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Synopsis 
OBJECTIVES 

 Preparation of Ru3(CO)8-pyridine-alcohol cluster and its use for 

selective catalytic transformation of primary to secondary amines. 

 Synthesis of tetranuclear Ru4(CO)8-substituted pyridine-methanol 

cluster and its use as a highly efficient electro-catalyst  in water 

oxidation reaction. 

 Synthesis of new Ru3(CO)8-picolinic-acid cluster for catalytic 

oxidation of alcohols to carboxylic acids in basic water medium. 

 To prepare supra-molecular assemblies of triptycene – ferrocene and 

its derivatives and study their non-bonding interactions and packing 

features. 

 To synthesize and examine ferrocene-substituted bis(ethynyl)-

anthracene/ anthraquinone compounds for biological activities. 

The thesis includes six chapters which begin with a general introduction 

(Chapter 1), 

followed by catalytic properties of the newly synthesized Ru3(CO)12 based 

clusters in the Chapters 2, 3 and 4. Furthermore, Chapter 5 includes 

ferrocene anthracene/anthraquinone based complexes which are examined 

for their anticancer biological property. Chapter 6 contains the report on 

co-crystals explored by the supra-molecular assembly of organometallic 

ferrocene and its derivatives with triptycene, followed by conclusions. 

Chapter 7 highlights conclusions and scope for future work. 

The introductory chapter (Chapter 1) of the thesis illustrates the 

brief literature of ruthenium-based catalyst, specific for N-alkylation and 

oxidation of alcohols to carboxylic acids, and water oxidation. We have 

included the background of the supramolecular chemistry of ferrocene and 

triptycene with different molecules. Furthermore, the background 

knowledge of ferrocene derivatives and anthracene/anthraquinone 

derivatives with their biological importance has also been discussed.  
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Chapter 2 mainly focuses on ruthenium-based pyridine alcohol 

clusters and their application for mono N-alkylation catalytic reaction of 

primary amines using primary alcohols to form secondary amines. After 

chelation effect observations,[1,2] the preparation of ruthenium-

substituted pyridine-alcohols have been carried out by reacting different 

pyridine alcohols, i.e. 2-(2-hydroxyethyl)pyridine (hep-H), 2-(3-

hydroxypropyl)pyridine (hpp-H) and 2,6-bis(hydroxymethyl)pyridine 

(bhmp-H2) with Ru3(CO)12 in basic medium (Scheme 1). The prepared 

clusters 1–3 were confirmed by NMR, IR and authenticated by Single 

crystal x-ray diffraction (SCXRD) study. 

 

 

Scheme 1. Schematic view of synthesis of 1–3 

The crystals of Clusters 1–3 were grown in dcm/toluene solvent system 

and confirmed by SCXRD (Figure 1). 
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Figure 1. Perspective view of 1, 2 and 3 

Cluster 1 was the most active catalyst for the N-alkylation reaction among 

1–3. All the catalytic reactions were performed using cluster 1 (Table 1). 

Table 1. Direct formation of secondary amines from benzyl alcohol and 

various primary amines with cluster 1 as the catalyst 

 

Entry 

No. 
RNH2 Conv. C6H5 CH2HNR 

GCM

S 

Yield 

1 
 

100% 
 

96% 

2 

 

52% 

 

51% 

3 
 

64% 

 

56% 
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4 

 

44% 

 

41% 

5 

 

65% 

 

19% 

6 
 

72% 
 

55% 

7 
 

48% 

 

46% 

8 
 22% 

 
20% 

9 

 

-- -No reaction- -- 

10 
 

-- -No reaction- -- 

11 
 

73% 

 

72% 

12 

 

>90

% 
 

62% 

 

Similarly, the reactions were also performed by varying the alcohol 

derivatives. The mono N-alkylation of primary amines with primary 

alcohols resulting into the selective production of secondary amines was 

achieved successfully using cluster 1 as a catalyst. 

In Chapter 3, after the inspiration from ruthenium-substituted pyridine-

alcohol clusters, synthesis of the ruthenium-substituted pyridine-

carboxylic acid complexes was carried out (Scheme 2) by adding picolinic 

acid to Ru3(CO)12 in toluene at 110 °C temperature for 4 h . The structure 



viii 
 

of cluster 5 was also confirmed by SCXRD study. Cluster 4 is crystallized 

in Pn space group with monoclinic crystal system. 

  

Scheme 2. Scheme for the preparation of 4 along with its crystal structure 

In situ, different pyridine carboxylic acid, picolinic acid, pyridine-2,6-

dicarboxylic acid, iso-nicotinic acid and nicotinic acid with Ru3(CO)12  are 

screened for the catalytic oxidation of alcohol to carboxylic acid using 

water and dioxane in the presence of NaOH.[3] Cluster 5 was found to be 

active and superior over other clusters.  The general reaction 

conditions are shown in Scheme 3.  

 

Scheme 3. Transformation of alcohol to carboxylic acid using cluster 

4 

The cluster 4 shows selectively high yield (90%) in water and iso-propanol 

as the reaction medium. In the catalytic system, both water and oxygen 

(from the open atmosphere) are taking part in the oxidation of alcohol to 

carboxylic acid. Various catalytic oxidation reactions were performed to 

prove the activity of catalyst 4 (Table 2).  
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Table 2. Catalytic oxidation of various alcohols into their respective 

carboxylic acids using cluster 4 as the catalyst 

 

Entry 

No. 
Reactant Product 

Conversion 

(%) 

Yield 

(%) 

1 
 

 

70 66 

2 

 
 

43 41 

3 

 
 

90 34 

4 
 

 

75 71 

5 
 

 
20 19 

6 

 
 

95 25 



x 
 

7 

 
 

98 65 

8 

  
44 34 

9 
 

 
54 34 

 

In short, this finding of cluster 4 may open a route to design new clusters 

for the transformation of alcohol to corresponding carboxylic acid 

derivatives  

In Chapter 4, Ru4(CO)8-substituted pyridine-methanol complex 

Ru4(CO)8(C5H5NCH2O)4 (5) was synthesized by the reaction of pyridine 

methanol and Ru3(CO)12 in toluene at 110 °C.  After thorough 

characterization, the structure was also confirmed by SCXRD. Structure 5 

is centro-symmetric and crystallized in P42/n space group with tetragonal 

crystal system (Scheme 4). 

 

Scheme 4. Synthesis of pyridine-based ruthenium carbonyl complex 

cluster 5 (crystal structure is shown on the right) 

The organometallic compound was explored as an electrode material in a 

Photo-electrochemical Cell (PEC) system[4,5] for the water oxidation 

reaction to obtain hydrogen. The cluster 5 displays low onset potential, fast 
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kinetics and significant photocurrent for the oxygen evolution. The current 

density – voltage profile for the modified GCE with Ru4 cluster (Figure 2) 

shows that even without illumination, the complex displays catalytic 

activity towards water oxidation at the anodic end, as is evidenced by the 

current of 3.86 mA/cm
2
 at 1 V vs. Ag/AgCl. With illumination, current 

increases to 4.2 mA/ cm
2
 at 1 V vs. Ag/AgCl. The maximum photocurrent 

observed is 0.44 mA/ cm
2
 at 0.95 V vs. Ag/AgCl. 

 

Figure 2. Current density-voltage profile for the modified Glassy Carbon 

Electrode with Ru4 cluster 

It is proposed that this photocurrent is caused by photo-assisted MLCT 

transition from Ru ion to the ligand, which assists in the oxidation of 

water.[6] Moreover, the Faradaic Efficiency for oxygen evolution reaction 

is found to be 91.92 %, which is comparable to some well-known catalysts 

for the oxygen evolution reaction.[7,8] The study proves that the tetragonal 

ruthenium-pyridine-methanol cluster is a promising catalyst for water 

oxidation reaction. 

In Chapter 5, three compounds (6–8) were synthesized, where ethynyl-

ferrocene is substituted at different positions of anthracene and 

anthraquinone by using C-C coupling reaction employing Pd(PPh3)4 as a 

catalyst in tetrahydrofuran and toluene solvent, respectively and 

triethylamine as the base (Scheme 5). 
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Scheme 5. Schematic view of synthesis of 6–8 

Compounds 6–8 were characterized by NMR, Mass spectrometry and the 

structures are authenticated by their SCXRD study. The bioactivity[9] of 

6–8 was investigated by molecular docking on various cancerous proteins, 

which participated in a progression of cancer. Compound 7 (1,8-

diferrocenylethynylanthracene) displayed the best interaction with cancer-

related Aurora A protein both regarding binding energy (-10.61 kcal/mol) 

as well as inhibition constant (16.74 nM). Cell viability study also 

confirms the anticancer activity on cancerous cell lines (HeLa, A375) in 

which 7 has the least IC50 value. The normal cell line (HEK) cell viability 

proves the less cytotoxicity of compound 7 on normal cells. DNA/ protein 

binding study along with CD studies also performed to determine the 

interaction of 6–8 with proteins. 

 

Figure 3. Cell viability studies of 6, 7 and 8 with (a) cervical cancer cell 

line (HeLa) (b) skin melanoma cell line (A375), (c) human embryonic 

kidney cell line (HEK). 
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The biological activities of the compounds (6–8), confirmed that 

compound 7 is found to be more effective towards anticancer activity 

compared to 6 and 8 from both molecular docking and cell cytotoxic assay 

studies. 

In Chapter 6, crystal engineering is necessary for tuning various 

physical and chemical properties of material or molecules. We studied the 

cocrystallization of geometrically demanding triptycene (TripH) 

molecule[10] with the compact ferrocene (FcH) and its derivatives 

featuring various level of chemical functionality and steric demands to 

prepare five cocrystals (9–13) (Scheme 6), which were characterized by 

SCXRD study (Figure 4).  

 

Scheme 6. Interaction of R group with TripH where R is FcH (9), 

Fccarboxaldehyde (10), Diferrocenyl diacetylene (11), PCP-Fc (12) and 

BiFcH (13) respectively  
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Figure 4. Cocrystal structure (primary synthons) of TripH with FcH (9), 

Fccarboxaldehyde (10), Diferrocenyl diacetylene (11), PCP-Fc (12) and 

BiFcH (13) with showing the interaction between two units 

The electrical conductivity property and NMR study in the solution have 

also been performed for 9–13 to assess the correlation between the solid-

state structure and physical property and also to check the structural 

integrity of the co-crystal 9 in the solution. Crystal Explorer software was 

used to simulate the intermolecular interaction energies in the 9–13 

cocrystals and their ‘energy frameworks’. Energy frameworks were 

entirely in line with the strongest Csp3-H---Cp intermolecular interactions, 

responsible for the 1D chain formation, and Csp2-H---Ph close packing, 

filling the space between the Phenyl lobes of TripH. 

This report focuses on the structure of the triptycene-ferrocene 

derived cocrystals, featuring interplay between specific intermolecular 

Csp3-H---πcp hydrogen bonding and close-packing requirements, providing 

a suitable model in an attempt to get a glance on early stages of 

crystallization.  
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Conclusions 

Synthesis of new Ru3 ruthenium pyridine alcohol/acid clusters and 

Ru4 ruthenium pyridine methanol cluster (1–5) using Ru3(CO)12 with a 

variety of 2-pyridyl(CH2)nOH and picolinic acid were carried out. The 

catalytic application for N-alkylation of primary amine to form the 

secondary amine, oxidation of alcohol to carboxylic acid and water 

oxidation is achieved successfully. Three ferrocene- 

anthracene/anthraquinone based compounds 6–8 were synthesized. 6–8 

were examined for their anticancer activity, in which 7 was found to be 

best among compounds 6–8. In last, co-crystals 9–13 have been 

synthesized by triptycene and ferrocene derivatives. The electrical 

conductivity property and NMR study for 9 is measured. Energy 

calculations prove the strongest Csp3-H---Cp and Csp2-H---Cp 

intermolecular interactions, responsible for the 1D chain formation among 

9–13. 
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Chapter 1 

Introduction 

 

1.1 Ruthenium based catalysts and their 

catalytic applications 

Ruthenium complexes containing Ru – X linkage (X= H, C, N, O, 

P, S, arenes) has been an important catalyst in the field of 

homogeneous as well as heterogeneous catalysis. In the last few 

decades, the various pincer, hydride, phosphine ligands have been 

established as multi-functional building units which are used 

successfully in a number of crucial applications like sensors,[1,2] 

polymer chemistry,[3,4] photochemistry,[5,6] switches,[7] bond 

activation,[8] homogeneous and heterogeneous catalysis,[9] 

organic synthesis,[10] and as biomarkers in medicinal 

chemistry.[11] The variety of applications of ruthenium complexes 

is attractive because their electronic and steric properties can be 

easily tuned by changing the ligand on the metal centre. 

Mainly, the focus of the present thesis is on the catalytic 

activity of the ruthenium carbonyl clusters. In the introduction, 

various catalytic applications of ruthenium complexes including 

oxidation, reduction of aliphatic, alicyclic and aromatic compounds 

along with demethylation of tertiary amines have been discussed. 

 

1.2 Oxidation reactions 

Herein, two important classes of reactions have been discussed 

which are as follows: 

1. Oxidation 

2. Hydrogenation 

 

 



2 
 

1.2.1 Oxidation 

Herein, mainly two systems are discussed. Firstly RuO4 followed by 

ruthenium complexes along with oxidants. RuO4 is an efficient oxidant 

useful for oxidation of various organic compounds.[12] It shows 

characteristic of oxygenation, hydrogen abstraction toward different 

organic compounds to produce oxidized product along with RuO2 

(Figure 1.1). 

 

Figure 1.1 Oxidation of alcohol, alkene, and alkanes using RuO4 

The olefins reaction produces cyclized ruthenium VI diesters 1 that 

later gets converted to carbonyl compounds through C-C double bond’ 

oxidative cleavage. Reactants containing unactivated C-H bonds like 

amides or alkanes undergo hydrogen abstraction due to which the 

consecutive oxygen bound to give the related hydroxy products that are 

generally converted to the carbonyl compounds through subsequent 

oxidation.  

Primary and secondary alcohol oxidizes to give the corresponding 

carboxylic acids and ketone, respectively (Figure 1.2).[13,14]  
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Figure 1.2 Oxidation of alcohol to carboxylic acids and ketone 

Olefins give the carbonyl compounds through oxidative cleavage,[15] 

whereas cis-dihydroxylation takes if the reaction is performed for a 

lesser time (30 sec) at 0 °C in EtOAc-H2O -CH3CN (Figure 1.3). [16]  

 

 

Figure 1.3 Oxidation of alcohol to carboxylic acids and cis-dihydroxy 

product 

Various compounds containing heteroatom undergo methylene group 

oxidation at α-position, whereas ether gets oxidized to yield ester as 

well as lactone (Figure 1.4).[13] 

 

Figure 1.4 Oxidation of ether to ester 

Furthermore, tertiary amines or amides oxidation also occur at α-

position of heteroatom nitrogen which produces the amides or imides, 

respectively (Figure 1.5).[17]  
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Figure 1.5 Oxidation of tertiary amine to amide 

In the case of alkanes, tertiary carbon-hydrogen bonds, when oxidized 

with RuO4 give the corresponding tertiary alcohols (Figure 1.6).[18] 

 

Figure 1.6 Oxidation of alkane to alcohol 

Complex with ruthenium having low-valency catalyzes the oxidation 

of the alcohols as well as other hydroxy reactants in the presence of 

oxidants like AcOOH, t-BuOOH,[19] N-methylmorpholine N-

oxide,[20] and pyridine N-oxide,[21] H2O2.[21] Primary alcohols 

generally oxidize to produce carboxylic acids, whereas oxidation of 

benzyl alcohol into benzaldehyde, selectively using H2O2 can be 

achieved by reducing the reaction time (Figure 1.7).[22]  

 

Figure 1.7 Oxidation of alcohol to aldehyde 

Secondary alcohols get converted to the analogous ketones (Figure 

1.8).[22]  

 

Figure 1.8 Oxidation of alcohol to ketone 

Cyanohydrins produce the corresponding acyl cyanides by utilizing 

RuCl2(PPh3)3 as catalyst and t- BuOOH as an oxidizing agent which is 
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extremely useful reagent for the selective acylation of the amine 

reactants (Figure 1.9).[23] 

 

Figure 1.9 Oxidation of alcohol to ketone 

Oxidation of alcohols in the air with metallic catalysts remains an 

appealing area for eco-friendly as well as economic reasons. 

Continuous research for appropriate catalyst has been done on group 

viii metal-complexes, utilizing RuCl3, RuO2, and RuCl2(PPh3)3 as 

catalysts, by which alcohols like α-ketols[24] and allyl alcohols[25] 

can be feasibly oxidized (Figure 1.10). 

 

Figure 1.10 Oxidation of alcohol to ketone/aldehyde 

Trinuclear ruthenium carboxylate like Ru3O(O2CCH2R)6L (L = 

PPh3, H2O) is the efficient catalyst for aerobic oxidation of 

alcohols.[26] This is approximately ten times more effective than 

RuCl3 as well as RuCl2(PPh3)3. Oxidation of alcohols utilizing tertiary 

amine N-oxide as oxidant was also done by (n-Pr4N)(RuO4), and, the 

same catalyst is also effective for aerobic oxidation of alcohols (Figure 

1.11).[12]  
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Figure 1.11 Oxidation of alcohol to aldehyde/ketone 

In the case of amines, de-alkylation of tertiary amine can also 

be achieved using RuCl2(PPh3)3 as a catalyst along with oxidant 

tert-butyl hydroperoxide which produces the peroxide intermediate. 

Further, hydrolysis of the obtained peroxide intermediate with an 

aq. HCl solution provides the corresponding de-methylated α-(tert-

butyldioxy)alkylamines as a product (Figure 1.12).[27] 

 

 

Figure 1.12 Demethylation of tertiary amine 

When oxidant N-methylmorpholine N-oxide was used in place 

of t-BuOOH, secondary amines oxidized to imines. Aerobic 

oxidation of the primary amines gives analogous nitriles utilizing 

RuCl3 as a catalyst in 3 atm O2 pressure at 100 °C.[28] 

Oxidations of alkenes were also explored with ruthenium RuO4 

and RuCl3.nH2O catalysts. The difference in the oxidation using 

RuO4 and RuCl3.nH2O can be clearly observed by the catalytic 

oxidation reaction of 1-cyclohexene. The RuCl3-promoted 

oxidation utilizing peracetic acid as oxidant produces 
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hydroxymethylcyclohexene, whereas the oxidation of the same 

reactant in which RuO4 is produced catalytically, yields 6-

oxoheptanoic acid (Figure 1.13).[29] 

 

Figure 1.13 Oxidation of cyclohexene to 6-oxoheptanoic acid and 

2-hydroxy-2-methylcyclohexene 

The ruthenium-porphyrin complexes like Ru(OEP)(PPh3)Br 

also displayed the catalytic activity in combination to 

iodosylbenzene for the conversion of alicyclic and aliphatic 

hydrocarbons to the analogous alcohols and ketones.[30] High 

catalytic activity for alkane hydroxylation was obtained utilizing 

ruthenium-porphyrin catalysts along with 2,4-dichloropyridine N-

oxide together (Figure 1.14).[31] 

 

Figure 1.14 Oxidation of alicyclic alkane to alicyclic alcohols 

Aerobic oxidation of the alkanes specifically oxidation like 

cyclohexane to cyclohexanone is significant for the industrial 

process. The reaction involves Ru(TPFPP)(CO)[32] or  RuCl3 [33] -
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catalyzed with molecular oxygen (1 atm) in the presence of ethanol 

gives the corresponding alcohols along with ketones (Figure 1.15). 

 

Figure 1.15 Oxidation of alicyclic alkane to alicyclic 

ketone/alcohol 

 

1.2.2 Hydrogenation 

 

Polyolefin are often hydrogenated chemoselectively using mildly 

reactive ruthenium complexes. RuCl2(PPh3)3 and RuHCl(PPh3)3 

are used to hydrogenated 3-oxo-1,4-diene steroidal 

compounds,[34] and Terminal conjugated dienes (Figure 

1.16).[35] 

 

 Figure 1.16 Reduction of steroidal compounds and Terminal 

conjugated dienes, regioselective reaction 

RuCl2(CO)(PPh3)3,[36] RuCl2(PPh3)3,[37] and 

Ru(cod)(cot)[38] catalysts have been used for hydrogenation of 

cyclic triene to produce the cyclic monoolefin selectively.  
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Acenaphthylene produces 4,5-dihydroacenaphthylene[39] by 

regioselective hydrogenation by the utilization of Ru3(CO)12 and 

H2. This observation is surprising, as usual hydrogenation of 

acenaphthylene takes place at the 1,2 position and the alkali metal 

hydrogenation produces1,5-dihydroacenaphthylene (Figure 1.17).  

 

Figure 1.17 Reduction of acenathalene regioselective reaction 

Aromatic and even aliphatic nitro compounds can also be easily 

transformed into the related primary amines with ruthenium catalysts 

in the presence of H2 pressure. Hydrogenation of aromatic nitro 

compounds selectively can be achieved in the presence of acetylene 

moieties[40] and carbonyl by utilizing Ru-alumina catalyst and 

RuCl2(PPh3)3 catalyst, respectively. Primary amines can be produced 

(Figure 1.18).  
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Figure 1.18 Reduction of nitro to amino group 

 

from nitriles with very high selectivity by utilizing anionic 

ruthenium hydride complex catalyst.[41] 

Various substrates like olefins, aldehydes, α,β-unsaturated 

ketones, ketones, quinolines, and imines, undergo hydrogen 

transfer from alcohols utilizing low valent ruthenium complex 

catalysts. Intramolecular transfer hydrogenation reactions occur in 

unsaturated alcohols such as propargyl alcohol[42] and allyl 

alcohol[43] to produce the α,β-unsaturated carbonyl and saturated 

compounds, respectively (Figure 1.19). 

