, and filtered. Diethyl ether was removed under vacuum and the 

residue obtained was dissolved in hexane and analyzed by GC-MS. 

General Procedure for the Catalytic Hydration of Alkynes. In a typical run, an 

oven-dried 10 mL round-bottomed flask was charged with 0.5 mmol of alkyne, a known 

mol percent of the catalyst, and a known mol percent of KOH dissolved in isopropanol (5 

mL). The reaction mixture was stirred at room temperature for 10 h. After the specified 

time, 20 mL water was added to the mixture, and extracted with diethyl ether (3  10 

mL). The combined organic layers were washed with water (3  10 mL), dried with 

anhydrous Na2SO4, and filtered. Diethyl ether was removed under vacuum and the 

residue obtained was dissolved in hexane and analyzed by GC-MS. 
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Table 19. Crystallographic data for complexes 1a, 1b and 1d 

 

complex 1a 1b 1d 

empirical formula C33H37Cl2N5O13Ru C136H126Cl8N26O39Ru4 C37Cl2H40N6O13Ru 

formula weight 883.64 3436.50 948.72 

crystal system Triclinic Monoclinic Orthorhombic 

space group Pī P21/c Pna21 

a (Å) 11.3948(10) 15.965(3) 30.054(3)  

b (Å) 12.4038(10) 39.938(7) 11.0969(10) 

c (Å) 14.2466(12) 12.631(2) 25.405(2) 

α (◦) 83.522(3) 90 90  

β (◦) 69.862(2) 107.142(4) 90  

γ (◦) 82.487(3) 90 90  

V (Å3) 1869.3(3) 7696(2) 8472.6(13) 

Z 2 2 8 

Dcalcd /mg m-3 1.570 1.483 1.488 

F (000) 904.0 3496.0 3888.0 

crystal size (mm) 0.22  0.17  0.12 0.24  0.28  0.30 0.15  0.17  0.20 

T (K) 273 273 273 

 (mm-1) 0.633 0.608 0.565 

R1a 0.0328 0.1065 0.0612 

wR2b 0.0852 0.2655 0.1359 

GOFc 1.093 1.161 1.058 

 
a R1 =  Fo - Fc   Fo.  
b wR2 = [{w(Fo

2-Fc
2)2}{w(Fo

2)}]1/2.  
c GOF = [(w(Fo

2-Fc
2)2)(M-N)]1/ 2, where M is the number of reflections and N is the 

  number of parameters refined. 
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III. 4. Conclusions 

 

A ruthenium(II)-aquo complex, stabilized by a combination of terpyridine and 

1,4-diazabutadine ligands, viz. [Ru(trpy)(L-OCH3)(H2O)]2+, has been synthesized and 

structurally characterized. The ability of the aquo complex to undergo facile substitution 

of the coordinated water by neutral monodentate ligands has been demonstrated by 

isolation of a group of ternary complexes of type [Ru(trpy)(L-OCH3)( L')]2+ as 

perchlorate salts (L' = acetonitrile, dmso, 4-picoline and PPh3). The aquo complex is 

found to serve as an efficient catalyst precursor for selective hydration of aryl nitriles to 

aryl amides and aryl alkynes to aryl aldehydes. The notable features of the observed 

catalysis are the relatively mild condition, ambient temperature and low catalyst loading 

in particular, and selectivity in hydration product. 
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Chapter IV 
 

Di-ruthenium complexes of 1,4-diazabutadiene ligands: 

Synthesis, characterization and utilization as  

catalyst-precursor for oxidative coupling of amine to 

imine in air 
 

Abstract 
 

Reaction of [Ru(PPh3)3Cl2] with a group of four 1,4-diazabutadiene ligands (p-

RC6H4N=C(H)-C(H)=NC6H4R-p; R = OCH3, CH3, H and Cl; abbreviated as L-R) in 

equimolar ratio afforded chloro-bridged di-ruthenium complexes (1 – 4) of general type 

[Ru2(PPh3)2(L-R)2Cl3]Cl. Crystal structures of complexes 1 (R = OCH3), 2 (R = CH3) and 

4 (R = Cl) have been determined, and molecular structure of complex 3 (R = H) has been 

optimized by DFT method. Each complex shows four intense absorptions spanning over 

the visible and ultraviolet regions, the origin of which has been probed into with the help 

of TDDFT calculations. The complexes are found to serve as efficient catalyst-precursor 

for the oxidative, as well as deaminative, C-N coupling of a series of primary amines 

producing the corresponding imines in good yields. Homo-coupling of benzylamines, and 

cross-coupling of two differently substituted benzylamines, or benzylamine with anilines 

and other aryl/alkyl amines could be brought about by this catalytic protocol with aerial 

oxygen as the oxidant. 
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IV. 1. Introduction 
 

 Recent researches involving ruthenium complexes are aimed primarily at their 

possible application in some selected fields, such as: energy, biology and catalysis.[1-25] 

Judicious designing of such complexes, in view of their targeted application, followed by 

their synthesis, are the two key steps in such studies. In the present study, which has 

emerged from our continued interest in developing ruthenium-based catalysts for useful 

organic reactions,[26-36] we intended to synthesize a group of new ruthenium complexes 

for utilization as catalyst-precursor for oxidative coupling of primary amines to imines. 

Imines are widely used as substrates for the synthesis of a variety of products of 

industrial and pharmaceutical importance. Though traditional method of imine synthesis 

via Schiff base condensation of aldehydes or ketones with primary amines is long known, 

catalytic oxidative homo-coupling or cross-coupling of primary amines offers an 

alternative, as well far more convenient, way to prepare the imines. Complexes of 

ruthenium(II) are well known to serve as catalyst-precursor for such oxidation of primary 

amines to imines.[37-40] All these Ru-catalyzed reactions proceed via binding of the 

substrate to the metal center, and for this to happen, coordinatively unsaturated 

ruthenium-species, usually generated in situ via dissociation of relatively labile ligand(s), 

are found to function as the active catalyst in such reactions.[41-46] As ruthenium(II) 

remains hexa-coordinated in most of its complexes, presence of labile ligand(s) in the 

catalyst-precursor becomes a pre-requisite. Halides and bulky phosphines are known to 

serve this purpose efficiently.[43,47,48] 

 Considering all the above factors, for the present study we planned to have, in the 

catalyst precursor, potentially labile ligand(s) in combination with some robust ligand(s) 

that would render kinetic stability via binding strongly to bivalent ruthenium. Thus we 

chose a group of 1,4-di(N-p-R-phenyl)azabutadienes, abbreviated as L-R, as stabilizer of 

ruthenium(II). These ligands have a diimine fragment in conjugation with the two phenyl 

rings, and are known to bind to ruthenium as bidentate N,N-donor forming stable five-

membered chelate ring (I) and stabilize the metal center in its bivalent state.[26,28,49,50] As  

N N RR

L-R

N N RR

Ru

I

R = OCH3, CH3,

        H and Cl
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the source of ruthenium(II), [Ru(PPh3)3Cl2] was chosen, primarily as it can provide the 

metal in its bivalent state, along with pre-coordinated triphenylphosphine and chloride. 

Reaction of the selected diazabutadienes with [Ru(PPh3)3Cl2] indeed afforded a family of 

mixed-ligand complexes, and herein we report the synthesis and thorough 

characterization of these complexes, and their utilization as catalyst-precursor for the 

oxidative, as well as deaminative, C-N coupling of primary amines in air furnishing the 

corresponding imines. 

 

IV. 2. Results and discussion 

IV.2.1. Synthesis and characterization 
 

 As stated in the introduction, the initial objective of the undertaken study was to 

synthesize a group of mixed-ligand ruthenium complexes bearing diazabutadiene, 

triphenylphosphine and chloride. Accordingly reaction of each diazabutadiene was 

carried out with equimolar amount of [Ru(PPh3)3Cl2] in dichloromethane under ambient 

condition, which afforded a complex of type [Ru2(PPh3)2(L-R)2Cl3]Cl in a decent yield. 

Individual complexes, along with their identification numbers, are illustrated in Chart 1. 
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Chart 1 

Preliminary characterization data collected on these complexes (see experimental 

section) are found to be in good agreement with their compositions. Crystal structures of 

complexes 1, 2 and 4 have been determined by X-ray diffraction method. The structure of 

complex 1 is shown in Figure 1, and selected bond parameters are given in Table 1. 
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Figure 1. Crystal structure of the complex cation in 1. 

 

Table 1. Selected bond distances and bond angles for complex 1 
 

Bond distances (Å) 

Ru1-N1 2.010(6) Ru2-N3 2.012(6) 

Ru1-N2 2.057(7) Ru2-N4 2.051(6) 

Ru1- P1 2.304(2) Ru2-P2 2.307(2) 

Ru1- Cl1 2.4471(19) Ru2-Cl1 2.4629(19) 

Ru1- Cl2 2.423(2) Ru2-Cl2 2.4279(19) 

Ru1- Cl3 2.4792(19) Ru2-Cl3 2.477(2) 

N1-C1 1.318(11) N3-C17 1.301(11) 

N1-C3 1.437(10) N3-C19 1.438(10) 

C1-C2 1.414(11) C17-C18 1.407(12) 

N2-C2 1.291(10) N4-C18 1.311(11) 

N2-C10 1.434(10) N4-C26 1.434(10) 

Bond angles (°) 

N1-Ru1-N2 78.2(3) Ru1- Cl1- Ru2 82.79(6) 

N3-Ru2-N4 77.9(3) Ru1- Cl2- Ru2 84.03(6) 

Ru1- Cl3- Ru2 81.86(6)   
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The structure shows that the two ruthenium centers are bridged by three chlorides, 

and a diazabutadiene ligand is coordinated to each ruthenium center in its usual chelating 

mode (as shown in I). A triphenylphosphine is also coordinated to each ruthenium. An 

isolated chloride ion, balancing the charge of the complex cation, was also located in the 

crystal structure. The observed Ru-P distances are found to be quite usual, and so are the 

bond parameters in the Ru(N-N) chelates and in the RuCl3Ru fragment.[26,28,49-51] In 

complex 1 each ruthenium is nested in a N2PCl3 coordination sphere, that is distorted 

significantly from ideal octahedral geometry as reflected in the bond parameters around 

the metal centers. 

