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SYNOPSIS 

The thesis entitled “Self-assembly of Rhenium(I) Metallocycles Using Pyrazole Based Ligands” 
consists of six chapters. 

Chapter 1: Introduction 

Chapter 1 contains brief literature overview on metallocyclic architectures in general and 

particularly rhenium(I)tricarbonyl-based supramolecular coordination complexes (SCCs) spanning 

from dinuclear metallocycles to multinuclear complexes. The chapter also provides a general 

overview on flexibile ligands containing various types of N/P=O donors and their use to prepare 

rhenium(I)tricarbonyl-based SCCs of various shapes and sizes.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Various types of nitrogen donors and their corresponding rhenium-based metallocycles.  
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Chapter 2: Self-assembly of a new class of rhenium(I)-based double stranded 

dinuclear monohelicates 

This chapter describes the design and synthesis of two new neutral ditopic flexible N-donor ligands 

(L
n 

= (L
1 

= bis(4-((pyrazol-1-yl)methyl)phenyl)methane, L
2 

= bis(4-((pyrazol-1-

yl)methyl)phenyl)methanone possessing bis(4-methylphenyl)methane spacer with pyrazolyl donor 

unit. The chapter also describes the synthetic strategy for a new class of double stranded dinuclear 

monohelicates, fac-[{Re(CO)3-(μ-L)-Re(CO)3}L
n
] (1–4) which were self-assembled from 

Re2(CO)10, a rigid bischelating donor (H2-L: 1,4-dihydroxybenzoquinone (H2-dhbq) for 1 and 3; 

2,5-pyrazine dicarboxylic acid (H2-pydc) for 2 and 4) and a flexible bis(monodentate) pyrazolyl N 

donor L
n
 (L

1
 for 1 and 2; L

2
 for 3 and 4) in mesitylene via solvothermal approach.  

 

Scheme 1. Synthesis of helicates 1-4. 
 

 

The complexes were characterized using analytical and spectroscopic methods and further the 

molecular structure of 1 was confirmed by single crystal X-ray diffraction analysis. The XRD data 

reveals that 1 is helical in nature where although two organic ligand strands are present only one 

strand is arranged in a helical fashion, which is an unprecedented form in the helicate architecture. 

The molecular structures of 1–4 as helicates and mesocates were also optimized using DFT 

methods. The study provides a way to synthesize dinuclear monohelicates via simple one-pot 

method. 
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Scheme 2. (A) Commonly observed double-stranded dinuclear (a) homoleptic and (b) heteroleptic 

double helicates. (B) The design principle of new forms of double-stranded dinuclear 

monohelicates 1–4. 

 

Chapter 3: Self-assembly, solution dynamics and competitive ligand induced 

supramolecular transformations of “figure-eight” and “Z” shaped metallocycles 

Chapter 3 describes the synthetic strategy, structural studies of rhenium(I)tricarbonyl core-based 

heteroleptic “figure-eight”- and Z-shaped metallocycles (1a–4a) of the general formula  fac-

[{Re(CO)3(μ-L)Re(CO)3}2(dppz)2] which were self-assembled from Re2(CO)10, H2-L (H2-L = 5,8-

dihydroxy-1,4-naphthaquinone (H2-dhnq) for 1a; 1,4-dihydroxy-9,10-anthraquinone (H2-dhaq) 

for 2a; 6,11-dihydroxy-5,12-naphthacenedione (H2-dhnd) for 3a; 2,2′-bisbenzimidazole (H2-bbim) 

for 4a), and bis(4-((pyrazolyl)methyl)phenylmethane) (dppz) via one-pot coordination-driven 

synthetic approach. The molecular structures of 1a and 4a were unambiguously confirmed by 

single-crystal X-ray diffraction (SC-XRD) methods. 

 
 

Figure 2. Metallocycles 1a–4a. 
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The metallocycles in the DMSO solution exist as an acyclic dinuclear–DMSO adduct of the 

general formula fac-[{(CO)3Re(μ-L)Re(CO)3}(DMSO)2] (1b, L = dhnq; 2b, L = dhaq; 3b, L = 

dhnd; 4b, L = bbim) and dppz, which are in dynamic equilibrium. The dynamic behavior of the 

rhenium–pyrazolyl bond in the solution state was effectively utilized to transform 

metallocycles 1a–4a into pyridyl/benzimidazolyl/phosphine donor-based heteroleptic 

metallocycles and acyclic dinuclear complexes (4–13). These include tetranuclear rectangles fac-

[{(CO)3Re(μ-L)Re(CO)3}2(4,4′-bpy)2] (4 and 11, L = dhaq for 4 and bbim for 11), dinuclear 

metallocycles fac-[{(CO)3Re(μ-L)Re(CO)3}(dpbim)] (5–7 and 12; L = dhnq for 5, dhaq for 6, 

dhnd for 7, and bbim for 12), and dinuclear acyclic complexes fac-[{(CO)3Re(μ-

L)Re(CO)3}(PTA)2] (8–10 and 13; L = dhnq for 8, dhaq for 9, dhnd for 10, and bbim for 13). 

 
Scheme 3. Proposed dynamic nature of 1a, (or) 2a, (or) 3a and component-induced 

supramolecular transformations into tetranuclear rectangle (4), dinuclear metallocycles (5–7), and 

dinuclear acyclic complexes (8–10) in DMSO. 



XIV  

 

 

Scheme 4. Proposed dynamic nature of 4a and component-induced supramolecular 

transformations into tetranuclear rectangle (11), dinuclear metallocycle (12), and dinuclear acyclic 

complex (13) in DMSO. 

 

These transformations were achieved through component-induced supramolecular reactions while 

treating with competitive ligands 4,4′-bipyridine (4,4′-bpy), bis(4-((1H-benzoimidazole-1-

yl)methyl)phenyl)methane (dpbim), and 1,3,5-triaza-7-phosphaadamantane (PTA). The reaction 

mixture in the solution was analyzed using NMR and electrospray ionization mass spectrometry 

(ESI-MS) analysis. Additionally, crystal structures of 4, 6, and 13, which were obtained in the 

mixture of the solutions, were determined, providing unequivocal evidence for the occurrence of 

supramolecular transformation within the system.  
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Scheme 5. Schematic representation of synthesis, dynamic nature and competitive ligand induced 

transformations of metallocycles. 

 

The results reveal that the size of the chelating ligand and the pyrazolyl donor angle of the ditopic 

ligand play crucial roles in determining the resulting solid-state metallocyclic architecture in these 

synthetic combinations. The dynamic behavior of the rhenium–pyrazolyl bond in the 

metallocycles can be utilized to transform into other metallocycles and acyclic complexes using 

suitable competing ligands via ligand-induced supramolecular transformations. 

 

 

Chapter 4: Design and synthesis of conjoined bicyclic  

rhenium(I) based metallocycles   

 

Chapter 4 describes the synthesis of neutral conjoined bicyclic supramolecular coordination 

complexes (1-3) which were self-assembled using Re2(CO)10, anionic pyrazole donor and flexible 

hexatopic/tetratopic pyrazolyl donors. A new type of metal-ligand bonding combinations was seen 

in which two partially protected metal acceptor fac-Re(CO)3-cores were bridged by pyrazolate 

motif and hydroxyl (OH
-
) motif. The bicyclic metallomacrocycles were characterized using FT-IR, 

ESI-MS analysis and single crystal X-ray diffraction analysis. 
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Scheme 6. Synthesis of metallocycle 1. 

 

 

 

Scheme 7. Synthesis of metallocycles 2-3. 

 

Single crystal X−ray diffraction analysis of 1-3 reveal that the metallocycles consist of four fac-

Re(CO)3 cores, two anionic pyrazolate (for 1 and 3)/Br-pyrazolate (for 2) units, two hydroxyl ions, 

and one hexatopic pyrazolyl ligand (for 1)/ one tetratopic pyrazolyl ligand (for 2-3). The 

complexes contain two metallocyclic units that have one common phenylene framework and thus 

can be regarded as conjoined bicyclic supramolecular coordination complexes. The work provides a 

way to prepare a new type of conjoined SCC and acyclic complex via a simple one-pot approach.  

2 

3 
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Chapter 5: Self-assembly of a new class of azolato bridged rhenium(I) 

metallocycles as anticancer agents 

 

Chapter 5 describes the design and synthetic approach for a new type of small multicomponent 

rhenium metallocycles (1-4) which consists of azolate, hydroxyl, -bis(pyrazol-1-yl)-o-xylene 

(bpz)/1,2-bis((benzoimidazol-1-yl)methyl)benzene(XyBim) nitrogen donor, and two 

rheniumtricarbonyl groups. The metallocycles were self-assembled using a one-pot, multi-

component coordination-driven self-assembly approach and characterized using various 

spectroscopic and analytical techniques. 

 

Figure 3. Synthesized metallocycles 1-4. 

 

The metallocycles 1-4 reported herein demonstrates effective anticancer property against triple 

negative breast cancer (TNBC) cells in vitro, exceeding that of cisplatin as evident from MTT 

assay. Molecular docking studies of 1 with B-DNA provided insights into its binding posture and 

nature of interactions with DNA. 
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Chapter 6: Conclusion and future perspective 

 

This chapter summarizes the thesis work and gives a brief perspective of future direction of the 

research work. The design and synthesis of several fac-Re(CO)3 core based architectures such as 

monohelicates, “figure-eight”, “Z” shaped molecules, conjoined bicyclic metallocycles and 

compact dinucler metallocyles using pyrazole based ligands are discussed. The complexes were 

well characterized using various spectroscopic and analytical techniques. The anticancer properties 

of compact dinuclear metallocycles with azolato and hydroxyl cores against triple negative breast 

cancer cells (4T1) were studied and were found to exhibit good cytotoxic properties.  
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Chapter 1 

Introduction 

 

1.1. Overview 

Supramolecular chemistry deals with the chemistry of non-covalent interactions between 

molecules to form molecular assemblies. Supramolecular chemistry is defined as “Chemistry 

beyond molecules” by Jean Marie Lehn which is basically self-organization of two or more 

discrete molecules via various intermolecular noncovalent interactions.
1-2

 Supramolecular 

chemistry mainly covers host-guest interactions, molecular self-assembly, molecular 

recognition and molecular folding.
 
Various types of weak intermolecular interactions such as 

H-bonding, ion-ion, π–π stacking, van der Waals, hydrophobic interactions and metal-ligand 

bonds form the basis of supramolecular chemistry.
1-4 

Supramolecular chemistry that involves 

the directional metal-ligand bonds is termed as metallosupramolecular chemistry. 

Metallosupramolecular chemistry has garnered significant interest for design and synthesis of 

intricate architectures of higher complexity as well as functionality. Coordination-driven self-

assembly is a method for synthesizing supramolecular coordination complexes (SCCs) where 

the predesigned ligands and metal precursor units self-organize themselves leading to the 

formation of stable discrete supramolecules.
4-5 

The properties of the metal cores such as their 

shapes, bonding modes along with the lability of predesigned ligands and their coordinating 

units control the final shape of the metallomacrocycles. The availability of various metal 

coordination geometries along with ligand geometry unfolds numerous synthetic routes for 

rational design of various 2D and 3D SCCs such as metallocycles, metallocages, 

tetrahedrons, catenanes, rotaxanes, knots, links etc.
5-9

 Significant attention is given towards 

synthesizing supramolecules of various architectures owing to their application prospects in 

the field of molecular recognition, catalysis, bioimaging, anti-cancer activities, sensors etc., 

and by use of proper metal cores and predesigned ligands, one can synthesize metallocycles 

with required functionality.
 10-11

 Several synthetic approaches such as directional bonding, 

orthogonal bonding, weak link and symmetry interactions can be utilized for the self 

assembly of supramolecular metallocycles.
5a 
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1.2. Rhenium-based metallocycles  

Rhenium tricarbonyl cores are one among the many metal cores used for synthesis of 

metallocycles. In literature several reports are known for metallocycles using rhenium core. 

For the synthesis of fac-rheniumtricarbonyl core based complexes often a variety of rhenium 

carbonyl precursors are used which includes Re2(CO)10, Re(CO)5Br, Re(CO)5Cl, 

Re(CO)5OTf and [Re(CO)3(dmso-O)3](CF3SO3) along with predesigned known or newly 

synthesized organic ligand strands.
11-13 

Use of the dinuclear Re2(CO)10 metal precursor leads 

to the synthesis of a variety of 2D and 3D complexes utilizing the three orthogonal vacant 

sites as provided in the  fac-Re(CO)3 core. A plethora of fac-Re(CO)3 core based complexes 

with different architecture spanning from simple dinuclear metallocycle to complex 

multinuclear systems are synthesized and reported.
11-13 

Much attention is given for the design 

and synthesis of these metallocycles because by modulating the basic coordination 

framework a wide range of complexes of various shapes and sizes can be synthesized.  

 

 

Figure 1.1. Three types of sources for the construction of fac-[Re(CO)3]
 
core-based SCCs. 

 

 

 

 

Figure 1.2. Vacant coordination sites available on fac‒Re(CO)3 core from Re2(CO)10. 
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A vast array of rhenium based architectures including dinuclear metallocycle 

(metallocavitands, helicates/mesocates), trinuclear (traingles, metallocages), tetranuclear 

(square, rectangles, tetrahedrons), hexanuclear (prism, wheel, spheroid) metallocycles are 

known in literature. For synthesis of these complexes usually soft donors such as N, O, P are 

used. Usually for rhenium metallocycles a neutral rigid or flexible ligand with two electron 

donor imidazolyl/benzimidazolyl/pyridyl as coordinating motifs is used along with a three 

electron donor bischelating anionic ligand. 

 

 

 

Figure 1.3. Library of rhenium complexes synthesized using various neutral N donor ligands 

and bischelating anionic ligands. 

 

 

The bischelating anionic ligands used usually are N∩O, N∩N and O∩O donor based. The 

rigidity or flexibility of the bischelating ligands can be modulated by the incorporation of 

suitable spacer motifs in the ligand framework. For example the presence of xylene spacer in 

H2-pBC, H2-mBC renders flexibility to the ligand framework while the presence of phenyl 

spacer in H2-RBC makes the ligand framework rigid.  
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Figure 1.4. Anionic bischelating ligands used in synthesis of rhenium(I) based complexes. 

 

1.3. Flexible Ligands  

The choice of both neutral and anionic ligand plays an important role in dictating the final 

architecture and functional properties of the final complexes. The type of donor, binding sites 

as well as the geometry of their coordination sites plays an important role in the process. And 

hence a reasonable selection of ligands needs to be done for synthesizing the desired 

complexes. Flexible ligands contain at least one sp
3
 hybrid atom which facilitates free 

rotation of the ligand and helps in adaptive coordination to metal cores.
14 

Also the ligands 

possess multiple coordination sites that can bind to metal core. The shape, angle and 

flexibility of the ligand allow them to coordinate with metal cores and adopt various 
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topologies. The flexibility also provides the complexes with breathable properties which can 

adapt to different reaction conditions by minimising the steric condition through 

conformational changes. Flexible ligands thus provide a guiding significance for the 

diversity. 

Functional groups can be introduced to the flexible ligands for synthesis of complexes with 

applicational value. The flexible ligands containing aromatic rings are well reported and they 

provide some rigidity to the framework leading to the formation of larger metallocycles.
15

 

These ligands also allow bending, rotation or stretching of the framework facilitating helical 

structure. The design strategy for synthesizing molecules using this kind of “soft and rigid” 

flexible ligands can yield several architectures with interesting properties including adaptive 

recognition and breathing ability.  

Rigidity modulated approach is often used for directing the flexible ligands to bind with 

metal cores based on a rigid ancilliary ligand.
16

 The rigid ligand provides the directionality 

needed for synthesis of required metallocycles. For example in a tetratopic flexible ligand as 

shown below the use of short rigid ancilliary ligand leads to formation of metallocycle 

through ortho selection of the flexible ligand whereas when long rigid bridger is used 

metallocyles are formed through meta selection.  

 

Figure 1.5. Representation of the flexibility in tetratopic ligand and their final architecture.  
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1.4.  Neutral flexible ditopic ligands and their SCC’s 

Flexible neutral ditopic ligands containing alkyl or aryl spacer with 

imidazolyl/pyridyl/phosphine oxide (P=O) donors as coordinating units are widely used for 

the synthesis of rhenium(I)tricarbonyl core based coordination complexes of various shapes 

and sizes. Several pyridyl/imidazolyl/phosphine oxide based donor ligands are designed and 

synthesized for creating new metallocycles of desired architecture. Use of different spacer 

motifs in both neutral ditopic flexible ligands and anionic flexible ligands also plays a role for 

formation of different architecture.  

 

 

 

Scheme 1.1. Cartoon representation of self-assembly of fac-Re(CO)3–based neutral 

unsaturated heteroleptic dinuclear double-stranded helicate and mesocate.  

 

Use of both monodentate ditopic flexible ligands and flexible bidentate anionic ligands with 

Re2(CO)10 leads to the formation of helicates or mesocates depending on the spacer motifs 

used in each ligand. Ligands L
1
-L

6
 are few examples of neutral flexible ditopic ligands with 

different spacer motifs and coordinating units. L
1
-L

2
 are simple –CH2-(p-Ph)-CH2– spacer 

containing ligands with benzimidazolyl as the coordinating units. Ligand L
3
 contains two 

mesitylene spacer motifs with benzimidazolyl as the coordinating motif. Similarly flexible 

ligand L
4
 was designed and synthesized using bismesitylene methane spacer motifs and 

napthanoimidazolyl motifs as the coordinating unit. Ligand L
6
 was synthesized using Troger 

base as the spacer unit and benzimidazolyl as the coordinating motif.  

 



Chapter 1 
 

7 
 

 

Figure 1.6. Ligands L
1
-L

6
 used in this work. 

 

The use of L
1
/L

2
 in the presence of flexible anionic ligand 1,4-bis(2-(2-

hydroxyphenyl)benzimidazol-1-ylmethyl)benzene (H2-pBC) or 1,3-bis(2-(2-

hydroxyphenyl)benzimidazol-1-ylmethyl)2,4,6-trimethylbenzene (H2-mBC) and Re2(CO)10 

leads to the formation  of helicate 1 and mesocate 2 respectively.
17

 In complex 1 both the 

ligands are arranged in helical manner resulting in heterostranded dinuclear double helicate. 

However, in complex 2 both the ligands are parallely arranged leading to the formation of 

mesocate architecture.  

 

Figure 1.7. Double stranded dinuclear helicate 1 and mesocate 2. 
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Flexible ligands L
1
/L

2
 in the presence of another flexible anionic bischelating ligand 5,5'-

methylenebis(3-(tert-butyl)-2-hydroxybenzaldehyde) yielded neutral dinuclear double 

stranded helicates 3 and 4 respectively.
18

 

 

 

 

Figure 1.8. Dinuclear double stranded helicates 3 and 4.  

 

 

Similarly when flexible ligands L
3
-L

4
 were reacted with a rigid bischelating ligand H2-RBC 

and Re2(CO)10 helical shaped architectures 5 and 6 were formed.
19

 In the complexes both the 

rigid anionic ligand flexible neutral ligands are wrapped around in a helical manner. Self-

assembly of ligand L
5
 with H2-RBC and Re2(CO)10 leads to the formation of  metallocycle 7. 

Metallocycle 7 adopts a mesocate structure with both the rigid and flexible ligands parallel to 

one another and the Re···Re axis. No helical twist was present in any of the ligand strands. 

The absence of methyl groups in the ligand framework of L
5
 in 7 resulted in the non-helical 

arrangement of the metallocycle.  
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Figure 1.9. Dinuclear double stranded helicates 5-6 and mesocate 7. 

In a similar manner use of a Troger base spacer based ligand L
6
 with benzimidazolyl motifs 

along with flexible bischelating anionic ligands H2-pBC or H2-mBC and Re2(CO)10 under 

solvothermal conditions using toluene as solvent leads to the formation of heteroleptic 

dinuclear helicates 8 and 9 respectively.
20

   

 

Figure 1.10. Dinuclear double strand helicates 8 and 9 using Troger base based ligand L
6
.  
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Flexible ligands L
3
/L

4
 when reacted with Re(CO)5Cl/Re(CO)5Br results in the formation of 

mononuclear metallocycles 10-11.
21

 

 

 

 

Figure 1.11. Mononuclear metallocycles 10-11 using flexible ditopic ligand L
3
. 

 

–CH2-(p-Ph)-CH2– spacer based ditopic ligands L
6
-L

9
 having different coordinating motif 

units were designed and synthesized for synthesis of metallocycles. 

 

 

Figure 1.12. Phenylene spacer based flexible neutral ligands L
6
-L

9
. 

 

Using these flexible ligands with rigid bischelating ligands H2-dhbq/H2-dhnd/H2-CA/H4-thbq 

and Re2(CO)10 via solvothermal approach or reflux method dinuclear metallacalix[4]arene 

supramolecules 12-23 were synthesized.
22

 These metallocycles contains a cavity which can 

accommodate small guest molecules. The functionality of these cavity containing molecules 

can be modulated by changing the coordinating motif or the ligand framework.  
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Figure 1.13. Dinuclear rhenium core based SCCs 12-23 using flexible neutral ligands and 

rigid anionic ligands. 

Uses of alkyl spacer based ditopic flexible ligands for synthesis of metallocycles are well 

known. Several pyridyl coordinating motif based ditopic flexible ligands L
10

-L
11

 containing 

alkyl spacer units are known. Ligands L
10

 and L
11

 when reacted with anionic rigid 

bischelating ligands 2-(pyridin-2-yl)-benzimidazole or bisbenzimidazole yielded dinuclear 

metallocycles 24-26.
23
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Figure 1.14. Dinuclear rhenium core based SCCs 24-26 using flexible neutral ligands and 

rigid/flexible anionic ligands. 

Several polyether spacer containing pyridyl based flexible ditopic ligands are used for 

synthesis of metallocycles. Self-assembly of Re(CO)5Cl and ligand L
12

 leads to the formation 

of a mononuclear metallocycle 27.
24

 Ligands L
10

 and L
11

 when reacted with Re2(CO)10 and 

oxamide ligands (H2L = N,N-diphenyloxamide, and N,N-dibenzyloxamide) bridging amide 

base donor ligands resulting in formation of dinuclear rhenium(I) metallacrown ethers 28-

30.
25

 
 

 

Figure 1.15. Mononuclear metallocycle 27 and dinuclear metallocycles 28-30 using flexible 

neutral ligands L
12 

or L
13

. 
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When biphenyl methane spacer containing flexible ligands L
14

-L
16

 are synthesized with 

benzimidazolyl motif as the coordinating unit and used along with rigid anionic ligands and 

Re2(CO)10, dinuclear metallocavitands 31-34 are formed.
26

 These metallocavitands are found 

to possess a bigger cavity than their single phenylene spacer metallocycles as evident from 

their molecular structures.    

 

Figure 1.16. Neutral N donor ditopic ligands L
14

-L
16

 and metallocavitands 31-34.  

A wide variety of xylene spacer based flexible ditopic ligands L
17-22 

having N donor 

coordinating unit are known.  

 

Figure 1.17. Neutral xylene spacer based flexible ligands L
17

-L
22

. 
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A xylene spacer based, benzimidazolyl donor motif containing ditopic flexible ligand L
17

 

when reacted with rigid bischelating ligand H2-dhnd lead to the formation of tetranuclear 

metallocycle 35.
23a

 

Scheme 1.2. Synthesis of tetranuclear metallocycle 33 using flexible ligand L
17

. 