 

Figure 1.19 Reduction of propargyl and allyl alcohols 

Alternatively, formic acid behaves as a hydrogen donor in a 

transfer hydrogenation reaction of aldehydes, ketones, α,β-

unsaturated carbonyl reactants, and quinolines. The reaction starts 

with the ruthenium hydride complex formation on reacting 

ruthenium complex and formic acid along with the carbon dioxide 

exclusion.[44] Similarly, THF and tetrahydronaphthalene help in 
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the transfer hydrogenation reaction to carbonyl reactants which 

gives alcohols and the aromatic compounds (Figure 1.20).[45]  

 

 

 

Figure 1.20 Reduction using formic acid, THF and 

tetrahydronaphthalene 

 

1.3 Ferrocene based organometallic 

compounds and their antitumor applications 

 

The ferrocene along with its subordinates are multitalented 

organometallic complexes owing to their distinctive chemical, 

structural as well as thermal stability along with reversible redox 

property.  This unique character of their chemistry makes ferrocene 

derivatives as the excellent building blocks for several processes and 

their use in various fields like molecular wires, host-guest recognition, 

molecular sensing, material science, catalysis, charge transfer and 

electronic communication, as well as medicinal chemistry.  The focus 

of these ferrocenyl derivatives for the applications associated with 

biological property made development in the field of bio-

organometallic chemistry.[46-52]  

The ferrocene use in the medicinal fields is an attractive research 

area. Several reports have listed ferrocene derivatives as highly 

appealing in vitro & in vivo, antagonistic towards several diseases 

which includes bacterial and fungal infections,[53,54] malaria 
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infection,[55] human immune-deficiency virus (HIV) infection,[56,57] 

and tumor or cancer.[58,59] 

1.3.1. Ferrocene linked to biologically vital molecules as 

favourable anti-cancer candidates 

1.3.1.1 Ferrocenylalkylazoles as active members for solid tumors 

  

A variety of ferrocenylalkylazoles were synthesized, and they 

were in vivo studied for inhibition of tumor growth along with their 

toxicity level. Animals tolerated ferrocenylalkylazoles products easily 

in comparison with natural ferrocene or other clinical drugs.[60] The 

compound ferrocenyl-ethyl benzimidazole 2 and 3 (Figure 1.21) was 

found to be the best solid tumors, which inhibits tumor growth up to 

100% followed by achieving 45% regression. 

 

Figure 1.21 ferrocenyl pyrazole complex as anticancer agents 

The reason for success is likely due to (a) the hydrophilic 

benzotriazolyl group can feasibly transport in aqueous media and the 

lipophilic ferrocenyl part maintains membrane permeability, (b) the 

ferrocenyl group is able to form ionic bond after oxidation along with 

the azolyl group which can easily form hydrogen bonds with phosphate 

groups on DNA cleavage points, (c) the ferrocenyl group and planar 

heterocycle are able to intercalate between the DNA planes, (d) the 

free alkyl bridge was responsible for the ligand-receptor complexes 

formation[60] 
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1.3.1.2 Ferrocenyl pyrazolyl as active anticancer members  

 A variety of ferrocene derivatives bearing pyrazolyl-moiety 

were evaluated for the inhibitory activities against A549, HepG2 and 

MDA-MB-45 cell lines utilizing the MTT method. Among them, 

compounds with R group piperidine (3), morpholine (4) and 

thiomorpholine (5) exhibited comparable antitumor biological 

activities in vitro against A549 and MDA-MB-45 to the positive 

control 5-fluorouracil (5-FU) (Figure 1.22).[61]  All the synthesized 

derivatives exhibited average to effective antitumor activities against 

A549 cell line as compared to the known drug 5-fluorouracil. 

 

Figure 1.22 Ferrocenyl pyrazole complex as anticancer agents 

1.3.1.3. Ferrocenyl acridine compounds targeting DNA 

Ong’s group synthesized compound 7 (Figure 1.23) by 

attaching ferrocene to acridine (a DNA intercalating agent) to compare 

anticancer activity with the similar ferrocenyl derivative without the 

acridine moiety (8) (Figure 1.23). The attachment of acridine makes 

the compound effective for binding with DNA but highly toxic towards 

cell lines.[62] 
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Figure 1.23 Ferrocenyl acridine complex for DNA intercalation[62] 

1.3.1.4. Ferrocenyl azalactone and thiomorpholide compounds 

targeting topoisomerase 

Topoisomerases are the class of enzymes which unwind and 

wind DNA to smooth DNA replication, and allow DNA control over 

the synthesis of different proteins. Azalactone-ferrocene (9) and 

thiomorpholide amido methyl-ferrocene (10) (Figure 1.24) were 

antagonists towards topoisomerase II activity which inhibited its 

activity resulting in neoplastic cell death.[63] 

 

Figure 1.24 Azalactone-ferrocene (9) and thiomorpholide amido 

methyl-ferrocene (10) as inhibitors for topoisomerase II[63] 

1.3.1.5. Ferrocenyl nilutamide for prostate cancer cells 

Nilutamide (11) is an anti-androgen therapeutic agent for 

prostate cancer patients (Figure 1.25). A nilutamide linked to the 

ferrocenyl derivative drug (12) was made to study the anti-

androgen effect.[64] It was not showing high androgen activity, but 

higher cytotoxic against hormone-independent prostate cancer cells 

was observed. 
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Figure 1.25 Nilutamide (11) and structurally related ferrocenyl 

compound  

1.3.1.6. Compounds containing ferrocenyl group along with 

various transition metals 

 

Figure 1.26 Transition metal-based ferrocenyl compounds as 

antitumor agents 

  Al-Allaf et al. synthesized cis-[Pt(Fc2PhP)(DMSO)Cl2](13) 

which was antitumor against leukaemia cell line P388.[65] Complex 

13 showed IC50 values near to cisplatin and 5-fluorouracil’s IC50 

value.[65] Various metal complexes were synthesized by Rajput et al. 
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among which rhodium-ferrocenyl complex 14 was most active against 

cell line WHCO1 for growth inhibitory activity (Figure 1.26).[66] The 

mononucleated ionic palladacycle-ferrocene complex 15 initiates the 

lysosomal membrane permeation along with the release of cathepsin B 

lysosomal enzymes to the cytosol of K562 cells.[67] The finding was 

important to give the mode of action for strengthening the clinical 

therapy base. Von Poelhsitz et al. reported the ruthenium complex fac-

[RuCl3(NO)(dppfc)](16).[68] The complex showed higher cytotoxicity 

on MDA-MB-231 breast tumor cells, and it was found to be six times 

more active than cisplatin. 

1.3.1.7. Ferrocifens, ferrocifenols and ferrocenophanes for 

targeting breast cancer cells 

  The ferrocifens are probably the most promising candidates for 

breast cancer. Patients with ER-positive breast cancer usually 

prescribed with tamoxifen (17).[69] It was found that on MCF-7 cells, 

the effect of the hydroxyferrocifens (19) is competitive with 

hydroxytamoxifen (18), and is slightly more effective at 0.1 mM 

concentration (Figure 1.27).  
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Figure 1.27 Ferrocifens, ferrocifenols and ferrocenophanes as 

antitumor agents 

Ferrociphanes 20 and 21 showed an exceptionally high anti-

proliferative effect on the MDA-MB-231 and PC-3 cells with an IC50 

value of 0.09 mM.[70,71] 

 

1.4 Importance of triptycene and ferrocene 

in Supramolecules 

Triptycene and ferrocene were used for co-crystal formations. 

Triptycene has been significant due to its particular rigid fan-shaped 

structure. It was utilized as a tricyclic molecular brake shoe 

(triptycene-6,6'-dimethoxy-2,2'-bipyridine conjugate) (22) at the 

beginning (Figure 1.28) and then forms a molecular “ratchet” (4-
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methylbenzo[c]phenanthrene-triptycene conjugate) (23), which was 

used to develop a molecular motor.[72] 

 

Figure 1.28 Molecular brake shoe structure utilizing triptycene and 

6,6'-dimethoxy-2,2'-bipyridine derivative 

  The addition of mercuric ion to free triptycene-6,6'-dimethoxy-

2,2'-bipyridine conjugate applies the brake and slows the rotation of 

the triptycene. The brakes were unengaged simply by EDTA addition, 

which removes the mercuric ion and converts constrained to free 

triptycene-6,6'-dimethoxy-2,2'-bipyridine conjugate (Figure 1.29). 

 

Figure 1.29 Engagement and disengagement of brake using Hg
+2

 

and EDTA 

  Furthermore, the molecular brake molecule was modified, and 

the addition of 4-methylbenzo[c]phenanthrene to triptycene 

produced the molecular faucets successfully (Figure 1.30). 
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Figure 1.30 Molecular ratchet structure utilizing triptycene and 

terpene derivative 

  Variety of hosts, including triptycene derived tris(crown ether)s, 

cylindrical macro-tricyclic polyether, molecular 

tweezers, calixarenes, azacalixarenes, oxacalixarenes,  tetra-

lactam macrocycles, and other molecular cages have been obtained. 

The hosts have the ability for powerful complexation with 

different kind of guests, preferably organic guest molecules, which 

produce different supramolecular identities, such as acid-base 

controlled[3]rotaxane-based molecular machine, ion-controlled 

binding and release of the guest in one complex, the chemically 

controlled competition for complexation, isomeric [2]rotaxanes and 

high order interlocked assemblies. 

Ferrocene (FcH) and its derivatives have rich inclusion 

chemistry and attract much attention till date, due to their functionality 

as compact, electron rich guest molecules in host-guest supramolecular 

ensembles.[73] In most cases, one of the significant stabilizing 

interactions in the non-charge-transfer complex FcH cocrystals is a π---

π interaction between cp ring of a neutral FcH molecule and aromatic 

hydrocarbon,[74] poly-fluorinated aromatics,[75-77] fullerenes[78,79] 

etc. It acts as an electron-rich unit in πcp-associates with Hg (24)[80] 

and similarly with Ag (25), Cu-Bis(trifluoromethyl)pyrazolate 

complex (Figure 1.31).[81] 

 

http://www.chemspider.com/Chemical-Structure.83742.html
javascript:popupOBO('CHEBI:46774','c0cc04852f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=46774')
javascript:popupOBO('CHEBI:51198','c0cc04852f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=51198')
javascript:popupOBO('CHEBI:51203','c0cc04852f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=51203')
javascript:popupOBO('CHEBI:51026','c0cc04852f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=51026')
javascript:popupOBO('CHEBI:50963','c0cc04852f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50963')
javascript:popupOBO('CHEBI:50962','c0cc04852f','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50962')
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Figure 1.31 Supramolecular interaction present between ferrocene 

and Hg-Tetrafluorobenzene and Ag-Bis(trifluoromethyl)pyrazolate 

complex  

Without any apparent stabilization by specific intermolecular 

interactions; neutral FcH molecules can also form inclusion 

compounds, entering the cavities of calixarenes,[82-87] 

cyclodextrins,[88,89] and cucurbiturils[90] filling the channels formed 

by thiourea[91,92] and tetracyanoethylene complex (26),[91] organic 

porous crystals[93] and MOFs (Figure 1.32).[94]  

 

 

 

Figure 1.32 Supramolecular interaction present between ferrocene 

and tetracyanoethylene  
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Chapter 2 

Preparation of Ru3(CO)8-pyridine-alcohol 

cluster and its use for selective catalytic 

transformation of primary to secondary 

amines 

2.1 Introduction  

Pyridines based ruthenium complexes and clusters have attracted much 

attention over the last few decades as innovative catalysts for selective 

transformations and functionalization of specific substrates.[1-8] Park and 

Ko et al. have reported the influence of the size of the alkyl formate chain 

in a 2-alkylformate ligand with Ru3(CO)12 as the catalyst for the 

hydroesterification reactions of alkenes without decarbonylation in case 

of 2-pyridyl methylformate.[9,10]
 
Ko et al. also introduced chelating N-

(pyridin-2-yl)formamide with Ru3(CO)12 as an efficient catalyst for the 

hydroamidation reaction of alkenes.[11]   

Chart A. Secondary amine derivatives present in various psychoactive 

drugs 

Preparation of secondary amines as scaffolds present in various 

psychoactive drugs[12-14] poses a challenge (Chart A), as alkylation of 
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a primary amine, in general, yields a mixture of secondary and tertiary 

amines.[15-19] Therefore, we undertook to study the selective N-

alkylation of primary amines.  

 

Chart B. Homogeneous catalysts (i–iv) used so far for N-alkylation of 

primary amine 

Grigg[20] and Watanabe[21] have reported N-alkylation using 

homogeneous catalysts RhH(PPh3)4 and RuCl2(PPh3)3, respectively. 

Yamaguchi[22] and Kempe[23,24] used [Cp*IrCl2]2, and 

[IrCl(PN)COD], respectively to perform N-mono and N,N-di alkylation 

reactions. Hollmann et al. utilized Shvo’s ruthenium catalyst (Chart B, i) 

for alkylation of indoles[25] whereas Williams employed a ruthenium-

dimer catalyst (Chart B, ii) for N-alkylation of primary amines.[26] 

Milstein and co-workers contributed to N-alkylation or the primary amine 

preparation from ammonia and primary alcohol using PNP pincer 

ruthenium complex (Chart B, iii) at high temperature (130–180 °C).[27] 

Matute and co-workers also reported N-alkylation of primary amines 

using Ru-CNN pincer complex (Chart B, iv)[28] whereas Ramachandran 

et al. made use of mononuclear phosphine-ruthenium complex for N-

alkylation of primary amines.[29,30]  
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The earlier reported ruthenium catalysts for the N-alkylation of primary 

amine involve ruthenium-hydride, phosphine, or pincer ruthenium 

catalyst. Either the synthesis of those catalysts requires sophisticated 

conditions or the catalyst loading for the N-alkylation reaction is 

relatively high. In contrast, we report a facile preparation of ruthenium 

carbonyl clusters involving chelation of simple pyridine alcohol as 

ligands, with the catalyst loading as low as 0.5mol % which is much 

lower than previously reported other catalyst loading. Additionally, the 

cluster catalyst is found to be active for a variety of aromatic and aliphatic 

amines.  

Kim et al. had shown that in situ addition of various pyridine alcohols viz. 

2-hydroxypyridine, 2-(2-hydroxyethyl)pyridine, 2-(3-

hydroxypropyl)pyridine and 2,6-bis(hydroxymethyl)pyridine along with 

Ru3(CO)12 and sodium formate catalyzed the hydroesterification reaction 

of alkenes at 170 °C, in which the 2-(hydroxymethyl)pyridine ligand 

offers better catalyst activity than other pyridine alcohols.[4] This proved 

that the chelating functional pyridine alcohols have a positive influence 

on Ru3(CO)12 to promote as a catalytic hydroesterification reaction of 

alkenes.  

The chelation effect observations of pyridine-alcohol ligands motivated 

us to explore the structural modifications of the triruthenium unit by 

varying the nature and length of the side chain of the functional pyridine-

alcohol ligands. Thus, the coordination of 2-(2-hydroxyethyl)pyridine 

(hep-H), 2-(3-hydroxypropyl)pyridine (hpp-H) and 2,6-

bis(hydroxymethyl)pyridine (bhmp-H2) with the Ru3(CO)12 precursor 

have been studied. We report that two of these ligands can be 

incorporated into the trinuclear structure to afford the ruthenium cluster 

complexes Ru3(hep)2(CO)8 (1), Ru3(hpp)2(CO)8 (2),  and Ru3(bhmp-

H)2(CO)8 (3). The compound 1 and its analogues have been reported by 

Doorn et al.,[31] Herein, we report for the first time the crystal structures 

of 1–3 which have the similar mode of ligand binding as reported by 

them.  
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We also report that the clusters 1–3 catalyze the mono N-alkylation of 

primary amines with alcohols via a hydrogen transfer reaction resulting in 

the selective production of secondary amines and show the influence of 

the nature of the chelating ligand in the Ru3 clusters as catalysts. 
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2.2 Results and Discussion 

2.2.1 Synthesis of Ru3 clusters 1–3 

 The reaction of Ru3(CO)12 with pyridine-alcohol, { 2-(2-

hydroxyethyl)pyridine (hep-H) (for cluster 1) and 2-(3-

hydroxypropyl)pyridine (hpp-H)  (for cluster 2) has been carried out in 

1:2 molar ratio in toluene (25 mL) at 110 °C for 4h using 2 equivalent of 

KOH (Scheme 2.1).  

 

Scheme 2.1. Synthesis of pyridine alcohol containing ruthenium carbonyl 

complexes 1–3 

On varying the ratio, 1:4 and 1:6 of Ru3(CO)12: ligand the same products, 

1 and 2 were obtained in good yield. We investigated whether 2,6-

bis(hydroxymethyl)pyridine (bhmp-H2) would change the nature of the 

resulting cluster by maintaining the above synthetic conditions. 

Surprisingly, we obtained cluster 3, similar to 1 and 2, but with two 

pendant CH2OH arms. Fine crystals of 1–3 were obtained from toluene, 

and the new clusters have been characterized by infrared and 
1
H, and 

13
C 

NMR spectroscopy, mass spectrometry, and CHN analysis. Their 

molecular structures were established by single crystal X-ray diffraction 

studies. Infrared and 
13

C NMR spectra of 1–3 confirmed the presence of 

only terminal carbonyls. Mass spectra of all three compounds showed the 
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respective molecular ion peaks and additional ones corresponding to 

successive loss of carbonyl groups (Figure 2.4–2.11). 

The molecular structures of 1–3 are shown in Figure 2.1, and their 

structural parameters are presented in Table 2.1. The distance between 

two neighbouring unbonded Ru1 and Ru2 atoms in 1–3 are in the range 

of 3.030 Å – 3.045 Å  which is larger than the bonded Ru-Ru distances 

(2.775 Å – 2.815 Å).[32] In 3, the two free -OH groups are oriented away 

from the Ru3 unit; other structural features are unexceptional. Along with 

1–3, the other toluene solvated form of cluster 1 is also analyzed and 

named as Cluster 1a (Figure 2.12).  

 

Figure 2.1 Perspective view of 1, 2 and 3  
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Table 2.1 Crystal data and structure refinement
[33],[34]

 for 1, 2 and 3 

Identification    

code 

1 2 3 

Empirical formula C22H16N2O10

Ru3 

C24H20N2O10

Ru3 

  C22H16N2O12Ru3 

Formula weight 771.58 799.63 803.58 

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

Crystal system monoclinic Triclinic monoclinic 

Space group P21/n 
Pī 

P21/n 

a/Å 10.5526(2) 9.9410(6) 10.5934(7) 

b/Å 14.8131(3) 9.9539(8) 13.4587(9) 

c/Å 16.8846(2) 14.4372(10) 18.7560(11) 

α/° 90 89.273(6) 90 

β/° 93.161(2) 76.892(6) 97.916(7) 

γ/° 90 81.270(6) 90 

Volume/Å
3
 2635.33(10) 1374.89(17) 2648.6(3) 

Z 4 2 4 

ρcalc Mg/m
3
 1.945 1.932 2.015 

μ/mm
-1

 1.753 1.683 1.754 

F(000) 1496.0 780 1560.0 

Crystal size/mm
3
 0.34× 0.32 ×

 0.28 

0.34 × 0.32 × 

0.3 

0.32 × 0.30 × 

0.28 

Radiation Mo Kα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

2θ range for data 

collection/° 

3.004 to 

29.007 

3.182 to 

32.247 

3.027 to 

32.156 

Index ranges -13 ≤ h ≤ 14,  

-19 ≤ k ≤ 20,  

-22 ≤ l ≤ 22 

-14 ≤ h ≤ 14,  

-12 ≤ k ≤ 14,  

-21 ≤ l ≤ 17 

-15 ≤ h ≤ 15,  

-18 ≤ k ≤ 20,  

-28 ≤ l ≤ 27 

Reflections 

collected 

30798 16236 35820 

Refinement method Full-matrix 

least-squares 

on F
2
 

Full-matrix 

least-squares 

on F
2
 

Full-matrix least-

squares on F
2
 

Independent 

reflections 

6385  

[Rint = 

0.0365,  

Rsigma = 

0.0236] 

8893 

[Rint = 

0.0271, 

Rsigma = 

0.0380] 

8800  

[Rint = 0.1548,  

Rsigma = 0.1626] 

Data/restraints/par

ameters 

6385/0/334 8893/40/439 8800/0/354 

Goodness-of-fit on 

F
2
 

1.059 1.147 1.002 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0264, 

wR2 = 0.658 

R1 = 0.0379, 

wR2 = 

0.0838 

R1 = 0.0650,  

wR2 = 0.1071 

Final R indexes [all R1 = 0.0314,          R1 = 0.0504,  R1 = 0.1830,  
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data] wR2 = 0.0696 wR2 = 0.0932 wR2 = 0.1519 

Largest diff. 

peak/hole / e Å
-3

 

0.561/-0.698 1.185/-1.019 1.068/-1.188 

CCDC No. 1852237 1539166 1541897 

 

 2.2.2. Ru3 clusters catalyzed mono-alkylation of primary amines with 

alcohol 

A search of the literature reveals the presence of several hydride/pincer 

complexes of rhodium, iridium, and ruthenium along with their phosphine 

complexes for catalysis of mono-alkylation of amines with alcohols 

(Table 2.2). Grigg et al. used Rh catalyst (5 mol %) to achieve the N-

methylation of pyrrolidine. Aminoarenes were converted to secondary 

and tertiary amines by the reaction around 180 °C with primary alcohols 

in the presence of dichlorotris(tripheny1phosphine)-ruthenium (1 mol %). 

Fujita et al. utilized [Cp∗IrCl2]2 (1.0 mol % Ir catalyst) for N-alkylation 

reaction. Blank and Yamaguchi also utilized the Ir catalysts for the N-

alkylation of amines using primary alcohols. Hollman et al. used 1 mol % 

ruthenium catalyst and performed the N-alkylation reaction at 150 °C. 

Hamid et al. utilized ruthenium catalyst (0.5–2.5 mol %) for excellent N-

alkylation of amines in reflux toluene. Gunanathan and Milstein 

performed the outstanding direct primary amine synthesis utilizing 

ruthenium PNP catalyst using only 0.1 mol % of the catalyst. 

Ramachandran et al. used mononuclear phosphine-ruthenium complex for 

the N-alkylation reaction, but they used 1.0 mol % or KOH in their 

reaction. Our catalyst is comparable to many catalysts reported so far 

(Table 2.2) as, the catalytic reaction used a smaller amount of catalyst 

(0.5 mol %), the catalyzed reaction is performed at a relatively low 

temperature (110 °C). The synthetic procedure for cluster 1–3, is 

relatively uncomplicated and requires shorter time and to the best of our 

knowledge, this is the first example of the use of ruthenium carbonyl 

clusters 1–3  for catalysis of mono-alkylation of amines with primary 

alcohols. 
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Table 2.2. Comparison of cluster 1 with previous homogeneous catalysts 

for alkylation reaction of primary amines with primary alcohols  

 

Entr

y 

No. 

Catalyst or pre-

catalyst 

Substrates 

R1OH and 

R2NH2 

Reaction 

paramet

ers 

Yield 

(%) 
Ref. 

