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Preview 

 

Bis-phenols are well known for their host-guest chemistry. Bis-phenolic compounds 

have hydroxy groups prone towards the formation of host-guest assemblies through 

hydrogen bonds. Various hydrogen bonded motifs such as dimer, cyclic-oligomer and 

linear polymeric chain are formed through self-assemblies of bis-phenols which are 

guided by strong and directional O-H∙∙∙O interactions. Apart from the strong O-H∙∙∙O 

interactions, weak interactions such as C-H···O, C-H···π, π -π, O-H···π interactions 

also play vital role in the assembling of bis-phenols. Thus, bis-phenols are useful to 

construct various supramolecular architectures. There is a necessity to systematically 

study and identify the role of weak interactions in various host-guest systems of bis-

phenols. This thesis narrates the host-guest chemistry of imidazole, fluoro-benzene 

and dimethylaminobenzene containing bis-phenols as well as the coordination 

chemistry of functionalized bis-phenols to dicaroxylic acids through functionalization 

of the hydroxy groups. While doing so various desolvates, polymorphs and 

coordination complexes were prepared and characterised. There are six chapters in the 

thesis based on the results on the analysis of the experimental observations obtained 

during the reseach period. 

 

Chapter 1: Introduction 

 

A general introduction to bis-phenols and some related V-shaped molecules are 

brought forward in this chapter. This includes a brief discussion on the structural 

features and inclusion properties of bis-phenols and other V-shaped molecules. This 

chapter also features discussions on several bis-phenol based macromolecular 

architectures and their preferential binding to different guest. The polymorphism in 

bis-phenols and their related compounds are narrated. The pharmaceutical 

applications of some bis-phenol derivatives are also discussed. Various coordination 

complexes derived from bis-phenols and functionalized bis-phenols are also included. 

The catalytic activities of metal complexes derived from bis-phenols towards various 

organic reactions are included in this chapter. 
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Chapter 2: Quasi-isostructural solvates of bis(4-hydroxy-3,5-dimethylphenyl)(4-

N,N-dimethylaminophenyl)methane 

 

This chapter deals with the structural studies on solvates of bis(4-hydroxy-3,5-

dimethylphenyl)(4-N,N-dimethylaminophenyl)methane (Ambp, 2.1). A series of 

solvates illustrated in Scheme 1 were structurally characterised.  

 
N

HO OH

H

Solvent (S)

Ambp (2.1)

x Ambp. yS. zH2O

x= y=1, z=0 for 2.2-2.6, 2.9

x= y=2, z=3 for 2.7
x= y= z=1 for 2.8  

 
Scheme 1: Formation of different solvates of Ambp (2.1). 

 

The solvates 2.2-2.5 are isostructural and belongs to space group P21/c. From the 

structural study it is seen that solvate 2.2-2.6 form chain-like structures through        

O-H···O interactions. The O-H···O distances in these solvates are comparable except 

for the dimethylacetamide solvate (2.4). Based on the similarities observed among the 

hydrogen bonded motifs, three different types of H-bonded motifs between the 

solvent molecules and the host bis-phenol 2.1 were identified. They are namely, the 

motifs having  (a) single point contact of solvent molecules to the bridging O-H···O 

unit with additional weak interactions, or (b) single point contact of the solvent 

molecules forming R2
2(6) type hydrogen-bonded motifs or (c) two point contact 

leading to R3
3(7) type hydrogen bonded motifs. The donor-acceptor distances in 2.2 

(Acetone solvate) and 2.3 (DMSO solvate) are similar and the structures belong to the 

first type; whereas the solvates 2.5 (Morpholine solvate) and 2.6 (Piperidine solvate) 

have similar structures which belong to the third type. The dimethylacetamide solvate 

2.4 possesses the second type of structure.  

The solvates 2.2-2.5 are isostructural with similar arrangements of the host molecules 

in their respective unit cells, and the solvent molecules are located in the channels 

running along the [010] direction formed by the molecular framework of the host 
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Ambp as shown in the Figure 1a. Although the piperidine solvate (2.6) have a similar 

unit cell parameters with that of the solvates 2.2-2.6; it has a different structure and 

 

 

 

(a) (b) 
 

Figure 1: (a) Packing of the solvates 2.2-2.5 showing the guest inclusion in the 

channels, (b) 2D net formation by the Ambp molecules in the solvate 2.6. 

 

it forms 2D net through O-H···O interactions and the piperidine molecules attached to 

the net through O-H···N, C-H···O and N-H···π interactions (Figure 1b). The 

disruption of the O-H···O interactions between the host molecules occurs in the 

structure of the DABCO solvate (2.7) and dioxane solvate (2.8).  

 

Chapter 3: Polymorphs, solvates, polymorphs of solvate and Cs+-π interactions 

of fluorine-substituted bis-phenols 

 

In this chapter the self-assemblies of 4-[(2-fluorophenyl)(4-hydroxy-3,5-

dimethylphenyl)methyl]-2,6-dimethylphenol (bis-phenol 3.1) and 2-[(2-

fluorophenyl)(2-hydroxy-3,5-dimethylphenyl)methyl]-4,6-dimethylphenol (bis-

phenol 3.2) leading to different polymorphs and polymorphs of solvate as well as 

cation-π interactions are discussed.  

 

HO OH

F FOH

HO

H H

Bis-phenol 3.1 Bis-phenol 3.2  
 

Figure 2: Structures of bis-phenol 3.1 and bis-phenol 3.2. 
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We observed two polymorphs of bis-phenol 3.1, namely, 3.1a having porous structure 

(Figure 3) and another 3.1b having non-porous structure.  The porous form transforms 

to the non porous form on heating. The packing pattern of the two polymorphs are 

distinguished by O-H···O and C-H···F-C interactions. The porous polymorph 3.1a 

and dimethylformamide solvate (3.1c) of bis-phenol 3.1 converted to the non porous 

polymorphic form on heating upto 140°C. All the thermal conversions were 

established by PXRD.   

 

 

 

Figure 3: Packing of the porous polymorph 3.1a. 

 

In case of the bis-phenol 3.2 we did not obtained polymorphs. However, it forms two 

DMSO solvates with diffenet host-guest ratios under two diffenet conditions. At room 

temperature it forms 1:0.5 solvate (3.2b), whereas at high temperature it forms 1:1 

DMSO solvate (3.2c) (Scheme 2).  

 

 

Scheme 2: Formation of DMSO solvates of different host-guest ratios under two 

different conditions. 

 

The bis-phenol 3.2 forms two concomitant dioxane solvates with same host-guest 

ratios. One of the dioxane solvate has sheet-like structure (3.2d), whereas the other 
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has 3D cahnnel structure (3.2e). The O-H···O interactions are similar in the two 

polymorphs of dioxane solvate. But, the diffenece between them arises due to the 

difference in C-H···F-C and C-H···π interactions. The bis-phenol 3.2 forms a one 

dimensonal coordination polymer 3.2f  with caesium cation in which intersting η2- 

and η4-type of cation-π interactions are oberved. The cation-π interactions are evident 

in the 1H-NMR spectra of the caesium complex. The structures are discussed to show 

the desolvation process and the role of the fluoro-group in self-assemblies of these 

molecules. 

 

Chapter 4: Polymorphs, solvates and anion assisted assemblies of imidazole 

based bis-phenols 

 

This chapter deals with the polymorphs, solvates and anion assisted assemblies of two 

imidazole based bis-phenols, 4-[(4-hydroxy-3,5-dimethylphenyl)(5-methyl-1H-

imidazol-4-yl)methyl]-2,6-dimethylphenol (4.1) and 2-((2-Hydroxy-3,5-

dimethylphenyl)(imidazol-4-yl)methyl)-4,6-dimethylphenol (4.2). 

 

N

HN

OH

OH
H

OHHO

N

HN

H

Bis-phenol 4.1 Bis-phenol 4.2  

 

Figure 4: Structures of bis-phenols 4.1 and bis-phenol 4.2. 

 

The crystallization of 4.1 from a methanolic solution led to the formation two 

concomitant polymorphs, namely, polymorph 4.1a and polymorph 4.1b. The bis-

phenol also forms 1:0.5 solvate with acetone and 1:1 monohydrated solvates with 

DMSO (Scheme 3).  

 

 

Scheme 3: Formation of polymorphs and solvates of bis-phenol 4.1. 
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The polymorph 41.b has a porous structure that contains voids with a radius of 1.2 Å 

running parallel to the crystallographic [010] plane (Figure 5a) and it is confirmed by 

nitrogen adsorption-desorption experiment (Figure 5b). The acetone solvate 4.1c of 

bis-phenol 4.1 is isostructural with the porous polymorph 4.1b. The polymorph 4.1b 

reverssibily adsorbs acetone solvents and it is established with PXRD. 

 

 
 
 

 

 
 

(a) (b) 

Figure 5: (a) Packing of the porous polymorph 4.1b showing the voids, (b) Nitrogen 

adsorption-desorption isotherm of polymorph 4.1b. 

 

On the other hand, we did not observe any polymorph of the bis-phenol 4.2. However, 

we were able to obtain unsolvated and one methanol solvate of the bis-phenol 4.2.  

The bis-phenol 4.2 forms crystalline salts with varius organic acids and inorganic 

acids. For example, treatment of bis-phenol 4.2 with sulphuric acid forms 1:0.5 salt 

where one of the hydroxy group of bis-phenol 4.2 involves in R3
3(6)-type of cyclic 

 

 

 

 

(a) (b) 

 

Figure 6: (a) R3
3(6) type of cyclic hydrogen bonding in sulphate salt of bis-phenol 

4.2, (b) R2
2(8) type of cyclic hydrogen bonding in bisulpahte salt of the bis-phenol 

4.2. 
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hydrogen bond to form trimeric assembly (Figure 6a). On the other hand treatment of 

bis-phenol 4.2 with sulphuric acid in presence of MgSO4 forms 1:1 bisulphate salt 

(Figure 6b). Similarly, the bis-phenol 4.2 also forms 1:1 salt with perchlorate and 

nitrate anions; and 1:1 monohydrated salt with tetrafluoroborate ion.  In this chapter 

the role of the imidazole in guiding various anions assisted assemblies and mainly 

some of the important features on desolvation could be revealed. 

 

Chapter 5: Alkali metal complexes of bis-phenol based flexible dicarboxylic acids 

 

This chapter deals with the synthesis of sodium, potassium and caesium complexes of 

V-shaped flexible dicarbxylic acids H2L
1 (5.1), H2L

2 (5.2), H2L
3 (5.3) and H2L

4 (5.4) 

derived form bis-phenol (Figure 6).   

 

OO

HOOC COOH

OO

HOOC COOH

F

OO

HOOC COOH

O2N

OO

HOOC COOH

O2N

H2L1(5.1) H2L2(5.2) H2L3 (5.3) H2L4(5.4)  

 

Figure 7: Structures of the ligands used. 

 

The reaction of H2L
1 with sodium acetate (or sodium hydroxide) and potassium 

acetate (or potassium hydroxide) at ambient condition result in the formation of 

disodium salt {[Na2L
1(µ-H2O)(H2O)3].H2O}n (5.1c) and [K4(L

1)2(µ-H2O)2(H2O)2] 

(H2O)n (5.1d) respectively, whereas a similar reaction caesium acetate (or caesium 

carbonate) lead to mono deprotonated salt [Cs(HL1)(µ-H2O)(H2O)]n (5.1e). We were 

able to crystallize the complexes 5.1c, 5.1d and 5.1e and determined their crystal 

structures. In case of the ligand H2L
2 we obtained single crystal of sodium complex 

[{Na2L
2 (µ-H2O) (H2O)3}.H2O]n. (5.2c) and caesium complex [{(H2O) Cs(µ-H2O)2(µ-

L2)Cs(H2O)2}]n (5.2d). But we did not obtained any single crystal of the potassium 

salt of the ligand H2L
2 (5.2). The interesting feature of the coordination polymer 5.2d 

is the presence of Cs···F-C coordination bond. In case of the ligand H2L
3 (5.3), we did 

not obtain suitable single crystal of the sodium and caesium complex. However, we 

TH-1267_09612207



 xx

obtained single crystals of the potassium salt (5.3c) of the ligand 5.3 having 

compositions [K2L
3(H2O)]n and it is a two dimensional (2D)  coordination polymer. 

In the coordination polymer 5.3c, the nitro group at the ortho position coodinates to 

two potassium ions (Figure 8). We did not obtain any alkali metal complex using the 

ligand H2L
4 (5.4). 

 

Figure 8: The bridging two potassium ions by nitro group in complex 5.3c. 

 

In this chapter the coordination effect of nitro group and fluoro group to change the 

composition and the coordination modes in alkali metal ions are being shown. 

 

Chapter 6: Synthesis of Cadmium (II) and Mercury (II)  metallacycles using bis-

phenol based dicarboxylic acids: 

 

In this chapter we have used the same ligands used in the chapter 5 to prepare 

cadmium and mercury complexes.  

OO

HOOC COOH

OO

HOOC COOH

F

OO

HOOC COOH

O2N

OO

HOOC COOH

O2N

H2L1(5.1) H2L2(5.2) H2L3 (5.3) H2L4(5.4)  

 

Figure 9: Structures of the ligands used. 

 

An interesting structural variation from the one dimensional coordination polymer to 

mononuclear complex or metallacycle were observed depending upon the ligands and 

solvents used in the reactions. The ligand H2L
1 forms 1D coordination polymer 

[CdL1(py)3]n·3nH2O (6.1a) with cadmium in methanol solvent. The ligand H2L
2 (5.2) 

either formed mononuclear complex [CdL2(py)2H2O] (6.2a), dinuclear complex 

[CdL2(py)(DMSO)]2 (6.2b) or metallacycle {[Cd(py)2H2O]. (py).CH3OH} (6.2c) 
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depending on the solvent used in the reaction. On the other hand, ligand H2L
3 (5.3) 

forms  dinuclear complex [CdL3(py)(CH3OH)]2·CH3OH (6.3a) and metallacycle 

{[CdL3(py)2(H2O)]2·H2O} (6.3b) when the reaction was carried out in methanol and 

dimethylformamide respectively. The ligand H2L
4 (5.4) formed a metallacycle 

[CdL4(py)2(H2O)]2·3H2O (6.4a) in dimethylformamide solvent. The whole results are 

summerised in the scheme 4. 

 

CdCl2MeOH-Pyridine

Coordination
Polymer (6.1a)

H2L3 or H2L4

DMF-Pyridine
Metallacycle 

(6.3b and 6.4a)

H2L3, NaOH

MeOH-Pyridine
Dinuclear 

complex (6.3a)

MeOH-Pyridine

H2L1, NaOH

Metallacycle 
(6.2c)

H2L2, NaOH

DMF-Pyridine
Mononuclear 
complex (6.2a)

DMSO-Pyridine
Dinuclear 
complex (6.2b)

NaOH

H2L2, NaOH

H2L2, NaOH

 

 

Scheme 4: Formation of various coordination complexes of cadmium with H2L
1, 

H2L
2, H2L

3 and H2L
4 in different solvents. 

 

The metallacycle 6.2c formed in MeOH-pyridine converts to dinuclear complex 6.2b 

in presence of DMSO. Similarly, the dinuclear complex 6.3a formed in methanol-

pyridine solvent converts to the metallacyle 6.3b in presence of dimethylformamide 

and pyridine (Scheme 5).  

 

Scheme 5: Coversion of dinuclear complex 6.3a to the metallacycle 6.3b in DMF and 

pyridine mixture. 

 

The coordination chemistry of cadmium complexes with V-shaped flexible 

dicarboxylic acids have been discussed here. The role of solvent as well as substituent 

in prepartion of specific compounds and conversion between dinuclear Cd2O2 core to 

macrocyclic compounds have been established. 
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Chapter 6 

Synthesis of Cadmium (II) and Mercury (II)  metallacycles using bis-

phenol based dicarboxylic acids 

 

There is a growing trend of using flexible ligands for the construction of coordination 

polymers with intriguing network structures.1 V-shaped molecules with carboxylic 

acid functionality at the two ends are most appealing for the construction of various 

metal-organic frameworks because of two different metal binding sites with a large 

spacer.2 The use of a flexible or less-rigid spacer for the construction of a coordination 

complex has an added advantage as they have many degrees of freedom and a few 

conformational restraints, which can give various topologies. These types of 

conformational flexible ligands give unique opportunities to construct novel structures 

with desirable characteristics. Complicacy in predicting the architecture of the 

coordination complexes derived from these types of flexible ligands arises due to 

different coordination modes of carboxylate ligands, which are further complicated by  

 

 

Scheme 6.1: Formation of metallacycle (A) (red arrows show the possible path for 

metallacycle converted to dinuclear complex); Dinuclear complex (B); linear 

coordination polymer (C) from flexible V-shaped ligand. 

 factors such as the variation of crystallization conditions. However, one may simplify 

this by restricting to one, or two binding modes of carboxylates3 leading to a 

coordination polymer, metallacycle and dinuclear complex, as shown in Scheme 6.1. 
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The metallacycle ‘A’ may be coverted to form the dinuclear complex ‘B’ on slight 

change in reaction conditions.  It was earlier shown that cadmium mononuclear 

complex can self assembles to form polymeric structure.4 These polymers were 

characterized crystallographically and the existance of the mononuclear units were 

established by mass spectroscopy. On the other hand,  solvent is one of the important 

factors which often influences the coordination behavior of the metal ions.5 Solvents 

can coordinate to metal  or it may influences the overall frameworks of the 

coordination complex without participating in coordination. There are many examples 

where the coordination complexes of carboxylic acids transform to different forms on 

changing the solvents.6 

Moreover, d10 metal ions containing dicarboxylate coordination polymers, those with 

cadmium7 or mercury8 ions are especially of great importance. The cadmium 

dicarboxylate polymers show interesting optical properties7 and mercury 

dicarboxylates have medical applications,9 such as their role in the treatment of renal 

failure. In addition to these, dicarboxylic acids in ionic liquids bind mercury ions and 

have the property to absorb gases.10 The mercury can have relatively stable variable 

valences11 and can be easily functionalised to organometallics.  Moreover, 

cadmium12a,b and mercury12c,d compounds are hazardous, thus their extraction would 

depend upon the binding ability  with various lignds. 

In chapter 5 we have seeen that bis-phenol based dicarboxylic acid lignds 5.1 (H2L
1), 

5.2 (H2L
2), 5.3 (H2L

3) and 5.4 (H2L
4)  can coordinate to alkali metal to give metal 

complexes of various dimensions. In this chapter we discuss the synthesis and 

characterization of some cadmium and mercury complexes of these ligands (Figure 

6.1). Flexibility associated with -CH2COOH parts and the shape and rigidity 

associated with the bis-phenol part makes this class of ligands unique, as cyclic 

structures may be anticipated when these ligands are attached to appropriate 

connections.  

R1H

O

O

COOH

HOOC R2

Where R1= H,      R2= H (H2L1, 5.1)

            R1= F,      R2= H (H2L2, 5.2)

            R1= NO2, R2= H (H2L3, 5.3)

            R1= H, R2= NO2 (H2L4, 5.4)

 

 

Figure 6.1: Dicarboxylic acid ligands used in the study. 
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6.1 Cadmium and mercury complexes of H2L
1, H2L

2, H2L
3 and H2L

4: 

 

The coordination complexes reported in this chapter  were synthesised under identical 

ambient conditions in methanol or dimethyl formamide or dimethylsulphoxide. An 

interesting structural variation from the one dimensional coordination polymer (6.1a) 

to mononuclear complex (6.2a) or metallacycle (6.2c, 6.3b and 6.4a) were observed 

depending upon the ligands and solvents used in the reactions. It was observed that on 

changing the solvent from methanol to dimethyl formamide, the dinuclear complex 

(6.3a) was converted to a metallacycle (6.3b). The whole results are summerized in 

the Scheme 6.2. 

 

CdCl2MeOH-Pyridine

Coordination
Polymer (6.1a)

H2L3 or H2L4

DMF-Pyridine
Metallacycle 

(6.3b and 6.4a)

H2L3, NaOH

MeOH-Pyridine
Dinuclear 

complex (6.3a)

MeOH-Pyridine

H2L1, NaOH

Metallacycle 
(6.2c)

H2L2, NaOH

DMF-Pyridine
Mononuclear 
complex (6.2a)

DMSO-Pyridine
Dinuclear 
complex (6.2b)

NaOH

H2L2, NaOH

H2L2, NaOH

 

 

Scheme 6.2: Formation of various coordination complexes of cadmium with H2L
1, 

H2L
2, H2L

3 and H2L
4 in different solvents. 

 

The cadmium complex of the ligand H2L
1 (5.1), [CdL1(py)3]n·3nH2O (6.1a) is a 

coordination polymer. The ligand H2L
2 (5.2) either formed mononuclear complex 

[CdL2(py)2H2O] (6.2a), dinuclear complex [CdL2(py)(DMSO)]2 (6.2b) or 

metallacycle {[Cd(py)2H2O]. (py).CH3OH} (6.2c) depending on the solvent used in 

the reaction. On the other hand, ligand H2L
3 (5.3) forms  dinuclear complex 

[CdL3(py)(CH3OH)]2·CH3OH (6.3a) and metallacycle {[CdL3(py)2(H2O)]2·H2O} 

(6.3b) when the reaction was carried out in methanol and dimethylformamide 

respectively. The ligand H2L
4 (5.4) formed a metallacycle [CdL4(py)2(H2O)]2·3H2O 

(6.4a) in dimethylformamide solvent. In all of the complexes, the metal ions are 

linked by carboxylate functional groups present at two ends of the ligands. A similar 

reaction of H2L
3 with mercury (II) chloride in DMF in presence of NaOH gave 
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metallacycle [HgL3(py)2]2·DMF (6.3c). The  crystal structures of all of these 

complexes were determined.  

 

6.1.1 Cadmium complex of H2L
1 (5.1): 

 

The coordination polymer 6.1a has seven coordinated cadmium ions, each having a 

pentagonal bipyramidal geometry. These geometries are constructed by three 

monodentate pyridine ligands and two chelating carboxylate groups from two 

independent ligands. The crystal structure of the coordination polymer contains three 

water molecules of crystllization. The coordination polymer has a spiral structure 

(Figure 6.2a and 6.2c). Each pentagonal bipyramid has two pyridine ligands at its 

axial positions. The equatorial positions are occupied by four oxygen atoms of 

carboxylate ligands and a nitrogen atom of a pyridine ligand. The metal- ligand bond 

 

 

 
(a) 

 
 

 
(b) 
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(c) 

 

Figure 6.2: (a) and (c) The structure of the coordination polymer 6.1a (Hydrogen 

atoms are omitted for clearity), (b) Structure of  a 1D Cd-coordination polymer 

formded by 4,4'-[isopropylidenebis(p-phenyleneoxy)]diacetic acid. 

 

parameters are listed in Table 6.1. The V-shaped carboxylic acid ligands along with 

less flexible ligands were used in the synthesis of cadmium metal-organic frameworks 

of different dimensions.2,7,8 For example, a V-shaped bis-phenol based flexible 

dicarboxylic acid, 4,4'-[isopropylidenebis(p-phenyleneoxy)]diacetic acid forms a 

similar type of spiral one dimensional coordination polymer  with cadmium as shown 

in the Figure 6.1b.13 

From the TG analysis (Figure 6.3a) it was seen that the coordination polymer losses 

34.45% (theoretical weight loss 34.5%) weight in the temperature range of 40-280 °C 

due to the loss of three lattice water and three coordinated pyridine molecules.  The 

Experimental and simulated PXRD of 6.1a shows a quite good agreement which 

indicates the homogeneousity of the sample (Figure 6.3b). The 1H-NMR spectra of 

coordination polymer 6.1a is shown in Figure 6.4. There are three singlets at 2.11 

ppm, 2.14 ppm and 4.01 ppm; the former two signals are for two different types of 

methyl groups on the aromatic rings and the latter is for -CH2O- groups. Again, the 

singlet peaks at 6.37 ppm, 6.43 ppm and 6.85 ppm appear for the methine proton and 

aromatic protons of methyl group-containing ring, respectively. The peaks for the 

coordinated pyridine molecule appear at 7.39 (triplet), 7.79 (doublet) and 8.58 ppm 

(singlet), as illustrated in Figure 6.4. 
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(a) (b) 
 

Figure 6.3: (a) The TG of the coordination polymer 6.1a (5°C/ minute heating rate) 

(b) Comparison of the simulated and the experimental PXRD of the coordination 

polymer 6.1a. 

 

 

Figure 6.4: 1H-NMR of the coordination polymer 6.1a (DMSO-d6, 400MHz). 

 

Table 6.1: The bond lengths and angles of coordination polymer 6.1a. 

M-L  dM-L (Å) <L-M-L Angle (º) <L-M-L Angle (º) <L-M-L Angle(º) 
Cd1-N3 2.333(3) N3-Cd1-N2 95.27(11) N2 -Cd1- O5 129.82(10) O5- Cd1- O6 51.12(9) 
Cd1-N2 2.344(3) N3 -Cd1- O1 84.24(10) O1- Cd1- O5 93.83(9) N3- Cd1 -O2 82.01(10) 
Cd1-O1 2.360(2) N2- Cd1- O1 136.16(10) N1- Cd1- O5 100.54(11) N2- Cd1- O2 82.98(9) 
Cd1-N1 2.375(3) N3 -Cd1 -N1 170.04(10) N3- Cd1 -O6 107.21(11) O1- Cd1- O2 53.44(8) 
Cd1-O5 2.474(3) N2- Cd1- N1 88.85(11) N2- Cd1- O6 82.30(10) N1- Cd1- O2 89.52(10) 
Cd1-O6 2.478(3) O1- Cd1- N1 86.51(10) O1- Cd1- O6 139.73(10) O5- Cd1 -O2 145.35(9) 
Cd1-O2 2.548(3) N3- Cd1- O5 83.78(11) N1- Cd1- O6 82.30(11) O6- Cd1- O2 163.28(10) 
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6.1.2 Cadmium complexes of H2L
2 (5.2): 

 

The cadmium complexes 6.2a, 6.2b and 6.2c are synthesised by a common procedure 

but in different solvents as shown in the scheme 6.3. we obtained mononuclear 

complex [CdL2(py)2(H2O)] (6.2a) from DMF, dinuclear complex [CdL2(py) 

(DMSO)]2 (6.2b) and the metallacycle [CdL(py)2(H2O)]2.MeOH.py (6.2c) from 

methanol solvent. 
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Scheme 6.3: Reaction of H2L
2 with Cadmium chloride. 

 

In the mononuclear complex [CdL2(py)2(H2O)] (6.2a) the cadmium atom has trigonal- 

bipyramidal geometry (Figure 6.5a). The equatorial positions of the cadmium atom 

are occupied by two carboxylate O-atom and a water molecule and the axial position 

is occupied by two pyridine molecules. One of the ethereal oxygen of the ligand is 

relatively close to the cadmium ion suggesting very weak interaction. This 

coordination bond is relatively weak with respect to the other cadmium-oxygen 

bonds. The distance of Cd1···O4 bond is 2.677 Å, which is much longer than other 

three Cd-O bonds that are observed to be in the range 2.198-2.256Å (Table 6.2). This 

type of five-coordinated mononuclear complex was earlier observed in case of the 

unsubstituted ligand H2L
1 with Zinc (II) and it was obtained from methanol as solvent 
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 (Figure 6.5b).14 The crystal structure of the Zn (II) complex contains lattice water and 

a pyridine molecule. However in the present case, although DMF is used as solvent it 

was neither observed as solvent of crystallization nor as ligand. The coordinated water 

molecule and one of the carboxylate O- atoms involves in H-bonding to give two 

different types of R2
2(12) cyclic H-bonding and finally it forms one dimensional 

polymeric hydrogen bonded chain (Figure 6.5c). The selected H-bond parameters of 

complex 6.2a are given in the Table 6.3.  We did not observe hydrogen bond 

interactions involving the C-F bond and neither the cadmium-fluorine interactions in 

solid state structure. The ligand H2L
2 shows IR stretching band at 1720 cm-1, but in 

 

 

 

 

 
(a) (b) 

 
(c) 

 

Figure 6.5: (a) Structure of the Cd-mononuclear complex 6.2a showing the weak 

Cd···O interaction, (b) Structure of the Zn-mononuclear complex formed by the 

unsubstituted ligand H2L
1, (c) Different types of cyclic H-bonding of the mononuclear 

complex 6.2a, leading to polymeric H-bonded chain.  
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the complex 6.2a it appears at 1667 cm-1.  This shows the mono-dentate carboxylate 

binding mode in the complex, as the C=O stretching of mono-dentate carboxylate 

shifts to lower frequency than the corresponding acid.15 

 

The dinuclear complex [CdL2(py)(DMSO)]2 (6.2b) has a Cd2O2-core where both the 

cadmium atom have same coordination environment (Figure 6.6a). Here, we observed 

two different binding modes of the caboxylate groups. One of the oxygen atoms of a 

carboxylate group involves in µ1-bridge with two cadmium ions to form the Cd2O2-

core. Each of the cadmium atoms has one pyridine and one dimethylsulphoxide 

molecule in its coordination site and they project away from each other in the dimeric 

structure (Figure 6.6a). The coordinated DMSO molecules help in providing 

appropriate geometry to the carboxylate ligand to form the bridged structure. The 

complex has one pyridine molecule per cadmium ion and the metal are in close 

proximity to form six coordinated binuclear complex where the Cadmium-Cadmium 

distance is found to be 3.65Å. This separation is less than the cadmium-cadmium 

separation 3.97 Å found in dinuclear complex reported earlier.4 Generally, the 

Cadmium-Cadmium separation in Cd2O2 core with η1 and η3-carboxylate is found to 

be in the range of 3.8 to 4.15 Å.16 The selected bond length and bond angle parameter 

are given in the Table 6.2.  