Crystal structures of complexes 2 and 4 are shown in Figure 2 and Figure 3, and 

the associated bond parameters are presented in Table 2. The structures of complexes 2 

and 4, as well as the observed bond parameters, are found to be similar to those found for 

complex 1. Good quality crystals of complex 3 could not be grown even after repeated 

attempts, which vitiated its crystal structure determination. However, its structure was 

optimized by DFT method,[52,53] which is shown in Figure 4 and some computed bond 

distances and bond angles are listed in Table 3. The structure and bond parameters of 

complex 3 compare well with those of the other three complexes. 

 

 
Figure 2. Crystal structure of the complex cation in 2 
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Figure 3. Crystal structure of the complex cation in 4. 

 

Table 2. Selected bond distances and bond angles for complex 2 and 4 

 

Complex 2 

Bond distances (Å) 

Ru1-N1 2.053(4) Ru2-N3 2.029(5) 

Ru1-N2 2.020(4) Ru2-N4 2.010(4) 

Ru1- P1 2.3037(13) Ru2-P2 2.3130(15) 

Ru1- Cl1 2.4145(12) Ru2-Cl1 2.4226(12) 

Ru1- Cl2 2.4777(12) Ru2-Cl2 2.4762(13) 

Ru1- Cl3 2.4452(11) Ru2-Cl3 2.4592(12) 

N1-C1 1.285(7) N3-C17 1.306(8) 

N1-C3 1.435(6) N3-C19 1.439(7) 

C1-C2 1.412(7) C17-C18 1.398(8) 

N2-C2 1.303(7) N4-C18 1.304(7) 

N2-C10 1.431(6) N4-C26 1.441(6) 

Bond angles (°) 

N1-Ru1-N2 78.14(16) Ru1- Cl1- Ru2 84.12(4) 

N3-Ru2-N4 77.91(18) Ru1- Cl2- Ru2 81.70(4) 

Ru1- Cl3- Ru2 82.71(4)   
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Complex 4 

Bond distances (Å) 

Ru1-N1 2.044(10) Ru2-N3 2.025(10) 

Ru1-N2 2.028(10) Ru2-N4 2.021(9) 

Ru1- P1 2.312(3) Ru2-P2 2.329(4) 

Ru1- Cl1 2.446(3) Ru2-Cl1 2.454(3) 

Ru1- Cl2 2.411(3) Ru2-Cl2 2.429(3) 

Ru1- Cl3 2.478(3) Ru2-Cl3 2.489(3) 

N1-C1 1.286(15) N3-C15 1.282(15) 

N1-C3 1.471(13) N3-C17 1.447(13) 

C1-C2 1.413(14) C15-C16 1.378(16) 

N2-C2 1.297(15) N4-C16 1.277(13) 

N2-C9 1.444(13) N4-C23 1.469(14) 

Bond angles (°) 

N1-Ru1-N2 77.7(4) Ru1- Cl1- Ru2 82.93(9) 

N3-Ru2-N4 77.5(4) Ru1- Cl2- Ru2 84.20(9) 

Ru1- Cl3- Ru2 81.57(9)   

 

 
 

Figure 4. DFT-optimized structure of complex cation in 3. 
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Table 3. Some computed bond distances and bond angles for the complex cation in 3 
 

Bond distances (Å) 

Ru1-N1 2.0578 Ru2-N3 2.0639 

Ru1-N2 2.0875 Ru2-N4 2.0747 

Ru1- P1 2.4079 Ru2-P2 2.4034 

Ru1- Cl1 2.5211 Ru2-Cl1 2.5285 

Ru1- Cl2 2.5137 Ru2-Cl2 2.5145 

Ru1- Cl3 2.5576 Ru2-Cl3 2.5526 

N1-C1 1.3106 N3-C15 1.3109 

N1-C3 1.4280 N3-C17 1.4269 

C1-C2 1.4269 C15-C16 1.4273 

N2-C2 1.3116 N4-C16 1.3091 

N2-C9 1.4286 N4-C23 1.4292 

Bond angles (°) 

N1-Ru1-N2 78.25 Ru1- Cl1- Ru2 83.97 

N3-Ru2-N4 78.22 Ru1- Cl2- Ru2 84.41 

Ru1- Cl3- Ru2 82.75   

 

IV.2.2 Spectral properties 
 

Magnetic susceptibility measurements show that the di-ruthenium complexes 1 – 

4 are diamagnetic, which corresponds to the bivalent state of ruthenium (low-spin d6, S = 

0) in them. 1H NMR spectra of these complexes have been recorded in CDCl3 solution, 

and the NMR spectral data are presented in the experimental section. All the complexes 

show broad signals within 6.59 - 7.69 ppm due to overlapping phenyl-proton signals 

arising from the two coordinated triphenylphosphine ligands and from two coordinated 

1,4-diazabutadiene ligands in each complex molecule. In complex 1 and complex 2, 

signals for the methoxy and methyl groups are observed at 3.93 ppm and 2.46 ppm 

respectively. The azomethine proton signal is observed as a distinct peak within 8.31 - 

8.60 ppm. Presence of these signals is consistent with the composition and symmetry of 

these complexes. 

Infrared spectra of complexes 1 – 4 show several bands within 4000 – 450 cm-1 

(data are shown in the experimental section). Comparison with the spectrum of the 

precursor [Ru(PPh3)3Cl2] complex shows the presence three common and prominent 

bands near 527, 696 and 749 cm-1 in all the four complexes, which are attributable to the 
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coordinated PPh3 ligands. Comparison with the spectrum of [Ru(PPh3)3Cl2] also indicates 

presence of few additional bands near 1633, 1601, 1482, 1462, 1434, 1090 and 831 cm-1 

in the spectra of complexes 1 – 4, and these are due to the coordinated 1,4-diazabutadiene 

ligands. Of these additional bands, the one near 1633 cm-1 is assignable to the imine 

(>C=N‒) fragment. 

Complexes 1 – 4 are found to be readily soluble in polar organic solvents; such 

as: dichloromethane, chloroform, dimethylformamide and dimethylsulfoxide; producing 

intense purple solutions. Electronic absorption spectra of these complexes were recorded 

in dichloromethane solution. Each complex shows four intense absorptions ranging over 

the ultraviolet and visible regions. The spectral data are presented in Table 4, and a 

representative spectrum is shown in Figure 5. In complex 3, the peak positions for the 

two absorptions in the visible region could not be identified from the spectral profile due 

to overlap problem. Hence this issue was resolved by Gaussian analysis of the profile 

Figure 6.[54] As ruthenium(II) center is electron-rich (low-spin d6), and it is linked to 1,4-

diazabutadiene ligands that are -acidic in nature and have imine (>C=N‒) chromophore, 

the intense absorptions in the visible region may result from allowed metal-to-ligand 

charge-transfer transitions. In order to understand the nature of transitions displayed by 

complexes 1 – 4, with particular reference to assess relative contribution of the different 

types of ligands and the metal center in them, TDDFT calculations were performed on all 

four complexes using the Gaussian 09 program package.[52,53] The main calculated 

 

Table 4. Electronic spectral data of the complexes  

Complex Electronic spectral dataa 

max, nm (, M-1cm-1) 

1 548 (7900), 493 (8200)b, 406 (23400), 232 (119600) 

2 544 (8200), 486 (7200)b, 373 (20700), 232 (138700),  

3 540 (9800)c, 490 (9400)c, 358 (16700)b, 223 (137600) 

4 548 (7900), 488 (7300)b, 362 (21800), 233 (121400) 

 

 a In dichloromethane solution. 
b Shoulder. 
c max found by Gaussian analysis. 
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Figure 5. Electronic absorption spectrum of complex 2 in dichloromethane solution. 

 

transitions and composition of the molecular orbitals associated with the transitions are 

presented in Tables 5 – 12, and contour plots of these orbitals are shown in Figure 7 – 

10. As results of the TDDFT calculations are found to be qualitatively similar for all the 

four complexes, only the results for 1 are discussed here. The lowest energy absorption at 

548 nm is attributable largely to a combination of H → L, H-2 → L+1 and H-3 → L 

transitions, and based on the nature of these five participating orbitals this electronic 

excitation is assignable to a combination of MLCT (ruthenium-to-diazabutadiene charge-

transfer), and ILCT (intra-diazabutadiene charge-transfer) transitions. The next 

absorption at 493 nm is found to be primarily due to the H-4 → L transition, and has 

dominant ILCT (intra-diazabutadiene charge-transfer) and much less MLCT (ruthenium-

to-diazabutadiene charge-transfer) character. The third absorption at 406 nm is 

attributable to a combination of three (H-9 → L, H-9 → L+1, and H → L+5) transitions; 

and have a mixed MLCT, ILCT and LMCT (diazabutadiene-to-ruthenium charge-

transfer)) character. The fourth band at 232 nm is due to H-25 → L+1 and H-24 → L 

transitions, has dominant ILCT and LLCT (chloro-to-diazabutadiene charge-transfer 

character. 
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Figure 6. Electronic absorption spectrum of complex 3 (──) and  

its Gaussian components (--- and ---).  