 

The use of similar ligands L
18

-L
22

, along with rigid bischelating ligand with 2-

(hydroxyphenyl)benzimidazolyl motifs and a phenylene spacer, and Re2(CO)10 resulted in a 

new type of heteroleptic tetrahedrons 36-40.
27 

 The vertices of the tetrahedrons are occupied 

by rheniumtricarbonyl cores while the ligands occupy the edges. 

 

Figure 1.18. fac-Re(CO)3 core base heteroleptic tetrahedrons 36-40. 
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Uses of phosphine oxide based donor ligands in the synthesis of rhenium based metallocycles 

are very rare. Few reports are known for use of ditopic flexible ligands with phosphine oxide 

donor motif in literature. L23
-L

27
 are few examples of neutral ditopic phosphine based ligands 

containing alkyl or aryl spacer units.  

 

 

Figure 1.19. Ditopic phosphine/phosphine oxide based flexible ligands L
23

-L
27

.  

 

A series of dinuclear metallocycles 41-48 were synthesized by the self-assembly of 

Re2(CO)10, ditopic phosphine/phosphine oxide donor ligands L
23

-L
26

 and rigid bischelating 

ligands H2-CA/ H2-dhbq  in solvothermal conditions.
28 

Phosphine donor ligands L
23

-L
25

 get 

converted into phosphine oxide in situ during the self-assembly and thereby leads to the 

formation of metallocycles with phosphine oxide motifs. In case of metallocycles 47-48 hard 

phosphine oxide based ligand L
26 

is only used.  
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Scheme 1.3. Synthesis of dinuclear metallocycles 41-48. 

Tetranuclear complexes 49 and 50 were synthesized using phosphine donor based ligands 

L
23

/L
25

 with Re2(CO)10 and H4-thbq as the rigid bischelating ligand.  These complexes adopt 

a M4L2L′-type conjoined bicyclic structure with two rhenium atoms in each cyclic motif 

clipped by a phosphine oxide based donor ligand.
28-29
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Scheme 1.4.  Synthesis of tetranuclear hetroleptic metallocycles 49 and 50. 

 

Similarly neutral heteroleptic binuclear metallocycles 51-52 were obtained using flexible 

ditopic phosphine oxide donor ligands L
27

/L
28

, Re2(CO)10, and chloranilic acid (H2-CA) as 

the rigid bischelating donor via one-pot solvothermal approach.
30

 

 

Scheme 1.5. Synthesis of dinuclear metallocycles 51-52 using phosphine oxide based ligands 

L
27

-L
28

. 
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1.5. Flexible tetratopic ligand and their SCC’s 

A wide variety of tetratopic flexible ligands having various coordinating motifs are designed 

and synthesized for using them in synthesizing rheniumtricarbonyl core based complexes. 

Usually imidazolyl, benzimidazolyl or phosphine oxide donor based flexible tetratopic 

ligands are synthesized. Reaction of a neutral benzimidazolyl based flexible tetratopic ligand 

L
29

 with Re2(CO)10 and H2-CA via one pot self-assembly approach leads to the formation of  

metallocycle 53.
16

 The metallocycle can be considered as conjoined bicyclic metallocycle in 

which each cyclic motif of complex consist of two rheniumtricarbonyl  cores bridged by CA
2-

 

unit and coordinated to two benzimidazolyl motifs of the neutral ligand L
29

. The two cyclic 

motifs are connected to each other through the phenylene ring of the tetratopic ligand.  

 

Figure 1.20. Neutral tetranuclear metallocycle 53 using benzimidazolyl based flexible ligand 

L
29

. 

 

A similar kind of bicyclic tetranuclear complexes 54-55 was synthesized by using flexible 

tetratopic ligand L
30

.
31 

This tetratopic flexible ligand contains bismesitylene spacer and 

benzimidazole as the coordinating motif. The reaction of the flexible tetratopic ligand L
30 

with Re2(CO)10 and H2-dhaq/H2-dhnd as the anionic ligand leads to the formation of 

conjoined bicyclic metallocycles 54-55. One pot self assembly approach was used for 

synthesizing the metallocycles. 
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Figure 1.21. Neutral conjoined bicyclic metallocycles 54-55 using benzimidazolyl based 

flexible ligand L
30

. 

 

The design and synthesis of phosphine oxide donor ligand for synthesis of rhenium 

metallocycles is quite less.  A phosphine oxide donor ligand L
31

 on reaction with Re2(CO)10 

and bischelating anionic ligand H2-dhbq/H2-CA lead to formation of M4L2L′-type bicyclic 

structures 56-57.
28

  

 

 

 

Scheme 1.6.  Synthesis of tetranuclear metalloycles 56-57 from tetratopic phosphine oxide 

donor ligand L
31

. 
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1.6. Flexible hexatopic ligand and their SCC’s 

In the synthesis of rhenium(I) based metallocycles, for creating a molecule with multiple 

receptor sites hexatopic flexible ligands L
32

-L
34

 are used. In most of the cases 

imidazolyl/benzimidazolyl/napthanoimidazolyl coordinating motifs are used for synthesis of 

the hexatopic ligands. These ligands when treated with rigid anionic ligands such as 

benzimidazole/benzotriazole and Re2(CO)10 resulted in spheroid-shaped metallacycles 58-

59.
32

 These synthesized metallocycles contained multiple cavities. The complexes contained 

two metallacalix[3]arene units and six- metallacalix[4]arene motifs. Further each cavity in the 

spheroid shaped metallocycles has ability to accommodate guest molecules which are 

occupied by solvent molecules as revealed in the X-ray structure. 

 

Figure 1.22. Neutral flexible hexatopic ligands L
32

-L
34

. 

Scheme 1.7. Synthesis of spheroid shaped complexes 58-59. 
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By changing the coordinating motif in the flexible ligands the cavity sizes can be tuned. 

Increase in cavity sizes was seen when the coordinating motif was changed from 

benzimidazolyl to napthanoimidazolyl.
33

 Modulation of the anionic ligands can change the 

functionality of the cavities in the spheroids.  

1.7. Scope of the present thesis 

Rhenium-containing self-assembled coordination complexes (SCCs) show promise for 

various applications in materials and medicine. Small dinuclear metallocycles and hitherto 

unknown complex architectures such as molecular knots and various other topologies can be 

prepared. The earlier studies indicate that ditopic, tritopic, and polytopic ligands based on 

imidazolyl/benzimidazolyl donor serve as good structural frameworks for synthesizing 

homoleptic/heteroleptic helicates, bowls and cages. However, the use of pyrazolyl-based 

ligands in the self-assembly of metallocyclic architectures has only been recently initiated. 

While some acyclic complexes and other metallocycles featuring pyrazolyl donors are known 

with alternative metal cores. To the best of our knowledge, supramolecular coordination 

complexes based on rhenium(I) using pyrazolyl-based ligands remain unexplored. I believe 

that changing imidazolyl to pyrazolyl would result in hitherto unknown supramolecular 

coordination complexes because the coordination of the heterocyclic motif plays a crucial 

role in adopting the metal geometry. This significantly influences the architecture of the final 

complexes thus ultimately determining their properties and functions of the final 

supramolecular architectures. 

Hence, the main objectives of the Ph.D. research work are: 

· To design new pyrazolyl-based ditopic, tetratopic and hexatopic ligands. 

· To explore the use of the synthesized ligands as one of the structural framework to self-

assemble supramolecular coordination complexes using Re2(CO)10 and ancillary ligands. 

· To characterize the synthesized molecules making use of spectroscopic methods and 

analytical techniques. 

· To investigate the anticancer activities of the new supramolecular coordination complexes. 
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Chapter 2 

 

Self-assembly of new class of rhenium(I)-based double stranded 

dinuclear monohelicates  

Abstract 

A new type of double stranded dinuclear monohelicates, fac-[{Re(CO)3-L)Re(CO)3}L
n
] 

(14), were self-assembled from Re2(CO)10, rigid bischelating donor (H2L: 1,4-

dihydroxybenzoquinone (H2-dhbq) for 1 and 3; 2,5-pyrazine dicarboxylic acid (H2-pydc) for 

2 and 4) and flexible bis(monodentate) pyrazolyl N donor L
n
 (L

1
 = bis(4-

((pyrazolyl)methyl)phenyl)methane for 1 and 2; L
2
 = bis(4-

((pyrazolyl)methyl)phenyl)methanone for 3 and 4) in mesitylene. The metallomacrocycle 1 

was confirmed by single crystal Xray crystallography. Though the helicate contains two 

organic ligand strands, only one strand is arranged in a helical fashion, which is an 

unprecedented form in the helicate architectures. The molecular structures of 14 as helicates 

and mesocates were optimized using DFT methods. 

 

This work has been published in Dalton Trans., 2022, 51, 16307–16315. 
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2.1. Introduction 

The currently known self-assembly principles using pre-designed organic ligands, 

naked and partially protected metal ions provide a vast array of 2D- and 3D 

supramolecular coordination complexes (SCCs = metallomacrocycles) of various sizes 

and shapes including helicates.
1
 Though it appears that limits are reached in the design 

principle for SCCs, new bonding combinations have been evolving continuously to 

create simple to complex new supramolecular architectures. The intense research 

focused in this area is due to the simple synthetic approach i.e., mixing of two/three 

compounds for the formation of simple as well as highly complex SCCs and their 

potential applications in material and biological fields.
2
 Among the SCCs, dinuclear 

double-stranded double helicate is the simplest supramolecule and is known to have 

potential applications in the field of medicine.
3
 In general, the dinuclear double 

helicates can be easily achieved by mixing of naked metal ions and ditopic flexible 

ligands.
4
 However, the use of partially protected metal ions is less common in the self-

assembly of dinuclear double-stranded double helicates. In particular, fac-[Re(CO)3] 

core-based complexes as starting materials for assembling dinuclear double helicates 

are scarce
5ac

 but several dinuclear homotopic- and heterotopic- mesocates are 

known.
5dg

 It is worth mentioning that the fac-[Re(CO)3] core directed self-assembly 

approach is well-established for making kinetically stable and biologically active 

SCCs.
6
 

 

 

 

 

 

Figure 2.1. A: Commonly observed double-stranded dinuclear (a) homoleptic and (b) 

heteroleptic  double helicates. B: The design principle of new form of double-stranded 

dinuclear monohelicates 14. 

Herein, we report a unique self-assembly approach for a new type of dinuclear double-

stranded helicate (Figure 2.1). In these dinuclear helicates, only one ligand strand is 

arranged in a helical fashion. To the best of our knowledge, fac-[Re(CO)3] core-based 

dinuclear heteroleptic monohelicates are unknown. The helicates 14 were assembled 
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using Re2(CO)10, rigid bis-chelating ligand and flexible ditopic nitrogen donor in one-

pot approach (Scheme 2.1).  

 

2.2. Experimental 

2.2.1 Materials and Methods 

General Data. Re2(CO)10, pyrazole (Hpz), diphenylmethane, 

bis(4methylphenyl)methanone, KOH, NaOH, DMF, HBr-acetic acid (33%), 

paraformaldehyde, orthophosphoric acid, NBS, CCl4, 1,4-dihydroxybenzoquinone 

(H2dhbq), 2,5-pyrazine dicarboxylic acid dihydrate (H2-pydc2H2O), mesitylene and DMSO 

were purchased and used as received. Bis(4-(bromomethyl)phenyl)methane and bis(4-

(bromomethyl) phenyl)methanone were prepared by following known procedures.
 7 

ATR-IR 

spectra were recorded on a Nicolet iS5 IR spectrophotometer. NMR spectra were recorded on 

a Bruker Avance III 500 MHz spectrometer. ESI-MS spectra were recorded on Bruker-maXis 

mass spectrometer.  

 

2.2.2 X-ray crystallography 

Single crystal X-ray data of 1 was collected on a Rigaku Oxford Diffractometer (λ (Mo Kα) = 

0.71073Å). The structure was solved by direct methods using SHELXS97 (Sheldrick 2008) 

and refined using the SHELXL2018/3 program (within the WinGX program package). Non-

H atoms were refined anisotropically.
8
 

 

2.2.3 Computational section 
 
The ground state geometry optimization of complexes 1-4 was performed in the gas phase 

using B3LYP method, 
9
 in Gaussian 09 program package,

10
 The initial geometry for 1 was 

obtained from the coordinates of X-ray crystal structure of helicate 1. The Stuttgart-Dresden 

(SDD) ECP,
11

 was used for Re. The 6311G*
12

 was used for O, N, C and H atoms. Geometry 

optimizations were achieved without any constraints. No negative IR frequencies were 

observed for the optimized structures. 
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2.2.4 Synthesis of ligands and complexes. 

Synthesis of L
1
 

Pyrazole (459.0 mg, 6.75 mmol), KOH (400.0 mg) and DMF (~30 mL) were taken in a round 

bottom flask. The reaction mixture was allowed to stir for 3 hr at room temperature. Bis(4-

(bromomethyl)phenyl)methane (1.2 g, 6.75 mmol) was added to the mixture and allowed to 

stir for another 48 hr. The final solution was poured into ice-cold water (~500 mL). White 

precipitate obtained was filtered and air-dried. Yield: 53% (1.19 g).
1
H NMR (500 MHz, 

DMSO-d6, ): 7.76 (d, J = 2 Hz, 2H, H
5
), 7.42 (d, J = 1 Hz, 2H, H

3
), 7.16 (d, J = 8 Hz, 4H, 

H
7
), 7.11 (d, J = 8 Hz, 4H, H

8
), 6.24 (t, J = 2 Hz, 2H, H

4
), 5.25 (s, 4H, H

6
), and 3.86 (s, 2H, 

H
9
). HRMSESI (m/z): [M + H]

+
 calcd for C21H21N4, 329.1766; found, 329.1766.  

Synthesis of L
2
 

Pyrazole (73.90 mg, 1.086 mmol), bis(4-(bromomethyl)phenyl)methanone (200 mg, 0.5430 

mmol), NaOH (95.00 mg) and THF (12 mL) were taken in an round bottom flask. The 

reaction mixture was then refluxed for 20 hr. The solvent was evaporated under vacuum. 

Water (100 mL) was added to the precipitate. Pale yellow precipitate obtained was filtered 

and air-dried. Yield: 43 % (160 mg). HRMSESI (m/z): [M + H]
+
 calcd for C21H19N4O, 

343.1559; found, 343.1550. 
1
H NMR (500 MHz, DMSO-d6, ): 7.88 (d, J = 2 Hz, 2H, H

5
), 

7.69 (d, J = 8 Hz, 4H, H
7
), 7.50 (d, J = 1.5 Hz, 2H, H

3
), 7.33 (d, J = 8.5 Hz, 4H, H

8
), 6.39 (d, 

J = 2 Hz, 2H, H
4
) and 5.45 (s, 4H, H

6
). 

 

General synthetic procedure for helicates  

Re2(CO)10, flexible ditopic ligand (L
1
 or L

2
), rigid bis-chelating ligand and mesitylene were 

taken in a round bottom flask. The reaction mixture was refluxed for 4 hr. The obtained 

precipitate (helicate) was filtered off, washed with excess amount of hexane. The filtrate 

(mesitylene solution) was kept as such. Crystals suitable for single crystal Xray diffraction 

analysis were collected from the filtrate. The same reaction can be performed in the 

solvothermal conditions.  

 

 

 

 



Chapter 2 
 

29 
 

Synthesis of fac-[{Re(CO)3(dhbq)Re(CO)3}(L
1
)]•mesitylene (1•mesitylene) 

By following the general synthetic approach 1 was obtained using Re2(CO)10 (50.4 mg, 0.077 

mmol), H2dhbq (11.00 mg, 0.0785 mmol), L
1
 (25.20 mg, 0.076 mmol), and mesitylene (20 

mL). Yield: 67% (40 mg of ppt. + 12 mg crystals). ATRIR (cm


): 2012 (s) and 1875 (s) 

(CO). HRMSESI (m/z): [M + H]
+
 calcd for C33H23N4O10Re2, 1007.0497; found, 

1007.0496. 
1
H NMR (500 MHz, DMSO-d6, ): 7.76 (d, J = 2 Hz, 2H, H

5
), 7.42 (d, J = 1 Hz, 

2H, H), 7.16 (d, J = 8 Hz, 4H, H
7
), 7.11 (d, J = 8 Hz, 4H, H

8
), 6.79 (s, mesitylene), 6.24 (t, J 

= 2 Hz, 2H, H
4
), 5.79 (s, 1H, dhbq), 5.79 (s, 1H, dhbq), 5.25 (s, 4H, H

6
), and 3.86 (s, 2H, H

9
).  

 

Synthesis of fac-[{Re(CO)3(pydc)Re(CO)3}(L
1
)] (2) 

By following the general synthetic approach, 2 was obtained using Re2(CO)10 (51.00 mg, 

0.07800 mmol), H2pydc2H2O (15.90 mg, 0.0780 mmol), L
1
 (25.20 mg, 0.0770 mmol), and 

mesitylene (12 mL). Yield: 89 % (72 mg). ATRIR (cm
-1

): 2026 (s) and 1885 (s) (CO). 

HRMSESI (m/z): [M + H]
+
 calcd for C33H23N6OO10Re2, 1037.0591; found, 1037.0588. 1H 

NMR (500 MHz, DMSO-d6, ): 9.14 (s, 1H, pydc), 9.12 (s, 1H, pydc), 7.76 (d, J = 2 Hz, 2H, 

H5), 7.42 (d, J = 1 Hz, 2H, H3), 7.16 (d, J = 8 Hz, 4H, H
7
), 7.11 (d, J = 8 Hz, 4H, H

8
), 6.79 

(s, mesitylene), 6.24 (t, J = 2 Hz, 2H, H
4
), 5.25 (s, 4H, H

6
), and 3.86 (s, 2H, H

9
). 

 

Synthesis of fac-[{Re(CO)3(dhbq)Re(CO)3}(L
2
)] (3) 

By following the general synthetic approach, 3 was obtained using Re2(CO)10 (50.00 mg, 

0.0760mmol), H2dhbq (10.70 mg, 0.0760mmol), L
2
 (26.20 mg, 0.0760mmol), and 

mesitylene (20 mL). Yield: 64% (50 mg). ATRIR (cm
-1

):2016 (s) and 1881 (s) (CO). 

HRMSESI (m/z): [M + H]
+
 calcd for C33H21N4O11Re2, 1021.0294; found, 1021.0173.

1
H 

NMR (500 MHz, DMSO-d6, ): 7.88 (d, J = 2 Hz, 2H, H
5
), 7.69 (d, J = 8 Hz, 4H, H

7
), 7.50 

(d, J = 1.5 Hz, 2H, H
3
), 7.33 (d, J = 8.5 Hz 4H, H

8
), 6.39 (d, J = 2 Hz, 2H, H

4
), 5.79 (s, 1H, 

dhbq), 5.79 (s, 1H, dhbq), and 5.45 (s, 4H, H
6
) 

 

Synthesis of fac-[{Re(CO)3(pydc)Re(CO)3}(L
2
)] (4) 

By following the general synthetic approach, 4 was obtained using Re2(CO)10 (50.00 mg, 

0.0760 mmol), H2pydc.2H2O(16.00 mg, 0.0780 mmol), L
2
 (26.20 mg, 0.0760 mmol), and 

mesitylene (20 mL). Yield: 87% (70 mg). ATRIR (cm


): 2030 (s) and 1889 (s) (CO). 
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HRMSESI (m/z): [M + H]
+
 calcd for C33H21N6O11Re2, 1051.0383; found, 1049.0131.

1
H 

NMR (500 MHz, DMSO-d6, ): 9.14 (s, 1H, pydc), 9.12 (s, 1H, pydc), 7.88 (d, J = 2 Hz, 2H, 

H
5
), 7.69 (d, J = 8 Hz, 4H, H

7
), 7.50 (d, J = 1.5 Hz, 2H, H

3
), 7.33 (d, J = 8.5 Hz 4H, H

8
), 6.39 

(d, J = 2 Hz, 2H, H
4
), and 5.45 (s, 4H, H

6
).  

 

2.3. Results and discussion 

2.3.1 Synthesis and characterization of ligands L
1
- L

2
. 

Two new flexible bidentate ligands (L
1
 and L

2
) were synthesized by treating pyrazole 

(Hpz) with bis(4-(bromomethyl)phenyl)methane or bis(4-

(bromomethyl)phenyl)methanone in presence of KOH/NaOH in DMF/THF (Scheme 

2.1).
13

 The 
1
H NMR spectrum of L

1
 in DMSOd6 displays a single set of well-

separated sharp signals for the protons of pz, two p-phenylene motifs, and three 

methylene groups. A similar pattern was observed for L
2
. The formation of the ligands 

are further supported by mass spectra which exhibit molecular ion peaks as mz 

329.1766 for [L
1
H]


 and mz 343.1550 for [L

2
H]


Figure 2.2-. 

 

 

Scheme 2.1 Synthesis of ligands L
1
-L

2
. 

 

 

 

 



Chapter 2 
 

31 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. 
1
H NMR spectrum of L

1
 in DMSO- d6 (* is solvent).  
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Figure 2.3. 1H1H COSY NMR spectrum of L1 in DMSOd6. 

 

 

 

Figure 2.4. 1H1H NOESY NMR spectrum of L1 in DMSOd6. 
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Figure 2.5. ESI mass spectrum of L1 in positive ion mode (simulated pattern in inset). 
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Figure 2.6. 1H NMR spectrum of L2 in DMSOd6. 

 

 

 

Figure 2.7. 1H1H COSY NMR spectrum of L2 in DMSOd6. 
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Figure 2.8. ESI mass spectrum of L2 in positive ion mode (simulated pattern in inset). 
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2.3.2 Synthesis and characterization of SCCs (1-4)  

Metallomacrocycles 14 were obtained by treating Re2(CO)10, H2dhbq or H2pydc, 

and L
n
 in refluxing mesitylene (Scheme 1). The products are air and moisture stable 

and are completely soluble in hot DMSO. Complexes 14 display two strong CO 

stretching bands in 20301875 cm
1

 region, characteristic of fac-[Re(CO)3] motif in 

an asymmetric environment. HRMS spectra of the macrocycles show molecular ion 

peaks (mz 1007.0497 for [1H]

, mz 1037.0591 for [2H]




mz 1021.0173 for 

[3H]

 and mz 1049.0131 for [4H]


that match with the theoretical values. The 

1
H NMR spectra of 14 display a pattern similar to those of the free ligands (L

1
L

2
). 

Two more additional peaks that appear as a single sharp peak for 1, 3 and closely 

spaced pairs for 2, 4, corresponding to the protons of dhbq
2
pydc


 motif were found. 

These two signals are slightly upfield shifted compared to that of the free ligand 

(H2dhbq or H2pydc). This suggests that dhbq
2
pydc

2
is bis-chelated to rhenium 

ions and its two protons experience ring current effect slightly from the neighboring 

arene core in the metallomacrocycle. Further, the solution contains slightly unequal 

amount of two conformers. (Figure 2.9-2.22) 

 

 

 

Scheme 2.2. Self-assembly of helicates 14. 
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Figure 2.9. ATRIR spectrum of 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. ATRIR spectrum of 2. 
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Figure 2.11. ATRIR spectrum of 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. ATIR spectrum of 4. 
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Figure 2.13. 1H NMR spectrum of 1 in DMSOd6 (*  Mesitylene). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14 1H NMR spectrum of 2 in DMSOd6 (* = Mesitylene).  
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Figure 2.15. 1H NMR spectrum of 3 in DMSOd6 (*  Mesitylene). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. 1H NMR spectrum of 4 in DMSOd6 (*  Mesitylene).  



Chapter 2 
 

41 
 

 

 

Figure 2.17. Partial 1H NMR spectra of ligands and complexes 1 and 2 in DMSOd6. 