 

 
 

 
 

 

(a) (b) 
 

Figure 6.6: (a) Structure of the dinuclear complex 6.2b showing the coordinated 

dimethylsulphoxide molecules, (b) Coordination environment of the two Cadmium 

atoms in the dinuclear complex 6.2b.  
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Table 6.2: The selected bond lengths and bond angles of the complexes 6.2a-6.2c: 

Compd. No. M-L  dM-L (Å) <L-M-L Angle (º) <L-M-L Angle (º) 
6.2a Cd1-O1 2.198(3) O1-Cd1-O5 143.89(13) O7- Cd1 N2 93.70(16) 

Cd1-O5 2.253(3) O1-Cd1-O7 118.18(15) O1-Cd1-N1 88.94(15) 
Cd1-O7 2.256(4) O5-Cd1-O7 97.83(14) O5-Cd1-N1 88.56(14) 
Cd1-N1 2.319(4) O1-Cd1-N2 92.54(15) O7-Cd1-N1 89.90(16) 
Cd1-N2 2.308(4) O5-Cd1-N2 87.36(14) N2-Cd1-N1 174.89(16) 

6.2b Cd1-O1 2.278(3) O7-Cd1-O5 99.11(11) O5-Cd1-O2 78.38(9) 

Cd1-O7 2.250(3) O7-Cd1-O1 95.26(11) O5-Cd1-O5 74.31(11) 

Cd1 O5 2.265(3) O5-Cd1-O1 165.16(10) O1-Cd1-O5 99.59(10) 
Cd1-O1 2.278(3) O7-Cd1-N1 92.14(12) N1-Cd1-O5 163.35(11) 
Cd1-N1 2.308(3) O5-Cd1-N1 92.80(11) O7-Cd1-O2 148.87(11) 
Cd1-O5 2.323(3) O1 Cd1-N1 90.32(12) O5-Cd1-O2 110.11(9) 
Cd1-O2 2.483(3) O7-Cd1-O5 100.16(11) N1-Cd1-O2 96.82(11) 

6.2c Cd1-O1 2.320(2) N1-Cd1-O5 133.35(8) N2-Cd1-O6  85.23(10) 
Cd1-N1 2.287(2) N1-Cd1-O1  139.27(8) N1-Cd1-O2  86.14(8) 
Cd1-O5 2.301(2) O5-Cd1-O1  86.97(8) O5-Cd1-O2  138.60(8) 
Cd1-O1 2.320(2) N1-Cd1-O7  86.59(9) O7-Cd1-O2  83.63(9) 
Cd1-O7 2.339(2) O5-Cd1-O7  86.65(8) N2-Cd1-O2  93.59(9) 
Cd1-N2 2.377(3) O1-Cd1-O7  91.23(9) N1-Cd1-O6  83.68(8) 
Cd1-O2 2.547(2) N1-Cd1-N2  96.70(10) O1-Cd1-O6  136.70(7) 
Cd1-O6 2.649(2) O5-Cd1-N2  93.21(10) O7-Cd1-O6  98.13(9) 
  O1-Cd1-N2  84.32(9) N2-Cd1-O6  85.23(10) 
  O7-Cd1-N2  175.56(9)   

 

Table 6.3: Seleced hydrogen parameters of complex 6.2a and 6.2c: 

Compound No. D-H···A  dD-H(Å) d H···A(Å) d D···A(Å) < D-H···A(°) 
6.2a O(7)-H(7M)···O(6) [-x,1-y,-z] 

O(7)-H(7N)···O(2) [1-x,-y,-z] 
0.85(5) 
0.84(5) 

1.88(4) 
1.84(5) 

2.705(6) 
2.680(7) 

164(5) 
178(9) 

6.2c O(8)-H(8)···O(6)  [x,1+y,z] 0.82 2.12 2.860(6) 151 
C(41) -H(41) ···O(8)    0.93        2.55          3.471(13) 171 

 

In the metallacycle {[CdL2 (py)2(H2O)]2.Py.MeOH} (6.2c), the cadmium ions are 

seven coordinated having pentagonal bi-pyramidal geometry. There are two chelating 

carboxylate and a water molecule along with two pyridine molecules binding to the 

cadmium ion (Figure 6.7). One of the coordinated and the lattice pyridine molecule  

 

 

Figure 6.7: Structure of the metallocycle 6.2c of cadmium showing the Selected 

hydrogen C-H···O and O-H···O interactions. 
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are disordered in the crystal structure. The coordinated disordered pyridine molecules 

are disposed in the lattice such that the two carbon atoms at each 2 and 3 position of 

the pyridine ring are shared with half occupancies. Apart from these the unit cell 

contains one methanol molecule and one disordered pyridine molecule. The methanol 

molecule out side the of coordination sphere are held by the O-H···O interaction to 

the oxygen atom of carboxylate groups (Figure 6.7). Beside this, the uncoordinated 

pyridine molecules are also held in the lattice through C-H···O interactions as shown 

in the Figure 6.7. The selected hydrogen parameters for metallacycle 6.2c given in 

Table 6.3 have suitable bond parameters to support the presence of such 

interactions.17 

Thermogram of the complex 6.2a (Figure 6.19) shows 22.8 % weight loss in the 

region 70-230°C which corresponds to loss of two pyridine and one water molecule 

(calculated loss 21.8 %). On the other hand, complex 6.2b losses 25.0 % of its weight 

in the range of 70-300 °C (Figure 6.20b) is due to loss of the DMSO and the pyridine 

molecules (theoretical loss 21.3 %). The complex 6.2c loses the solvated methanol 

and pyridine below 150 °C (theoretical weight loss 6.2%, experimental weight loss 

6.4 %) (Figure 6.21b). It loses 27.1% of its weight in the range of 150-230 °C due to 

loss of all the pyridine molecules and the solvent molecules (theoretical weight loss 

26.4%) 

In the solution state 1H-NMR spectra of the complexes 6.2a-6.2c show characteristic 

signals of the parent ligand H2L
2, but the signals appears at slightly different chemical 

shift with respect to the parent ligand. The 1H-NMR of the mononuclear complex 

(Figure 6.8) shows singlets at 2.12 ppm, 2.16 ppm corresponds to methyl protons 

attached to the aromatic rings. A singlet observed at 4.03 ppm corresponds to -CH2O- 

protons. Besides these, singlet at 6.30 ppm corresponds to the central methine proton 

of bis-phenol whereas a singlets at 6.39 ppm and 6.92 ppm corresponds to the 

aromatic protons of the methyl group containing aromatic ring. The peaks for the 

coordinated pyridines appear at 7.54 ppm, 7.99 ppm and 8.65 ppm. The presence of 

coordinated dimethylsulphoxide as ancillary ligands in the dinuclear complex 6.2b is 

confirmed by 1H-NMR where the protons of DMSO appear at 2.53 ppm (Figure 

6.20c). The 1H-NMR of 6.2b shows signal for the methine proton at   6.40 ppm and 

the aromatic protons of the methyl containing rings appears at 6.38 ppm and 6.90 

ppm. The peaks for coordinated pyridine molecules in 6.2c appear at 7.37 ppm 
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(triplet), 7.77 ppm (triplet) and 8.58 ppm (broad). The 1H-NMR of the metallacycle 

6.2c (Figure 6.21c) shows the peak for the central methine proton of the bis-phenol at 

6.28 ppm. The peaks for the coordinated pyridine appear at 7.30 ppm (triplet), 7.72 

ppm (triplet) and 8.43 ppm (doublet). Thus, comparing the chemical shift of the 

respective protons in the complexes 6.2a-c, it was observed that they were 

distinguishable in solution. The LC-mass spectra of the complex 6.2a shows m/e peak 

at 735.2925, which corresponds to the mass of the [CdL(py)2] ion, whereas the 

complex 6.2b and 6.2c degrades in formic acid matrix and showed common peak of 

the ligand as the base peak at 489.1681 (L+ Na+).  

 

Figure 6.8: 1H-NMR of the mononuclear complex 6.2a (DMSO-d6, 400MHz). 

 

The predictability of weak interactions rendered by a covalently linked fluorine atom 

in crystal lattice is still in question,18 nonetheless we have not observed any of the 

often encountered weak interactions such as F···F or C-H···F  interactions18,19 in the 

present case. There are certain differences in the preferential formation of different 

architecture by the non-fluorinated analogous of H2L
2. The non fluorinated ligand 

H2L
1 forms 1D coordination polymer in methanol, which is in contrast to the 

formation of metallacycle by fluorinated ligand H2L
2 in methanol. Further to this, 

when we consider complexes 6.2a, 6.2b and 6.2c formed by the ligand H2L
2, it was 

seen that there are two pyridine per cadmium in complexes 6.2a and 6.2c. But, in case 

of 6.2b there is only one pyridine per cadmium ion. 19F-NMR can be use as a tool to 

distinguish between different fluoro-carboxylate complexes.20 The 19F-NMR of the 

ligand H2L
2, complexes 6.2a, 6.2b and 6.2c are compared in the Figure 6.9. However, 

we did not observed much difference between the chemical shift of the ligand 5.2 and 

the complex 6.2a as both shows signals at -118.1 ppm. The complexes 6.2b and 6.2c  
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Figure 6.9: 19F-NMR of the ligand H2L
2 (5.2), complex 6.2a, 6.2b and 6.2c. (400 

MHz, DMSO- d6, using C6F6 as internal reference). 

 

show chemical shift at -117.0 ppm in their respective 19F-NMR spectra. Thus 

complexes 6.2b and 6.2c can be distinguished from the mono nuclear complex 6.2a, 

but it is difficult to distinguish 6.2b and 6.2c from 19F-NMR. 

The complex 6.2c is soluble in DMSO as well as methanol, whereas the complex 6.2b 

is soluble in DMSO but not in methanol. The crystallization of 6.2c from a solution of 

DMSO with or without pyridine yielded the dinuclear complex 6.2b. 

 

[CdL2(py)(H2O)]2. MeOH.py
DMSO

[CdL(py)(DMSO)]2

6.2c 6.2b
 

 

Equation 6.1: Solvent assisted conversion of complex 6.2c to 6.2b. 

 

6.1.3 Cadmium complexes of H2L
3 (5.3): 

 

The reaction of cadmium(II) chloride with H2L
3 in presence of sodium hydroxide in 

MeOH-pyridine forms a dinuclear complex [CdL3(py)(CH3OH)]2·CH3OH (6.3a), 

where both of the cadmium ions are in identical environments (Figure 6.10a). Each 

cadmium ion has one pyridine and one methanol molecule in its coordination sphere 

and the methanol ligands are independently attached to two cadmium ions. They 
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project away from each other at two ends of the dimeric structure. The presence of 

methanol molecules as ligands at the terminal ends inhibits the formation of a 

polymeric structure. The crystal structure of the dinuclear complex 6.3c cotains one 

lattice methanol and one water molecules. The nitro group present at the ortho 

position of the aromatic ring also plays a role by providing the adequate twist to the 

carboxylate group to form the Cd2O2-type core. Such effects were earlier observed in 

2-nitrobenzoate complexes with metal ions, such as zinc, manganese and cadmium.4, 

21  The 2-nitro benzoate provides the appropriate orientation to two carboxylate groups 

 

 
 

(a) 
 
 

 
 

(b) 
 

Figure 6.10: (a) The structure of the dinuclear complex 6.3a showing the Cd2O2- 

core, (b) structure of the metallacycle 6.3b. 
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to form the Cd2O2 core.4  Complex 6.3a has one pyridine ligand per cadmium ion and 

the two metal ions in close proximity form the seven coordinate dinuclear complex 

where the metal-metal distance is found to be 3.97 Å. The selected bond angles and 

bond distances are listed in Table 6.4. 

A similar reaction of cadmium (II) chloride with H2L
3 in DMF-pyridine under basic 

condition form metallacycle [CdL3(py)2(H2O)]2·H2O (6.3b). This metallacycle may 

be attributed to the opening of a Cd2O2-core in the dinuclear complex 6.3a. Each 

cadmium ion has a coordination number of seven, comprised of two chelating 

carboxylates and a water molecule along with two pyridine ligands. Although the 

DMF was used as the solvent, we did not observe DMF molecules in its crystal lattice 

as the solvent of crystallization or as a ligand. However, DMF can easily interact with 

different functional groups (in this case either nitro or carboxylic acid) during the 

course of the reaction, to guide the carboxylate to form a metallacycle. The structure 

of the complex determined by X-ray single crystal diffraction is shown in Figure 

6.10b. The very weak bonds Cd1-O7 and Cd1-O2 are 2.501(6) and 2.555(5) Å, 

whereas the Cd1-O8 and Cd1-O1 are 2.327(5) and 2.308(5) Å, respectively, 

supporting that the carboxylates are ligated as bidentate chelate. The metal-ligand 

bond distances and bond angles are listed in Table 6.4. The cadmium ions have  

 

 

Figure 6.11: Comparison of the simulated and the experimental PXRD of the 

dinuclear complex 6.3a and 6.3b.  
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pentagonal bipyramid structures, in which one pyridine and two carboxylate groups 

occupy the equatorial positions; a water molecule and a pyridine molecule occupy the 

axial positions. \The PXRD patterns of complexes 6.3a and 6.3b are distinguishable 

(Figure 6.11). The experimental PXRD pattern of complexes 6.3a and  6.3b have 

excellent agreement with the theoretical pattern obtained form single crystal data. The 

IR spectra of complexes 6.3a and 6.3b are distinguishable, as the carbonyl stretching 

of complex 6.3a appears at 1599 cm-1, whereas the carbonyl stretching of complex 

6.3b appears at 1679 cm-1, which is shown in the Figure 6.12. 

 

 

 

Figure 6.12: Overlay of the FT-IR spectra of the dinuclear complex 6.3a and 

metallacycle 6.3b. 

 

The 1H-NMR spectra of dinuclear complex 6.3a is shown in Figure 6.13a. From the 

spectra, it is seen that there are three singlets at 2.10 ppm, 2.15 ppm and 4.10 ppm for 

two types of methyl protons and -CH2O-, respectively. Again, the singlets at 6.23 

ppm, 6.90 ppm and 6.65 ppm are due to the aromatic protons of the methyl group-

containing aromatic ring and methine proton of the parent bis-phenol molecule, 

respectively. The signals for the protons of the coordinated pyridine molecules appear 

at 7.39 ppm (triplet), 7.79 ppm (triplet) and 8.58 ppm (doublet).  On the other hand, in 

the 1H-NMR spectra of the metallacycle  6.3b (Figure 6.13b) there are three singlets 
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at 2.09 ppm, 2.15 ppm and 4.12 ppm for two types of methyl protons of aromatic 

rings and -CH2O-, respectively. Again, the singlets at 6.24 ppm, 6.90 ppm and 6.65 

ppm are due to the aromatic protons of methyl groups containing aromatic rings and 

methine proton of the parent bis-phenol molecule respectively. The signals for the 

protons of the coordinated pyridine molecules appear at 7.39 ppm (triplet), 7.81 ppm 

(triplet) and 8.59 ppm (doublet). From the 1H-NMR spectra of 6.3a and 6.3b, it is 

seen that the position of the peaks are almost similar, however, the splitting pattern 

and coupling constant values are different, suggesting that in solution they retain their 

identity. The coupling scheme interpreted from 1H-NMR is confirmed by recording 

HOMO-COSY spectra of the complex 6.3a and 6.3b (Figure 6.22a and 6.22b). 

 

 

 
(a) 

 

(b) 

Figure 6.13: (a) 1H-NMR of the dinuclear complex 6.3a and (b) 1H-NMR of the 

metallacycle 6.3b in DMSO-d6 (400MHz). 
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From the TG of dinuclear complex 6.3a (Figure 6.14a), it was seen that it losses one 

lattice water and three (two coordinated and one lattice) methanol molecules in the 

temperature range of 40-280°C (experimental weight loss 16.5%, theoretical weight 

loss 17.84%). On the other hand, when the metallacycle   6.3b was heated up to    

220° C it losses four coordinated pyridine and three water molecules (experimental 

weight loss 23.5%, theoretical weight loss 23.24%) (Figure 6.14b). 

 

 

 

 
 

(a) (b) 

 

Figure 6.14: TG of the (a) dinuclear complex 6.3a and (b) metallacycle 6.3b. 

Table 6.4: The Bond lengths and angles of the dinuclear complex 6.3a and 

metallacycle 6.3b: 

Compd 
No. 

M-L dM-L (Å) <L-M-L angle (º) <L-M-L Angle (º) <L-M-L Angle(º) 

  6.3a Cd1-N3 2.333(3) O9-Cd1-O7 87.85(18) N2-Cd1-O7  89.14(18) O1-Cd1-O2  113.83(18) 
Cd1-N2 2.344(3) O2-Cd1-O8 112.39(17) O2- Cd1-O7  148.80(18) O7-Cd1-O2 78.47(16) 
Cd1-O5 2.474(3) N2-Cd1-O8 142.6(2) O8-Cd1-O7  55.56(16) O8-Cd1-O2 81.05(16) 
Cd1-O2 2.548(3) O9 Cd1-O8 98.20(18) O9-Cd1-O1  82.1(2) O2-Cd1-O2  70.9(2) 
Cd- O6 2.478(3) N2-Cd1-O2 91.20(19) N2-Cd1-O1  128.9(2) N2-Cd1-O2 80.01(18) 
Cd1-O1 2.360(2) O9- Cd1-O2 123.32(19) O2-Cd1-O1 53.94(18) O9-Cd1-O2 163.95(18) 
Cd1-N1 2.375(3) O9-Cd1-N2  91.54(19) O8-Cd1-O1 88.27(18) O7-Cd1-O1 140.63(17) 

  6.3b Cd1-O1 2.308(5) O1- Cd1- N3 136.38(19) N3-Cd1-N2 91.7(3) O1- Cd1- O2 53.46(16) 
Cd1-N3 2.312(6) O1- Cd1- O9 82.17(19) O9-Cd1-N2 178.0(2) N3- Cd1- O2  84.6(2) 
Cd1-O9 2.322(5) N3- Cd1- O9 87.7(2) O8-Cd1-N2 89.6(3) O9- Cd1 -O2 90.7(2) 
Cd1-O8 2.327(5) O1- Cd1- O8 89.98(17) N3-Cd1-O8 132.9(2) O8- Cd1- O2 142.51(18) 
Cd1-N2 2.334(6) O1-Cd1- N2 97.0(2) O9 -Cd1- O7  88.2(2) N2 -Cd1- O2  87.3(2) 
Cd1-O7 2.501(6) O1- Cd1- O7 141.39(17) O8- Cd1- O7  52.96(19) O7- Cd1- O2 164.53(18) 
Cd1-O2 2.555(5) N3- Cd1- O7  80.0(2) N2-Cd1- O7 93.5(2)   
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6.1.4 Cadmium complex of H2L
4(5.4): 

 

Metallacycle [CdL4(py)2(H2O)]2·3H2O (6.4a) was obtained from the reaction of 

cadmium (II) chloride with H2L
4 (5.4) in methanol and pyridine in presence of sodium 

hydroxide, where both of the cadmium ions are in identical environments (Figure 

6.15). The other coordination sites of the metal atoms are occupied by two pyridine 

molecules and a water molecule. It is evident from the Cd-O bond distances that the 

carboxylate groups in this complex are a combination of a monodentate and another 

bidentate with distorted chelate structure, where Cd1-O2, Cd1-O7 and Cd1-O9 bond 

distances are 2.346 Å, 2.263 Å and 2.341 Å respectively. These distances are within 

the limit of generally observed Cd-O bond distances in related compounds. Whereas 

the Cd1-O1 separation at 2.524 Å and Cd1-O8 separations at 2.677 Å are long for the  

 

 

 

Figure 6.15: Structure of the cadmium metallacycle 6.4a. 

 

formation of a bond, but the Cd1-O1 can be suggested as weakly interacting.4, 22 This 

makes the two slightly different coordination modes of the two carboxylate attached 

to a cadmium ion. The Cd1-N2 and Cd1-N3 distances in the complex are 2.361 Å and 

2.332 Å, respectively. Thus, the molecule adopts distorted pentagonal bipyramid 

geometry, in which one pyridine and two carboxylates connected to Cd1 make the 

five-member geometry and the axial bonds are Cd1-N2 and Cd1-O9 bonds. The bond 

angles ∠N3-Cd1-O2, ∠N3-Cd-O7 and ∠O2-Cd1-O7 are 134.32°, 139.46° and 85.07°, 
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respectively. If the two weak contacts are not taken into consideration, then each of 

the cadmium ions in the complex can be described as a distorted trigonal bipyramid. 

Nonetheless, the overall structure of the metallacycle is highly symmetric and 

contains a mirror plane that bisects it into two halves. Each equivalent half contains 

one cadmium ion with one carboxylate, two pyridine and one water molecules. The 

simulated and the experimental powder X-ray diffraction patterns of 6.4a are shown 

in Figure  6.16b. All of the principal peaks for different Miller indices are observed, 

confirming the phase purity and homogeneity of the samples. The TG (Figure 6.16a) 

shows that 6.4a losses four lattice water and four coordinated pyridine molecules 

when heated at around 50-215°C (theoretical weight loss 23.24% experimental weight 

loss 25.80%).   

 

 

 
 

 

 

(a) (b) 
 

Figure 6.16: (a) TG of the metallacycle 6.4a (heating rate 5 °C/minute). (b) PXRD of 

the metallacycle 6.4a. 

 

6.1.5 Mercury complex of H2L
3 (5.3): 

 

Since both metallacycles as well as a binuclear complex of cadmium with the H2L
3 

are observed, we have examined the effect of size of the metal ions in deciding their 

formation. Thus, mercury metallacycle [HgL3(py)2]2·DMF (6.3c) was prepared by 

reacting H2L
3 with mercury(II) chloride in DMF in presence of sodium hydroxide, 

followed by treatment with pyridine (Figure 6.17a). In this case, we were not 

successful in obtaining crystals from the reaction carried out in methanol. The size of 

mercury being bigger than cadmium, it accommodates two pyridine ligands and 

retained a cyclic structure, where each mercuric ion has a distorted tetrahedral 

TH-1267_09612207



                                                                                                                                                 Chapter 6 

 205

geometry. The metal-ligand bond parameters are listed in Table 6.5. The Hg1-O2 and 

Hg1-O7 separations are 2.91 Å and 2.68 Å, respectively, suggesting that there is no 

Hg-O bond between these atoms. This shows that the carboxylates are coordinated in 

a monodentate fashion to the mercury (II). From the 1H-NMR spectrum of the 

mercury-containing metallacycle 6.3c, it is seen that signals from the protons of 

coordinated pyridine molecules appear at 7.52 ppm, 7.91 ppm and 8.69 ppm (Figure 

6.24b).  The packing pattern of the mercury complex suggests that the solvent 

molecules are held between the interstitial spaces of the metallacycles. The 

coordinating carboxylate groups on the cyclic part have no interactions with the DMF 

 

 

 

 

 
(a) 

 
(b) 

 

 
(c) 

 
 Figure 6.17: (a) and (b) structure of the mercury metallacycle 6.3c. (c) Weak 

interactions of DMF molecules in the crystal lattice of 6.3c. 

 

molecules of the lattice. The carbonyl oxygen of DMF and a C-H bond of the 

aromatic ring of the ligand provide C15-H⋯O9 interactions (dD-H=0.929 Å; dD-A= 
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3.295 Å; ∠D-H⋯A=140.6°) to hold the DMF in the interstices, as shown in Figure 

6.17c. The metallacycle 6.3c, losses two lattice DMF molecules and four coordinated 

pyridine molecules at around 75-145°C (theoretical weight loss 24.29%, experimental 

weight loss 22.0%) (Figure 6.25a). 

 

               Table 6.5: The metal-ligand bond lengths and bond angles of complex 6.3c. 

M-L dM-L (Å) <L-M-L angle (º) 
Hg1- N3 2.227(3) N3- Hg1- O1 119.95(13) 
Hg1- O1 2.233(3) N3- Hg1- O8 142.46(13) 
Hg1- O8 2.291(3) O1- Hg1- O8 87.03(13) 
Hg1- N2 2.381(4) N3- Hg1-N2 103.76(13) 
  O1- Hg1- N2 101.88(13) 
  O8-Hg1-N2 94.40(14) 

 

6.2. Discussion: 

 

The formation of different types of structures in different solvents by H2L
2 and H2L

3, 

shows that the solvent guides the coordination of pyridine into the coordination 

spheres of the metal ions in these complexes. Conversely, the numbers of pyridine 

molecules also decide the formation of a dinuclear metal complex or metallacycle. On 

the other hand, the dinuclear  

 

Scheme 6.4: Coversion of dinuclear complex 6.3a to the metallacycle 6.3b in DMF 

and pyridine mixture.  

 

complex 6.3a converted to metallacyle 6.3b in presene of DMF and pyridine (Scheme   

6.4). These result demonstrates a process that has close analogy to the off-on of a 

metallacycle through the coordination effect. This important observation has 

relevance and analogy with tunable on-off responses for select guest molecules23,24 by 

metal-organic frameworks, in which molecules may come close to self-assemble or 

get dis-assembled by solvent molecules or by an external ligands. Furthermore, there 
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are examples of cyclic molecules adopting different polymorphic structures to 

controls pores in transport processes.25  

The formation different structure of the Cadmium (II) complexes with the ligands 

H2L
1, H2L

2, H2L
3 and H2L

4 on changing the solvent are summerized in the Table 6.6. 

All the skeletal parameters, other than the substituent on the aromatic ring of the 

ligands are similar and the syntheses of these complexes were carried out at ambient 

conditions. However, the number of pyridine molecules per cadmium ion in these 

complexes varies. This suggests that the substituent present at the remote site of the 

aromatic ring also guides the incoming pyridine molecules to the coordination sphere 

of cadmium ions. Although dicarboxylic acids were extensively used for the 

designing of various metal-orgnic framework,26 this types of  metallacycle formation 

by flexible dicarboxylic acid is very rare. Generlly, N-containg polydentate ligands 

are employeed for the construction of metallacycle.27 Some of the examples of  

 

 

 

 

 

(a) (b) 
 

 

 

 

(c) (d) 
 

Figure 6.18: (a), (b) and (c) are the examples of cadmium metallacycle formed by N-

donor ligands, (d) Formation of Cd2O2-core through bridging carboxylate group in 

cadmium dinuclear complex formed by mixed donor ligand. 
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cadmium metllacycles based on N-donor ligands are shown in the Figure 6.18a, 6.1b 

and 6.18c. On the other hand, nitrogen containg flexible monocarboxylic acid ligand 

can form dinucllear complex having Cd2O2 core as shown in the figure 6.18d.28 

 

Table 6.6: Formation of diffenet cadmium complexes by the ligands H2L
1, H2L

2, 

H2L
3 and H2L

4 in diffenet solvents: 

 
Ligands 

Solvents 
DMF DMSO MeOH 

H2L
1 (5.1) - - Coordination polymer  

6.1a 
H2L

2 (5.2) Mononuclear complex 
6.2a 

Dinuclear complex 
6.2b 

Metallacycle 6.2c 

H2L
3 (5.3) Metallacycle 6.3b - Dinuclear complex 6.3a 

H2L
4 (5.4) Metallacycle 6.4a - - 

 

 

6.3. Conclusion:  

 

In conclusion, we have shown the formation of cadmium and mercury complexes 

with different architecture from four flexible bis-phenol based dicarboxylate ligands. 

The unsubstituted ligand H2L
1 forms 1D coordination polymer of cadmium. In some 

cases, we have found the formation of a mononuclear complex, dinuclear complex, as 

well as the cadmium metallacycle of ligand H2L
2 and H2L

3 by changing the solvent. 

Again, the inter conversion between the metallacycle and the dinuclear complexs are 

possible through Cd2O2 core closing or opening. For example, the dinuclear complex 

6.3a converts to the metallacycle 6.3b in presence of DMF and pyridine mixture. 

 

Dinuclear
 complex 6.2a

DMF-Pyridine

Cd2O2-core
 opening

Metallacycle 
     6.2b

 

 

This type of inter-conversion by solvent may have applications in solvent mediated 

crystal to crystal transformations. 

 Again, this series of complexes also clearly demonstrates the role of the fluoro and 

nitro group on the ligand; it is shown that even when it doesn’t coordinate to the 

cadmium or mercury ions, its presence has a striking effect on the structure of 

cadmium complexes. These types of substituent effect in controlling and tuning the 
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molecular architecture of the coordination polymers would be a potentially effective 

approach. We have demonstrated that a flexible tether (-CH2CO2) with rigid directing 

functionality (in this case the bis-phenol part) makes it possible to obtain 

metallacycles in ambient conditions. 

 
6.4. Experimental section:  
 

Complex [CdL1(py)3]n·3nH2O (6.1a).To a well-stirred solution of H2L
1 (0.224 g, 0.5 

mmol) and sodium hydroxide (0.02 g) dissolved in methanol (10 ml), CdCl2.H2O 

(0.093 g, 0.5 mmol) was added. The white precipitate obtained was dissolved by the 

addition of the minimum amount of pyridine. The reaction mixture was filtered and 

the transparent liquid was kept for crystallization. After one week colorless needle-

like crystals were obtained. Isolated yield: 50%. IR (KBr, cm-1): 3426 (bs), 2924 (s), 

2855 (w), 1600 (s), 1447 (s), 1415 (m), 1327 (w), 1245 (w), 1208 (m), 1141 (m), 1036 

(s), 760 (w), 702 (s). 1H-NMR (DMSO-d6): 8.58 (s, 6H), 7.79 (7.6 Hz, t, 6H), 7.21 

(5.3 Hz, t, 3H), 7.18 (t, 7.0 Hz, 1H), 6.98 (d, 6.2 Hz, 2H), 6.85 (s, 2H), 6.43 (s, 2H), 

6.37 (s, 1H), 4.01 (s, 4H), 2.14 (s, 6H), 2.11 (s, 6H). 

 

Complex [Cd L2(py)2(H2O)] (6.2a): To a well-stirred solution of H2L
2 (0.233 g, 0.5 

mmol) in  DMF (10 ml), 0.4 g of NaOH (1 mmol) was added and allowed to stir about 

10 minutes. After 10 mintues cadmium (II) chloride monohydrate (0.090 g, 0.5 mmol) 

was added to the reaction mixture. The white precipitate obtained was dissolved by 

the addition of the minimum amount of pyridine. The reaction mixture was filtered 

and the transparent liquid was kept for crystallization. After one week colorless 

needle-like crystals were obtained. Isolated yield: 45%. IR (KBr, cm−1) 3407 (s), 2923 

(m), 1667 (s), 1599 (s), 1487 (s), 1447 (s), 1417 (s), 1321 (m), 1243 (w), 1213 (s), 

1142 (m), 1095 (m), 1036 (s), 940 (w), 863 (w), 829 (w), 756 (m), 690 (m), 628 (w): 

1H-NMR (DMSO-d6): 8.65 (s, 2H),  7.99 (d, J= 1.6Hz, 1H),  7.54 (t, J=4.4 Hz, 2H), 

7.27 (dd, J= 4.4 Hz, 6.4 Hz 1H), 7.12 (d, J= 8Hz, 1H), 7.10 (d, J=7.6Hz, 1H), 6.92 (s, 

2H), 6.78 (t, J= 8 Hz), 6.39 (s, 2H), 6.30 (s, 1H), 4.03 (s, 4H), 2.16 (s, 6H), 2.12 (s, 

6H), 19F-NMR (DMSO-d6):  -118.11 (using C6F6 as internal reference). 
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       Figure 6.19: TG of mononuclear complex 6.2a. 

 

Complex [CdL2(py)(DMSO)]2 (6.2b): To a well-stirred solution of H2L (0.233 g, 0.5 

mmol) in  DMSO (10 ml), 0.4 g  of NaOH (1 mmol) was added and allowed to stir 

about 10 minutes. After 10 mintues cadmium (II) chloride monohydrate (0.090 g, 0.5 

mmol) was added to the reaction mixture. The white precipitate obtained was 

dissolved by the addition of the minimum amount of pyridine. The reaction mixture 

was filtered and the transparent liquid was kept for crystallization. After 10-12 days 

colorless needle-like crystals were obtained. Isolated yield: 40%. IR (KBr, cm−1) : 

3409 (s), 3000 (w), 2916 (w), 2862 (w), 1599 (s), 1485 (m), 1446 (s), 1426 (s), 1320 

(s), 1297 (w), 1212 (s), 1143 (s), 1094 (w), 1037 (s), 948 (m), 861 (w), 830 (w), 756 

(m), 702 (m), 628 (w), 604 (w), 578 (w).  1H-NMR (DMSO-d6): 8.58 (s, 2H),  7.79 (t, 

6.4 Hz, 1H), 7.38 (t, 6 Hz, 2H), 7.26 (dd, 5.6 Hz, 5.4 Hz, 1H), 7.09 (s, 1H), 7.07 (d, 

6.4 Hz, 1H), 6.90 (s, 2H), 6.68 (t, 6.8, 1H), 6.40 (s, 1H), 6.38 (s, 2H), 4.09 (s, 4H), 

2.53 (s, 6H), 2.16 (s, 6H), 2.12 (s, 6H). 19F-NMR (DMSO-d6):  -117.06 (using C6F6 as 

internal reference). 

 

 
 

 

 

(a) (b) 
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(c) 

 

Figure 6.20: (a) Comparison of the simulated and the experimental PXRD of 6.2b. 

(b) TG of the dinuclear complex 6.2b. (c) 1H-NMR of the dinuclear complex 6.2b 

(DMSO-d6, 400 MHz). 

 

Complex {[CdL2(py)(H2O)]2}.py. MeOH (6.2c): To a well-stirred solution of H2L 

(0.233 g, 0.5 mmol) in methanol (10 ml), 0.4 g of NaOH (1 mmol) was added and 

allowed to stir about 10 minutes. After 10 mintues cadmium (II) chloride 

monohydrate (0.090 g, 0.5 mmol) was added to the reaction mixture. The white 

precipitate obtained was dissolved by the addition of the minimum amount of 

pyridine. The reaction mixture was filtered and the transparent liquid was kept for 

crystallization. After 2-3 days colorless block crystals appeared which are suitable for 

single crystal analysis. Isolated yield: 55%. IR (KBr, cm−1): 3432 (m), 3065 (w), 2920 

(m), 2862 (w), 1599 (s), 1475 (m), 1447 (s), 1426 (s), 1322 (m), 1297 (w), 1212 (s), 

1142 (s), 1037 (s), 1009 (w), 945 (w), 859 (w), 835 (w), 756 (s), 701 (s), 627 (w). 1H-

NMR (MeOH-d4): 8.43 (s, 2H),  7.72 (t, J=7.6 Hz, 1H),  7.72 (t, J= 6Hz, 2H), 7.07 

(dd, J=6.0 Hz,  J=4.2 Hz), 6.90 ( t, J= 7.2 Hz), 6.82 (d, J= 9.2 Hz), 6.78 (s, 2H), 6.39 

(s, 2H), 6.28 (s, 1H), 3.92 (s, 4H), 2.07 (s, 6H), 2.00 (s, 6H). 19F-NMR (DMSO-d6):  -

117.04 (using C6F6 as internal reference). 

  
 

TH-1267_09612207



                                                                                                                                                 Chapter 6 

 212

  

(a) (b) 

 
(c) 

 

Figure 6.21: (a) Comparison of the simulated and the experimental PXRD of 6.2c. (b) 

TG of the dinuclear complex 6.2c. (c) 1H-NMR of the dinuclear complex 6.2c 

(DMSO-d6, 400 MHz). 