 = 7000 cm-1 for --- 

 = 2900 cm-1 for --- 
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Table 5. Computed parameters from TDDFT calculations on complex 1 for electronic 

spectral properties in dichloromethane solution 

 
Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-5 → L+1 

H-3 → L 

H-3 → L+1 

H-2 → L+1 

H → L 

0.11000 

0.39293 

0.12345 

0.49334 

0.19366 

2.3242 0.0564 533.44 MLCT/ILCT 

MLCT/ILCT 

MLCT/ILCT 

MLCT/ILCT 

MLCT/ILCT 

548 

2 H-6 → L+1 

H-4 → L 

H-4 → L+1 

H-2 → L+1 

H → L 

0.13693 

0.61592 

0.11538 

0.14221 

0.13757 

2.5768 0.4669 481.15 ILCT/MLCT 

ILCT/MLCT 

MLCT/ILCT 

MLCT/ILCT 

MLCT/ILCT 

493 

3 H-9 → L 

H-9→ L+1 

H-2 → L+2 

H-1 → L+4 

H → L+5 

0.47180 

0.23324 

0.17700 

0.15092 

0.26872 

3.1265 0.0127 396.55 MLCT/ILCT 

MLCT/ILCT 

LLCT 

LLCT 

LMCT 

406 

4 H-31 → L 

H-26 → L+1 

H-25 → L 

H-25 → L+1 

H-24 → L 

H-14 → L+2 

H-4 → L+11 

H-1 → L+12 

H → L+12 

H→L+13 

0.14232 

0.17726 

0.10217 

0.41700 

0.27590 

0.126500

.105500.

10760 

0.12803 

0.16245 

5.377 0.0750 230.58 ILCT/LLCT/MLCT 

ILCT/LMCT 

ILCT/LLCT 

ILCT/LLCT 

ILCT/LLCT/LMCT 

LMCT/ILCT/LLCT 

ILCT/MLCT 

ILCT/MLCT/LLCT 

MLCT/ILCT/LLCT 

MLCT/ILCT/LLCT 

232 
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Table 6. Compositions of the molecular orbitals of complex 1 

          associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru PMe3 L-OCH3 Cl 

HOMO (H) 53 3 33 11 

H-1 52 1 37 10 

H-2 54 2 33 11 

H-3 67 1 24 8 

H-4 35 2 58 5 

H-5 46 3 47 4 

H-6 36 2 58 4 

H-9 36 3 53 8 

H-14 5 6 33 56 

H-24 5 1 84 10 

H-25 16 11 42 31 

H-26 2 1 92 5 

H-31 20 21 43 16 

LUMO (L) 14 1 83 2 

L+1 14 1 83 2 

L+2 58 7 24 11 

L+4 52 22 16 10 

L+5 62 2 26 10 

L+11 4 2 93 1 

L+12 6 32 62 0 

L+13 13 2 85 0 
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Figure 7. Contour plots of the molecular orbitals of complex 1, which are associated 

with the electronic spectral transitions (See Table 5). 
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Table 7. Computed parameters from TDDFT calculations on complex 2 for electronic 

spectral properties in dichloromethane solution 

 
Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-3 → L+1 

H-2 → L 

H-1 → L+1 

H → L 

0.18735 

0.47769 

0.42587 

0.20560 

2.2621 0.0612 548.09 MLCT/ILCT 

MLCT/ILCT 

MLCT/LLCT 

MLCT/ILCT/LLCT 

544 

2 H-4 → L 

H-1 → L+1 

0.66239 

0.15025 

2.6934 0.0536 460.33 MLCT/ILCT 

MLCT/LLCT 

486 

3 H-9 → L 

H-8 → L+1 

H-2 → L+4 

H-1 → L+3 

0.50844 

0.39464 

0.11230 

0.15904 

3.2731 0.0185 378.78 ILCT/LMCT 

ILCT/LLCT/LMCT 

MLCT/ILCT 

MLCT/LLCT 

373 

4 H-15 → L+2 

H-12 → L+2 

H-10 → L+2 

H-9 → L+4 

H-8 → L+3 

H-8 → L+5 

H-3 → L+9 

0.13853 

0.12656 

0.41806 

0.22004 

0.29231 

0.13579 

0.25740 

5.1850 0.1283 239.12 LMCT/LLCT/ILCT 

LMCT/LLCT 

LMCT/LLCT 

LMCT/LLCT 

LMCT/LLCT 

LMCT/LLCT 

MLCT/ILCT 

232 
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Table 8. Compositions of the molecular orbitals of complex 2 

          associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru PMe3 L-CH3 Cl 

HOMO (H) 66 4 15 15 

H-1 72 0 8 20 

H-2 78 0 13 9 

H-3 66 3 29 2 

H-4 56 3 38 3 

H-8 2 0 76 22 

H-9 4 1 91 4 

H-10 0 0 86 14 

H-12 1 0 89 10 

H-15 6 24 4 66 

LUMO (L) 14 1 82 3 

L+1 16 0 84 0 

L+2 56 6 26 12 

L+3 47 27 13 13 

L+4 53 18 19 10 

L+5 59 2 29 10 

L+9 4 2 93 1 
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Figure 8. Contour plots of the molecular orbitals of complex 2, which are associated 

with the electronic spectral transitions (See Table 7). 
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Table 9. Computed parameters from TDDFT calculations on complex 3 for electronic 

spectral properties in dichloromethane solution 

 
Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-3 → L+1 

H-2 → L 

H-1 → L+1 

H → L 

0.56856 

0.25391 

0.10614 

0.30764 

2.3302 0.0153 532.07 MLCT/ILCT 

MLCT/ILCT 

MLCT/LLCT 

MLCT/ILCT/LLCT 

523 

2 H-7 → L 

H-6 → L+1 

H-4 → L+3 

H-2 → L+2 

H-2 → L+3 

H-1 → L+4 

H → L+2 

0.33846 

0.25469 

0.11357 

0.13737 

0.25381 

0.39272 

0.10146 

3.3654 0.0202 368.41 ILCT/MLCT 

ILCT 

MLCT/LLCT 

MLCT/ILCT 

MLCT 

MLCT/LLCT 

MLCT 

358 

3 H-17 → L+3 

H-14 → L+4 

H-6 → L+4 

H-5 → L+7 

H-5 → L+8 

H-5 → L+9 

H-4 → L+6 

H-4 → L+11 

0.12378 

0.13964 

0.15586 

0.11469 

0.50238 

0.16654 

0.10066 

0.21133 

5.5602 0.0706 222.98 LMCT 

LMCT/LLCT 

LMCT/LLCT 

MLCT/LLCT/ILCT 

MLCT/LLCT/ILCT 

MLCT/LLCT/ILCT 

MLCT/ILCT 

MLCT/ILCT 

223 
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Table 10. Compositions of the molecular orbitals of complex 3 

  associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru PMe3 L-H Cl 

HOMO (H) 68 4 12 16 

H-1 73 0 7 20 

H-2 79 1 12 8 

H-3 73 4 22 1 

H-4 70 4 23 3 

H-5 63 4 20 13 

H-6 15 3 80 2 

H-7 18 0 78 4 

H-14 10 20 5 65 

H-17 11 32 12 45 

LUMO (L) 14 1 82 3 

L+1 17 0 82 1 

L+2 56 4 28 12 

L+3 48 27 12 13 

L+4 53 19 18 10 

L+6 2 0 98 0 

L+7 2 0 98 0 

L+8 4 2 93 1 

L+9 6 3 90 1 

L+11 3 0 97 0 
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Figure 9. Contour plots of the molecular orbitals of complex 3, which are associated 

with the electronic spectral transitions (See Table 9). 
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Table 11. Computed parameters from TDDFT calculations on complex 4 for electronic 

spectral properties in dichloromethane solution 

 
Excited 

State 

Composition CI value E (eV) Oscillator 

strength (f) 

λtheo 

(nm) 

Assignment λexp 

(nm) 

1 H-3 → L+1 

H-2 → L 

H-1 → L+1 

H → L 

0.20748 

0.47636 

0.42279 

0.20132 

2.2288 0.0591 556.29 MLCT/ILCT 

MLCT/ILCT 

MLCT/LLCT 

MLCT/LLCT/ILCT 

548 

2 H-5 → L+1 

H-4 → L 

H-1 → L+1 

0.11180 

0.65662 

0.15371 

2.6662 0.0361 465.02 MLCT/ILCT 

MLCT/ILCT 

MLCT/LLCT 

488 

3 H-10 → L 

H-9 → L 

H-8 → L+1 

H-2 → L+3 

H-1 → L+4 

0.10027 

0.52022 

0.39456 

0.10472 

0.13492 

3.2731 0.0179 378.80 ILCT/LLCT/LMCT 

ILCT 

ILCT/LMCT 

MLCT 

MLCT/LLCT 

362 

4 H-15 → L+3 

H-10 → L+3 

H-9 → L+2 

H-8 → L+4 

H-5 → L+7 

H-4 → L+10 

H-4 → L+11 

0.10955 

0.38167 

0.10371 

0.32627 

0.16350 

0.15908 

0.17974 

5.2387 0.1013 236.67 LMCT/LLCT 

LMCT/LLCT 

LMCT/LLCT/ILCT 

LMCT/LLCT 

MLCT/ILCT 

MLCT/ILCT 

MLCT/ILCT 

233 
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Table 12. Compositions of the molecular orbitals of complex 4 

  associated with the electronic spectral transitions 

 

 

 

 

 

% Contribution 

of fragments to 

Fragments 

Ru PMe3 L-Cl Cl 

HOMO (H) 66 4 14 16 

H-1 71 0 9 20 

H-2 77 1 14 8 

H-3 65 3 30 2 

H-4 46 3 48 3 

H-5 48 3 40 9 

H-8 2 0 89 9 

H-9 9 1 86 4 

H-10 0 0 56 44 

H-15 4 1 42 53 

LUMO (L) 15 0 82 3 

L+1 17 0 82 1 

L+2 55 3 31 11 

L+3 51 20 20 9 

L+4 47 26 14 13 

L+7 3 0 96 1 

L+10 3 1 96 0 

L+11 4 2 93 1 
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Figure 10. Contour plots of the molecular orbitals of complex 4, which are associated 

with the electronic spectral transitions (See Table S11). 
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IV.2.3. Catalytic oxidative coupling of primary amines 
 

As delineated in the introduction, the final objective of this study was to explore the 

potential of the mixed-ligand diazabutadiene ruthenium complexes to catalyze oxidative C-

N coupling of primary amines to furnish the corresponding imines (eq. 1).  