1 

 

pyrrolidine 

+ MeOH 

Reflux, 4 

h,  

70 °C 

98% [20] 

2 

 

Aniline 

+ EtOH 

180 °C, 5 

h. 
74% [21] 

3 

 

NH4BF4 + 

RCH2OH 

 

Aniline + 

benzyl 

alcohol 

NaHCO3,  

140 °C, 

17h 

 

NaHCO3, 

110 °C, 

17h 

75% 

 

 

94% 

[22], 

[35]  

4 

 

o-amino 

pyridine + 

benzyl 

alcohol 

KO
t
Bu, 

70 °C, 

17h (2 

mol % 

catalyst) 

97% [24] 

5 

 

Hexyl 

amine, aryl 

amine 

2-methyl-

butan-ol, 

150 °C (1 

mol % 

catalyst) 

98% [25] 

6 

 

t
BuNH2, 

benzyl 

alcohol 

5 mol % 

dppf, 

toluene,  

110 °C, 

24h (2.5 

mol % 

catalyst) 

94% [26] 

7 

Benzyl 

alcohol, 

NH3 

toluene,  

110 °C, 

24h (0.1 

mol % 

catalyst) 

83% [27] 
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8 

 

Benzyl 

alcohol, 

NH3 

KO
t
Bu, 

toluene,  

110 °C, 

24h (1 

mol % 

catalyst) 

92% [28] 

9 

 

2-amino 

benzothiaz

ole,  benzyl 

alcohol 

KOH, 

toluene, 

110 °C, 

12h (0.5 

mol % 

catalyst) 

96% [29] 

10 

 

2-amino 

pyridine,  

benzyl 

alcohol 

KO
t
Bu, 

toluene,  

110 °C, 

24h (0.5 

mol % 

catalyst) 

96% 
Present 

work 

 

2.2.3 Catalytic application of clusters 1–3 for amine mono-alkylation 

with primary alcohols 

Clusters 1–3 and Ru3(CO)12 were evaluated as catalysts for the 

transformation of primary amine 2-picolylamine to a secondary amine in 

the model reaction (Table 2.3). Typically, the reaction was performed 

using 1.0 mmol of benzyl alcohol and 2-picolylamine as reactants, low 

loading (0.5 mol %) of catalyst 1–3 and 1.0 mmol potassium tert-butoxide 

as a base, 4 Å mol. sieve, and stirred in L of toluene. 

In the absence of ruthenium catalyst and base, the amine 

alkylation was not observed (Table 2.3, entries 1, 2). The optimization of 

reaction conditions was performed at room temperature, 55 °C, 75 °C and 

110 °C. The reaction was not observed below 110 °C. The effect of time 

on the reaction was observed, and within 24 h at 110 °C, the reaction was 

completed with catalyst 1 (entries 3–6).  Among all the ruthenium-based 

clusters, 1–3, similar catalytic activity was obtained, but the most active 

catalyst was cluster 1, likely due to the six-membered ring formed by the 
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coordination of 2-(2-hydroxyethyl)pyridine ligand to Ru3(CO)8 (entries 

6–8). The precursor Ru3(CO)12  in the absence of pyridine-alcohol shows 

a much lower conversion (entry 9) thus, demonstrating the importance of 

the chelating ligand (N O). 

Table 2.3. Optimization of the catalytic reaction conditions for N-

alkylation of 2-picolylamine using benzyl alcohol and Ru3 cluster 

catalysts.  

 

Entry  Catalyst Base Time (h) Conv. Yield 

1 NA 
t
BuOK 24 0 0 

2 Cat.1 NA 24 0 0 

3 Cat. 1 
t
BuOK 6 79 74 

4 Cat. 1 
t
BuOK 12 85 80 

5 Cat. 1 
t
BuOK 18 92 88 

6 Cat. 1 
t
BuOK 24 100 96 

7 Cat. 2 
t
BuOK 24 90 85 

8 Cat. 3 
t
BuOK 24 95 90 

9 Ru3(CO)12 
t
BuOK 24 70 54 

 

Under the optimized conditions (entry 6) {cat.1 (0.5 mol %), benzyl 

alcohol (1.0 mmol), 2-picolylamine (1.0 mmol), and 1.0 mmol potassium 

tert-butoxide in toluene (500 µL) charged with 4 Å, mol. sieves were 

heated in a closed tube}; the desired secondary amine was obtained in 

high yield (96%).  

Encouraged by this catalytic transformation, the mono-alkylation 

of various primary amines bearing electron donating or electron 

withdrawing substituents were explored (Table 2.4). Higher yields were 

observed with para electron donating substituents on the aniline ring 

whereas the ortho-substituted aniline was less reactive likely due to the 

steric hindrance (Table 2.4, entries 3, 4 and 7). With halogen substituents 

on pyridine ring, the conversion was observed, but the desired product 
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yields were low. The catalyst was active even with aliphatic amines 

(entries 2, 6 and 8) but for heterocycles containing the imidazole and 

furan rings (entries 9–10), the mono-alkylation was not observed. 4-

aminopyridine and piperonylamine also gave excellent yields for the 

mono-alkylation of primary amines (entries 11–12). In the case of halo-

aniline, the para-fluoro aniline gave the highest yield followed by chloro, 

bromo and iodo aniline (entries 13–16). Aniline, (2-

chlorophenyl)methanamine, and p-tolylmethanamine, also gave the 

desired product in good yield, and at last reactant with maximum 

substitution like trimethoxyaniline mono-alkylation also produced the 

secondary amine product in better yield (entries 17–20). 

 

 Table 2.4. Direct formation of secondary amines from benzyl alcohol 

and various primary amines with cluster 1 as catalyst 

 

 

Entry RNH2 Conv. C6H5 CH2HNR Yield 

1 

 

100% 
 

96% 

2 

 

52% 

 

51% 

3 

 

64% 

 

56% 

4 

 

44% 

 

41% 

5 

 

65% 

 

19% 
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6 

 

72% 

 

55% 

7 
 

48% 

 

46% 

8  22% 
 

20% 

9 

 

-- -no reaction- -- 

10 
 

-- - no reaction -  

11 
 

73% 

 

70% 

12 
 

>90% 
 

62% 

13 

 

79% 

 

72% 

14 

 

64% 

 

62% 

15 
 

55% 

 

50% 

16 

 

52% 

 

38% 

17 

 

72% 

 

68% 

18 

 

58% 

 

50% 

19 
 

70% 
 

47% 
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20 

 

74% 

 

60% 

 

Complex 1 (0.5 mol %), benzyl alcohol (1.0 mmol), primary amine (1.0 

mmol), and toluene (500 µL) charged with 4 Å, mol. sieves, were heated 

in a closed tube. Conversion of alcohol and yield of products were 

determined by GC-MS. Isolated yields (1, 4, 7, 11, 20) were analyzed by 

1
H and 

13
C NMR along with GC-MS.  

 

Catalyst 1 showed significant results even when pyridine alcohols, 

pyridin-2-ylmethanol, pyridin-2-ylethanol, and pyridin-2-ylpropanol were 

screened (Table 2.5, entries 1–3). The three synthesized dipyridyl 

secondary amines are the precursors of significant NNN-pincer ligands. 

Presence of functional groups on benzyl alcohol substrates did not 

prevent the catalytic secondary amine formation (Table 2.5, entries 5, 6).  

Halo-benzyl alcohol also gave the expected product, but the less stable 

bromo derivative gave lower yield in the reaction (Table 2.5, entries 7, 

8). A plausible mechanism has also been proposed which is shown in 

Appendix A section. Mechanism shows that the catalytic reaction 

proceeds by the initial deprotonation of primary alcohols using potassium 

tert-butoxide along with the simultaneous decoordination of carbonyl to 

produce ruthenium alkoxide species A. Furthermore, A undergoes β 

hydride shift to produce aldehyde and ruthenium hydride species B. The 

produced aldehyde reacts with the primary amine to form Schiff base 

which is reduced by B to generate ruthenium amide  species C. Primary 

alcohol again attacks C to regenerate A along with the secondary amine 

product. 
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Table 2.5. Direct formation of secondary amines from primary amines 

and varying alcohols using 1 as catalyst 

 

Entry R2CH2OH Conv. 
C5H4NCH2NHCH2R

2 
Yield 

1 

 

52% 
 

41% 

2 

 

82% 

 

75% 

3 
 

90% 
 

54% 

4 
 

75% 
 

64% 

5 
 

90% 

 

78% 

6 
 

67% 
 

50% 

7 
 

80% 
 

8% 

8 

 

73% 
 

55% 

Complex 1 (0.5 mol %), primary alcohol (1.0 mmol), pyridin-2-

ylmethanamine (1.0 mmol), and toluene (500 µL) charged with 4 Å mol. 

sieves were heated in a closed tube. Conversion of alcohols and yield of 

products were analyzed by GC-MS. Isolated yields (1, 5) were analyzed 

by 
1
H and 

13
C NMR along with GC-MS.  

 

2.2.4 Mercury Poisoning Study 

We have also investigated the influence of mercury(0)[36] on the mono-

alkylation of primary amines using alcohol in the presence of 1. The yield 
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of the mono-alkylation does not reduce significantly when mercury(0) is 

introduced in the reaction mixture (from 96% to 84%). The failure of 

Hg(0) to halt the reaction suggests that the reaction involves the 

homogenous ruthenium pyridine alcohol cluster catalyst. Figure 2.2 

displays condition 1 as the optimized reaction condition and condition 2 

as the reaction condition in the presence of Hg(0) with the respective 

yields. 

 

Figure 2.2 Mercury poisoning study of Ru3(hep)2(CO)8 cluster catalyst 

for mono-alkylation of amine with alcohol 
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2.3 Conclusion 

 The above results show that pyridine alcohols react with 

Ru3(CO)12 to form clusters Ru3(hep)2(CO)8 (1), Ru3(hpp)2(CO)8 (2),  and 

Ru3(bhmp-H)2(CO)8 (3). They all contain a trans py-Ru-Ru-py 

arrangement, and the chelating ligands offer 2 oxygen atom bridging the 

non-bonded Ru(1) and Ru(2) sites. The catalytic transformation 

highlights the high efficiency and versatility of the clusters Ru3(N

O)2(CO)8 catalyst (L= hep, hpp, bhmp-H). Cluster 1 was the most 

efficient catalyst for the N-alkylation reactions of primary amines. The 

catalytic transformations are entirely selective leading to excellent yields 

of secondary amine. This work has created simple Ru3 catalysts, with 

pyridine alcohol chelating ligands, which do not contain pincer or hydride 

ligands, and excellent catalytic activity for mono-alkylation for primary 

amines is achieved successfully. Other catalytic transformations like 

hydrogen production from renewable alcohols, oxidation of alcohols into 

carboxylates, usually performed by pincer metal catalysts, can be 

explored by employing these Ru3 1–3 clusters.  
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2.4 Experimental 

 All reactions were done under an inert gas atmosphere. Ruthenium 

carbonyl, pyridine alcohols, and other alcohols along with amine 

derivatives were purchased from Aldrich and TCI chemicals. Reagents 

used for purification and crystallization were purchased either from 

Rankem or Merck and distilled before use. NMR spectra were recorded in 

deuterated acetone (CD3COCD3) on a Bruker Avance (III) spectrometer 

(400 MHz). Single crystal x-ray diffraction studies of complexes 1–3 

were carried out using an Agilent Technologies Supernova CCD system. 

The mass chromatograms were recorded on a Bruker-Daltonics-

microTOF-QII mass spectrometer. Elemental analysis was performed by 

using a Thermo Scientific FLASH 200 instrument. GC Samples were 

analyzed in Shimadzu QP2010 Ultra. The parameters used in the column 

oven program were as follows: 40 °C (hold 5 min.) →20 °C/min.→ 280 

°C (hold 13 min.) along with injection temperature of 280 °C, the 

interface temperature was 300 °C, and the ion source temperature was 

220 °C.  

 

2.4.1 Preparation of cluster Ru3(hep)2(CO)8 (1). 

Pyridin-2-yl-ethanol (113 μL, 1 mmol) and KOH (42 mg, 1.05 mmol), 

were placed into a round bottom flask using water (1 mL) as a solvent, 

and the reaction mixture was stirred for 1 hour at room temperature. After 

1 hour, water was evaporated, and residual water was removed using a 

high vacuum pump. Ru3(CO)12 (0.320 g, 0.5 mmol) was added along with 

25 mL of dry toluene into the same flask and refluxed at 110 °C for 3 

hours, the yellow colored solution was cooled and evaporated by 

rotavapor, and the resulting precipitate was washed with hexane five 

times and once with a small quantity of diethyl ether. Later, the 

precipitate was dissolved in acetone-dichloromethane mixture; filtered 

using celite and the filtered solvent was evaporated. The residue was 

recrystallized in toluene solvent. The yellow coloured crystalline solid 

was obtained. The identity of the complex was determined by using 
1
H 
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and 
13

C NMR, mass spectrometry, CHN elemental analysis and a single-

crystal XRD study. Yield: 62% (0.240 g), 
1
H NMR (400 MHz, acetone-

d
6
, 25 °C , ppm): δ 8.97 (d, 1H), 7.94 (t, 1H), 7.50 (t, 1H), 7.41 (d, 1H), 

4.08 (tt, 1H), 3.04 (m, 2H), 2.68 (t, 1H); 
13

C NMR (100 MHz, acetone-d
6
, 

25 °C, ppm): δ 205.4, 205.2, 203.9, 196.1, 162.7, 155.2, 139.8, 127.1, 

124.6, 65.5, 43.6; Elem. Anal. Calcd: C, 34.25; H, 2.09; N, 3.63; Found: 

C, 34.29; H, 1.95; N, 3.64; Selected IR on (KBr, cm
−1

): 2950(w), 

2915(w), 2847(s),  2060(s), 1985(s), 1914(s),  1603(w), 1079(s); ESI-MS 

(m/z) 687.55.  

Figure 2.3 
1
H NMR of 1 
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Figure 2.4 
13

C NMR of 1 

 

Figure 2.5 IR of 1 

2.4.2. Preparation of cluster Ru3(hpp)2(CO)8 (2) 

Using same conditions as those for Ru3(hep)2(CO)8 (1) 

preparation, the Ru3(hpp)2(CO)8 (2) complex was prepared by using the 2-

pyridin-2-yl-propanol (129 μL, 1 mmol) with KOH (41 mg, 1.03 mmol) 

and Ru3(CO)12 (0.320 g, 0.5 mmol) into 25 mL of toluene as the solvent. 
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After recrystallization, red coloured complex 2 was obtained. Yield: 54%, 

1
H NMR (400 MHz, acetone-d

6
, 25 °C , ppm): δ 8.78 (d, 1H), 7.79 (t, 

1H), 7.32 (dd, 2H), 4.28 (t, 1H), 3.90 (d, 1H), 3.36 (t, 1H), 3.12 (dd, 1H), 

1.95 (t, 1H), 1.55 (q, 1H); 
13

C NMR (100 MHz, acetone-d
6
, 25 °C, ppm): 

δ 206.2, 205.8, 203.4, 195.7, 166.8, 154.0, 139.8, 127.9, 123.8, 74.8, 38.1, 

35.9; Elem. Anal. Calcd: C, 36.05; H, 2.52; N, 3.50; Found: C, 36.99; H, 

2.43; N, 3.61; Selected IR on (KBr, cm
−1

): 2943(w), 2912(w), 2840(s),  

2066(s), 1987(s), 1914(s),  1602(w), 1085(s); ESI-MS (m/z) 542.61 

 

Figure 2.6 
1
H NMR of 2 
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Figure 2.7 
13

C NMR of 2  

 

 Figure 2.8 IR of 2 

2.4.3 Preparation of cluster Ru3(bhmp-H)2(CO)8 (3) 

Using same conditions as those for Ru3(hep)2(CO)8 (1) 

preparation, the Ru3(bhmp-H)2(CO)8 (3) complex was prepared by using 
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the (6-hydroxymethyl-pyridin-2-yl)-methanol (0.139 g, 1 mmol) with 

KOH (40 mg, 1 mmol)  and Ru3(CO)12 (0.320 g, 0.5 mmol) with 25 mL 

of toluene as the solvent. After recrystallization, yellow crystalline solid 

was obtained. Yield: 58%, 
1
H NMR (400 MHz, acetone-d

6
, 25 °C , ppm): 

δ 7.76 (d, 2H), 6.73 (t, 1H), 5.16 (m, 2H), 5.01 (m, 2H), 4.27 (d, 1H); 
13

C 

NMR (100 MHz, acetone-d
6
, 25 °C, ppm): δ 207.7, 204.5, 203.6, 193.9, 

167.4, 162.9, 138.7, 121.0, 117.3, 78.5, 68.0; Elem. Anal. Calcd: C, 

32.88; H, 2.01; N, 3.49. Found: C, 33.29; H, 2.06; N, 3.45; Selected IR on 

(KBr, cm
−1

): 3408(br), 2925(w), 2855(w),  2076(s), 1993(s), 1910(s),  

1604(w), 1078(s); ESI-MS (m/z) 750.20 

 

Figure 2.9 
1
H NMR of 3 
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Figure 2.10 
13

C NMR of 3 

 Figure 2.11 IR of 3 

 

2.4.4 Mercury Poisoning Study 

Mercury Poisoning experiment for the mono-alkylation of primary amine 

was performed in a 25-mL tube capped with a glass stopper. In a sealed 

tube, an 8 x 4 mm oval-shaped stirring bar, 4 Å mol. sieves, 1mmol of 
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picolylamine, 1mmol of benzyl alcohol, mercury (1mmol), and catalyst (4 

mg) along with the KO
t
Bu (1mmol) along with 1mL of toluene was added 

and flushed with N2. The reaction was carried out at 110°C for 24h. As 

the reaction was completed, the un-reacted drops of mercury were present 

in the reaction mixture. Then after washing out the reaction mixture, 

mercury was quenched. Furthermore, the yield was calculated. 

 

Other Figures and Tables 

 

Figure 2.12 Perspective view of 1a 

 

Table 2.6 Crystal data and structure refinement for 1a 

Identification code 1a 

Empirical formula C36H32N2O10Ru3 

Formula weight 955.84 

Temperature/K 293 

Crystal system monoclinic 

Space group I2/a 

a/Å 18.6183(4) 

b/Å 11.77089(19) 

c/Å 17.3349(2) 

α/° 90 

β/° 107.9232(17) 

γ/° 90 
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Volume/Å
3
 3614.65(11) 

Z 4 

ρcalc Mg/m
3
 1.756 

μ/mm
-1

 1.297 

F(000) 1896 

Crystal size/mm
3
 0.31 × 0.3 × 0.29 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 2.944 to 32.347 

Index ranges 

-23 ≤ h ≤ 26, -16 ≤ k ≤ 

16, -24 ≤ l ≤ 25 

Reflections collected 12688 

Refinement method Full-matrix least-

squares on F
2
 

Independent reflections 

5279 [Rint = 0.0219,  

         Rsigma = 0.0226] 

Data/restraints/parameters 5279/0/232 

Goodness-of-fit on F
2
 1.052 

Final R indexes [I>=2σ (I)] 

R1 = 0.0255, wR2 = 

0.0650 

Final R indexes [all data] 

R1 = 0.0268, wR2 = 

0.0661 

Largest diff. peak/hole / e Å
-3

 0.939/-1.421 

CCDC No. 1539165 
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Chapter 3 

 Facile oxidation of alcohols to carboxylic 

acids in basic water medium by employing 

ruthenium picolinate cluster as an efficient 

catalyst  

3.1 Introduction 

Benzoic acid and its derivatives are important precursors for the 

synthesis of useful organic compounds.[1-4] Several hundred thousand 

tons of benzoic acid for industrial applications are produced every 

year.[5,6] Benzoic acid is a main component in the food 

preservatives[7] mostly because of its antifungal[8,9] and antimicrobial 

activities.[9] Its derivatives are also useful for the production of 

plasticizer,[10] alkyd resins[11,12] or polymers.[13,14]  

In the past few decades, the use of transition metal complexes 

contributed tremendously to catalytic organic synthesis.[15-21] 

Oxidations of alcohols to carboxylic acids require various oxidants in 

large quantity like KMnO4, iodosobenzene, t-BuOOH, chromium 

oxide and thus produce copious waste.[22] Whereas, the catalytic 

synthesis of carboxylic acid derivatives from alcohols was initially 

performed with ruthenium-hydride complexes, polyoxometallates or 

PNN pincer complexes.[23-26] 

Rhodium-catalyzed oxidation of alcohol to a carboxylate at 

high pH and, using ketone as a hydrogen acceptor under mild 

conditions was reported by Grützmacher et al.[27]  Heterogeneous 

copper system[28] with NaOH at 320°C with high pressure has also 

been used for catalytic oxidation of alcohol to carboxylates.[29] For 

the oxidation of alcohols to the carboxylic acids, a new clean and atom 

economy approach has been introduced by Milstein’s group using 

water as the oxygen donor in the presence of a base and using the PNN 

pincer ruthenium-hydride catalyst.[30] The reaction takes place with 
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dehydrogenation of alcohol to give coordinated aldehyde to which 

water addition allows to the formation of the carboxylic acid.[30] 

Prechtl’s group also contributed to the carboxylic acid formation from 

alcohols using PNP pincer ruthenium-hydride catalyst (Figure 3.1, cat. 

ii b),[31] Beller’s group could convert renewable glycerol into 2-

oxopropanoic acid using ruthenium-hydride PNP pincer complex 

(Figure 3.1, cat. ii a).[32] By contrast, Möller’s group used simple 

ruthenium(II)-NHCarbene complex to perform this transformation 

(Figure 3.1, cat. iii).[33] Peng’s group used ruthenium complex 

containing new 2,6-bis(benzimidazole-2-yl)pyridine pincer ligand for 

this catalytic transformation (Figure 1, cat. iv),[34] whereas Gauvin’s 

group[35]  have shown that recyclable PNP-ruthenium-hydride 

catalysts, prepared in-situ by addition of PNP ligand to 

[Ru(H)(X)(CO)(PPh3)3] (X = H, Cl), was efficient for the oxidation of 

primary alcohols into carboxylate (Figure 3.1, cat. ii c).[35] Recently 

Bera’s group reported that this oxidation reaction could be efficiently 

performed by non-pincer, ruthenium-hydride complex (Figure 3.1, 

cat. v).[36]  

 

Figure 3.1. Ruthenium-based active catalysts for carboxylic acid 

synthesis from alcohols  

Most of the above mentioned efficient ruthenium catalysts for 

the transformation of alcohol to carboxylate into basic water involve 
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ruthenium-hydride or pincer ruthenium catalysts. In this report, we 

describe the preparation of a new ruthenium carbonyl cluster 

[Ru3(CO)8(C5H4NCO2)2] (1) containing two simple chelating pyridine-

carboxylate ligands, (Figure 3.1, cat. vi) as an efficient catalyst, 

without pincer ligand for the transformation of a variety of alcohols 

into carboxylic acids in basic water-isopropanol medium with good 

yields.  
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3.2 Results and discussion  

3.2.1 Catalyst screening 

The oxidation of benzyl alcohol into carboxylic acid using a 

catalyst arising in situ from Ru3(CO)12 and a pyridine derivative 

containing a carboxylate group picolinic acid (1a), pyridine-2,6-

dicarboxylic acid (1b), nicotinic acid (1c) and iso-nicotinic acid (1d) to 

get the adducts 1–4, respectively (Table 3.1). It was found that 

adduct/cluster 1 and adduct 2 were active in the catalytic 

transformation of alcohols to carboxylic acids using NaOH in an open 

atmosphere for 14 h at bath temperature, 98 °C in water-solvent 

(Scheme 3.1) likely due to their appropriate 5-membered chelation to 

Ru3(CO)12 which is not possible with nicotinic and iso-nicotinic acid 

ligands. The chelation environment is confirmed by the structure of 

cluster 1. It was authenticated by single crystal X-ray studies.  