 

Complex [CdL3(py)(CH3OH)]2·CH3OH (6.3a): To a well-stirred solution of H2L
3 

(0.246 g, 0.5 mmol) and sodium hydroxide (0.02 g) dissolved in methanol (10 ml), 

cadmium (II) chloride monohydrate CdCl2.H2O (0.093 g, 0.5 mmol) was added. A 

white precipitate was obtained, which was dissolved by the addition of the minimum 

amount of pyridine. The reaction mixture was filtered and the transparent liquid was 

kept for crystallization. After one week light yellow needle-like crystals were 

obtained. Isolated yield: 60%. IR (KBr, cm-1): 3438 (bs), 2953 (w), 2920 (w), 2859 

(w), 1599 (s), 1525 (s), 1473 (m), 1445 (m), 1427 (m), 1351 (m), 1296 (w), 1210 (s), 

1143 (s), 1044 (s), 860 (m), 817 (w), 704 (s). 1H-NMR (DMSO-d6): 8.58 (d, 6.2 Hz, 

2H). 7.93 (d, 8 Hz, 1H), 7.79 (t, 6.4, 1H), 7.60 (t, 7.6 Hz, 1H), 7.49 (t, 7.6 Hz, 1H), 

7.39 (t, 5.6 Hz, 2H), 6.90 (s, 2H), 6.88 (d, 8 Hz, 1H), 6.65 (s, 1H), 6.25 (s, 2H), 4.10 

(s, 4H), 2.15 (s, 6H), 2.10 (s, 1H). 

Complex [CdL3(py)2(H2O)]2·H2O (6.3b): This was prepared by exactly the same 

procedure as for 6.3a, but instead of methanol, dimethylformamide was used as the 
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solvent. After one week colorless block crystals were obtained. Isolated yield: 80%. 

IR (KBr, cm-1): 3438 (bs), 2920 (w), 1679 (s), 1578 (m), 1529 (s), 1443 (m), 1347 

(m), 1213 (s), 1144 (s), 1037 (s), 706 (s).1H-NMR (DMSO-d6): 8.58 (d, 4.0 Hz, 4H), 

7.93 (t, 5.6 Hz, 1H), 7.79 (t, 1.6 Hz, 2H), 7.59 (t, 6 Hz, 1H), 7.51 (t, 7.6 Hz, 1H), 7.39 

(t, 1.6 Hz, 4H), 6.90 (d, 6.4 Hz, 2H), 6.87 (d, 8.0 Hz, 1H), 6.66 (s, 1H), 6.23 (s, 2H), 

4.09 (s, 4H), 2.16 (s, 6H), 2.10 (s, 6H). 

Alternatively, complex 6.3b can be prepared by dissolving complex 6.3a in a DMF-

pyridine solvent and slow evaporation of the solvent at room temperature for several 

days. 

 

(a) 

 

(b) 

Figure 6.22: (a) 1H-HOMO-COSY spectra of 6.3a (DMSO-d6, 400 MHz). (b) 1H-

HOMO-COSY spectra of 6.3b (DMSO-d6, 400 MHz).  
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Complex [CdL4(py)2(H2O)]2·3H2O (6.4a): To a well-stirred solution of H2L
4 (0.25 

g, 0.5 mmol) and sodium hydroxide (0.02 g) dissolved in methanol (10 ml), 

cadmium(II) chloride monohydrate (0.09 g, 0.5 mmol) was added. A white precipitate 

was obtained, which was dissolved by the addition of the minimum amount of 

pyridine. The reaction mixture was filtered and the transparent liquid was kept for 

crystallization. After one week colorless needle-like crystals were obtained. Isolated 

yield: 55%. IR (KBr, cm-1): 3433 (bs), 2923 (m), 1633 (s), 1525 (w), 1446 (w), 1348 

(w), 1213 (m), 1143 (m), 1055 (w), 864 (w), 698 (m). 1H-NMR (DMSO-d6): 8.58 (s, 

2H), 8.02 (d, 6.8 Hz, 1H), 7.77 (t, 7.6 Hz, 2H), 7.74 (s, 1H), 7.50 (t, 6.8 Hz, 1H), 7.37 

(t, 5.6 Hz, 2H), 6.91 (s, 2H), 6.74 (s, 1H), 6.39 (s, 2H), 4.08 (d, 14.4 Hz, 4H), 4.02 (d, 

14.4 Hz, 4H), 2.16 (s, 6H), 2.12 (s, 6H). 

 

Figure 6.23: 1H-NMR of the metallacycle 6.4a (DMSO-d6, 400 MHz). 

 

Complex [HgL3(py)2]2·DMF (6.3c): To a well-stirred solution of H2L
3 (0.25 g, 0.5 

mmol) and sodium hydroxide (0.02 g) dissolved in dimethylformamide (10 ml), 

mercury (II) chloride (0.135 g, 0.5 mmol) was added. A white precipitate was 

obtained, which was dissolved in the minimum amount of pyridine. Any residue at 

this stage was filtered and the transparent liquid was kept for crystallization. After one 

week crystals were obtained. Isolated yield: 55%. IR (KBr, cm-1): 3432 (bs), 1609 (s), 

1537 (m), 1474 (w), 1415 (m), 1363 (w), 1321 (w), 1299 (w), 1239 (w), 1214 (w), 

1142 (m), 1031 (m), 860 (w), 713 (m). 1H-NMR (DMSO-d6): 8.69 (d, 4.4 Hz, 4H), 

7.97 (s, 1H), 7.94 (s, 2H), 7.89 (t, 1.6 Hz, 1H), 7.60 (t, 7.2 Hz, 1H), 7.52 (t, 7.6 Hz, 

4H), 6.92 (s, 2H), 6.87 (d, 7.6 Hz, 1H), 6.75 (s, 1H), 6.26 (s, 2H), 4.45 (d, 14 Hz, 2H), 

4.24 (d, 15.2 Hz, 2H), 2.17 (s, 6H), 2.11 (s, 6H). 
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(a) 

 

 
(b) 

 

Figure 6.24 (a) TG of the metallacycle 6.3c (heating rate 5°C/ minutes), (b) 1H-NMR 

of the metallacycle 6.3c (DMSO-d6, 400 MHz). 
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Chapter 1 

Introduction 

 

1.1 General introduction on hydrogen bond and their assemblies: 

 

Hydrogen bond is one of the principal weak interaction which helps in the 

construction of various supramolecular assemblies.1 Hydrogen bond is defined as a 

form of association between an electronegative atom and a hydrogen atom attached to 

a second, relatively electronegative atom.1e,f It is a particular kind of dipole-dipole 

interaction in which the hydrogen atom attached to an electronegative atom (or 

electron withdrawing group) is attracted towards neighbouring electronegative atom. 

Hydrogen bonds are typically written as D-H···A  which involve a hydrogen atom 

attached to an electronegative atom,  for example, O or N as the donor (D) and 

similarly electronegative atom bearing a lone pair as an acceptor (A). There is also 

significant hydrogen bond interactions where carbon acts as donor rather than 

nitrogen or oxygen.2 Hydrogen bonds have a wide spread of bond lengths and angles 

and accordingly hydrogen bond interactions between hydrogen bond donor D and 

acceptor A (D-H···A), may be classified as strong, moderate and weak.3 Different 

parameters that are used to define the strength of the hydrogen bond can be depicted 

with the help of Figure 1.1. A strong hydrogen bond is somewhat similar in character 

 

 

 

Figure 1.1: Schematic representation of hydrogen bond. 

 

Table 1.1: Donor acceptor distances and angles in hydrogen bonds 

Parameters  Strong Moderate  Weak  

Bond energy (kJmol-1) 60-120 16-60 Less than 12 

H···A (r Å) 1.2-1.5 1.5-2.2 2.2-3.2 

D···A (R Å) 2.2-2.5 2.5-3.2 3.2-4.0 

˂D-H···A (α°) 175-180 130-180 90-150 
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to a covalent bond and generally forms between strong acid and good hydrogen bond 

acceptor whereas the moderate hydrogen bonds form between neutral donor and 

neutral acceptor via lone pairs of electron and do not have linear geometry but are 

slightly bent. The parameters that tentatively decide the classification of hydrogen 

bonded system in terms of its strength are listed in the Table 1.1. 

Various functional groups that have hydrogen atom attached to an electronegative 

element can behave as hydrogen bond donors and an electron rich element within the 

compound or from a different one may behave as hydrogen bond acceptor leading to 

intra and intermolecular hydrogen bonds. The complementary nature of hydrogen 

bonds in different functional groups show clear preferences for specific hydrogen 

bond patterns in their solid state structures, despite the presence of other unpredictable 

and non specific lattice forces.4 Although hydrogen bonds are form between many 

types of components, amide and carboxylic acid groups are most studied, because, 

both of them can act as hydrogen bond donor as well as acceptor. Some of the 

common hydrogen bonded structures from acid and amide are depicted in the Figure 

1.2.5 

 

 

Figure 1.2: Some commonly observed hydrogen bonded motifs from acid-acid, acid-

amide and amide-amide interactions. 

 

Due to directional properties of hydrogen bonds, the assemblies formed by such 

interactions are generally ordered.  Such orderliness has helped in many natural 

processes and in making different hydrogen bonded assemblies of molecules with 

novel properties. Different hydrogen bonded motifs namely linear, infinite chain, 

cyclic type are present in different possible ways and these are generally termed as 

synthons.6 The non covalent bond between two molecules in supramolecular 

assemblies can be thought as supramolecular synthon. The hydrogen bonded rings are  
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among the most beautiful and most versatile supramolecular synthons in crystal 

engineering.7 In general, some functional groups have strong tendency towards the 

formation of these types of cyclic hydrogen bonded synthons and some examples are 

depicted in the Figure 1.3 

 

 

 

Figure 1.3: Some cyclic hydrogen bonded synthons. 

 

1.2 Hydrogen bonded assemblies of V-shaped molecules: 

 

Development of novel building blocks with appropriate hydrogen-bond sites is an 

essence of various supramolecular architectures. Among various structures, linear and 

tetrahedral molecules are commonly used for the construction of various network 

structures.8  Irrespective of shape of the molecules, a hydrogen bonded system can be 

made by self-assembling or assemblies mediated by guest molecules. Among the 

molecules having bent geometry, V-shaped molecules have attracted significant 

attention in the supramolecular chemistry in last few decades.9 Water is the simplest 

V-shaped molecule which can acts as donor or acceptor.10 The different types of 

assemblies of water in the form of water clusters (Figure 1.4) or solvent of 

crystallisation have generated extensive chemistry and plays a major role in biological 

systems.11 Complicacy in self-assembled structures of water arises from its multiple 

donor as well as acceptor hydrogen bond sites. These can be manipulated in an 

organic V-shaped molecule, which has two sites as hydrogen bond acceptors, or two 

sites as hydrogen bond donor or combination of an acceptor and a donor. Further to 
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such wide range of possibilities to generate assemblies and host-guest systems, the V-

shaped molecules have advantage of having the shapes of cleft and scissor which 

 

 

Figure 1.4: Formation of different self-assembling by water molecules.  

 

are commonly used in molecular recognition. Moreover, the recognition of anions by 

non covalent interaction is a major interest in supramolecular chemistry. The 

molecular properties in such systems occur due to preorganised structures that 

complements with the guest geometry. V-shaped molecules also possess voids and 

pores in their solid state structures. Such voids may be occupied with guest molecules 

which controls the supramolecular architecture of the host. For example, 1,2-bis(3-

hydroxyphenylethynyl)benzene (1.1) is a V-shaped molecule which has screw type 

packing arrangement. The solid state structure has tetrahedral cavities occupied by  

 

N

O

N

NN

N

O

N

NN

OH

OH

1.1

N N

O

COOHHOOC

RR
R= CH3, C2H5,  
      CH2-CH=CH2 
      CH2C6H5   etc.

1.3

1.4 1.5

H

H

HO OH

1.2

 

 

Figure 1.5: Example of some V-shaped molecule 1.1-1.5. 
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water molecules.12 Another similar example is the packing of 3,7-dimethylbicyclo 

[3.3.0] octane-endo-3-endo-7-diol (1.2). It has V-shaped geometry and is capable of 

forming hemi-hydrates, hydrates and clathrates.13  

Urea is a V-shaped molecule and its derivatives have different types of structures.14 

Substituted urea molecules are broadly classified from structural point of view as 

symmetric and non-symmetric. A tetra N-substituted urea skeleton 1.3 (Figure 1.5) 

self-assembles to give ladder type and zig-zag packing pattern, and such packing 

patterns depend on the substituents R on the urea nitrogen atoms.15 V-shaped 

bipyridines 1.4 and 1.5 form binary co-crystals with trimesic and pyromellitic acid, 

each of them has independent network structures at ambient conditions.16  

Due to the pre-organised structure of 2,7-bis(1H-pyrrol-2-yl)ethynyl-1,8-

naphthyridine (1.6, BPN)17 has complementing hydrogen bonds with 

octylglucopyranoside (OGU) and it selectively binds to OGU (Figure 1.6). This 

selective binding has helped it to be an ultra sensitive fluorescent probe for 

octylglucopyranoside.  

N N

NN
H H

1.6

N

N

N

N
H

H

O

O O

O

O

O

H

H

H

H
C8H17

1.7  

 

Figure 1.6: The structure of 1.6 and host-guest complex of OGU with 

octylglucopyranoside (1.7). 

 

Small solvent molecules such as dichloromethane, tetrahydrofuran, chloroform, and 

benzene form inclusion compound  with 1,4,8,11-Tetrabromo-5bα,6,12bα,13-

tetrahydropentaleno[1,2-b:4,5-b']diquinoline (1.8a) and its analogue 1.8b, 1.9a and 

1.9b (Figure 1.3).18a-b The sulphur bridged diquinoline derivative 6,7,14,15-

tetrahydro-6,14-thiacycloocta[1,2-b:5,6-b']diquinoline 1.10a18c and 1.10b18d have V-

shaped geometries and they are capable of forming solvate with various solvents. 
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R

R

R= H, 1.9a
      Cl,1.9b

R= H, 1.10a
      Br,1.10b  

 

Figure 1.7: Some V-shaped diquinoline derivatives. 

 

Troger base has been used to generate various rigid structural motifs with V-shaped 

molecular scaffolds where two aryl rings are almost perpendicular to each other. This 

important shape has considerable role to recognise guest molecules and numbers of 

receptors were developed based on this structural motif. For example, the compound 

1.11 is used as colorimetric sensor for fluoride ion.19 The naphthalimide based V-

shaped receptor 1.12 is a AIE (Aggregation Induced Emission) active molecule. It 

forms fluorescent nanoaggregates and used for mercury detection via 

chemodosimetric approach.20 

 

N OO

O

S

S

NH
S

NH

O2N

NN

HN
S

HN

NO2

1. 11 1. 12
 

 

Figure 1.8: The structure of 1.11 and 1.12. 

 

The molecule 1.13 has a rigid V-shaped geometry and it contains an active carboxylic 

acid group, that helps it to act as an efficient receptor for adenine.21 It binds adenine 

through N-H···O and O-H···N interactions (1.13a and 1.13b) as illustrated in Figure 

1.9. The tetrathiafulvalene based molecule 1.14 is an efficient receptor for 
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fullerene.22a Based on similar principle V-shaped anthracene derivative 1.15 acts as a 

receptor for fullerene. The compound 1.15 shows high selectivity for C70 over C60.
22b 
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Figure 1.9: The compound 1.13 and host-guest binding with adenine. 
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Figure 1.10: The molecules 1.14 and 1.15. 

 

Apart from these, various V-shaped ligands are designed to construct coordination 

complex with diverse molecular structures. The conformation of the ligand, especially 

the angle between the two coordinating sites is the key factor to generate helical 

coordination polymers. In that sense, one of the fruitful approaches for the generation 

of helical coordination polymer is the use of V-shaped flexible ligands. A large 

number of helical coordination polymers were reported from V-shaped 
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polycarboxylic acids.23 The use of multidentate O-donor ligands with two or more 

carboxylic acid groups attached to a semi rigid V-shaped cental molecular framework 

usually generate coordination polymers of different dimensions with discrete metal 

ions as nodes. For example, 4,4'-sulfonyldibenzoicacid (1.16)24 (Figure 1.11) forms a 

3D microporous metal organic framework 1.16a (Figure 1.12a) with cadmium (II); 

which selectively absorbs CO2. The higher selectivity is attributed to the interactions 

of CO2 with two phenyl ring of the V-shaped linker. On the other hand, the 3,3',4,4'-

diphenylsulfonetetracarboxylic acid (1.17) forms coordination polymers with Co(II) 

and Mn(II) ions.25 Another V-shaped symmetrical dicarboxylic acid 4,4'-dicarboxy-

diphenylamine (1.18) generates different metal organic frameworks  in different 

solvents.26 

 

S
OO

HOOC COOH

HOOC COOH

N
H

O

OH

O

HO

S
O O

O

OH

O

HO

1.16 1.17 1.18  

 

Figure 1.11: The structure of V-shaped dicarboxylic acids 1.16-1.18. 

 

 

 
 

 

 
 

(a) (b) 

 

Figure 1.12: (a) The 3D framework 4, 4'-sulfonyldibenzoic (1.16) acid with cadmium 

(II) on (1.16a), (b) A single net of 4, 4'-dicarboxydiphenylamine (1.18) with paddle 

wheel secondary building blocks of copper (II). 
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Phthalic acid derivatives such as 4-(2-carboxyphenoxy)phthalic acid (1.19), 3-(2-

carboxyphenoxy)phthalic acid (1.20), 3-(4-carboxyphenoxy)phthalic acid (1.21) and 

4-(4-carboxyphenoxy)phthalic acid (1.22) lead to coordination polymers with 

different dimensionalities.27 Polycarboxylic acids with two benzene rings bridged by 

oxygen atom increases flexibility in phthalic acid derivatives. Such ligands are used to 

generate complexes with diverse structures. The free rotation of the two benzene rings 

around the bridged oxygen atom helps to provide specific orientation to 

corresponding coordination polymer. 

 

O

COOH

HOOC

COOH

OHOOC

COOH COOH

OHOOC

COOH

HOOC

OHOOC

HOOC COOH

1.19 1.20

1.21 1.22
 

 

Figure 1.13: The structure of unsymmetrical dicarboxylic acids 1.19-1.22. 

 

Apart from the poly-carboxylic acids, various N-donor V-shaped ligands are designed 

to construct coordination complexes of various dimensions. Due to their strong 

coordination ability, many pyridyl-containing bidentate ligands are extensively 

studied.28 For example, the bis-pyridyl ligand 1.23 reacts with group IIB transition  

 

OO

NN

OO

NN

1.23 1.24  

 

Figure 1.14: Structure of V-shaped N-donor ligands 1.23-1.24. 
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Figure 1.15: The wave-like or helical chain from bis-pyridyl ligands 1.23 and 1.24. 

 

metal ions to give isostructural one dimensional coordination polymers with wave-

like structures; whereas bis-pyridyl ligand 1.24 gives one dimensional helical chains 

(Figure 1.15).29 

Thus these discussions have clarified the extensive use of V-shaped molecules to 

make varieties of molecular scaffolds which in turn have selectivity to bind or to 

make new well defined architectures.  

 

1.3 Bis-phenol and their scaffolds: 

 

Bis-phenols are aromatic molecules in which at least two hydroxy groups containing 

aromatic rings are connected by an appropriate spacer (Figure 1.16).30 There are 

several ways to connect two phenyl rings to construct bis-phenols. However, the term 

bis-phenol is used to represent those where methylene group is present as a spacer 

between two aromatic rings bearing hydroxy groups as described by structure 1.26. 

Many bis-phenolic molecules have V-shaped geometry.  Some examples of bis-

phenols are bis-phenol A (1.27, prepared from acetone), bis-phenol F (1.28, prepared 

from formaldehyde) and bis-phenol C (1.29, prepared from dichloroketene). Bis-

phenol molecules with a methylene group as a spacer have V-shaped geometry and 

they are versatile candidate for the construction of infinite 1D chain. This is because 

of their rigid skeleton and geometrically directional H-bonding sites.  

Some of the bis-phenols and other related phenolic compounds (Figure 1.17) show 

various biological activities.31 For example, 3,4',5-trihydroxy-trans-stilbene 

commonly known as resveratrol (1.30) is an endocrine modulator that recognizes 

estrogen receptors alpha and beta (ERα and ERβ)32 as well as, it is a free radical 

scavenger.33 The bis-phenol based compound (E)-3,4-(bis)(4′-hydroxyphenyl)-3-  
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R1 R2

HO OH

where, R1, R2= H, alkyl or aryl

1.26

OHHO

OHHO
OHHO

Cl Cl

1.27

H H

1.28 1.29  

 

Figure 1.16: Example of some bis-phenols. 

 

hexene commonly known as diethylstilbestrol (1.31, DES)34 acts as a powerful 

estrogen, this compound was earlier clinically prescribed for the prevention of 

pregnancy complications. But subsequently it was prohibited due to its side effects 

such as carcinogenicity and teratogenicity.35 1,1-bis(4′-hydroxyphenyl)-2-phenylbut-

1-ene (1.32) is an synthetic bis-phenol which shows estrogenic effects.36 The 

organometallic bis-phenolic compound 1,1-bis(4′-hydroxyphenyl)-2-ferrocenyl-but-1- 

 

 

OH

HO

OH

OH

HO

OH

OH

1.30 1.31 1.32

OH

OHFe OHFe

HO
O

OHFe

1.33 1.34 1.35  

 

Figure 1.17: Structure of some biologically active bis-phenols. 
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ene  (1.33) shows strong antiproliferative effect in breast cancer cell lines.31b On the 

other hand its regioisomer 1,2-bis(4′-hydroxyphenyl)-2-ferrocenyl-but-1-ene (1.34) 

shows only modest effect on these cell lines.31b The cytotoxicity of the compound 

1.33 is due to the conversion of phenol to quinoid (quinine methide, 1.35) via 

ferrocene oxidation. 

Bis-phenols having V-shaped geometry can be modified to give different 

macromolecular architectures37 and polymers.38 For example, bis-phenol A based 

mixed donor types macrocyclic Schiff base 1.36 can be use for the extraction of 

trivalent iron and gallium.39 The phenolic hydroxy groups in the Schiff base moiety  

 

CH3

CH3

OHHO

N N

N N

CH3

CH3

OHHO

1.36

OO OO

1.37

OMe

H H

OMe
OH2COOH2C O

1.38

n

m

 

 

Figure 1.18: The structure of bis-phenol base macrocycle 1.36 and copolymer 1.38. 

 

additionally contribute to the complexation and extraction of iron (III) and gallium 

(III). Another example of bis-phenol A based receptor is the calixarene containing co-

polyether 1.38 (Figure 1.18), which has Ag+- binding properties. The Ag+- binding 

property of 1.38 is found to be more than hundred fold that of the tetra-propoxy 

derivative calix [4] arene tetrapropyl ether 1.37.40 

Bauer et al. reported a series of isomeric phosphorous-containing cryptands starting 

from bis-phenol A and PCl3 (equation 1.1).41 The condensation of dichlorophosphite 
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(1.39) with different bis-phenols lead to macrocyclic phosphite of different size 

depending on the geometry of the bis-phenol employed.42 The use of the flexible 

trinuclear bis-phenol 1.40, results in the formation of dimeric macrocycle 1.41 in 

moderate yield through [2+2] type of macrocyclocondensation reaction (Equation 

1.1), whereas the use of binuclear bis-phenol 1.42 leads to the formation of both 

dimeric 1.43 and trimeric macrocycle 1.45 in equal amounts. On the other hand the 

use of linear 1,1-biphenyl-4,4-diol (1.43) led to a tetrameric, square, macrocyclic 

phosphite 1.46 (Figure 1.19). 

 

O

P
Cl Cl

OHHO OO

O O

OPO P

+

TEA, toluene
rt, 24 hrs1.39

1.40 1.41
 

 

Equation 1.1: Condensation of dichlorophosphite with bis-phenol 1.40. 
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Figure 1.19: Example of some phosphorous-containing cryptands derived from bis-

phenol. 

 

Bis-phenols are the raw materials for the synthesis of various polycarbonates.43 

Brunelle et al. described an efficient route (Equation 1.2) for the synthesis of 

macrocyclic aromatic carbonates which provides a mixture of cyclic oligomers (from 

dimer to docsamer).44 The cyclic oligomeric carbonates based on bis-phenol A (1.47) 

are anionic in nature. The ring opening polymerization of these cyclic oligomers leads 

polymers (1.48) with molecular weight significantly higher than possible with 

conventional procedures.   

 

HO OH ClOCO OCOCl

O O

OO

OO

n

O O

O

m

Cl2C=O

NaOH, CH2Cl2

Et3N, NaOH
CH2Cl2

catalyst

heat

m= 50- 1000

n= 1- 20

1.27

1.471.48  

 

Equation 1.2: Synthesis of polycarbonate (1.48) from bis-phenol A. 
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1.4 Supramolecular chemistry of bis-phenols: 

The assembling of bis-phenols are generally guided by various strong and weak 

interactions such O-H···O, C-H···O, C-H···π interactions.1, 2 Besides these, in many 

bis-phenols π-π, N-H···π, O-H···π interactions plays crucial roles.45 Strong directional 

O-H∙∙∙O interactions are generally characteristics of bis-phenolic compounds to form 

various hydrogen-bonded motifs such as dimer, cyclic oligomers, linear chains etc as 

shown in the Figure 1.18.46 The hydroxy groups of phenolic derivatives are more 

acidic than that of alcohols, and hence they can act as hydrogen bond donors towards 

suitable hydrogen-bonding acceptors. However, in certain cases, the oxygen atom of 

the hydroxy group of the phenol can also appear as an efficient hydrogen bond 

acceptor. Thus, it is reasonable to expect that the presence of two such O-H groups 

would impart intrinsic molecular and supramolecular dimensions to bis-phenols.  In 

this regard, the hydrogen-bonded assemblies of bis-phenols are interesting because 

they lead to the formation of various network structures.  
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Figure 1.20: Some representative typical weak interactions observed in the self 

assemblies of hydroxy group containing compounds (a) dimer, (b) tetrameric ring, (c) 

hexameric ring and (d) infinite 1D chain. 

The bis-phenol, bis(4-hydroxyphenyl)(phenyl)-methane (1.48) has T-shaped geometry 

and one of the hydroxyl groups of six bis-phenol molecules are H-bonded via a single 

water molecule to form cyclic hexameric network (Figure 1.22).47 The remaining OH 

groups of each bis-phenols participate in the formation of triangular type of 

arrangement. On the other hand the unsolvated form of methyl substituted analogue of 
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1.48, bis (4-hydroxy-3, 5- dimethylphenyl)(phenyl) methane (1.49) forms infinite zig-

zag chain through O-H∙∙∙O interactions.48 The H-bonding pattern of 1.49 is different  

OHHO
OHHO

Where, R = H      (1.49), OH   (1.50), NO2    (1.51)

                   CHO (1.52), NH2  (1.53), NMe2 (1.54)

1.48

R

H
H

 

Figure1.21: Structure of bis-phenols 1.48-1.54. 

from 1.48, indicating that the presence of methyl substituent ortho- to the hydroxy 

group restricts the orientation of the O-H∙∙∙O bonds along with a concomitant 

reduction of the hydrogen bond strengths. 

 

Figure 1.22:  Hexameric network ‘A’ and triangular network ‘B’ in self-assembly of 

bis-(4-hydroxyphenyl)(phenyl)-methane (1.48). 

Bis-phenols and its related poly-phenols also have tendency to form inclusion 

compounds with aromatic guest molecules. For example, the tris-phenol 1.50 form 

1:1 inclusion compound with toluene47 where the hydroxy groups of the host 

molecule (1.50) forms a cyclic hexamer through O-H∙∙∙O interactions (Figure 1.23). 

The toluene guest molecules are included between the molecules of 1.50 and this lead 

to column-like structures. On the other hand, nitro substituted bis-phenol 1.51 forms 

1:1 inclusion compound with benzene. In this case, the bis-phenol molecules self-

assemble via intermolecular hydrogen bonds that involves the hydroxy groups of the  
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Figure 1.23: Cyclic hexamer generated by O-H∙∙∙O hydrogen-bonding interactions in 

1.50•Toluene inclusion complex.  

phenol as donors and the nitro groups as acceptors resulting in two-dimensional 

network structure. Each of the two-dimensional networks contains cavities, which are 

occupied by the benzene molecules.  

Similarly, bis-(4-hydroxy-3,5-dimethylphenyl)(4-formylphenyl)-methane (1.52) from 

1:1 molecular complex47 with benzene where O-H···O interaction between the 

hydroxy groups of the phenol and the carbonyl group generates a molecular ladders 

that extend parallel to the [010] plane (Figure 1.24a). Each of these ladders assembles  

 

 

 
 
 

 
 
 

(a) (b) 

Figure 1.24: (a) Formation of molecular ladders by 1.52, which accommodates 

benzene molecules, (b) Intermolecular hydrogen bonding between the acetonitrile 

molecules and bis-phenol (1.54). 
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anti-parallel to each other generating cavities of dimension ~7.0×8.2 Å, which are 

large enough to accommodate the benzene molecules. Bis(4-hydroxy-3,5-

dimethylphenyl)(4-aminophenyl) methane (1.53) forms 1:1 inclusion complex with 

toluene. 

Bis-phenols form inclusion compounds with polar guest molecules such as methanol 

and acetonitrile. For instance, bis(4-hydroxy-3,5-dimethylphenyl)(4-N,N-dimethyl-

aminophenyl) methane (1.54) forms 1:1 inclusion complex with acetonitrile.49 In the  

acetonitrile solvate 1.54, the bis-phenol molecules are linked by intermolecular O-

H∙∙∙O hydrogen bonds to  form one-dimensional chains (Figure 1.24b). 

The self-assemblies keto bis-phenols 4,4'-bis-(4-hydroxyphenyl)cyclohexanone (1.55) 

and 4,4'-bis-(3-methyl-4-hydroxyphenyl)cyclohexanone (1.56)50 consist of hydrogen 

bonded network and both the structures have two symmetry independent molecules in 

their respective unit cells. The compound 1.55 forms self host-guest complex where 

one set of molecules form square network through strong O-H···O interactions, 

having channel like structure and the other set of molecules are incorporated in to 

these channels (Figure 1.26a). 

1,1-bis-(3,4-dihydroxyphenyl)cyclohexane (1.56) forms a novel  replica as organic 

zeolite structure upon spontaneous self aggregation.51 The molecule 1.56 forms 

inclusion complexes with benzene and p-xylene, where the host molecules self  

O

O O
HH

H-bond acceptor site

H-bond acceptor site

H-bond donor siteH-bond donor site

1.55

HO OH

OH OH

1.56     

Figure 1.25: Structure of bis-phenol 1.55 and 1.56.           
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(a) (b) 

 

Figure 1.26: (a) Self host-guest complex formed by bis-phenol 1.55, (b) Fused H-

bonded ring to form a sheet-like structure of the host molecules in the crystal structure 

of benzene and p-xylene complex of 1.56. 

 

assembles through intermolecular R4
4(8) and R4

4(10) types of cyclic O-H···O 

interactions (Figure 1.24b).52,53  

Bis-phenol A (1.2) and its derivatives 2,2′-bis(4-hydroxy-phenyl)hexafluoropropane 

(1.58) and 4,4′-methylenediphenol (1.59) forms charge transfer complexes with 

electron acceptors such as p-benzoquinone (1.60).54 Thus p-benzoquinone can be used 

as visible indicator for these bis-phenol derivatives as different bis-phenols give 

different color with p-benzoquinone in solid state. 

R

R

HO OH

R = Me (1.27), R = CF3(1.58), 
R = H(1.59)

O

O

Benzoquinone(1.60)

 

Figure 1.27: Structure of bis-phenol 1.27, 1.58, 1.59 and benzoquinone (1.60). 

 

Bis-phenols and its related poly-phenolic compounds are known to form ladder like 

structures which are comparable with the metal organic frameworks. The first 

deliberate attempt to construct a purly organic ladder was by Desiraju et. al.55 and 

they designed an organic T-shaped molecule 4,4-bis(4-hydroxyphenyl)-1-

cyclohexanol (1.61), which self assemble via three intermolecular O-H···O hydrogen 
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bonds to form a ladder with two alternating cavities (rung-to-rung distance 5.6 Å and  

7.5 Å, Figure 1. 29). This was the first example of organic ladder which provides a 

direct comparison between metal organic framework and purely organic ladder 

framework.  

 

OH

OH

OH
H

1.62

OH

HO OH

1.61  

 

Figure 1.28: Structure of bis-phenol 1.61 and 1.62. 

 

 

 

 

Figure 1.29: The purely organic ladder based on 4,4-bis(4′-hydroxyphenyl)-1-

cyclohexanol (1.61). 

 

T-shape molecule 1.55 also forms 1D ladder host-guest framework in solid state.56 

The ladder accommodates aniline, phenol, o-cresol, m-cresol, o-chlorophenol and m-  

bromophenol and demonstrates its utility as versatile substrate for tecton formation 

(Figure 1.30). On the other hand the assembling of this T-shaped compound changes 

to 2D brick type structure when o-fluorophenol or m-fluorophenol is employed as 

guest. It exhibit high selectivity for aniline, as well as they are capable of 

accommodating both aniline and phenol within separate cavities by disrupting the 

strong aniline···phenol hydrogen bonds. 
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(a) (b) 

 

Figure 1.30: Formation of 1D ladder by 4, 4-bis (4-hydroxyphenyl)-1-cyclohexanone 

(1.55) on (a) simultaneous inclusion of aniline and phenol, (b) inclusion of m-

bromophenol.  