 

 

 

Figure 2.18. Partial 1H NMR spectra of ligands and complexes 3 and 4 in DMSOd6. 
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Figure 2.19. ESI mass spectrum of 1 in positive ion mode (simulated pattern in inset). 
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Figure 2.20. ESI mass spectrum of 2 in positive ion mode (simulated pattern in inset). 
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Figure 2.21. ESI mass spectrum of 3 in positive ion mode (simulated pattern in inset). 
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Figure 2.22. ESI mass spectrum of 4 in positive ion mode (simulated pattern in inset). 
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2.3.3 Molecular structure of metallocycle 1  

Crystals of 1 with mesitylene solvent for Xray diffraction analysis were obtained by 

slow evaporation of mother liquor. Molecular structure of 1 shows that it adopts a 

helical architecture (Figure 2.23). The dhbq


 ligand strand partitions into two separate 

chelating sites and each coordinate a different rhenium ion. The two rhenium atoms 

and dhbq ligand are in the same axis without any twisting resulting in [RedhbqRe] 

rigid dinuclear strand. The flexible L
1
 strand acts as bis(monodenate) N donor and 

coordinates two rhenium ions of [RedhbqRe] in 1. In particular, the flexible ligand 

strand wraps around the dinuclear strand in a helical manner. Two types of equal 

amount of helicates are present in the crystal. Among these helicates, one molecule 

adopts right handed helical structure, whereas the other molecule takes left-handed 

helical structure. The dhbq
2
 unit is perpendicular to the biphenyl methane unit of L

1
 

in 1. As a result one of the hydrogen atoms of dhbq
2

unit lies close to the two phenyl 

units of L
1
 and contacts each other via non-covalent CH interactions (C30C17 

3.548 Å, C30HC17 139 and C30C6 3.512 Å, C30HC6 134) in 

one helicate. A similar arrangement was found for another hydrogen atom of the 

dhbq
2

 in the other helicate.  

 

 

 

Figure 2.23 (a-b) Side- and top-views of helicate 1. Color code: C = green for L
1
 & 

pink for dhbq and CO; H = light green for L
1
 & pink for dhbq; O = red, N = blue, Re = 

azure blue. 
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The length of the helix, as defined by the intramolecular Re•••Re distance, is 8.05 Å. 

The overall arrangement of metallomacrocycle 1 is structurally unique as only one-

strand in the double-stranded dinuclear unit adopts a helical arrangement. Therefore, 

complex 1 can be best regarded as dinuclear heterostranded monohelicate. The 

rhenium ions are in distorted octahedral geometry. The ReO, ReN, and ReC bond 

lengths in 1 are in the expected range.
14 

 

 

 

Figure 2.24. Partial packing diagram of 1 showing two 1D-supramolecular helical 

chains (stick and space-filling view) consisting of alternatively arranged right- and 

left-handed helicates. Solvent mesitylene molecules are removed for clarity. 

 

Table 1. Selected bond lengths (Å) in 1 

Re(1)O(1)  2.147(5) 

Re(1)O(2)  2.135(5) 

Re(2)O(3)  2.143(5) 

Re(2)O(4)  2.133(5) 

O(2)C(29)  1.269(8) 

O(3)C(32)  1.270(8) 

O(4)C(31)  1.269(8) 

C(28)C(33)  1.365(8) 

Re(1)N(1)  2.210(6) 

Re(2)N(3)  2.229(6) 

O(1)C(28)  1.265(8) 

 

 

C(33)C(32)  1.382(10) 

C(31)C(32)  1.520(10) 

C(31)C(30)  1.375(8) 

C(29)C(30)  1.383(9) 

C(29)C(28)  1.523(10) 

 

In the crystal structure of 1, alternatively arranged right and left-handed helicates 

along the c-axis contact each other via intermolecular hydrogen bonds, occurring 

between hydrogen of pyrazolyl unit of helical strand L
1
 to oxygen of carbonyl group 

(C3O6  3.33 Å, C3HO6  125; C19O8 3.54 Å, C19HO8  151). 

Each helicate has two such complementary interactions between the two neighbouring 

molecules, one at each end. This interaction propagates along the “c” axis resulting in 
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right-handed helical chains with the helical pitch of 19.2 Å i.e. two L
1
 motifs make 

one helical turn. The super-structure is similar to a single creeper helically wrapping 

around a rigid trunk (Figure 2.24).
15 

 

 

2.3.4 Structure optimization studies  

Several attempts for growing single crystals of 24 from either slow evaporation of the 

mother liquor or direct solvothermal approaches in mesitylenetoluene were fruitless. 

Molecular structures of 24 as helicates and mesocates were calculated using DFT 

methods (Figure 2.25). The energy minimized structure of 1 matches with the Xray 

structure except slight variation in the ligands, presumably due to the packing 

interactions in the crystal. No noticeable difference was found in the bonding 

parameters among these two structures. Therefore, the optimized methods for the 

remaining complexes can be considered as reliable data. 

 

 

 

Figure 2.25. Optimized structures of helicates (a = 1, c = 2, e = 3 and g = 4) and 

mesocates (b = 1, d = 2, f = 3 and h = 4). H atoms are removed for clarity, Color code: 

C = gray, N = blue, O = red and Re = green.
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In the helicates, dhbq
2
pydc

2
adopts little strain whereas L

n 
adopts strain free environment. 

On the other hand in the mesocate structures, both pyrazolyl motifs are slightly deviated 

along the coordinated axis and there is not much twisting of dhbq
2
pydc

2
. The calculated 

energy difference between the helicates and mesocates is 0.455 kcalmol for 1 and 5.019 

kcalmol for 3, suggesting that the equilibrium between helicate and mesocate is favourable 

without any energy barrier. The mesocate geometry is more stable than the helicate for 2 by 

4.056 kcalmol and 4 by 3.802 kcalmol. 

2.4 Conclusion 

In conclusion, a new class of dinuclear heteroleptic monohelicates (14) were self-

assembled by using Re2(CO)10, rigid bis-chelating ligand strand and newly designed 

flexible bis(monodentate) pyrazolyl Ndonor in mesitylene. Though these helicates 

contain two organic ligand strands, only one strand is arranged in a helical fashion. X-

ray structure of 1 reveals that both right- and left-handed helicates are present which 

interact with each other via non-covalent interactions resulting in one dimensional 

right-handed superhelical architecture. All the metallosupramolecules are optimized as 

helicates and mesocates via DFT methods which reveal that the energy difference 

between the structures is less.  
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Chapter 3 

 

Self-assembly, dynamic properties in solution and competitive ligand 

induced supramolecular transformations of rhenium-pyrazolyl based 

figure-eight- and Z-shaped metallocycles 

Abstract 

Rhenium(I)tricarbonyl core-based heteroleptic figure-eight- and Z-shaped metallocycle (1a-

4a) of the general formula fac-[{(CO)3Re(-L)Re(CO)3}2(dppz)2] were self-assembled from 

Re2(CO)10, H2-L (H2-L = 5,8-dihydroxy-1,4-naphthaquinone (H2-dhnq) for 1a; 1,4-

dihydroxy-9,10-anthraquinone (H2-dhaq) for 2a; 6,11-dihydroxy-5,12-naphthacenedione (H2-

dhnd) for 3a; 2,2´-bisbenzimidazole (H2-bbim) for 4a) and bis(4-

((pyrazolyl)methyl)phenylmethane) (dppz) via one-pot coordination-driven synthetic 

approach. The molecular structures of 1a and 4a were unambigously confirmed by single 

crystal X-ray diffraction (SCXRD) methods. The metallocycles in DMSO solution exist as 

acyclic dinuclear DMSO adduct of the general formula fac-[{(CO)3Re(-

L)Re(CO)3}(DMSO)2] (1b, L = dhnq; 2b, L = dhaq; 3b, L = dhnd; 4b, L = bbim) and dppz 

which are in dynamic equilibrium. The dynamic behavior of rhenium-pyrazolyl bond in the 

solution state was effectively utilized to transform metallocycles 1a4a into 

pyridyl/benzimidazolyl/phosphine donor-based heteroleptic metallocycles and  acyclic 

dinuclear complexes (4-13). These include tetranuclear rectangles fac-[{(CO)3Re(-

L)Re(CO)3}2(4,4-bpy)2] (4 and 11, L = dhaq for 4 and bbim for 11), dinuclear metallocycles 

fac-[{(CO)3Re(-L)Re(CO)3}(dpbim)] (5-7 and 12; L = dhnq for 5, dhaq for 6, dhnd for 7, 

and bbim for 12), and dinuclear acyclic complexes fac-[{(CO)3Re(-L)Re(CO)3}(PTA)2] 

(810 and 13; L = dhnq for 8, dhaq for 9, dhnd for 10, and bbim for 13). These 

transformations were achieved through component-induced supramolecular reactions while 

treating with competitive ligands 4,4-bipyridine (4,4-bpy), bis(4-((
1
H-benzoimidazole-1-

yl)methyl)phenyl)methane (dpbim) and 1,3,5-triaza-7-phosphaadamantane (PTA). The 

reaction mixture in the solution was analyzed using NMR and ESI-MS analysis. Additionally, 

crystal structures of 4, 6 and 13, which were obtained in the mixture of the solutions, were 
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determined, providing unequivocal evidence for the occurrence of supramolecular 

transformation within the system. The results reveal that the size of the chelating ligand and 

the pyrazolyl donor angle of the ditopic ligand play crucial roles in determining the resulting 

solid-state metallocyclic architecture in these synthetic combinations. The dynamic behavior 

of the rhenium-pyrazolyl bond in the metallocycles can be utilized to transform into other 

metallocycles and acyclic complexes using suitable competing ligands via ligand-induced 

supramolecular transformations 

 

This work has been published in ACS Omega 2023, 8, 41773–41784. 
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3.1. Introduction 

The design and synthesis of metallocycles such as cages, helicates and simple-to-complex 

topological architectures via coordination-driven self-assembly have been gaining still 

significant attention owing to their potential applications in materials and medicinal fields.
1-9

 

Further, new aesthetically appealing molecular architectures including intricate topological 

metallocyclic architectures such as metallo-links (a series of interlocked metallocyclic rings 

where atleast one ring has to be broken to separate them) and metallo-knots similar to those 

found in nature can be prepared using the self-assembly.
10-18

 Among the various topologies, 

figure-eight architecture is one of the elegant self-assembled structures which is found in 

natural systems such as Lissoclinamide 7, recombinant structure of circular DNA and marine 

alkaloid.
19-20

 However, very few examples of figure-eight-shaped metallocycles are known 

till now.
21-26

  

The design and synthesis of figure-eight-shaped metallocycles and other metallocyclic 

architectures using various metal precursors and organic building units are important in the 

development of the field, which might yield molecules having various potential applications 

in the near future. Among the few metal ions based coordination-driven approaches, fac-

[Re(CO)3] core-based self-assembly method is one of the methods to construct neutral 

homoleptic and heteroleptic metallocycles which have potential applications in the field of 

host−guest encapsulation, catalysis, selective reactivity, sensing, and as bioactive agents.
27-57

 

Though considerable number of synthetic principles for the preparation of various sizes and 

shapes of fac-[Re(CO)3] core-based metallocycles are currently available, synthetic approach 

for preparing figure-eight topology, complex-knots and complex-links-shaped metallocycles 

are scarce. In addition to the metal core, the nature of ligand is crucial to obtain the complex 

topological architectures.  

To the best of our knowledge, pyridyl and imidazolyl/benzimidazolyl and their structural 

analogous-based ditopic-/tritopic- and multitopic ligands are frequently used to construct fac-

[Re(CO)3] core-based metallocycles. These rhenium(I)-based metallacycles are generally 

kinetically inert and robust in solution including coordinating DMSO solvent. On the other 

hand, only a countable number of pyrazolyl donor-based ligands are used in constructing fac-

[Re(CO)3] metallacycles.
46,58

 It is well-known that metal-pyrazolyl bond are labile in the 

donor solvents. It is expected that rhenium-pyrazolyl bond in the metallocycles can also be 

dynamic in the donor solvent. This dynamic nature of metal-donor bonds in the metallocycles 
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can be utilized potentially both in supramolecular transformations and active agent for the 

biological systems. However, the design and synthesis and structural transformation of 

rhenium-pyrazolyl motif containing metallacycles are unknown. 

We have used flexible ditopic pyrazolyl donor (dppz) consisting of biphenylmethane (-CH2-

Ph-CH2-Ph-CH2-) as spacer and utilized it in constructing new type of helicates with bis-

chelating ligand and Re2(CO)10.
46

 In this approach, both the rigid ligand (H-L) and the 

coordination angle of pyrazolyl donor play an important role in dictating the helical structure 

because the flexible ditopic ligand containing the same spacer with benzimidazolyl donor 

yields metallocavitand.
47

 Therefore, we envision that modulating the width and the length of 

the rigid bis-chelating ligands (H-L) in the self-assembly combinations of Re2(CO)10, H-L, 

and dppz would result in hitherto unknown metallocycles including figure-eight architecture, 

metallo-links or metallo-knots. Hence, rigid bis-chelating ligands 5,8-dihydroxyl-1,4-

naphthaquinone (H2-dhnq), 1,4-dihydroxy-9,10-anthraquinone (H2-dhaq), 6,11-dihydroxy-

5,12-naphthacenedione (H2-dhnd), and 2,2-bisbenzimidazole (H2-bbim) having different 

width and length were chosen along with dppz in the present study. These rigid bis-chelating 

ligands are widely used in the construction of supramolecular coordination complexes 

including Ir/Rh based metallo-links/metallo-knots and considerable number of Re molecular 

rectangles, which have potential applications in the medicinal and material field.
16,56-57

 

Herein, we combine the self-assembly of pyrazolyl motif-based fac-[Re(CO)3] core 

metallocycles, studies their dynamic behavior in DMSO solution, and utilizing the dynamic 

nature of rhenium-pyrazolyl bond in creating potential new metallacycles and acyclic 

complexes via ligand induced supramolecular transformation. Herein, we report on a neutral 

heteroleptic “figure-eight”- and “Z”-shaped metallocycle (1a4a) which were self-assembled 

using Re2(CO)10, rigid bis-chelating ligands and dppz in a one-pot approach. The solid-state 

structures of 1a and 4a were determined by single crystal X-ray diffraction analysis. The 

metallocycles are in dynamic equilibrium with disassembled dinuclear-DMSO complexes 

(1b4b) and dppz in the solution state. The dynamic nature of Re-pyrazolyl bond of the 

metallocycles were fruitfully utilized further to transform these metallocycles into other 

nitrogen donor based tetranuclear- and dinuclear-metallocycles and phosphine donor-based 

dinuclear acyclic complexes (4-13) via ligand exchange process which were studied using 

NMR, ESI-MS analysis, and single crystal X-ray analysis. 
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3.2. Experimental  

3.2.1. Materials and methods 

Re2(CO)10, pyrazole (Hpz), diphenylmethane, H2-dhnq, H2-dhaq, H2-dhnd, KOH, DMF, 

HBr-acetic acid (33%), paraformaldehyde, o-phenylene diamine, hexachloroacetone, 

orthophosphoric acid, NBS, CCl4, toluene, mesitylene, hexane and ethylene glycol were 

purchased and used as received. H2-bbim and dppz were prepared by following known 

procedures.
47

 ATR-IR spectra were recorded on a Nicolet iS5 IR spectrophotometer. 
1
H 

NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer. HR-ESI-MS 

spectra were recorded on Bruker-maXis mass spectrometer.   

3.2.2. Crystallography  

Single crystal X-ray data of 1a, 4a, 6, and 13 were collected on a Rigaku Oxford 

Diffractometer (λ(Mo Kα) = 0.71073 Å). The molecular structures were solved by direct 

methods using SHELXS97 (Sheldrick 2008) and refined using the SHELXL2018/3 

program (within the WinGX program package).
60-61

 Non-H atoms were refined 

anisotropically. 

 

3.2.3. Synthesis of metallocycles 

Synthesis of fac-[{(CO)3Re(-dhnq)Re(CO)3}2(dppz)2] (1a) 

A mixture of Re2(CO)10 (50.0 mg, 0.076 mmol), H2-dhnq (14.6 mg, 0.076 mmol), dppz (25.1 

mg, 0.076 mmol), and mesitylene (20 ml) was refluxed for 5 h and cooled to 30 °C. Dark 

green precipitate obtained was filtered, washed with hexane and air-dried. Yield: 35 % (115 

mg). Green crystals suitable for single crystal X-ray diffraction analysis were obtained from 

the filtrate. The 
1
H NMR spectra of precipitate and crystals are same. AT-IR (cm

1
): 2010 (s) 

and 1882 (s) (CO). HR-ESI-MS (m/z): [M + H]
+
 calcd for C74H49N8O20Re4, 2115.1269; 

found, 2115.1687. 
1
H NMR (500 MHz, DMSOd6, ppm): 7.76 (d, J = 1.5 Hz, 4H, H

c
), 7.42 

(d, J = 1.5 Hz, 4H, H
a
), 7.26 (d, J = 2.5 Hz, 4H, H

A
), 7.16 (d, J = 5 Hz, 8H, H

e/f
), 7.11 (d, J = 

5 Hz, 8H, H
e/f

), 6.24 (t, J = 1 Hz, 4H, H
b
), 5.25 (s, 8H, H

d
), and 3.86 (s, 4H, H

g
). 
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Synthesis of fac-[{(CO)3Re(-dhaq)Re(CO)3}2(dppz)2] (2a) 

A mixture of Re2(CO)10 (200.0 mg, 0.3065 mmol), H2-dhaq (74.0 mg, 0.3065 mmol), dppz 

(101.6 mg, 0.3065 mmol), and mesitylene (30 ml) was refluxed for 5 h and cooled to 30 °C. 

Compound 2a was obtained as dark green powder. The product was filtered, washed with 

hexane and air-dried. Yield: 41 % (150 mg). AT-IR (cm
-1

): 2008 (s) and 1886 (s) (CO). 

HRMS-ESI (m/z): [M + H]
+
 calcd for C82H53N8O20Re4, 2215.1583; found, 2215.1185. 

1
H 

NMR (500 MHz, d6-DMSO, ): 8.36-8.43 (m, 8H, H
C
), 7.94-7.92 (m, 8H, H

B
), 7.76 (d, J = 

1.5 Hz, 4H, H
c
), 7.42 (d, J = 1.5 Hz, 4H, H

a
), 7.29 (d, J = 4 Hz, H

A
), 7.16 (d, J = 5 Hz, 8H, 

H
e/f

), 7.11 (d, J = 5 Hz, 8H, H
e/f

), 6.24 (t, J = 1 Hz, 4H, H
b
), 5.25 (s, 8H, H

d
), and 3.86 (s, 4H, 

H
g
).  

Synthesis of fac-[{(CO)3Re(-dhnd)Re(CO)3}2(dppz)2] (3a) 

A mixture of Re2(CO)10 (100.1 mg, 0.1532 mmol), H2-dhnd (45.2 mg, 0.153 mmol), dppz 

(50.4 mg, 0.153 mmol), and toluene (10 ml) was kept in an oven maintained at 160 °C for 48 

h and cooled to 30 °C. Compound 3a was obtained as dark purple powder. The product was 

filtered, washed with hexane and air-dried. Yield: 27 % (48 mg). AT-IR (cm
-1

): 2011 (s) and 

1872 (s) (CO). HRMS-ESI (m/z): [M + H]
+
 calcd for C90H57N8O20Re4, 2315.1898; found, 

2315.1704. 
1
H NMR (500 MHz, DMSOd6, ppm): 8.42-8.39 (m, 8H, H

A
), 7.94-7.92 (m, 8H, 

H
B
), 7.76 (d, J = 1.5 Hz, 4H, H

c
), 7.42 (d, J = 1.5 Hz, 4H, H

a
), 7.16 (d, J = 5 Hz, 8H, H

e/f
), 

7.11 (d, J = 5 Hz, 8H, H
e/f

), 6.24 (t, J = 1 Hz, 4H, H
b
), 5.25 (s, 8H, H

d
), and 3.86 (s, 4H, H

g
).  

Synthesis of fac-[{(CO)3Re(-bbim)Re(CO)3}2(dppz)2] (4a) 

A mixture of Re2(CO)10 (100 mg, 0.153 mmol), H2-bbim (36.0 mg, 0.156 mmol), dppz (50.5 

mg, 0.157 mmol), and mesitylene:hexane (10:2 mL) in a Teflon flask was placed in a steel 

bomb. The bomb was kept in an oven maintained at 175 °C for 72 h and cooled to 30 °C. 

Compound 4a was obtained as light yellow crystals. The product was filtered, washed with 

hexane and air-dried. Yield: 50% (84 mg crystals). ATRIR (cm
1

): 2017 (s) and 1882 (s) 

(CO). HRMSESI (m/z):[M + H]
+
 calcd for C82H57N16O12Re4, 2203.2548; found, 

2203.2252. 
1
H NMR (500 MHz, DMSOd6, ppm): 7.76 (d, J = 1.5 Hz, 4H, H

c
), 7.65-7.61 

(m, 8H, H
A
), 7.42 (d, J = 1.5 Hz, 4H, H

a
), 7.39-7.37 (m, 8H, H

B
), 7.16 (d, J = 5 Hz, 8H, H

e/f
), 

7.11 (d, J = 5 Hz, 8H, H
e/f

), 6.24 (t, J = 1 Hz, 4H, H
b
), 5.25 (s, 8H, H

d
), and 3.86 (s, 4H, H

g
).  
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3.3. Results and discussion 

3.3.1. Synthesis and characterization of metallocycles 1a-4a 

Compounds 1a4a were synthesized by treating Re2(CO)10, rigid bis-chelating ligand 

(H2dhnq for 1a; H2dhaq for 2a) and dppz in mesitylene using one-pot reflux approach. 

Compounds 3a4a were synthesized by treating Re2(CO)10, rigid bis-chelating ligand 

(H2dhnd for 3a; H2bbim for 4a) and dppz in toluene for 3a and in mesitylene:hexane for 

4a under one-pot solvothermal approach (Scheme 3.1). The products are air and moisture 

stable. All the complexes displayed two strong CO stretching bands in the region of 

20081886 cm
1

, (2010 and 1882 cm
1

 for 1a; 2008 and 1886 cm
1

 for 2a; 2011 and 1872 

cm
1

for 3a; 2017 and 1882 cm
1

for 4a), characteristic of fac-[Re(CO)3] motif in an 

asymmetric environment (Figure 3.1-3.4). The formation of tetranuclear structures in solution 

was further confirmed by ESI mass analysis which show molecular ion peaks (mz: 

2115.1687 for [1a H]
+
; 2215.1185 for [2a H]

+
; mz: 2315.1704 for [3a H]

+;
 mz: 

2203.2252 for [4a H]
+
) that matches with the theoretical values (Figure 3.5-3.10). 
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Scheme 3.1. Self-Assembly of Metallocycles 1a-4a. 

 



Chapter 3 
 

61 
 

 

Figure 3.1. ATR-IR spectrum of 1a. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. ATR-IR spectrum of 2a. 
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Figure 3.3. ATR-IR spectrum of 3a 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. ATR-IR spectrum of 4a. 
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Figure 3.5. HR-MS spectrum of 2a in positive ion mode. 
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Figure 3.6. Experimental and calculated ESI mass spectra of 2a in positive ion mode. 

 

 

 



Chapter 3 
 

65 
 

 

 

 

 

Figure 3.7. ESI mass spectrum of 3a in positive ion mode. 

 

 



Chapter 3 
 

66 
 

 

 

 

 

Figure 3.8. Experimental and calculated ESI mass spectra of 3a in positive ion mode. 