    R NH22
Catalyst,  Air 

NH3 H2O+

NR R ..... (eq. 1)

 
We began this study by examining the oxidative homo-coupling of benzylamine to the 

corresponding imine in presence of air using complex 1 as the catalyst precursor. Screening 

of all the experimental parameters were done to reach an optimum yield of the product 

(Table 13), and in most of the cases N‐(benzylidene)benzylamine was obtained as the sole 

product.[55] Two different reaction conditions were found to afford the imine product in 

optimum yield; (i) 0.001 mol% catalyst, toluene as solvent, a reaction temperature of 110 

°C, and a reaction time of 30 min furnished an excellent yield (99%) of the expected product 

(entry 7), and (ii) at ambient temperature (25 °C) with 0.5 mol% catalyst, toluene as solvent, 

and a reaction time of 4 h also gave the expected imine in 99% yield (entry 14). But in view 

of both turn over number (TON) and turn over frequency (TOF) the case (i) (TON = 

0.5×105, TOF = 1×105 h-1) is found to be much better than case (ii) (TON 100, TOF 25 h-1). 

Hence, we have selected conditions for case (i) as our optimized ones. A very low yield 

(11%, entry 16) of N‐(benzylidene)benzylamine was obtained when the reaction was 

performed under a nitrogen atmosphere, which indicate that formation of 

N‐(benzylidene)benzylamine proceeds via oxidative dehydrogenation, and not through a 

direct dehydrogenation.[56,44] A control experiment was also performed in the absence of the 

ruthenium-catalyst, which did not furnish any imine product (entry 17). The other three 

complexes (2 – 4) were found to show catalytic efficiency similar to that of complex 1 

(entries 18-20), and hence only the results obtained with complex 1 as the catalyst precursor 

are presented here. 

For assessing the diversity of this catalytic protocol, oxidative homo-coupling of 

twelve different primary amines to the corresponding imines were investigated under the 

optimized conditions, and the results are summarized in Table 14. Using benzylamine and 

substituted benzylamines, bearing both electron-withdrawing and electron-donating groups 

para to the aminomethyl moiety, as substrates (S1 – S8), the corresponding imines (P1 – P8)  



 146 

Table 13. Optimization of the reaction conditions for the oxidative coupling of 

benzylamine to iminesa 

Catalyst,  Air N

Solvent,  
+ +NH3 H2O2

NH2

 

Entry Catalyst Mole % of 

catalyst 

Solvent Temp, ºC Time,  

h 

Yeildb, 

% 

1 1 1 Toluene 110 4 >99 

2 1 0.5 Toluene 110 4 >99 

3 1 0.1 Toluene 110 4 >99 

4 1 0.01 Toluene 110 4 >99 

5 1 0.01 Toluene 110 1 >99 

6 1 0.001 Toluene 110 1 >99 

7 1 0.001 Toluene 110 30 min 99 

8 1 0.001 Toluene 110 10 min 78 

9 1 0.001 Toluene-EtOH 

(8:2) 

110 30 min 67 

10 1 0.001 EtOH 80 30 min 65 

11 1 0.0001                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            Toluene 110 30 min 35 

12 1 0.001 Toluene rt 30 min N.O. 

13 1 0.5 Toluene rtc 2 71 

14 1 0.5 Toluene rtc 4 99 

15 1 0.001 Acetonitrile 85 30 min 78 

16 1 0.001 Toluene 110 30 min 11d 

17 1 0.00 Toluene 110 30 min N.O. 

18 2 0.001 Toluene 110 30 min 98 

19 3 0.001 Toluene 110 30 min 95 

20 4 0.001 Toluene 110 30 min 96 

 
a Reaction conditions: Catalyst, [Ru2(PPh3)2(L-OCH3)2Cl3]Cl; substrate, 

benzylamine(0.5mmol); solvent (5.0 mL). 
b Yield was determined by GCMS and the selectivity of imine was 100%. 
c Room temperature stirring.  
d Reaction was performed under nitrogen atmosphere. 
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Table 14. Synthesis of symmetrical iminesa,b 

Catalyst,  Air 

Toluene,  100 ºC

        30 min

+ +NH3 H2OR N R

PnSn

    R NH22

 

P10, 86%

N
FF

P9, 61%

N

F F

P1, 99%

N

P2, 99%

N

F F

P4, 97%

N

Br Br
P3, 98%

N

Cl Cl

P5, 94%

N

I I

N

F3C CF3

P6, 92%

N

O O
P7, 99%

N

H3C CH3

P8, 99%

P12, 52%

N

P11, 76%

S S
N

 

 

a Reaction conditions: Catalyst: complex 1, 0.001 mol%; substrate, (0.5 mmol); 

solvent (5.0 mL).  
b Yield was determined by GCMS. 
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were obtained in excellent (92-99%) yields. Compared to para-position, substitution at 

ortho- or meta-position was found to cause significant decrease in product yield, as 

manifested in P2 versus P9 or P10. The decreasing order of reactivity of the substrates 

S2(para)  S10(meta)  S9(ortho), is attributable to the steric hindrance posed by the 

substituent that is understandably highest at the ortho-position, lowest at the para-position, 

and intermediate at the meta-position. Oxidative homo-coupling of heterocyclic amine, such 

as 2-thiophenemethylamine (S11) also took place yielding the corresponding imine (P11) in 

76% yield, which indicates that presence of additional donor atom had no significant effect 

on the catalytic process. It is interesting to note that our catalytic protocol works fairly well 

for aliphatic amine also, as observed in case of aminomethylcyclohexane (S12) as substrate, 

where the corresponding imine (P12) was obtained in moderate (52%) yield. The oxidative 

homo-coupling of benzylamine, catalyzed by our ruthenium complexes, is found to be very 

efficient, as reflected in the high (~105) turn-over number. In view of the catalyst loading, 

yield of the product and reaction time, the catalytic efficiency of our complexes towards 

oxidative C-N coupling of primary amines to imines is much better than that of the reported 

ruthenium-catalysts.[41-46] The other notable aspect of our observed catalytic C-N coupling 

reactions is the selective formation of imines, and further oxidation of imines to nitriles, 

which is sometimes encountered in such catalysis,[43,44] did not take place at all. 

We propose a probable mechanism (Scheme 1) for the observed catalytic oxidative 

homo-coupling of benzylamines to corresponding imines, which is based mostly on 

mechanisms reported for similar Ru-catalyzed reactions.[41-46] In the beginning the di-

ruthenium complex splits to generate a mono-ruthenium species via dissociation of 

triphenylphosphine.[57] This coordinatively unsaturated mono-ruthenium species reacts with 

the primary amine to form an adduct A, which marks the rolling of the catalytic cycle. In the 

next step, oxidative dehydrogenation of the coordinated amine took place in the presence of 

aerial oxygen producing an imine-bonded ruthenium species B. Nucleophilic attack at the 

azomethine-carbon in B by the nitrogen of a second primary amine took place next (as 

depicted in C), which is followed by formation of a new C-N coupled amine, via usual 

rearrangement, that remains bound to ruthenium (shown in D). In the final step, deaminative 

elimination of the imine product takes place from D, with simultaneous generation of the 

catalytically active species A upon interaction with the substrate primary amine, and the 

catalytic cycle thus continues. 
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Scheme 1. Probable mechanism for the oxidative C-N coupling of primary amines. 

Here R-CH2-NH2 represents all the primary amines used as substrate. 