 

The triphenol 1.62 (Figure 1.28) forms a distorted 1D ladder like structure through O-

H···O interaction from the neighboring chains of the host molecules.57 The triphenol 

1.62 also forms ladder type assemblies with pyrazine,58 where pyrazine molecules 

acts as a rung between two hydrogen bonded rod like structure of the host molecules 

through O-H···N interactions (Figure 1.31). On the other hand, the molecules of 1.62 

also form 1:1.5 host-guest complex with 4, 4'-bipyridine where the host molecules 

form H-bonds with the 4,4' -bipyridine molecules through O-H···N interactions. 

These results in formation of 2D sheets and these sheets undergo 4-fold 

interpenetration to give a 3D network structure.  

 

 

Figure 1.31: Formation of the ladder type arrangement of the 1.62• pyrazene 

complex. 
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The sterically hindered and rigid C3-symmetric molecular tectons 1.63 and 1.64, self-

assembles through O-H···O interaction to give eight fold interpenetrated hexagonal 

(6, 3) and two fold interpenetrated square (4, 4) networks (Figure 1.33a) 

respectively.59 Such interpenetrated structure get destroyed in the presence of [18]- 

crown-6 as guests. The guest [18]-crown-6 molecules are found to nicely fit in these 

hexagonal voids formed by 1.63. The empty spaces in the crown ethers are further 

occupied by neutral (methanol/water, methanol/acetonitrile) or ionic guest species 

such as KI/ KAcAc (where AcAc is acetylacetone) (Figure 1.33b) to generate novel 

multi-component assemblies in a host ⊂ guest ⊂ guest manner. On the other hand the 

triphenol host 1.64 also forms analogous multi-component molecular complexes 

where crown-K+ acts as s spacer in the hydrogen bonded self assembly leading to 

wire-like networks.   

R R

R

R

R R

R = OH,      1.63

OH

R = , 1.65

R = OH,      1.64

OH

R = , 1.66

 

Figure 1.32: The structure of trisphenol 1.63-1.66. 

 
 
 

 
 
 

 

 
 

(a) (b) 
 

Figure 1.33: (a) Doubly interpenetrated square (4, 4) net formation by host molecules 

in ethylacetate solvate of trisphenol 1.64, (b) The honeycomb pattern of 1.63 which 

includes 18-crown-6•K-AcAc in the hexagonal voids in a guest ⊂ guest ⊂ host 

manner.  
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The extended triphenol 1.65 also forms multi-component molecular complex with 

[18]-crown-6; which includes benzene and acetonitrile as second set of guest 

molecules.60 In this case the crown ether acts as spacer to form hexameric assembly 

and the assembly is highly porous to undergo interpenetration. Whereas the 

compound 1.66 self-assembles with [18]-crown-6 as a spacer to afford self-

interpenetrated pseudohexagonal (6, 3) net.60 

The cooperative effect helps in the formation of self-assembly of tetraphenol 1.67. In 

the assembly of 1.67, each molecule of tetraphenol involves in total eight O-H···O 

bonds with four symmetrically orientated neighbours.57 This leads to the formation of 

an eight member finite ring type of O-H···O hydrogen bonds (Figure 1.34). The 

tetraphenol 1.67 forms 1:2 and 1:1.5 complex with 4,4'-bipyridine and 1,2-bis(4-

pyridyl)ethylene respectively.61 

 

 

 

 

OH

OH

HO OH

1.67

H

 

 

 

 

Figure 1.34: Formation of eight member ring of O-H···O interactions in the crystal 

structure of the tetraphenol 1.67. 

 

Bis-phenol based compound 1,1,2,2-tetrakis(4-hydroxyphenyl)ethane (1.68, TEP) 

forms inclusion compound with N-donor compounds. It was used as a complexing 

agent for the separation of N-donor guest molecule. 62a, 62b The TEP molecule forms  

1: 2 inclusion complex with 5-chloro-2-methyl-4-isothiazolin-3-one (1.69).62c 
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OH

OHHO

HO

S
N

O

1.68 1.69  

 

Figure 1.35: Structure of tetra-phenol 1.68 and 5-chloro-2-methyl-4-isothiazolin-3-

one (1.69). 

 

Nangia et al. reported a series of  compounds where the two bis-phenol molecules are 

connected by a covalent linker to adopt H-shape.63,64 These H-shaped tetra-phenols 

self-assembles to give various architectures such as 1D ladders, interpenetrated 

ladders, 2D hexagonal sheets or poly-catenated 3D frameworks. In the guest-free 

form of 1.70, the molecules form a 1D→1D interpenetrated ladder structure (Figure 

1.37a-b). In ethyl acetate and DMSO solvate of 1.70, the host molecules form 1D 

ladder through phenol O-H···O interactions. However, the difference between the two 

solvate is that, in case of the ethyl acetate solvate, the solvent molecules are connected 

to the sides of the ladder whereas, in case of the DMSO solvate the solvent molecules 

act as a connector between the OH groups through O-H···O interactions (Figure 1.38a 

and 1.38b). The difference in the O-H···O bonds of the two structure is attributed to 

the stronger H-bond accepting ability of DMSO compared to ethyl acetate. Hence the 

hydrogen bonds between the host molecules65 can be disrupted easily by DMSO.  

 

 
HO

HO OH

OH MeO

MeO OMe

OMeOH

OMe OH

OMe

HO

MeO

MeO

HO

1.73

R1

R2

R1

R2

R1

R2

R1

R2

R1 = R2 = H (1.70)
R1 = H, R2 = Me (1.71)
R1 = R2 = Me (1.72)

 
 

 
 

 
         
               H-shape of 1.70-1.72 
 

Figure 1.36: Structure of tetra-phenol 1.70-1.72. 
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(a) (b) 

 

Figure 1.37: (a) and (b) Double interpenetration of inclined ladders in the guest-free 

form of 1.70. Symmetry-independent molecules are shown in different colour. 

 

Similar types of 1D ladder of the host molecules was observed in the isopropanol, 

dioxane and acetonitrile solvate of 1.70; acetonitrile solvate of 1.71 and acetonitrile, 

DMSO, toluene, nitromethane solvate of 1.72; dioxane and DMSO solvate of 1.73.64 

In the DMF solvate of 1.72, the host molecules form 2D→2D interpenetrated 

honeycomb nets. In this case the hexagonal net expands in 2D and another (6, 3) net 

intertwines in a parallel fashion which is an example of interpenetration through Hopf 

link (Figure 1.39). This can also be simply defined as two interlocked rings that can 

only be separated by cutting open one ring.64 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

 

Figure 1.38: The ladder like network of (a) ethylacetate and (b) DMSO solvate of 

1.70, (c) Schematic presentation of a ladder network. 
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(a) (b) 

 

Figure 1.39: (a) Parallel 2D→2D 2-fold interpenetration of 1.72 in its DMF solvate, 

(b) A Hopf link. 

 

Introduction of a bipyridine spacer to the H-shaped tecton66 also leads to the 

formation of a 1D ladder 1.70•2(4,4'-bpy), which self-assembled through O-H···N 

interactions between the bipyridines and the H-shaped units (Figure 1.40). The 

introduction of the linear spacer increased the rung-to-rung distance from 11.3 Å to 

20.2 Å. 

 

 

 

Figure 1.40: The self-assembly of 1.70• (4, 4'-bpy) into a 1D ladder. 

 

Aoyama et al. reported another H-shaped molecules 9,10-bis-(2,5-dihydroxy-1-

phenyl)anthracene (1.74)67 that forms a 1D ladder like structure, which is a multi-

dimensional host system that incorporates solvents molecules as guest. Specifically, 

the diol functionality of 1.74 self-assembled through intermolecular O-H···O 

interactions to give a ladder like structure where the anthracene units act as rung. The 

guest ketone molecules incorporate in between the rung of the ladder through O-

H···O=C interaction (Figure 1.41). The framework exhibited selectivity for smaller 

ketones that provided a better fit for smaller cavities.   
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Figure 1.41: Acetone recognition by 9, 10-bis-(2, 5-dihydroxy-1-phenyl) anthracene 

(1.74). 

 

The guest inclusion behaviour of 1.75 and 1.76 were studied by Moorthy et al.68 with 

various aromatic guest such as benzene (B), nitrobenzene (NB), benzonitrile (BN), o-

dichlorobenzene (C) and pyridine (P). The pyrene based tetra-phenol 1.75 self-

assembles through O-H···O interaction and has an inherent property for the inclusion 

of two or more guest molecules simultaneously. For example, tetra-phenol 1.75 can 

simultaneously incorporate benzene and nitrobenzene or pyridine and o-

dichlorobenzene to give 1.84•B•NB and 1.84•C•P. Like tetra-phenol 1.75, its half 

component bis-phenol 1.76 also undergoes O-H···O hydrogen-bonded self-assembly, 

but the formation of these types of ternary complexes was not observed in case of 

1.76.  Indeed, the inclusion compounds of 1.76 with benzene (1.76•B), benzonitrile 

(1.76•BN), nitrobenzene (1.76•NB) and o-dichlorobenzene (1.76•C) exhibit packing 

equivalence despite the fact that the crystals of 1.76•C correspond to P-1, while those 

of all others correspond to P21/c.  

 

  

 

Figure 1.42: Structure of tetra-phenol 1.75 and 1.77 and bis-phenol 1.76. 
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Moorthy et al. reported another tetra-phenol molecule 1.77,69 which includes guest 

molecules such as ethyl formate, ethyl acetate and ethanol etc in its crystal lattice. The 

tetraphenol 1.77 forms a helical self-assembly based on O-H···O interactions in all 

the three dimension which results in the creation of channels in the lattice (Figure 

1.43). 

 

Figure 1.43: The crystal packing of the tetraphenol 1.77 showing the formation of the 

channels. 

 

1.5 Polymorphism in bis-phenols: 

 

McCrone70 defined polymorphism as “the existence of a solid crystalline phase of a 

given compound resulting from the possibility of at least two different arrangements 

of molecules of that compound in the solid state”.  Polymorphism is a common 

phenomenon in organic solids.71 Versatility in packing patterns arising from 

conformational flexibility or due to the presence of more than one molecule in the unit 

cell to give higher Z′ value causes polymorphism in bis-phenols.72 For example, 1,1-

bis(4-hydroxyphenyl)cyclohexane (1.78) has two polymorphs, and it arises due the 

difference in Z'-values in their respective unit cells. 73 

 

 

 

Figure 1.44: Structure of bis-phenol 1.78 and 1.79. 
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(a) (b) 
 

Figure 1.45: The two polymorphs of 1.79, (a) Chair cyclohexane rings of O-H···O 

interactions in the polymorph 1.79a, (b) Infinite H-bonded chain in the polymorph 

1.79b. 

 

2,2′,6,6′-tetramethyl-4,4′-terphenyldiol (1.79) has two polymorphic forms. In one 

polymorph one of the hydroxy group of 1.79 forms cyclohexane ring through           

O-H···O interactions, whereas in the other polymorph the hydroxy groups form 

infinite hydrogen bonded chain through O-H···O interactions (Figure 1.45).        

 

1.5 Anion assisted assemblies of bis-phenol: 

 

Despite large number of literature available on bis-phenols, there are limited data on 

structural and molecular recognition by hetero-atom containing bis-phenols. One such 

example is encapsulation of reactive methyl and ethyl sulphate anion in the 

supramolecular assembly of protonated pyridinium bis-phenols.75 The protonated  

 

 

 

Figure 1.46: Structure of bis-phenol 1.80-1.82. 
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Equation 1.3: Protonation of bis-phenol 1.81 with hydrofluoric acid under two 

different conditions. 

 

form of 2-[bis(4-hydroxy-3,5-dimethyl-phenyl)methyl]pyridine (1.80) stabilized 

methylsulphate anion where the methylsuphate anion are held in the assembly of 

protonated host molecule through intermolecular O-H···O hydrogen bond interactions 

involving the hydroxy group of the bis-phenols. Similarly, 4-[bis(4-hydroxy-3,5-

dimethylphenyl)methyl]pyridine (1.81) stabilizes the ethylsulphate anion in its 

supramolecular assembly through two O-H···O and one N+-H···O interactions.  

The bis-phenol 1.81 stabilizes the HF2ˉ anion in the form of their protonated 

assemblies.76 The protonation of bis-phenol 1.81 with hydrofluoric acid in aqueous 

methanol led to two polymorphic H2F2 salt of the compound viz, the monohydrated 

H2F2 salt of bis-phenol 1.81 (1.81a) and 1: 1 salt of bis-phenol 1.81 with H2F2 (1.81b) 

(Equation 1.3). The structure 1.81b contains edge-to-face approach (L-shape aromatic  

 

 

 
 

 
 
 
 
 

 
 
 

(a) (b) 

 

Figure 1.47: (a) Intermolecular hydrogen bond interactions in the H2F2 salt of bis-

phenol 1.82. (b) Hexameric network in the H2F2 salt of bis-phenol 1.82. 
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C-H···π interactions) of the pyridinium ring to one of the 2, 6-dimethylphenol units 

whereas the structure 1.81a contains the end-to-face C-H···π interaction (point-to-face 

or T-shape aromatic C-H···π interaction) of the pyridinum ring with the 2,6-

dimethylphenol unit. In the H2F2 salt of the bis(4-hydroxy-3,5-dimethylphenyl)(4-

aminophenyl)-methane (1.82), the HF2ˉ anion has extensive H-bonding with five 

protonated molecule of the bis-phenol and have characteristic short F···F interaction 

(2.195 Å).  The structure has an interesting hexameric network structure as shown in 

the Figure 1.47. 

 

1.6 Coordination chemistry of Bis-phenols and their derivatives: 

 

The metallo-supramolecular chemistry involves the combination of organic ligands 

and metallic reagents for the construction of both discrete and polymeric assemblies.77 

Many bis-phenols e.g, 2,2'-methylene-bis(6-tertbutyl-4-methyl-phenol) (MBMPH2, 

1.83) and 2,2'-ethylidene-bis(4,6-di-tert-butyl-phenol) (MDBP-H2, 1.84) have been 

used for long time in the transition metal chemistry. These ligands are found to act as 

dianionic ligand under strongly basic condition that can provide stereochemically 

rigid framework for the metal and as a result they could affect stereo specific 

transformations.78, 79 

 

 

Figure 1.48: Structure of bis-phenol 1.83 and 1.84. 

 

Zhang et al. reported80 the titanium complex [(MBMP)Ti(CH2Ph)2] (1.86) of 2,2'-

methylene-bis(6-tertbutyl-4-methyl-phenol) (MBMPH2, 1.83)  by the reaction of 

[(MBMP)TiCl2] (1.85) with PhCH2MgCl in diethylether whereas the similar reaction  
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Equation 1.4: The reactivity of 1.85 with PhCH2MgCl and PhLi. 

 

of 1.85 with PhLi gave [(MBMP)Ti(Ph)2] (1.87) and an unexpected ether bridged 

compound {[(MBMP)-Ti(Ph)]2(OEt)2} (1.88) via carbon oxygen bond cleavage of 

solvent ether (Equation 1.4). On the other hand, the reduction of 1.87 by one 

equivalent of LiBEt3H in THF solvent gave titanium-(III) salt [Ti(MBMP)2.Li(THF)2] 

(1.89).  

Alkali metal alkoxides have shown excellent catalytic activity toward ring opening 

polymerization reaction (ROP) of lactones and lactide when the complexes are 

supported by sterically demanding ligands.78 Many metal complexes supported by 

bis-phenols based ligands have been developed and used as catalytic/ initiating 

systems for ring opening polymerization (ROP) of lactides.78,79 Among them the 

sodium complexes of these types of ligands are of special interest as sodium is non-

toxic and essential for human life.81 Miller et al. reported  discrete sodium complex 

1.91 from 2,2′-ethylidenebis(4,6-di-tert-butylphenol) (EDBP-H2 1.90)82, which is used 

in controlled ring opening polymerization of  lactides (Equation 1.5).  
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Figure 1.49: The structure of 2,2′-ethylidenebis(4,6-di-tert-butylphenol) (EDBP-H2, 

1.90) and its sodium complex 1.91. 

 

 

 

Equation 1.5: Ring opening reaction of lactide catalysed by 1.91. 

 

Lin et al. reported83 a bis-phenol based aluminium complex [(EDBP)Al(µ-OiPr)]2 

(1.93), by the reaction of [(µ-EDBP)AlMe]2 (1.92) with 2-propanol at ambient 

temperature and it showed excellent catalytic activity towards the hydrogen transfer 

reaction between aldehyde and 2-propanol in Meerwein-Ponndorf-Verley (MPV) 

reactions.  

 

 

 

Figure 1.50: The structure of the aluminium complex 1.92 and 1.93 of EDBP-H2 

(1.90). 

 

Zhao et al. reported84 the crystal structure of the two sodium complex  [(μ3-

MDBP)Na2(THF)2]2[(μ3-OCH2CH2OCH3)Na]2 (1.94) and [(μ1-MDBP)Na(μ2-H2O) 
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(THF)]2(THF)2 (1.95) of  MDBP-H2 (1.84) (Figure 1.51). The first was obtained from 

the reaction of MDBP-H2 with sodium metal in presence of 2-methoxyethanol in 

toluene followed by the removal of the solvent and crystallization from THF/ hexane  

 

Figure 1.51: The structure of sodium complexes 1.94 and 1.95.  

 

whereas, the second complex was obtained from the reaction of MDBP-H2 (1.84) with 

sodium hydroxide and crystallization from THF/hexane. The complex 1.94 efficiently 

initiates ring opening polymerization of L-lactide, yielding polymers with narrow 

polydispersity indexes. 

Chen et al. reported85 a series of titanium heterometallic complexes of bis-phenols 

(1.96-1.98) having lithium, sodium, magnesium and zinc as other counterpart. These 

complexes show activity for the controlled ring opening reactions of L-lactides. 

 

 

 

Figure 1.52: The structure of bis-phenol 1.96-1.98. 
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Wu et al. reported86 mixed aluminium-sodium inverse crown ether complex of bis-

phenol 1.90 and this is the first example of bulky phenol ligand supported inverse 

crown ether complex (Figure 1.53). The structure of the complex 1.99 contains 

discrete eight member Na2Al2O4 ring made up of alternating oxygen and metal atoms 

(Figure 1.53). The oxide ion occupies the core of the ring to make neutral complex. 

 

 

 

 

  

 

Figure 1.53: The crystal structure of bis-phenol supporting aluminium-sodium 

inverse crown ether complex 1.99. 

 

Generally, in oxo-inverse crowns the oxygen atoms occupy the centre of square 

planner geometry87, but in this case, the central oxygen atoms are in non-planner 

geometry. This probably happens due to the presence of two tetrahedral aluminium 

centres in the complex 1.99.88 

Aroma et al. reported89 a pyrazolyl based bis-phenol namely, 2,6-bis(5-(2-

hydroxyphenyl)-pyrazol-3-yl)benzene (BPBH4, 1.100). This multi-donor ligand 

formed mixed valence [CoIII
2CoII

2] tetra nuclear complexes 

[Co4(BPB)2(OH)(AcO)(py)4] (1.101) and [Co4(BPB)2(OMe)(AcO)(py)4] (1.102). The 

former is a hydroxo-bridged complex and the later is methoxy-bridged complex 

(Figure 1.54). Out of the four cobalt ions in the complexes 1.101 and 1.102, the 

central ions Co(II) are paramagnetic whereas the external Co(III) ions are 

diamagnetic. 
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(a) (b) 

 

Figure 1.54: (a) The structures of hydroxo bridged complex [Co4 

(BPB)2(OH)(AcO)(py)4] (1.101) and  (b) Methoxy bridged complex [Co4(BPB)2 

(OMe)(AcO)(py)4] (1.102). 

 

Some thio-ether based bis-phenolato aluminium complexes (1.103-1.106)90 (Figure 

1.55) were reported by Hernandez et al. These complexes showed catalytic activities 

towards [4+2] Diels-Alder reaction of methacrolein and cyclopentadiene (Equation 

1.6) with good regioselectivity towards the exo-product. 

 

 

 

Figure 1.55: Structures of the aluminium complexes 1.03-1.106.  
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Equation 1.6: [4+2] cycloaddition between methacrolein and cyclopentadiene. 

 

The complex 1.106 showed the best regio-selectivity (99%), but through a low 

conversion ratio (10%) on the other hand the complex 1.105 showed a less regio-

selectivity (90%) but with a higher conversion ratio of 65%.   

Flexible dicarboxylic acids with V-shaped geometry23 are good candidate for the 

construction of coordination polymers as compared to bis-phenol. The carboxylates 

can bind to a metal in a chelating manner and thereby increase the stability of 

transition metal organic frameworks. Zheng et. al. reported91 Coordination polymers 

of bis-phenol based dicarboxylic acid, 4,4'-[isopropylidenebis(p-

phenyleneoxy)diacetic (BPAH2, 1.107) with Cd(II), Zn(II) and Pb(II). The ligand 

BPAH2 (1.107) formed 1D zig-zag coordination polymer of cadmium  

 

 

 

 

 

Figure 1.56: Structure of the bis-phenol based dicarboxylic acid 1.107 and its 1D 

cadmium coordination polymer 1.108.  
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{[Cd(BPA)(H2O)2]n} (1.108) (Figure 1.56), whereas it forms a 2D coordination 

polymer with Zn(II) having hexagonal cavities. On the other hand, BPAH2 forms a 

hetero-metallic 3D coordination polymer of sodium and Pb(II) which possesses 

different types of isolated channels. 

 

1.7 Scope of the present work: 

 

From the foregoing discussion it is clear that bis-phenol and its analogues V-shaped 

compounds are suitable building blocks for crystal engineering. Various 

supramolecular networks such as zig-zag chain, helix, different interpenetrating 

ladders, and honey comb nets were generated from such molecules. The self 

assemblies of discrete bis-phenol molecules leading to supramolecular architectures 

serve as host and have vast possibility for guest binding.30c Thus, these compounds act 

as hosts for various aliphatic as well as aromatic guest molecules. Some of them were 

used for the selective separation of small organic molecules.62 The studies on 

hydrogen bonded assemblies of bis-pheols with trigonal geometries would enable to 

study bottom up approach to make various assemblies for molecular recognitions. 

Although there is vast literature on bis-phenols, yet there is large scope to study the 

nitrogen containing bis-phenols as the complexity in the weak interactions can be 

enhanced by structural variations. Due to the limited literatures on nitrogen containing 

 

 

Figure 1.57: Some representative ways of weak interactions in the self-assembling of 

imidazole based bis-phenols. 
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bis-phenols, their host-guest chemistry is poorly understood.75,76 Thus, the ability to 

form solvate and substrate binding by nitrogen containing bis-phenols need clear and 

systematic understanding. 

Generally, bis-phenols and its related phenolic compounds possess O-H···O 

interactions in solid state. The introduction of one or more electronegative heteroatom 

such as nitrogen in one of the aromatic rings of triphenylmethyl bis-phenol would 

provide an additional interaction leading to a new dimension to the supramolecular 

chemistry of bis-phenols (Figure 1.57). Furthermore, such protonated heteroatom 

would interact with different anions to give rise to new charge assisted assemblies of 

bis-phenols. Thus, we have chosen to perform a systematic study by attaching 

heterocyclic component such as imidazole unit to bis-phenols to understand their 

assemblies and substrate binding abilities. 

Intermolecular interactions involving halogen atom, particularly the fluorine requires 

more attention in the field of organic crystal engineering92 and there are also 

considerable crystal engineering on fluoro-phenols and other halo-phenols.93 The 

advantage of using fluorine substituted organic compound is not only from the 

solubility and other related physical properties but it can also influence biological 

activity such as enzyme-substrate recognition94 without changing its molecular size. 

Recrystallisation of fluorophenols under different  pressure  led  to  polymorphs  

which  are  differentiated  by  C-H···F-C  interactions.95  The fluorophenols  with  

high  Z'  values  are  also  reported96 and  the  cocrystals  of  penta-fluorophenol with  

phenanzine  in  different  proportions  of  host-guest  ratio  having  C-H···F-C  

interactions  are known.97 Despite  of  low  affinity  to  form  the  C-H···F-C  

interactions,  their  presence  provide  directional forces  in  fluorine  containing  

organic  compounds. Thus, fluorine containing compounds possessing other strongly 

hydrogen bond sites such as in fluoro bis-phenols may result in interesting 

supramolecular assemblies. There is lack of studies involving fluoro bis-phenols, 

which leaves avenues for understanding the role of C-F bond in their assemblies.  

On the other hand, the two hydroxy groups of bis-phenols can be easily functionalized 

to prepare various semi-rigid or flexible V-shaped molecules. Such molecules will 

have versatile inorganic chemistry and would show interesting material properties. 

Steel et al. synthesized98 some bis-phenols based polydentate ligands through 

coupling of various heterocycles to bis-phenols. These ligand can be use to construct 
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various metal organic frameworks. Moreover, various macrocyclic and mechanically 

interlocked systems such as catenane and rotaxene can be designed from bis-phenol  

 

 

 

Figure 1.58: Some example of flexible bis-phenol based ligands. 

 

precursors. For example, bis-phenol A based large-hole containing tetraphospha-

macrocycle (1.109)99 has four phosphorous centres separated at the corner of a 3.7 Å 

wide and 9.7 Å long rectangle. The macrocycle 1.109 provide a coordination space in 

which front to front type alignment is observed for small metal fragment such as 

Ag(MeCN)2.  

 

Figure 1.59: Bis-phenol A based large-hole tetraphosphamacrocycle (1.109). 

 

Bis-phenol based [2]-Catenane 1.110, forms divalent complexes with Cu(II), Fe(II) or 

Zn(II). It undergoes complete rearrangement during the coordination to the metal and 

brings the two coordinating fragments of each unit to close proximity. The interesting 

feature of 1.110 is the ability and ease to form five coordinate complexes.100 
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Equation 1.7: Reorganization of [2]-catenane (1.110) on interaction with metal. 

 

The use of a flexible or less-rigid spacer for the construction of a coordination 

complex has an added advantage as they have many degrees of freedom and a few 

conformational restraints, which can give various topologies.23 It would be of interest 

to functionalize some bis-phenols with -CH2COOH to prepare the corresponding 

dicarboxylic acids. The flexibility associated with the -CH2COOH groups and the  

 

 

 

Figure 1.60: Different coordination modes of bis-phenol based V-shaped dicarboxylic 

acids. 

rigidity associated with the bis-phenol part makes this class of ligands unique as 

different architectures for example, cyclic or zig-zag chains can be anticipates when 

these ligands attached to appropriate connections. The complicacy in predicting the 

architecture of the coordination complexes derived from these types of flexible 

ligands arises due to the different coordination modes of the carboxylate ligands. 

However, one may simplify this by restricting to one or two binding modes of 
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carboxylates leading to dinuclear complex, metallacycle or coordination polymers. 

Thus, looking at the potential of these functionalized bis-phenols to form various 

metal complexes we planned to prepare some functionalized bis-phenols, which 

would open new avenues for research. 

The work presented in this thesis devoted to the supramolecular aspects of hetero-

atom containing bis-phenols and the coordination chemistry of bis-phenol derivatives.  
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Chapter 2 

Quasi-isostructural solvates of an amino substituted bis-phenol: 

 bis(4-hydroxy-3,5-dimethylphenyl)(4-N,N-dimethylaminophenyl)methane 

 

The term isostructural relates to two crystals when they have the same structure, but 

compositions of such crystals are not necessarily being same. Such crystals should 

have a comparable variability in the atomic coordinates to that of the cell dimensions 

and chemical composition. So, in other words, isostructurality is a phenomenon in 

which two or more different systems show similar kind of structures.1 Isostructurality 

is an important issue in terms of structure-property relationship as with increasing the 

degree of isostructurality, the properties are expected to be similar. There are many 

organic2 as well as inorganic compound3 that are isostructral. For example, calcite 

(calcium carbonte)4 and nitratine (sodium nitrate)5 are the classical example of 

isostructural compounds.6 The availability of a series of isostructural solvates of a 

single compound offer a rare opportunity to study the effect of crystal structure on 

solid state properties.7 The phenomenon of solvent inclusion by a particular host is 

interesting as it may lead to the formation of new polymorphic form upon 

desolvation.8 Moreover, the presence of solvent molecules in the crystal lattice offer 

unique physical properties to the solvates.9 For example, the solubility and the 

dissolution rate of the hydrates are different from those of the anhydrous form 

resulting in the differences of the bioavailability of drugs.10 In some solvates the 

solvent molecules acts as space fillers whereas in some other solvates the solvent 

molecule is essential components of the lattice by interacting with the host molecules 

by hydrogen bonding.11 Bingham et al. classified the former types of solvates as 

inclusion compounds and the other types of solvates as co-crystals.12 A particular host 

is often found to exhibit solvation with several guests, and these solvates may be 

isostructural,13 structurally distinct14 or partially isostructural.15 It was earlier shown 

that different series of layered or lamellar structures can be built  depending upon the 

substituent present in bis-phenols, which can include benzene and toluene molecules 

as guest.16 The schematic representation of the building principle is shown in Figure 

2.1. It was observed that the bis(4-hydroxy-3,5-dimethylphenyl)(4-N,N-

dimethylaminophenyl)methane (Ambp) forms acetonitrile solvate17 rather than 
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forming solvate with toluene or benzene. This could be attributed to the inability of 

the N-dimethylamine group to participate in strong hydrogen bonds unlike OH or NH2 

groups. 

 

 

Figure 2.1:  Schematic representation of the formation of lamellar structure by 

substituted bis-phenols. 

NMe2

OO

HH

NMe2
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H
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(a) 
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Scheme 2.1: (a) The Plausible O-H···O interactions among the bis-phenol Ambp 

(2.1), (b) Some representative ways of interactions by solvent molecules at the 

junctions of hydrogen bonds. 
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Since bis-phenol 2.1 is associated with strong hydrogen bonds to form a linear 

structural network in acetonitrile, we felt it necessary to examine possibility of 

retention of such hydrogen bonded motifs by the interacting solvents, during the 

formation of various solvates. 

On the other hand, different organic hydroxy compounds form strong hydrogen 

bonds, among which hydrogen-bonded assemblies of bis-phenols and their related 

compounds are well-known for their ability to form selective host-guest assemblies.18, 

19 The role of guest molecules to influence the interactions among host molecules to 

adopt new supramolecular structures requires attention. For example, there are several 

ways in which solvent molecules can bind to a host molecule.7 The formation of a 

particular motif would depend on the ability of the solvent to break apart the hydrogen 

bond/s of the host molecules, as illustrated in the Scheme 2.1 (b). A weak hydrogen-

bond acceptor solvent will not break hydrogen bonds of self-assembled hosts, whereas 

a strong hydrogen-bond acceptor will break them apart. A moderate acceptor will 

partially break and also compete with strongly hydrogen bond former molecules from 

the environment to form different types of structures, as depicted in Scheme 2.1 (b). It 

would be of interest to look at the affect of the solvent polarity on stabilisation of a 

particular type of hydrogen bonded assembly. Besides these, the size of the guest 

molecules and the other functional groups of the host-guest assemblies participating 

in weak interactions will also determine the final packing pattern. Generally, it is a  

N
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O O
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O

N
H

N

NN

N

N
O

O

O

Ambp (2.1)

Acetone DMSO DMA Morphilne

Piperidine DABCO 1. 4-dioxane DBU  

 

Figure 2.2: The structure of the bis-phenol Ambp (2.1) and the solvent molecules 

used in the study.  
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challenge to identify a host molecule which will form substantial numbers of solvates 

with various guest solvent molecules.20 We find that bis(4-hydroxy-3,5-

dimethylphenyl)(4-N,N-dimethylamino phenyl)methane (Ambp, 2.1) is a suitable host 

for various small molecules, which are shown in Figure 2.2. In this chapter we present 

a  comprehensive study to narrate the role of weak interactions of solvent molecules 

in stabilizing different structural motifs around the bridging hydrogen bonds (scheme 

2.1a and 2.1b) in the self-assembly of the host Ambp (2.1). Moreover we are also 

emphasising on the retention or variation of the packing of the host molecules with 

changing the guest molecules. 

 

2.1 Synthesis and characterization of bis(4-hydroxy-3,5-dimethylphenyl)(4-N, 

N-dimethylaminophenyl)methane (Ambp) 

 

The bis-phenol bis(4-hydroxy-3,5-dimethylphenyl)(4-N,N-dimethylaminophenyl) 

methane (Ambp, 2.1) was synthesised by condensation of N,N-4-dimethylamino-

benzaldehyde and 2,6-dimethylphenol under acidic conditions using a reported 

procedure.17 The compound was characterised with various spectroscopic techniques 

such as IR, 1H-NMR, 13C-NMR and mass spectrometry. The IR stretching frequencies 

for the hydroxy groups appear at 3603 cm-1 and 3499 cm-1; and the IR stetching 

frequencies of the C-H of the different methyl groups appears at 2914 cm-1, 2868 cm-1 

and 2803 cm-1 (Figure 2.3a). In the 1H-NMR of 2.1, the singlet at 2.17 ppm is for the 

protons of the methyl group attached to the aromatic ring, whereas the signals for the 

methyl protons of the tertiary amine group appear at 2.91 ppm. The characteristic 

methine proton of bis-phenol appears at 5.20 ppm (Figure 2.3b). 