 

 



Chapter 3 
 

67 
 

 

 

 

 

Figure 3.9. ESI mass spectrum of 4a in positive ion mode. 
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Figure 3.10.. Experimental and calculated ESI mass spectra of 4a in positive ion mode. 
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3.3.2. Molecular Structures of Metallocycles 1a and 4a.  

The molecular structures of 1a and 4a were confirmed by single crystal X-ray diffraction 

analysis. Both the complexes adopt M4L2L-type supramolecular metallomacrocyclic 

structure and consist of four fac-[Re(CO)3] cores, two dianionic bis-chelating dhnq/bbim 

motifs, and two dppz ligands (Figure 3.11). The asymmetric unit of complex 1a consists of 

one metallocycle and five mesitylene solvent molecules. The overall shape of complex 1a can 

be best described as “figure-eight” topology. This can be viewed as the dinuclear fac-

[{Re(CO)3}(dhnq){Re(CO)3}] motif as one node and dppz motif as “S”-shaped helical 

framework unit. Two dppz motifs helically coordinated to two dinuclear nodes resulting in 

the figure-eight metallomacrocyclic architecture. 

 

 

 

Figure 3.11. Various views of “Figure-Eight”-shaped metallocycle 1a showing both (M)-

helicity and (P)-helicity. Carbonyl groups are removed for clarity. Color code: Re = green, 

red = dhnq
2

, blue/pale blue with pink = dppz with N, and H = gray. 

 

Unit cell of 1a contains two metallomacrocycles and ten mesitylene solvent molecules. One 

metallomacrocycle adopts (M)-helicity (50%) whereas the other metallocycle adopts (P)-

helicity (50%).  The two dhnq units in 1a are positioned one over the other where the edge of 

the one dhnq faces the edge of another dhnq (dihedral angle = ~31) i.e., no face-to-face 
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stacking of the two dhnq units. The closest H•••H contacts between two dhnq units are 2.348 

and 2.652 Å, indicating weak non-covalent dispersion contacts present between these units. 

The two dhnq units almost act as one central twisted rigid strand, restricting any direct 

intramolecular non-covalent contacts between the aromatic units of the two dppz motifs. 

However, intramolecular noncovalent contacts are present between dhnq motif and phenyl 

unit of dppz motif. The dppz ligand adopts a syn-anti cofacial arrangement i.e., two phenyl 

units are V-shaped and two pyrazolyl units are arranged anti-cofacially. The NN distance of 

dppz in 1a is 12.16 Å/12.33 Å (N1N5/N7N3). The pyrazolyl unit is co-ordinated to 

rhenium core and is trans to carbonyl unit. The plane of the pyrazolyl ring is not overlying on 

the plane of the dhnq unit. The biphenyl spacer is arranged as V-shape with the dihedral 

angle of 117/111. Among the biphenyl units, the one adjacent to coordinated pyrazolyl unit 

overlie the dhnq unit in a face tilted manner. 

 

 

 

Figure 3.12. Molecular structure of metallocycle 4a. Four carbonyl groups are shown as thin 

ball and stick model for clarity. Color code: C = Green/purple, N = Blue, O = Red, and H = 

Aqua. 

 

The molecular structure of 4a consists of four fac-[Re(CO)3] cores, two bis-benzimidazolate 

motifs and two dppz motifs (Figure 3.12). The complex adopts “Z”-shaped tetranuclear 
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metallocyclic architecture. The overall sizes of metallocycle are 22.4 Å (length, terminal 

OO along the ReRe axis), 13.5 Å width and 11.2 Å (height, length of bbim). Rhenium 

core is surrounded by three carbonyl groups that are arranged in a facial manner, one 

chelating motif from bbim and one pyrazolyl motif. Rhenium(I) adopts an octahedral 

geometry. Among the four rhenium tricarbonyl groups, two are arranged by directing their 

carbonyl groups outward and another two fac-Re(CO)3 are arranged at the center by directing 

two of their carbonyl inward. Dianionic bbim ligand bischelates two Re cores symmetrically 

with ReRe distances of 5.71 (Re1Re2) and 5.72 Å (Re3Re4). The bond distances of 

two-chelating ring and CC distance (which connects two bim unit) is 1.42(3) Å and 1.43(3) 

Å, revealing that the electronic delocalization of the - system occurs in the bridging site, i.e 

imidazolate unit. The ReN bond distances are 2.21 to 2.23 Å which are well within the 

expected range.
46,58,63

 Two bbim
2

 units are arranged side by side i.e, almost in the same 

plane. The dppz ligand adopts a syn-anti-cofacial arrangement i.e., two phenyl units are V-

shaped and two pyrazolyl units are arranged anti-cofacially. The NN distances of dppz in 

4a are 12.550 Å, 12.665 Å and 12.616 Å, 12.479 Å (N3N5/N7N2). The pyrazolyl unit is 

co-ordinated to rhenium trans to carbonyl unit and is oriented along the Re-CO axis. The 

plane of the pyrazolyl ring is not overlying on the plane of the bbim unit. The biphenyl spacer 

is arranged as V-shape with the dihedral angle of 97/91. Among the two phenyl units, one 

adjacent to coordinated pyrazolyl unit overlie the bbim unit in a face tilted manner. The two 

pyrazolyl units of the bidentate ligand is coordinated to two rhenium atoms, each coordinated 

to one bischelating motifs. This type of arrangement leads to metallocycle of longer length. 

The crystal structure of 4a showed various types of intermolecular interactions including 

weak H-bonding interactions (HOCRe) that play a profound role in the supramolecular 

network structure.
62

 Along the ‘c’ axis, molecules pack in “abab” pattern, forming 

supramolecular helical superstructure via CH (C20-HC45 = 2.959 Å and 175) and 

CHOCRe (C21HO2 = 2.505 Å and 145). Three adjacent molecules along the c-axis 

interact non-covalently resulting in one dimensional helical twist with distance of 59 Å. 

Along the b-axis, columnar pattern was found and intermolecular CHOCRe 

(C59HO12 = 2.65 Å and 151; C54HO5 = 2.658 Å and 148), and 

ReCO(5)O(10)CRe (2.916 Å and 109/98) contacts hold the two adjacent molecules. 
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3.3.3. Solution Dynamics and Structural Transformation.  

It is well-known that metal-N(pyrazolate/pyrazolyl/pyrazole)-based complexes undergo 

various structural transformation in the solution due to the dynamic nature of the metal-

pyrazolyl bond.
24,58-59,63-65

 The solid-state structures of pyrazolyl-based complexes may differ 

in the solution state. Therefore, the stability of the metallocycles and the exact nature of the 

coordination motifs present in the solution state are worth studying due to the fact that the 

fac-[Re(CO)3] core-based acyclic complexes and metallocycles have potential applications in 

the biomedical fields.
28-30

 Metallocycles 1a3a are sparingly soluble in CHCl3, acetone and 

DMSO at room temperature and completely soluble in hot DMSO whereas complex 4a is 

soluble only in hot DMSO. All the complexes were dissolved in hot d6DMSO, allowed to 

cool down to room temperature and used for further studies. No precipitate was observed 

from the DMSOd6 solution of the metallocycles during the studies and even after a period of 

two-three days. The 
1
H NMR spectra of 1a4a in d6DMSO displayed well-separated peaks 

for both the bis-chelating ligand and dppz motifs (Figure 3.13-3.16). 

 

 

Figure 3.13. 
1
H NMR spectrum of disassembly products of 1a in DMSOd6. 
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Figure 3.14. 
1
H NMR spectrum of disassembly products of 2a in DMSOd6 (powder 2a was 

dissolved in DMSOd6). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. 
1
H NMR spectrum of disassembly products of 3a in DMSOd6 (powder 3a was 

dissolved in DMSOd6). 
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Figure 3.16. 
1
H NMR spectrum of and disassembly products of 4a in DMSOd6 (crystals 4a 

were dissolved in DMSOd6). 

 

In all the cases, the protons of the bis-chelating ligand were slightly/significantly 

downfield/upfield shifted relative to the free bis-chelating ligands, suggesting the 

coordination of the ligand to the metal cores (Figure 3.17, 3.18, 3.20, 3.22). A doublet peak 

corresponding to the H
A
 protons of the dhnq

2-
 motif ( =7.26 ppm, J = 2.5 Hz) was observed 

in 1a and was upfield shifted as compared to that of the proton of free dhnq. The protons of 

dhaq appeared as two multiplets (H
B-C

) and one unsymmetrical doublet (H
A
) with coupling 

constant of 2.0 Hz in 2a. Among these peaks, H
B
 was shifted downfield, whereas H

C
 and H

A
 

were shifted upfield relative to that of free H2-dhaq, suggesting the coordination of dhaq
2

 

motif in 2a. The protons (H
A
 and H

B
) of dhnd in 3a appeared as two well-separated 

multiplets with equal intensity. The H
A
 peak was shifted slightly downfield compared to that 

of the free H2-dhnd. The protons (H
A-B

) signals of bbim in 4a appeared as two multiplets and 

were downfield shifted relative to that of free H2-bbim. The data indicate that the bis-

chelating ligand symmetrically coordinated to two rhenium cores.  
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Figure 3.17. (i) NMR spectra of H2-dhnq, dppz and 
1
H DOSY spectrum of disassembly 

products of 1a in d6-DMSO. (ii) HR-ESI-MS spectrum of 1a (inset shows experimental and 

calculated isotopic distribution for peaks corresponding to figure-eight tetranuclear [1a + H]
+
 

and dinuclear [1c + H]
+
 in solvent. 

 

On the other hand, the signals of the protons of the dppz in 1a-4a remain similar to that of the 

free dppz. It is well-known that the proton adjacent to coordinated nitrogen atom generally 

shifts to downfield region due to the loss of electron density. Further, the C-H proton 

directing toward the -electron cloud undergoes upfield shift due to the ring current effect. 

Based on the X-ray structures, the protons of the dppz motif are expected to appear in the 

downfield and upfield regions. However, the protons of the dppz did not show any shift in 
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comparison to the free dppz. Therefore, this can be explained if metallocycles 1a-4a in d6-

DMSO after heating disassembled into acyclic dinuclear DMSO adduct of the general 

formula fac-[{(CO)3Re(-L)Re(CO)3}(DMSO)2] (1b, L = dhnq; 2b, L = dhaq; 3b, L = dhnd; 

4b, L = bbim)  and dppz  which are in dynamic equilibrium (Schemes 2-3). The disassembled 

reaction process may go through via the dinuclear acyclic complexes fac-[{(CO)3Re(-

L)Re(CO)3}(L)] (1c, L = dhnq; 2c, L = dhaq; 3c, L = dhnd; 4c, L = bbim). This is probable 

because of the labile nature of metal-pyrazolyl bonds observed in many systems and non-

labile nature of bis-chelating dinuclear complex.
24,31

 Further to attain stable electronic 

configuration around rhenium metal center, each metal can receive one DMSO molecule. To 

understand further about the species present in the solution, 2D diffusion-ordered 
1
H DOSY 

NMR spectroscopy was carried out (Figure 3.17, 3.19, 3.21, 3.23). Metallomacrocycle 1a 

displays two sets of peaks which are very close to each other, indicating the presence of two 

units possibly 1c and dppz. The 
1
H DOSY spectra of other metallomacrocycles 2a-4a showed 

two types of peaks which are well-separated, suggesting the presence of two motifs in the 

solution. The value of one-set of the peaks corresponding to the protons of the dppz in all the 

complexes is similar to that of the value found for the free dppz.  

The above result suggested that one of the disassembly products is free dppz and the other 

should be the dinuclear DMSO adduct complexes 1c-4c. To gain insight about the structure 

of the molecular species, the solutions were analyzed by ESI mass spectrometry. All the 

metallomacrocycles displayed relatively less intense peaks corresponding to tetranuclear 

motifs and strong peaks corresponding to the dinuclear complexes (1c-4c) (mz: 1057.0819 

for [1cH]
+
; mz: 1107.0808 for [2cH]

+
; mz: 1157.0852 for [3cH]

+
; mz: 1101.1126 for 

[4cH]
+
). The experimental isotopic distribution peaks for both the tetranuclear 

metallocycles and dinuclear complexes match with the theoretical values. No peaks 

corresponding to the DMSO adduct of dinuclear complexes 1b-4b were found in the ESI-MS 

spectra. The 
1
H-NMR and ESI-MS analysis of 1a-4a in DMSO solution indicates the 

dynamic nature of the metallocycles. 
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Figure 3.18. Partial 
1
H NMR spectra of dppz, H2-dhaq and disassembly products of 2a in 

DMSOd6 (powder 2a was dissolved in DMSOd6) (* = mesitylene). 
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Figure 3.19. DOSY spectrum of disassembly products of 2a in DMSOd6 (powder 2a was 

dissolved in DMSOd6). 

 

 

 

 

 

 

 

 

 

  

Figure 3.20. Partial 
1
H NMR spectra of dppz, H2-dhnd and disassembly products of 3a in 

DMSOd6 (powder 3a was dissolved in DMSOd6) (* = toluene).  
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Figure 3.21.  DOSY spectrum of disassembly products of 3a in DMSOd6 (powder 3a was 

dissolved in DMSOd6). 

 

 

 

 

 

 

 

 

Figure 3.22. Partial 
1
H NMR spectra of dppz, H2-bbim and disassembly products of 4a in 

DMSOd6 (crystals 4a were dissolved in DMSOd6) (* = mesitylene).  
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Figure 3.23. DOSY spectrum of and disassembly products of 4a in DMSOd6 (crystals 4a 

were dissolved in DMSOd6). 

Component induced supramolecular transformations in metallocycles occur because of 

rearrangement or partial or complete disassembly of the structural framework units on 

addition of another competitive building block, which leading to the formation of more 

stable- or new discrete supramolecular structures.
66-70

 To utilize the dynamic nature of MN 

(rhenium-pyrazolyl) bond and the dynamic nature of metallocycles 1a-4a in DMSO solution 

(Schemes 2-3), competitive selectivity studies were carried out using different donor ligands 

such as 4,4-bipyridine (4,4-bpy), 4,7-phenanthroline (4,7-Phen), bis(4-((1H-

benzoimidazole-1-yl)methyl)phenyl)methane (dpbim) (dpbim) and 1,3,5-triaza-7-

phosphaadamantane (PTA). The supramolecular reactions of the metallocycles with the 

chosen ligands were carried out by adding equivalent or excess amount of the donor to 

DMSO-d6 solution of the metallocycles, heated and are analyzed  using 
1
H NMR and ESI-

Mass analysis (Scheme 3.2, 3.3, Figure 3.24).  

When 4,4-bpy was subjected to a DMSO-d6 solution of 1a-4a, changes were observed in the 

1
H NMR spectra for complexes 2a and 4a, in particular appearance of new proton peaks that 

correspond to coordination of 4,4-bpy to the rhenium core as found in 4 and 11 (Figures 

3.24-3.27 ).
56-57

  This indicates that structural transformation takes place by ligand exchange 

process. Supramolecular structural transformation occurring in the present case was further 

confirmed by X-ray analysis of single crystals formed in the NMR tube containing 4a and 
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4,4-bpy in DMSO-d6. The solid state structure unambiguously confirmed the formation of 

the molecular rectangle fac-[({Re(CO)3}4(bbim)2(4,4-bpy)2] (11).  

 

 

Scheme 3.2. Proposed dynamic nature of 1a (or) 2a (or) 3a and component-induced 

supramolecular transformations into tetranuclear rectangle (4), dinuclear metallocycles (5- 7) 

and dinuclear acyclic complexes (8-10) in DMSO. 

However, tetranuclear heteroleptic molecular rectangles consisting of fac-[Re(CO)3] cores, 

two bbim
2

 and two 4,4-bpy units are known.
56

 Hence, no detailed discussion of molecular 

structure of molecular rectangle 11 is included. Surprisingly, no proton peak shifts of 4,4-

bpy were observed in the 
1
H NMR spectrum of 1a + 4,4-bpy and 3a + 4,4-bpy in DMSO-d6 

indicating that ligand exchange did not occur in these cases.  
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Figure 3.24. Partial 
1
H NMR spectra of 4,4-bpy, dppz, 1a and 1a + 4,4-bpy in DMSOd6 

(where 1a = crystals 1a were dissolved in DMSOd6). 

 

 
 

Figure 3.25. Partial 
1
H NMR spectra of 4,4-bpy, dppz, 2a and 2a + 4,4-bpy in DMSOd6 

(where 2a = powder 2a was dissolved in DMSOd6). 
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Figure 3.26. Partial 
1
H NMR spectra of 4,4-bpy, dppz, 3a and 3a + 4,4-bpy in DMSOd6 

(where 3a = powder 3a was dissolved in DMSOd6).  

 

 

 

Figure 3.27. Partial 
1
H NMR spectra of 4,4-bpy, dppz, 4a and 4a + 4,4-bpy in DMSOd6 

(where 4a = crystals 4a were dissolved in DMSOd6). 
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Scheme 3.3. Proposed dynamic nature of 4a in the solution and component-induced 

supramolecular transformations into tetranuclear rectangle (11), dinuclear metallocycle (12) 

and dinuclear acyclic complex (13) in DMSO. 

 

The ligand 4,7-Phen is rarely used in the construction of fac-[Re(CO)3] core-based 

metallocycles. The known four 4,7-Phen-based rhenium metallocycles contain either dhnq or 

dhaq motif.
35

 Therefore, supramolecular transformation reactions of metallocycles 1a-4a with 

4,7-Phen were attempted. Upon addition of 4,7-Phen to DMSO-d6 solution of 1a-4a, no 

changes were observed in the 
1
H NMR spectra of the complexes (Figure 3.28-3.31). The ESI-

Mass spectra of the above mixture did not show any peaks corresponding to the expected 

new/known tetranuclear metallocycles. The data indicates that dppz is the preferred ligand 

over 4,7-Phen in the current self-assembly combinations. 
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Figure 3.28. Partial 
1
H NMR spectra of 4,7-Phen, dppz, 1a and 1a + 4,7-Phen in DMSOd6 

(where 1a = crystals 1a were dissolved in DMSOd6).  

 

 

 

Figure 3.29. Partial 
1
H NMR spectra of 4,7-Phen, dppz, 2a and 2a + 4,7-Phen in DMSOd6 

(where 2a = powder 2a was dissolved in DMSOd6). 
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Figure 3.30. Partial 
1
H NMR spectra of 4,7-Phen, dppz, 3a and 3a + 4,7-Phen in DMSOd6 

(where 3a = powder 3a was dissolved in DMSOd6). 

 

 

Figure 3.31. Partial 
1
H NMR spectra of 4,7-Phen, dppz, 4a and 4a + 4,7-Phen in DMSOd6 

(where 4a = crystals 4a were dissolved in DMSOd6). 
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Further when competitive experiment was performed with benzimidazolyl-based ditopic 

donor dpbim in the solution of complexes 1a-4a, the 
1
H NMR spectra showed the binding of 

dpbim ligand over dppz ligand with the appearance of new sets of peaks which were shifted 

relative to the free dpbim ligand (Figure 3.32-3.3.33, 3.5, 3.40).  The ESI-mass spectra of the 

mixture displayed molecular ions peaks (mz: 1259.1300 for [7H]
+
 and 1203.1549 for 

[12H]
+
), confirming the formation of dinuclear complexes fac-[{Re(CO)3}2(L)(dpbim)] 

(where L = dhnd for 7; bbim for 12) (Figure 3.36-3.37, 3.38-3.39). Our group previously 

reported the formation of dinuclear metallocycle by the reaction of H2-dhnd/ H2-dhaq, 

Re2(CO)10 and dpbim. Among the metallacycles, the complexes comprising dhnd was 

unambiguously proved by SC-XRD analysis. Ligand exchange phenomenon was further 

confirmed by the solid state structure of 6 which adopts dinuclear M2LL-type metallocyclic 

structure (Figure 3.34). 

The rhenium tricarbonyl cores are chelated by rigid dianionic bis-chelating dhaq and clipped 

by neutral dpbim nitrogen donor. The dhaq motif is significantly above the Re•••Re plane and 

bent towards the center of the metallocycle. The distance between two Re atoms is found to 

be 8.41 Å and the N2•••N3 distance is 9.16 Å. The benzimidazolyl motifs of dpbim ligand 

are arranged with dihedral angle of 76. The orientations of both the ligand frames create an 

internal cavity which perfectly accommodates solvent DMSO. The DMSO molecule is 

stabilized in the cavity via cumulative hydrogen bonding (d = C21HO=S(CH3)2 = 2.25 Å, 

141; d = C49HO=S(CH3)2 = 2.43 Å, 127) contacts and CH interactions occurs 

between the methyl units of DMSO and surface of both the benzimidazolyl motif and dhaq 

unit. The guest molecule dictates the unusual arrangement of the metallocycle which is 

facilitated by the flexible nature of the neutral ditopic ligand. One molecule of 6 interacts 

with an adjacent molecule via ReCO(6)O(19)CRe (2.97 Å), 

ReCO(5)O(18)CRe (2.92 Å) interactions to form a non-covalent dimer. This dimer 

further interacts with another adjacent dimer via CH contacts between the benzimidazolyl 

motif of one with the phenyl spacer unit of another.  
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Figure 3.32. Partial 
1
H NMR spectra of dpbim, dppz, 1a and 1a + dpbim in DMSOd6 

(where 1a = crystals 1a were dissolved in DMSOd6) (where 1a = crystals 1a were dissolved 

in DMSOd6). 

 

 

Figure 3.33. Partial 
1
H NMR spectra of dpbim, dppz, 2a and 2a + dpbim in DMSOd6 

(where 2a = powder 2a was dissolved in DMSOd6). 
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Figure 3.34. Stick (back view) and space-filling (front view) representations of metallocycle 

6 with DMSO guest molecule. Color code: C = Green/purple, H = Aqua, N = Blue, O = Red, 

S = Yellow, and Re = Orange. 

 

 

Figure 3.35. Partial 
1
H NMR spectra of dpbim, dppz, 3a and 3a + dpbim in DMSOd6 

(where 3a = powder 3a was dissolved in DMSOd6).  



Chapter 3 
 

90 
 

 

 

 

Figure 3.36. ESI mass spectrum of 3a + dpbim in positive ion mode. 
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Figure 3.37. Experimental and calculated ESI mass spectra of 7 in positive ion mode. 
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Figure 3.38. ESI mass spectrum of 4a + dpbim in positive ion mode. 
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Figure 3.39. Experimental and calculated ESI mass spectra of 12 in positive ion mode. 
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Figure 3.40. Partial 
1
H NMR spectra of dpbim, dppz, 4a and 4a + dpbim in DMSOd6 

(where 4a = powder 4a were dissolved in DMSOd6). 

Similarly, 1,3,5-triaza-7-phosphaadamantane (PTA) was added to the d6-DMSO solution of 

complexes 1a4a. Changes in both the 
1
H and 

31
P NMR spectra were observed, indicating 

that the ligand exchange takes place with PTA, resulting in acyclic dinuclear complexes fac-

[{Re(CO)3(PTA)}2(L)] (where L = dhnq for 8; dhaq for 9; dhnd for 10; bbim for 13) (Figure 

3.41-3.44).
 
 Among these complexes, complexes 9 and 10 exist as single isomer in the 

solution due to the appearance of single peak ( = 56.99 ppm for 9 and  = 56.56 ppm for 

10) in 
31

P NMR which are downfield shifted relative to the free PTA ligand ( = 104.25 

ppm). On the other hand, 
31

P NMR spectra of complex 10 displayed four peaks ( = 11.978, 

77.6733, and 85.4257 ppm) with different intensity which are downfield shifted 

as compared to free PTA ligand possibly because of presence of isomers in the solution. 
31

P 

NMR spectra of complex 13 displayed four peaks ( = 71.21, 71.43, 72.44, and 72.69 

ppm) with different intensity which are significantly downfield shifted in compared to the 

free PTA ligand. The data proves that phosphorus ligand coordinated to the rhenium center. 