Table 3.1. Screening of the catalyst for the transformation of benzyl 

alcohol to benzoic acid in basic water and dioxane as solvent 

Entry 

No. 

Component 

1 

Component 

2 
Adduct/Cluster 

Catalytic 

oxidation 

reaction 

1 Ru3(CO)12 

 

1 -R- 

2 Ru3(CO)12 

 

2 -R- 

3 Ru3(CO)12 

 

3 -NR- 

4 Ru3(CO)12 

 

4 -NR- 

5 Ru3(CO)12 –  -NR-  

R= Reaction successful NR= No reaction Reaction conditions: benzyl 

alcohol (5 mmol), base (10 mmol), catalyst (1 mol%), H2O (500 µL), solvent 

(500 µL) were stirred at bath temperature 98 °C in an oil bath in open 

atmosphere. 
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Scheme 3.1. Schematic representation for the oxidation of alcohol to 

carboxylic acid  

3.2.2 Structural description of Catalyst 1 

The cluster 1 was obtained by the reaction of Ru3(CO)12 with 

simple chelation of picolinic acid in toluene at 110°C for an hour. The 

molecular structure of 1 revealed the binding modes of picolinic acid 

ligand to Ru3(CO)12 and the crystal structure is shown in Figure 3.2. 

The detailed structural parameters of complex 1 are shown in Table 

3.2. 
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Figure 3.2 Perspective view of cluster 1 

Table 3.2 Crystal data and structure refinement for complex 1 

Identification code Complex 1 

Empirical formula C10H4NO6Ru1.5 

Formula weight 385.75 

Temperature/K 293(2) 

Crystal system Monoclinic 

Space group Pn 

a/Å 9.45480(10) 

b/Å 11.71470(10) 

c/Å 11.03310(10) 

α/° 90 

β/° 98.2050(10) 

γ/° 90 

Volume/Å
3
 1209.52(2) 

Z 4 

ρcalcg/cm
3
 2.118 

μ/mm
-1

 15.593 

F(000) 740 

Crystal size/mm
3
 0.34× 0.33 × 0.29 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 7.546 to 142.5 

Index ranges -8 ≤ h ≤ 11, -14 ≤ k ≤ 14, -13 ≤ l ≤ 13 

Reflections collected 6597 

Independent reflections 3023 [Rint = 0.0467, Rsigma = 0.0271] 

Data/restraints/parameters 3023/2/334 

Goodness-of-fit on F
2
 1.091 
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Final R indexes [I>=2σ (I)] R1 = 0.0487, wR2 = 0.1282 

Final R indexes [all data] R1 = 0.0494, wR2 = 0.1343 

Largest diff. peak/hole / e Å
-3

 1.52/-1.43 

CCDC No. 1576762 

 

Structure of 1 is symmetric and crystallized in Pn space group with 

monoclinic crystal system. In this structure, the asymmetric unit 

consists of one picolinate ligand attached to one ruthenium atom by the 

nitrogen atom and one oxygen atom. The oxygen of the picolinate 

ligand is bridging the two ruthenium atoms, each adopting a distorted 

octahedral RuC2N1O2 coordination sphere (see Figure 3.2). The 

unique O−Ru−O cis bite angle is 76.33°, and similarly, the other 

O−Ru−O bite angle is 76.88°, the trans N−Ru−Ru angle is 158.93° in 

complex 1. Two carbonyls are attached to each ruthenium atom 

bearing picolinate ligand. Overall two picolinate and eight carbonyl 

ligands are attached to three ruthenium atoms. The complex 1 has a 

glide plane perpendicular to [0, 1, 0] with glide component [1/2, 0, 

1/2]. The order of the glide plane is 2. The distance between 2 

ruthenium atoms (Ru1 and Ru2) is 3.068 Å which is more than the 

traditional Ru3(CO)12 crystal structure (2.848 Å).[37] The Ru1 and 

Ru2 are bonded to Ru3 with 2.778 and 2.764 Å, respectively. The 

ruthenium atoms Ru1 and Ru2 are attached to two oxygen atoms 

sharing the electron pair, i.e. lone pair (2.207 Å) and a bond pair (2.148 

Å). Nitrogen donates its lone pair to Ru1 and Ru2 atom with the bond 

length of 2.514 Å.   

Figure 3.3 H-bonded 1-D network in 1 along c axis 
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The complex 1 forms the 1-D polymeric chain using C-H---O 

interaction, i.e. H4
…

O5 with distance 2.705 Å, and H1---O2 and H8---

O4 with the distances 2.364 and 2.478 Å, respectively (Figure 3.3). 1-

D chain extends to 2-D network via  interaction between C6-C10 

with distance 3.354 Å. 

3.2.3 Catalytic experiments 

The oxidation reaction of benzyl alcohol (Scheme 3.1) using 1 

mol% of catalyst 1 was evaluated in water in the presence of different 

solvents between 75°C–100°C. Using dioxane, DMF with water, a side 

product hydrobenzoin was obtained along with benzoic acid in the 

inert (argon) atmosphere (Table 3.3, entries no. 1 and 4) whereas, the 

same byproduct was obtained at the lower temperature of standard 

condition (Table 3.3, entry no. 13). Using alcohols, chloroform and 

acetonitrile with water in inert atmosphere gave only benzoic acid, but 

in lower yields (Table 3.3, entries no. 2, 3, 5, 6). Neat solvents like 

DMF and t-butanol gave a lower yield in the inert and open 

environment, respectively (Table 3.3, entry no. 7. Using neat water in 

an argon atmosphere, without any other solvent, and without a base, 

the reaction did not give any oxidized product (Table 3.3, entry no. 8) 

as the catalyst 1 is not soluble in the neat water. In general, when the 

reactions were performed either in water and alcohol medium (inert 

atmosphere) or neat alcohol medium in the open atmosphere, both lead 

to a lower yield of the product. In contrast, when the reaction was 

performed in the iso-propanol and water (1:1) as the medium in open 

air atmosphere, a higher yield (90%) of benzoic acid was observed at 

98 °C (Table 3.3, entry no. 11). This significant result proves the 

importance of cluster 1 in catalyzing the alcohol to carboxylic acid into 

basic water in the open atmosphere. Several alcohols along with the 

water as reaction medium were also studied and iso-propanol appears 

as the most suitable solvent for this reaction (Table 3.3, entries no. 10–

13).  
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Table 3.3. Optimization for the synthesis of benzoic acid from benzyl alcohol
 

 

Entry 

No. 
Solvent 

Reactio

n 

atmosp

here 

Base 

(10 

mmol) 

Tim

e (h) 

Con

v. 

(%) 

Yield (%) 

benzo

ic 

acid 

hydro 

benzo

in 

1 Dioxane H2O/Ar NaOH 14 65 21 42 

2 Methanol H2O/Ar NaOH 14 19 19 0 

3 
Iso-

propanol 
H2O/Ar NaOH 10 2 1 0 

4 DMF H2O/Ar NaOH 24 74 9 35 

5 Chloroform H2O/Ar NaOH 12 17 7 0 

6 Acetonitrile H2O/Ar NaOH 12 24 10 0 

7 DMF Ar NaOH 24 7 0 0 

8 Water Ar NaOH 12 0 0 0 

9 Methanol H2O/O2 NaOH 12 69 69 0 

10 Ethanol H2O/O2 NaOH 12 82 81 0 

11 
Iso-

propanol 
H2O/O2 NaOH 12 90 90 0 

12 t-butanol H2O/O2 NaOH 12 40 27 0 

13 
Iso-

propanol
a
 

H2O/O2 NaOH 24 34 2 32 

 

Reaction conditions: benzyl alcohol (5 mmol), base (10 mmol), catalyst 1 (1 

mol%), H2O (500 µL), solvent (500 µL) were stirred at bath temperature 98 

°C in an oil bath in open atmosphere. Products were analyzed using GC-MS 

and 
1
H NMR; a=room temperature (25 °C) 
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We evaluated different bases in the oxidation reaction; K2CO3, 

KOH, and NaOH, the most efficient bases were found to be KOH and 

NaOH as the base is effective for the de-protonation in alcohol/solvent 

medium. Interestingly, at room temperature, hydrobenzoin was formed 

in high quantity, and as the temperature was increased (at 60 °C), the 

formation of benzoic acid was enhanced. The optimization studies of 

the temperature proved that the reaction was even possible at RT, 60 

°C, 75 °C but with the lower conversion of benzyl alcohol to benzoic 

acid. This study proves that the catalyst 1 is also active even at the 

lower temperature. 

Previous examples of the synthesis of benzoic acid from alcohol as 

reviewed earlier are summarized in Table 3.4.  

Table 3.4. Comparative study of the benzoic acid formation from 

benzylic alcohol using ruthenium complexes so far 

 
E

nt

ry

N

o. 

Catalyst or pre-

catalyst 

Substr

ate 

Reaction 

parameters 

Yield 

(%) 

Ref. 

(s) 

1 

 

Alcohol 

Catalyst, NaOH, 

water (reflux), 18 

h, argon. 

84% 
[30] 

2 

 

Alcohol 

1) Catalyst, 

NaOH, 120 °C, 20 

h 

 

2) Catalyst, KOH, 

125 °C, 20 h 

1) 

67% 

 

2) 

92% 

[31,3

2,35] 
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3 

 

Alcohol 

Catalyst, NaOH, 

water (reflux), 24 

h 
92% 

[33] 

4 

 

Benzyl 

alcohol 

Catalyst, CsOH, 

water (reflux), 24 

h (argon) 

82% 
[34] 

5 

 

Benzyl 

alcohol 

Catalyst, water, 

NaOH, 110 °C, 

(6h–24h) 

100

% 
[36] 

6 

 

Benzyl 

alcohol 

Catalyst, NaOH, 

water,                     

iso-propanol,  98 

°C, 12 h 

90% 
Our 

work 

 

So far the reported catalysts (Table 3.4, entries no. 1–5) are 

either ruthenium hydride or ruthenium pincer complex precursors 

which require much efforts and sensitive environment to synthesize 

them. Also, the catalytic oxidation also needs a higher temperature. 

However, 1 is easily obtained by the simple chelation of picolinic acid 

ligand to Ru3(CO)12 by refluxing them in toluene for an hour. 

Moreover, the reaction conditions for catalytic oxidation are also 

comparatively mild. 



 

78 
 

The substrate scope of the oxidation reaction is presented in 

Table 3.5. The catalytic oxidation is more favorable in substituents 

with electron donating inductive effect (Table 3.5, entries no. 1 and 4). 

Para substituted benzyl alcohols are more easily oxidized than the 

ortho substituted benzyl alcohols likely because they are not creating 

any steric hindrance like ortho substituted benzyl alcohols. The 

reaction was also performed with cyclic aliphatic compound; however, 

inferior yield was obtained (Table 3.5, entry no. 5). The p-chloro 

substituted benzyl alcohol gave the higher yield over p-bromo 

substituted benzyl alcohol because of stronger C-Cl bond over C-Br 

bond, as benzoic acid is the other byproduct along with p-halobenzoic 

acid. To prove the efficiency of catalyst 1 to aliphatic alcohol 

derivatives, 2-phenylethan-1-ol and 2-phenylpropan-1-ol were also 

explored and desired carboxylic acids were formed. So, the catalyst 

was also found to be active over aliphatic derivatives. Furthermore, 

when pyridyl ring substituted compounds were used instead of benzyl 

substituents, the oxidation reaction did not occur, which is attributed to 

pyridine ring interaction with ruthenium and deactivation of the 

catalyst 1.  

Table 3.5. Synthesis of carboxylic acid derivatives from alcohols 

 

Entry 

No. 
Reactant Product 

Conversion 

(%) 

Yield 

by 

GCMS 

(%) 

1 

 
 

70 66 

2 

 

 

43 41 
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3 

 
 

90 34 

4 

 
 

75 71 

5 
 

 

20 19 

6 

 

 
 

 

 
 

95 25 

7 

 

 
 

 

 
 

98 65 

8 

 

 
 

 

 
 

44 34 

9 

 

 
 

 
 

54 34 

Yields measured by GCMS, as consolidated in Table 3.5, are the 

average of 3 reactions with ±5% error observed. 

Reaction conditions: alcohol (5 mmol), NaOH (10 mmol), catalyst 1 

(1 mol%) were heated in an open atmosphere at bath temperature of 98 

°C. The reaction time is 14 h. Derivatives of benzoic acid were 

obtained by 2M HCl acid treatment of the reaction mixture. Products 

were analyzed using GC-MS and 
1
H, 

13
C NMR.  

Several attempts were made to isolate the intermediate by 

following different procedures [30,36,38,39]  by reacting catalyst and 

benzyl alcohol in aqueous methanol as well as in CHCl3. 
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Unfortunately, the intermediate could not be isolated successfully. The 

role of the picolinic acid anion is most likely to assist removal of CO 

and subsequent addition of PhCH2O
–
 ligand. We have also checked the 

ruthenium pyridine alcohol cluster for the catalytic transformation of 

primary alcohols to the carboxylic acid, but we only found the 

conversion of primary alcohols to aldehyde, with very less trace of 

carboxylic acid. 

The plausible oxidation mechanism is based on the Milstein 

mechanism for pincer-ruthenium(II) catalyst,[30] and here the catalytic 

transformation takes place at one of Ru centers bridged by two 

picolinate ligands as Ru3(CO)12 itself does not catalyze the alcohol 

oxidation. After CO elimination, it involves the initial coordination of 

the deprotonated alcohol (PhCH2O
–
) to one of the two bridged Ru 

atoms (Figure 3.4, 1a). This is followed, after CO decoordination, by 

hydride beta-elimination from the Ru-OCH2Ph species to give the 

coordinated aldehyde HRu(O=CHPh)[30,36](1b). Further reaction 

with water gives a gem-diolate complex and H2 elimination (1c). Beta 

hydride elimination gives the final carboxylic acid product, and the 

RuH(CO) species (1d) can deprotonate PhCH2OH to give 1a. 
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Figure 3.4 Plausible mechanism for catalytic oxidation of alcohol to 

carboxylic acid by ruthenium cluster 

[Ru3(CO)8(C5H4NCO2)2]. 
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3.3 Conclusions 

In summary, a new Ru3(CO)12 based pyridine-acid 

[Ru3(CO)8(C5H4NCO2)2] cluster was synthesized by facile addition of 

picolinic acid to Ru3(CO)12 and characterized by single crystal XRD. 

The complex/catalyst 1 was evaluated for the catalytic oxidation of 

alcohol to carboxylic acid (yield, 90%) using basic water in the open 

atmosphere. The crystal structure of complex 1 revealed the C-H---O 

and  interactions. The catalyst 1 is comparable with previously 

reported ruthenium hydride or ruthenium pincer complexes as it 

converts the primary alcohol to carboxylic acid at a relatively lower 

temperature (98 °C) in water in open environment (Scheme 1). 

Moreover, cluster 1 shows selectively high yield (90%) in water and 

iso-propanol as the reaction medium. In the catalytic system, both 

water and oxygen (from the open atmosphere) are taking part in the 

oxidation of alcohol to the carboxylic acid. These findings may open a 

route to design new clusters for the transformation of alcohol to 

corresponding carboxylic acid derivatives.  
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3.4 Experimental section 

3.4.1 Materials and instrumentation details 

Ru3(CO)12, picolinic acid and alcohol derivatives were 

purchased from Aldrich and TCI chemicals. Reagents used for 

purification and crystallization of products were purchased from 

Rankem and Merck and used as received. NMR spectra were recorded 

in CDCl3 on a Bruker Avance (III) spectrometer (400 MHz). X-ray 

structural study of complex 1 was carried out using Agilent 

Technologies Supernova CCD system. Samples were analyzed in 

Shimadzu QP2010 Ultra equipped with Rtx-5MS column (length 30 

meters, internal diameter 0.25 mm). The column oven program was 

used as 40 °C (hold 5 min.) →20 °C/min.→ 280 °C (hold 13 min.) 

along with injection temperature 280 °C, interface temperature was 

300 °C, and ion source temperature was 220 °C. 

3.4.2 Single crystal X-ray diffraction (SC-XRD)  

Graphite-monochromated Cu Kα (λα = 1.54184 Å) source at 25 

°C was used to collect data. The standard phi-omega scan technique 

was used to collect data. The interpretation of the collected data was 

done by CrysAlisPro CCD software. The SHELXS-97 direct method 

was used to produce the crystal structures, and refinement was done by 

the full matrix least squares method on F
2
.[40] Olex-1.2 software was 

also used.[41] All the C–H---Π interactions,[42] molecular drawings, 

and mean plane analyses were obtained by Diamond (ver. 3.1d) and 

Mercury (ver. 3.1). The crystals structure and their refinement data are 

shown in Figure 3.2 and Table 3.2, respectively.  

3.4.3 Catalytic reaction  

5 mmol benzyl alcohol, 10 mmol NaOH were mixed in L 

of water and 500 µL of iso-propanol solvent media. 1 mol% of catalyst 

1 was added. The reaction was performed at bath temperature of 98 °C, 

i.e. in the atmospheric oxygen environment. After 14 h, the solvent 

was evaporated, and a white precipitate was observed. 5 mL of 2M 

HCl was added to the reaction mixture and stirred for 5 min. Then 5 
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mL ethyl acetate was added and extraction was done using 5 x 3 mL 

ethyl acetate. Then after brine wash, the recovered mixture was passed 

through a small column of sodium sulphate. After evaporation of the 

solvent, white solid benzoic acid was obtained. The solid was 

recrystallized using methanol, and the NMR data show the benzoic 

acid formation. The yield of the benzoic acid was 90% which was 

similar to the result observed using GC-MS. 

3.4.4 Analysis of products 

After completion of reactions, the solvent was evaporated, and 

products were isolated. Synthesized products were characterized using 

GC-MS, 
1
H and 

13
C NMR. Crystallographic data for complex 1 has 

been deposited with the Cambridge Crystallographic Data Centre, 

CCDC No. 1576762 in CIF format.  
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Chapter 4 

Tetranuclear Ru4(CO)8-substituted pyridine-

methanol cluster as a highly efficient electro-

catalyst  in water oxidation reaction  

4.1 Introduction 

In recent times, there is an urgent need for sustainable and low-cost 

sources of energy, owing to the vastly expanding demand and concerns 

about environmental damage due to conventional sources of energy.[1] 

Although some sources exist as sources for renewable energy, one of the 

most promising sources is solar energy, with theoretically unlimited input 

in the form of solar radiation, and having a very low adverse impact 

towards the environment.[2] Hydrogen has been gaining attention as one 

of the most promising candidates for a future source of energy and 

fuel,[3] with its main advantages primarily being in overwhelming 

abundance, a much more environmentally friendly method of generation 

and usage for practical applications.[4] However, even without 

considering the future potential as an input for fuel cells, hydrogen is 

currently used in abundance today in the manufacture of ammonia, 

refining of petroleum and methanol manufacture. The most significant 

advantage of using hydrogen is that the by-products of its use are 

generally water, which may be recycled to generate more hydrogen. 

Today, hydrogen is commercially generated via use of electrolysers, 

which utilise an electrical input to split water into H2 and O2, as the 

reaction cannot occur spontaneously due to being thermodynamically 

unfavourable. Furthermore, due to various factors, the external energy 

required to generate hydrogen from water efficiently exceeds the 

theoretical redox potential of 1.23 V vs. RHE. In practice, commercial 

electrolyzers employ a voltage of 1.6 V or more to split water and 

generate hydrogen and oxygen at a rate that is commercially feasible for 

industrial purposes with an estimated cost of 3–15 euros per kilogram of 
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H2 produced.[5] Other methods include thermochemical conversion of 

water into hydrogen and oxygen, which involves high-temperature 

processes, which are not only corrosive but also require the burning of 

fuels at large scale to generate such heat. In recent times, the use of solar 

energy as the “input” for an electrolyzer is an idea that has active support 

from research communities around the world. The prospects of obtaining 

clean, pure hydrogen using solar radiation as an energy source invite a 

hope for very sustainable production in the future. However, most of the 

traditional research on materials to be used as electrodes for photo-

electrochemical cells has focused on inorganic compounds,[6] with only a 

few groups focusing on organic or organometallic materials for use as 

electrodes in a PEC system.[7-10]  

Such materials have the potential advantages of tunable charge-transfer 

properties along with a synthesis method that would sidestep challenges 

associated with the provision of high power or temperature. Furthermore, 

organic synthesis can be easily scaled up to massive production levels, 

facilitating fast time to market. 

Herein, we describe a novel compound which displays low onset 

potential, fast kinetics and significant photocurrent for the oxygen 

evolution (anodic) reaction in a photo-electrochemical cell. 
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4.2 Results and Discussion 

 The reaction of Ru3(CO)12 with pyridine-methanol was carried out 

in 1:2 molar ratio in basic toluene (25 mL) at 110°C for 4 h (Scheme 4.1). 

Compound 1 has been characterized by 
1
H, 

13
C NMR, mass spectrometry, 

CHN and authenticated by single crystal XRD. 
1
H NMR (400 MHz, 

acetone-d6) spectra of Cluster 1 show corresponding peak for substituted 

pyridine (characteristic signal near 7–9 ppm showing 4 proton signals) 

and alkyl chain (Figure 4.9) and 
13

C NMR (100.635 MHz, acetone-d6) 

spectrum of 1 shows the typical peak of carbonyl near 200 MHz with 

acetone and reference peak of acetone are 29.8 and 207 (Figure 4.10). All 

H signals shift downfield on coordination with Ru3(CO)12 in 
1
H NMR. All 

carbon peaks are also shifted downfield after coordination to Ru3(CO)12 in 

13
C NMR. We performed 1H NMR from 0 to -60 ppm and did not find 

any peak. This rule out the possibility of hydride presence on ruthenium 

atom which shares two rutheniums in complex 1. The IR spectra of 1 

showed three noticeable band corresponds to νC=O stretching mode 

(Figure 4.11).[11] The LCMS spectrum of 1 shows the m/z peaks at 

796.83. Furthermore, cluster 1 has also been authenticated by single 

crystal X-ray studies. 