 

 

(a) 
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(b) 

Figure 2.3: (a) The FT-IR (KBr, cm-1) and (b) The 1H-NMR (600MHz, CDCl3) 

spectra of the amino bis-phenol 2.1. 

 

2.2 Solvates of Bis(4-hydroxy-3,5-dimethylphenyl)(4-N,N-dimethylaminophenyl) 

methane 

Eight different solvates of Ambp (2.1), namely, Ambp.acetone (2.2), Ambp.DMSO 

(2.3), Ambp.DMA (2.4), Ambp.morpholine (2.5), Ambp.piperidine (2.6), 2Ambp. 

DABCO.3H2O (2.7) (DABCO=1,4-diazabicyclo[2.2.2]octane), Ambp.dioxane.H2O 

(2.8) and Ambp.DBU (2.9) (DBU=1,8-Diazabicyclo[5.4.0]undec-7-ene) were 

prepared by crystallisation from respective solvent as described in the experimental 

section. They are structurally characterised by single crystal X-ray diffraction and 

other conventional techniques. The solvate 2.2-2.6 belong to space group P21/c, and 

the remaining three 2.7-2.9 belong to P-1 space group. Since the bis-phenol molecules 

possesses characteristic O-H···O interaction, the solvate (2.2-2.6) are example of a 

series of structures that are suitable to analyse the interaction of the solvent molecules 

at the point of attachment among the host molecules. Each of the solvate 2.2-2.6 form 

a chain-like structure through O-H···O interaction and the O-H···O distances in these 

solvates are comparable except for the dimethylacetamide solvate (2.4). There are 

three different types of H-bonding motifs between the solvent molecules and the host 

bis-phenol 2.1; (a) single point contact of solvent molecules to the bridging O-H···O 

unit with additional weak interactions, (b) single point contact of the solvent 

molecules forming R2
2(6) types of cyclic H-bonding and (c) two point contact leading 

to R3
3(7) types of cyclic hydrogen bonded motifs. The donor acceptor distances in 2.2 

and 2.3 are similar and the structures belong to the first type (Figure 2.4a and 2.4b) 
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whereas 2.5 and 2.6 have similar structures which belong to the third type (Figure 

2.5a and 2.5b). The dimethylacetamide solvate 2.4 possesses the second type of 

structure. It shows very weak hydrogen bonding interactions among the host 

molecules, despite it has a linear chain-like structure of the host molecules. The 

acetonitrile solvate of 2.1 was already reported and the acetonitrile molecules attach 

to the O-H···O junction of the host molecules through weak O-H···N interaction and 

retains the chain-like structure of among the host.17 

 

2.2.1 Solvates 2.2-2.6 

 

The asymmetric unit of the acetone solvate (2.2) contains one host molecule and an 

acetone molecule. The host Ambp molecules interacts with each other through O-

H···O interactions to form one dimensional chain. On the other hand, the acetone 

molecules are attached to the chain through O-H···O interactions at the junction of the 

host molecules. In the solvate 2.2 the oxygen atom of the acetone molecule involves  

 

 

 

 
 

(a) (b) 

 
 

 
 

 
 

 
 

(c) (d) 

 

Figure 2.4: One dimensional chain in the crystal structure of (a) acetone solvate 2.2 

(b) DMSO solvate 2.3 and (c) DMA solvate 2.4, (d) Formation of chain of DMA 

molecules in the solvate 2.4. 
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in bifurcated O(1)-H···O(3) [dD···A= 2.714 Å, ∠D-H···A=145°] and C(8)-H···O(3) 

[dD···A=3.335 Å, ∠D-H···A= 123.23°] interactions with one of the hydroxy group and 

C-H of the methyl group. The DMSO solvate (2.3) has the similar structure to that of 

the acetone solvate and in this case also the oxygen atom of the dimethylsulphoxide 

involves in bifurcated hydrogen bonds namely, O(3)-H···O2  [dD···A= 2.602 Å and 

∠D-H···A=135.50°] and C(25)-H···O(3) [dD···A=3.181 Å and ∠D-H···A=122.65°] 

interactions. These result in R2
1(7) hydrogen bond motifs located at a position away 

from the bridge in solvates 2.2 and 2.3. In both the cases, these one dimensional 

chains further connected to each other through C-H···O and C-H···π interactions 

resulting in the formation of three dimensional self assembled structure having 

channels running along the crystallographic b-axis. These channels are occupied by 

solvent molecules. The inclusion of acetone molecules by hydroxy compound is a 

well known phenomenon where C-H···O interactions play the important role.21 For 

example, the tetra hydroxy compound 9,10-bis-(2,5-dihydroxy-1-phenyl)anthracene 

forms a 1D ladder like structure where the anthracene units act as rung and the 

acetone molecules are incorporated in the ladder through C-H···O=C interactions.21e  

On the other hand, in the case of solvate 2.4 the oxygen atom of the 

dimethylacetamide molecule bridges two host molecules through bifurcated O···H-O 

interactions namely, O(1)-H···O(3) [dD···A= 2.666 Å and ∠D-H···A=138°] and O(2)-

H···O(1) [dD···A= 3.256 Å and ∠D-H···A=128.08°]. The bifurcated hydrogen bonds 

results in the formation of R2
2(6) types of motifs.  The overall packing pattern of the 

solvate has a three dimensional structure containing channel along the 

crystallographic b-axis and DMA molecules are incorporated in the channels. The 

DMA molecules forms a one dimensional chains through C-H···O interaction inside 

the channels running along the crystallographic b-axis (Figure 2.4d). 

In the crystal structure of solvate 2.5 the morpholine molecule are attach to the H-

bonded chain of the host molecule through O-H···N [dD···A= 2.632 Å and ∠D-

H···A=163°] and C-H···O interaction (Figure 2.5a). These chains self-assembles 

through N-H···π, C-H···π and C-H···O interactions which lead to the formation of 

channel like structure (Figure 2.7b) running along the crystallographic b-axis. The   

N-H bond of the morpholine molecule interacts with the dimethylamino containing 

aromatic ring of the Ambp molecule through N-H···π interaction (Figure 2.6a) and 

the oxygen atom of the morpholine molecule interacts with the Ambp molecule 
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through O-H···O interactions. Apart from these, the significant interactions observed 

between the host and the guest are C-H···O and C-H···π interactions. The N-H···π  

 

 

 

 

(a) (b) 

 

Figure 2.5: The one dimensional chains of the Ambp molecules in the crystal 

structure of the (a) morpholine solvate 2.5 and the (b) piperidine solvate 2.6.  

 

interaction is a relatively weak interaction having energy of 1-3 kcal/mol.22 Although 

N-H···π interactions have been reported among the amino bis-phenols,23 this types of 

N-H···π interaction was not reported in solvates of bis-phenols. Here we observe an 

interesting η3-type of N-H···π interaction between the bis-phenols and the morpholine 

molecules which suggests that a preorganised conformation is not necessarily required 

for such interactions.  Even though the N-H···π interactions is less in energetic terms, 

it is observed that they occur frequently in proteins and cumulatively these 

interactions provide significant energy for protein stability. The N-H···π interactions 

in proteins have been involved in a wide variety of functions such as secondary 

structure stabilization,24 drug recognition,25 DNA recognition26 and enzyme action.27 

Indole-3-acetic acid (commonly known as auxin) shows N-H···π interactions while 

participating in biological functions such as cell division and protein synthesis.28  

In case of the piperidine solvate 2.6, the piperidine molecules are attached to the chain 

of the host molecule through O-H···N [dD···A= 2.594 Å and ∠D-H···A=163°] and C-

H···O interaction. Here also the N-H bond of the piperidine participates in N-H···π 

interactions with the dimethylamino group containing aromatic ring of the host 

molecule (Figure 2.6b). In that sense, the piperidine and morpholine molecules have 
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(c) (d) 

 

Figure 2.6:  η3-types of N-H···π interaction (a) in the morpholine solvate 2.5 and (b) 

piperidine solvate 2.6, (c) The packing of the piperidine solvate 2.6 showing the 

solvents in space filled model,  (d) 2D network of host molecules in 2.6 after removal 

of the solvent molecules. 

 

similar types of interactions while binding to the host molecule in their respective 

lattices. The N-H···πcentroid distance in the solvate 2.5 and 2.6 are almost similar and in 

the range of 3.480 Å and it is comparable with the N-H···π distance found N-

methylformamide-benzene complex which are in the range of 3.2-3.6 Å.29 However, 

the difference arise in the packing pattern of the two solvates 2.5 and 2.6 due to the 

presence of the oxygen atom in morpholine instead of CH2 group present in piperidine 

molecule. In the piperidine solvate 2.6, host molecules are packed in one layer across 

the crystallographic ac-plane and the guest molecules are held at the hydrogen-bond 

junctions of the layers, whereas in the morpholine solvate, channel-like structures 
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running along the b-crystallographic axis are formed by the bis-phenols, in which the 

guest molecules get incorporated (Figure 2.7a and b).  

 

 

 

 

(a) (b) 

Figure 2.7: (a) Packing diagram of the solvate 2.5 after removal of the solvent 

molecules, (b) The inclusion of the guest (G) molecules in the solvate 2.2-2.5. 

 

Table 2.1: O-H···O bond parameters of the solvate 2.2-2.6. 

Compd no D-H···A  dD-H(Å) dH···A(Å) dD···A(Å) ∠D-H···A (°) 

2.2 O(2)-H(2)···O(1) [-1+x, y, z] 0.82  2.13 2.858(6) 148 

O(1)-H(1) ··· O(3) [1-x,-y,-z] 0.82 2.00 2.714(6) 145 

2.3 O(1)-H(1)···O(2) [1 +x, y, z]  0.82 2.15 2.859(8) 144 

2.4 O(2)-H(1)···O(1)  0.82 2.68 3.255 128 

2.5 O(1)−H(1)···O(2) [−1+x, y, z]  0.82 2.07 2.731(2) 138 

2.6 O(1)-H(1)···O(2) [−1+x, y, z]  0.76(4) 2.20(4) 2.799(3) 136(3) 

 

The solvates 2.2-2.6 have similar unit cell parameters and crystallizes in P21/c space 

group. The solvates 2.2-2.5 are isostructural with similar arrangements of the host 

molecules in their respective unit cells. In the solvates 2.2-2.5 the solvent molecules 

are located in the channels running along the [010] direction formed by the molecular 

framework of the host Ambp molecules (Figure 2.7b). Although the piperidine 

solvate (2.6) have the similar unit cell parameters with the first four solvates 2.2-2.5, 

the arrangements of the host molecules in its unit cell are different. In case of 2.6, the 

host molecules form a 2D network through O-H···O interactions and the piperidine 

molecules attached to the net through O-H···N, C-H···O and N-H···π interactions 

(Figure 2.6d). 

 

TH-1267_09612207



                                                                                                                                                  Chapter 2 

 63

2.2.2 Solvates 2.7, 2.8 and 2.9 

 

The crystals of solvate 2.7 belong to triclinic space group and the crystallographic 

asymmetric unit contains two Ambp molecules, one DABCO and three water 

molecules of crystallization. Both the hydroxy group of the bis-phenol molecule are 

involved in hydrogen bonding with the DABCO molecules either through directly or 

through bridging water molecule. One of the water molecule H2O (7) of the solvate 

involves in the formation of cyclic H-bonded motif which contain four Ambp 

molecule (two pairs having independent symmetry), two DABCO and two water 

molecules as shown in the Figure 2.8. 

 

Figure 2.8: Cyclic H-bonding motifs in the solvate 2.7 involving four Ambp, two 

DABCO and two water molecules. 

 

The 1,4-dioxane solvate (2.8) crystallizes in triclinic P-1 space group and the 

crystallographic asymmetric unit contains one molecule of Ambp, half of the two 

symmetry non equivalent 1,4-dioxane molecule, and a water molecule of 

crystallization. Here, both the symmetry independent 1, 4-dioxane molecules adopts 

chair conformation. The two hydroxy group of the Ambp molecules form strong H-

bonds, viz., O(1)-H(1)···O(3) [dD···A = 2.894 Å and ∠D-H···A = 149°] and O(2)-

H(2)···O(4) [dD···A= 2.942 Å and ∠D-H···A = 148°] with two symmetry-independent 

dioxane molecules of the solvate. The oxygen atoms of the dioxane molecule acts as 

hydrogen bond acceptor to interact with the host Ambp molecule. These interactions 

results in the construction of 2D layers containing channels and these 2D layers 

further connected to each other to give 3D host-guest networks (Figure 2.9b and 

2.9c). Nangia and Desiraju had analyzed the formation of hydrogen bonds of dioxane 

molecules with O-H, N-H, and C-H groups and suggested that dioxane has a higher 
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tendency to form hydrogen bonds to more than one donor.7 In the present case, out of 

the two dioxane molecules with different symmetry, two ends of one dioxane  

 

 

 

(a) 

 

 

 

(b) 

 

 

(c) 

 

Figure 2.9: (a) Hydrogen bonding in the 1, 4-dioxane solvate 2.8, (b) Packing 

diagram of the dioxane solvate 2.8 showing the inclusion of the solvent molecules, (c) 

Space filling model of 2.8 after removal of the solvent molecules in side the channels. 

 

molecule are directly hydrogen-bonded to the O-H of the host Ambp, whereas the 

other dioxane is connected to the host molecules through intervening hydrogen-

bonded water molecules. All of these interactions result in the formation of a chain-

like arrangement of Ambp holding dioxane molecules. A similar type of chainlike 

structure was observed in the crystal structure of dioxane solvates of ethinyl estradiol, 

which is an analogue of estrogen.30 The conformations of dioxane molecules in 2.8 
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are similar to the conformation of the commonly observed dioxane solvates of 

hydroxy-compounds.31 

In the solvate 2.9 also the hydroxy group of the Ambp molecules forms 

intermolecular H-bonds lead to a one dimensional chain of the host (Figure 2.10a). 

There are two moderately strong hydrogen-bonds, viz., O(1)-H(1)···N(3) [dD···A= 

2.657 Å and ∠D-H···A= 166°] and O(2)-H(2)···O(1) [dD···A= 2.540 Å and ∠D-H···A 

= 147°] in Ambp.DBU (2.9) solvate. The O1 atoms of the bis-phenol molecules 

interact with the DBU through O-H···N interactions, which are the prominent  

 

 

(a) 

 

(b) 

Figure 2.10: (a) One dimensional chain of Ambp molecules in the crystal structure of 

DBU solvate 2.9, (b) Parallel sheets of Ambp and DBU in the crystal structure of 2.9. 

 

interaction between the host and the guest molecules in its lattice. Apart from this, 

there are other weak C-H···O and C-H···π interactions that help to hold the guest 

molecules resulting in formation of two parallel sheet-like structures (Figure 2.10b). 

Comparison of the structure of DABCO solvate 2.7 and dioxane solvate 2.8 shows 

that the solvent molecules compete to break apart the hydrogen bonds between the 
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bis-phenol molecules. During such a competitive process, the water molecule also 

participates so that it can act as a filler to make a tightly-packed structure. Thus, it is 

observed that, in the case of the dioxane solvate, two different symmetry orientations 

of dioxane in the lattice are observed. In the case of DABCO, the water molecules act 

as bridges to form cyclic arrangements in which the water molecules occupy the 

diagonally opposite sides. This shows that the more hydrophobic and bulky DABCO 

do not allow the water molecules to participate together with it but gives an advantage 

to form an aqua-bridged motif (Figure 2.8) for its binding. Such aqua bridges make 

the extra space required to accommodate the bulky DABCO. Cao et al. had reported 

proton transfer from the hydroxy group of a bis-phenol to DABCO in crystal structure 

of a brominated bis-phenol, such proton transfer resulted in the formation of salt.32 In 

the present case, the structure of the solvate 2.7 is guided by hydrogen bonds and 

packing pattern is devoid of electrostatic interactions. In the solvate 2.9, DBU 

molecules partially break the O-H···O bonds between bis-phenols by participating in 

hydrogen-bond formation in a similar manner to that of piperidine or morpholine to 

form R3
3(7)-type motif.  

 

Figure 2.11: The experimental (top) and simulated (bottom) PXRD of solvate 2.8.   

 

The powder X-ray diffraction (PXRD) of the compounds is recorded to ascertain their 

phase homogeneity. We have found a good agreement of experimental and simulated 

PXRD data for almost all of these solvates, and it suggests the uniformity of the 

structural features of the bulk materials. As a representative case the powder XRD of 

the dioxane solvate (2.8) is shown in Figure 2.11. Each diffraction peaks in the 

experimental powder XRD are matched with the simulated powder pattern of the 

structure determined by single crystal diffraction. The agreement of all the peaks 
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suggests the phase purity in bulk samples. The indexing is done as per the simulated 

diffraction pattern by using MERCURY program. 

 

2.3 Thermo gravimetric analysis of solvate 2.2-2.9 

 

There is extensive research on thermal properties of hydroxy compounds related to 

bis-phenols.33 From such studies, no clear correlation is available on the thermal 

effect to release guest molecules from host-guest complexes, but they are qualitatively 

interpreted in terms of the local environment of the guest molecules. A similar 

qualitative explanation could be derived from thermal studies carried out on these 

solvates. It was seen that the solvate 2.2 lost the acetone around 65-150 °C (observed 

weight loss 11.0%, theoretical 13.3%). It indicates that it was tightly bounded in the 

channels formed by the Ambp. Similarly, for compounds 2.3 and 2.4, the DMSO and 

DMA molecules lost at around 105-190 °C (observed weight loss 16.0%, theoretical 

 

 

Figure 2.12: TG of the solvate 2.8 (heating rate 5°C/ minute). 

 

17.2%) and 85-165 °C (observed weight loss 17.90%, theoretical 18.0%), 

respectively. Compounds 2.5 and 2.6 lost morpholine and piperidine at 80-175 °C 

(observed weight loss 18.43%, theoretical 18.8%) and 85-160°C (observed weight 

loss 15.0%, weight loss 18.4%), respectively. The solvate 2.7 lost its three waters of 

crystallization at around 45-70°C. In this case, the DABCO molecules were lost 

above 160 °C where the parent bis-phenol also decomposed; thus, the amount of guest 

solvent lost could not be ascertained. The solvate 2.9 lost the DBU molecules in the 
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temperature range 70-185°C (experimental weight loss 28.08%, theoretical weight 

loss 28.85%). The water of crystallization of the solvate 2.8 is lost at around 45-90°C 

(observed 4.9% weight loss, theoretical 3.7%), and the dioxane molecules are lost at 

around 90-240° C (observed weight loss 16.14%, theoretical 20.4%). In case of 2.8, 

the water molecules act as a bridge and were lost easily on heating at relatively low 

temperature. 

 

2.4 Conclusion  

 

A series of quasi isostructural solvates of bis(4-hydroxy-3,5-dimethylphenyl)(4-N, N-

dimethylaminophenyl)methane showed the retention of the chain-like structure of the 

host in a majority of these solvates. We observed that the solvate 2.2-2.5 are 

isostructural and in all the four solvates, the solvent molecules are incorporated in the 

channels running along the [010] direction. Apart from primary O-H···O interactions 

between the hosts to form a chain-like structure, the weak interactions arising from 

the guest molecules decide the structural motif of each solvate. According to the 

Abraham scale of solvation,34 the ability to form a solvate by different solvents are 

morpholine > DMSO = DMA > piperidine >1, 4-dioxane. Here we have observed that 

the disruption of O-H···O interactions are caused by dioxane, which is much weaker 

than the DMSO or DMA. This is attributed to the favourable packing pattern formed 

by the water assisted assembly so that the dioxane molecules are accommodated in 

the lattice. Therefore, there is a synergic effect of the packing requirement to 

accommodate a solvent molecule and the solvation ability of the corresponding 

solvent. Bifurcated hydrogen bonds play a very important role to keep the chain-like 

backbone intact, and in some special cases, the chains are also stabilized by 

uncommon N-H···π interactions. The weakly interacting dioxane molecules require 

the help of water molecules as fillers to make a tightly packed structure. The steric 

factors of DBU and DABCO molecules control the hydrogen-bond patterns in the 

crystal lattices of their respective solvates, which in turn decide the stoichiometry of 

the host-guest complexes. 
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2.5 Experimental section 

 

Synthesis of bis(4-hydroxy-3,5-dimethylphenyl)(4-N,N-dimethylaminophenyl) 

methane (2.1): 4-(Dimethylamino)aldehyde (0.745g, 5 mmol) and 2,6-dimethyl-

phenol (1.22 g, 10 mmol) were dissolved in acetic acid (20 mL) and the solution was 

stirred for half an hour in an ice bath. A mixture of concentrated sulphuric acid and 

glacial acetic acid in a 1: 2 ratio (10 mL, v/v) was added drop wise to the reaction 

mixture. After half an hour of stirring, the mixture was kept in a deep freeze for one 

week. After one week, ice cold water (10 mL) was added to the reaction mixture; a 

pink colored precipitate appeared. The precipitate was collected by filtration and was 

washed with aqueous sodium bicarbonate solution (20%, 25 mL). The product was 

then dried in air. Yield: 78%.  1H-NMR (600 MHz, CDCl3, δ ppm): 6.95 (d, J=8.4 Hz, 

2H),  6.71 (s, 6H), 6.66 (d, J=7.8 Hz, 2H), 5.20 (s, 1H), 2.91 (s, 6H), 2.17 (s, 12H); 

13C-NMR (150 MHz, DMSO-d6, δ ppm): 150.5, 149.0, 136.9, 133.4, 130.0 129,6, 

122.7, 112.8, 54.7, 41.0, 16.2; ESI Mass [M+1]: 376.2394. 

 

(a) 

 

(b) 

 

 

Figure 2.13: (a) The 13C-NMR (150 MHz, CDCl3) and (b) LC-MS of Ambp (2.1). 
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Detailed synthetic methodologies of the solvate 2.2-2.9 are given below. Analytical 

data as well as spectroscopic data are also listed along with each of the solvates. The 

instrumental details and the crystallographic data are given in the Appendix. 

Ambp.acetone (2.2): Ambp was dissolved in acetone and kept it undisturbed for 

crystallization for 4 days red coloured crystals were obtained. Yield: 80%. IR(cm-1): 

3465 (s), 2917 (m), 2873 (w), 2802 (w), 1611 (s), 1518 (s), 1485 (s), 1443 (m), 1346 

(m), 1197 (s), 1136 (m), 1053 (w), 1021 (m), 947 (m), 882 (m), 831 (m), 784 (w), 738 

(w), 654 (w), 609 (w). 

 

(a)  

 
(b) 

 
 

Figure 2.14: (a) Experimental (top) and simulated (bottom) PXRD of solvate 2.2, (b) 

TG of the solvate 2.2 (heating rate 5°C/ minute). 

 

Ambp.DMSO (2.3): After two weeks red crystals were obtained from a solution of 

Ambp dissolved in dimethylsulphoxide. Yield: 92%. IR(cm-1): 3451 (s), 2922 (w), 

2857 (w), 2791 (w), 1637 (s), 1611 (s), 1519 (s), 1484 (s), 1437 (m), 1343 (m), 1292 

(m), 1220 (m), 1192 (m), 1146 (m), 1018 (s), 949 (w), 869 (w), 829 (w), 707 (w), 653 

(w). 
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(a)  

 
(b) 

 
 

Figure 2.15: (a) Experimental (top) and simulated (bottom) PXRD of solvate 2.3, (b) 

TG of the solvate 2.3 (heating rate 5°C/ minute). 

 

Ambp.DMA (2.4): Ambp was dissolved in dimetylacetamide and kept it undisturbed 

for crystallization. After 7-8 days red coloured crystals were obtained. Yield: 85%. IR 

(cm-1): 3444 (s), 2924 (w), 2868 (w), 1702 (m), 1633 (s), 1519 (m), 1486 (m), 

1424(w), 1345(w), 1197 (m), 1163 (w), 1146 (w), 1020 (w), 942 (w), 876 (w), 826 

(w), 655 (w). 

 

(a) 
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(b) 

 

 

Figure 2.16: (a) Experimental (top) and simulated (bottom) PXRD of solvate 2.4, (b) 

TGof the solvate 2.4 (heating rate 5°C/ minute). 

 

Ambp.morpholine (2.5): Ambp was dissolved in morpholine and kept for one week 

for crystallisation, red crystals appeared. Yield: 95%. IR (cm-1): 3431 (s), 2917 (w), 

2851 (w), 1637 (s), 1518 (m), 1485 (m), 1445 (w), 1346 (m), 1195 (s), 1147 (w), 1108 

(w), 940 (w), 864 (w), 827 (w), 653 (w), 614 (w). 

 

(a) 

 

(b) 

 

Figure 2.17: (a) Experimental (top) and simulated (bottom) PXRD of solvate 2.5, (b) 

TG of the solvate 2.5 (heating rate 5°C/ minute). 
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Ambp.piperidine (2.6): A solution of Ambp in piperidine gave crystalline 7 after 7-8 

days as red coloured crystal. Yield: 90%. IR (cm-1): 3422 (s), 3274 (m), 2944 (s), 

2851 (s), 2406 (w), 1887 (w), 1610 (s), 1518 (s), 1483 (s), 1446 (s), 1345 (s), 1294 

(m), 1187 (s), 1148 (s), 1059 (m), 1016 (w), 941 (m), 856 (w), 828 (m), 805 (w), 740 

(w), 655 (w), 575 (w). 

 

 

(a) 

 

(b) 

 

 

Figure 2.18: (a) Experimental (top) and simulated (bottom) PXRD of solvate 2.6, (b) 

TG of the solvate 2.6 (heating rate 5°C/ minute). 

 

2Ambp.DABCO.3H2O (2.7): Ambp and DABCO was dissolved in acetonitrile in 2: 

1 ratio and kept undisturbed for crystallization. After 10-12 days red coloured crystal 

appeared. Yield: 60%. IR (cm-1): 3441 (s), 2948 (s), 1635 (m), 1519 (m), 1484 (w), 

1346 (w), 1200 (w), 1056 (w), 947 (w), 884 (w), 781 (w), 617 (w). 
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(a) 

 

(b) 

 

 

Figure 2.19: (a) Experimental (top) and simulated (bottom) PXRD of solvate 2.7, (b) 

TG of the solvate 2.7 (heating rate 5°C/ minute). 

 

Ambp.diox.H2O (2.8): A saturated solution of Ambp in 1, 4-dioxane was kept 

undisturbed. After 5-6 days colorless crystals were obtained. Yield: 70%. IR(cm-1): 

3439 (s), 2956 (m), 2923 (m), 2862 (m), 2796 (w), 1758 (w), 1610 (s), 1519 (s), 1486 

(s), 1448 (s), 1349 (s), 1297 (m), 1205 (s), 1109 (s), 1077 (m), 1020 (m), 948 (w), 880 

(m), 863 (s), 828 (m), 731 (w), 655 (w), 612 (w). 

 

Ambp.dbu (2.9):  Ambp dissolved in 1, 8-diazabicyclo [5.4.0] undec-7-ene after one 

week led to formation of dark red coloured crystals. Yield: 75%. IR (cm-1): 3428 (s), 

2933 (m), 2857 (w), 1649 (s), 1610 (w), 1513 (w), 1470 (m), 1321 (m), 1297 (m), 

1199 (m), 1146 (m), 1017 (w), 937 (w), 881 (w), 823 (w), 735 (w), 697 (w), 663 (w), 

516 (w). 
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(a) 

 

 

 

(b) 

 

 

 

Figure 2.20: (a) experimental (top) and simulated (bottom) PXRD of solvate 2.9, (b) 

TG of the solvate 2.9 (heating rate 5°C/ minute). 
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Chapter 3 

 
Polymorphs, solvates, polymorphs of solvate and Cs+-π interactions of 

fluorine-substituted bis-phenols 

 

The fluorine-substituted assemblies are of interest due to their enhanced solubility and 

superior hydrogen absorption ability.1 The van der Waals radii of fluorine (1.47 Å) 

and oxygen (1.57 Å) are comparable; the difluoromethylene group is isosteric and 

isopolar to an ethereal oxygen atom.2 Due to the nonpolarizable nature, the fluorine 

atom is a weak hydrogen bond acceptor, and a fluorine attached to a carbon is not 

readily involved in hydrogen bond formation.3 Theoretical calculations show that the 

strengths of C-H···F-C bonds lie between 2 to 3.2 kcal/mol.4 There are different types 

of interactions involving C-F bonds, such as C-H···F-C and C-F···π interactions.5 

Despite the low affinity to form the C-H···F-C interactions, their presence provides 

directional forces in fluorine-containing organic compounds.6 Polymorphisms of 

organic fluorine compounds are also well documented.7 Covalently linked fluorine 

atoms in crystal lattice are likely to be near hydrogen atoms, rather than being close to 

electronegative atoms such as oxygen. To adopt a stable packing pattern in such 

compounds, the interactions of fluorine atoms with adjacent atoms are not necessarily 

attractive.8 Recrystallization of 4-fluorophenols under different pressure led to 

polymorphs, which are differentiated by C-H···F-C interactions (Figure 3.1).9 The  
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Figure 3.1: Formation of different polymorphs of 4-fluorophenol at (a) high pressure, 

(b) ambient pressure.9b 
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fluorophenols with high Z′ values are also reported10 and the co-crystals of penta-

fluorophenol with phenanzine in different proportions of the host-guest ratio having 

C-H···F-C interactions are known.11 Thus, the study on assemblies of fluorine 

containing compounds possessing other strong hydrogen bond sites such as, in fluoro 

bis-phenols may result in different polymorphic structures. We have already 

mentioned in the previous chapters that hydroxy groups help in assembling of organic 

compounds through O-H···O interactions,12 and bis-phenols are no exception as hosts 

as they contain two hydroxy group at two ends with a rigid structure.13 The 

substituents on bis-phenols lead to the formation of various structural motifs and there 

are extensive literatures on the structural studies of substituted bis-phenols.14 

However, there are no structural studies on fluorine substituted bis-phenols.   

In this chapter we discuss the self-assemblies of 4-[(2-fluorophenyl)(4-hydroxy-3,5-

dimethylphenyl)methyl]-2,6-dimethylphenol (bis-phenol 3.1) and 2-[(2-fluorophenyl) 

(2-hydroxy-3,5-dimethyl phenyl)methyl]-4,6-dimethylphenol (bis-phenol 3.2) (Figure 

3.2) leading to different polymorphs and polymorphs of solvate as well as cation-π 

interactions. To appreciate the essence of such observations, the structural properties 

are related through other spectroscopic and physical properties. 

 

HO OH

F FOH

HO

H H

Bis-phenol 3.1 Bis-phenol 3.2  

 

Figure 3.2: The structure of the bis-phenols 3.1 and 3.2. 

 

3.1 Synthesis of Bis-phenol 3.1 and Bis-phenol 3.2 

 

The bis-phenol 3.1 and 3.2 were synthesised by the condensation of 2-

fluorobenzaldehyde with 2,6-dimethylphenol and 2,4-dimethylphenol respectively 

under acidic condition following a reported procedure.15 These compounds were 

characterised by various spectroscopic techniques, such as IR spectroscopy, 1H-NMR, 

13C-NMR and 19F-NMR. From the 19F-NMR it is seen that there is a multiplet at          
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-117.20 ppm for bis-phenol 3.1 and -118.22 ppm for bis-phenol 3.2. In the 1H-NMR, 

the characteristic methine protons of bis-phenol appears at 5.55 ppm for bis-phenol 

3.1 (Figure 3.3a), whereas it appears at 6.36 ppm for the bis-phenol 3.2 (Figure 3.3b). 

 

(a) 

 

(b) 

Figure 3.3: 1H-NMR (400MHz) of (a) Bis-phenol 3.1 in CDCl3 and (b) Bis-phenol 

3.2 in methanol-d4. 

 

3.2 Polymorphs and solvates of Bis-phenol 3.1 

 

The basic point which has helped in several new observations presented in this 

chapter arises from the possibilities of wide variations of packing patterns in these 

systems. We observed two polymorphs of bis-phenol 3.1, namely, polymorph 3.1a 

and polymorph 3.1b from methanol and acetic acid respectively. Crystal 
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morphologies (Figure 3.4a) of the two polymorphs are easily distinguishable. The 

polymorph 3.1a crystallizes in the orthorhombic space group Pbca and the packing 

pattern has two strong O-H···O interactions, namely, O(1)-H···O(1) [dD···A= 2.923Å, 

∠D−H···A=154°] and O(2)-H···O(2) [dD···A= 3.025 Å, ∠D−H···A=167°] (Table 3.1)  

from the two hydroxy groups leading to the formation of a hydrogen-bonded sheet- 

like structure along the ac-crystallographic plane (Figure 3.4b). Apart from the strong 

hydrogen bond interactions, weak interactions such as C-H···F-C and C-H···π 

interactions (based on their distance of separations) also contribute to the stability of 

the crystal. The C-H(3)···F(1)-C distance in this structure is found to be 2.63 Å 

(Figure 3.4c). There is considerable crystal engineering on fluoro-phenols16 and other  

 

 

 

 

 

 

 

 

(a) (b) 

 

 

 

 

 

(c)               (d) 

 

Figure 3.4: (a) Optical micrograph images of the morphologies of the two 

polymorphs 3.1a and 3.1b (10X magnification), (b) H-bond interactions in polymorph 

3.1a, (c) C-H···F-C and C-H···π interactions in polymorph 3.1a, (d) Packing pattern 

of the polymorph 3.1a showing the voids. 