 

Encouraged by the success of the catalytic homo-coupling reaction of primary 

amines, we also wanted to examine the feasibility of similar oxidative cross C-N coupling 

involving two different primary amines under the same experimental condition. Such a 

reaction may, in principle, lead to the formation of both homo-coupled as well as cross-

coupled products (eq. 2).[58] This aspect was investigated by carrying out reaction 
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Toluene,  110 ºC

        30 min

Catalyst,  Air

+

Sx    

Sy    

NH2

NH2

R

+

+

N

Pxx 

Pxy 

N

R

Pyy 

N

R R

..... (eq. 2)

 

between six pairs of primary amines, and the results are presented in Table 15. In each 

case all the three possible products, viz. two homo-coupled products and a cross-coupled 

product, were obtained in varying yields. Yield of the cross-coupled product varied from 

4 – 54%; and the lowest yield was obtained for P18, where aminomethylcyclohexane was 

used as one partner along with benzylamine. Yield of another cross-coupled product 

(P15), obtained with ortho-fluorobenzylamine as one partner, was also found to be rather 

low (16%). However, cross-coupled products obtained with para-substituted 

benzylamines or 2-thiophenemethylamine (P13, P14, P16 and P17) were obtained in decent 

(36 – 54%) yields. The average turn-over number, based on the combined yield of all 

three imine products obtained from each reaction, is found to be high (~105). It is worth 

mentioning here that oxidative C-N cross-coupling of two substitutionally different 

benzyl amines to yield the corresponding cross-coupled imine product seems, to our 

knowledge, to be unprecedented.[59] 

 

Table 15. Oxidative coupling reaction between two different substituted benzylaminesa,b 

N

F F

N

NH2

32% 

24% 

P13, 36% NH2

F

N

F
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N

H3CO OCH3

N

NH2

24% 

18% 

P14, 52% NH2

H3CO

N

OCH3

 

N

F F

N

NH2

26% 

42% 

P15, 16% NH2

F

N

F

 

N

32% 

32% 

P16, 36% 
S

NH2

NH2

N
S

S S
N

 

N

H3CO OCH3

N

F F

NH2

F

23% 

16% 

P17, 54% NH2

H3CO

N

OCH3F
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N

N

NH2

34% 

48% 

P18, 4% NH2

N

 

 
a Reaction conditions: Catalyst: complex 1, 0.001 mol%; each substrate, (0.5 

mmol); solvent (5.0 mL). 
b Yield was determined by GCMS. 

 

In the oxidative, as well as deaminative, C-N coupling reactions described above, 

one benzylamine unit underwent oxidation to generate the imine (HN=C(H)-Ar) function. 

While the other benzylamine unit served simply as a provider of -NH2 moiety for the 

deamination to take place, leading to formation of the new C-N bond. Thus the -CH2- 

fragment in the second benzylamine unit seems to have no particular role to play in these 

C-N coupling reactions. To verify this hypothesis, we planned to use aryl amines without 

the -CH2- fragment in between the aryl and -NH2 moieties, as the second unit. 

Accordingly, reactions were carried out between benzylamine and various substituted 

anilines under the same optimized conditions mentioned above.[60] From this type of a 

reaction (eq. 3), probability of getting imine products of two types is there, cross-coupled 

product (Pn) and homo-coupled product of benzylamine (P1). From our reactions we have 

obtained exclusively the 

Catalyst,  Air R
N ..... (eq. 3)

NH3 H2O+

+
+

NH2NR NH2

Sn Pn P1

 

cross-coupled product in most cases, mixture of cross-coupled product and homo-coupled 

product in few cases, and exclusively homo-coupled product in one case (Table 16). 

When anilines bearing different substituents at the para-position were used (as Sn),  
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Table 16. Synthesis of unsymmetrical iminesa,b 

Entry  Sn Pn P1 

1  
NH2

 
 

N

 
P19, 89% 

 

 

0% 

2  

NH2

H3CO

 

N

H3CO

 
P20, 87% 

 

 

0% 

3  

NH2

H3C

 

N

H3C

  
P21, 88% 

 

 

0% 

4  

NH2

Cl

 

N

Cl

 
P22, 91% 

 

 

0% 

5  

NH2

O2N

 

N

O2N

 
P23, 22% 

 

 

39% 

6  

NH2

CH3  

N

CH3  
P24, 54% 

 

 

23% 

7  

NH2H3C  

NH3C

 
P25, 86% 

 

 

0% 

8  

NH2

 

N

 
P26, 71% 

 

 

0% 

9  

NH2  

N

 
P27, 0% 

 

 

99% 

a Reaction conditions: Catalyst: complex 1, 0.001 mol%; each substrate, (0.5 

mmol); solvent (5.0 mL). 
b Yield was determined by GCMS. 
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only the cross-coupled products were obtained in excellent yields (entries 1-4). However, 

with para-nitroaniline as Sn, yield of the corresponding cross-coupled product was much 

less, but the homo-coupled product (P1) was obtained in reasonable yield (entry 5). Yield 

variation was observed with variation of substitution position, as noted in case of para-, 

ortho- and meta-toluidine (entries 3, 6 and 7). Use of 1-naphthylamine also afforded only 

the cross-coupled product (entry 8), while that of cyclohexylamine did not furnish any 

cross-coupled product and only the homo-coupled product (P1) was obtained (entry 9). 

Considering the cases where the cross-coupled product was obtained exclusively, the 

present reaction protocol is found to be highly efficient (TON ~ 0.9 × 105), and better 

than similar Ru-catalyzed reactions reported in the literature.[44] 
 

IV. 3. Experimental 

IV.3.1. Materials 

[Ru(PPh3)3Cl2] was prepared by following a reported procedure.[61] The 1,4-di-(p-

methoxy-phenyl)azabutadiene ligands (L-R), was prepared as described in Chapter II.  

IV.3.2. Physical measurements 

As described in Chapter II. Solution electrical conductivities were measured using 

an Elico CM 180 conductivity meter with a solute concentration of ca. 10-3 M. 

IV.3.3. Syntheses of complexes 

The [Ru2(PPh3)2(L-R)2Cl3]Cl (R = OCH3, CH3, H and Cl) complexes (1 - 4) were 

prepared by following a general procedure. Specific details are given below for a 

particular complex. 

[Ru2(PPh3)2(L-OCH3)2Cl3]Cl, (1) 

 To a solution of L-OCH3 (30 mg, 0.11 mmol) in 30 mL dichloromethane, 

[Ru(PPh3)3Cl2] (100 mg, 0.10 mmol) was added and the resulting mixture was stirred for 

4 h under refluxing condition, whereby a reddish-brown solution was obtained. Toluene 

(50 mL) was layered over the dichloromethane solution, and slow diffusion of solvents 

(~7 days) afforded dark brown crystals of complex 1, which were collected by filtration, 

washed with ether, and dried in a desiccator. Yield: (122 mg) 83%. Anal. calc. for 

C68H62N4O4P2Cl4Ru2: C: 58.12; H: 4.42; N: 3.99 ; found C: 58.15; H: 4.46; N: 3.95%. 
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MS (ESI), positive mode: [1-Cl]+, 1367.13. 1H NMR (300 MHz, CDCl3):[62]  (ppm) = 

3.93  (s, 12H, OCH3), 6.59-6.73 (m, 18H)*, 7.05-7.35 (m, 28H)*, 8.31 (s, 4H, imine). IR 

(wave number, cm-1): 1633, 1600, 1501, 1462, 1434, 1090, 831, 749, 696, 527, 509. 

Molar conductivity in dichloromethane at 298 K (ΛM/Sm2M-1): 86. 

[Ru2(PPh3)2(L-CH3)2Cl3]Cl, (2) 

Yield: (114 mg) 82%. Anal. calc. for C68H62N4P2Cl4Ru2: C: 60.90; H: 4.63; N: 

4.18; found C: 60.94; H: 4.60; N: 4.21%. MS (ESI), positive mode: [2-Cl]+, 1306.36. 1H 

NMR (300 MHz, CDCl3):[62]  (ppm) = 2.46 (s, 12H, CH3), 6.60-6.68 (m, 18H)*, 7.05-

7.35 (m, 28H)*, 8.34 (s, 4H, imine). IR (wave number, cm-1): 1627, 1604, 1501, 1463, 

1433, 1090, 817, 748, 697, 527, 508. Molar conductivity in dichloromethane at 298 K 

(ΛM/Sm2M-1): 83. 

[Ru2(PPh3)2(L-H)2Cl3]Cl, (3) 

Yield: (102 mg) 76%. Anal. calc. for C64H54N4P2Cl4Ru2: C 59.81; H 4.21; N 4.36; 

found C: 59.84; H: 4.23; N: 4.32%. MS (ESI), positive mode: [3-Cl]+, 1251.0. 1H NMR 

(400 MHz, CDCl3):[62]  (ppm) = 6.60-6.68 (m, 16H)*, 7.05-7.21 (m, 18H)*, 7.44-7.69 

(m, 16H)*, 8.36 (s, 4H, imine). IR (wave number, cm-1): 1628, 1600, 1485, 1450, 1437, 

1092, 825, 755, 694, 527, 511. Molar conductivity in dichloromethane at 298 K 

(ΛM/Sm2M-1): 91. 

[Ru2(PPh3)2(L-Cl)2Cl3]Cl, (4) 

Yield: (119 mg) 80%. Anal. calc. for C64H50N4P2Cl8Ru2: C: 54.01; H: 3.52; N: 

3.94; found C: 54.05; H: 3.49; N: 3.97%. MS (ESI), positive mode: [4-Cl]+, 1386.69. 1H 

NMR (300 MHz, CDCl3):[62]  (ppm) = 6.64-6.68 (m, 16H)*, 7.08-7.35 (m, 14H)*, 7.36-

7.69 (m, 16H)*, 8.60 (s, 4H, imine). IR (wave number, cm-1): 1641, 1604, 1481, 1460, 

1433, 1090, 827, 749, 696, 527, 507. Molar conductivity in dichloromethane at 298 K 

(ΛM/Sm2M-1): 89. 

IV.3.4. X-ray crystallography 

Single crystals of complexes 1, 2 and 4 were obtained directly from the synthetic 

procedure, after layering toluene over the dichloromethane solutions of the respective 

complexes and allowing slow diffusion of the solvents. Selected crystal data and data 

collection parameters for the complexes are presented in Table 17. Data on all the 



 156 

crystals were collected on a Bruker AXS smart Apex CCD diffractometer. X-ray data 

reduction, structure solution and refinement were done using the SHELXS-97 and 

SHELXL-97 packages.[63-64] The structures were solved by the direct methods. CCDC 

Deposition Number 2241804-2241806 contain the supplementary crystallographic data 

for 1, 2 and 4. 