 

Scheme 4.1 Synthesis of pyridine-based ruthenium carbonyl cluster 1 

4.2.1 Structural description of 1 

XRD analysis revealed the binding modes of pyridine alcohol ligand to 

Ru3(CO)12 and its crystal structures is shown in Figure 4.1.  
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Figure 4.1 Perspective view or molecular diagram of complex 1  

Structure 1 is centrosymmetric and crystallized in P42/n space group 

with tetragonal crystal system. In this crisscross structure, each oxygen 

atom of the pyridin-2-yl-methanolate ligand shares two ruthenium atoms, 

each adopting a distorted octahedral Ru1C2N1O2 coordination sphere (see 

Figure 4.1). The bond length of bonded Ru-Ru is 2.758 Å in 1 is shorter 

as compared to traditional Ru3(CO)12 with a mean Ru–Ru bond length of 

2·848 Å.
12

 Cluster 1 has the voids in crystal unit cells which are big 

enough to hold a spherical probe of 1.2 Å radius. The horizontal and 

vertical view of the voids is shown in Figure 4.2a–4.2b. The presence of 

such solvent accessible voids allows us to optimize mechanical properties 

by providing porosity via additive manufacturing. 

 

Figure 4.2a Solvent accessible voids present in 1 along ‘a’ axis found 

using mercury CSD 3.8 software 
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Figure 4.2b Voids in c axis solvent accessible found using mercury CSD 

3.8 software  

 

A three-electrode PEC cell was set up with the photoanode comprising of 

1 deposited on Glassy carbon electrode as the working electrode, 

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

as shown in Figure 4.3. 

 

Figure 4.3. A PEC device, composed of an anode based on Glassy 

Carbon electrode along with a Nafion thin coating, a Pt cathode, and an 

aqueous electrolyte, for light-driven water splitting 
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4.2.2 Linear sweep voltammetry (LSV) measurement 

Linear sweep voltammetry (LSV) experiments were performed and 

current density-voltage profile graph is plotted as shown in Figure 4.4.  

 

Figure 4.4 Current density-voltage profile for the modified GCE with 

Ru4 cluster 

For Cluster 1, without light illumination, the current rapidly 

increased with the rise of applied potential from 0.75 to 0.95 V (vs. 

Ag/AgCl), and reached a constant plateau at E > 0.20 V with a current 

density of 3.86 mA cm
-2

; this value is competitive when considering 

previously reported results.  

For comparison, the Cluster 1 electrode was also studied under 

illumination (Figure 4.3), and it was found that it behaves similarly to 

dark conditions with a current of 4.2 mA/cm
2
 at 1 V. The maximum 

photocurrent observed is 0.44 mA/cm
2
 at about 0.95 V vs. Ag/AgCl. 

These values are significantly higher in comparison to the current 

densities under light conditions, indicating that the working electrodes are 

photoactive.  

It is proposed that this photocurrent is caused by photo-assisted 

MLCT transition from Ru ion to the ligand, which assists in the oxidation 

of water.[12]  
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Figure 4.5 Hypothetical half-cell solar-to-hydrogen (HC-STH) efficiency 

calculations with Ru4 cluster 

The Hypothetical half-cell solar-to-hydrogen (HC-STH) efficiency 

(Figure 4.5) in percentage for the oxygen evolution was calculated in 

accordance with the formula suggested by Hisatomi et al.[13]: 

         
     

                

    
 

Substituting for E(O2/H2O), which is 1.23 V (vs. Ag/AgCl) and 

E(RHE), which is 1.9568 V vs. RHE and 0.9568 V vs. Ag/AgCl), we get 

the value of HC-STH as 0.3185% at 0.9568 V vs. Ag/AgCl. This value is 

comparable to studies on ZnO electrodes,[14] Sm2Ti2O5 electrodes,[15] 

and (Ag, Cu)GaSe2 electrodes modified with CdS and CuGa3Se[16] 

performed by other groups. Moreover, the Faradaic Efficiency for oxygen 

evolution reaction is found to be 91.92%, which is comparable to 

contemporary reports for the oxygen evolution reaction.[17] A 

representative table comparing the results achieved in this work with 

other recent work on Ruthenium-based complexes is provided in Table 

4.1. 
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Table 4.1 Comparison of photocurrents achieved on ruthenium-based 

complexes used as electrodes in photoelectrochemical cells 

Material for active 

electrode 

Preparation 

Method 
Substrate 

Electrol

yte 

Maximum 

Stable 

photocurrent 

 Ref. 

FTO/TiO2(PS 

[Ru(bpy)2(4,4’-

((OH)2PO)2-

bpy)2+]Br2 + binuclear 

Ruthenium Catalyst) 

Chemical Bath 

Deposition 
FTO 

0.1 M 

Na2SO4 

(pH 6.4) 

 

0.5 mA cm-2  [18] 

FTO/TiO2(PS 

[Ru(bpy)2(4,4’-

((OH)2PO)2-

bpy)2+]Br2 + 

mononuclear 

Ruthenium Catalyst) 

Chemical Bath 

Deposition 

 

FTO 

0.1 M 

Na2SO4 

(pH 6.4) 

0.45 mA cm-2 

 
[19] 

Poly-

[Ru(bda)(vpy)2]@Fe2

O3 

Microwave 

assisted one pot 

self-assembly + 

Electro 

polymerization 

on pre-coated 

substrate 

 

 

FTO 

0.05 mM 

phosphat

e buffer 

0.40 mA cm-2 

 
  [20] 

RuP modified 

graphitic C3N4 (g-

C3N4) 

Thermal 

treatment of 

urea (g-C3N4) + 

Wet Chemical 

Synthesis (RuP-

modified g-

C3N4) 

FTO 
0.5 M 

Na2SO4 
< 0.4 µA cm-2 [21] 

Ru-based catalyst-

porphyrin 

dyad@TiO2/FTO 

Screen 

printing/doctor 

blade (TiO2), 

chemical bath 

deposition (Ru 

based 

catalyst/porphyr

in dyad) 

FTO 

20 mM 

phosphat

e buffer 

at pH 7.5 

with 0.1 

M 

TBAPF6 

0.13 mA cm-2 

 
[22] 

FTO/SnO2/tetra(4-

carboxyphenyl)-

porphyrinato-tin (IV) 

: Ru(II)(bda)(4-

picoline) 3-N-

(pyridin-4-

ylmethylene) 

: 2-(3,5-di-tert-butyl-

2-hydroxy phenyl)-

1H-benzimidazol-

5(6)-carboxylic acid} 

Screen printing 

(SnO2 on FTO), 

Chemical bath 

deposition for 

rest 

FTO 

Phosphat

e Buffer 

(pH 

6.86) 

0.125 mA cm-

2  
[23] 

Tetranuclear 

Ru4(CO)8-substituted 

pyridine-methanol 

cluster 

Drop casting 

on Glassy 

carbon 

electrode 

surface 

Glassy 

Carbon 

Electrode 

1 M 

NaOH 
0.44 mA cm-2 Present 

Work 
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4.2.3 Electrochemical Impedance Spectroscopy analysis 

The EIS spectra of the glassy carbon electrodes modified with Ru4 cluster 

are shown in (Figure 4.6). The EIS spectra were modelled based on an 

empirical Cole-Cole model for complex impedances[24] comprising of 

series resistance, and a parallel combination of a resistor and capacitor. 

The circuit diagram equation: 

     (
 

  
      )

  

      

Where Ro represents the ionic resistance of the material while CPE is a 

reference to constant phase element, which is a frequency dependent 

capacitive element, while ω is an angular frequency of.  The impedance 

of a CPE is described as 

                

Where n is a distributing factor for the impedance and has a value 

between 0 and 1. If n=1, the element is an ideal capacitor, and if n=0, the 

element is an ideal resistor. A is a constant fitting parameter for any given 

circuit. 

Figure 4.6 EIS spectra of the glassy carbon electrodes modified with Ru4 

cluster  

The values for the electrochemical parameters specified in the 

above model are shown in (Table 4.2) for the Ru4 cluster complex with 

and without illumination at 0.8 V vs. Ag/AgCl. It can be observed that 

under illumination, there is a reduction in the ionic resistance of the 

material, which confirms with the higher current values observed earlier 
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in this report.[19,25]  The value of n is 0.7, indicating that the capacitive 

component is more dominant in the material.  

Table 4.2 The values for the electrochemical parameters specified in the Cole-

Cole model 

Quantity (unit) Without Illumination With Illumination 

Rser (ohm) 1.7348 x 10
-11 

1.6632 x 10
-11 

CPE (F) 3.09244 x 10
-2

 3.09244 x 10
-2

 

n 0.7 0.7 

Ro (ohm) 4.38 x 10
2
 4.16 x 10

2
 

 

4.2.4 Density Functional theory  

To understand geometry optimization, energy, and electronic 

communication in compounds 1, DFT calculations have been done
13

. The 

bond distances calculated for the optimized structures in 1 are similar to 

those obtained by their x-ray crystal structures. For complex 1, the 

HOMO is localized on the ruthenium atoms with attached carbonyls, 

while LUMO is on the ligand unit. However, In 1, the electron density is 

spread symmetrical but half, i.e. two out of four ligands in its LUMO. 

Most of the electron density lies on the ruthenium atoms part. And the 

electrostatic potential separation is present in 1 i.e. -7.155 e
-2

 to 7.155 e
-2

.  

4.2.5 UV-Visible Spectroscopy study 

Based on the TD-DFT calculations of excitation energies and 

oscillator strengths, we calculated a theoretical UV-Vis spectrum of 1, 

and then compared it to the experimental UV-Vis spectrum for 1, as a 

solvent in both the cases. Based on the results of the excitation energies, it 

is found that the most likely absorptions that cause a jump from HOMO 

energy levels to LUMO energy levels correspond to an energy input of 

2.822 eV (Table 4.3).  
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Table 4.3. Computed vertical transitions and their oscillator strengths and 

configurations 

Complexes 
Acetone 

λmax[nm] f Configuration 

1 

439.34 nm   

 

0.0205 

 

HOMO-1  → LUMO+1         

(-0.16557) 

HOMO →LUMO       

 (-0.35343) 

439.34 nm   0.0205 

HOMO-1   → LUMO+1                  

(0.16557) 

HOMO →LUMO        

(0.53689) 
 

The UV Vis spectrum thus constructed has an absorption 

maximum of approximately 440 nm,[26,27] and is supported by the 

experimental UV spectra observed for 1 which shows distinct absorption 

at around 430 nm. The theoretical and experimental UV-Vis Spectra are 

presented in Figure 4.7, and to find the band gap, we used Tauc’s 

relations to plot the derivative d[ln(αhν)]/d(hν),[28] the maxima of the 

discontinuity would give us the value of the band gap (Figure 4.8). We 

thus found out the optical band gap to be 2.85 eV, which is very close to 

the 2.822 eV previously calculated as being the major absorption energy. 

 

Figure 4.7 Comparison of theoretical and experimental UV-vis 
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Figure 4.8 Plot b/w derivative d[ln(αhν)]/d(hν) and hν for band 

gap calculation  
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4.3 Conclusion 

The visible light-driven water splitting is successfully demonstrated in a 

PEC device by using complex 1 as a catalyst for water oxidation as the 

anode, and a platinum electrode as the cathode for proton reduction. 

Through this study, we found that the tetragonal ruthenium structure will 

meet the demand of new catalyst demand with the lowering of onset 

potential of complex 1 for water oxidation, and produced the maximum 

4.26 mA cm
-2

. The activity of the catalyst in the anode considered due to 

its MLCT charge transfer. We are currently optimizing this system by 

developing more active catalysts, a more suitable photosensitizer, and 

new supporting materials. 
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4.4 Experimental 

 All reactions were done under an inert gas atmosphere. 

Ruthenium carbonyl and all pyridine alcohol derivatives were purchased 

from Aldrich and TCI chemicals. Reagents used for purification and 

crystallization were purchased either from Rankem or Merck and distilled 

prior to use. NMR spectra were recorded in deuterated acetone 

(CD3COCD3) on a Bruker Advance (III) spectrometer (400MHz). 

Coupling constants, J values, are reported in Hertz (Hz), and the splitting 

patterns are designated as s, singlet; d, doublet; t, triplet; m, multiplet; br., 

broad. IR spectra were recorded with a Bio-Rad FTS 3000 MX 

instrument on KBr pellets. X-ray structural studies of complexes 1–4 

were carried out using the Agilent Technologies Supernova CCD system. 

The mass spectra were recorded on Brucker-Daltonics-microTOF-QII 

mass spectrometer. TG analysis was carried out on Mettler Toredo 

instrument Elemental analysis was carried out using a Thermo Scientific 

FLASH 200 elemental analyzer.  

4.4.1 X-ray Crystallography 

Data were collected at 293 K using graphite-monochromated Mo 

Kα (λα = 0.71073 Å). The data collection strategy was interpreted by 

employing the CrysAlisPro CCD software. The collection of data was 

done by the standard phi-omega scan techniques. The data were scaled 

and reduced employing CrysAlisPro RED. The direct methods using 

SHELXS-97 was used to solve the crystal structures and refined by the 

full matrix least squares method with SHELXL-97, refining on F
2
.
[29]

 

Olex-1.2 was also used for structure solutions.[30] The H-atoms were 

placed at geometrically constrained positions and refined using isotropic 

temperature factors, generally 1.2 x Ueq of their parent atoms. All 

remaining non-hydrogen atoms were refined anisotropically. All the C–

H⋯π interactions,[31] molecular drawings,[32] and mean plane analyses 

were obtained by Diamond (ver. 3.1d)[33] and Mercury (ver. 3.1) .[34] 

The crystals and their refinement data are shown in Table 4.4.  
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4.4.2 Electrochemical analysis 

 Electrochemical measurements were performed in an Autolab 

Electrochemical Workstation (PGSTAT 204, with NOVA 1.10) in a 

standard 3-electrode cell, with Platinum as a counter electrode, Ag/AgCl 

as a reference electrode and glassy carbon electrode modified with (Ru4 

cluster) as the working electrode. An aqueous solution of 1 M NaOH (pH 

= 13.6) was used as the electrolyte, and a 1000 W/m
2
 calibrated Xenon 

lamp was utilised as the light source for measuring photocurrents. The 

results obtained were normalised to conform to the standard unit of mA 

cm
-1

. Linear sweep voltammetry was carried out between 0 and 1 V vs. 

Ag/AgCl with a scan rate of 10 mV/s. The Nyquist plots were obtained at 

0.8 V vs. Ag/AgCl under darkness and under illumination, with a 

frequency range of 1 Hz to 100000 Hz. The potential of the Ag/AgCl 

reference electrode was found to be +480 mV with respect to a standard 

ferrocyanide/ferrocenium couple. 

4.4.3 Density functional theoretical studies 

 To explore the electronic structure and optimize the structure of 1, 

and calculating the band gap; DFT calculations were performed by using 

the Gaussian09 program.[35] All calculation was done at the 

B3LYP[36,37] level of theory employing the Lanl2DZ basis set for Ru 

and 6-31G* basis set for the remaining atoms. The geometries were 

optimized without imposing symmetry or any other restraints. 

4.4.4 Synthesis of complex [Ru4(CO)8(C5H5NCH2O)4] (1) 

 Ru3(CO)12 (0.320 g, 0.5 mmol) and Pyridin-2-yl-methanol (300 μl,  3.09 

mmol) were put into a two-neck round bottom flask along with toluene 

(40 ml) as a solvent, and this reaction mixture was stirred for 15 minutes 

at room temperature and then at 110°C or reflux for 4 hours. After 4 

hours, the brown colored solution obtained which was cooled and 

evaporated using a rotavapor and the resulting precipitate was washed 

with hexane five times to remove any un-reacted Ru3(CO)12 left and once 

with very less quantity of diethyl ether. The precipitate was then 

dissolved in dichloromethane solution, filtered and was crystallized from 
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a dichloromethane/hexane (20:1) solvent mixture. The product is purified 

by re-crystallization in toluene. Yield: 70% (0.372 g). 
1
H NMR (400 

MHz, acetone-d6): δ (ppm) = 9.66 (t, 1H), 8.67 (d, 1H), 8.24 (d, 2H), 6.44 

(dd, 1H), 5.88 (dd, 1H), 3.59 (s, 1H), 3.11 (d, 1H); 
13

C NMR (100 MHz, 

acetone-d6): δ (ppm) = 206.8, 204.9, 166.4, 150.55, 138.3, 129.7,129.0, 

123.6, 120.5, 79.7. HRMS (ESI): m/z calculated for 

[Ru4(CO)8(C5H5NCH2O)4] − Cl]: 307.649 [M
+
], found 305.255 [M

+
], 

Anal. Calcd: C, 36.23; H, 2.28; N, 5.28. Found: C, 41.98; H, 3.79; N, 

4.08. 

 

Figure 4.9 
1
H NMR of 1 

 

Figure 4.10 
13

C NMR of 1 
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Figure 4.11 IR of 1 

Table 4.4 Crystal data and structure refinement for 1. 

Identification code 1 

Empirical formula C32H24N4O12Ru4 

Formula weight 1060.83 

Temperature/K 293 

Crystal system tetragonal 

Space group P42/n 

a/Å 14.9432(3) 

b/Å 14.9432(3) 

c/Å 10.2658(3) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å
3
 2292.35(11) 

Z 2 

ρcalcg/cm
3
 1.537 

μ/mm
-1

 1.345 

F(000) 1032.0 

Crystal size/mm
3
 0.35 × 0.31 × 0.28 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.744 to 49.984 

Index ranges -17 ≤ h ≤ 13, -17 ≤ k ≤ 17, -12 ≤ l ≤ 10 

Reflections collected 4928 

Independent reflections 1833 [Rint = 0.0250, Rsigma = 0.0247] 

Data/restraints/parameters 1833/0/118 

Goodness-of-fit on F
2
 1.193 

Final R indexes [I>=2σ (I)] R1 = 0.0426, wR2 = 0.1263 
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Final R indexes [all data] R1 = 0.0468, wR2 = 0.1303 

Largest diff. peak/hole / e Å
-3

 1.06/-0.39 

CCDC No. 1539164 
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Chapter 5 

 Ferrocene-substituted bis(ethynyl)-

anthracene compounds as anticancer agents 

5.1 Introduction  

The varying structures and properties of ferrocene-based 

compounds in various biological systems drive the arduous search of the 

scientists to perceive the unrevealed concepts of its functionality, that 

display interesting cytotoxic[1,2], antimalarial,[3-5] antifungal[6] and 

DNA-cleaving activity.[7] Furthermore, interactions of ferrocene-based 

compounds with proteins and DNA are the recent focus research areas 

because of its adequate potential for the development of new therapeutic 

products which can show anti-cancer property and transportation viability 

all over the physiological system through the protein binding.  

 Several ferrocene compounds have been so far examined and 

screened as the important candidate for pharmaceutics.[7-12] From the 

anthracene point of view, azonafide is a class of drugs well known.[13] 

The idea was to club both to get combined and improved biological 

activity of the resulting compounds. Though, few reports are revealing the 

crucial biological activity of ferrocene bonded to mono-aromatic ring 

compounds,[10-12] however, the role of ferrocene bonded to poly-

aromatic systems like anthracene is not reported in medicinal 

biochemistry. Detailed study of the interactions of the ferrocene-based 

compounds against different serum albumins is needed to understand the 

metallic-pharmaceutical pharmacokinetics and structure-activity 

relationships since they bind towards several compounds.[14]  The nature 

of the interaction between different ferrocenyl compounds and proteins, 

which have been observed until now is confined in nature, and it requires 

more research for generalization.[13,15-17] 

Herein we report the synthesis of 9,10-Bis-ferrocenylethynyl-

anthracene (1), 1,8-Bis-ferrocenylethynyl-anthracene (2), and 2,6-Bis-
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ferrocenylethynyl-anthraquinone (3) by C-C cross-coupling reaction and 

their structural, spectroscopic and biological activities.  
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5.2 Results and Discussion 

5.2.1 Synthesis of compounds 1–3  

 The reaction of dibromo-anthracene with ethynyl-ferrocene in a 

1:2 molar ratio in THF/TEA using Pd(PPh3)4 as a catalyst led to the 

formation of C-C cross-coupled products 1–2. The compound 3 was also 

prepared similarly by replacing dibromo-anthracene with diiodo-

anthraquinone in toluene (Scheme 5.1). Toluene was used instead of THF 

because of poor solubility of the diiodo-anthraquinone in THF. 

Compound 1 was earlier synthesized by N. Chawdhury et al.[18], but 

crystal structure was not analyzed[18]. Compounds 1, 2 and 3 have been 

characterized by 
1
H, 

13
C NMR, HRMS and authenticated by single crystal 

XRD. 
1
H NMR (400 MHz, CDCl3) spectra of all the compounds show 

corresponding peaks for ferrocene (characteristic signal near 4 ppm 

showing two singlets for C5H5 and C5H4) and anthracene. The
13

C NMR 

(100.635 MHz, CDCl3) spectrum of 1 and 3 shows the typical peak of 

ferrocene near 25.16MHz whereas it is shifted in the case of 2 (δ 94.2) 

may be due to the one side distribution of electron density of ferrocene. 

The IR spectra of 1–3 showed a remarkable band ~2200 cm
-1

 corresponds 

to νC≡C stretching mode. 1672.05 cm
-1

 is νC=O stretching frequency 

observed in 3 as the characteristic peak of anthraquinone as compared to 

free anthraquinone (1675 cm
-1

). There is not much effect of ferrocene 

electron density on νC=O stretching frequency. The out of plane C-H 

vibration B2u modes are present as 1620.14 cm
-1

, 1632.20 cm
-1 

and 

1591.35 cm
-1

 in 1, 2 and 3, respectively. Around 1575cm
-1

, there should 

be a band of νC=C stretching frequency, but this band is overlapped by the 

out of plane vibrations in 1–3. The out of plane C-H bending mode is 

observed in 1–3 as 1051.76 cm
-1

, 1020.30 cm
-1 

and 1035.59 cm
-1

, 

respectively. The =C-H stretch peaks were 3091.93 cm
-1

, 3095.05 cm
-1 

and 3103.71cm
-1 

for 1–3 respectively (Fig. S17–S19). The HRMS spectra 

of 1, 2 and 3 show the molecular ion peaks at 594.07, 594.08 and 624.1, 

respectively. Further, the compounds have also been confirmed by single 

crystal X-ray structures. 
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Scheme 5.1 Schematic view for the synthesis of 1–3 

5.2.2 Molecular Structures of 1–3 

1–3 has been crystallized in a centrosymmetric monoclinic system 

(Figure 5.1). The ferrocene units are found to be staggered in 1–3. The 

small deviation from linearity was observed in 1; the C10-C15-C16 angle 

is of 177.09° and the C9-C17-C18 angle is of 178.63°, consequently, the -

C≡C- bond deviates 2.91° and 1.57° out of the anthracene plane, 

similarly, compound 2 and 3,  the -C≡C- bond are also slightly deviated 

from linearity. In 1, the two ferrocenes are on the same side of the 

anthracene plane whereas, in 3, they are on opposite side. In the case of 2, 

as the two ferrocenes are on 1 and 8-position, they align themselves 

perpendicular to each other to minimize the steric crowding. 