The ESI-MS spectra of the mixture of metallomacrocycle and PTA displayed peaks (m/z = 

1092.1028 for [9 + H]
+
, m/z = 1087.1148 for [13+H]

+
), corresponding to the acyclic dinuclear 

complexes (Figure 3.45-3.46, 3.51-3.52). 

 



Chapter 3 
 

95 
 

 

Figure 3.41. Partial 
1
H NMR spectra of PTA, dppz, 1a and 1a + PTA in DMSOd6 (where 

1a = crystals 1a were dissolved in DMSOd6) (where 1a = crystals 1a were dissolved in 

DMSOd6). 

 

Figure 3.42. 
31

P NMR spectra of PTA and 1a + PTA in DMSOd6 (where 1a = crystals 1a 

were dissolved in DMSOd6). 
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Figure 3.43.   Partial 
1
H NMR spectra of PTA, dppz, 2a and 2a + PTA in d6-DMSO. 

 

 

Figure 3.44. 
31

P NMR spectra of PTA and 2a + PTA in d6-DMSO (2a = powder 2a was 

dissolved in d6-DMSO). 
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Figure 3.45. ESI mass spectrum of 2a + PTA in positive ion mode. 
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Figure 3.46. Experimental and calculated ESI mass spectra of 9 in positive ion mode. 
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Figure 3.47. Partial 
1
H NMR spectra of PTA, dppz, 3a and 3a + PTA in DMSOd6 (where 

3a = powder 3a was dissolved in DMSOd6). 

 

 

Figure 3.48. 
31

P NMR spectra of PTA and 3a + PTA in DMSOd6 (where 3a = powder 3a 

was dissolved in DMSOd6). 
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Figure 3.49. Partial 
1
H NMR spectra of PTA, dppz, 4 and 4 + PTA in DMSOd6 (where 4a = 

crystals 4a were dissolved in DMSOd6). 

 

 
 

Figure 3.50. 
31

P NMR spectra of PTA and 4a + PTA in DMSOd6 (where 4a = crystals 4a 

were dissolved in DMSOd6). 
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Figure 3.51. ESI mass spectrum of 4a + PTA in positive ion mode. 
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Figure 3.52. Experimental and calculated ESI mass spectra of 13 in positive ion mode. 

 

 



Chapter 3 
 

103 
 

Further, the formation of complex 13 was also confirmed by SC-XRD analysis. Single 

crystals suitable for XRD data collection were obtained from the NMR tube after a week. The 

molecular structure of 13 shows that it is a dinuclear acyclic complex having two fac-

Re(CO)3 cores, one dianionic bbim motif and two PTA ligands (Figure 3.53). The geometry 

around the rhenium centers is distorted octahedral with C3O2P donors environment. The bbim 

ligand is almost planar and coordinated two rhenium cores symmetrically. The PTA ligand is 

coordinated to rhenium center using its phosphorous atom. The two PTA ligands in the 

complex are arranged in a “Z-type” trans-position. The ReC distances trans to the 

N,N(bbim) atoms are 1.922 Å (Re1C8), and 1.914 Å (Re1C10), whereas ReC distance 

trans to the P(PTA) atom is 1.931 Å (Re1C9). The longer ReC distance trans to PTA can 

be ascribed to the trans effect of PTA due to stronger -acceptor ability of PTA.
71-73

 The 

Re•••Re distance is 5.753 Å which is in the expected range. Each molecule interacts with the 

neighboring molecule through various intermolecular supramolecular interactions. Two 

neighboring molecules are arranged in such way that PTA of one molecule faces the PTA of 

another molecule which contact each other through CH•••N hydrogen bonding interactions 

(d = C15-H•••N8 = 2.705 Å; C14-H•••N8 = 2.672 Å) and CH•••HC dispersion contacts (d 

= C13-H••• H-C14 = 2.340 Å). 

 

 

  

 

 

 

 

 

 

Figure 3.53.. Ball & stick and space-filling representations of molecular structure of 13. 

Color code: C = Green/purple, H = Aqua, N = Blue, O = Red, S = Yellow, and Re = Orange. 
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3.4 Conclusion 

In conclusion, neutral heteropetic metallacycles having figure-eight-shaped architecture and 

“Z’-type” structure (1a4a) were obtained from Re2(CO)10, rigid bischelating ligands and 

flexible ditopic pyrazolyl donor dppz.  To the best of our knowledge, this is the first synthetic 

report on heteroleptic fac-[Re(CO)3] core-based coordination-driven self-assembly approach 

for figure-eight shaped metallocycle. The metallacycles were found to be in dynamic 

equilibrium with disassembly products in the solution state. The dynamic nature of rhenium-

pyrazolyl coordination bond in the metallacycles was further utilized in transforming the 

metallocycles into pyridyl/benzimidazolyl nitrogen donor-based metallocycles such as 

molecular rectangles (4, 11), dinuclear metallocycles (5-7, and 12) and phosphine donor-

based acyclic complexes (8-10 and 13) via component induced supramolecular 

transformation reactions with the addition of various types of competing ligands. The results 

reveal that modulation of the size of the rigid bis-chelating ligand and the coordination angle 

of pyrazolyl donor directs the final shape of the metallocyclic architecture during the self-

assembly process thereby providing insights for design of hitherto unknown fac-[Re(CO)3] 

core-based intricate topological architectures including figure-eight supramolecules. Further, 

rhenium metallocycle coordinated with pyrazolyl ligand is attractive because of the easily 

breakable rhenium-pyrazolyl bond in a DMSO solution. The pyridyl/imidazolyl ligands have 

the ability to substitute the pyrazolyl donors through supramolecular transformation. The 

results may pave the way to the development of less explored competitive ligand-induced 

supramolecular transformations in rhenium carbonyl-based metallocycles. 
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Chapter 4 

 

Self-assembly of rhenium core-based conjoined bicyclic supramolecule 

from pyrazole and flexible hexatopic/tetratopic pyrazolyl ligands  

 

Abstract 

Bicyclic tetranuclear metallocycles (1-3) were synthesized using Re2(CO)10 and neutral 

hexatopic/tetratopic ligands (L
1
 and L

2
) and pyrazole/Br-pyrazole via one pot solvothermal 

approach. The two rhenium cores in each cycle is bridged by hydroxo and pyrazolate motif. 

These are the first examples of rhenium(I) based metallocycles with fac-[{Re(CO)3}2(-

OH)(-pz)] unit. The complexes were characterized using spectroscopic techniques including 

X-ray diffraction analysis.  

 

A portion of this work has been published in J. Organomet. Chem. 2020, 8, 41773–41784. 
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4.1. Introduction 

 

The coordination driven self-assembly approaches i.e., metal-directed approaches for 

supramolecular coordination complexes (SCCs), discrete cyclic complexes, are highly 

successful methods to prepare simple mononuclear SCCs to complex interlocked SCCs.
1-5  

Though many metal-directed synthetic rules are now known, continuous use of the known 

approaches in creating  a new design principle to assemble new molecular architectures have 

been intensely going on due to their intricate architecture and application prospects in  

materials and medicinal fields. Among the many metal-directed approaches, the partially 

protected fac-Re(CO)3-corner based assembly process using flexible multitopic ligands and 

neutral bridging ligands recently provided interesting spherical-shaped SCCs with multiple 

calixarene-shaped solvent accessible cavity on the surface.
4  

In particular, tuning the 

coordinating units of hexatopic ligands remotely by either increasing the fused 

ring/substituting phenyl rings on imidazolyl yielded overall spheroid SCCs with/without 

solvent accessible cavity.
4 

Tuning the imidazolyl unit by pyrazolyl unit in the hexatopic 

ligand may provide two kinds of SCCs. Spheroid shaped SCC with interconnecting 

calixarene cavities because of the adjacent arrangement of two heteroatoms in pyrazolyl.  In 

the case of hexatopic imidazolyl/benzimidazolyl-based SCCs, the C-H unit (N-C2H-N) of 

imidazolyl, which is directed into the spheroid, acts as a steric unit blocking the channel of 

the cavities.
4 

The second option is hitherto unexplored SCC because the small change in the 

binding angle of the donor units in the ligand i.e., from imidazolyl to pyrazolyl, may direct 

different coordination angle to adjust octahedral geometry around the fac-Re(CO)3 core.  

Herein a new serendipitously formed conjoined bicyclic complex with a new type of bonding 

combination with a flexible hexatopic ligand, pyrazole and fac-Re(CO)3 from   Re2(CO)10 is 

presented. Two new similar conjoined bicyclic complexes were also synthesized using 

tetratopic pyrazolyl based ligand, Br-pyrazole/pyrazole and Re2(CO)10 in a one-pot 

solvothermal process using toluene as solvent.  
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4.2. Experimental 

4.2.1. Materials and Methods 

Re2(CO)10, toluene, pyrazole, DMF, and NaOH were purchased from commercial sources 

and used as received.  Hexakis(bromomethyl)benzene, and 1,2,3,4,5,6-hexakis((pyrazol-1-

yl)methyl) benzene (L
1
), 1,2,4,5-tetrakis((pyrazol-1-yl)methyl) benzene (L

2
) were 

synthesized following literatures.
4,6 

ATR-IR spectra were recorded on Nicolet iS5 IR 

spectrophotometer. 
1
H-NMR spectra were recorded on a Bruker Avance III 500 MHz 

spectrometer. High resolution mass spectra (HR-MS) for ligand L
1
, L

2
 and complex 1-3 were 

measured on a Bruker maXis mass spectrophotometer. 

 

4.2.2. Crystallography  

Single crystal X-ray data of crystal of 1-3 were collected on a Bruker D8 QUEST 

diffractometer [λ(Mo Kα) = 0.71073 Å]. The structures were solved by direct methods using 

SHELXS-2014/5 (Sheldrick 2014) and refined using the SHELXL-2018/3 (Sheldrick, 2018) 

program (within the WinGX program package).
7
 Non-H atoms were refined anisotropically.  

 

4.2.3. Synthesis of Complexes 

Synthesis of 1 

A mixture of Re2(CO)10 (100.1 mg, 0.153 mmol), H-pyz (21.8 mg, 3.26 mmol) and L
1
 (29 

mg, 0.051 mmol), and undistilled toluene (15 mL) was taken in a Teflon flask that was placed 

in a steel bomb. The bomb was kept in an oven maintained at 160 C for 48 h and then cooled 

to 25 C. Good quality flower like uniform pale yellow single crystals of 1 (52.5 mg, 56%) 

were obtained. The crystals were separated by filtration and washed with toluene. ATR-IR 

(cm
1

) 2007, 1927 and 1865 (CO). 

 

Synthesis of 2  

A mixture of Re2(CO)10 (50 mg, 0.076 mmol), H-pz-Br (12.60 mg, 0.039 mmol), L
2
 (15.50 

mg, 0.085 mmol), and undistilled toluene (~8 mL) was taken in a Teflon flask that was kept 

in a steel bomb. The bomb was then kept in an oven maintained at 160 C for 48 hours and 

subsequently cooled to 30 C. Light yellow good quality crystals were obtained from the 
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mother liquor after a week. Yield: 34% (48 mg crystals). ATRIR (cm
1

): 3581(s) (OH); 

2006 (s) and 1862 (s) (CO).  

 

Synthesis of 3  

A mixture of Re2(CO)10 (100.9 mg, 0.015 mmol), H-pz (10.40 mg, 0.15 mmol), L
2
 (30.50 

mg, 0.076 mmol), and undistilled toluene (~12 mL) was taken in a Teflon flask that was kept 

in a steel bomb. The bomb was then kept in an oven maintained at 160 C for 48 hours and 

subsequently cooled to 30 C. Light yellow good quality crystals were obtained from the 

mother liquor after a week. Yield: 39% (50 mg crystals). ATR-IR (cm
1

): 3571(s) (OH); 2005 

(s) and 1855 (s) (CO). HRMS-ESI (m/z): [M + H]
+
 calcd for C23H19N6O7Re2, 863.0397; 

found, 863.0405. 
1
H NMR (500 MHz, CDCl3): 8.18 (d, J = 2.1 Hz,4, H

A
), 7.88 (s, 4H, H

e
), 

6.95 (d, J = 2.4 Hz, 4H, H
a
), 6.92 (d, J = 13.3 Hz, 4H, H

d
 (-CH2-)), 6.64 (d, J = 2.5 Hz, 4H, 

H
c
), 6.42 (t, J = 2.18 Hz, 2H, H

B
), 5.79 (t, J = 2.5 Hz, 4H, H

b
), 5.2 (d, J = 13.5 Hz, 4H, H

d
 (-

CH2-)).  

 

 

4.3. Results and discussion 

4.3.1. Synthesis and characterization of metallocycle 1. 

 

Scheme 4.1. Synthesis of metallocycle 1. 

Self-assembly of Re2(CO)10, L
1
 and pyrazole (H-pz), in toluene by solvothermal approach 

resulted in complexes 1. (Scheme 4.1) The product is air and moisture-stable and soluble in 

DMSO. The ATR-IR spectrum of the complex displayed three strong bands (1865, 1927, and 

2007 cm
-1

), which are the characteristic peaks for the fac-Re(CO)3 core in the complex.  
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Further, the IR spectrum of crystal of 1 shows a sharp band at 3556 cm


, indicating the 

presence of hydroxyl group (Figure 4.1). The 
1
H NMR spectrum of crystals of 1 in d6-DMSO 

showed mutiple signals in the region of 8.1 to 5.0 ppm in contrary to simple pattern expected 

for a symmetrical arrangement of  pyrazolyl and pyrazolate motifs (Figure 4.2). Though the 

complex contains three kinds of pyrazole motifs in the form of coordinated anionic 

pyrazolate, coordinated neutral pyrazolyl and uncoordinate pyrazolyl motifs, eight kinds of 

chemically different protons are expected. Though attempts were made to assign the protons 

singnals of these three motifs in 1, it become fruitless. However,  the 
1
H NMR spectrum of 1 

in d6-DMSO at 60 C displayed less signals compared to that of the spectrum of 1 at 25 C 

(Figure 4.3). It is possible that the complex exists in various conformers in the solution which 

do not interchange fast-enough in the NMR time scale at 25 C. However, few conformers of 

1 may interchange in the solution at 60 C. 

 

 

 

Figure 4.1. ATR-IR  spectrum of 1. 

 



  Chapter  4 
  

114 
 

 

Figure 4.2. Partial 
1
H NMR spectra of 1, L

1
 and pyrazole in DMSOd6. 

 

 

Figure 4.3. Partial 
1
H NMR spectra of 1 at variable temperature in DMSOd6. 
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4.3.2. Molecular structure of metallocycle 1. 

A single crystal X-ray diffraction analysis of 1 reveals that it consists of four fac-Re(CO)3 

cores, two anionic pyrazolate units, two hydroxyl ions, and one hexatopic pyrazolyl ligand. 

The complex 1 contains two metallacyclic units that have one common phenylene framework 

and can be regarded as conjoined bicyclic supramolecular coordination complex (Figure 

4.4).
4-5,2f

 Each cyclic motif of 1 contain two fac-Re(CO)3 motifs which are bridged by both a 

pyrazolate (k
1
:k

1
--pz) and a hydroxyl ion (

2
-OH). Two ortho pyrazolyl units of the 

hexatopic ligand coordinated to the dimeric unit, fac-[{(Re(CO)3)2(
2
-OH)(k

1
:k

1
--pz)}2], 

resulting the cyclic structure.  Both the cyclic motifs take “Z”–type trans arrangement in 1. 

The two bond distances of ReN(pyrazolate) (2.154(10) and 2.148(9) Å) indicates that the 

pyrazolate coordinated to two rhenium atoms symmetrically. Similarly, the hydroxyl ion is 

coordinated the two Re atoms symmetrically (ReO(OH) = 2.146(7) and 2.150(7) Å).[6] The 

bond distances observed in 1 is similar to the previously known Re(CO)3-core based 

complexes/SCCs.
9
 The ReN(pyrazolyl) distances (2.219(8) and 2.230(8) Å) are slightly larger 

than that of the ReN(pyrazolate) but within the range normally found in ReN(neutral) 

coordination mode. The distance between the two rhenium atoms in the cyclic motif is 3.790 

Å. The two pyrazolyl units are parallel to each other with the centroid to the centroid distance 

of 3.513 Å (dihedral angle = 14°), suggesting the presence of the intramolecular π···π 

stacking interactions.  Two pyrazolyl, a pyrazolate and the central benzene ring of hexatopic 

ligand provide partial cone-shaped calix[4]arene structure  i.e., metallacalix[4]arene to the 

cyclic motif of 1.
4 

The cavity of cyclic unit is reduced due to the intramolecular π···π 

interactions between the pyrazolyl motifs. The hexatopic ligand used its four pyrazolyl units 

for making two cyclic motifs. The remaining two uncoordinated pyrazolyl units of the 

hexatopic ligand are arranged in the para position (1,4-position) in phenylene unit of 1.  The 

uncoordinated pyrazolyl units are away from the centre of the molecule. Overall, the six 

pyrazolyl motifs in the hexapodal ligand are arranged syn,syn,syn, anti,anti,anti-orientation in 

1. It is well known that neutral poly-pyrazolyl donors/pyrazoly/pyrazolate based fac-Re(CO)3 

complexes are well known.
9
 The interactions of solvent toluene molecules with the pseudo-

calixarene structure are shown in the (Figure 4.4d) The methyl group of the toluene contacts 

with the basal benzene of 1 via the CH contacts (C28C14, d = 3.450 Å; C28HC14, 

d = 2.736 Å, and C28HC14 = 131). In addition, the toluene has contacts with carbonyl 

oxygen atoms (C28(H)O3, d = 3.594 Å and C28(H) O4, d = 3.168 Å). To the best of our 
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knowledge, the dinuclear cyclic unit, fac-[{Re(CO)3}2(-OH)(-pz)] for making any kind of 

Re(CO)3-core based supramolecular coordination complexes are scarce.
3-5

 Up to now, the 

fac-Re(CO)3-core based SCCs use either an organic bis-chelating ligands including 

symmetrical (N∩N-N∩N/ N∩O-N∩O/O∩O-O∩O) and asymmetrical motif (N∩N-N∩C) or 

symmetrical “2
-XR (X = O/S/Se and R = H/alkyl/CH2Ar; Ar = aryl/heteroaryl) motifs for 

making the fac-Re(CO)3-core based SCCs.
3-5

 However, the SCCs based on rigid 

ditopic/tritopic ligands having pyrazole donor units have been emerging with other metal ions 

recently.
 2e 

 

 

Figure 4.4. Molecular structure of 1. (H atoms are omitted for clarity (a-b); six CO units are 

shown in dull color (a); one of the partial cone-shaped calix[4]arene unit, metallacycles, is 

shown in ball and thick stick model (b); space-filling view of 1 showing Re(CO)3 in green, 

pyrazolate in red, oxygen of OH in rose, and hexatopic N donor in blue (c); three adjacent 

SCCs of 1 with two lattice toluene molecules (space-filling view) and toluene appears as p-

xylene due to symmetry operation). 

It is worth to mention that the core [(Re(CO)3)2(-OH)(-pz)] in 1 is structurally similar to a 

well-studied complexes, cis-[{Pt(NH3)2}2(µ-OH)(µ-pz)](NO3)2 (I-II, where pz = pyrazolate 

for I, and pz = 1,2,3-triazolate for II). The complexes I-II are well studied and are known to 

display cytotoxicity on numerous human tumor cell lines. The coordinated hydroxo anion of 
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I-II is believed to be a leaving motif thus creating two vacant sites in I-II for coordination on 

DNA.
10 

The fac-Re(CO)3-core based complexes have been emerging the potential molecules 

for a various medicinal fields.
11

 Therefore, we believe that complexes like 1-3 may be 

biologically active due to the structural similarities to complexes I-II. 

 

4.3.3. Synthesis and characterization of metallocycle 2-3. 

In order to check if the multiple 
1
H NMR peaks in complex 1 is due to presence of isomers in 

solution owing to two uncoordinated pyrazolyl motifs or due to dynamic nature of metal-

pyrazolyl bonds, a tetratopic pyrazolyl based ligand (L
2
) was synthesized. Self-assembly of 

Re2(CO)10, L
2
 and pyrazole (H-pz)/Br-pyrazole(Br-pz) in toluene by solvothermal approach 

resulted in complexes 2 and 3 respectively. The FT-IR spectrum of the complexes displayed 

two strong bands in the region (1855and 2007 cm
-1

), which are the characteristic peaks for 

the fac-Re(CO)3 core in the complexes. Further, the IR spectrum shows a sharp band at 3581 

cm


for crystal of 2 and 3571 cm


for 3 indicating the presence of hydroxyl group (Figure 

4.5-4.6). 

Scheme 4.2. Synthesis of metallocycles 2 and 3. 
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Figure 4.5. ATR-IR spectrum of 2.  

 

 

 

Figure 4.6. ATR- IR spectrum of 3.  
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4.3.4. Molecular structure of metallocycle 2 and 3. 

Suitable crystals for SC-XRD analysis was obtained from the bomb itself. The XRD data 

reveals the molecular structure of 2 and 3 consist of four fac-Re(CO)3 cores, two anionic Br-

pyrazolate units for 2/pyrazolate units for 3, two hydroxyl ions, and one tetratopic pyrazolyl 

ligand (Figure 4.7-4.8). In each case two metallacyclic cores are present which are connected 

through one common phenylene framework leading to the formation of a conjoined bicyclic 

architecture.  Each cyclic motif contains two fac-Re(CO)3 motifs which are bridged by both 

Br-pyrazolate for 2/pyrazolate for 3 and a hydroxyl ion.  The two cyclic motifs are arranged 

in trans arrangement leading to a “Z”–type arrangement in complexes 2 and 3. The two bond 

distances of ReN(pyrazolate) (2.130 Å for 2 and 2.164 Å for 3) indicates that the azolate 

coordinated to two rhenium atoms symmetrically. Similarly, the hydroxyl ion is coordinated 

to the two Re atoms symmetrically (ReO(OH) = 2.157 Å for 2 and 2.159 Å for 3). The 

ReN(pyrazolyl) distances (2.230 Å for 2 and 2.227 Å for 3) are slightly larger than that of the 

ReN(pyrazolate) but within the range normally found in ReN(neutral) coordination mode. In each 

cycle the two pyrazolyl motifs are parallel to each other and stabilized via intramolecular 

π···π stacking interactions with  centroid to the centroid distance of 3.274 Å  for 2 and 3.408 

Å for 3 respectively. The two rhenium atoms in each cycle are separated by a distance of 

3.843 Å in both the complexes. Similar to complex 1 the cavity of cyclic unit in 2-3 is 

reduced due to the intramolecular π···π interactions between the pyrazolyl motifs.  

 

Figure 4.7. Molecular structure of 2 in capped stick (H atoms are removed for clarity) 

and spacefill model. Color code: C = grey for L
2
 & pink for Br-pz and CO; Re = 

green; H = white; N = blue for L
2 

& pink for Br-pz; O = red & Br = golden. 
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Figure 4.8. Molecular structure of 3 in capped stick (H atoms are removed for clarity) and 

spacefill model. Color code: C = grey for L
2
 & pink for pz and CO; Re = green; H = white; N 

= blue for L
2 

& pink for pz & O = red. 

 

4.3.5. 
1
H NMR spectra of metallocycles 2 and 3. 