Table 17. Crystallographic data for complexes 1a, 1b and 1d 
 

complex 1 2 4 

empirical formula C68H62Cl4N4O4P2Ru2 C68H62Cl4N4P2Ru2 C64H50Cl8N4P2Ru2 

formula weight 1404 1340 1422 

crystal system Monoclinic Monoclinic Triclinic 

space group C 2/c C 2/c Pī 

a (Å) 33.324(3)  32.5574(15) 17.166(2) 

b (Å) 17.1944(14) 17.2458(6) 18.559(2) 

c (Å) 26.901(3) 26.4277(10) 26.345(3) 

α (◦) 90 90 69.729(4) 

β (◦) 115.272(3) 112.892(3) 71.080(4) 

γ (◦) 90 90  62.499(3) 

V (Å3) 13939(2) 13669.9(10) 6846.3(16) 

Z 8 8 4 

Dcalcd /mg m-3 1.344 1.322  1.380 

F (000) 5768 5560 2768 

crystal size (mm) 0.20   0.18   0.12 0.12   0.11   0.08 0.15   0.12   0.10 

T (K) 273 296 273 

 (mm-1) 0.680 0.687 0.837 

R1a 0.0848 0.0576 0.1354 

wR2b 0.2735 0.2169 0.3458 

GOFc 1.007 0.830 1.432 

 

a R1 =  Fo - Fc   Fo.  
b wR2 = [{w(Fo

2-Fc
2)2}{w(Fo

2)}]1/2.  
c GOF = [(w(Fo

2-Fc
2)2)(M-N)]1/ 2, where M is the number of reflections and N is the 

  number of parameters refined. 
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IV.3.5. Application as catalysts 
 

General procedure for catalytic oxidative coupling of amines. In a typical 

process, an oven-dried 10 mL round bottom flask was charged with 0.5 mmol of 

benzylamine and a known mole percent of catalyst {[Ru2(PPh3)2(L-OCH3)2Cl3]Cl} with 

the appropriate solvent (4 mL). The flask was placed in a preheated oil bath at required 

temp. After the specified time the flask was removed from the oil bath, 20 mL water was 

added to the mixture, and extracted with diethyl ether (3  10 mL). The combined 

organic layers were washed with water (3  10 mL), dried over anhydrous Na2SO4, and 

filtered. Solvent was removed under vacuum. The residue obtained was dissolved in 

toluene and analyzed by GCMS. 

 

IV. 4. Conclusions 

 

A group of four tri-chloro bridged di-ruthenium(II) complexes of type 

[Ru2(PPh3)2(L-R)2Cl3]Cl, bearing chelated 1,4-diazabutadiene ligands, have been 

synthesized and characterized. These complexes are found to serve as efficient catalyst-

precursor for oxidative, as well as deaminative, C-N coupling of primary amines to 

furnish imines. Both homo-coupling of benzylamines, and cross-coupling of two 

differently substituted benzylamines, or benzylamine with anilines and other aryl/alkyl 

amines, could be brought about with aerial oxygen as the oxidant. The notable features of 

the observed catalysis are the relatively mild reaction condition, low catalyst loading, 

short reaction time, and selectivity of the oxidative C-N coupled product. 
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Chapter V 

 

Utilization of a phosphine containing mixed-ligand 

ruthenium complex in catalytic transfer hydrogenation 

and unusual C-C bond formation 
 

Abstract 
 

In this chapter we have discussed about utilization of a phosphine containing 

mixed-ligand ruthenium(II) complex as catalyst precursor for two types of organic 

transformations, viz. transfer hydrogenation and C-C coupling reaction. 
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V. 1. Introduction 
 

 In the previous chapter we have discussed about the preparation of diruthenium 

complexes of type [Ru2(PPh3)2(L-R)2Cl3]Cl (L-R stands for 1,4-diazabutadiene ligands) 

and their utility as catalyst precursors. In these diruthenium complex two ruthenium 

metals are connected by three chloro ligands. These bridging chloro ligands are quite 

labile in nature, and the observed catalysis was due to a mono-ruthenium species formed 

in situ via cleavage of the chloro-bridges. This prompted us to synthesize mono-

ruthenium complexes containing the same 1,4-diazabutadiene ligands and 

triphenylphosphine, and explore their catalytic properties. The results of this exercise are 

presented in this chapter. 

 

V. 2. Results and discussion 

V.2.1. Synthesis and characterization 
 

As indicated in the introduction, we intended to prepare mono-ruthenium 

complexes bearing the same 1,4-diazabutadiene ligands (discussed in Chapter IV) and 

triphenylphosphine. Accordingly, reaction of L-OCH3 was carried out with equimolar 

quantity of [Ru(PPh3)3Cl2] in refluxing acetonitrile. Acetonitrile was chosen as solvent to 

inhibit any chloro-bridge formation, as it is able to take up vacant coordination site on  

 

 

Figure 1. Crystal structure of the complex cation. 
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ruthenium(II). The reaction proceeded smoothly, and a crystalline yellow solid was 

obtained in good quantity. However, on characterization this product turned out to have a 

completely different composition, viz. [Ru(PPh3)2(CH3CN)3Cl]Cl. Formation of this 

complex indicates that, under the prevailing reaction condition, substitution of PPh3 and 

chloride from the starting [Ru(PPh3)3Cl2] compound by acetonitrile was more facile. 

Structure of this complex was solved by X-ray diffraction analysis. The structure is 

shown in Figure 1 and selected bond parameters are presented in Table 1. It needs to be 

mentioned here that synthesis and crystal structure determination of this complex was 

reported earlier.[1] 

 

Table 1. Selected bond distances and bond angles for complex 

[Ru(PPh3)2(CH3CN)3Cl]Cl 

 

Bond distances (Å) Bond angles (°) 

Ru1-N1 1.961(18) N1-Ru1-N2 175.9(8) 

Ru1-N2 2.005(16) N1-Ru1-N3 89.4(8) 

Ru2-N3 1.997(19) N2-Ru1-N3 86.7(8) 

Ru1- P1 2.390(6) N3-Ru1-Cl1 178.0(6) 

Ru2-P2 2.394(6) N1-Ru1-P1 88.5(5) 

Ru1- Cl1 2.401(5) N1-Ru1-P2 90.3(5) 

  P1-Ru1-P2 176.72 

 

V.2.2. Catalytic transfer hydrogenation 
 

Our main objective was to promote catalytic activity of the synthesized 

[Ru(PPh3)2(CH3CN)3Cl]Cl complex towards different organic transformations, such as: 

transfer hydrogenation and C-C cross-coupling reaction. The transfer hydrogenation of 

aldehydes and ketones, using base and isopropanol as solvent, has attracted considerable 

interest as a reliable method because of the relatively green and benign nature of the 

reactants. Transfer hydrogenation usually requires a transition metal catalyst, and 

efficiency of bivalent ruthenium complexes in catalyzing transfer hydrogenation 

reactions is particularly notable.[2-24] 
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We first decided to try aryl aldehydes as substrate, as they are known to undergo 

smooth Ru-catalyzed transfer hydrogenation. We began our study by examining the 

transfer hydrogenation of 4-chlorobenzaldehyde to 4-chlorobenzyl alcohol using 

[Ru(PPh3)2(CH3CN)3Cl]Cl complex as the catalyst precursor. All the experimental 

parameters were systematically varied to reach an optimum yield of the product, and after 

extensive screening (Table 2, entry 10) it was found that 0.01 mol% catalyst, 1.0 mol% 

NaOtBu as base, isopropanol as solvent, a reaction temperature of 85 °C and a reaction 

time of 30 min produced an excellent yield (99%) of the expected product. The TON = 

104 and TOF = 2 × 104 of this reaction is amazing. Here another situation was also 

observed where (Table 2, entry 8) the TON = 103 and TOF = 1.2 × 104. Hence, we had 

taken entry 10 as our optimized condition. The reaction was also carried out at ambient 

temperature but in that case, it required high catalyst loading and longer reaction period. 

The interesting point of the reaction was that it requires very short period of time (only 30 

min is required to produce optimum yield). 

Using the optimized reaction conditions, transfer hydrogenation of fourteen 

different aldehydes has been performed which is summarized in Table 3. Using 

benzaldehyde and substituted benzaldehydes as substrates (S1 – S7), the corresponding 

alcohols (P1 – P7) were obtained in good to excellent (68 – 99%) yields. Electronic nature 

of the substituent(s) on the phenyl ring was varied and it was shown that in case of 

electron withdrawing substituent (Table 3, P4, P5 and P6), products were obtained in 

excellent yield, but in case of electron donating substituent (Table 3, P2, P3 and P7), the 

reactivity was slightly low; it may be due to catalyst inhibition occur in this case or 

perhaps hydride transfer is slow results in decreased product formation.[25] Changing size 

of the aryl fragment from phenyl (S1) to naphthyl (S8) and to anthracyl (S9) did not have 

any observable effect as the products (P8 and P9) were obtained in excellent yield. 