 

TH-1267_09612207



                                                                                                                                                  Chapter 3 

 83

halogen substituted bis-phenols,17  but there is no structural study on fluoro bis-

phenols to make direct comparisons of such weak interactions. The polymorph 3.1a 

adopts a porous structure containing voids with pore volume of 326 Å3 and a 

dimension of 4.5 × 8.5 Å (Figure 3.4d). The absence of residual amount of disordered 

solvent molecules in these voids has been confirmed by thermogravimetry (Figure 

3.5). The thermogram of the polymorph does not have appreciable weight loss below 

200 °C. However, there is a sharp weight loss in the region of 200-300 °C, which 

occurs due to decomposition of the compound.  

 

Figure 3.5: TGA of the polymorph 3.1a (heating rate 5 °C/minute). 

 

The polymorph 3.1b belongs to the monoclinic space group P21/c and it was obtained 

from the crystallization of 3.1 from acetic acid.  In the crystal structure of 3.1b, it is 

observed the two hydroxy groups do not involve in O-H···O interactions, unlike 

polymorph 3.1a. However, one of the hydroxy groups is involved in the O-H···π 

interactions with the fluoro-substituted aromatic ring of another molecule (dO1-H···π = 

 

Table 3.1: Selected hydrogen parameters of 3.1a-3.1c 

Compd. No D-H···A dD-H(Å)  dH···A (Å) dD···A(Å) ∠D−H···A (°) 

3.1a O(1)-H(1)···O(1) [1/2 +x, y, 1/2-z] 0.89(5)  2.10(4) 2.923(4) 154(4) 

O(2)-H(2)···O(2) [1/2 +x, 1/2 -y, -z] 0.78(4)  2.26(4) 3.025(5) 167(5) 

C(3)-H(3)···F(1) 0.93  2.63 3.477 151.57 

3.1b C(14)−H(14)···F(1)  0.931 2.632 3.488 153.16 

3.1c O(1)-H(1)···O(3) [-1/2 +x, 1/2 -y,1+z] 0.82  2.22 2.795(8) 128 

O(2)-H(2)···O(3) [1/2 +x, 1/2 -y,1+z] 0.82  2.42 2.847(8) 113 

C(24)-H(24C)···O(3) 0.96  2.43 2.760(13) 100 

C(24)-H(24C)···F(1) [1/2 +x, 1/2 -y, z] 0.96  2.48 3.003(12) 114 
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3.568 Å, π = centroid of the phenyl ring) to form dimer (Figure 3.6a), and the other 

hydroxy group does not involve in any weak interactions. The O-H···π interactions 

were found to be responsible for generating polymorphs of 1,1-bis-(4-hydroxyphenyl) 

cyclohexane18 where cleavage of O-H···O bonds as well as the movement of 

hydrogen bonded chains was shown to form the O-H···π interactions. The 

polymorphs 3.1a and 3.1b have differences in the weak C-H···F-C interactions. In the 

case of 3.1a, C-H···F-C interactions are between dissimilar rings, whereas in 3.1b, 

such interactions are between similar rings (Figure 3.6b). The observed H···F 

distances for C-H···F-C interactions with the obtuse angle reported by other 

researchers are in the range of 2.2 to 2.3 Å.19 The C-H···F-C distances in polymorph 

3.1a and polymorph 3.1b are comparable with the distances (dH···F = 2.61 to 2.95 Å)  

 

 

 

 

 

(a) (b) 

 

 

(c) 

 

Figure 3.6: (a) O-H···π and C-H···π interactions in polymorph 3.1b, (b) C-H···F-C 

interactions in polymorph 3.1b leading to a linear chain, (c) Packing pattern of the 

polymorph 3.1b viewed along the crystallographic ac-plane. 
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found in the polymorphs of 2- fluorophenyl acetylene.5e From the separating distances 

between the donors and acceptors in the structure of 3.1b, it is clear that O-H···π and 

C-H···F-C interactions play a key role in the crystal packing, whereas O-H···O and 

C-H···F-C interactions play major roles in the packing of the polymorph 3.1a. The 

conformational polymorphs in diols are well-documented.20, 21 The variations on the 

numbers of molecules in unit cells were also known to cause polymorphism in bis-

phenols.22 There are also differences in the IR spectra of the two polymorphs, the 

hydroxy stretching frequency of the polymorph 3.1b appears at 3609 cm-1, whereas it 

appears at 3441 cm-1 for the polymorph 3.1a (Figure 3.7). The difference of 368 cm-1 

toward the higher side in the IR-spectrum suggests its least participation in hydrogen 

bond in the polymorph 3.1b. 

 

 

Figure 3.7: The comparison of the IR spectra (KBr, cm-1) of polymorph 3.1a and 

3.1b. 

 

The primary difference of the two polymorphs arises from voids in the packing 

pattern of the polymorph 3.1a. However, the polymorph 3.1a melts at low 

temperature under vacuum and transforms to a nonporous form, which deterred us to 

study gas absorption. The PXRD of the two polymorphs are distinguishable which are 

shown in the Figure 3.8. We observe that 3.1a has a crystal density of 1.181 g/cm3, 

and 3.1b has a crystal density of 1.240 g/cm3. In accordance with the Kitaigorodskii 

packing principle,23a the polymorph with larger density should have loose molecular 
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packing, and thus, voids in the lattices of such forms are less likely. This is an indirect 

outcome of the Burger-Ramberger density rule,23b which suggests that at absolute 

zero, the lower density polymorph has less stability. In the present case, to 

accommodate the C-H···F-C interactions in the two polymorphs, they adopt different 

packing patterns. In the case of 3.1a, there is strong O-H···O interactions, which is 

absent in the case of 3.1b. Such strong interactions are able to retain the voids, which 

is not the case in polymorph 3.1b. 

  

(a) (b) 

Figure 3.8: Comparison of the simulated and experimental PXRD of (a) polymorph 

3.1a, (b) polymorph 3.1b. 

 

From the differential scanning calorimetry (DSC) with a heating rate of 3°C per 

minute, it is found that the polymorph 3.1a shows an endo-exothermic phase 

transition at 90°C, followed by two endothermic peaks at 162°C and 168.8°C. On the 

other hand, DSC of the polymorph 3.1b shows it to melt at 172 °C (Figure 3.9). The 

endo-exothermic peak at 90°C may be due to partial collapse of the porous structure 

to form a non porous structure 3.1b. The second melting point of 3.1a at 168 °C is 

attributed to arise from 3.1b formed from 3.1a through partial conversion to 3.1b 

during heating. The difference in melting temperature arises due to the presence of 

some amount of unconverted 3.1a, which acts as an impurity to lower the melting 

point of the portion of 3.1b. The transformation of 3.1a to 3.1b on heating is visually 

noticeable, as the orange crystals of 3.1a turns pink on heating at ∼160°C. The 

powder XRD of the heated sample has confirmed the transformation (Figure 3.10).  
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(a) (b) 

   

Figure 3.9: The DSC of the (a) Polymorph 3.1a and (b) polymorph 3.1b (at heating 

rate 3°C per minute). 

 

 

Figure 3.10: The comparison of the PXRD of the polymorph 3.1a, polymorph 3.1b 

and the polymorph 3.1a after heating up to 160°C. 

 

The dimethylformamide solvate (3.1c) crystallizes in the orthorhombic space group 

Pna21. The crystallographic asymmetric unit of 3.1c contains one bis-phenol molecule 

and a DMF molecule. The DMF molecule acts as a bridge between two host 

molecules through two O-H···O interactions, namely, O(1)-H···O(3) [ dD···A= 2.795 Å 

and ∠D-H···A=128°] and O(2)-H···O(3) [dD···A= 2.847 Å and ∠D-H···A=113°] 
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forming 1D chain (Figure 3.11). The fluorine atoms of the host molecules interact 

with the DMF molecule through C-H···F-C interaction. However, there is no C-

H···F-C (aromatic) interactions among the host molecules, but there exits C-H···F-C 

interactions [dD···A= 3.003 Å, ∠D−H···A=114°] between the C-H from the methyl 

group of DMF with the C-F of the aromatic ring of bis-phenols. The two molecules of 

bis-phenols are held together by a bifurcated hydrogen bond formed between the 

carbonyl oxygen atom of DMF and the hydroxy group of two bis-phenol molecules 

(Figure 3.11). From the packing pattern, it is apparent that the solvent inclusion 

causes the disruption of the weak C-H···F-C interactions between the bis-phenols in  

 

 

 

 

(a) (b) 

 

Figure 3.11: (a) O-H···O and C-H···F-C interactions in the dimethylformamide 

solvate 3.1c, (b) Packing diagram of solvate 1c when viewed along the 

crystallographic c-axis. 

 

 

 

Figure 3.12:  Compression of the (a) simulated PXRD of polymorph 3.1b, (b) 

experimental PXRD of polymorph 3.1b and (c) experimental PXRD of the DMF 

solvate (3.1c) after heating up to 140 °C. 
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the polymorphs 3.1a and 3.1b. The DMF solvate 3.1c transforms to polymorph 3.1b 

on heating at 130-140°C and is confirmed by powder-XRD (Figure 3.12). This 

suggests that the elimination of guest solvent molecules lead to collapse of the voids. 

Thus, the thermal conversion can be a synthetic procedure for preparation of 

polymorph 3.1b. The diffusion of DMF solvent to get back the solvate in this case 

was not successful.  

 

3.3 Solvates and polymorphs of solvates of Bis-phenol 3.2 

 

The anhydrous form 3.2a of the bis-phenol 3.2 crystallizes in the monoclinic space 

group P21/n. Both the hydroxy groups of the molecule are involved in intermolecular 

hydrogen bonding (Table 3.2) to form dimeric sub-assemblies (Figure 3.13). The 

dimeric assemblies further assemble through C-H···O interactions, leading to a 1D 

polymeric chain. These 1D chains further connects to each other resulting in the 

formation of 3D structure. 

 

 

 

Figure 3.13: The 1D chain-like structure of the anhydrous form of 3.2a. 

 

Two independent DMSO solvates of bis-phenol 3.2 abbreviated as 3.2b and 3.2c with 

different numbers of DMSO molecules were obtained as shown in the Figure 3.14. 

The crystal morphologies (Figure 3.15a) of the two solvates are visually 

distinguishable; the former crystals have a block shape, and the latter have a needle 

shape. The solvate 3.2b crystallizes in the orthorhombic space group Pbcn, and the 

crystallographic asymmetric unit contains one host molecule and a half DMSO 
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molecule. The sulfur atoms of dimethylsulfoxides are disordered, and it is modeled by 

sharing electron density at two equivalent positions. As in the structure of the 

anhydrous form 3.2a, the solvate 3.2b also has host components forming dimeric sub-

assemblies through O-H···O bonds (Figure 3.14b). These dimeric sub-assemblies  

 

 

 

Figure 3.14: The assembling of two DMSO solvates 3.2b and 3.2c illustrating the 

more uptake of DMSO at drastic condition. 

 

Table 3.2: Selected hydrogen bond parameters of solvate 3.2a-3.2e  

Compd .No. D-H···A dD-H(Å)  dH···A (Å) dD···A(Å) ∠D−H···A (°) 

3.2a O(2)-H(2)···O(1) [1-x,1-y,1-z]  0.86(2) 2.02(2) 2.793(3) 149(3) 

C(9)−H(9)···O(2)  0.98 2.39 2.752(3) 101 

3.2b O(1)-H(1)···O(3) [-1/2 +x, -1/2 +y, 1/2 -z]  0.83(2) 1.94(2) 2.7257(18) 158(2) 

O(2)-H(2)···O(1) [-x, -y, -z]  0.80(2) 2.06(2) 2.799(2) 153(2) 

3.2c O(1)-H(1)···O(6) [x, 1/2 -y, 1/2 + z]  0.82(4) 1.87(4) 2.684(3) 170(3) 

O(2)-H(2)···O(5) [1 +x, 1/2-y, 1/2 - z]  0.80(3) 2.01(3) 2.753(3) 156(3) 

O(3)-H(3A)···O(5)  0.87(3) 1.89(3) 2.724(3) 160(3) 

C(49)-H(49A)···F(2)  0.96 2.53 3.324(4) 140 

C(47)-H(47B)···O(1) [x, 1/2 -y, -1/2 +z]  0.96 2.60 3.451(5) 148 

C(49)-H(49B)···O(3) [1 +x, y, z]  0.96 2.48 3.384(5) 157 

3.2d O(1)-H(1)···O(3) [1-x,1-y,1-z]  0.85(2) 1.91(2) 2.743(2) 168(3) 

O(2)-H(2)···O(1) [-x,1-y,1-z]  0.852(17) 2.14(2) 2.905(2) 148(2) 

C(9)-H(9)···O(2)  0.98 2.40 2.763(2) 101 

3.2e O(1)-H(1)···O(3)  0.82(2) 1.97(3) 2.717(5) 152(3) 

O(2)-H(2)···O(1) [1-x,1-y, -z]  0.82(3) 2.04(3) 2.776(4) 153(5) 

C(8)-H(8A)···F1  0.961 2.563 3.308 134.48 

 

are bridged by the oxygen atoms of DMSO molecules through bifurcated O(1)-

H···O(3) [dD···A= 2.7257 Å and ∠D-H···A=158°] bonds leading to the formation of 
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1D chain along the crystallographic c-axis (Figure 3.15b). On the other hand, the 

asymmetric unit of the DMSO solvate 3.2c contains two symmetry independent host 

bis-phenol molecules and two DMSO molecules and it crystallizes in the monoclinic 

space group P21/c. Unlike in the case of 3.2a or 3.2b; in the case of 3.2c, the host bis-

phenol molecules do not form dimeric units. It forms independent helical hydrogen-

bonded chains, where the symmetry independent host molecules are bridged by  

 

 

 

 

 

(a) (b) 

 

(c) 

 

Figure 3.15: (a) Crystal morphologies of the DMSO solvates 3.2b and 3.2c (10X 

magnification), (b) The formation dimers of bis-phenol 3.2 through O-H···O 

interaction which are further bridge by DMSO molecules through O-H···O 

interaction, (c) 1D chain formed by symmetry non equivalent 3.2 and DMSO 

molecules through O-H···O interaction in solvate 3.2c.  
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DMSO molecules in different symmetry relations (Figure 3.15c). These independent 

helical chains further connected to each other through various weak interactions 

leading to the formation of 3D network structure. The PXRD pattern of the two 

DMSO solvates 3.2b and 3.2c are distinguishable as shown in the Figure 3.16.  The 

selected hydrogen-bond parameters of the solvates are given in the Table 3.2. 

 

 

 

 

(a) (b) 

Figure 3.16: Comparison of the simulated and experimental PXRD of the (a) solvate 

3.2b and (b) solvate 3.2c. 

 

The crystallization of the bis-phenol 3.2 from 1,4-dioxane led to the formation of two 

concomitant dioxane solvate of same host-guest ratios. These two polymorphs of the 

1,4-dioxane solvate are abbreviated as 3.2d and 3.2e; their crystals are visually 

distinguishable (Figure 3.17a) and they were hand-picked to separate. The solvate 

3.2d crystallizes in the triclinic P-1 space group, and the crystallographic asymmetric 

unit contains one host molecule and a half dioxane molecule. The structure is mainly 

guided by two strong hydrogen bonding interaction, viz., O(1)-H···O(3) [dD···A= 2.743 

Å and ∠D-H···A=168°] and O(2)-H···O(1) [dD···A= 2.905 Å and ∠D-H···A=148°] 

(Figure 3.17b). The two hydroxy groups of the host molecules involved in the 

intermolecular hydrogen bonds to form dimeric units and the dioxane molecules act as 

bridges between such dimeric units through O(1)-H···O(3) interactions. They result in 

the formation of 1D chains, and these chains self-assemble to form 2D sheets parallel 

to the crystallographic ab-plane (Figure 3.17e). On the other hand, solvate 3.2e 

crystallizes in the monoclinic space group P21/n, and the crystallographic asymmetric 

unit contains a host molecule and a symmetric half of a 1,4-dioxane molecule. In this 

case also, the structure is mainly guided by similar types of O-H···O interactions 
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(Table 3.2) to form dimeric units and these dimeric units are connected to each other 

through dioxane molecules resulting in the formation of a 1D chain. The chains self-

assemble through C-H···F-C interactions to a 3D hydrogen bonded channel structure, 

 

 

 

 

 

  

(a) (b) 

 

 

 

 

(c) (d) 

 

 

 

 

(e) (f) 

 

Figure 3.17: (a) Crystal morphologies of the concomitant 1,4-dioxane solvate 3.2d 

and 3.2e (10X magnification), (b) Hydrogen bonding interaction in dioxane solvate 

3.2d and 3.2e, C-H···π interaction in (c) solvate 3.2d and (d) solvate 3.2e, Packing 

diagram of the (e) solvate 3.2d and (f) solvate 3.2e. 
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where the channels are occupy by dioxane molecules. The main difference between 

the structures 3.2d and 3.2e is that the latter contains C-H···F-C interactions, whereas 

the former does not have C-H···F-C interactions. Apart from these, the C-H···π 

interactions of the dioxane molecules in solvate 3.2d and 3.2e are distinguishable 

(Figure 3.17c and 3.17d). Dunitz and Gavezzotti had suggested that the contribution 

of C-H···F-C interactions in crystal packing may either stabilize or destabilize or 

remain silent.8 Nonetheless, in the present case, the C-H···F-C interactions along with 

the C-H···π interactions distinguish the orientations and packing patterns between 

3.2d and 3.2e. In chapter 2, we have discussed about the water assisted assemblies of 

the dioxane solvate of an amino bis-phenol. However, in that case we did not 

observed formation of any concomitant solvates. But in the present case, the bis-

phenol 3.2 forms a set of concomitant solvate with same host-guest ratio which is an 

extremely rare phenomenon.24a Recently, Saha et al. has reported the concomitant 

solvate formation by a tripodal host 2,4,6-Triethyl-1,3,5-tris(phenoxymethyl)-benzene 

with tetrachloro-methane and tetrahydrofuran with different host-guest ratios.24b 

From the structural study, it is evident that similar dimeric subunits of the parent 

structure of 3.2 is retained in 3.2a, 3.2b, 3.2d, and 3.2e, but in the case of the 3.2c, 

disruption of the dimeric assemblies was observed. The two types of assemblies 

observed in 3.2b and 3.2c are shown in Figure 3.14. The 3.2c was prepared at high 

temperature and pressure; under such conditions, it loses dimeric assemblies of the 

bis-phenol molecules. This observation shows that as the temperature and pressure is 

raised, the amount of DMSO intake per bis-phenol molecule is doubled. 

 

3.4 Caesium complex of Bis-phenol 3.2 

 

We attempted to crystallize the sodium, potassium, and caesium salts of bis-phenol 

3.2. We did not obtain suitable single crystals for X-ray diffraction study of sodium 

and potassium, but obtained crystals of the caesium complex 3.2f. The asymmetric 

unit of the caesium complex 3.2f contains one neutral, one mono deprotonated 

molecule of bis-phenol 3.2, and a caesium cation (Figure 3.18a). All the oxygen 

atoms of the two molecules bind to the caesium cation and the coordination sphere of 

the caesium ion is completed by four oxygen atoms of hydroxy groups and η2 or η4 

types of the caesium-π interactions with the fluoro-substituted phenyl rings of the 
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ligands (Figure 3.18b). The 3.2f forms a 1D polymeric chain-like structure (Figure 

3.18c), where the bis-phenol molecules act as a linker between the caesium ions. The 

Cs-O distances in the complex 3.2f are in the range of 3.05-3.12 Å; these are shorter 

than the reported in caesium calixarene complexes (≈4.0 Å).25 On the basis of such 

observations, the Cs-O bonds in the present case are coordinate bonds.26,27 The Cs-

centroid (of aryl ring) distance between the caesium cation and the fluoro-substituted 

benzene rings of the bis-phenol 3.2 are found to be 3.417 Å (η4-cesium-π interaction) 

and 3.638 Å (η2-caesium-π interaction). Similar interactions were earlier observed in 

the caesium complex of the o-alkylated p-phosphonic acid calix-[4]-arenes, where the 

CAr-Cs distances in the range of 3.41 to 3.73 Å.27 

 

 

 

 

 

 

 

(a) (b) 

 

(c) 

 

Figure 3.18: (a) Asymmetric unit of 3.2f (30% thermal ellipsoids), (b) Cation-π 

interaction in the 3.2f, (hydrogen atoms are omitted for clarity), (c) Structure of the 

coordination polymer 3.2f. 

.  

 

 

 

 

 

 

The CAr-Cs distances in the coordination polymer 3.2f are in the range from 3.49 Å to 

3.68 Å, and this separation is very close to the Cs-C distance found in methyl caesium 
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(3.53 Å).28 The interaction of calixarenes with alkali metal ions, particularly caesium 

is widely studied as the different calixarenes provide the basis of method for the 

purification29 and analysis30 of alkali metal ions. However, the caesium complex of 

bis-phenols having caesium-π interactions is not reported to date. On the other hand, 

the calixarenes are a preorganized system for coordination of the metal, but the 

present system is very simple, which shows interesting Cs-Cπ interactions. The cation-

π interactions are evident in the 1H-NMR spectra of the caesium complex 3.2f. A 

comparison of the 1H-NMR of the caesium complex with the parent bis-phenol shows  

that methine proton (Hc) in the complex 3.2f shows a slight upfield shift, whereas the 

aromatic protons in the region of 6.5-7.5 ppm are significantly affected by interactions 

of caesium, which are a clear indication of caesium-π interactions (Figure 3.19a). 

Further, the 19F-NMR of the caesium complex 3.2f has a signal at a chemical shift of -

119.62, whereas it appears at -118.22 ppm for the parent bis-phenol 3.2. 

 

 

 

 

(a) 
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(b) 

Figure 3.19: (a) Comparison of the 1H-NMR (methanol- d4, 400 MHz) of the bis-

phenol 3.2 and caesium complex 3.2f, (b) Comparison of the simulated and 

experimental PXRD of Caesium complex 3.2f. 

 

Table 3.3: The selected bond distances in the caesium complex 3.2f  

Cs-C DCs-C (Å) Cs-C DCs-C (Å) Cs-O DCs-O (Å) 

Cs1-C10 3.588(5) Cs1-C15 3.565(5) Cs-O1 3.052(4) 

Cs1-C11 3.678(6) Cs1-C33 3.688(5) Cs-O2 3.129(4) 

Cs1-C14 3.686(5) Cs1-C38 3.499(6) Cs-O3 3.086 (4) 

    Cs-O4 3.127(3) 

 

 

In most of the cases, each diffraction peak in the experimental powder XRD is 

matched with the simulated powder pattern of the structure determined by single 

crystal diffraction. The agreement of all the peaks suggests the phase purity in bulk 

samples. The indexing is done as per the simulated diffraction pattern by using 

MERCURY program. 

 

3.5 Thermogravimetric Analysis of solvates 3.1c and 3.2b-3.2f 

 

From the thermogravimetry study, it is seen that the solvate 3.1c losses 17.2% 

(theoretical weight loss 17.28%) of its initial weight in the temperature range 90-170 

°C due to the removal of dimethylformamide solvents (Figure 3.20a). DMSO 

molecules of solvate 3.2b are lost in the temperature range from 127-180 °C 
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(observed weight loss of 10.6%, theoretical weight loss of 10.0%), whereas the 

DMSO molecules of solvate 3.2c are lost from 132-173 °C (observed weight loss 

18.0%, theoretical weight loss 18.2%) (Figure 3.20b). The higher thermal stability of 

3.2b is attributed to the packing patterns of the bis-phenols, in which dimeric 

assemblies hold the DMSO molecules. The dioxane solvate 3.2d loses the solvent 

molecules in the temperature range from 100-150 °C (observed weight loss 10.36%, 

theoretical weight loss 11.2%, Figure 3.25a), whereas the dioxane solvate 3.2e loses 

the solvent molecules in the range from 80-150 °C (observed weight loss 10.4%,  

 

 

 

 

 
(a) (b) 

 

Figure 3.20: (a) TGA of the solvate 3.1c showing the removal of DMF solvents, 

Comparison of the TGA of the (b) DMSO solvates 3.2b and 3.2c.  

 

theoretical weight loss 11.2%, Figure 3.25b). Both the solvates have similar 

composition but they lost the solvent molecules at different temperatures. The 3.2d is 

having a sheet-like structure that enables a sharp release of dioxane in a relatively 

narrow range of temperature, whereas the 3.2e has channel-like structures which 

make slow release in a well-spread-out range of temperature. This indirectly points 

out the effect of the C-H···F-C interactions in such assemblies. The caesium complex 

3.2f is stable up to 200 °C and starts to degrade above 200 °C. 

 

3.6 Conclusion 

 

In conclusion, the two polymorphs of bis-phenol 3.1 arises from the distinguishable 

C-H···F-C and O-H···O interactions. These differences in weak interactions make 
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two different types of packing pattern in the two polymorphs. The polymorph 3.1a 

has a porous structure, whereas the polymorph 3.1b is non-porous. We have also 

shown the irreversible thermal conversion of the porous polymorph to the non-porous 

form. Moreover, dimethylfomamide solvate 3.1c transforms to polymorph 3.1b on 

heating. This phenomenon of selective formation of a particular polymorphic form on 

desolvation of a solvate can be helpful to find new polymorphic phases form various 

solvates of a compound.  

Formation of DMSO solvates of the bis-phenol 3.2 with different compositions at 

different conditions is worth noting. At high temperature and pressure, disruption of 

the dimeric assemblies of bis-phenol 3.2 occurs, and it allows inclusion of higher 

amounts of DMSO than the corresponding DMSO solvate formed at room 

temperature. This example shows formation of solvate with higher amounts of guest 

molecules at solvothermal conditions. Moreover, we observed two concomitant 

polymorph of the 1,4-dioxane solvate of bis-phenol 3.2 with same host-guest ratio. 

This types of concomitant solvate formation with same host guest ratio is an 

extremely rare phenomenon.24b The two polymorphs of 1,4-dioxane solvate have 

distinguishable C-H···F-C and C-H···π interactions in their packing patterns, this 

opens the scope for discovering polymorphs in fluorinated host-guest systems.  

We have also observed strong Cs+-π interactions in the caesium complex 3.2f of bis-

phenol 3.2. The Cs+-π interactions in the caesium complex 3.2f retains in solution also 

and was confirmed by 1H-NMR.  

 

3.7 Experimental Section  

 

The detailed synthetic methodologies for synthesis of bis-phenols are given below. 

Analytical data as well as spectroscopic data are listed along with each compound. 

The instrumental details and the crystallographic parameters are provided in 

Appendix. 

Synthesis of bis-phenol 3.1: 2-fluorobenzaldehyde (0.540 ml, 5 mmol) and 2, 6-

dimethylphenol (1.22 g, 10 mmol) were dissolved in acetic acid (20 mL) and the 

solution was stirred for half an hour in an ice bath. A mixture of concentrated 

sulphuric acid and glacial acetic acid in a 1: 2 ratio (10 mL, v/v) was added drop wise 

to the reaction mixture. After half an hour of stirring, the mixture was kept in a deep 
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freeze for one week. After one week, ice cold water (10 mL) was added to the 

reaction mixture; a light yellow colored precipitate appeared. The precipitate was 

collected by filtration and was washed with aqueous sodium bicarbonate solution 

(20%, 25 mL). The product was then dried in air. Yield: 70%.  1H-NMR (400 MHz, 

CDCl3): 7.15 (dd, J = 9.6 Hz, J = 5.2 Hz, 1H), 6.94 (m, 2H), 6.90 (t, J = 7.6 Hz, 1H), 

6.67 (s, 4H), 5.55 (s, 1H), 4.55 (s, 2H), 2.15 (s, 12H). 13C-NMR (100 MHz, DMSO-

d6, δ ppm):161.2, 158.7, 151.5, 133.4, 131.9, 131.7, 130.6, 128.6, 128.0, 124.0, 115.2, 

115.0, 47.4 (methine C-H), 16.7 (CH3-).  19F-NMR (CDCl3, δ ppm): -117.20. ESI 

Mass: 350.3096 (m+/e), 349.3061 (m+/e-1). 

 

Figure 3.21: 19F-NMR (400 MHz) of bis-phenol 3.1 in CDCl3. 

 

Polymorph 3.1a: The polymorph 3.1a was obtained by slow evaporation of a solution 

of 3.1 in methanol.  IR (KBr, cm-1):  3587 (m), 3441 (s), 3011 (w), 2967 (w), 2922 

(w), 2862 (w), 1604 (w), 1583 (w), 1486 (s), 1453 (s), 1385 (w), 1337 (m), 1223 (s), 

1204 (s), 1145 (s), 1095 (m), 1020 (m), 948 (w), 883 (w), 753 (s).  

Polymorph 3.1b: The polymorph 3.1b was obtained by slow evaporation of a 

solution of 3.1 in acetic acid.  IR (KBr, cm−1):  3609 (s), 3587 (s), 3060 (w), 3011 (w), 

2972 (m), 2948 (m), 2914 (m), 2851 (w), 1604 (w), 1584 (w), 1487 (s), 1454 (s), 1379 

(w), 1328 (w), 1307 (w), 1296 (w), 1280 (w), 1220 (s), 1195 (s), 1147 (s), 1135 (m), 

1090 (m), 1022 (m), 947 (m), 882 (m), 845 (w), 801 (w), 762 (s), 736 (m), 697 (w), 

651(m). 

Solvate 3.1c: The solvate 3.1c was obtained by the slow evaporation of a solution of 

3.1 in dimethylformamide. Elemental analysis Calculated for C26H30FNO3; C, 73.73; 

H, 7.14; N, 3.31; Found: C, 73.69; H, 7.12; N, 3.29. IR (KBr, cm−1):  3383 (s), 2924 

(s), 2873 (w), 1657 (s), 1601 (m), 1487 (s), 1454 (w), 1393 (w), 1326 (w), 1281(w), 
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1193 (s), 1149 (m), 1104 (m), 1018 (w), 939 (w), 845(w), 798(w), 766(w), 662 (w), 

526 (w).  

 

Figure 3.22: The simulated and the experimental PXRD of the solvate 3.1c. 

 

The bis-phenol 3.2 was prepared by the same procedure except 2, 4-dimethylphenol 

was used instead of 2, 6-dimethylphenol. Yield, 87 %.1H-NMR (400 MHz, methanol-

d4, δ ppm) : 7.17 (dd, J = 6.8 Hz, J = 6.0 Hz, 1H),  6.97 (m, 2H), 6.80 (d, J = 8 Hz, 

1H), 6.79 (s, 2H), 6.36 (s, 1H), 6.33 (s, 2H), 2.17 (s, 6H), 2.09 (s, 6H). 13C-NMR (100 

MHz, dmso-d6, δ ppm), 159.3, 150.4, 131.9, 130.7, 130.3, 129.6, 127.9, 127.6, 127.2, 

124.2, 123.9, 115.3, 115.0, 36.7, 20.7, 16.9.  19F-NMR (methanol-d4, δ ppm) -118.22 

(m). ESI Mass: 350.3088 (m+/e), 349.3086 (m+/e-1). 

 

Figure 3.23: 19F-NMR of bis-phenol 3.2 in methanol-d4. 

 

The unsolvated form 3.2a is obtained by the slow evaporation of a solution of 3.2 in 

methanol. IR (KBr, cm−1):  3486 (s), 3448 (s), 3033 (w), 2921 (s), 2860 (w), 1585 

(w), 1487 (s), 1455 (s), 1380 (w), 1330 (m), 1302 (w), 1291(w), 1282 (w), 1256 (s), 

1227 (s), 1194 (s), 1137 (s), 1093 (m), 1031(m), 1015 (w), 865 (m), 839 (m), 814 (w), 

765 (s), 748 (s), 665 (w). 
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(a) (b) 

 

Figure 3.24: (a) Simulated and the experimental PXRD of 3.2a, (b) DSC of 3.2a. 