 

Figure 5.1 Perspective view of 1, 2 and 3. 
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The packing diagram of 1–3 shows the presence of intermolecular C-

H···π interaction which forms a 1D polymeric chain. Each 1D-polymeric 

chain is extended via C–H··· π interactions between two adjoining layers, 

give rise to the formation of a 2D network (Figure 5.2). 

 

Figure 5.2 2D network of 1 along c axis 

2 and 3 are forming a 3D network using the C–H···π and π···π 

interactions, respectively (Figure 5.3, 5.4). 

 

Figure 5.3 3D network of 2 along b axis 
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Figure 5.4 3D network of 3 along tilted b axis 

 5.2.3 Electronic absorption spectra 

The electronic absorption spectra of compounds 1–3 have been recorded 

in chloroform at room temperature (RT) (Figure 5.5). The absorption 

spectra of 1, 2 and 3 in chloroform show two dominating absorption 

peaks. 1 shows absorptions at 443 nm, 513 nm, compound 2 at 390 nm, 

413 nm and compound 3 at 360 nm, 515 nm wavelength which 

corresponds to the π-π* and metal-to-ligand charge transfer (MLCT) 

process transition.[19] Similar to our previously reported compounds,[20] 

the absorption maxima of 9,10-substituted anthracene compound 1 was 

found to be red-shifted, which suggests more perturbation of the 9,10-

substituents on the anthracene ring.  
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Figure 5.5 UV–vis spectra of 1, 2 and 3 

 

5.2.4 Density functional theoretical studies  

To understand geometry optimization, energy, and electronic 

communication in compounds 1–3, DFT calculations have been done. 

The bond distances calculated for the optimized structures in 1–3 are 

similar to those obtained by their x-ray crystal structures. The frontier 

molecular orbitals (FMO) of 1–3 are shown in Figure 5.6. For 

compounds 1 and 2, the highest-occupied molecular orbitals (HOMOs) 

are of π-type, and the lowest-unoccupied molecular orbitals (LUMOs) are 

of π*-type, and both are delocalized on the anthracene unit. However, in 

3, HOMO is localized on the ferrocene unit, while LUMO is on the 

anthraquinone unit. This study reveals a particular donor-acceptor system, 

accompanied by the charge transfer process, where, ferrocenyl moiety 

behaves as donor and anthraquinone part behaves as an acceptor.  
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Figure 5.6 HOMO and LUMO of 1, 2 and 3 

5.2.5 Molecular docking 

To understand the binding affinity[21] and mode of interaction of 

proteins towards the compounds 1–3, molecular docking was done with 3 

cancer-causing proteins. Based on parameters of inhibition constant, 

binding energy, van der Waal’s interactions and intermolecular energy 

between different proteins; several observations were made i.e. 2 strongly 

binds with cancer-related Aurora-A Protein Kinase (1MQ4)[22] with the 

interacting residues Gly140, Leu139, Lys141, Val147, Gly142, Ala160, 

Tyr212, Lys162, Ala213, Thr217, Gly216, Tyr219, Arg220, Leu263, 

Glu260, Asp274 (Figure 5.7, Table 5.2) as compared to 1 and 3. 
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Figure 5.7 Molecular docking of 2 with cancer-causing and viral proliferation 

proteins, the proteins are shown as ribbons, and the interacting residues are 

shown as sticks, the ligand is shown as ball and stick. (A) cancer-related Aurora-

A Protein Kinase (1MQ4), (B) Hepatitis C virus NS5B polymerase (2WCX) 

In all cases, 1 and 2 are surrounded by both hydrophobic and 

charged amino acids of protein as shown in Table 5.2, respectively. The 

compound 3 is mostly surrounded by hydrophobic and aromatic amino 

acids. Benzyl group of phenylalanine 181 and 406 stabilized by 

cyclopentadienyl ring and anthraquinone of 3 by π···π stacking 

interaction. Inhibition constant of the compound 2 toward cancer-related 

Aurora-A Protein Kinase is better than that of earlier reported 

compound[23] thus it makes 2 a potential candidate for further testing it 

as an anticancer drug. 

5.2.6 Cell cytotoxic assay 

The MTT assay determines the cell proliferation rate. When the metabolic 

events leading to apoptosis or necrosis, MTT assay can be employed to 

measure the reduction in the cell viability. The yellow tetrazolium MTT is 

reduced to purple coloured formazan by metabolically active cells, by the 

action of dehydrogenase enzymes.[24] Here, this assay is used to examine 

the anti-proliferative effect[25] for 1–3 on human melanoma cancer 

(A375), cervical carcinoma (HeLa) and normal human embryonic kidney 

(HEK) cells lines. The cytotoxicity of the compounds 1–3 is found to be 

concentration dependent, i.e. average cell viability ratio decreases by 
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increasing the concentrations of the compounds. The IC50 values of 1, 2 

and 3 subsequent to 24h of treatment are found to be 20.3 μM, 15.1 μM, 

25 μM, respectively, on A375 and 30.1 μM, 25 μM, 35.2 μM, 

respectively, on HeLa cells lines and > 80± 0.013 μM, 80± 0.099 μM, 

>120 ± 0.063 μM  respectively on HEK cell line as shown in Figure 5.8 

and Table 5.4. This suggests that the compounds are less toxic to normal 

cell line in nature as compared to cancerous cell line. The in-vitro 

cytotoxicity assay confirms that compound 2 exhibits higher cytotoxicity 

with the tumor cell lines selected and it may act as a potential 

chemotherapeutic agent against cancer.  

 

Figure 5.8 Cell viability studies of 1, 2 and 3 on cancerous as well as 

normal cell lines. (a) cervical cancer cell line (HeLa) (b) skin melanoma 

cell line (A375), (c) human embryonic kidney cell line (HEK). These 

cells were exposed to various concentrations of 1, 2 and 3 for 24 h and 

then cell viability was measured by MTT assay 

 

5.2.7 BSA binding studies  

 The plasma proteins present in blood are necessary for the 

transportation of drugs all over the blood inside the body. If the molecules 

bind to them, the transportation of the drug will be affected. The 

interaction of organometallic compounds with proteins is generally 

examined by the intrinsic fluorescence intensity. The interaction of the 

compounds with BSA has been well studied by fluorescence quenching. 

The three amino acids which are responsible for the fluorescence property 

in BSA are tryptophan, tyrosine and phenylalanine residues. The 

quenching may happen because of various reasons, such as the formation 
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of ground-state complex, excited state reactions, molecular 

rearrangement, energy transfer and collision.[26]
[26]

 

 

 Figure 5.9 BSA binding of 1, 2 and 3. Inset: Corresponding Stern–

Volmer plot 

To overcome the inner filter effect, we dilute the sample from 

5µM to 1µM. When we plotted the normalization graph, we found there 

is no shift in maxima wavelength. This suggests that in such 

concentration, we did not observe the inner filter effect. The spectra of 1, 

2 and 3–BSA clearly shows the remarkable decrease in the intensity of 

the fluorescence accompanied by a noticeable blue shift at 340 nm. The 

blue shift indicates that after the addition of compounds, the polarity 

around the fluorescence chromophore (such as tryptophan, tyrosine) of 

BSA decreases due to which the hydrophobicity increases and the 

peptides strand become less extended. The result suggests that the 

conformation of protein slightly changes.[27,28]  At 340 nm, the intensity 

of the fluorescent spectral band quenched up to 40% of its initial value 

(Figure 5.9).  

The maximum wavelength of emission is shifted to higher energy 
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which shows the transfer of energy from the indole moiety present in the 

tryptophan towards 1–3 attached to the specific protein. The fluorescence 

quenching data were understood by the Stern–Volmer equation[29].  

The Stern-Volmer quenching rate constant (KSV) values obtained 

are 1.00×10
3 
M

−1 
for 1, 1.19×10

4
 M

−1 
for 2 and 1.00×10

4
 M

−1 
for 3

 
which 

is on the higher value indicates a firm binding between 1, 2 and 3 and 

BSA (Figure 5.9).  The value of bimolecular quenching rate constant 

(Kq) of 1, 2 and 3 is found to be 1×10
11 

M
−1

s
−1

, 1.19×10
12 

M
−1

s
−1

, and 

1×10
12 

M
−1

s
−1

 respectively shows the static quenching. The varying 

concentrations of 1, 2 and 3 show linearity in Stern–Volmer plot. This 

shows one stable ground state complex formation in BSA-1, 2 and 3 

systems.[30] 

 To find out the number of binding sites and value of binding 

constant, the Scatchard equation is used. The result obtained is the higher 

binding constant (5.6×10
6
 M

−1
) and “n” value (1.37) for 2-BSA as 

compared to 1-BSA (4.01×10
6
 M

−1
, 1.05) and 3-BSA (4.8×10

6 
M

−1
, 1.19). 

These are also comparatively the higher value about many compounds 

reported so far[31-33] (Table 5.3). A possible justification for the higher 

values is that the compound 2 is more electron releasing than 1 and 3 due 

to its exposed orientation and the presence of electron donating cis-

ferrocenyl group, the comparatively higher electron density on anthracene 

ring may inspire more interaction with the electron withdrawing domain 

of the protein. 

Moreover, molecular docking of 1–3 is also performed with BSA. 

This result also shows that compound 2 strongly binds with BSA as 

compared to 1 and 3 regarding binding energy and inhibition constant i.e., 

-9.29 KcalMol
-1

 and 154.9 nM respectively. The interacting residues with 

2 are Ser109, Pro110, Asp111, Arg144, His145, Pro146, Ala193, Arg196, 

Glu424, Ser428, Arg458. The hydrophobic amino acid like proline, 

tryptophan, leucine, isoleucine interacts with 1–3. 

 

5.2.8 DNA binding studies  

DNA is considered as a vital target to mediate necrosis or apoptosis to the 

cells. Therefore, CT-DNA and compounds 1, 2 and 3 interactions can be 
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understood by UV-Vis titration experiments. The binding to DNA leads 

to changes in the UV/Vis spectra of complexes. This may be due to the 

change in the DNA conformation after binding with 1–3. Hypochromism 

with the negligible shift at 254nm is observed, upon addition of 1. But in 

the case of 2 and 3, hypochromism with the blue shift at absorption 

maxima is observed at 258nm and 254nm, respectively. The 

hyperchromic effect with blue shift suggests that 1–3 bind to DNA by 

partial intercalation, external contact or may be due to electrostatic 

binding.[34] The intrinsic binding constants Kb are found to be  1.216 × 

10
3
M

-1
, 3.51× 10

3
M

-1
 and 5.27 × 10

2
M

-1
, respectively for 1-3. From the 

binding constant, it is inferred that compound 2 binds more strongly with CT-

DNA as compared to 1 and 3.  

The CT-DNA and compounds 1, 2 and 3 interaction can be 

understood by the steady state competitive binding experiment employing 

1–3 as the quenchers. Ethidium bromide (EB) is used the fluorescent 

probe. The EB emits intense fluorescent light upon interaction with the 

DNA because of intercalation of EB between DNA base pairs. When the 

compounds 1, 2 and 3 intercalate into DNA, the binding sites in DNA for 

EB decreases, therefore quenching of the fluorescent intensity is 

observed. This fluorescence intensities reduction reveals that the 

compounds 1, 2 and 3 displace the EB molecules from the binding sites of 

DNA. 

 The phenomenon is more clearly visible in 2 as compared to 1 and 

3. Furthermore, Kq values for compounds 1–3 are 5.6 x 10
3
 M

−1
,6.0 x 

10
3
M

−1
, 5.6 x 10

3
 M

−1
 respectively, which are obtained from the classical 

Stern–Volmer equation.[35] The binding constant (Kb) of 1, 2 and 3 with 

Ct DNA obtained from  double logarithm equation log[F0-F/F] vs log[Q] 

are 3.34 × 10
6
, 3.72 × 10

6
 and 4.62 × 10

6
 M

-1
, respectively, reflecting 

favourable binding of the compound 3 and DNA after displacing EB 

molecules attached to the DNA as compared to the compounds 1 and 2. 

 

5.2.9 Circular Dichroism Studies  

Conformational changes in protein helix perturbation in BSA upon 1, 2 

and 3 interaction is noticeable using circular dichroism spectroscopic 
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results. In the BSA CD spectrum, there are two major characteristic bands 

at 208 nm (negative) and 222 nm (negative) indicating negative cotton 

effect because of the n→π* transition in the peptide linkage of the α-

helical structure (Figure 5.10).  

 

Figure 5.10 CD studies of 1, 2 and 3 

The conformational changes of the protein could be traced by the changes 

in the intensity and position of these spectral bands in CD spectra. Upon 

the interaction of 1, 2 and 3 with BSA, these bands show the appreciable 

increase in intensity, which indicate that BSA binds to 1, 2 and 3 and 

leave its native conformation.[36] 

All these bands which are observed shows increase in intensity 

with the compounds 1, 2 and 3 that can be assigned to the local 

perturbation of native conformation of BSA α and β-helix. The reason 

envisaged that the hydrophobic domains in the protein chain have the 

hydrophobic interaction with the compounds. The perturbed amino acids 

of protein assume a confirmation that facilitates its binding to the 

compounds 1–3. Interestingly 1, binds with BSA as a β form is not seen 

at a lower concentration. The composition of the peptide’s secondary 
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structure is approximated by the Circular Dichroism spectra analysis 

using Yang’s reference.[37] 
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5.3 Conclusion 

We have synthesized two bis-ferrocenylethynyl-anthracene (1 and 

2) and a 2,6-bis-ferrocenylethynyl-anthraquinone 3 compounds with 

substitutions on different positions of anthracene and anthraquinone ring. 

The biological activities of the compounds (1–3), confirmed that 

compound 2 is found to be more effective towards anticancer activity 

compared to 1 and 3 from both molecular docking and cell cytotoxic 

assay studies. Cytotoxic activities further confirm the binding of the 

compounds to DNA, which consequently leads to cell death. 
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5.4 Experimental  

 All experiments were done under an inert atmosphere. All reaction 

solvents were distilled prior to use; freshly dried tetrahydrofuran (THF) 

and triethylamine were used. Column chromatography was carried out 

using silica gel (230-400 mesh) as specified. All reagents were purchased 

either from Rankem or Sigma-Aldrich and used without further 

purification. NMR spectra were recorded in deuterated chloroform 

(CDCl3) on a Bruker Avance (III) instrument. IR spectra were recorded 

with a Bio-Rad FTS 3000 MX instrument on KBr pellets. The mass 

spectra were recorded on Brucker-Daltonics, microTOF-QII mass 

spectrometer. All UV data were measured at RT at the 10
-4

M 

concentration in chloroform on a Varian UV-vis spectrophotometer 

(model: Cary 100). 

5.4.1 X-ray Crystallography 

Data were collected at 293 K using graphite-monochromated Mo 

Kα (λα = 0.71073 Å). The data collection strategy was interpreted by 

employing the CrysAlisPro CCD software. The collection of data was 

done by the standard phi-omega scan techniques. The data were scaled 

and reduced employing CrysAlisPro RED. The direct methods using 

SHELXS-97 was used to solve the crystal structures and refined by the 

full matrix least squares method with SHELXL-97, refining on F
2
.
[38]

 The 

H-atoms were placed at geometrically constrained positions and refined 

using isotropic temperature factors, generally 1.2 x Ueq of their parent 

atoms. All remaining non-hydrogen atoms were refined anisotropically. 

All the C–H⋯π interactions, molecular drawings, Mercury (ver. 3.1). The 

crystals and their refinement data are shown in Table 5.1. 

5.4.2 Density functional theory 

 In order to explore the electronic structure and optimize the 

structure of the Bis-ferrocenylethynyl-anthracene (1-2) and Bis-

ferrocenylethynyl-anthraquinone (3); DFT calculations were performed 

by using the Gaussian09 program.[38]
[39]

 All calculation was done at 
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B3LYP[39,40]level of theory employing the Lanl2DZ basis set for Fe and 

6-31G* basis set for the remaining atoms. The geometries were optimized 

without imposing symmetry or any other restraints. 

5.4.3 Molecular docking  

 On the basis of the literature survey, three different protein 

structural data were downloaded from the Protein Data Bank. The 

examined proteins were cancer-related Aurora-A Protein Kinase, Ephrin 

A2 (ephA2) Receptor Protein Kinase (cancer-associated protein kinases), 

Cancer-related (FAK) Focal Adhesion Kinase and Bovine Serum 

Albumin (4F5S). 

AutoDock 4.2[41] employing the Lamarckian genetic algorithm 

(LGA) was used for the docking of ligands with proteins. The coordinates 

of 1–3 were utilized from crystal structures as a .cif file and saved as the 

.PDB format using Mercury software. The water molecules and co-

crystallized inhibitors were omitted from all the protein structure. Polar 

hydrogen atoms, Gastegier and Kollman charges were given. All other 

bonds had rotational freedom. MGL AutoDock Tool (ADT) was used to 

generate the grid parameter file of each protein. A grid-box was made to 

cover the entire protein domain. The center of the protein structure was 

considered as the center of the grid-box. The value of 0.375 was used as 

the spacing between grid points for all protein structure. After finalization 

of grid map, autodock was run. The population size of GA was 150 and 

the maximum number of energy evaluations and generations were 

2500000 and 27000, respectively. A maximum number of top individuals 

that survived automatically was set to 1 having the mutation, and the 

crossover rate was 0.02 and 0.8, respectively. The parameters were the 

same for all target proteins. The docking calculation resulted in 10 

different conformations. The best conformation was selected based on the 

lowest binding energy and inhibitory constant.  

5.4.4 MTT assay 

 The MTT assay was performed to examine the effect of 1–3 on 

cell viability. Human melanoma cancer cell line (A375), cervical cancer 
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cell lines (HeLa) and normal human embryonic kidney (HEK) cells were 

used in our study. Minimum essential medium (MEM, Himedia) 

supplemented with 10% FBS and 1% antibiotics Penicillin/ Streptomycin; 

10,000 Uml
-1

 was used for the culture of both A375 and HeLa cells. 

Dulbecco's Modified Eagle Medium (DMEM) was used for the culture of 

HEK.  To perform cell viability assay, 8000 cells well
-1

 in 100 µL 

complete media which were seeded in triplicates into 96 well plates and 

cell adhesion was done after the incubation for 24 hours in 5% CO2 

atmosphere at 37 °C. After cell adhesion, the compounds 1–3 were 

completely dissolved in 0.1% DMSO at different concentration, and 10 

µL of the above solution was added to each well to give final 

concentration with the range from 5–120 µM. 0.1% DMSO was added as 

the control. Cell viability assay was assessed using standard 3-(4,5-

dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).[42] 

After 24 hours of incubation, 100μL MTT (0.5mg/ml) was added to each 

well and incubated for another 4 hours. The medium was then removed 

and 100 μL DMSO was added and was shaken for 10 min. in order to 

dissolve formazan crystals. Absorbance at the 570 nm wavelength was 

measured with Synergy H1 Biotek microplate reader. The cell viability 

data were calculated as % cell viability = (mean OD of treated cells 

(control)/ mean OD of untreated cells (control)) × 100. IC50 (half maximal 

inhibitory concentration values) were obtained using the relative viability 

over 1–3 concentration graph. 

5.4.5 DNA binding studies  

 The CT- DNA binding studies were performed by UV/Vis and 

fluorescence spectroscopic methods. In UV/Vis titration experiment, 

compounds were dissolved in 50µM Tris–HCl buffer: THF (7:3) v/v. The 

concentration of CT-DNA was determined by measuring absorption 

intensity at 260nm  by employing ε260 of  DNA as 6600 dm
3
mol

-1
 cm

-

1
.[43]The concentration of compound was kept constant 1× 10

-5
 M and the 

concentration of DNA varies from 0 to 100 µM. The binding constants 

(Kb) were determined using the equation:  



133 
 

[DNA]/( εa-εf) = [DNA]/ (εb-εf ) + 1/Kb(εb- εf)  

Where [DNA] is the concentration of DNA, εa, εf and εb correspond to the 

apparent extinction coefficient, the extinction coefficient of the unbound 

compound and the extinction coefficient of a fully bounded compound, 

respectively. A plot of [DNA]/(εa − εf) vs.[DNA]  gives the binding 

constant Kb as the ratio of the slope to the intercept.[34,44]
  

Further DNA binding for the compounds 1–3 was measured by a 

fluorescence spectral technique; ethidium bromide (EB) displacement 

assay from EB bound CT-DNA in Tris-HCl buffer at biological pH 7.4 

was done, as EB was used as it was non-emissive in Tris-HCl buffer 

solution (pH 7.4) because of fluorescence quenching of the independent 

EB by the solvent. Absorption titration was carried out by keeping the 

CT-DNA and EB concentration fixed at 10 μM and 20 μM respectively 

while changing the 1–3 concentration varying from 0 to 130 μM. 

Furthermore, the fluorescence intensity change at 605 nm (520 nm 

excitation) of EB (20 μM) attached to DNA was measured in respect of 

the concentration of the 1–3 (0 to 130 μM).  

5.4.6 BSA binding studies 

 The interaction of the compounds 1–3 with bovine serum albumin 

(BSA) was studied through tryptophan emission quenching experiment. 

Emission intensity of BSA at  = 340 nm. The solution of the compounds 

1–3 was gradually added to the solution of BSA (5 µM) in 50 μM Tris-

HCl buffer (pH 7.4) and the emission signals which were showing 

quenching recorded at 340 nm (ex = 295 nm). 

5.4.7 Circular dichroism measurements 

 The circular dichroism (CD) spectroscopy of BSA in the presence 

of 1–3 was done by using JASCO 720 spectro-polarimeter equipped with 

a Peltier temperature control device at 298 K under the continuous flow 

of nitrogen purging. All the experiments were performed in a 1mm path 

length quartz cell. Three successive scans were recorded at a scan speed 

of 50 nm cm
−1

, and their average was considered to get the CD spectra of 
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Bovine serum albumins. The results were obtained by the deduction of 

Tris-HCl (blank). The information of the change in the secondary 

structure of BSA has been achieved by the far UV-CD spectra (200–260 

nm). First, the spectra of free BSA (10 μM) were recorded, and then the 

CD spectral changes were observed by monitoring the binding of BSA 

while adding 15μM and 30μM of 1–3 successively. 