However, for substrate (S10) having both aldehyde and olefin fragments (S10), viz. trans-

cinnamaldehyde, products with reduction of only aldehyde group (P10a) was obtained in 

good yield (71%) and with reduction of both aldehyde and olefin fragments (P10b) was 

obtained in significantly low yield (19%). It is interesting to note that when 1,4-diformyl 

benzene (S11) was tried as substrate, product with reduction of only one aldehyde group 

(P11a) was obtained in good yield but with reduction of both aldehyde fragments (P11b) 
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Table 2. Optimization of experimental parameters for transfer hydrogenation of aldehyde 

to corresponding alcohola 

Catalyst

solvent, base

H

O

Cl

H

H OH

Cl
 

Entry Mole 

% of 

catalyst 

Solvent Base Temp, 

ºC 

Time,  

h 

Yeildb, 

% 

1 0.5 isopropanol NaOtBu 85 6 99 

2 0.25 isopropanol NaOtBu 85 6 99 

3 0.1 isopropanol NaOtBu 85 6 99 

4 0.1 isopropanol NaOtBu 85 4 99 

5 0.1 isopropanol NaOtBu 85 2 99 

6 0.1 isopropanol NaOtBu 85 1 99 

7 0.1 isopropanol NaOtBu 85 30 min 99 

8 0.1 isopropanol NaOtBu 85 5 min 96 

9 0.01 isopropanol NaOtBu 85 5 min 67 

10 0.01 isopropanol NaOtBu 85 30 min 99 

11 0.001 isopropanol NaOtBu 85 30 min 91 

12 0.01 isopropanol KOH 85 30 min 90 

13 0.01 isopropanol CS2CO3 85 30 min 52 

14 0.01 1-propanol NaOtBu 85 30 min 95 

15 0.01 Ethanol NaOtBu 85 30 min 86 

16 0.01 isopropanol NaOtBu rtc 12 31d 

17 1 isopropanol NaOtBu rtc 12 75e 

18 1 isopropanol NaOtBu rtc 6 59f 

19 - isopropanol NaOtBu 85 30 min NOg 
 

 a Reaction conditions: Catalyst, [Ru(PPh3)2(CH3CN)3Cl]Cl; substrate, para-chloro    

   benzaldehyde (0.5 mmol); base (1.0 mol%); solvent (5.0 mL). 
b Determined by GCMS. c Room temperature stirring. 

 d para-chloro benzoicacid (42%) was observed in GCMS plot. 

 e para-chloro benzoicacid (23%) was observed in GCMS plot. 
f para-chloro benzoicacid (35%) was observed in GCMS plot. 
g Product was not observed. 
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Table 3. Transfer hydrogenation of aldehydesa,b 

Catalyst

Isopropanol, NaO
t
Bu

85 °C, 5 min

CHO

R

Sn Pn

R
OH

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  a Reaction conditions: Catalyst, [Ru(PPh3)2(CH3CN)3Cl]Cl, 0.01 mol%;  

    substrate, (0.5 mmol); base (1.0 mol%); solvent (5.0 mL). 
  b Product yield determined by GCMS. 
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was obtained in lower yield (25%). The reverse was observed upon increasing the 

catalyst loading, when the catalyst loading was double P11b was obtained in 78% yield 

and P11a was obtained only in 11% yield. The average turn-over number of this reaction 

is excellent (~104). However, aldehydes having another strong donor atom, next to the –

CHO group (S12 – S14), such as salicylaldehyde, 2-formylpyrrole and pyridine-2-

aldehyde, are found hard or impossible to hydrogenate (P12 – P14), this is possibly due to 

catalyst deactivation caused through coordination of these substrates that are well known 

for their ability to form chelates. 

The remarkable catalytic efficiency of [Ru(PPh3)2(CH3CN)3Cl]Cl in transfer 

hydrogenation of aryl aldehydes inspired us to try similar hydrogenation of aryl ketones 

to the corresponding secondary alcohols. At first, we tried transfer hydrogenation of 4-

fluoroacetophenone under the same experimental condition used for the reduction of the 

aryl aldehydes, but the expected alcohol was obtained in significantly low yield (Table 4, 

entry 1). The catalyst loading of reaction had to be increased in order to obtain the 

product alcohol in good (98%) yield (Table 4, entry 3). 

With this catalyst loading (0.1 mol%) reduction of thirteen ketones was 

attempted, and the results are presented in Table 5. Using acetophenone and 4-substituted 

acetophenones as substrates (S1 – S7), the corresponding secondary alcohols (P1 – P7) 

were obtained in good to excellent (81 – 99%) yields. Electronic nature of the 

substituent(s) on the phenyl ring was varied but here also it was shown that in case of 

electron donating substituent such as –OMe (Table 5, P2 and P3), the reactivity was 

slightly lower.[25] When cyclohexanone (S8) which is a cyclic aliphatic ketone was tried 

product alcohol was obtained in 87% yield indicate that this complex also capable of 

reducing aliphatic system. Bulky substrate viz benzophenone (S9) was used the 

corresponding alcohols P9 obtained in significant yield. Cyclohex-2-en-1-one (S10), a 

substrate with two reducible fragments, was found to undergo selective reduction of the 

carbonyl function to afford the corresponding alcohol (P10) in a relatively good yield. 

When two aryl ketones with a recognized donor site next to the carbonyl function, viz. 2-

hydroxyacetophenone (S11) and 2-acetylpyridine (S12), were tried as substrates, the 

expected reduction did not take place at all, probably due to catalyst deactivation via 
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coordination of these substrates. But in case of 2,6-diacetylpyridine (S13), products with 

reduction of both ketone group (P13a) was obtained in excellent yield (88%) and with 

reduction of only one ketone fragments (P13b) was obtained in significantly low yield 

(12%). It was probably due to steric hindrance of both acetyl groups for which substrate 

do not form chelate with catalyst. 

Table 4. Variation of experimental parameters for transfer hydrogenation of ketone to 

corresponding alcohola 

catalyst

solvent, base

CH3

O

F

CH3

H OH

F
 

Entry Mole % of 

catalyst 

Solvent Base Temp, 

ºC 

Time,  

 

Yeildb, 

% 

1 0.01 isopropanol NaOtBu 85 30 min 48 

2 0.01 isopropanol NaOtBu 85 2 h 71 

3 0.1 isopropanol NaOtBu 85 30 min 98 

4 0.1 isopropanol NaOtBu 85 5 min 68 

 
a Reaction conditions: Catalyst, [Ru(PPh3)2(CH3CN)3Cl]Cl; substrate, para-fluoro 

acetophenone (0.5 mmol); base (1.0 mol%); solvent (5.0 mL). 
 b Determined by GCMS. 

 

In view of the relative difficulty in reduction of ketone compared to that of 

aldehyde, the average turn-over number (~103) observed in the present study is decent. 

The observed transfer hydrogenation catalysis is believed to proceed via the 

formation of a Ru-H bonded species, which is formed in situ by interaction of the Ru-Cl 

moiety in the catalyst-precursor with isopropanol. The other steps are envisaged to be 

similar as described by us and others.[6,7,11,15,16,18,19,21-24] The catalytic efficiency of our 

complex [Ru(PPh3)2(CH3CN)3Cl]Cl in transfer hydrogenation of aldehydes and ketones 

is better than many of the reported ruthenium-catalysts,[5-8,10-13,15-19] including our own 

reports.[22-24] However, catalytic efficiency of [Ru(PPh3)2(CH3CN)3Cl]Cl is comparable 

to that of some reported Ru-catalysts,[9] and less than few others.[14] 
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Table 5. Transfer hydrogenation of ketonesa,b 

Catalyst

Isopropanol, NaO
t
Bu

85 °C, 30 min Pn

R

H OH

R'

Sn

R

O

R'

 

P4, 99% P5, 98% P6, 96%

P9, 85%P8, 87%P7, 95%

CH3

H OH

F

CH3

H OH

Cl

CH3

H OH

Br

CH3

H OH

I

CH3

H OH

H3C

CH3

H OH

H3CO

CH3

H OH

P3, 84%P2, 81%P1, 99%

H OHH OH

 

P10, 72%S10

H OHO

 

S11

OH

O

CH3

P11, 0%

P12, 0%

N

O

CH3

S12

CH3

H OH

OH

N

CH3

H OH

 

N
CH3

H OH

H3C

HO H

S13

N

O

CH3

O

P13a, 88% P13b, 12%

N
CH3

H OHO



 
 

a Reaction conditions: Catalyst: [Ru(PPh3)2(CH3CN)3Cl]Cl, 0.1 mol%; substrate, 

(0.5 mmol); base (1.0 mol%); solvent (5.0 mL).  
b Product yield determined by GCMS. 
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V.2.3. Catalytic C-C coupling reaction and 8-member ring formation 

 

After getting success in the catalytic transfer hydrogenation of >C=O moiety in 

aldehydes and ketones, we got enthused to try similar kind of transfer hydrogenation 

reaction on alkyne (-C≡C-) fragment using the same [Ru(PPh3)2(CH3CN)3Cl]Cl as the 

catalyst. First we tried transfer hydrogenation of phenylacetylene, but from here we did 

not get any of expected hydrogenated products. Instead, we obtained a new organic 

compound dibenzo[a,e]cyclooctatetraene, formed via unexpected C-C coupling, which 

was quite intriguing to us. We performed a thorough screening of the reaction parameters 

(Table 6), and it was found that 0.25 mol% catalyst loading, isopropanol as solvent, 1 

mol% NaOtBu as base, 85° C temperature and 2 h reaction time, afforded 

dibenzo[a,e]cyclooctatetraene as the only product in 99% yield (Table 6, entry 3). 