The 
1
H NMR spectrum of crystals of 2 in d6-DMSO showed mutiple signals in the region of 

8.1 to 4.8 ppm in contrary to simple pattern expected for a symmetrical arrangement of  

pyrazolyl and pyrazolate motifs (Figure 4.9). In an ideal situation the complex NMR patterns 

should contain coordinated anionic pyrazolate and coordinated neutral pyrazolyl ligand 

peaks. More number of proton peaks were observed, which upon closer look revealed that 

free pyrazolyl ligand peaks are also present in the solution. Similar kind of peaks were also 

observed for complex 3 with presence of free tetratopic ligand peaks in d6-DMSO (Figure 

4.10). However complex 3 is also found to be soluble in CDCl3, and the 
1
H NMR spectrum 

recorded in CDCl3 showed the presence of only complex peaks with no free ligand peaks 

(Figure 4.11-4.12). So, the protons associated with free ligand peaks in d6-DMSO solution is 

may be because of decomposition of a certain amount of the complexes in d6-DMSO 

solution.  
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Figure 4.9. Partial 
1
H NMR spectrum of 2 in DMSOd6. 

 

 

Figure 4.10. Partial 
1
H NMR spectra of 3, L

2
 and pyrazole  in DMSOd6. 
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Figure 4.11. Partial 
1
H NMR spectra of 3 in CDCl3. 

 

Figure 4.12. Partial 
1
H NMR spectra of 3, L

2
 and pyrazole  in CDCl3. 
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4.4 Conclusion 

In conclusion, neutral conjoined bicyclic supramolecular coordination complexes were 

assembled using the new type of metal-ligand bonding combinations, partially protected 

tritopic metal acceptor fac-Re(CO)3-core, pyrazolate rigid bridging N-donor, hydroxyl (OH) 

bridging motif, and neutral flexible hexatopic/tetratopic pyrazolyl ligand. The bridging 

between two fac-Re(CO)3 core is through azolato and hydroxo motif leading to the 

[Re(CO)3(
2
-OH)(-pz)Re(CO)3] core.  
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Chapter 5 

 

Self-assembly of a new class of azolato bridged rhenium(I) 

metallocycles as anticancer agents  

 

Abstract 

The design, synthesis and biological studies of complexes that display anticancer activities 

are necessary to provide lead synthetic pathway to prepare drugs to reduce/completely avoid 

the serious side effects of Pt(II)-based drugs. A new type azolato and hydroxo bridged 

multicomponent rhenium metallocycles 1-4 were synthesized via self-assembly approach and 

characterized using analytical and spectroscopic techniques. The cytotoxity of these 

complexes against triple negative breast cancer cells (4T1) were studied. The complexes were 

found to display higher cytotoxicity against 4T1 cells than cisplatin.  
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5.1. Introduction 

Small inorganic complexes such as cisplatin, carboplatin, and oxaliplatin are well-known 

frontline chemotherapeutic drugs used against various types of cancer cells. Because of the 

poor selectivity and severe side effects linked to these compounds, intense research has been 

going on for the design and synthesis of alternative metallodrugs.
1
 Diverse metal ions 

including gallium, titanium, rhenium, ruthenium, palladium, platinum, silver, and gold have 

been used in the preparation of potential anticancer agents.
2-3

 Among the metal complexes, 

rhenium complexes, particularly fac-[Re(CO)3-based complexes are emerging as one of the 

promising class of anticancer agents with the potential to overcome the drawbacks of the Pt-

based drugs.
4-7

 Considerable research on acyclic fac-[Re(CO)3 core-based complexes as 

anticancer agents have been explored, leading to initiation of clinical trials for fourteen Re 

complexes.
4d,5,6

 Therefore, the design and synthesis of new cyclic rhenium complexes and 

their biological studies are of utmost importance in search of new class of anticancer 

metallodrugs.  

Cancer is one of the most invasive diseases with the highest mortality rate. In particular, 

breast cancer is the leading cause of cancer death in women. New type of complexes as drugs 

are needed to treat the triple-negative breast cancer (TNBC) due to its exceptional 

aggressiveness, high metastatic potential, tendency for recurrence, poor prognosis and low 

survival rates.
8a

 4T1 cell line is genetically similar to human metastatic triple negative breast 

cancer cell which leads to over 17 % breast cancer cases annually.
8b

 We rationalized that 

designing small 2D/3D metallocycle with properly positioned hydrogen bonding 

donors/acceptors would yield a molecule capable of fitting into DNA grooves and achieving 

stabilization through a cumulative network of non-covalent interactions, thus resulting in 

cancer cell death. Further, when designing new metallocycle as anticancer agent, it is 

important to take into consideration the cost-effectiveness of the starting materials and ease 

of synthesis. Till date, most of the fac-[Re(CO)3-based acyclic and cyclic complexes studied 

for anticancer properties are assembled using 2,2-bipyridine/1,10-phenonthroline/pyridyl as 

one of the main organic building units.
4,7a-c

  

This study presents new type of small multi-component rhenium metallocycles which 

consists of azolate, hydroxyl, -bis(pyrazol-1-yl)-o-xylene (bpz)/1,2,-bis(benzimidazol-1-

ylmethyl)benzene (XyBim) nitrogen donor, and two rheniumtricarbonyl groups. The 

metallocycle is self-assembled via multi-component coordination-driven self-assembly 

approach. The metallocycles 1-4 were found to show effective anticancer property against 
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triple negative breast cancer (TNBC) cells in vitro, exceeding that of cisplatin. Molecular 

docking studies of 1 with BDNA provided insights into the binding posture and nature of 

interactions with DNA. 

 

5.2. Experimental 

5.2.1. Materials and Methods 

Re2(CO)10, pyrazole (H-pz), indazole (H-ind), 1,2-bis(bromomethyl)benzene, NaOH, 

tetrabutylammonium bromide (TBAB) and toluene were purchased and used as received.  

’-Bis(pyrazol-1-yl)-o-xylene (bpz), 1,2-bis((benzo[d]imidazol-1-yl)methyl)benzene 

(XyBim) were prepared using a known procedure.
9 

ATR-IR spectra were recorded on a 

Nicolet iS5 IR spectrophotometer. NMR spectra were recorded on a BrukerAvance III 500 

MHz spectrometer. ESI-MS spectra were recorded on Bruker-maXis, mass spectrometer.  

 

5.2.2 Crystallography  

Single crystal X-ray data of 1 was collected on a Rigaku Oxford Diffractometer (λ(Mo Kα) = 

0.71073 Å) and 2-3 were recorded on Bruker D8 QUEST diffractometer with Mo-Kα 

radiation (λ = 0.71073 Å). The molecular structures were solved by direct methods using 

SHELXS97 (Sheldrick 2008) and refined using the SHELXL2018/3 program (within the 

WinGX program package).
10-11

 Non-H atoms were refined anisotropically. 

 

5.2.3. Synthesis of Complexes 

Synthesis of 1 

A mixture of Re2(CO)10 (50 mg, 0.076 mmol), pyrazole (5.20 mg, 0.076 mmol), bpz (18.30 

mg, 0.076 mmol), and undistilled toluene (~7 mL) was taken in a Teflon flask that was kept 

in a steel bomb. The bomb was then kept in an oven maintained at 160 C for 48 hours and 

subsequently cooled to 30C. Light yellow good quality crystals were obtained from the 

mother liquor after a week. Yield: 53% (35 mg crystals). ATRIR (cm
1

): 3566(s) (OH), 

2012 (s) (CO) and 1860 (s) (CO). HRMS-ESI (m/z): [M + H]
+
 calcd for C23H19N6O7Re2, 

863.0397; found, 863.0405.  
1
H NMR (500 MHz, CDCl3): 8.16 (d, J = 2.1 Hz, 2H, H

A
), 7.64 

(m, 4H, H
e-f

), 6.89 (d, J = 2.2 Hz, 2H, H
a
), 6.74 (d, J = 13.45 Hz, 2H, H

d
 -CH2-), 6.57 (d, J = 
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2.5 Hz, 2H, H
c
), 6.38 (t, J = 2.05 Hz, 1H, H

B
), 5.68 (t, J = 2.5 Hz, 2H, H

b
), and 5.06 (d, J = 

13.45 Hz, 2H, H
d
 -CH2-). 

Synthesis of 2 

Brown crystals of 2 were obtained by following a similar synthetic approach to that for 

metallocycle 1, using Re2(CO)10 (50 mg, 0.076 mmol), indazole (9.0 mg, 0.076 mmol), bpz 

(18.2 mg, 0.076 mmol), and undistilled toluene (~7 mL). Yield: 64% (45 mg crystals). ATR-

IR (cm
-1

): 3548(s) (OH), 2001 (s)(CO) and 1857 (s) (CO). HRMS-ESI (m/z): [M + H]
+
 

calcd for C27H21N6O7Re2, 913.0559; found, 913.0542. 
1
H NMR (500 MHz, CDCl3): 8.85 (d, 

J = 2.1 Hz, 1H, H
A
), 8.18 (d, J = 8.18 Hz, 1H, H

E
), 7.81 (d, J = 8.15 Hz, 1H, H

B
), 7.46 

(merged, 4H, H
e,e’,f,f’

), 7.43 (merged, 2H, H
C,D

), 6.81 (d, J = 2.15 Hz, 1H, H
a
), 6.76 (dd, J = 

2.9, 2H, H
d
), 6.71 (d, J = 2.2 Hz, 1H, Ha’), 6.54 (t, J = 2.6 Hz, 2H, H

b,b’
), 5.58 (t, J = 2.5 Hz, 

1H, H
c
), 5.55 (t, J = 2.5 Hz, 1H, H

c’
), and 5.09 (dd, J = 2.9 Hz, 2H, H

d’
). 

Synthesis of 3 

Yellow crystals of 3 were obtained by following a similar synthetic approach to that for 

metallocycle 1, using Re2(CO)10 (50 mg, 0.076 mmol), pyrazole (5.20 mg, 0.076 mmol), 

XyBim (25.9 mg, 0.076 mmol), and undistilled toluene (~6 mL). Yield: 52% (38 mg 

crystals). ATR-IR (cm
-1

): 3650(s) (OH), 2001 (s)(CO) and 1852 (s) (CO).  HRMS-ESI 

(m/z): [M + H]
+
 calcd for C31H23N6O7Re2, 963.0715; found, 963.0698.  

1
H NMR (500 MHz, 

DMSO-d6): 7.73 (d, J = 2.1 Hz, 2H, H
A
), 7.71-7.69 (m, 2H, H

g-d
), 7.62-7.60 (m, 2H, H

h
), 7.5-

7.4 (m, 2H, H
b-e

), 7.0 (t, 2H, H
c
), 6.9 (t, 2H, H

d
), 6.41 (s, 2H, H

a
), 6.0 (t,  1H, H

B
), 5.59 (d, 

2H, H
f
) and 5.22 (d, 2H, H

f
). 

Synthesis of 4 

Golden yellow crystals of 4 were got by following a similar synthetic approach to that for 

metallocycle 1, using Re2(CO)10 (50 mg, 0.076 mmol), indazole (9.00 mg, 0.076 mmol), 

XyBim (25.9 mg, 0.076 mmol), and undistilled toluene (~6 mL). Yield: 60% (47 mg 

crystals). ATR-IR (cm
-1

): 3650 (s) (OH), 2003 (s)(CO), 1884 (s) (CO), and 1840 (s) 

(CO). HRMS-ESI (m/z): [M + H]
+
 calcd for C35H25N6O7Re2, 1013.0872; found, 1013.0891..  
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5.2.4. Biological Studies 

Materials and Methods  

Roswell Park Memorial Institute (RPMI) media, trypsin−EDTA, Dimethyl sulfoxide 

(DMSO), Phosphate buffer (pH 7.0), Tris-HCl buffer (pH 7.4), and US origin fetal bovine 

serum (FBS) were purchased from HiMedia Chemicals, Mumbai, India. Syringe filters (0.2 

μm) were acquired from Sartorius (Carrigtwohill, Ireland). Milli-Q water was used from the 

Millipore, Billerica, MA system. 

 

Cell lines and Maintenance 

Murine mammary carcinoma cell line (4T1) was acquired from the National Center for Cell 

Science (NCCS), Pune, India. The cell lines were cultured and maintained in high glucose 

DMEM/RPMI media supplemented with 10% (v/v) FBS, 1% L-glutamine, and 100 

U/streptomycin/penicillin at 37 °C in a humidified atmosphere with 5% CO2. The final 

concentration of DMSO for the biological experiments is 0.1%. 

 

Cell Viability on Tested Cancer Cells 

The MTT assay was performed to determine the cell viability of Re1 and ligand bpz in 4T1 

cell lines. 96-well plates were seeded with 4T1 (7×10
3
 cells/well), each with suitable growth 

media for the ambient environment. Fresh media containing various concentrations of Re1, 

bpz, and cisplatin were added to the well plates and maintained for 24 hours of incubation. 

Then, MTT reagent (5 mg/mL) was added and incubated for 3 hours. Then the MTT reagent 

supernatant was carefully removed, and the developed formazan crystals were neutralized by 

adding 1% DMSO to the wells. Using the microplate reader (BIORAD Microplate Reader), 

the absorbance of the dissolved formazan crystals was measured at 570 nm. 

 

Circular dichroism 

Solutions of metallocycle 1(5 μM), bpz (40 μM) and cisplatin (50 μM) with CT-DNA (100 

μM of base pair equivalent to 0.064 mg/ml) was prepared. The CT-DNA stock solution was 

prepared in Tris-HCl (5 mM) buffer solution. A JASCO J-810 spectropolarimeter in a 0.2 cm 

cuvette, scanning from 210 to 300 nm, was used for recording the measurements. Baseline 

line corrections were done using the buffer solution and for each reading three cycles were 

performed. 

 



  Chapter 5 
  

130 
 

Molecular docking and interaction analysis 

Using the PDB ID:1BNA, the B-DNA dodecamer was retrieved from RCSB 

(https://www.rcsb.org/).
12

 All the unwanted water and other molecules were removed. Then, 

using AutoDock Vina we docked the inhibitor metal complex with DNA.
 13-14

 The metal 

complex was docked considering a grid box with a dimension of X = 15.2 Å, Y = 19.9 Å, and 

Z = 8.9 Å created around the DNA. Based on the binding affinity, the best binding pose was 

determined by analyzing the top ten poses. Afterward, the DNA-inhibitor complex was 

subjected to interaction analysis using Discovery Studio Visualizer 4.5 

(https://discover.3ds.com/discovery-studio-visualizer-download). 

 

5.3. Results and discussion 

5.3.1. Synthesis and characterization of metallocycle 1. 

 

 

 

 

 

 

Scheme 5.1. Synthesis of metallocycle 1 

Metallocycle fac-[{Re(CO)3}2(2-OH)(-pz)(bpz)] (1) was synthesized by treating 

Re2(CO)10, pyrazole (Hpz), bpz and undistilled toluene under solvothermal approach 

(Scheme 5.1). The complex is air and moisture stable. The IR spectrum of 1 displayed two 

strong bands at 2009 and 1862 cm
1

 and a sharp single peak at 3560 cm
1

, characteristic of 

fac-Re(CO)3 core and coordinated hydroxyl group, respectively (Figure 5.1). The ESI mass 

analysis of 1 displayed molecular ion peak (m/z = 863.0405 for [1 H]
+
) that matches with 

the theoretical value (Figure 5.2-5.3). In 
1
H NMR spectrum of 1 (CDCl3) proton peaks  are 

well resolved for both pyrazolate and bpz. The protons of the pyrazolate pyrazolate in 1 

appeared as one sharp doublet and one triplet with 2:1 ratio, corresponding to H
A
 and H

B
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protons. The H
A
 is significantly downfield shifted, whereas H

B
 is downfield shifted slightly 

relative to that of starting compound pyrazole (Hpz), suggesting the symmetric coordination 

of the pyrazolate to rhenium cores. Protons H
a-c 

of the pyrazolyl motifs were significantly 

upfield shifted, whereas H
e-f 

of phenyl spacer were merged and downfield shifted. The 

upfield shift for H
a-c 

indicated that the two pyrazolyl motifs in 1 are arranged in face-to-face 

manner closely having contacts, thus these protons experience ring current effect. Two 

well-separated doublets (J = 17 Hz) were observed for the methylene protons in 1, 

suggesting that the protons are present in two different chemical environments. The above 
1
H 

NMR results suggest that the cyclic structure of the compound remains intact in CDCl3 

solution (Figure 5.4-5.6). 

 

 

Figure 5.1. ATR-IR spectrum of 1. 
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Figure 5.2. ESI mass spectrum of 1 in positive ion mode in CDCl3. 
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Figure 5.3. Experimental and calculated ESI mass spectra of 1 in positive ion mode (CDCl3). 
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Figure 5.4. 
1
H NMR spectrum of 1 in CDCl3. 
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Figure 5.5. 

1
H

1
H COSY NMR spectrum of 1 in CDCl3. 

 

 

 Figure 5.6. Partial 
1
H NMR spectra of ligands and metallocycle 1 in CDCl3. 
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5.3.2. Molecular Structure of Metallocycle 1  

The X-ray study reveals that 1 adopts cyclic structure which consists of pyrazolate-hydroxo-

bridged dinuclear motif fac-[{(CO)3Re}(2-OH)(-pz){Re(CO)3}] and one bpz ligand. 

Pyrazolate and hydroxo unit are in the same plane, whereas the two pyrazolyl units are 

orthogonal to these anionic units and phenyl unit (Figure 5.7). All four aromatic units are 

directed towards one direction and contact each other via very weak CH••• contacts. The 

rhenium ion adopts an octahedral geometry. Both the fac-[Re(CO)3] units are at one edge of 

the metallocycle with all six carbonyl groups pointed outward. The overall size of 

metallocycle is 11.82 Å (H18H20) × 8.18 Å (H20O7) × 8.17 (H13O8) Å. Each 

metallocycle interacts with six neighboring molecules via intermolecular CH•••O(ReCO) 

interactions which occur between the hydrogen atom of pyrazolate/pyrazolyl/methylene to 

the oxygen of the metal coordinated carbonyl group. Solvent toluene molecules in the crystal 

lattice contact with coordinated carbonyl oxygen atoms of the metallocycle.  

 

 

 
 

 

Figure 5.7. Ball & stick (a) and space-filling (b) views of molecular structure of 1. 

Selected bond distances, Å: Re2N6 = 2.149(6), Re2N4 = 2.227(5), Re2O5 = 

2.164(3), Re2C22 = 1.904(8), C22O8 = 1.152(8), Re2C24 = 1.885(8), C24O6 = 

1.159(8), Re2C21 = 1.922(7), C21O7 = 1.138(7). 
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5.3.2. Stability studies of 1 in DMSO   

Neutral metal complexes consisting of fac-[Re(CO)3] core and heteroarene-based ligand 

framework without polar substituent group(s) are generally soluble in DMSO and insoluble in 

H2O. The complexes were dissolved in DMSO and diluted with buffer solutions for the 

biological studies. It is important to mention here that few complexes are stable in the solid 

state and dissociate into new complexes and free ligands in DMSO. Therefore, the solution 

studies such as NMR and ESI-MS analysis of the complexes in DMSO is very important for 

assessing the stability as the biological activity depends upon the molecular species present in 

the solution. Hence, an investigation of metallocycle 1 in d6-DMSO was carried out. The 
1
H 

NMR spectrum of 1 exhibited three distinct sets of patterns, affirming the existence of three 

molecular species within the solution, a finding corroborated by the DOSY spectrum. One 

group of chemical resonances corresponds to the metallocycle 1, while the other groups of 

peak correspond to unbound bpz ligand and protons of the pyrazole/pyrazolate (downfield 

shifted slightly in comparison to ligand Hpz). (Figure 5.8-5.9) The result revealed that a 

major amount of 1 retains its cyclic structure in DMSO, whereas the remaining metallocycle 

disassembled into free bpz and a disintegrated fac-Re(CO)3 complex (Figure 2) at room 

temperature. This was further supported by ESI-MS spectra, which revealed peaks 

corresponding to both the metallocycle and the free bpz for the sample of the metallocycle 1 

as such. (Figure 5.10) Further, to assess the stability of the metallocycle over time, a series of 

1
H NMR experiments were conducted at various time intervals. Changes in the peak 

intensities without any additional peak for 1 in d6-DMSO were observed at intervals of 0, 1, 2 

and 4 hours (Figure 5.12). The patterns remained consistent from 6, 8 and up to 48 hours. In 

contrast, upon subjecting 1 to heating, the intensities of the protons of the free bpz increased, 

while those of the metallocycle decreased. With further strong heating, the solution 

exclusively displayed peaks corresponding to the free ligand bpz and pz. The data suggest 

that at room temperature the metallocycle experienced partial disassembly  and a small 

portion of it disassembles into bpz and a disintegrated fac-Re(CO)3 complex (X) during the 

initial stage, reached an equilibrium state at 5 hours, and maintained this equilibrium even 

after 48 hours at room temperature. 
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Figure 5.8. 

1
H NMR spectra of Hpz, bpz, 1@RT (without heat) and 1@heat (with heat) in 

d6-DMSO, * indicate peaks belong to diassembled bpz and Hpz; 

 

 

 

 
 

Figure 5.9. Partial
 
DOSY spectrum of 1 in DMSO-d6. 
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Figure 5.10.  ESI mass spectrum of disassembly products of 1 (crystals of 1 were dissolved 

in DMSO-d6) in DMSO diluted with ACN. 
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. 

Figure 5.11.  ESI mass spectrum of disassembly products of 1 (crystals of 1 were dissolved 

in DMSO-d6 and heated at boiling temperature for 1 min) in DMSO diluted with ACN. 
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Figure 5.12.  Partial 
1
H NMR spectra of 1 in DMSO-d6 recorded at various time 

intervals 

 

Conversely, strongly heated solution of 1 contains free bpz and disintegrated fac-Re(CO)3 

complex. The solution exposed to intense heating showed no peaks beyond m/z 509 in ESI-

MS spectra, signifying the complete absence of the metallocycle 1 in the solution (Figure 

5.11). The stability studies reveal that the metallocycle, a disintegrated fac-Re(CO)3 complex 

and free bpz are present in DMSO solution of 1 at room temperature. In contrast, free bpz, 

disintegrated fac-Re(CO)3 complex are present in the strongly heated solution. Though 

metallocycle 1 in DMSO exists as a mixture of molecules (Re1 = 1 + bpz + X) at RT 

and (ML = bpz + X) after heat; the metallocycle is expected to show biological 

activity due to its compact structure and the presence of metal carbonyl units. 
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5.3.3. Biological studies of 1 

Hence, the anticancer properties of Re1 and ML are investigated along with control 

molecules (free ligand bpz, and cisplatin, and untreated cells (referred as control in the 

figures) towards 4T1 cancer cells. Cell viability study of Re1, ML, bpz, and cisplatin toward 

triple negative breast cancer cells (4T1) were studied using MTT assay (Figure 5.13-5.15). 

The study reveals that Re1 displayed 10 times higher cytotoxicity towards 4T1 cells than 

cisplatin. Free ligand bpz did not result in notable cell death in 4T1 cell lines. The IC50 (M) 

values, 502.9 for bpz; 403.5 for cisplatin, 50 for ML, and 54.2 for Re1, strongly imply 

that metallocycle 1 plays a prominent role in killing the cancer cells. Hence, further 

biological studies were conducted only on Re1, bpz and cisplatin. The cytotoxicity of Re1 

against 4T1 cancer cells may be due to the intact metallocycle or the cumulative effect of all 

the components present in the solution along with the metallocycle.  