 

DMSO solvate 3.2b: When a solution of 3.2 in dimethylsulphoxide was allowed for 

slow evaporation it gives 1:0.5 solvate of DMSO. Elemental analysis calculated for 

C48H52F2O5S, C, 74.01; H, 6.73; Found C, 73.97; H, 6.86. IR (KBr, cm−1):  3454 (s), 

3190 (m), 3009 (w), 2973 (w), 2913 (m), 2862 (w), 1599 (m), 1586 (m), 1482 (s), 

1455 (s), 1322 (m), 1303 (m), 1255 (m), 1227 (s), 1182 (s), 1169 (m), 1149 (w), 1095 

(w), 1032 (w), 1014 (w), 994 (m), 940 (m), 933 (m), 892 (w), 868 (w), 856 (w), 839 

(w), 817 (w), 786 (w), 753 (s), 667 (w).  

DMSO solvate 3.2c: A solution of 3.2 in DMSO was heated in a sealed Teflon-lined 

steel autoclave at 120°C for 4 hours and allowed to cool slowly, it yielded needle 

shaped crystals. Elemental analysis calculated for C25H29FO3S; C, 70.06; H, 6.82; 

Found C, 76.18, H, 6.78.  IR (KBr, cm−1):  3357 (s), 3000 (w), 2915 (m), 2857 (w), 

1598 (w), 1583 (w), 1483 (s), 1453 (s), 1381(w), 1316 (m), 1301 (m), 1250 (m), 1224 

(s), 1181 (s), 1091 (w), 1001 (s), 941 (s), 864 (m), 839 (w), 820 (w), 750 (s), 666 (w). 

Dioxane solvate 3.2d and 3.2e: When a solution of 2 in 1,4-dioxane was allowed to 

evaporate slowly, crystals of two different morphologies 2d and 2e appears. 

Elemental analysis calculated for C25H27FO3: C, 76.12; H, 6.90; Found C, 76.22, H, 

6.94. IR (cm-1) of 2d:  3451 (s), 3009 (w), 2923 (m), 2863 (w), 1585 (m), 1483 (s), 

1454 (m), 1380 (w), 1325 (w), 1298 (m), 1253 (s), 1227 (s), 1187 (s), 1146 (m), 1109 

(m), 1079 (w), 1033 (w), 893 (w), 862 (s), 840 (w), 816 (w), 785 (w), 752 (s), 667 

(w). For 2e: Elemental analysis calculated for C25H27FO3: C, 76.14; H, 6.90; Found C, 

76.10, H, 6.92. IR (cm-1): 3483 (s), 3209 (m), 2922 (m), 2860 (w), 1584 (w), 1482 (s), 
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1453 (m), 1327 (w), 1252 (m), 1223 (s), 1189 (s), 1145 (w), 1078 (w), 1035 (w), 936 

(w), 861 (s), 751 (s), 623 (w). 

 

 

 

 

(a) (b) 

 

 

 

 

(c) (d) 

 

Figure 3.25: (a) and (b) are the comparison of simulated and experimental PXRD of 

1, 4-dioxane solvate 3.2d and 3.2e respectively, (c) and (d) are the TGA of the solvate 

3.2d and 3.2e respectively.  

 

Caesium complex 3.2f: Solid Cs2CO3 (0.16 g, 0.5 mmol) was added to a well stirred 

solution 2 (0.70 g, 2 mmol) in methanol. The resulting solution was refluxed for about 

4 hours. The reaction mixture was then filtered and the filtrate was kept undisturbed 

for crystallization. After 3-4 days colorless needle shaped crystals of 3.2f appeared. 

IR (KBr, cm−1): 3406 (m), 3005 (w), 2918 (m), 2851(w), 2725 (w), 1577 (w), 1482 

(s), 1451(m), 1371(w), 1297 (w), 1226 (s), 1212 (s), 1146 (m), 1096 (w), 1031 (w), 

1008 (w), 949 (w), 762 (s), 667 (s). 1H-NMR (methanol-d4): 7.13 (dd, J = 7.6 Hz, J = 

5.2 Hz, 1H),  7.02 (t, J = 6.0 Hz, 1H), 6.97 (t, J = 7.2 Hz, 1H), 6.90 (d, J = 6.8 Hz, 
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1H), 6.69 (s, 2H), 6.39 (s, 2H), 6.29 (s, 1H), 2.12 (s, 6H), 2.05 (s, 6H), 19F-NMR: -

119.62 (m). 

 

(a) 

 

(b) 

Figure 3.26: (a) The 1H-NMR (methanol-d4, 400MHz) of the Cesium complex 3.2f, 

(b) The TGA of the caesium complex 3.2f. 
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Chapter 4 

 

Polymorphs, solvates and anion assisted assemblies of imidazole based bis-
phenols 

 

Although there are many literatures available on the self-assembly and host-guest 

chemistry of bis-phenols,1 there are only a few references found on heteroatom 

containing bis-phenols.2 Generally, bis-phenols and their related phenolic compounds 

possess O-H···O, C-H···O and O-H···π (aromatic) interactions in the solid state.3 The 

introduction of N-containing heterocyclic ring such as imidazole in bis-phenols can 

introduce additional interactions leading to new supramolecular architectures. Various 

types of packing patterns can be generated in assemblies of such bis-phenol molecules 

by changing the donor-acceptor interactions. Some representative arrangements are 

illustrated in Figure 4.1. Moreover, different imidazolium cations that can readily 

form on acid treatment of imidazole derivatives generally self-assemble through N-

H···N interactions.4 
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Figure 4.1: Some representative ways to form hydrogen bonded assemblies through 

(a) O-H···N, (b) N-H···O and O-H···O and (c) O-H···O interactions among 

neighbouring molecules of an imidazole containing bis-phenol. 
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The nitrogen atoms in imidazole based bis-phenol may also interact with various 

anions to give new charge assisted assemblies of bis-phenols. Imidazole derivatives 

are attractive due to their ability to form supramolecular isomers and 

solvatopolymorphs.5 Thus, it would be interesting to attach an imidazole unit on bis-

phenol to study self-assembled structures. With these anticipations we synthesised 

two new imidazole based bis-phenols, 4-[(4-hydroxy-3,5-dimethylphenyl)(5-methyl-

1H-imidazol-4-yl)methyl]-2,6-dimethylphenol (4.1) and 2-((2-hydroxy-3,5-dimethyl- 

phenyl)(imidazol-4-yl)methyl)-4,6-dimethylphenol (4.2) and studied the structural 

aspects of their polymorphs and solvates. 

 

N

HN

OH

OH
H

OHHO

N

HN

H

4.1 4.2  

Figure 4.2: The structures of the bis-phenols 4.1 and 4.2. 

 

Beside these, charge assisted assemblies of bis-phenol 4.1 and bis-phenol 4.2 on 

interaction with various organic and inorganic anions are studied. These studies were 

performed with the anticipation that such new imidazole containing bis-phenol would 

interact to different anions depending on the availability of interacting sites. Earlier, 

pyridine containing bis-phenols were used to stabilize methyl and ethyl sulfate salts of 

pyridinium bis-phenols.2 

 

4.1 Synthesis and characterization of Bis-phenol 4.1 and Bis-phenol 4.2: 

 

Bis-phenol 4.1 was synthesised by condensation of 4-methyl-5-

imidazolecarboxaldehyde with 2,6-dimethylphenol under acidic condition following a 

reported procedure.6 The bis-phenol 4.2 was synthesised by the condensation of 4(5)-

imidazolecarboxaldehyde with 2,4-dimethylphenol following a similar procedure. The 

bis-phenol 4.1 and bis-phenol 4.2 were characterised by various spectroscopic 

techniques such as FT-IR, 1H-NMR, 13C-NMR, mass spectrometry. The 1H-NMR 

showed the characteristic signals for methine proton at 5.09 ppm and 5.74 for bis-

phenol 4.1 and 4.2 respectively (Figure 4.3a and 4.3b). 
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(a) 

 

(b) 

Figure 4.3: 1H-NMR (400 MHz, DMSO-d6) of the (a) bis-phenol 4.1 and (b) bis-

phenol 4.2. 

 

4.2 Supramolecular assemblies of bis-phenol 4.1 

 

4.2.1 Polymorph and solvates of bis-phenol 4.1 

 

The crystallization of bis-phenol 4.1 from a methanolic solution led to the formation 

of crystals with two different morphologies. These crystals are concomitant 

polymorphs of bis-phenol 4.1, whose components are abbreviated as polymorph 4.1a 

and polymorph 4.1b. The crystals of each polymorph are visually distinguishable in 

color and shape and they can be handpicked and separated.  The crystals of 

polymorph 4.1a are colorless needles whereas the crystals of polymorph 4.1b are 

yellow colored blocks. The crystal morphologies of the polymorph 4.1a and 
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polymorph 4.1b are shown in the Figure 4.4. Bis-phenol 4.1 forms a 1:0.5 solvate 

with acetone (4.1c) and 1:1 monohydrated solvate (4.1d) with dimethylsulphoxide 

(Scheme 4.1).  

 

 

 

Scheme 4.1: The polymorphs and solvates of bis-phenol 4.1. 

 

 

 

Figure 4.4:  The crystal morphologies of the polymorph 4.1a, 4.1b and solvate 4.1c 

(10X magnification). 

 

The crystals of polymorph 4.1a belong to the monoclinic space group P21/c. The 

parent molecules in polymorph 4.1a self-assemble through various weak interactions. 

The prominent weak interactions present in the self-assembly are O(2)-H···N(2) 

[dD···A= 2.669 Å, ∠D-H···A = 154˚] and O(1)-H···O(2) [dD···A = 2.705 Å, ∠D-H···A = 

152˚] interactions. The nitrogen atom (N2) of the imidazole ring of bis-phenol 4.1 

involves in intermolecular hydrogen bond with O(2)-H of a neighbouring molecule 

(Figure 4.5a). This results in the formation of a hydrogen bonded dimeric motifs of 

bis-phenol 4.1. These dimeric motifs are further connected to each other through O-

H···O interactions to form hydrogen bonded sheets along the bc-plane (Figure 4.6a). 

Apart from the strong hydrogen bond interactions, weak interactions such as N-H···π 

interactions also contribute to the stability of the lattice. The N-H bond of the 

imidazole involves in η3-type N-H···π interactions (dN-H···π = 3.361 Å) with one of the 

rings of the phenolic part of the bis-phenol 4.1 (Figure. 4.5b). The N-H···π 

interactions were previously observed in phenolic compounds possessing amino 
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(a) 

 

 

 
 

(b) (c) 

 

Figure 4.5: (a) O-H···O and O-H···N interactions in the polymorph 4.1a and 4.1b, 

(b) η3- type N-H···π interactions in polymorph 4.1a, (c) η4- types of N-H···π 

interactions in polymorph 4.1b. 

 

groups.7 However, the observed N-H···π distances in that cases are around 2.68 Å-

2.82 Å which is much less than the present case. The strength of the N-H···π 

interactions are much weaker in comparison to the related hydrogen bond 

interactions.8a In general, they are in the range of ~4 kcal mol-1.8b Thus these 

interactions may be considered as secondary interactions contributing to the stability 

of the assemblies.  

Polymorph 4.1b crystallizes in monoclinic space group C2/c. Similar to polymorph 

4.1a, the molecules in polymorph 4.1b also form hydrogen bonded dimers through 

O(2)-H···N(2) interactions [dD···A= 2.617Å, ∠D-H···A= 157˚] (Figure 4.5a). In the 

case of 4.1b also, these dimers are connected to each other through O(1)-H···O(2) 

interactions [dD···A= 2.680Å, ∠D-H···A= 161˚]. The differences between the  
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(a) (b) 
 

Figure 4.6: Packing pattern of the (a) polymorph 4.1a and (b) polymorph 4.1b. 

 

structures of the two polymorphs are the slight reorganization of the molecules in 

polymorph 4.1b to have η4-type N-H···π interactions between the imidazole N-H 

bond and the π-cloud of one of the benzene rings (dN-H···π= 3.215 Å) of bis-phenol 4.1. 

These interactions are such that a new set of dimeric motifs are formed (Figure 4.5c). 

Finally, this polymorph adopts a structural pattern that contains voids with a radius of 

1.2 Å running along the crystallographic [010] plane (Figure 4.6b). The volumes of 

these voids are found to be around 556 Å3 and they occupy 13.4% of the unit cell 

volume. Thus, N-H···π interactions distinguish the packing patterns of polymorphs 

4.1a and 4.1b.  

The porosity of 4.1b is also established from its surface study. The nitrogen 

adsorption-desorption isotherm of polymorph 4.1b is shown in Figure 4.7b. The total 

BET surface area of polymorph 4.1b is found to be 81.672 m2g-1. The nature of the 

nitrogen adsorption-desorption isotherm is of type II according to the IUPAC 

classification9 and the total pore volume is 0.1374 mLg-1. Further, the absence of any 

kind of disordered solvent molecules in these voids is supported by thermogravimetry 

(TG) since it does not show any appreciable amount of weight loss for solvent 

molecules (Figure 4.7a). 

  

TH-1267_09612207



                                                                                                                                                 Chapter 4 

 115

 
 

(a) (b) 
 

Figure 4.7: (a) The TG of the polymorph 4.1b at 3 °C per minute, (b) Nitrogen 

adsorption-desorption isotherm of polymorph 4.2b. 

 

The crystallographic asymmetric unit of acetone solvate 4.1c contains one host 

molecule and half of an acetone molecule. As in the structures of the two polymorphs, 

here also the molecules of 4.1 form self assembled dimers through O(1)-H···N(2) 

[dD···A= 2.6241 Å, ∠D-H···A= 155˚] interactions and the dimers are connected to each 

other through O(2)-H···O(1) [dD···A= 2.6750 Å, ∠D-H···A= 153˚]  interactions. In this 

case, the N-H of the imidazoles are involves in η5-type of N-H···π interactions 

(Figure 4.8a) with the phenolic ring (dN-H···π= 3.233 Å) where the H···πcentroid distance 

of 2.267 Å. There is a great similarity in the packing of solvate 4.1c with polymorph  

 

 
 

(a) 
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(b) (c) 
 

Figure 4.8: (a) The η5-type N-H···π interactions, (b) the C-H···O and C-H···π 

interactions and (c) Packing diagram of the solvate 4.1c. 

 

4.1b. In solvate 4.1c, the guest acetone molecules are embedded through C-H···O and 

C-H···π interactions (Figure 4.8b) in the cavities formed by the assembly of the host 

molecules (Figure 4.8c). The PXRD patterns of polymorph 4.1a and 4.1b are 

distinguishable (Figure 4.9a and 4.9b). The simulated PXRD pattern of polymorph 

4.1b and the simulated PXRD pattern of solvate 4.1c are compared (Figure 4.9c) and 

it is seen that they are non-overlapping but similar sets of peaks are observed in the 

two cases. In general, acetone solvates exhibit weak interactions through the C-H 

bond of the methyl groups and the carbonyl oxygen. Thus, polymorph 4.1b can be 

considered as a porous host for acetone molecules, whereas 4.1c is a 

pseudopolymorph of bis-phenol 4.1.10 Due to the presence of weak interactions, 

polymorph 4.1b can easily exchange acetone molecules. It is a difficult task in crystal 

engineering to predict the formation of a particular polymorph.11 However, the 

solvents used in the crystallization processes may have a significant role in their 

formation.12 There are many examples in which the structural frameworks of porous 

materials are changed while heating or due to the loss of solvent molecules.13 A study 

on such factors helps to decide reversible guest inclusion. For example, the 

conversion of hydrated p-phenylenediamine crystals to the anhydrous form requires14 

translational motion of the diamine molecules along with in-plane rotation of every 

fourth p-phenylenediamine molecule by about 60° angles. Moreover, the thermal 

desolvation can pass through phase transitions.15 We observed that when solvate 4.1c 
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was heated to about 60°C, the acetone molecules were lost from the solvate and the 

single crystals after heating showed a weak diffraction pattern (we could not solve the 

structure of the heated sample due to its poor diffraction). However, the PXRD  

 

 
(a) 

 

(b) 
 
 
 
 
 

  

(c) (d) 
 

Figure 4.9: PXRD of the polymorph of (a) 4.1a and (b) 4.1b, (c) Comparison of the 

simulated PXRD of polymorph 4.1a and with the simulated PXRD of acetone solvate 

4.1c, (d) Comparison of the powder pattern of the (A) polymorph 4.1b, (B) acetone 

solvate 4.1c after removal of acetone on heating, (C) polymorph 4.1b after exposing 

to acetone vapour and (D) acetone solvate 4.1c. 

 

pattern of the heated single crystals of 4.1c resembles to the PXRD pattern of 

polymorph 4.1b (Figure 4.9d). Again, we found that the porous polymorph 4.1b 

absorbs diffused acetone when it is exposed to acetone vapour at ambient conditions 

for about a day in a closed vessel to form solvate 4.1c. The reversibility of the acetone 

binding by polymorph 4.1b has been established by comparing the PXRD patterns 

(Figure. 4.9d) of solvate 4.1c with acetone absorbed sample of 4.1b prepared by the 
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diffusing acetone vapour. The PXRD of the acetone diffused sample of polymorph 

4.1b is identical with acetone solvate 4.1c. Furthermore, the PXRD of the acetone 

absorbed sample upon heating resembles the PXRD of 4.1b. 

The DMSO solvate of 4.1 was obtained as monohydrate. The crystallographic 

asymmetric unit of the DMSO solvate 4.1d contains one molecule of 4.1, DMSO and 

a water molecule. This structure is not an exception to the structure of the acetone 

solvate in terms of the dimers formed through O(1)-H···N(2) [dD···A= 2.721 Å and 

∠D-H···A = 169°] interactions. But in this case, the dimeric assemblies are connected 

to each other through bridging water molecules (Figure 4.10a). The N-H bonds of the 

imidazole rings are involved in η3-type N-H···π interactions with the π-bonds of the 

phenol rings, so polymorph 4.1a and solvate 4.1d have similar N-H···π interactions. 

 

 
 

(a) 

 

 
 

(b) 

 

 
(c) 

 

 
(d) 

 

Figure 4.10: (a) Water assisted assembly of dimeric unit of 4.1 in DMSO solvate 

(4.1d) showing the O-H···O and N-H···O interactions, (b) the C-H···O and C-H···π 

interactions in 4.1d, (c) Packing diagram of the DMSO solvate 4.1d and (d) 

Comparison of the PXRD of DMSO solvate 4.1d after heating up to 200°C and the 

polymorph 4.1b. 
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The formation of water assisted assemblies in 4.1d leads to a modified host system 

having a channel-like structure along the crystallographic b-axis (Figure 4.10c). The 

solvent molecules are embedded in the channels through C-H···O and C-H···π 

interactions (Figure 4.10b). Generally, dimethylsulphoxide molecules involve in 

various weak interactions when it forms host-guest assemblies with various hosts.11 

Furthermore, the DMSO molecules can be disordered depending on the 

environments.16a,f However, in the present case, each DMSO molecule is flanked by 

three molecules of 4.1 and has different interactions from three different directions 

and hence no disorder is observed.  When 4.1d was heated to 200 °C to expel the 

DMSO molecules, it transforms to the porous polymorph 4.1b and it is confirmed 

through PXRD (Figure 4.10d).      

 

Table 4.1: Some selected hydrogen parameters of 4.1a-4.1d: 

Compd no. D-H···A  dD‑H(Å) d H···A(Å) d D···A(Å) ∠D-H···A(°) 

4.1a 

 

O(1)-H···O (2) [x, 3/2-y,1/2+z] 0.82 1.95 2.705 (2) 152 

O(2)-H···N(2) [1-x, 2-y, -z] 0.82 1.91 2.669(3) 154 

4.1b O(1)-H···O (2) [1/2+x, 1/2-y,1/2+z ] 0.82 1.89 2.680(8) 161 

O(2)-H···N(2) [ -x, 1-y, 1-z] 0.82 1.84 2.617(7) 157 

4.1c O(1)-H···N(2) [1-x,-y,-z] 0.82 1.86 2.6241 155 

O(2)-H···O(1) [-1/2+x,1/2-y,-1/2+z] 0.82 1.92 2.6750 153 

4.1d O(1)-H···N(2) [1-x,1-y,-z] 0.86(6) 1.87(6) 2.721(5) 169(5) 

O(2)-H···O(4) 0.87(6) 1.91(4) 2.702(6) 151(5) 

O(4)-H···O(2) 0.84(5) 2.24(13) 2.702(6) 114(10) 

O(4)-H···O(1) [x,1/2-y,1/2+z] 0.87(3) 2.04(4) 2.889(6) 164(4) 

C(15)-H···O(1) [1-x,1-y,-z] 0.93 2.57 3.490(5) 172 

4.1e O(1) -H(1)···O(6) [2-x,1-y,1-z]        0.82        2.11    2.899(4)        162 

N(1) -H(1M)···O(3) [-1+x,1+y,z]     0.91(5)     2.32(5)    3.146(5)      151(4) 

N(1) -H(1M)···O(6) [-1+x,1+y,z]     0.91(5)     2.37(4)    3.102(4)      137(4) 

O(2) -H(2)···O(3) [ 1-x,-y,-z]        0.82        2.54    3.219(5)        141 

N(2) -H(2M)···O(1) [1-x,1-y,1-z]     1.00(4)     2.02(4)    2.914(3)      149(3) 

4.1f O(1) -H(1)···F(3) [-x,-y,1-z]        0.82        2.21    2.931(2)        147 

N(1) -H(1M)···F(1) [1/2-x,1/2-y,1-z]     0.88(3)     2.43(3)    2.946(3)      118(2) 

N(1) -H(1M)···F(2) [1/2-x,1/2-y,1-z]     0.88(3)     1.94(3)    2.827(3)      177(2) 

N(1) -H(1M)···F(3) [1/2+x,1/2-y,-1/2+z]     0.88(3)     2.49(3)    2.997(3)      117(2) 

O(2) -H(2)···F(1) [x,1-y,-1/2+z]        0.82        2.09    2.791(2)        144 

N(2) -H(2M) ···F(2) [1/2-x,1/2+y,3/2-z]     0.87(3)     2.42(3)    3.083(3)      134(2) 

N(2) -H(2M) ···F(3) [1/2-x,1/2+y,3/2-z]     0.87(3)     2.29(3)    2.857(3)      123(3) 

N(2) -H(2M) ···O(1) [1/2-x,1/2-y,1-z]     0.87(3)     2.26(3)    2.961(3)      138(2) 

 

The acetone solution of polymorph 4.1b is yellow in color and it shows absorption at 

425 nm with a feeble absorption at 605 nm. A solution of 4.1b in DMSO is intense 

blue (Figure 4.11a) and absorbs at 605 nm. Based on this, we carried out a visible 

spectroscopic titration by adding DMSO to a solution of 4.1b in acetone. It was found 
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that as the amount of DMSO was increased, there was an increase in the absorption at 

605 nm at the cost of the absorption at 425 nm (Figure 4.11b). The absorption 

changes passed through an isosbestic point at 570 nm. This suggested 1:1 inter-

conversion between the two states. Although acetone and DMSO have structural 

similarity, they have different polarity indices. Acetone has a polarity index17a of 5.1, 

whereas DMSO has a polarity index of 7.2. Hence, 4.1b strongly binds to DMSO and 

this causes the difference in the electronic properties in solution. We have taken the 

visible spectra of 4.1b in DMSO by adding acetone to it. In this experiment, no  

 
 

 

 

(a) (b) 

  

 
(c) (d) 

 

Figure 4.11: (a) Solution of 4.1b in DMSO and acetone, (b) Visible spectra of 

polymorph 4.1b in acetone (1.2 ×10-2 M, 2 mL) on addition of different aliquots of 

DMSO (50 μL in each aliquot), (c) UV-visible spectra of DMSO solvate (2 x 10-2) 

with 50 µL incremental addition of acetone and (d) The UV spectra of the compound 

in DMSO (2 x 10-2) with 50 µL incremental addition of DMSO.  
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changes other than a decrease in the intensity of the absorption at 605 nm and 425 nm 

were observed (Figure 4.11c) due to the dilution effect. The dilution effect is 

confirmed by recording the UV-visible spectra of 4.1b in a DMSO solution followed 

by the addition of DMSO in different aliquots (Figure 4.11d). Such addition resulted 

in identical spectra, as observed in the titration of a solution of 4.1b in DMSO with 

acetone. The ability of DMSO to change color is due to its ability to bind strongly 

with labile hydrogen and has been reported in the literature.17b There is also difference 

in the 1H-NMR of 4.1 in DMSO-d6 and Acetone-d6. The hydroxy protons of bis-

phenol 4.1 appear at 8.0 ppm in DMSO-d6 whereas it appears at 4.5 ppm in acetone-d6 

(Figure 4.12). There are many examples of molecular recognition by phenolic 

compounds. 18 Bis-phenol A and its derivatives form charge transfer complexes with 

p-benzoquinone and it was used as visible indicator for various bis-phenol derivatives 

as different bis-phenols give different color with p-benzoquinone in solid state.19 

Moreover, phenolic compounds are also used towards the recognition of anions. 

Boron based bis-phenolates were used for the colorimetric detection of fluoride and 

chloride ions.20 Quinoline based and amino containing phenolic compounds were 

used for the selective detection of biologically important zinc ions.21 Apart from these 

various phenolic compounds are used for the selective detection of biologically 

important anions such as phosphate, acetate, fluoride and chloride etc. 

 

Figure 4.12: Overlay of 1H-NMR of bis-phenol 4.1 in (a) DMSO-d6 and (b) acetone-

d6 (400 MHz). 
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4.2.2 Anion assisted assemblies of Bis-phenol 4.1: 

 

The perchlorate (4.1e) and the hexafluorosilicate (4.1f) salts of 4.1 crystallises in 1:1 

ratio.  In both the salt 4.1e and 4.1f the host cations form dimmeric units through two 

N-H···O [N(2)-H···O(1) with d D···A= 2.914 Å, ∠D-H···A= 149° and dD···A= 2.961 Å, 

∠D-H···A= 138° respectively for 4.1e and 4.1f] (Figure 4.13a,b) interactions instead 

of O-H···N interactions as observed in case of the polymorphs and the solvates of 4.1. 

These dimmeric units further assemble with the ClO4 and SiF6 anions through various 

weak interactions to give 3D network structures. In case of the 4.1f, the 3D assembly 

have channel like structure running along the crystallographic c-axis where the 

channels are occupied by the SiF6 anions (Figure 4.13d).  

 

 

 

 

 
(a) (b) 

 

 

 

 

(c) (d) 
 

Figure 4.13: The formation of dimmeric unit in (a) Perchlorate salt 4.1e and (b) 

hexafluorosilicate salt 4.1f, Packing diagram of the (c) nitrate salt 4.1e and (d) 

hexafluorosilicate salt 4.1f. 
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However, we did not observe suitable single crystal of the salts of 4.1 with other 

anions such as sulphate, nitrate and tetrafluoroborate which deterred us from further 

studies. 

 

4.3 Supramolecular assemblies of Bis-phenol 4.2: 

 

On the other hand, in case of the imidazole bis-phenol 4.2 we did not observed any 

polymorphism. But, we were able to crystallize the solvent free form of 4.2 (4.2a) 

from dimethylsulfoxide and as 1:1 methanol solvate (4.2b) from methanol. Moreover, 

we have prepared a series of imidazolium bis-phenol salts of bis-phenol 4.2 with 

dicarboxylic acid such as maleic and fumeric acid; and with acids such as perchloric 

acid, sulphuric acid, nitric acid and NaBF4. The whole results are summarized in the 

Scheme 4.2.  

 

 

Scheme 4.2: The solvates and salts of bis-phenol 4.2. 

 

4.3.1 Solvates of bis-phenol 4.2 

 

The anhydrous form 4.2a crystallizes in monoclinic space group P21/n and has 

moderately strong hydrogen bonded structure in the form of self-assembly. There are 

two moderate H-bonds, viz., N(1)-H···N(2) [∠D-H···A=164° and dD···A=2.991(3) Å] 

and O(2)-H···N(2) [∠D-H···A=145° and dD···A=2.816(3) Å]. The two hydroxy groups 

of each bis-phenol molecule form strong intramolecular H-bonds with ∠D-H···A= 

174° and dD···A=2.720(3) Å. The combination of these H-bonds leads to the formation 

of two different types of cyclic H-bonding motifs as shown in Figure 4.14a and 4.14b. 
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Apart from these H-bonds, there are other interactions such as C-H···O and C-H···π 

interactions which also contribute to the stability of the system. 

 

 

 
 

 

(a) (b) 
 

 

 
 
 

 
 

 
(c) (d) 

 

Figure 4.14: (a) Tetrameric assembly of 4.2a through O-H···N and N-H···N 

interactions, (b) Different types of cyclic H-bonding motifs in 4.2a, (c) and (d) 

Different types of hydrogen bonding and π···π interactions in the methanol solvate 

4.2b. 

 

The methanol solvate 4.2b crystallizes in triclinic space group P-1 and its asymmetric 

unit contains a methanol molecule along with a molecule of bis-phenol 4.2. The N-H 

group of the imidazole ring involves in N-H···O interaction [N(2)-H···O(2), dD···A, 

3.071 Å and ∠D-H···A, 144°] with one of the hydroxy group of the host molecule 

forming dimeric units of the bis-phenol 4.2. These dimeric units are further stabilize 

by the π···π interactions among the imidazole ring where the centroid-centroid 

separation is found to be 3.766 Å (Figure 4.14d). Methanol molecules acts as a bridge 

between such dimeric units of bis-phenol through O-H···O interaction [O(2)-
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H···O(3), dD···A=2.664 Å and ∠D-H···A=155°] and O-H···N [O(3)-H···N(1), dD···A, 

2.748 Å and ∠D-H···A=177°] interactions leading to infinite 2D sheet-like structure 

parallel to the crystallographic ab-plane. 

 

Table 4.2: Some selected hydrogen parameters of 4.2a-4.2d: 

Compd. no. D-H···A  dD‑H(Å) d H···A(Å) d D···A(Å) ∠D-H···A(°) 

4.2a 

 

O(1)-H(1)···O(2)  0.82 1.90 2.720(3) 174 

N(1)-H(1A)···N(2) [-1/2−x, 1/2 +y, 1/2 -z]  0.85(3) 2.17(3) 2.991(3) 164(3) 

O(2)-H(2)···N(2) [1/2 +x, 1/2-y, 1/2 + z]  0.82 2.11 2.816(3) 145 

C(9)-H(9)···O(1)  0.98 2.48 2.905(3) 106 

4.2b O(1)-H(1)···O(2)  0.82 2.32 3.1352(18) 174 

O(2)-H(2)···O(3) [1-x,1-y, -z]  0. 82 1.90 2.664(2) 155 

N(2)-H(2A)···O(1) [-1+x, y, z]  0.86 2.53 3.123(2) 126 

N(2)-H(2A)···O(2) [-x,1-y,-z]  0.86 2.33 3.071(2) 144 

O(3)-H(3A)···N(1)  0.82 1.93 2.748(2) 177 

4.2c O(1)-H(1)···O(7) [x, 3/2 -y, -1/2 +z]  0.89(3) 1.78(3) 2.669(2) 172(3) 

N(1)-H(1A)···O(3) [-x,1-y,-z]  0.86 1.91 2.750(2) 166 

O(2)-H(2)···O(1)  0.82 1.98 2.789(2) 167 

N(2)-H(2A)···O(4) [x, 3/2 -y, 1/2 + z]  0.86 1.95 2.772(2) 158 

O(5)-H(5A)···O(3)  0.82 1.61 2.425(2) 170 

O(7)-H(7E)···O(5) [-x, 1/2 + y, 1/2 -z]  0.86(3) 2.07(3) 2.893(2) 160(3) 

O(7)-H(7F)···O(6)  0.89(3) 1.93(3) 2.812(2) 170(3) 

4.2d O(1)-H(1)···O(3) [1-x,1-y,1-z]  0.82 1.95 2.6950(17) 150 

N(1)-H(1A)···O(4) [-x,1-y,1-z]  0.96(3) 1.75(3) 2.6712(18) 159(2) 

O(2)−H(2)···O(1)  0.82 1.98 2.7953(18) 173 

N(2)-H(2A)···O(3) [-x, -y,1-z]  0.90(3) 1.78(3) 2.6721(17) 169(2) 

 

4.3.2 Anion assisted assemblies of Bis-phenol 4.2: 

 

When the bis-phenol 4.2 was treated with maleic acid (H2mal) it formed mono 

hydrated salt, namely, 4.2H·Hmal·H2O (4.2c). The salt 4.2c crystallizes in a 

monoclinic space group P21/c. The crystallographic asymmetric unit consists of the 

4.2H cation, a maleate anion and a water molecule of crystallization. Strong 

intramolecular H-bonding (O-H···O) is observed within the maleate ion. The maleate 

anion generally forms an intramolecular hydrogen bonded structure.23 Such anions 

participate in hydrogen bond formation with host. The water of interest in the 

structure acts as a bridge between the host cation and maleate anion on one side 

whereas the other side of the maleate anion directly forms hydrogen bond to the host 

cation (Figure 4.15a). Moreover, the two hydroxy groups of the host cation (4.2H) 

also are involved in intramolecular O(2)-H···O(1) [dD···A=2.789 Å and ∠D-

H···A=167°] hydrogen bonding. The water molecule is coordinated to one hydroxy 
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group of the host molecule and two Hmal anions through O-H···O interactions where 

the Hmal anion forms water bridged zigzag polymeric chain (Figure 4.15b). 