 To assess the scope of this catalytic protocol, homo-coupling of twelve different 

substituted phenylacetylene was performed under the optimized conditions, and the 

results are summarized in Table 7. Using phenylacetylene and substituted 

phenylacetylenes, containing both electron-withdrawing and electron-donating groups 

para to the triple bond, as substrates (S1 – S6), the corresponding product (P1 – P6) were 

obtained in excellent (95-99%) yields. However, ortho- and meta- substitution lowers the 

reactivity of the substrates and the corresponding products were obtained in slightly 

lower yield (P7 (87%) and P8 (95%)) as compared to the para-substituted 

phenylacetylene (P4). For substrates where the acetylenic hydrogen is substituted with a 

methyl (S9) and a phenyl (S10) in phenylacetylene, the expected product was obtained at 

all, indicating the difficulty in binding of such sterically bulkier substrates to the metal 

center. With increasing the ring size from phenyl (S1) to naphthyl (S11) and to 

phenanthryl (S12), here also the corresponding product was not obtained and it may be 

due to steric reason. 
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Table 6. Optimization of experimental parameters for ctalytic C-C coupling reaction of 

phenylacetylene using catalysta 

Catalyst

Solvent, base

CH

2

 

Entry Mole % 

of 

catalyst 

Solvent Base Temp, 

ºC 

Time,  

h 

Yeildb, 

% 

1 
0.01 isopropanol NaOtBu 85 30 min 35 

2 
0.25 Isopropanol NaOtBu 85 30 min 74 

3 
0.25 Isopropanol NaOtBu 85 2 99 

4 
0.25 Isopropanol NaOtBu 85 1 92 

5 
0.25 Isopropanol - 85 2 NOc 

6 
0.25 Isopropanol KOH 85 2 85 

7 
0.25 Toluene NaOtBu 85 2 47 

8 
- Isopropanol NaOtBu 85 2 NOc 

9 
0.25 Isopropanol NaOtBu 85 2 38d 

a Reaction conditions: Catalyst, [Ru(PPh3)2(CH3CN)3Cl]Cl; substrate, 

Phenylacetylene, solvent (5.0 mL), base (1 mol%). 
b Determined by GCMS. 
c Product was not observed. 
d Using Ru(PPh3)Cl2 as catalyst. 

  

Success in the catalytic homo-coupling of phenylacetylene and substituted 

phenylacetylenes led us to examine the feasibility of similar cross C-C coupling 

involving two different substituted phenylacetylenes under the same experimental 

condition. Such a reaction may, in principle, lead to the formation of both homo-coupled 

as well as cross-coupled products (eq. 1). 
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Table 7. Scope of coupling reactiona 

Catalyst

85 °C, 2 h

Isopropanol, KO
t
Bu 

CH

R

Sn Pn

RR2

 
 

P1, 99% P2, 97%

P3, 99% P4, 99%

P5, 98% P6, 95%

OCH3

H3CO

CH3

H3C

F

F

Cl

Cl

Br

Br

 
 

 
F

FP7, 87% P8, 95%

F

F

 

 

S10 P10, 0%

C C

S9 P9, 0%

C C CH3

CH3

H3C
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C CH

P11, 0%S11

P12, 0%S12

C CH

 
 

 
a Reaction conditions: Catalyst: [Ru(PPh3)2(CH3CN)3Cl]Cl, 0.25 mol%; substrate, 

(0.5 mmol); solvent (5.0 mL); base (1 mol%).  
b Yield was determined by GCMS. 

 

This aspect was investigated by carrying out reaction between five pairs of 

phenylacetylenes, and the results are represented in Table 8. In each case all the three 

possible products, viz. two homo-coupled products and a cross-coupled product, were 

obtained in varying yields. Yield of the cross-coupled product varied from 36 – 48%. The 

average turn-over number, based on the combined yield of all three products obtained 

from each reaction, is found to be decent (~4 × 102). 







CH

Sx

CH

R

Sy

Catalyst

85 °C, 2 h

Isopropanol, KO
t
Bu

Pxx

R

Pxy

R

R

Pyy

     .....(eq. 1)
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Table 8. Cross coupling reaction between two different substituted phenylacetylenea,b 

 

 

F

F

17 %

C CH

C CHF

40 %

F

P13, 43 %

 

 

Br

Br

25 %

C CH

C CHBr

28 %

Br

P14, 47 %

 

 

30 %

CH3

H3C

28 %

C CH

C CHH3C

CH3

P15, 42 %
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27 %C CH

C CH

F

F

P16, 48 % F

F 25 %

 

 

CH3

H3C

38 %

C CHF

C CHH3C

F

F

26 %

CH3

F

P17, 36 %

 
 

 
a Reaction conditions: Catalyst, [Ru(PPh3)2(CH3CN)3Cl]Cl, 0.25 mol%; substrate, 

(0.5 mmol); base (1.0 mol%); solvent (5.0 mL). 
b Determined by GCMS. 

 

V. 3. Experimental 

V.3.1. Materials 
 

 As described in Chapter IV. 

 

V.3.2. Physical measurements 
 

As described in Chapter II. 
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V.3.3. Synthesis of complex 
 

Preparation of [Ru(PPh3)2(CH3CN)3Cl]Cl complex: To a solution of L-OCH3 

(30 mg, 0.11 mmol) in 30 mL acetonitrile, [Ru(PPh3)3Cl2] (100 mg, 0.10 mmol) was 

added and the resulting mixture was stirred for 4 h under refluxing condition. During this 

time, the reaction solution turned to yellow. The solvent was evaporated and the solid 

mass, thus obtained, was subjected to purification by thin-layer chromatography on a 

silica plate. With 1:1 acetonitrile-benzene as the eluant, an yellow band separated, which 

was extracted with acetonitrile, and evaporation of the acetonitrile extract gave the 

[Ru(PPh3)2(CH3CN)3Cl]Cl complex as a crystalline yellow solid. Yield: 76% (61.6 mg). 

Anal. Calcd for C42H39N3P2Cl2Ru (MW = 819.7): C: 61.54; H: 4.76; N: 5.13; found C: 

61.59; H: 4.73; N: 5.16%. MS (ESI), positive mode: [M-3ACN]+, 661.30. 1H NMR (300 

MHz, CDCl3):[26]  (ppm) = 1.98 (s, 9H, CH3), 7.26-7.79 (2PPh3, broad, 30H)*. IR (wave 

number, cm-1): 3050, 2270, 1600, 1501, 1462, 1434, 1090, 831, 749, 696, 527, 509. 

 

V.3.4. X-ray crystallography 

 

 Single crystal of the [Ru(PPh3)2(CH3CN)3Cl]Cl complex was obtained by slow 

evaporation of the solvent from the acetonitrile extract that resulted from 

chromatographic purification of the complex. Selected crystal data and data collection 

parameters are given in Table 9. Diffraction data on all the crystals were collected on a 

Bruker APEX-III SMART CCD diffractometer. X-ray data reduction, structure solution 

and refinement were done using the SHELXS-97 and SHELXL-97 packages.[27,28] The 

structures were solved by direct methods. 

 

V.3.5. Application as catalysts 

 

General procedure for the catalytic transfer-hydrogenation of aldehydes and 

ketones. In a typical run, an oven-dried 10 mL round-bottomed flask was charged with 

the aldehyde or ketone (0.5 mmol), a known mol percent of the catalyst, and a known 

mol percent of NaOtBu dissolved in isopropanol (5 mL). The flask was placed in a 

preheated oil bath at the required temperature. After the specified time, the flask was 

removed from the oil bath and water (20 mL) was added, and extracted with diethyl ether 
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(3  10 mL). The combined organic layers were washed with water (3  10 mL), dried 

with anhydrous Na2SO4, and filtered. Diethyl ether was removed under vacuum and the 

residue obtained was dissolved in hexane and analysed by GC-MS. 

Table 9. Crystallographic data for complex [Ru(PPh3)2(CH3CN)3Cl]Cl 

 

empirical formula C42H39ClN3P2Ru, Cl 

formula weight 819 

crystal system Monoclinic 

space group P21/c 

a (Å) 12.421(15) 

b (Å) 27.76(3) 

c (Å) 15.030(11) 

α (◦) 90 

β (◦) 102.07(12) 

γ (◦) 90 

V (Å3) 5068(9) 

Z 4 

Dcalcd /mg m-3 0.976 

F (000) 1456.0 

crystal size (mm) 0.18  0.16  0.12 

T (K) 296 

 (mm-1) 0.448 

R1a 0.1673 

wR2b 0.4326 

GOFc 0.77 

 
a R1 =  Fo - Fc   Fo. 
b wR2 = [{w(Fo

2-Fc
2)2}{w(Fo

2)}]1/2. 
c GOF = [(w(Fo

2-Fc
2)2)(M-N)]1/ 2, where M is the number of reflections 

and N is the number of parameters refined. 
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General procedure for the catalytic C-C coupling reaction of phenylacetylene. 

In a typical run, an oven-dried 10 mL round-bottomed flask was charged with the 

phenylacetylene (0.5 mmol), a known mol percent of the catalyst, and a known mol 

percent of NaOtBu dissolved in isopropanol (5 mL). The flask was placed in a preheated 

oil bath at the required temperature. After the specified time, the flask was removed from 

the oil bath and water (20 mL) was added, and extracted with diethyl ether (3  10 mL). 

The combined organic layers were washed with water (3  10 mL), dried with anhydrous 

Na2SO4, and filtered. Diethyl ether was removed under vacuum and the residue obtained 

was dissolved in hexane and analysed by GC-MS. 

 

V. 4. Conclusions 
 

 A mixed-ligand ruthenium(II) complex having the [Ru(PPh3)2(CH3CN)3Cl]Cl 

formulation was serendipitously obtained in decent yield. This complex is found to serve 

as a good catalyst for transfer hydrogenation of aldehydes and ketones, and also for 

uncommon C-C coupling of phenylacetylenes leading to the formation of 

dibenzo[a,e]cyclooctatetraene. 
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