 

 

 

 
 

Figure 5.13. Determination of IC50 values of 1@RT i.e Re1 and bpz using MTT assay on 

murine breast cancer cell line 4T1. Untreated cells are used as a negative control, and 

Cisplatin is used as a positive control. 
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Figure 5.14. Determination of IC50 values of 1@heat i.e ML and bpz using MTT assay on 

murine breast cancer cell line 4T1. Untreated cells are used as a negative control, and 

cisplatin is used as a positive control. 

 

 
 

Figure 5.15. Dose-responsive curves of free ligand bpz, cisplatin and Re1 against triple 

negative breast cancer cells (4T1) after 24h incubation. 
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To gain insights into the interactions between metallocycle with DNA, circular dichroism 

(CD) studies were carried out. Circular Dichroism (CD) studies were conducted at room 

temperature examining the conformational changes induced in CT-DNA by the metallocycle. 

The CD spectrum of CT-DNA exhibits two bands: a negative peak at 245 nm, attributed to 

polynucleotide helicity, and a positive peak at 275 nm, indicative of base pair stacking. The 

CD spectrum of the metallocycle treated with CT-DNA displayed a reduction in the intensity 

of both the positive and negative bands (Figure 5.16) Particularly, the negative bands 

intensity experienced a substantial decrease in comparison to only CT-DNA, signifying that 

the binding of the metallocycle has an impact on CT-DNA's helical structure. A similar trend 

is observed for CT-DNA treated with cisplatin. These three experiments collectively provide 

strong evidence of an interaction between metallocycle 1 and DNA, thus resulting in cell 

death. 

 
 

Figure 5.16. Circular Dichroism spectra displaying effect of Re1, bpz and cisplatin on DNA 

structure. 

 

5.3.4. Molecular docking 

Molecular docking studies were performed to elucidate the binding posture and the nature of 

the noncovalent interactions between metallocycle 1 and B-DNA dodecamer. The studies 

revealed that the metallocycle fits well in both the major and minor grooves of DNA which is 

stabilized through various noncovalent contacts. Metallocycle 1 exhibits binding affinities of 
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8.3 kcal/mol and 8.5 kcal/mol in the major and minor grooves of DNA, respectively. 

Specifically, the metallocycle shows a multimodal binding affinity with DNA, with a stronger 

preference for the minor groove (Figure 5.17A-5.17C). The metallocycle is stabilized with 

DNA through intermolecular hydrogen bonds, involving guanine and cytosine with the 

oxygen atom of the rhenium-coordinated carbonyl unit, and π-π stacking interaction, 

involving guanine and pyrazolyl motif. Similarly, the docking position, 3D depiction, and 2D 

interaction diagrams of 1 within the major groove of DNA are shown (Figure 5.16D-5.16F). 

These figures revealed the presence of multiple noncovalent interactions between 1 and DNA 

including hydrogen bonds between adenine and the coordinated carbonyl unit and ππ 

stacking contacts between adenine and the phenyl group of bpz of metallocycle. 

 

 

Figure 5.17. Docked conformations of metallocycle 1 with the minor and major grooves of 

B-DNA. 

 



  Chapter 5 
  

146 
 

5.3.5. Synthesis and characterization of metallocycles 2-4. 

Since the metallocycle 1 shows good cytotoxicity against 4T1 cells so efforts were made for 

synthesizing azolato bridged complexes which are stable in DMSO-d6 solution. Metallocycle 

2-4 were synthesized by treating Re2(CO)10, pyrazole (Hpz for 3)/indazole(HIn for 2 and 4 ), 

bpz(for 2)/Xybim(for 3 and 4) and undistilled toluene using solvothermal approach (Scheme 

5.2). The complexes were air and moisture stable. Complexes 24 display two strong CO 

stretching bands in 20001860 cm
1

 region, characteristic of fac-[Re(CO)3] motif 

(Figure 5.18-5.20). ESIMS spectra of the metallocycles show molecular ion peaks 

(mz 913.0542 for [2H]

, mz 96.0698 for [3H]


and mz 1013.0891 for 

[4H]

that matches with the theoretical values (Figure 5.21-5.26). Complex 2 is 

soluble both in chloroform and DMSO. The 
1
H NMR spectrum of 2 in CDCl3 display 

well resolved peaks corresponding to proton peaks of both indazolate and bpz ligands 

(Figure 5.27-5.28). The H
A
 and H

E
 protons of indazolate in 2 are significantly upfield 

shifted, H
B 

is slightly upfield shifted, H
C 

is significantly downfield shifted whereas H
D
 is 

slightly downfield shifted relative to that of H-In indicating the binding of H-In to rhenium 

cores. Protons H
a,a-c,c 

of the pyrazolyl motifs were significantly upfield shifted whereas H
e-f 

of phenyl spacer were merged and significantly downfield shifted. However 
1
H NMR 

spectrum of 2 in DMSO-d6 shows similar pattern as 1 with presence of free bpz proton 

peaks in the spectrum indicating dissociation of a portion of the metallocycle in 

DMSO-d6 solution (Figure 5.29-5.30). Complexes 3 and 4 are only soluble in DMSO. 

The 
1
H NMR spectrum of 3 and 4 in DMSO-d6 display well resolved peaks 

corresponding to proton peaks of both Hpz for 3/H-In for 4 and XyBim ligands. The 

H
A
 and H

B
 protons of pyrazolate in 3 are slightly/significantly upfield/downfield shifted 

respectively. A similar pattern was seen for complex 4. The 
1
H NMR spectrum recorded 

after 72 hrs shows no change in spectrum indicating the stability of the complexes 3 and 4 in 

DMSO solution even after many days (Figure 5.31-5.36).  
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Scheme 5.2. Synthesis of metallocycles 2-4. 
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Figure 5.18. ATR-IR spectrum of 2. 

 

Figure 5.19. ATR-IR spectrum of 3. 
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Figure 5.20. ATR-IR spectrum of 4. 
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Figure 5.21. ESI mass spectrum of 2 in positive ion mode in DMSO-d6. 
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Figure 5.22. Experimental and calculated ESI mass spectra of 2 in positive ion mode in 

DMSO-d6. 
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Figure 5.23. ESI mass spectrum of 3 in positive ion mode in DMSO-d6. 
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Figure 5.24. Experimental and calculated ESI mass spectra of 3 in positive ion mode in 

DMSO-d6. 
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Figure 5.25. ESI mass spectrum of 4 in positive ion mode in DMSO-d6. 
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Figure 5.26. Experimental and calculated ESI mass spectra of 4 in positive ion mode in 

DMSO-d6. 
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Figure 5.27. 
1
H NMR spectrum of 2 in CDCl3. 

 

 

 

.  

Figure 5.28. Partial 
1
H NMR spectra of ligands and metallocycle 2 in CDCl3. 
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Figure 5.29. Partial
1
H NMR spectrum of 2 in DMSO-d6. 

 

 

Figure 5.30. NMR spectra of 2, bpz and H-In in DMSO-d6. 
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Figure 5.31. 
1
H NMR spectrum of 3 in DMSO-d6. 

 

 

 

 

Figure 5.32. Partial 
1
H NMR spectra of ligands and metallocycle 3 in DMSO-d6. 
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Figure 5.33. COSY NMR spectra of metallocycle 3 in DMSO-d6.  

  

Figure 5.34. Partial 
1
H NMR spectra of metallocycle 3 in DMSO-d6 at 0 hr and 72 hr.  
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Figure 5.35. Partial 
1
H NMR spectra of ligands and metallocycle 4 in DMSO-d6. 

 

Figure 5.36. Partial 
1
H NMR spectra of metallocycle 4 in DMSO-d6 at 0 hr and 82 hr. 
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5.3.6. Molecular Structures of Metallocycles 2-3 

The SC-XRD data reveals that 2 adopts dinuclear cyclic structure consisting of indazolate-

hydroxo-bridged dinuclear motif fac-[{(CO)3Re}(2-OH)(-Ind){Re(CO)3}] and one bpz 

ligand (Figure 5.37). Indazolate and hydroxo unit are in the same plane, whereas the two 

pyrazolyl units are orthogonal to these anionic units and phenyl unit. All four aromatic units 

are directed towards one direction. Both the fac-[Re(CO)3] motifs are at one edge of the 

metallocycle with all six carbonyl groups pointed outward. 

 

Figure 5.37. Various views of molecular structure of 2 in capped stick model (H 

atoms are removed for clarity). Color code: C = grey for XyBim and CO & pink for 

pz; O = red, N = blue, Re = green. 

Molecular structure of 3 consist of two facial-Rheniumtricarbonyl cores, one pyrazolate unit, 

one hydroxyl motif and one XyBim motif (Figure 5.38). Two fac-[Re(CO)3 cores are bridged 

by pyrazolate-hydroxo- motifs resulting in the dinuclear metallocycle. Pyrazolate and 

hydroxo unit are in the same plane, which are orthogonal to the benzimidazolyl motifs. The 

two benzimidazolyl motifs are parallel to each other and stabilized via ··· interactions. The 

pyrazolate motif and the phenyl ring of the XyBim are directed towards each other.  

 

Figure 5.38. Various views of molecular structure of 3 in capped stick model (H 

atoms are removed for clarity). Color code: C = grey for XyBim and CO & pink for 

pz; O = red, N = blue, Re = green. 
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5.3.7.  Biological studies of 2-4 

MTT assay was carried out to find out the cytotoxicity effect of the complexes 2-4, XyBim 

and cisplatin towards 4T1 cells. The study reveals that among the complexes 2-4, complex 4 

shows maximum cytotoxicity towards 4T1 cells (Figure 5.39). The IC50 (M) values are 

found to be 5 for 2; 2.5 for 3, 1.25 for 4. As compared to cisplatin complex 4 is 40 times 

more cytotoxic towards 4T1 cancer cells. This may to due to the presence of benzimidazolyl 

and indazolate motifs in the complex which provides a greater surface for non-covalent 

interactions with DNA leading to cell death.   

 

Figure 5.39. Dose-responsive curves of free ligand bpz, cisplatin and Re1 against triple 

negative breast cancer cells (4T1) after 24 h incubation. 

5.4 Conclusion 

In conclusion, a new type of neutral, stable, small dirhenium metallocycle consisting of 

pyrazolate, hydroxyl, bidentate pyrazolyl clip and two rheniumtricarbonyl cores, was 

synthesized. The pyrazolate and hydroxyl motifs are necessary to hold two dirhenium 

tricarbonyl cores close to each other to provide compact metallocyclic structure. At room 

temperature, the metallocycle 1 in DMSO undergoes partial disassembly into the free bpz, H-

pz and a disintegrated fac-[Re(CO)3] complex. The metallocycle exhibits superior anticancer 

activity compared to cisplatin against the triple negative breast cancer cell line (4T1). 

Controlled experiment clearly demonstrated that the free ligands and the disassembled 
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complex are not responsible for the anticancer properties. It is the metallocycle that plays a 

crucial role in anticancer activity. The molecular docking studies revealed that the 

metallocycle preferentially binds strongly with the minor groove of DNA through various 

non-covalent interactions. This was further proved from the synthesis of stable azolato-

hydroxo bridged complexes using benzimidazolyl ligand which when performed MTT assay 

reveals that complex 4 with benzimidazolyl and indazolate ligands shows maximum 

cytotoxicity than cisplatin against 4T1 cells.  These findings suggest that the metallocycle's 

compact size, strategically positioned hydrogen bonding donor groups in the form of 

coordinated carbonyl units, and aromatic surface are well-suited to fit within DNA grooves, 

thereby triggering cell death.  
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Chapter 6 

 
Conclusion and Future Prospects 

Abstract 

The thesis entitled “Self-assembly of Rhenium(I) Metallocycles Using Pyrazole Based 

Ligands” discusses the design and synthesis of facial-rheniumtricarbonyl based metallocycles 

of various architectures by using ligands containing pyrazole as the coordinating motifs with 

ancilliary ligands. Several architectures such as monohelicates, “figure-eight”, “Z” shaped 

molecules, conjoined bicyclic metallocycles and compact dinucler metallocyles were 

synthesized. This chapter summarizes the thesis work and gives a brief perspective of future 

direction of the research work. 
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6.1. Overview of the present work 

The facial rheniumtricarbonyl core provides a platform for synthesizing a variety of 2D and 

3D architectures that are known to be robust, inert and can be functionalized for potential 

application prospects. These complexes are potential candidates in the field of molecular 

recognition, sensing, bioimaging and as anticancer agents.
1-4

  With the choice of predesigned 

ligands in presence of ancilliary ligands and Re2(CO)10 metallocycles of diverse shapes and 

sizes can be synthesized.
2
 The use of flexible ligands in the synthesis of metallocycles is less 

explored as compared to their rigid counterparts because of the lack of predictability of its 

conformation in the final structure.
3
 The use of imidazolyl, benzimidazolyl or 

napthanoimidazolyl as the coordinating motifs in the synthesis of flexible ligands is well 

explored. However the use of pyrazole based ligands in the synthesis of rhenium based 

metallocycles are not much explored. Pyrazole like imidazole is a 5-membered heterocycle 

with two N atoms in the adjacent positions and is known as a potent medical scaffold with 

wide range of biological activities. This research focuses on introducing pyrazolyl motif as 

the coordinating motif in the synthesis of rhenium based metallocycles and study how the 

change in coordinating motif dictates the final architecture.  

Two pyrazolyl based neutral ditopic ligands were synthesized and characterized. Using the 

synthesized pyrazolyl based ligand, rigid bischelating donor and Re2(CO)10 under 

solvothermal conditions neutral rhenium(I) based dinuclear helicates were synthesized. The 

complexes were found to be helical in nature with only the neutral ditopic ligand wrapping 

around in a helical arrangement leading to the formation of dinuclear double stranded 

monohelicates. This type of helical arrangement is new in the rhenium based helicate 

architecture. This study provides a design strategy for synthesis of dinuclear monohelicates.  

The change in length and breadth of the rigid ancilliary ligands also may affect the final 

architecture of the complexes. So keeping the neutral pyrazolyl based donor intact, 

bischelating anionic donors of longer width and breadth were used which lead to the 

synthesis of tetranuclear metallocycles. A “figure-eight” and “Z” shaped metallocycles were 

synthesized and characterized. The complexes were found to be in dynamic equilibrium in 

DMSO with continuous disassembly and reassembly of the components owing to the 

dynamic nature of the metal-pyrazolyl bond. This dynamic nature of the complexes was 

further utilized to transform these metallocycles into other known/unkown metallocycles and 

acyclic complexes using suitable competing ligands via ligand-induced supramolecular 
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transformations. The results may pave the way to the development of less explored 

competitive ligand-induced supramolecular transformations in rhenium carbonyl-based 

metallocycles.  

This research work also provides a new synthetic principle for synthesis of conjoined bicyclic 

complexes. Hexatopic/tetratopic pyrazolyl based donor ligands were used along with 

pyrazole/Br-pyrazole as anionic donor and Re2(CO)10 using solvothermal approach resulting 

in the formation of conjoined bicyclic rhenium(I) based metallocycle. The cyclic motif in the 

metallocycle was connected through the phenylene spacer from the neutral ligand. A new 

kind of bonding combination was found in which the two rhenium cores were bridged by a 

azolate motif and hydroxo motif. This bridging combination is not known in the rhenium 

chemistry.  

The pyrazolato and hydroxo bridging between Pt metal cores are well known and these class 

of complexes were found to be biologically active. In this study we have synthesized four 

rhenium based dinuclear metallocycles having the azolato and hydroxo bridging. The 

complexes were synthesized using Re2(CO)10, pyrazole/indazole as anionic donors and 

pyrazole/benzimidazole based ditopic donors under solvothermal conditions. Preliminary 

biological investigations of the complexes shows that these metallocycles exhibits 

cytotoxicity effects on triple negative breast cancer cells (4T1) with non-covalent interactions 

with DNA leading to cell death. 
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Table 6.1. Compounds synthesized in the present study 

No. Discrete supramolecule/acyclic Type Shape Approach 

1 fac-[{Re(CO)3}2(-dhbq)(dppz)] M2LL Helicate New 

2 fac-[{Re(CO)3}2(-pydc)(dppz)] M2LL Helicate New 

3 fac-[{Re(CO)3}2(-dhbq)(L)] M2LL Helicate New 

4 fac-[{Re(CO)3}2(-pydc)(L)] M2LL Helicate New 

5 fac-[{Re(CO)3}4(-dhnq)2(dppz)2] M4L2L2 Figure-eight New 

6 fac-[{Re(CO)3}4(-dhaq)2(dppz)2] M4L2L2 Z shaped 

metallocycle 

New 

7 fac-[{Re(CO)3}4(-dhnd)2(dppz)2] M4L2L2 Z shaped 

metallocycle 

New 

8 fac-[{Re(CO)3}4(-bbim)2(dppz)2] M4L2L2 Z shaped 

metallocycle 

New 

9 fac-[{Re(CO)3}2(-dhnq)(dpbim)] M2LL Metallocavitand New 

10 fac-[{Re(CO)3}2(-dhnd)(dpbim)] M2LL Metallocavitand New 

11 fac-[{Re(CO)3}2(-bbim)(dpbim)] M2LL Metallocavitand New 

12 fac-[{Re(CO)3}2(-dhnq)(PTA)] M2LL Acyclic New 

13 fac-[{Re(CO)3}2(-dhaq)(PTA)] M2LL Acyclic New 

14 fac-[{Re(CO)3}2(-dhnd)(PTA)] M2LL Acyclic New 

15 fac-[{Re(CO)3}2(-bbim)(PTA)] M2LL Acyclic New 

16 fac-[{Re(CO)3}4(
2
-OH)2(-pz)2(L)] M4L2L2L Bicyclic 

metallocycle 

New 

17 fac-[{Re(CO)3}4(
2
-OH)2(-Br-pz)2(L)] M4L2L2L Bicyclic 

metallocycle 

New 

18 fac-[{Re(CO)3}4(
2
-OH)2(-pz)2(L)] M4L2L2L Bicyclic 

metallocycle 

New 

19 fac-[{Re(CO)3}2(
2
-OH)(-pz)(bpz)] M2LLL Metallocycle New 

20 fac-[{Re(CO)3}2(
2
-OH)(-Ind)(bpz)] M2LLL Metallocycle New 

21 fac-[{Re(CO)3}2(
2
-OH)(-pz)(XyBim)] M2LLL Metallocycle New 

22 fac-[{Re(CO)3}2(
2
-OH)(-Ind)(XyBim)] M2LLL Metallocycle New 

H2-dhbq = 2,5-dihydroxy-1,4-benzoquinone, H2-pydc = 2,5-pyrazinedicarboxylic acid, H2-dhaq = 1,4-

dihydroxy-9,10-anthraquinone, H2-dhnq = 5,8-dihydroxy-1,4-naphthoquinone, H2-dhnd = 6,11-dihydroxy-5,12-

naphthacenedione, H4-thbq = 2,3,5,6-tetrahydroxy-1,4-benzoquinone, H2-bbim = Bisbenzimidazole, H2-RBC = 

Rigid bischelating ligand, H2-pBC = 1,4-bis(2-(2-hydroxyphenyl)benzimidazol-1-ylmethyl)benzene, H2-mBC = 

1,3-bis(2-(2-hydroxyphenyl)benzimidazol-1-ylmethyl)2,4,6-trimethylbenzene, dppz = bis(4-((pyrazolyl) 

methyl)phenyl)methane, dpbim = bis(4-((benzoimidazolyl)methyl)phenyl) methane, bpz = 1,2-

bis((pyrazolyl)methyl)benzene, PTA =  1,3,5-Triaza-7-phosphaadamantane, H-pz =  Pyrazole, H-Ind = 

Indazole, H-Br-pz = 4-Bromopyrazole, XyBim =  1,2-bis((benzoimidazolyl)methyl)benzene, L (3&4) = bis(4-

((pyrazolyl) methyl)phenyl)methanone, L = 1,2,3,4,5,6-hexakis((pyrazolyl)methyl)benzene  for 16 and 1,2,4,5-

tetrakis((pyrazolyl)methyl)benzene for 17&18.                          
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6.2. Future directions 

The design and synthesis of metallocycles is an ever evolving process for development of 

new synthetic metallocycles with functional properties. fac-[Re(CO)3] based complexes are 

known to exhibit interesting properties including kinetic inertness, thermal and 

photostability.
2
 These interesting properties provide various opportunities for development of 

new supramolecules for application in guest encapsulation or separation, as sensors, light 

harvesting molecules and anticancer activities.  The fac-[Re(CO)3] core based complexes can 

also be used for vibrational bioimaging as strong CO bands are observed in the IR spectra in 

the region 1800-2000 cm
-1

 which is transparent in the biological systems.
5
 Hence the design 

and synthesis of new rhenium based metallocycles is gaining considerable research interest 

both as therapeutic and diagnostic agents.   
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1. Introduction 

The coordination driven self-assembly approaches i.e., metal- 

directed approaches for supramolecular coordination complexes 

(SCCs), discrete cyclic complexes, are highly successful methods 

to prepare simple mononuclear SCCs to complex interlocked SCCs 

[1–5] . Though many metal-directed synthetic rules are now known, 

continuous use of the known approaches and create a new design 

principle i.e., new metal-ligand(s) bonding combinations to as- 

semble new molecular architectures have been intensely going on 

due to their aesthetical structures and potential future molecules 

in various areas including materials and medicinal fields. Among 

the many metal-directed approaches, the partially protected fac - 

Re(CO) 3 -corner based assembly process using flexible multitopic 

ligands and neutral bridging ligands recently provided interesting 

spherical-shaped SCCs with multiple calixarene-shaped solvent- 

accessible cavity on the surface [4] . In particular, tuning the coordi- 

nating units of hexatopic ligands remotely by either increasing the 

fused ring/docarating phenyl rings on imidazolyl yielded overall 

spheroid SCCs with/without solvent-accessible cavity [4] . Tuning 

the imidazolyl unit by pyrazolyl unit in the hexatopic ligand may 

provide two kinds of SCCs. Spheroid shaped SCC with intercon- 

necting calixarene cavities because of the adjacent arrangement of 

two heteroatoms in the pyrazolyl motif. In the case of hexatopic 

imidazolyl/benzimidazolyl-based SCCs, the C-H unit (N- C 2 H -N) of 

imidazolyl, which is directed into the spheroid, acts as a steric unit 

blocking the channel of the cavities [4] . The second option is hith- 

erto unexplored SCC because the small change in the binding angle 

of the donor units in the ligand i.e., from imidazolyl to pyrazolyl, 

may direct different coordination angle to adjust octahedral geom- 
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etry around the fac -Re(CO) 3 core. Herein, we report on unexpected 

conjoined bicyclic supramolecular coordination complex with free 

two pyrazolyl motifs via a new type of metal-ligand bonding 

combinations i.e., fac -Re(CO) 3 from Re 2 (CO) 10 , pyrazole, water, and 

flexible hexatopic pyrazolyl N-donors in a one-pot solvothermal 

process. 

2. Results and discussion 

The treatment of Re 2 (CO) 10 , pyrazole (H-pz), 1,2,3,4,5,6- 

hexakis(pyrazol-1-ylmethyl)benzene (L), and toluene under 

solvothermal closed vessel resulted in pale yellow crystals fac - 

[{(Re(CO) 3 ) 2 ( μ
2 -OH)(k 1 :k 1 - μ-pz)} 2 L] �C 7 H 8 ( 1 �C 7 H 8 ) ( Scheme 1 ). 