5.4.8 Synthesis of compound 1  

To a stirred solution of the 9,10-Dibromo-anthracene (0.20 

mmol), and ethynyl-ferrocene  (0.45 mmol) in 40 mL of THF and 40 mL 

of TEA (1:1, v/v), Pd(PPh3)4 (32 mg, 0.028 mmol) was added under an 

inert atmosphere at RT. The reaction mixture was stirred for 15h at 75 °C 

and checked by TLC. The reaction solvent was then dried under reduced 

pressure, the crude mixture was dissolved in DCM and passed through 

celite and again dried. Further, the separation was carried out by SiO2 

chromatography with DCM/hexane (2:3, v/v) to obtain 9,10-Bis-

ferrocenylethynyl-anthracene (1) as red colored solid. Brown red crystals 

were obtained in DCM: Hexane (4:1) in 5 days. Characterization data: 
1
H 

NMR (400 MHz, CDCl3): δ 4.37 (s, 10H, C5H5), 4.42 (s, 4H, C5H4), 4.77 

(s, 4H, C5H4), 7.64 (4H, non-terminal ant.-H), 8.63 (4H, terminal ant.-H). 

13
C NMR (100.635 MHz, CDCl3): 14.2; 22.8; 31.9; 50.8; 68.9; 70.9; 72.4; 

80.2; 121.1; 155.5; 191.1;  IR (KBr, cm
−1

): 3091.93, 3060.15, 2957.68, 

2201.23, 1620.14, 1412.41, 1390.11, 915.36, 820.06, 762.24,638.30; 

λmax = 443, 513 nm; HRMS (m/z): [M] calculated for C38H26Fe2, 594.07; 

found, 594.07. 
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Figure 5.11 
1
H NMR of 1 in CDCl3 

 

Figure 5.12 
13

C NMR of 1 in CDCl3 
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Figure 5.13 IR of 1 

 

Figure 5.14 ESI-MS of 1 

 

5.4.9 Synthesis of compound 2  

To a stirred solution of the 1,8-Dibromo-anthracene (0.20 mmol) 

and ethynyl-ferrocene (0.45 mmol) in 40 mL of THF and 40 mL of TEA, 

Pd(PPh3)4 (40 mg, 0.035 mmol) was added under an inert atmosphere at 

RT. Further, the procedure followed is as same as 1. 1,8-Bis-

ferrocenylethynyl-anthracene (2) was obtained as red solid. Dark red 

crystals were obtained in DCM: Hexane (4:1) in 5 days. Characterization 

data: 
1
H NMR (400 MHz, CDCl3): δ 4.25 (s, 10H, C5H5), δ 4.25 (s, 4H, 

C5H4),  4.63 (s, 4H, C5H4), 7.46 (t, J = 8Hz, 2H, pos. 3,6), 7.77 (d, 

J = 8Hz, 2H, pos. 2,7), 7.99 (d, J = 8Hz, pos. 4,5), 8.45 (s, 1H, pos.10), 

9.46 (s, 1H, pos.9). 
13

C NMR (100.635 MHz, CDCl3): 65.3; 68.9; 70.1; 

71.9 84.2; 94.1; 122.2; 124.2; 125.2; 128; 129.9; 131.6; IR (KBr, cm
−1

): 

3095.05, 3047.58,2924.17, 2205.48 1632.20, 1319.20 1104.03, 1020.30, 
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880.67, 745.64, 524.60; λmax = 390, 413 nm; HRMS (m/z): [M] calculated 

for C38H26Fe2, 594.07; found, 594.08.  

 

Figure 5.15 
1
H NMR of 2 

 

Figure 5.16 
13

C NMR of 2 
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Figure 5.17 IR of 2 

 

Figure 5.18 ESI-MS of 2 

5.4.10 Synthesis of compound 3 

To a stirred solution of the 2,6-Diiodoanthraquinone (0.20 mmol), 

and ethynyl-ferrocene (0.45 mmol) in 40 mL of Toluene and 40 mL of 

TEA (1:1, v/v), Pd(PPh3)4 (40 mg, 0.035 mmol) were added under an 

inert atmosphere at RT. The reaction mixture was stirred for 15h at 90 °C. 

Further, the procedure followed is as same as 1. 2,6-Bis-

ferrocenylethynyl-anthraquinone (3) was obtained as red colored solids. 

Red crystals were obtained in DCM/Hexane (4:1) in 8 days. 

Characterization data: 
1
H NMR (400 MHz, CDCl3): δ 4.28 (s, 10H, 

C5H5), 4.33 (s, 4H, C5H4), 4.57 (s, 4H, C5H4), 7.84 (d, J = 8Hz, 2H, pos. 

3,7), 8.27 (d, J = 8Hz, 2H, pos. 4,8), 8.32 (s, pos. 1), 8.37 (s, pos. 5). 
13

C 

NMR (100.635 MHz, CDCl3):14.2; 24.9; 25.9; 31.5, 62.2; 70.3; 10.7; 

113.9; 135.3; 14.4; 153.6; IR (KBr, cm
−1

): 3103.71, 2924.45, 2853.69, 
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2204.61, 1672.05, 1591.35, 1413.30, 1312.29, 1281.13, 1106.65, 

1035.59, 919.19, 822.83, 743.02, 710.67; λmax = 360, 515 nm; HRMS 

(m/z): [M] calculated for C38H26Fe2, 624.04; found, 663.45. 

 

Figure 5.19 
1
H NMR of 3 in CDCl3 

 

Figure 5.20 
13

C NMR of 3 in CDCl3 
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Figure 5.21 IR of 3 in CDCl3 

 

Figure 5.22 ESI-MS of 3 

Table 5.1 Crystal data and structure refinement for 1–3 

Identification code 1 2 3 

Empirical formula C38H26Fe2 C76H52Fe4 C38H24Fe2O2 

Formula weight 594.29 1188.57 624.27  

Temperature/K 293(2) 293(2) 300.0  

Crystal system Monoclinic Monoclinic Monoclinic  

Space group P21/c P21/n P21/n  

a/Å 11.1693(5) 15.0626(5) 6.7940(3)  

b/Å 17.3199(6) 11.3239(4) 18.4075(9)  

c/Å 14.4292(6) 16.9711(7) 10.8529(8)  

α/° 90 90 90  

β/° 96.725(5) 104.276(4) 99.160(5)  

γ/° 90 90 90  

Volume/Å
3
 2772.2(2) 2805.32(18) 1339.96(13)  

Z 4 2 2  

ρcalcg/cm
3
 1.424 1.407 1.547  

μ/mm
-1

 1.073 1.060 1.119  

F(000) 1224.0 1224.0 640.0  
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Crystal size/mm
3
 0.23 × 0.18 

× 0.13 

0.330 × 

0.220 × 

0.180 

0.32 × 0.27 

× 0.23  

Radiation MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073)  

2Θ range for data 

collection/° 

5.96 to 49.99 6.12 to 

64.34 

5.84 to 49.99  

Index ranges -13 ≤ h ≤ 13, 

-20 ≤ k ≤ 20, 

-17 ≤ l ≤ 17 

-21 ≤ h ≤ 

19, 

-16 ≤ k ≤ 

11, 

-24 ≤ l ≤ 25 

-7 ≤ h ≤ 8, 

-21 ≤ k ≤ 21, 

-12 ≤ l ≤ 12  

Reflections collected 21315 38077 10009  

Independent reflections 4878 [Rint = 

0.0760, 

Rsigma = 

0.0587] 

9338 [Rint = 

0.0327, 

Rsigma = 

0.0249] 

2351 [Rint = 

0.0291, 

Rsigma = 

0.0205]  

Data/restraints/parameters 4878/0/362 9338/0/362 2351/0/190  

Goodness-of-fit on F
2
 1.118 1.039 1.099  

Final R indexes [I>=2σ (I)] R1 = 0.0803,  

wR2 = 

0.2080 

R1 = 0.0446,  

wR2 = 

0.1162 

R1 = 0.0420, 

wR2 = 

0.1110  

Final R indexes [all data] R1 = 0.1256,  

wR2 = 

0.2587 

R1 = 0.0607,  

wR2 = 

0.1279 

R1 = 0.0485,  

wR2 = 

0.1176  

Largest diff. peak/hole/e Å
-3

 1.18/-1.00 0.53/-0.40 0.46/-0.20  

CCDC No. 1503798 1503799 1503800 

 

Table 5.2 Molecular docking of 1–3 with cancer causing proteins 

 

Ligand Protein 

(PDB Id) 

Binding 

energy 

(Kcal/Mol) 

Inhibition 

constant  

Interacting residues 

1 cancer-

related 

Aurora-A 

Protein 

Kinase  

(1MQ4) 

-8.83 338.17nM GLY142, LYS143, 

PHE144, VAL147, 

LYS162, LEU164, 

GLN177, LEU210, 

LYS258, ASN261, 

LEU263, ALA273, 

ASP274, TRP277, 

CYS290 

Cancer-

associated 

protein 

kinases 

Ephrin A2 

(ephA2) 

Receptor 

Protein 

-7.81 1.88 µM ILE619, ALA621, 

GLY622, GLU623, 

PHE624, GLU663, 

TYR694, GLU696, 

ASN697, GLY698, 

ASP757, GLY759 
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Kinase 

(1MQB) 

Cancer-

related 

(FAK) 

Focal 

Adhesion 

Kinase 

(1MP8) 

-7.19 5.32 µM ILE420, GLY429, 

GLY431, GLN432, 

PHE433, VAL436, 

ALA452, LYS454, 

GLU471, ASN551, 

LEU553,ASP564 

2 cancer-

related  

Aurora-A 

Protein 

Kinase  

(1MQ4) 

-10.61 16.74nM LEU139, GLY140, 

LYS141, GLY142, 

VAL147, ALA160, 

LYS162, TYR212, 

ALA213, GLY216, 

THR217, TYR219, 

ARG220, GLU260, 

LEU263, ASP274 

cancer-

associated 

protein 

kinases 

Ephrin A2 

(ephA2) 

Receptor 

Protein 

Kinase 

(1MQB) 

-8.6 424.47 nM ILE619, GLY620, 

ALA621, ALA644, 

LYS646, THR692, 

GLU693, TYR694, 

MET695, ALA699, 

ARG743, ASN744, 

LEU746, SER756, 

ASP757 

cancer-

related 

(FAK) 

Focal 

Adhesion 

Kinase 

(1MP8) 

-7.9 1.63 µM ILE428, GLU430, 

GLY431, GLN432, 

ALA452, ILE454, 

GLU471, VAL484, 

MET499, GLU506, 

ARG550, ASP564 

 

 

 

 

3 cancer-

related  

Aurora-A 

Protein 

Kinase  

(1MQ4) 

-9.01 250.47nM LEU139, LYS143, 

VAL147, LYS162, 

VAL174, GLN177, 

ALA213, GLY216, 

THR217, GLU260, 

ASN261, LEU263, 

ASP274, TRP277, 

THR288, LEU289, 

CYS290 

cancer-

associated 

protein 

kinases 

-7.94 1.52 µM THR21, LYS23, 

HIS45, CYS45, 

PRO47, GLN56, 

PHE61, LYS112, 
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Ephrin A2 

(ephA2) 

Receptor 

Protein 

Kinase 

(1MQB) 

LYS115, GLU116, 

ASN119 

 cancer-

related 

(FAK) 

Focal 

Adhesion 

Kinase 

(1MP8) 

-7.24 4.9 µM ILE428, GLY431, 

GLN432, ALA452, 

LYS454, GLN470, 

GLU471, LEU501, 

CYS502, GLY505, 

GLU506, ASP564 

 

Table 5.3 Stern-Volmer quenching constant, binding constant and 

number of binding site with BSA 

Compounds Ksv(M
-1

) Kq(M
-1

 S
-

1
) 

Kb(M
-1

) n 

1 1.00×10
3
 1.0×10

11
 4.01×10

6
 1.05 

2 1.19×10
4
 1.19×10

12
 5.6×10

6
 1.37 

3 1.00×10
4
 1.0×10

12
 4.8×10

6
 1.19 

 

 

Table 5.4 IC50 values (μM) evaluated from MTT assay on A375, HeLa 

and HEK cells treated with 1, 2 and 3 for 24 h 

 

Compounds A375 Hela HEK 

1 20.3± 0.01 30.1± 0.02 > 80 ± 0.013 

2 15.1 ± 0.035 25± 0.009 80 ± 0.099 

3 25.0 ±0.054 35.2± 0.05 > 120 ± 0.063 

. 

Mean (±SD), n=3 
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Chapter 6 

Molecular Modeling of the Nucleation: A 

Case Study of Triptycene - Ferrocene 

Supra-molecular Assembly in the Solid 

State 

 

6.1 Introduction  

The complex interplay between close packing requirements and 

molecular recognition in the formation of crystal structures is the 

actual problem of crystal engineering.[1]. Opinions on the nature of the 

dominant driving force of the process of crystal formation are quite 

polarized.[1-5] The concept of supramolecular synthons suggested by 

Desiraju[6] released the tension[7] between kinetic and geometry not 

only by considering both the chemical recognition patterns and their 

statistical occurrence in the molecular crystal structures, but further 

distinguished the synthons as the strong synthons (more “chemical”) 

and the weak synthons (more influenced by geometry). This concept 

allowed considering a crystallization process as a chemically 

meaningful strong-to-weak synthon sequence, so that chemical (i.e. 

kinetic) factors are responsible for the supra-molecular self-assembly 

at the early stages of crystallization, while the close packing 

requirements gradually come into power later. The use of hetero-

synthons can be particularly helpful in the model study of the 

crystallization process and its practical implementation.  

Hydrogen,[8] halogen,[9] other directional and specific 

secondary bonding interactions (SBI) [10-12] allow rationalizing the 

supra-molecular and crystal self-assembly as a chemically reasonable, 

kinetically controlled event, which makes crystal engineering 

possible.[9] These interactions are responsible for tuning structure-
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depended physical roperties[13] like mechanical properties,[14] 

electronic properties[15]  and photo-optical properties.[16]  

 Triptycene (TripH) derivatives are intensively applied in 

supramolecular chemistry,[17] “molecular machines”,[18] and 

materials science.[19] For example, derivatives of TripH have been 

incorporated in the polymer networks which showed 

increased transition temperatures (Tg) property and, also increased the 

ductility of film samples.[20,21] The geometrically challenging three-

bladed propeller-shaped structure of TripH is not fit for efficient 

packing in the solid state form. The only known crystal form of TripH 

(TRIPCN01-07), reveals an “inefficient” close packing which is 

stabilized only by hydrogen bonds (HB) and there is the absence of π--

-π stacking or any directional intermolecular interactions. 

Ferrocene (FcH) and its derivatives have rich inclusion 

chemistry and attract much attention till date, due to their functionality 

as compact, electron rich guest molecules in host-guest supramolecular 

ensembles.[22] In most cases, one of the significant stabilizing 

interactions in the non-charge-transfer complex (CT) FcH cocrystals is 

a π---π interaction between cp ring of a neutral FcH molecule and 

aromatic hydrocarbon,[23] poly-fluorinated aromatics,[24-26] 

fullerenes[27,28] etc. It acts as an electron-rich unit in πcp- associates 

with Hg [29]and  Ag, Cu- anti-crown-ethers.[30] 

Without any apparent stabilization by specific intermolecular 

interactions; neutral FcH molecules can also form inclusion 

compounds, entering the cavities of calixarenes,[31-36] 

cyclodextrins,[37,38] and cucurbiturils[39] filling the channels formed 

by thiourea[40,41] and organic porous crystals[42] and MOFs.[43]  

With the above concept in mind, considering the importance of 

TripH and FcH, we studied the cocrystallization of the geometrically 

demanding TripH molecule with the compact FcH[44]  and its 

derivatives, along with energy calculations, featuring various levels of 

chemical functionality and steric demands to prepare five cocrystals 
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(1–5), which were characterized by single-crystal X-ray diffraction. 

The electrical conductivity measurement and NMR study in the 

solution have also been performed for 1–5 to assess the correlation 

between the solid-state structure and physical property and to check the 

structural integrity of the cocrystal 1 in the solution.   
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6.2 Results and Discussion 

The preparation of TripH-based cocrystals (1–5) has been 

carried out by slow evaporation of equimolar mixture in the 

DCM/hexane or chloroform/hexane (Scheme 6.1). The best solvent 

system to grow crystals 1–5 was chloroform (bp 61°C) and hexane (bp 

69 °C) 1:1 mixture which provides the minimal difference in boiling 

point and their polarity is suitable to dissolve both the precursors 

together.  

 

Scheme 6.1 Interaction of R group with TripH where R is FcH (1), 

FcCHO (2), Diferrocenyl diacetylene (3), PCP-Fc (4) and BiFcH (5) 

respectively 

 

Figure 6.1. Cocrystal structure (primary synthons) of TripH with FcH 

(1), FcCHO (2), Diferrocenyl diacetylene (3), PCP-Fc (4) and BiFcH 

(5) with showing the interaction between two units. 
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Crystal 1–3 are crystallized in triclinic crystal system with P-1 

space group whereas 4 and 5 are crystallized in monoclinic crystal 

system with P21/c and P21/n space group respectively (Table 6.1 and 

6.2). We succeeded in growing of cocrystals 2–5 only after series of 

trials under different conditions in chloroform/hexane or dcm/hexane, 

while 1 forms readily as shiny orange crystals in chloroform/hexane 

mixture (Figure 6.1). To check the possibility of other crystal forms in 

FcH-Trip system; ratio of FcH and TripH was varied as 1:1, 1:2, 1:3, 

2:1, 3:1, 3:1 but in all experiments, we found the same crystal of 1:1 

composition for 1. 

6.2.1 Description of the polymeric network of cocrystals 1–5 

 

Figure 6.2. Fragment of the one-dimensional chain of FcH and TripH 

with interaction having distance C5-H11 2.964 Å, C1-H11 2.882 Å, 

C8-H12 3.043 Å, C9-H12 2.885 Å, and C10-H12 3.054 Å  

 In cocrystal 1, the FcH and TripH form the 1D chain with C-

Hbridgehead--- interactions as shown in Figure 6.2 with the distance 

range of 2.882–3.054 Å.  The FcH and TripH molecules are organized 

in chains of a one-dimensional strand in approximate ac-plane to 

obtain a close packing in chain form. The shortest TripH---TripH 

separation in two adjacent layers is 2.289 Å along ab axis. Four FcH 

molecules surround the TripH along the diagonal to ac plane. The FcH 

in adjacent is layer is 6.54 Å apart (Figure 6.3). 
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Figure 6.3. Fragment of the two-dimensional chain of FcH and TripH 

with C-H---π interaction having distance H10---C28 3.126 Å and H1---

C(24-29)centroid 2.783 Å. 

The 2D-chains alignment shown in Figure 6.3 arrange as honeycomb 

network in ac plane, when observed through cross-section (Figure 

6.4). 

 

Figure 6.4. Honeycomb fragment observed area of a cross-section of 

cocrystal 1 showing the efficient packing of FcH into the grooves of 

TripH  
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As the rigid fan-shape becomes a favourable shape to allow the 

supramolecular assembly with ferrocene; its molecular arrangement 

might allow variation in the packing arrangement, if introduced with 

the other ferrocene derivatives. Further, the FcCHO and TripH 

molecules are also organized in chains of one-dimensional strands in 

approximate ac-plane to obtain a close packing in the form of the chain 

(see Figure 6.5). 

 

Figure 6.5. Fragment of the one-dimensional chain of FcCHO and 

TripH with C-Hbridgehead---π interaction having distance C6-H12 3.075 

Å, C7-H12 3.026 Å, C8-H12 2.966 Å, C9-H12 2.975 Å, C10-H12 

3.020 Å, C1-H11 3.082 Å, and C5-H11 2.927 Å  

Now, the shortest TripH---TripH separation increased to 2.421 Å in 

two adjacent layers along ab axis. The FcCHO in the adjoining layer is 

only 2.53 Å apart which gives rise to intermolecular associations 

among them, and the C-Hbridgehead---π stabilized interaction in the 

FcCHO-TripH chain remains significant (see Figure 6.6). 
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Figure 6.6. Fragment of the two-dimensional chain of FcCHO and 

TripH with interactions having distance O1---H10 2.898 Å, O1---H23 

2.713 Å, H10---C31 2.955 Å, and C20---C22 3.508 Å  

 

Figure 6.7. Note a π---π stacking between two TripH molecules, so π--

-π stacking in TripH is possible! (But not effective for TripH, itself 

packing), the cross-section view shows π---π interactions with 3.508 Å 

(blue dotted lines).  

In addition to O---H bonding between two FcCHO, the stacking 

π---π interactions between two adjacent TripH Ph rings (3.508 Å) 

appear with a proper packing of FcCHO inside the grooves of TripH 

(Figure 6.7). This observation suggests a π---π stacking in TripH is 

possible, but not realized in parent TripH since it does not comply with 

the geometrical requirements. Increased supramolecular functionality 

by CHO on FcH created a competition between Trip-H---Cp and O---

H-Trip, it is surprising to note that the Hbridgehead---πcp interaction is 

retained, whereas in case of I-C2-I---Cp vs I-C2-I---OAc-FeCp 

competition, the I----OAc was dominant over I---Cp.[45] 

 A further variation is brought by two FcH units which are 

connected not only by non-covalent bond but also by diacetylene 

bridge, due to which the distance between Fc units is increased to 

6.611 Å. The FcC2C2Fc and TripH molecules are also organized in 

parallel chains of the one-dimensional strand in approximate ab-plane 
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to obtain a close packing in the form of a parallel chain. The nearest 

TripH---TripH separation is 3.04 Å along b axis. The TripH-TripH 

separation is increased on increasing the side arm of FcH. The 

FcC2C2Fc in adjacent is layer is 2.51 Å, and when triptycene is 

sandwiched between them, the distance becomes 10.24 Å (Figure 6.8). 

 

Figure 6.8. Fragment of the one-dimensional chain of Diferrocenyl 

diacetylene- TripH (3) with interactions having distance H49-C20 

2.909 Å, H48-C22 2.801 Å, H52-C10 2.973 Å, H32-C16 2.851 Å, 

H32-C17 2.896 Å, H44-C1 2.925 Å, H25-C3 2.958 Å, H25-C4 2.989 

Å, C42-C50 3.420 Å, and H50-C42 2.998 Å  

Although the pattern of the slice changes accordingly to arrange 

the Fc-C2-C2-Fc and TripH units, yet the general arrangement of one 

Fc unit interacting with two different TripH moieties and C-Hbridgehead--

-πCp assembled 2D chain pattern found in 1 is reproduced in 3 (Figure 

6.8). Further, the cross-sectional view represents a better combination 

of closed packing and molecular recognition (Figure 6.9). 
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Figure 6.9. Beautiful case of closed packing and molecular recognition 

together in cocrystal 3  

A further complication is achieved by formal substitution of one Fc-C2 

fragment on the paracyclophane (PCP) moiety which changed the 

distance as well as the nature of cocrystal unit in 4. The Fc-C2-PCP and 

TripH molecules are organized in the one-dimensional strand in 

approximate ac-plane to obtain a close packing in the form of a chain. 

The nearest TripH---TripH separation is 4.00 Å along approximate ab 

axis. It can be observed that the TripH-TripH separation is further 

increased on increasing the side arm of FcH in 4 and is more than 1–3. 