The crystals are air and moisture-stable and soluble in DMSO. The 

FT-IR spectrum of the complex displayed three strong bands (1865, 

1927, and 2007 cm 

−1 ), which are the characteristic peaks for the 

fac −Re(CO) 3 core in the complex [4] . Further, the IR spectrum of 

crystal of 1 showed a sharp band at 3556 cm 

−1 , indicating the 

presence of the hydroxyl group (Fig. S1). The 1 H NMR spectrum 

of crystals of 1 in d 6 -DMSO showed multiple signals in the region 

of 8.1 to 5.0 ppm in contrary to simple pattern expected for 

a symmetrical arrangement of pyrazolyl and pyrazolate motifs 

(Fig. S2). Though the complex contains three kinds of pyrazole 

motifs in the form of coordinated anionic pyrazolate, coordinated 

neutral pyrazolyl and uncoordinate pyrazolyl motifs, eight kinds of 

chemically different protons are expected. Though attempts were 

made to assign the protons signals of these three motifs in 1 , it 

become fruitless. However, the 1 H NMR spectrum of 1 in d 6 -DMSO 

at 60 °C displayed less signals as well as changing the intensity of 

few signals compared to that of the spectrum of 1 at 25 °C. The 

complex may exist in various conformers in the solution which do 

not interchange each other fast-enough in the proton NMR time 

scale at 25 °C. However, few conformers of 1 interchange in the 

solution at 60 °C (Fig. S3). 
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Self-assembly of a new class of rhenium(I)-based
double stranded dinuclear monohelicates with
their photophysical and electrochemical studies†

Upasana Phukon,a Bhaskaran Shankar b and Malaichamy Sathiyendiran *a

A new class of double stranded dinuclear monohelicates, fac-[{Re(CO)3-(μ-L)-Re(CO)3}L
n] (1–4), were

self-assembled from Re2(CO)10, a rigid bischelating donor (H2-L: 1,4-dihydroxybenzoquinone (H2-dhbq)

for 1 and 3; 2,5-pyrazine dicarboxylic acid (H2-pydc) for 2 and 4) and a flexible bis(monodentate) pyrazolyl

N donor Ln (L1 = bis(4-((pyrazolyl)methyl)phenyl)methane for 1 and 2; L2 = bis(4-((pyrazolyl)methyl)

phenyl)methanone for 3 and 4) in mesitylene. Metallomacrocycle 1 was confirmed by single crystal X-ray

crystallography. Although these helicates contain two organic ligand strands, only one strand is arranged

in a helical fashion, which is an unprecedented form in the helicate architecture. The molecular structures

of 1–4 as helicates and mesocates were optimized using DFT methods. The dynamic interconversion of

the metallomacrocycles in solution was studied by 1H NMR studies. The photophysical properties of 1–4

were studied experimentally and the nature of electronic transitions was determined by TD-DFT analysis.

Quinonoid motif-based complexes 1 and 3 displayed strong visible light absorption. The redox properties

of 1–4 were studied using cyclic voltammetry.

Introduction

The currently known self-assembly principles using pre-
designed organic ligands or naked and partially protected
metal ions provide a vast array of 2D- and 3D supramolecular
coordination complexes (SCCs = metallomacrocycles) of
various sizes and shapes including helicates.1 Although it
appears that limits are reached in the design principle of
SCCs, new bonding combinations have been evolving continu-
ously to create simple to complex new supramolecular archi-
tectures. Intense research focused on this area is due to the
simple synthetic approach i.e., mixing of two/three compounds
for the formation of simple and highly complex SCCs and
their potential applications in material and biological fields.2

Among the SCCs, dinuclear double-stranded double helicate is
the simplest supramolecule and is known to have potential
applications in the field of medicine.3 In general, dinuclear
double helicates can be easily achieved by mixing of naked
metal ions and ditopic flexible ligands.4 However, the use of
partially protected metal ions is less common in the self-

assembly of dinuclear double-stranded double helicates. In par-
ticular, fac-[Re(CO)3] core-based complexes as starting materials
for assembling dinuclear double helicates are scarce5a–c but
several dinuclear homotopic- and heterotopic-mesocates are
known.5d–g It is worth mentioning that the fac-[Re(CO)3] core
directed self-assembly approach is well-established for making
kinetically stable and biologically active SCCs.6

Herein, we report a unique self-assembly approach for a
new class of dinuclear double-stranded helicates (Fig. 1B). In
these dinuclear helicates, only one ligand strand is arranged in
a helical fashion. To the best of our knowledge, fac-[Re(CO)3]
core-based dinuclear heteroleptic monohelicates are unknown.
Helicates 1–4 were assembled using Re2(CO)10, a rigid bis-che-
lating ligand and a flexible ditopic nitrogen donor in a one-pot
approach (Scheme 1). The dynamic properties of 1–4 in the
solution state were studied by variable temperature NMR spec-

Fig. 1 (A) Commonly observed double-stranded dinuclear (a) homolep-
tic and (b) heteroleptic double helicates. (B) The design principle of new
forms of double-stranded dinuclear monohelicates 1–4.

†Electronic supplementary information (ESI) available: Experimental section
and crystallographic data of 1. CCDC 2110723. For ESI and crystallographic data
in CIF or other electronic format see DOI: https://doi.org/10.1039/d2dt02657k

aSchool of Chemistry, University of Hyderabad, Hyderabad-500 046, India.

E-mail: msathi@uohyd.ac.in
bDepartment of Chemistry, Thiagarajar College of Engineering, Madurai-625015,

India
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Rhenium−Pyrazolyl-Based Figure-Eight- and Z‑Shaped
Metallocycles: Self-Assembly, Solid-State Structures, Dynamic
Properties in Solution, and Competitive Ligand-Induced
Supramolecular Transformations into Rhenium-Pyridyl/-
Benzimidazolyl/-Phosphine-Based Metallocycles/Acyclic Complexes
Upasana Phukon, Moon Kedia, Bhaskaran Shankar, and Malaichamy Sathiyendiran*

Cite This: ACS Omega 2023, 8, 41773−41784 Read Online
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ABSTRACT: Rhenium(I)tricarbonyl core-based heteroleptic “fig-
ure-eight”- and Z-shaped metallocycles (1a−4a) of the general
formula fac-[{(CO)3Re(μ-L)Re(CO)3}2(dppz)2] were self-as-
sembled from Re2(CO)10, H2-L (H2-L = 5,8-dihydroxy-1,4-
naphthaquinone (H2-dhnq) for 1a; 1,4-dihydroxy-9,10-anthraqui-
none (H2-dhaq) for 2a; 6,11-dihydroxy-5,12-naphthacenedione
(H2-dhnd) for 3a; 2,2′-bisbenzimidazole (H2-bbim) for 4a), and
bis(4-((pyrazolyl)methyl)phenylmethane) (dppz) via one-pot
coordination-driven synthetic approach. The molecular structures
of 1a and 4a were unambiguously confirmed by single-crystal X-ray
diffraction (SC-XRD) methods. The metallocycles in the DMSO
solution exist as an acyclic dinuclear−DMSO adduct of the general
formula fac-[{(CO)3Re(μ-L)Re(CO)3}(DMSO)2] (1b, L = dhnq;
2b, L = dhaq; 3b, L = dhnd; 4b, L = bbim) and dppz, which are in dynamic equilibrium. The dynamic behavior of the rhenium−
pyrazolyl bond in the solution state was effectively utilized to transform metallocycles 1a−4a into pyridyl/benzimidazolyl/phosphine
donor-based heteroleptic metallocycles and acyclic dinuclear complexes (4−13). These include tetranuclear rectangles fac-
[{(CO)3Re(μ-L)Re(CO)3}2(4,4′-bpy)2] (4 and 11, L = dhaq for 4 and bbim for 11), dinuclear metallocycles fac-[{(CO)3Re(μ-
L)Re(CO)3}(dpbim)] (5−7 and 12; L = dhnq for 5, dhaq for 6, dhnd for 7, and bbim for 12), and dinuclear acyclic complexes fac-
[{(CO)3Re(μ-L)Re(CO)3}(PTA)2] (8−10 and 13; L = dhnq for 8, dhaq for 9, dhnd for 10, and bbim for 13). These
transformations were achieved through component-induced supramolecular reactions while treating with competitive ligands 4,4′-
bipyridine (4,4′-bpy), bis(4-((1H-benzoimidazole-1-yl)methyl)phenyl)methane (dpbim), and 1,3,5-triaza-7-phosphaadamantane
(PTA). The reaction mixture in the solution was analyzed using NMR and electrospray ionization mass spectrometry (ESI-MS)
analysis. Additionally, crystal structures of 4, 6, and 13, which were obtained in the mixture of the solutions, were determined,
providing unequivocal evidence for the occurrence of supramolecular transformation within the system. The results reveal that the
size of the chelating ligand and the pyrazolyl donor angle of the ditopic ligand play crucial roles in determining the resulting solid-
state metallacyclic architecture in these synthetic combinations. The dynamic behavior of the rhenium−pyrazolyl bond in the
metallocycles can be utilized to transform into other metallocycles and acyclic complexes using suitable competing ligands via ligand-
induced supramolecular transformations.

■ INTRODUCTION
The design and synthesis of metallocycles such as cages,
helicates, and simple-to-complex topological architectures via
coordination-driven self-assembly have been gaining significant
attention owing to their potential applications in materials and
medicinal fields.1−9 Further, new aesthetically appealing
molecular architectures including intricate topological metal-
locyclic architectures such as metallo-links (a series of
interlocked metallocyclic rings where at least one ring has to
be broken to separate them) and metallo-knots similar to those
found in nature can be prepared using the self-assembly.10−18

Among various topologies, “figure-eight” architecture is one of
the elegant self-assembled structures, which is found in natural
systems such as Lissoclinamide 7, the recombinant structure of
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Trinuclear rhenium(I)-based metallocages as
anticancer agents towards human cervical cancer
cells†

Moon Kedia,a Sajmina Khatun,b Upasana Phukon,a Bhaskaran Shankar,c

Aravind Kumar Rengan *b and Malaichamy Sathiyendiran *a

The first examples of spherical-shaped trinuclear rhenium(I)

organometallic cages displaying cytotoxic, antimetastatic, antipro-

liferative and DNA-damaging behavior towards a human cervical

(HeLa) cancer cell line are reported. The compact design of the

metallocages facilitates their interactions with biosystems leading

to comparable efficiency to that of the commonly used anticancer

drug cisplatin.

Cancer is one of the deadliest invasive diseases with a high
mortality rate worldwide. Although several conventional cancer
therapies such as surgery, chemotherapy, and radiation
therapy are available, most of the treatments cause severe side
effects in cancer patients. Drug resistance is another factor
that leads to the therapeutic limitations of conventional Pt-
based drugs in cancer treatment. The toxic side effects of
these Pt-based drugs such as cisplatin are a consequence of
the covalent adducts formed between the complexes and DNA,
which can be overcome by the use of supramolecular coordi-
nation complexes as anticancer agents that can operate via
non-covalent contacts. Hence, there is a rising demand for the
development of new anticancer drugs with high efficacy.
Current research in the field of cancer treatment has led to the
discovery of metallodrugs with high therapeutic efficacy and
fewer side effects. Various metal ions, such as copper, gallium,
palladium, platinum, ruthenium, titanium, gold, silver, and
rhenium, have been used to prepare neutral and ionic com-
plexes as potential therapeutic agents.1–8 Among the metal
ions/metal cores used to prepare biologically active acyclic
complexes and supramolecular metallocycles/metallocages,

fac-[Re(CO)3] core-based complexes have emerged as some of
the frontrunners in anticancer research due to the intrinsic
properties of the fac-[Re(CO)3] core such as kinetic inertness,
high stability, rich photophysical properties, ease of synthesis
and presence of outwardly directed metal-coordinated carbo-
nyl groups.9–30 A considerable number of acyclic fac-[Re(CO)3]-
based complexes have been synthesized and studied for their
biological properties, in particular, anticancer activity.10–29,31,32

On the other hand, the application of fac-[Re(CO)3]-based 2D
metallocycles and 3D metallocages has been explored in
various other fields such as molecular recognition, photocata-
lysis and molecular devices but their anticancer studies are
very limited.30 To date, most of the rhenium-based metallo-
cycles studied for anticancer activities are dinuclear systems,
which are usually assembled using a ditopic pyridine donor
with an amide spacer as an organic framework and have been
found to be effective against various cancer cell lines such as
A549, HTB-132, HeLa, NCI-H122 and so on (Table S2†).27 The
increase in the number of fac-[Re(CO)3]-cores i.e., from mono-
nuclear to dinuclear, in the metallocycles leads to improved
cellular uptake, higher lipophilicity, and better cytotoxicity.19

fac-[Re(CO)3]-core-based metallocycles and metallocages of
higher nuclearity as anticancer agents are hitherto unknown.
Therefore, we envision that trinuclear or higher nuclearity
metallocycles/metallocages made up of biologically relevant
organic frameworks such as benzimidazolyl or its derivatives
and a kinetically inert biocompatible organometallic fac-[Re
(CO)3]-core might yield potential anticancer agents. Changes
in the organic frameworks, nuclearity, and shape of the metal-
locycles/metallocages play a significant role in their inter-
actions with biosystems. In particular, spherical-shaped metal-
locages decorated with multiple metal-coordinated carbonyl
groups directed outwards on one side and hydrophobic aro-
matic motifs on the other side might be good candidates to
interact with a biosystem via hydrogen bonding C–H⋯OuC–M
contacts, hydrophobic interactions, C–H⋯π, π⋯π contacts,
and van der Waals interactions, which play key roles in biologi-
cal processes. Among the various types of cancers, cervical

†Electronic supplementary information (ESI) available. CCDC 2265703 and
2265704. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d3dt02535g

aSchool of Chemistry, University of Hyderabad, Hyderabad-500 046, India.

E-mail: msathi@uohyd.ac.in
bDepartment of Biomedical Engineering, Indian Institute of Technology, Kandi,

Hyderabad-502 284, India. E-mail: aravind@bme.iith.ac.in
cDepartment of Chemistry, Thiagarajar College of Engineering, Madurai-625 015,

India
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A double ouroboros-shaped noncovalent
molecular dimer†

Moon Kedia, K. R. Soumya, Upasana Phukon, Isha Mishra, Reema L. Borkar,
Palanichamy Vengadeshwaran, Mamina Bhol and Malaichamy Sathiyendiran *

A double ouroboros-shaped molecular dimer was crystallized

from a tripodal molecule having the ability to adopt

conformation similar to molecular tweezers at one end and a

lone unit at the other. Two complementary tripodal molecules

self-organize into a dimer like two serpents biting each other's

tails in a circular fashion.

Mythological symbols, in particular, alchemical symbols have
always been inspiring chemists not only for the design and
synthesis of artificial molecules (including simple to exotic
complex architectures) but also for providing perspective in
solving and analysing new structures. One such example is
the formulation of the structure of benzene by Kekule,
famously known to be inspired by his dream of ouroboros.1

In Greek mythology, ouroboros implies a snake/serpent
eating its own tail in a circular way.2 The key to make
molecular mythological symbols is designing pre-organized
organic building units embedded with non-covalent binding
motifs.3–5 Though the symbols painted/carved by alchemists
and artists long back look very simple, preparing molecular
mimics of them is still quite a challenge. Among many
symbols, the double ouroboros is another alchemical symbol
mentioned in Greek texts, which portrays two different
snakes/serpents eating each other's tails (Fig. 1, right).

From the structural point of view, a simple way for
creating molecular double ouroboros is to design bent-
shaped molecules or flexible tripodal molecules having the
ability to adopt conformation like molecular tweezers at one
end and a lone unit at the other end. The tweezers and the
lone unit should contain complementary non-covalent
binding units to stabilize the self-organized ring dimeric
structure. Herein, a tripodal molecule (TMe) consisting of

three thiabendazolyl terminal units, a mesitylene central
spacer, and three methylene connectors was synthesized and
characterized (Fig. 2). The X-ray analysis revealed that two
adjacent tripodal molecules self-organize to give rise to a
dimeric structure (TMe)2 in the solid state like double
ouroboros and were stabilized via complementary
intermolecular C–H⋯N and H⋯H contacts. To the best of
our knowledge, very few examples of molecular ouroboros
have been reported7 and this dimeric system is the first
molecular double ouroboros.

1,3,5-Tri(2-(thiazol-2-yl)benzimidazol-1-ylmethyl)-2,4,6-tri
methylbenzene (TMe) was synthesized by the reaction of
2-(thiazol-2-yl)-1H-benzimidazole (H-Tzbim) and 1,3,5-
tri(bromomethyl)-2,4,6-trimethylbenzene in the presence of a
strong base. TMe is air stable and soluble in CH2Cl2, CHCl3,
and DMSO. Its formation was confirmed using ESI-Mass
analysis and its spectrum displayed molecular ion peak, m/z
[TMe + H]+ = 760.2099, which matches with the theoretical
value (Fig. S5, ESI†). In addition, another significant but
relatively weak peak at m/z 1520.4047 was observed, which
corresponds to [2 (TMe) + 2H]+. No other prominent peaks
were observed at higher mass. The dimer peak may
correspond to the dimeric structure found in the solid state
or a new form of the dimer.

2518 | CrystEngComm, 2023, 25, 2518–2522 This journal is © The Royal Society of Chemistry 2023

University of Hyderabad, School of Chemistry, Hyderabad, Telangana, India.

E-mail: msathi@uohyd.ac.in

† Electronic supplementary information (ESI) available. CCDC 2131005, 2212948
and 2212949. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d3ce00264k

Fig. 1 Mythological symbol of ouroboros as depicted by Lucas Jennis,
in the 1625 alchemical tract De Lapide Philosophico (left) and double
ouroboros with two different serpents (right).2,6
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Upasana Phukon, Maruthupandiyan Priyatharsini, Malaichamy Sathiyendiran 

∗

School of Chemistry, University of Hyderabad, Hyderabad 500 046, India 

a r t i c l e i n f o 

Article history: 

Received 13 June 2020 

Revised 21 July 2020 

Accepted 24 July 2020 

Available online 28 July 2020 

1. Introduction 

The coordination driven self-assembly approaches i.e., metal- 

directed approaches for supramolecular coordination complexes 

(SCCs), discrete cyclic complexes, are highly successful methods 

to prepare simple mononuclear SCCs to complex interlocked SCCs 

[1–5] . Though many metal-directed synthetic rules are now known, 

continuous use of the known approaches and create a new design 

principle i.e., new metal-ligand(s) bonding combinations to as- 

semble new molecular architectures have been intensely going on 

due to their aesthetical structures and potential future molecules 

in various areas including materials and medicinal fields. Among 

the many metal-directed approaches, the partially protected fac - 

Re(CO) 3 -corner based assembly process using flexible multitopic 

ligands and neutral bridging ligands recently provided interesting 

spherical-shaped SCCs with multiple calixarene-shaped solvent- 

accessible cavity on the surface [4] . In particular, tuning the coordi- 

nating units of hexatopic ligands remotely by either increasing the 

fused ring/docarating phenyl rings on imidazolyl yielded overall 

spheroid SCCs with/without solvent-accessible cavity [4] . Tuning 

the imidazolyl unit by pyrazolyl unit in the hexatopic ligand may 

provide two kinds of SCCs. Spheroid shaped SCC with intercon- 

necting calixarene cavities because of the adjacent arrangement of 

two heteroatoms in the pyrazolyl motif. In the case of hexatopic 

imidazolyl/benzimidazolyl-based SCCs, the C-H unit (N- C 2 H -N) of 

imidazolyl, which is directed into the spheroid, acts as a steric unit 

blocking the channel of the cavities [4] . The second option is hith- 

erto unexplored SCC because the small change in the binding angle 

of the donor units in the ligand i.e., from imidazolyl to pyrazolyl, 

may direct different coordination angle to adjust octahedral geom- 

∗ Corresponding author. 

E-mail address: msathi@uohyd.ac.in (M. Sathiyendiran). 

etry around the fac -Re(CO) 3 core. Herein, we report on unexpected 

conjoined bicyclic supramolecular coordination complex with free 

two pyrazolyl motifs via a new type of metal-ligand bonding 

combinations i.e., fac -Re(CO) 3 from Re 2 (CO) 10 , pyrazole, water, and 

flexible hexatopic pyrazolyl N-donors in a one-pot solvothermal 

process. 

2. Results and discussion 

The treatment of Re 2 (CO) 10 , pyrazole (H-pz), 1,2,3,4,5,6- 

hexakis(pyrazol-1-ylmethyl)benzene (L), and toluene under 

solvothermal closed vessel resulted in pale yellow crystals fac - 

[{(Re(CO) 3 ) 2 ( μ
2 -OH)(k 1 :k 1 - μ-pz)} 2 L] �C 7 H 8 ( 1 �C 7 H 8 ) ( Scheme 1 ). 

The crystals are air and moisture-stable and soluble in DMSO. The 

FT-IR spectrum of the complex displayed three strong bands (1865, 

1927, and 2007 cm 

−1 ), which are the characteristic peaks for the 

fac −Re(CO) 3 core in the complex [4] . Further, the IR spectrum of 

crystal of 1 showed a sharp band at 3556 cm 

−1 , indicating the 

presence of the hydroxyl group (Fig. S1). The 1 H NMR spectrum 

of crystals of 1 in d 6 -DMSO showed multiple signals in the region 

of 8.1 to 5.0 ppm in contrary to simple pattern expected for 

a symmetrical arrangement of pyrazolyl and pyrazolate motifs 

(Fig. S2). Though the complex contains three kinds of pyrazole 

motifs in the form of coordinated anionic pyrazolate, coordinated 

neutral pyrazolyl and uncoordinate pyrazolyl motifs, eight kinds of 

chemically different protons are expected. Though attempts were 

made to assign the protons signals of these three motifs in 1 , it 

become fruitless. However, the 1 H NMR spectrum of 1 in d 6 -DMSO 

at 60 °C displayed less signals as well as changing the intensity of 

few signals compared to that of the spectrum of 1 at 25 °C. The 

complex may exist in various conformers in the solution which do 

not interchange each other fast-enough in the proton NMR time 

scale at 25 °C. However, few conformers of 1 interchange in the 

solution at 60 °C (Fig. S3). 

https://doi.org/10.1016/j.jorganchem.2020.121460 

0022-328X/© 2020 Elsevier B.V. All rights reserved. 
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Chapter 6

Rhenium (I)-based
supramolecular coordination
complexes: Synthesis and
functional properties

K.R. Soumya∗, Isha Mishra∗, Moon Kedia∗, Upasana Phukon∗,
Reema Borkar∗ and Malaichamy Sathiyendiran∗
School of Chemistry, University of Hyderabad, Hyderabad, India

6.1 Introduction

Supramolecular coordination complexes (SCCs) assembled using coordination-
driven self-assembly approaches are well-defined discrete cyclic 2D and/or 3D
architectures that can have widespread applications in various fields of chemistry
and biology due to the presence of metal complex unit and the arrangement of or-
ganic building frameworks [1–28]. The spontaneous formation of metal–ligand
bond between metal acceptors and organic donors provides several synthetic
methodologies to develop these SCCs. Until now, a series of rationally designed
discrete SCCs with various shapes including polygonal triangle, square,
rectangle, higher polygonal 2D architectures and polyhedral 3D architectures
via coordination-driven self-assembly are reported by several research groups.
The partially protected fac-Re(CO)3 core-based SCCs represent a unique class of
cyclic assemblies. The key properties associated with these complexes are ther-
mal, kinetic and photo-stability, robustness and metal to ligand charge transfer
absorptions and emissions. Re(I)-based cyclic supramolecular architectures with
various shapes including dinuclear, trinuclear, tetranuclear squares, rectangles,
gondolas, bowls, calixarene, bicycles, hexanuclear prisms, spheroids, wheel, and
octanuclear prisms are found in the literature [10–28]. The dimension, flexibility,
shape, and intrinsic properties of these SCCs can be easily tuned by modifying
the organic ligand framework. The complexes often serve as promising candi-
dates for applications in molecular recognition, catalysis, bioimaging, sensors,
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