The Fc-C2-PCP in the alternate layer is 10.13 Å (see Figure 6.10). 

 

Figure 6.10. Fragment of the one-dimensional chain of PCP-Fc and 

TripH (4) with interactions having distance C7-H20 3.043 Å, C8-H20 
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2.824 Å, H12-C33 3.016 Å, H12-C34 2.731 Å, H12-C35 3.098 Å, 

C36-H29 3.054 Å, H29-C37 3.011 Å, and H29- C38 2.878 Å 

Although distorted, we can still observe the same chains in 4. In 

the cocrystal 4, the bridgehead H and cp ring interactions are 

eliminated. Still, the C-H---π interaction is present between the cp ring 

and non-bridged H of TripH. Instead of cp, the C-H---π interactions 

between bridged and non-bridged H of TripH involves the pcp ring, 

which is responsible for the 1D chain (Figure 6.10). 

 

Figure 6.11. Zig-zag chain arrangement of PCP-Fc and TripH (4) (No 

π-π stacking between TripH units)  

The cross-section view shows the zig-zag arrangement of PCP-

Fc and TripH in 4 in approximate bc plane, due to the presence of C-

H---π interactions (Figure 6.11).  
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Figure 6.12. Fragment of the one-dimensional chain of Fc2- TripH 

with interaction having distance H29-C15 3.071 Å, H29-C16 2.834 Å, 

H14-C27 2.867 Å, H14-C28 3.086 Å, H11-C10 2.944 Å, and H23-C9 

2.961 Å 

Compounds 2 and 4 were crystallized successfully after various 

attempts, but despite several efforts, the crystal with good data set with 

the lower R index was not obtained.Till now the interplay of H---cp 

HBs and FcH-TripH close packing gave the similar results of HB 1D 

chains and orthogonal close-packed slices, but as soon as DiFc (Fc2) 

system, is incorporated, it breaks the slice symmetry, yet the H---cp 

HBs are still possible, but chain expansion and arrangement is not 

possible anymore. Interestingly, the natural TripH close packing 

pattern re-appears to provide the effective packing (Figure 6.12). The 

cross-sectional view shows the reappearance of natural TripH packing 

pattern in the cocrystal 5 more clearly (Figure 6.13 compare with 

Figure 6.14).  
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Figure 6.13. Re-appearance of natural TripH packing pattern in 

cocrystal 5 presents in tilted ac plane (Cross-sectional view) 

The interactions present in 5 which are similar to the pure 

TripH rings interactions are solely due to the C-H---π interactions 

(Figure 6.14). (see CSD code TRIPCN03[5]).  

 

Figure 6.14. Natural packing pattern in TripH (from TRIPCN03) 
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 Cp2Ru which is not only a formal ruthenium congener of FcH 

but is also known to form mixed cocrystals with it,[46] did not give the 

cocrystal[47] with TripH under the same conditions as FcH. We have 

already noted before such supra-molecular inertness of Cp2Ru 

compared to Cp2Fe, despite the similar geometry in FcH---

C2I2.[45]PCP molecule also failed to avail the hospitality of TripH, 

while PCP-C2-Fc afforded the expected 1:1 cocrystal with TripH. This 

observation may indicate that FcH molecules are not just filling the 

voids to provide the efficient close packing, but there is specific Cp---

H attractive interaction, which stabilizes the TripH---FcH assembly.  

6.2.2 Energy Calculations 

Taking into account quite a subjective nature of any supramolecular 

aggregates or structural patterns which can be identified in the solid 

state.[48-50] Hence, the objective requirement is the intermolecular 

energy calculation; therefore we used Crystal Explorer software[51] to 

simulate the intermolecular interaction energies in the 1–5 cocrystals 

and their ‘energy frameworks’.[52] The latter approach has also been 

used successfully before in several aspects
 
of crystal engineering.[52-

60]  

In the natural Trip (TRIPCN03 P212121) the strongest 

intermolecular contacts are stabilized by Csp3-H---πPh (-28 kJ/mol) and 

Csp2-H---πPh (18-19 kJ/mol) interactions (see Figure 6.15 

TRIPCN03). It is noteworthy that similar Trip (Csp3-H---πPh) o-

Me2C6H4 1D chain architecture was also observed in TripH - o-

Me2C6H4 - C60 ternary cocrystal[61]  
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Figure 6.15. Trip-Trip interactions in TRIPCN03 

Figure 6.16, 6.17 are showing the intermolecular interaction and total 

energy values present in cocrystal 1 and 2.  
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Figure 6.16. Interaction of FcH with TripH  in cocrystal 1[62] 
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Figure 6.17. Interaction of FcCHO with TripH  in cocrystal 2[62] 

The same energy and geometry of a couple of two strongest 

TripH-TripH Csp3-H ---πPh and Csp2-H ---πPh interactions (31.3 and 20.4 

kJ/mol accordingly) as found in the packing of natural TripH is 

reproduced in its cocrystal Fc2-TripH (-31.8 / -19.3 kJ/mol) (Figure 

6.18). 
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Figure 6.18. Interaction of Fc2 with TripH  in cocrystal 5[62] 

Fc2 produce the strongest interaction with TripH filling the void 

between its Ph lobes, and its energy (-33 kJ/mol) is close to those 

found in FcH-TripH (-29 kJ/mol) (see Figure 6.17) as well as Csp3 -H--

-Cp interaction in Fc2-TripH (-18.5 kJ/mol) is close to (-22.8 kJ/mol) 

in 1 (Figure 6.18).  

In cocrystals 1, 2 the honeycomb energy frameworks are 

observed, which are entirely in line with the strongest Csp3 -H---Cp 

intermolecular interactions, responsible for the 1D chain formation, 

and Csp2-H---Ph close packing, filling the space between the Ph lobes 

of TripH and therefore inheriting its C3 symmetry (Figure 6.19).  
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Figure 6.19. Energy framework in 1, 2 (cut-off -11 kJ/mol) 

    FcH molecules in FcH-Trip are effectively isolated from one another 

by non-conducting TripH units, therefore measured electric 

conductivity of TripH -FcH cocrystals which is 10
-9

 S•cm
-1

, that is 

quite expectedly three orders less than that of parent FcH (4•10
-6

 S•cm
-

1
).[45]  

Notably, the packing we observed in 1 (see Figure 6.4), resembles the 

pattern envisioned by Feringa et al.[61] (see Scheme 6.2).  

 

 

(a) 
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(b) 

Scheme 2. a) TripH-C60 packing pattern expected in work 

b) packing pattern of aza-TripH---C60 sheets  

 

We can speculate, that apart from an enhanced electrostatic 

interaction between aza-Trip and C60 mentioned in the aforementioned 

report,[61] the main reason for cocrystallization of azaTrip-C60 and 

TripH-C60, was the incorporation of xylene solvent molecules in TripH 

system represented by the ditopic Csp3-H structure of TripH (Figure 

6.20). Aza- Trip, in contrast, has only one Csp3-H fragment capable of 

forming Csp3-H---π(xylene) contacts and therefore has no possibility for 

1D chain extension.[1] This observation may mean that Csp3-H---π(arene, 

cp) is a strong heterosynthon in the structural chemistry and cocrystal 

design of triptycenes. 
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Figure 6.20. Chains and sheets C60-TripH-o-xylene sheets in 

CEMNUD, Compare with TripH-FcH chains (see Figure 6.4) and 

FcC2C2Fc-TripH sheets (see Figure 6.9) 

2D (
13

C/
1
H HSQC) NMR studies in solution phase 

However, the role of the solvent is more important for non-covalent 

assemblies than the covalent molecules. The balance between enthalpy 

and entropy is close in these aggregates. Small perturbations from 

solvation would, therefore, be expected to be much more important for 

them than for covalent compound.[63] 

An advanced 2D heteronuclear single quantum correlation (
13

C/
1 

H 

HSQC) NMR characterization technique was used to find out the 

interaction present between ferrocene-triptycene adduct. Through this 

technique, the correlation between the π bond on ferrocene ring and 

hydrogen present on triptycene (benzene ring) could be observed. The 

chemical shift values did not change (Table 6.1 and Figure 6.21), 

which indicates the interaction was not prevailed in the solution phase 

and get disturbed due to the incorporation of the solvent molecules in 

between the Csp3-H---π interaction. 
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Table 6.1. 
13

C/
1
H NMR chemical shift values in solution phase of 1 

Entry 

No. 

Assigned 

13
C/

1
H 

Triptycene 

13
C/

1
H 

(ppm) 

Ferrocene 

13
C/

1
H 

(ppm) 

Adduct 

13
C/

1
H 

(ppm) 

Δδ= 

13
C/

1
H 

(ppm) 

1 Ca/Ha 52.37/5.63 - 52.28/5.64 0.09/0.01 

2 Cb/Hb 124.68/6.98 - 124.59/6.99 0.09/0.01 

3 Cc/Hc 124.67/7.43 - 124.59/7.44 0.08/0.01 

4 Cd/Hd - 67.37/4.17 67.37/4.19 0/0.02 

 

Figure6.21. 2D HSQC NMR spectra of (a) triptycene, (b) ferrocene 

and (c) adduct triptycene-ferrocene. †signals indicate for the DMSO-d6 

solvent. All the spectra were recorded after dissolving ca. 1.0 mol 

samples in 0.7 mL deuterated DMSO solvent. 
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6.3 Conclusion 

This report focuses on the structure of the triptycene-ferrocene derived 

cocrystals, featuring interplay between specific intermolecular Csp3-H--

-πcp hydrogen bonding and close-packing requirements, providing a 

suitable model in an attempt to get a glance on early stages of 

crystallization. For the predominantly kinetic control of nucleation,[64] 

we can suppose that it starts when TripH and FcR molecules recognize 

each other via Csp3-H---πcp hydrogen bonding interaction, so that the 

primary C-H---πcp synthons assemble FcH---Trip molecules into the 

kinetically defined chain-like 1D oligomers. Further, they are packed 

in a parallel manner and stabilized by C-H---πPh HBs which fit the 

geometry requirements (i.e. provides multiple hydrogen bonding), 

resulting in the balanced chain-sheets 3D structure. In some cases 

(Fc2), when the close 3D packing of such chain oligomers could not be 

achieved, they form 2D ribbons, which are further packed closely by 

T-shaped secondary C-H---πPh interaction and reproducing the 

geometry of top-ranking TripH---TripH interaction observed in the 

natural TripH crystal. Boldly expanding the genetics vocabulary use 

for crystal design, in addition to genotype/phenotype,[1] we can draw 

here the analogy with the dormant genes, which wake up at a particular 

condition, i.e. when the energy of a given intermolecular interaction in 

the cocrystal does not provide any considerable benefit in overall 

lattice energy as compared to the starting crystals.[65]  
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6.4 Experimental  

TripH, FcH and its derivative were purchased from Sigma-

Aldrich and were used without additional purification. PCP-Fc and Fc-

C≡C-C≡C-Fc were prepared using C-C Suzuki coupling literature 

method. (C10H9)2Fe2 or DiFc (Fc2) is prepared by using n-butyl lithium 

(dangerous chemical, please handle with care) and FcH reaction in a 

mixture of dried hexane and dried THF and oxidizing it with oxygen 

carefully. HPLC grade hexane, chloroform, and DCM were used 

without additional purification. Crystals were grown with the minor 

variation in the solvent according to the solubility of the molecules 1–

5. 

6.4.1 Preparation of FcH/TripH (1) 

37.2 mg (~0.2 mmol) of FcH and 51 mg (~0.2 mmol) of TripH 

were dissolved in a mixture of 1mL of hexane and 1 mL of chloroform 

in a 2.5 mL tube under modest heating to ensure complete solubility of 

the starting materials. Then sonication was done for 5 min. The clear 

solution was covered using parafilm, and then left at room temperature 

for 24 h producing 1 as long orange crystals. Crystals were separated, 

and less un-crystallized white coloured TripH was removed manually, 

the crystals were not washed and using paraffin oil XRD measurement 

was performed, and other physical measurements have been carried out 

without additional purification. Yield: 79 mg (~90%)  

6.4.2 Preparation of Cp2FeCHO / TripH (2) 

42.8 mg (~0.2 mmol) of Fc-carboxaldehyde (FcCHO) and 51 

mg (~0.2 mmol) of TripH were dissolved in 1 mL of hexane and 1 mL 

of chloroform in a 2.5 mL tube under modest heating to ensure 

complete solubility of the starting materials. Then sonication was done 

for 5 min. The clear solution was covered with parafilm and then left at 

room temperature for 2 days producing 2 as dark red crystals. Crystals 

were separated, SC-XRD was done. Yield: 47 mg (50%) 
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6.4.3 Preparation of CpFeC5H4-C ≡C-C≡C-C5H4FeCp/ TripH (3) 

4.2 mg (~0.01 mmol) of Fc-C2-C2-Fc and 5.0 mg (~0.02 mmol) 

of TripH were dissolved in 0.5 ml of chloroform in a 1mL eppendorf 

and shake well to ensure complete solubility of the starting materials. 

The obtained orange solution was left at room temperature for two 

days in a closed eppendorf. Good quality orange crystalline molecules 

were separated and used for X-ray diffraction measurement without 

additional purification. Yield: 6 mg (65%) 

6.4.4 Preparation of PCP-C≡C- Cp2Fe/TripH (4) 

8.3 mg (~0.02 mmol) of PCP-C≡C- Cp2Fe and 5.1 mg (~0.02 

mmol) of TripH were dissolved in 0.5 mL of hexane and 0.5 mL of 

chloroform in a 2.5 mL tube under average heating to ensure complete 

solubility of the starting materials. Then sonication was done for 5 

min. The obtained clear solution was closed with a lid with one small 

hole and then left at room temperature for two days giving 4 as orange 

crystals. Crystals were separated, SC-XRD measurement was carried 

out. Yield: 8 mg (~60%) 

6.4.5 Preparation of CpFeC5H4-C5H4FeCp/ TripH (5) 

3.7mg (~0.01mmol) of diFc and 2.5 mg (~0.01mmol) of TripH 

were dissolved in 0.5ml of chloroform in a 1mL eppendorf and shake 

well to ensure complete mixing and solubility of the starting materials. 

The orange solution produced, was left at room temperature for two 

days with one pin hole on eppendorf. Orange crystalline molecules (5) 

were separated, followed by washing with 0.5 mL of cold hexane 

quickly and used for X-ray measurement without purification. Yield: 3 

mg (~48%) 

6.4.6 Computations 

Intermolecular interactions energy and energy frameworks were 

calculated in CrystalExplorer 17.5 [TONTO, HF/3-21G, B3LYP/6-

31G(d,p)][48,62] for all unique molecular pairs in the first 
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coordination sphere of a molecule (~3.8 Ǻ), using experimental crystal 

geometries. For the cocrystals, the above procedure has been 

performed for each conformer molecule centred cluster.[49] 

6.4.7 Electrical conductivity measurements 

The electrical conductivity was studied on a Z2000 impedance 

meter (LTD “Elins”) (operating frequencies range; 2 MHz–1 Hz) using 

C/solid electrolyte/C symmetrical cells. The external alternating signal 

amplitude has been 50–70 mV which depends on the impedance of the 

sample without any direct current polarization. The resistance 

frequency dependence has been analyzed by the graphical-analytical 

method. The samples have been prepared by pressing (10 atm) which 

produced the pellets of 0.7–1.2 mm thickness and 5 mm diameter and 

placed in the cells with nitrogen-atmosphere. 

6.4.8 Crystal structure determination 

Data were collected at 293 K using graphite-monochromated 

MoKα radiation (λ = 0.71070 Å) and CuKα radiation (λ = 1.54184 Å). 

The data collection strategy was interpreted by employing the 

CrysAlisPro software for 1–5. The data has been collected through the 

standard omega scan technique and reduced by the SHELXL-97 

software. Structures were solved by direct methods and refinement was 

carried out by full-matrix least squares against F
2
 utilizing the 

SHELXL-97 software.[66] Non-hydrogen atoms have been refined 

with anisotropic thermal parameters. All hydrogen atoms have been 

geometrically fixed, and a riding model refinement is carried out. 

Olex2 software[67] was also used for labelling and refining of 1–5. 

 

Table 6.2. Crystal data and structure refinement for 1–3 

Identification 

code 

1 2 3 

Empirical 

formula 

C30H24Fe C31H24FeO C64H46Fe2 

Formula weight 440.34 468.35 926.71 

Temperature/K 293(2) 293(2) 298 
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Crystal system triclinic triclinic triclinic 

Space group P-1 P-1 P-1 

a/Å 9.4217(5) 9.6767(12) 13.3320(15) 

b/Å 10.3198(6) 10.3972(12) 13.4018(12) 

c/Å 13.0913(6) 12.9455(15) 16.138(2) 

α/° 67.835(5) 70.641(10) 95.029(9) 

β/° 71.685(5) 71.847(11) 105.145(11) 

γ/° 86.556(5) 89.794(10) 119.521(10) 

Volume/Å
3
 1116.62(11) 1160.4(3) 2340.2(5) 

Z 2 2 2 

ρcalcg/cm
3
 1.31 1.34 1.315 

μ/mm-1 0.69 0.671 0.662 

F(000) 460 488 964 

Crystal 

size/mm
3
 

0.45 × 0.38 × 

0.30 

0.40 × 0.36 

× 0.33 

0.34 × 0.32 

× 0.28 

Radiation 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

2Θ range for 

data collection/° 

6.042 to 49.998 6.342 to 

49.994 

6.07 to 50 

Index ranges 

-8 ≤ h ≤ 11, -12 

≤ k ≤ 12, -15 ≤ l 

≤ 15 

-11 ≤ h ≤ 

11, -12 ≤ k 

≤ 12, -13 ≤ l 

≤ 15 

-15 ≤ h ≤ 15, 

-15 ≤ k ≤ 15, 

-19 ≤ l ≤ 19 

Reflections 

collected 

8587 9530 21024 

Independent 

reflections 

3924 [Rint = 

0.0309, Rsigma = 

0.0332] 

4067 [Rint = 

0.0898, 

Rsigma = 

0.1012] 

8192 [Rint = 

0.1238, 

Rsigma = 

0.1770] 

Data/restraints/

parameters 

3924/0/280 4067/0/298 8192/0/595 

Goodness-of-fit 

on F
2
 

1.042 1.056 1.019 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0447, 

wR2 = 0.1158 

R1 = 

0.1096, 

wR2 = 

0.2850 

R1 = 0.0915, 

wR2 = 

0.1997 

Final R indexes [all 

data] 

R1 = 0.0496, 

wR2 = 0.1197 

R1 = 

0.1399, 

wR2 = 

0.3190 

R1 = 0.2107, 

wR2 = 

0.2753 

Largest diff. 

peak/hole / e Å
-3

 

0.31/-0.36 1.37/-0.59 0.73/-0.38 

CCDC No. 1586854 1586855 1839843 

 

Table 6.3. Crystal data and structure refinement for 4–5 

Identification code 4 5 

Empirical formula C48H38Fe C60H46Fe2 



 

178 
 

Formula weight 670.63 878.67 

Temperature/K 293(2) 293(2) 

Crystal system monoclinic monoclinic 

Space group P21/c P21/n 

a/Å 7.9500(4) 8.93360(10) 

b/Å 28.507(2) 8.41050(10) 

c/Å 15.5007(8) 28.5683(4) 

α/° 90 90 

β/° 104.262(5) 93.5820(10) 

γ/° 90 90 

Volume/Å
3
 3404.6(4) 2142.31(5) 

Z 4 2 

ρcalcg/cm
3
 1.308 1.362 

μ/mm-1 3.8 5.734 

F(000) 1408 916 

Crystal size/mm
3
 

0.4 × 0.34 × 

0.33 

0.38 × 0.33 × 

0.28 

Radiation 

CuKα (λ = 

1.54184) 

CuKα (λ = 

1.54184) 

2Θ range for data 

collection/° 

11.018 to 

144.248 

6.2 to 142.574 

Index ranges 

-7 ≤ h ≤ 9, -

34 ≤ k ≤ 34, 

-19 ≤ l ≤ 18 

-10 ≤ h ≤ 10, -

10 ≤ k ≤ 7, -35 

≤ l ≤ 33 

Reflections collected 23737 13762 

Independent 

reflections 

6536 [Rint = 

0.0946, 

Rsigma = 

0.0811] 

4112 [Rint = 

0.0347, 

Rsigma = 

0.0245] 

Data/restraints/param

eters 

6536/0/442 4112/0/280 

Goodness-of-fit on F
2
 1.027 1.044 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.1157, 

wR2 = 

0.3069 

R1 = 0.0438, 

wR2 = 0.1288 

Final R indexes [all data] 

R1 = 0.1746, 

wR2 = 

0.3606 

R1 = 0.0497, 

wR2 = 0.1398 

Largest diff. peak/hole / e 

Å
-3

 

1.03/-0.59 0.35/-0.54 

CCDC No. 1586856 1586857 
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Chapter 7 

Conclusions and Scope for Future Work  

 

My thesis work mainly focusses on the synthesis and applications 

of an important class of organometallic compounds derived from 

Ru3(CO)12 and ferrocene derivatives. First, the syntheses of tri-nuclear 

ruthenium clusters containing either pyridine alcohol or pyridine 

carboxylic acid bidentate ligands have been performed. They have 

revealed the catalytic efficiency for N-alkylation reactions and oxidation 

of alcohol to the carboxylic acid, respectively. 

Later tetranuclear ruthenium pyridine methanol cluster was also 

synthesized and utilized for the water oxidation reaction. 

Ferrocene‐substituted bis(ethynyl)anthracene/anthraquinone, has 

been synthesized by C-C Coupling reactions and they have been shown to 

display anticancer properties. Five new supra-molecular synthons were 

prepared which shows Csp3-Hcp---π and Csp2-Hcp---π interactions, and their 

interaction energies were calculated too. 

Overall present thesis work has revealed cluster synthesis and 

ferrocene unsaturated systems for homogeneous catalysis showing the 

crucial role of bidentate simple ligands and evaluation of biological 

activity of some derivatives. This work also discussed the supramolecular 

chemistry of triptycene and ferrocene. 

The findings can be utilized to create new N/O-, N/P-, N/N-ligand 

based Ru3(CO)12 clusters and use them for organic transformations. This 

work also gives an idea to create new ferrocene-based drugs for many 

biological activities. At last, the supramolecular chemistry of substituted 

triptycene and reported ferrocene and its derivatives can be easily used to 

create new supramolecules and study their interactions, and by using the 

idea from interactions, properties like electrical conductivity, redox 

properties etc. can be tuned feasibly. 
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Appendix A  

 

 

 

 

Figure 7.1. Proposed mechansim for the N-alkylation of primary amine to 

secondary amine using ruth cluster catalyst (Carbonyls are omitted for clarity). 