 

 

(a) 

 

(b) 

Figure 4.15: (a) N-H···O  and O-H···O interactions in the salt 4.2c, (b) Formation of 

zig-zag 1D chain of maleate mono anion and water through H-bonding in 4.2c. 

 

It is shown that the maleic acid on reaction with 4.2 forms mono-deprotonated salt, 

whereas its trans counterpart, fumeric acid forms a di-deprotonated salt with the 

cation of the bis-phenol 4.2. For charge balance, two molecules of imidazolinium bis-

phenol cation accept one fumerate anion to give 4.2H·0.5 fum (4.2d). The pKa2 of  

maleic acid is 6.62 whereas it is 4.44 for fumeric acid and these differences are due to 

geometry of the two acids. The former acid adopts a strong intramolecular hydrogen 

bonded structure upon first deprotonation. The salt 4.2d crystallizes in triclinic space 

group P-1 and the crystallographic asymmetric unit contains one host cation 4.2H, 

and the half of the fumerate anion. The host molecules form dimers with two fumerate 

ions through N-H(imidazole)···O- and O-H···O interactions (Figure 4.16a). The 

intramolecular O2-H···O1 interaction in the host molecule is also observed as in the 
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earlier cases. Each fumerate ion interacts with six host molecules through N-

H(imidazole)···O- and O-H···O interactions, resulting in the encapsulation of the  

 

 

 
(a) 

 

 
(b) 

 

 
 

(c) 

 

Figure 4.16: (a) O-H···O and N-H···O interactions in fumerate salt 4.2d, (b) 

Encapsulation of fumerate ions in the hexameric assembly of the host cations in 4.2d, 

(c) Comparison of the FT-IR of 4.2, 4.2c and 4.2d. 

 

anion in the hexameric cavity formed by the host cation (Figure 4.16b). From the FT-

IR of the 4.2c it is seen that the C=O stretching frequency for the carboxylic acid 

group of maleic acid appears at 1707 cm-1. However, this peak disappears in case of 
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the fumarate salt which indicates the di-deprotonation of the fumeric acid in 4.2d. In 

the FT-IR spectra of 4.2c and 4.2d, the peaks at 2417 cm-1 and 2485 cm-1 appears due 

to the stretching of the N+-H bond (Figure 4.16c). 

The perchlorate salt of 4.2H·ClO4 (4.2e) crystallizes in a monoclinic space group 

P21/c, and its asymmetric unit contains one protonated host molecule and a 

perchlorate anion. Both the N-H and the N+-H of the imidazole ring act as H-bond 

donor and engage in hydrogen bonding with the perchlorate ion forming a ladder like  

 

 

 

 

(a) (b) 
 

 
(c) 

 

Figure 4.17: (a) N-H···O and O-H···O interactions in perchlorate salt 4.2e, (b) 

Interaction of each perchlorate anions with four host cation through N-H···O and O-

H···O interactions. (c) Packing pattern of the perchlorate salt 4.2e. 

 

H-bonded network when viewed along the a-axis (Figure 4.17a). These types of 

supramolecular features were found in the crystal structure of theophylline-

perchlorate salt.24 As in the earlier cases, the hydroxy groups of the host cation 

involve in intramolecular H-bonds. Over and above these, one of the hydroxy groups 

participating in the intramolecular hydrogen bond has a hydrogen atom free, which 

acts as H-bond donor to the oxygen atom of the perchlorate anion. Each perchlorate 
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ion interacts with four host cations through N-H···O, O-H···O and C-H···O 

interactions (Figure 4.17b) and finally the salt forms two discrete sheets each of 

which intercalate the perchlorate anions (Figure 4.17c).   

The sulfate salt 4.2H·0.5SO4 (4.2f) forms in 1: 0.5 cation-anion ratio and crystallize 

in R32 space group and the crystallographic asymmetric unit contains one host cation 

and half of a sulphate anion. One of the hydroxy groups of the host cation involves in 

intermolecular H-bond (both as donor and acceptor) with the same hydroxy group of 

two neighbouring molecules resulting in the formation of a trimeric assembly through 

R3
3(6)-types of cyclic H-bonding as shown in the Figure 4.18a. These types of two 

trimeric assemblies connected to each other via O3 of three sulphate anion through O-

H···O and N-H···O interactions leading to the formation of circular assemblies when 

viewed along the crystallographic c-axis (Figure 4.18b). These circular assemblies 

further connected to each other by O4 of sulfate through N2-H···O4 interactions to 

form 2D sheet. 

 

 

 

 

 
(a) (b) 

 

Figure 4.18: (a) Trimeric assembly of the host cation through R3
3(6) types of O-

H···O interactions in the sulphate salt 4.2f, (b)  Interaction of two trimeric assemblies 

through sulfate anion leading to a circular assembly.    

 

A bisulphate salt of bis-phenol 4.2 was formed serendipitously. When magnesium 

sulfate hexahydrate was treated with bis-phenol 4.2 in aqueous methanol, it led to 

formation of 4.2H·HSO4
- (4.2g). The formation of the bisulphate salt is attributed to 

hydrolytic disproportionation of magnesium sulfate in methanol as shown in Equation 

1. 
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SO4
2- + H2SO4 2HSO4

- Equation 1
 

 

The 1:1 bisulphate salt 4.2g crystallizes in the P-1 space group and the 

crystallographic asymmetric unit contains one 4.2H cation and bisulphate anion. The 

HSO4
- anions form a dimeric structure through R2

2(8) types of cyclic H-bonds, and 

these dimers are held in the assembly of the protonated host molecules of 4.2 through 

O-H···O and N-H···O interactions involving the hydroxy and the N-H groups of  the 

host molecule (Figure 4.19a). There are no strong intermolecular interactions among 

the host cations, but the two hydroxy groups of the host cation are involved in 

intramolecular H-bond interactions. Hydrogen sulfate salts have found applications in 

various devices such as H2 and H2O sensors, fuel and stream cells, and high-energy-

density batteries.25 Braga et al. had reported the crystal structure of the stabilized 

hydrogen sulfate adducts of crown ethers.26 Hydrogen sulfate salts are of interest in 

supramolecular aspects and crystal engineering because of its analogy to biologically 

relevant biphosphate anion and the presence of H-bonding between the ions for self-

association.27 Apart from these, the stabilization of the bisulphate anion along with the 

sulfate anion by 3,5-diphenylpyrazole has been reported.28  

 

 

 

 
 

 

(a) (b) 
 

Figure 4.19: (a) Formation of R2
2(6) types of cyclic H-bonding by the bisulphate 

anion in the bisulphate salt 4.2g, (b) Packing pattern of the bisulphate salt 4.2g. 

 

The reaction of sodium tetrafluoroborate in wet methanol forms 1:1 salt of 4.2, 

4.2H·BF4·H2O (4.2h) which crystallizes in a triclinic space group P-1. The 
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crystallographic asymmetric unit contains the host cation 4.2H, tetrafluoroborate 

anion, and water molecule of crystallization. Formation of such salts from sodium 

tetrafluoroborate may be considered as unique, as it forms through a hydrolytic 

reaction between sodium tetrafluoroborate with water leading to tetrafluoroboric acid. 

In such process the counter base has to be sodium hydroxide. The stabilization of 

 

Table 4.3: Some selected hydrogen parameters of 4.2e-4.2i 

Compd. no. D-H···A  dD‑H(Å) d H···A(Å) d D···A(Å) ∠D-H···A(°) 

4.2e 

 

O(1)-H(1)···O(6)  0.74(6) 2.07(6) 2.719(7) 146(5) 

N(1)-H(1A)···O(3) [x, 3/2 -y, -1/2 +z]  0.79(6) 2.14(6) 2.895(6) 161(5) 

O(2)-H(2)···O(1)  0.82 2.01 2.817(5) 170 

N(2)-H(2A)···O(6) [x, ½-y, -1/2 +z]  0.93(7) 2.23(7) 2.988(6) 138(6) 

4.2f O(1)-H(1)···O(1) [-y, x-y, z]  0.82 2.15 2.864(8) 146 

N(1)-H(1A)···O(3) [-y, x-y, z]  0.86 1.91 2.759(8) 171 

O(2)-H(2)···O(3)  0.82 2.15 2.826(7) 140 

N(2)-H(2A)···O(4) [1-x,1-x+y, -z]  0.86 1.86 2.719(8) 176 

4.2g O(1)-H(1)···O(2)  0.82 1.99 2.800(2) 169 

N(1)-H(1A)···O(4) [x, -1+y,1+z]  0.83(2) 2.07(2) 2.869(2) 162.1(18) 

O(2)-H(2)···O(6) [-x,1-y,1-z]  0.82 2.07 2.818(2) 151 

N(2)-H(2A)···O(3) [1 +x, -1+y,1+z]  0.86(3) 2.05(2) 2.888(2) 165.6(18) 

O(5)-H(5A)···O(4) [1-x,1-y, -z]  0.82 1.93 2.738(2) 169 

4.2h O(1)-H(1)···F(2) [1 +x,1+y, z]  0.82 2.11 2.832(3) 146 

N(1)-H(1A)···O(3) [1-x,1-y,1-z]  0.86(4) 1.89(4) 2.729(5) 166(3) 

O(2)-H(2)···O(1)  0.82 2.05 2.853(3) 166 

N(2)-H(2A)···F(4)  0.91(3) 2.21(3) 2.886(5) 131(3) 

N(2)-H(2A)···O(2) [1-x,1-y,1-z]  0.91(3) 2.18(4) 2.939(3) 140(3) 

O(3)-H(3N)···F(1) [1-x, -y,1-z]  0.82(9) 2.32(10) 2.997(5) 140(8) 

4.2i O(1)-H(1)···O(3)  0.85(13) 1.93(12) 2.762(7) 167(12) 

O(1)-H(1)···O(5)  0.85(13) 2.36(14) 2.999(8) 133(9) 

N(1)-H(1A)···O(5) [−1+x, y, z]  0.86 1.98 2.765(6) 152 

O(2)-H(2)··· O(1)  0.82 1.98 2.791(6) 170 

N(2)-H(2A)···O(3) [x, y,1+z]  1.00(7) 1.84(8) 2.803(6) 162(7) 

N(2)-H(2A)···O(4) [x, y,1+z]  1.00(7) 2.46(8) 3.249(8) 135(8) 

 

tetrafluoroborate anion by quinoline based receptor is already reported by our group, 

which was obtained by similar hydrolytic reaction of sodium tetrafluoroborate with 

the receptor in wet DMF.29 In the salt 4.2h, the water molecule of crystallization acts 

as a donor toward the tetrafluoroborate anion and acceptor toward N-H of the 

imidazole ring. The protonated N+-H of the imidazole ring is involved in bifurcated 

H-bonding with one hydroxy group of the host cation and to the tetrafluoroborate 

anion. The host cation forms a dimer through N(2)-H···O(2) hydrogen bonding 

interactions (Figure 4.20). These dimers are connected to each other via 

tetrafluoroborate anions through N-H···O, O-H···F, and N-H···F interactions (Table 

4.3). Such interactions lead to the formation of sheet-like structures. These sheet-like 
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structures intercalate tetrafluoroborate anions and they are held together by C-H···π 

interaction. 

 

 

 

Figure 4.20:  N-H···O, O-H···O and  O-H···F interactions in the tetrafluoroborate 

salt 4.2h.  

 

The nitrate salt 4.2H·NO3 (4.2i) is a 1:1 electrolyte and crystallizes in a monoclinic 

space group P21/c. The crystallographic asymmetric unit of 4.2i contains one host 

cation and a nitrate anion. Both the N+-H and N-H bonds of the imidazole act as H-

bond donor toward the nitrate anion (Figure 4.21a). In this case also, two hydroxy 

groups of the host cation involves in intramolecular H-bonding. One of the hydroxy 

group  acts as H-bond donor to the nitrate anion. This assembly forms a sheet parallel 

to the ac-plane which incorporates the nitrate anions as shown in the Figure 4.21b. 

 

 

 
 
 

(a) (b) 
 

Figure 4.21: (a) N+-H···O, N-H···O, and O-H···O interactions in nitrate salt 4.2i, (b) 

Packing pattern of the nitrate salt 4.2i.   
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We have studied the preferential crystallization process of the  salts 4.2e-4.2i  by 

adding the salts to another acid solution. We observed that weak perchlorate anion or 

nitrate anion can be successfully replaced by sulfate anion from their respective salt. 

However, the reverse process, namely, the sulfate salt does not lead to formation of 

perchlorate or nitrate salt on treatment with perchloric acid and nitric acid, 

respectively. Because of the lack of distinguishable and characteristic absorption 

maxima in the UV region, we have not carried out the competitive binding of anion. 

The formation of salts in case of 4.2c-4.2i is also confirmed by 1H-NMR spectra 

(Figure 4.22), as the protons on the imidazole ring shifted to a higher δ-value on 

interaction with anions. For example, the methine proton of bis-phenol shows down 

field shift in salts 4.2e, 4.2f, 4.2g and 4.2i compared to the parent bis-phenol 

molecule. Moreover, the protons of the two phenol rings and the imidazole ring are 

also significantly affected on interaction with the anions. 

 

Figure 4.22: The overlaid 1H-NMR ( DMSO-d4, 400 MHz) of 4.2 and its salts 4.2e-

4.2i  

4.4 Thermogravimetric Analysis: 

The differential scanning calorimetry (DSC) of crystalline solids is generally useful to 

understand different thermal properties,30 such as phase transitions and reversibility in 

the release of guest molecules. The DSC plots of all the polymorphs and solvates 

show a flat baseline with sharp peaks, which is consistent of the high purity of the 
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bulk materials. From the DSC, it is seen that for the polymorph 4.1a endothermic 

peaks appear at  234.4°C and 238.4 °C, whereas  for the polymorph 4.1b these appear 

at 230.0°C and 243.7°C (Figure 4.23). From the TG analysis it was seen that 4.1c 

loses the acetone molecules in the temperature range of 50-95 °C (theoretical weight 

loss 7.8%, experimental weight loss 7.74%, Figure 4.25a). The solvate 4.1d loses  

 

 

 

Figure 4.23: DSC of the polymorph 4.1a and 4.1b (heating rate 3 °C/ minute) 

 

water and DMSO molecules when it is heated up to 190°C (theoretical weight loss 

22.0%, experimental weight loss 21.4%, Figure 4.26a). The loss of DMSO molecules 

at a relatively high temperature is supportive of its firm binding in the lattice. From 

the DSC it is seen that the compound 4.2 melts at 240°C. The methanol solvate 4.2b 

losses the methanol molecules at around 80-100 °C (theoretical weight loss 9.0%, 

experimental weight loss 8.4%, Figure 4.28a). From the TG analysis of 4.2c, it is seen 

that the water of crystallization is lost at around 134°C (theoretical weight loss 3.90%, 

experimental weight loss 4.0%, Figure 4.29a), which indicates that the water 

molecule is strongly bound in the assembly. Whereas in the case 4.2h, the water of 

crystallization is lost at around 85-95°C (experimental weight loss 7.7%, theoretical 

weight loss 4.2%, Figure 4.34).  In this case water molecules are attached to two 

dimeric assemblies of the cations and are relatively weakly bound compared to water 

molecules in 4.2c. 
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4.5 Conclusion: 

In conclusion, we have reported two polymorphs 4.1a and 4.1b of imidazole based 

bis-phenol 4.1 formed by the combination of Ophenol-H···N type and Ophenol-H···O 

type motifs. The O-H···N and O-H···O interactions in the polymorph 4.1a and 4.1b 

are similar. However, the difference in packing of the two polymorphs arises due to 

the difference in the NH···π interactions. the polymorph 4.1b has a porous structure 

and we have established its porosity by nitrogen adsorption-desorption experiment. 

The actone solvate 4.1c is isostructural with the porous polymorph 4.1b. The acetone 

solvate 4.1c  and the DMSO solvate 4.1d transform to the porous polymorph 4.1b on 

heating. Conversly, the porous polymorph 4.1b transforms to the acetone solvate 4.1c 

on exposure to acetone vapour. It may be mentioned that the porous structures 

generated by desolvation are generally unstable. But in case of bis-phenol 4.1, we 

have crystallographically determined the structure of a porous form which considered 

as a difficult task.      

On the other hand, in case of the bis-phenol 4.2 we have not observed any 

polymorphism. However, a large structural variations by directional hydrogen bonds 

in anion assisted assemblies of bis-phenol 4.2 are shown. Among the two isomeric cis 

and trans dicarboxylic acids, maleic acid leds to the monodeprotonated salt, whereas 

fumeric acid (trans) led to the dideprotonated salt.  In the former case a water-assisted 

sheetlike layered structure observed, whereas in the latter case anion encapsulated 

assembly is formed through assembling of cations.  

Among the tetrahedral anions sulphate led to trimeric sub-assemblies of the cationic 

bis-phenols part which is held together by sulphate ions forming assemblies with 

circular shapes. The circular assemblies and structures are very common in biological 

systems.31 In case of the sulphate salt 4.2f, the outer diameter of the circular assembly 

is 15.19 Å. This types of circular structures are important in the sense that large 

circular structures may be benificial for the discovery of new porous material.32 On 

the other hand bisulphate anion is trapped from the acidolysis of magnesium sulfate 

and sulphuric acid in methanol. Stabilization of bisulphate anion by bis-phenol guest 

from this reaction is unprecedented to best of our knowledge. 

The intramolecular hydrogen bonds between the phenolic hydroxy groups of the bis-

phenol 4.2 molecules are observed in all the cases except in the case of the sulphate 

salt (4.2f). It is attributed to large electrostatic interactions offered by the sulfate 
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dianion. The formation of the tetrafluoroborate salt of 4.2 from sodium 

tetrafluoroborate in methanol is a very rare phenomenon.  

 

4.6 Experimental Section  

 

Synthesis of 4-[(4-hydroxy-3,5-dimethylphenyl)(5-methyl-1H-imidazol-4-

yl)methyl]-2,6-dimethylphenol (4.1): 4-methyl-5-imidazolecarboxaldehyde (0.550 g, 

5 mmol) and 2,6-dimethylphenol (1.22 g, 10 mmol) were dissolved in acetic acid (20 

mL) and the solution was stirred for half an hour in an ice bath. A mixture of 

concentrated sulphuric acid and glacial acetic acid in a 1: 2 ratio (10 mL, v/v) was 

added dropwise to the reaction mixture. After half an hour of stirring, the mixture was 

kept in a deep freeze for one week. After one week, ice cold water (10 mL) was added 

to the reaction mixture and a pale yellow precipitate appeared. The reaction mixture 

was filtered and the precipitate was washed with an aqueous sodium bicarbonate 

solution (20%, 25 mL). The product was then dried in air and recrystallised from 

methanol. Yield: 78%. 1H-NMR (400 MHz, DMSO-d6): 7.31 (s, 1H), 6.61 (s, 4H), 

5.09 (s, 1H), 2.07 (s, 12H), 1.95 (s, 3H), 13C-NMR (100 MHz, DMSO-d6): 151.3, 

134.8, 133.1, 128.5, 126.7, 125.9, 123.8, 46.0, 16.9, 10.9; ESI mass: [M+1]: 

337.2061. 

(a) 

 

(b) 

 

 

Figure 4.24: (a) 13C-NMR (100 MHz, DMSO-d6) and (b) LC-MS of the bis-phenol 

4.1. 
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When 4.1 was dissolved in methanol and kept undisturbed for crystallization, crystals 

of two different morphologies, namely, colorless needles of polymorph 4.1a and 

yellow blocks of polymorph 4.1b appeared together. The crystals of each polymorph 

were hand-picked using a magnifying glass. 

Polymorph 4.1a: Yield: 55%. IR (KBr, cm-1): 3351 (s), 2916 (m), 1598 (m), 1486 (s), 

1440 (m), 1353 (m), 1299 (m), 1204 (s), 1143 (s), 1077 (m), 1024 (w), 966 (w), 879 

(w), 803 (w), 736 (w), 668 (w), 633 (w), 597 (w). 

 Polymorph 4.1b: Yield: 40%. IR (KBr, cm-1): 3359 (s), 2944 (m), 2917 (m), 1639 

(w), 1594 (m), 1489 (s), 1456 (w), 1342 (m), 1306 (m), 1235 (s), 1208 (s), 1156 (s), 

1081(s), 1029 (s), 971 (m), 887 (w), 792 (m), 741 (w), 685 (w), 660 (m), 634 (m), 603 

(s), 489 (w). 

Acetone solvate 4.1c: Solvate 4.1c was obtained as red crystals from acetone. Yield: 

65%. IR (KBr, cm-1): 3444 (s), 2972 (w), 2946 (w), 2918 (w), 1743 (m), 1638 (s), 

1489 (s), 1459 (w), 1358 (w), 1342 (w), 1307 (m), 1236 (s), 1209 (s), 1156 (s), 1082 

(s), 1029 (m), 971 (w), 940 (w), 881 (w), 793 (m), 739 (m), 727 (w), 698 (m), 660 

(m), 635 (m), 603 (m). 

(a) 

 

(b) 

 

 

Figure 4.25: (a) TG of the acetone solvate 4.1c showing the loss of the acetone 

molecules, (b) Comparison of simulated and experimental PXRD of the DMSO 

solvate 4.1c. 
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DMSO Solvate 4.1d: Solvate 4.1d was obtained as yellow block crystals from its 

solution in dimethyl sulphoxide. Yield: 80%. IR (KBr, cm-1): 3449 (m), 3349 (s), 

3258 (w), 3115 (w), 2919 (m), 2851 (w), 1596 (m), 1489 (s), 1434 (m), 1325 (m), 

1304 (m), 1221 (s), 1156 (m), 1081 (m), 1027 (s), 965 (w), 949 (w), 842 (w), 790 (w), 

696 (w), 636 (w), 600 (w). 

 

(a) 

 

(b) 

 

 

Figure 4.26: (a) TG of the DMSO solvate 4.1d showing the loss of the DMSO 

solvents, (b) Comparison of simulated and experimental PXRD of the DMSO solvate 

4.1d. 

Perchlorate salt of 4.1 (4.1e): Equimolar amounts of 4.1 (0.161 g, 0.5 mmol) and 

HClO4 were dissolved in methanol (10 mL) and solution was left for crystallization. 

Yellow colored block crystals were formed after one week. Yield: 70%. IR (cm-1): 

3555 (m), 3236 (m), 3130 (w), 2918 (m), 1641 (m), 1608 (w), 1492 (s), 1335 (m), 

1302 (w), 1286 (w), 1214 (s), 1151 (m), 1024 (m), 921 (w), 777 (w), 732 (m), 621 (s). 

Hexafluoro silicate salt of 4.1 (41f): 4.1 was dissolved in methanol and excess 

amount of HF was added to it. The reaction mixture was kept for crystallization in a 

glass vessel. Yellow color block crystals were formed after one week. Yield: 55%. IR 

(cm-1): 3509 (m), 3297 (w), 3185 (w), 3093 (w), 2917 (m), 1640 (s), 1491 (s), 1453 
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(w), 1321 (w), 1301 (w), 1204 (s), 1149 (m), 1023 (m), 946 (w), 883 (s), 722 (s), 484 

(m). 

Synthesis of 2-((2-hydroxy-3,5-dimethylphenyl)(imidazol-4-yl)methyl)-4,6-

dimethylphenol (4.2): It is synthesised by the same procedure as bis-phenol 4.1 but 

4(5)-imidazolecarboxaldehyde and 2,4-dimethylphenol was used instead  of 4-methyl-

5-imidazolecarboxaldehyde and 2,6-dimethylphenol respectively. Yield: 86 %. 1H-

NMR (400 MHz, DMSO-d6): 7.73 (s, 1H), 6.85 (s, 2H), 6.71 (s, 2H), 5.74 (s, 1H), 

2.11 (s, 6H), 2.09 (s, 6H); 13C-NMR (100 MHz, DMSO-d6): 150.6,  140.2, 134.7, 

130.3, 129.5, 128.3, 127.2, 125.0, 116.7, 40.1, 20.7, 17.0; ESI mass: [M+1]: 

323.0767.  

(a) 

 

(b) 

 

 

Figure 4.27: (a) 13C-NMR (100 MHz, DMSO-d6) and (b) LC-MS of the bis-phenol 

4.2. 

The solvent free form 4.2a is obtained by the crystallization of 4.2 from 

dimethylsulphoxide. IR (cm-1): 3840 (w), 3439 (s), 3148 (m), 2912(w), 1615 (s), 1550 

(s), 1486 (s), 1440 (m), 1325 (m), 1226 (s), 1185 (m), 1094 (w), 1012 (w), 935 (w), 

856 (w), 751 (w), 658 (w). On the other hand the methanol solvate 4.2b is obtained 

from the methanolic solution of 4.2. IR (cm-1): 3494 (m), 3357 (s), 2921 (w), 2783 

(w), 1602 (w), 1570 (m), 1486 (s), 1441 (m), 1382 (w), 1334 (m), 1292 (m), 1218 (s), 
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1142 (m), 1082 (m), 1029 (s), 861 (s), 828 (m), 787 (m), 718 (m), 648 (m), 607 (s), 

568 (w). 

(a) 

 

(b) 

 

 

Figure 4.28: (a) TG of the methanol solvate 4.2b showing the loss of methanol 

molecules, (b) Comparison of the simulated and experimental PXRD of salt 4.2b. 

 

4.2H·Hmal·H2O (4.2c): Equimolar amounts (0.5 mmol) of 4.2 (0.161 g) and maleic 

acid (0.058 g) were dissolved in methanol (10 mL) and kept for crystallization. After 

one week, colorless crystals appeared. Yield: 96%. IR (cm-1): 3461 (s), 3135 (m), 

2920 (m), 1620(s), 1578 (s), 1489 (s), 1443 (m), 1387 (m), 1363 (s), 1298 (w), 1212 

(s), 1149 (w), 1089 (w), 993 (w), 863 (s), 788 (w), 751 (s), 661 (w), 625 (w), 568 (w). 

1H-NMR (400MHz, DMSO-d6): 8.98 (s, 1H), 6.86 (s, 1H), 6.81 (s, 2H), 6.38 (s, 2H), 

6.14 (s, 2H), 6.12 (s, 1H), 2.13 (s, 6H), 2.09 (s, 6H). 
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(a) 

 

 

 

 

(b) 

 

 

 
(c) 

 

 

Figure 4.29: (a) TG of the salt 4.2c, (b) Comparison of the simulated and 

experimental PXRD of salt 4.2c, (c) 1H-NMR of the salt 4.2c (DMSO-d6, 400 MHz). 

 

4.2H·0.5fum (4.2d): 4.2 (0.322 g, 1 mmol) and fumeric acid (0.058 g, 0.5 mmol) 

were dissolved in methanol (15 mL) and kept for crystallization. After one week 

colorless crystals appeared. Yield: ∼94%. IR (cm-1): 3324 (s), 3140 (m), 2916 (s), 

2569 (m), 1538 (s), 1489 (s), 1443 (s), 1352 (m), 1325 (m), 1304 (m), 1289 (m), 1228 

(s), 1166 (s), 1101 (m), 988 (s), 920 (w), 874 (w), 846 (m), 790 (m), 750 (m), 674 (s), 

641 (w), 620 (w), 574 (w). 1H-NMR (400MHz, DMSO-d6): 2.08 (s, 12H), 5.78 (s, 

1H), 6.60 (s, 1H), 6.71 (s, 2H), 6.78 (s, 3H), 7.84 (s, 1H). 
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Figure 4.30: (a) Comparison of the simulated and experimental PXRD of salt 4.2c, 

(b) 1H- NMR of the salt 4.2d (DMSO-d6, 400 MHz). 

 

4.2H·ClO4 (4.2e): Equimolar amounts of 4.2 (0.161 g, 0.5 mmol) and HClO4 were 

dissolved in methanol (10 mL) and solution was left for crystallization. Colorless 

crystals were formed after one week. Yield: 93%. IR (cm-1): 3391 (s), 3159 (s), 3010 

(m), 2917 (m), 1613 (s), 1487 (s), 1378 (w), 1337 (w), 1298(m), 1229(m), 1182 (m), 

1142 (s), 1120 (s), 1087 (s), 1031(m), 984 (w), 929 (w), 866 (w), 806 (w), 789 (w), 

624 (s). 1H-NMR (400MHz, DMSO-d6): 2.09 (s, 6H), 2.13 (s, 6H), 6.12 (S, 1H), 6.38 

(s, 2H), 6.82 (s, 2H), 6.86 (s, 1H), 8.98 (s, 1H). 

 

(a) 

 

(b) 

 

(a) 
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Figure 4.31: (a) Comparison of the simulated and experimental PXRD of salt 4.2e, 

(b) 1H- NMR of the salt 4.2e (DMSO-d6, 400 MHz). 

 

4.2H·0.5SO4 (4.2f): 4.2 (0.322 g, 1 mmol) and H2SO4 in a 2:1 molar ratio were 

dissolved in methanol (15 mL) and kept for crystallization. Colorless crystals were 

formed after one week. Yield: 96%. IR (cm-1): 3391 (s), 3136 (s), 2856 (s), 1617 (s), 

1490 (s), 1377 (w), 1340 (w), 1191 (s), 1154 (s), 1093 (m), 1060 (s), 931 (w), 864 (s), 

817 (m), 787 (w), 750 (w), 590 (s). 1H-NMR (400MHz, DMSO-d6): 2.09 (s, 6H), 2.13 

(s, 6H), 6.12 (s, 1H), 6.37 (s, 2H), 6.81 (s, 2H), 6.84 (s, 1H), 8.98 (s, 1H).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.32: (a) Comparison of the simulated and experimental PXRD of salt 4.2f, 

(b) 1H- NMR of the salt 4.2f (DMSO-d6, 400 MHz). 

 

(b) 

 

(a) 

 

(b) 
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4.2H·HSO4 (4.2g): 4.2 (0.322 g, 1 mmol) and magnesium sulfate heptahydrate (0.124 

g, 0.5 mmol) were dissolved in methanol and then a few drops of sulphuric acid was 

added to it and the clear solution thus obtained was kept undisturbed. After 3 days 

pink color crystals appeared. Yield: 91%. IR (cm-1): 3397 (s), 3131 (w), 3025 (w), 

2918 (w), 1617 (s), 1483 (s), 1376 (w), 1340 (w), 1192 (w), 1154 (w), 1093 (m), 1060 

(m), 931 (w), 864 (s), 589 (s), 493 (w). 1H-NMR (400MHz, DMSO-d6): 2.09 (s, 6H), 

2.13 (s, 6H), 6.12 (s, 1H), 6.37 (s, 2H), 6.82 (s, 2H), 6.85 (s, 2H), 8.35 (s, 1H), 8.99 

(s, 1H).  

 

 

Figure 4.33: (a) Comparison of the simulated and experimental PXRD of salt 4.2g, 

(b) 1H- NMR of the salt 4.2g (DMSO-d6, 400 MHz). 

 

4.2H·BF4·H2O (4.2h): Equimolar amounts (0.5 mmol) of 4.2 (0.161 g) and NaBF4 

(0.055 g) were dissolved in methanol (15 mL) and kept for crystallization. After one 

week, colorless crystals formed were filtered. Yield: 94%. IR (cm-1): 3344 (s), 3151 

(m), 3016 (s), 2915 (m), 2851 (w), 1614 (m), 1551 (s), 1489 (s), 1439 (m), 1329 (w), 

1303 (w), 1229 (s), 1185 (m), 1084 (w), 856 (w), 788 (w), 751 (w), 660 (w), 631 (w). 

1H-NMR (400MHz, DMSO-d6): 2.08 (s, 12H), 5.76 (s, 1H), 6.70 (s, 2H), 6.79 (s, 3H), 

7.82 (s, 1H).  

(a) 

 

(b) 

 

TH-1267_09612207



                                                                                                                                                 Chapter 4 

 145

(a) 

 

 
 

(b) 

 

 

 
 

(c) 

 

 

Figure 4.34: (a) TG of the salt 4.2h, (b) Comparison of the simulated and 

experimental PXRD of salt 4.2h, (c) 1H-NMR of the salt 4.2h (DMSO-d6, 400 MHz). 

 

4.2H·NO3 (4.2i): A solution prepared from an equimolar amount (0.5 mmol) of 4.2 

(0.161 g) and HNO3 was allowed to crystallize. After one week, colorless crystals 

were obtained. Yield: 95%. IR (cm-1): 3352 (s), 3125 (s), 3024 (s), 2914 (s), 1744 (w), 

1615 (s), 1491 (s), 1439 (m), 1419 (m), 1384 (s), 1330 (s), 1300 (s), 1260 (s), 1226 

(s), 1188 (s), 1096 (m), 1041 (m), 987 (w), 934 (w), 834 (m), 626 (w), 565 (w). 1H-
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NMR (400MHz, DMSO-d6): 2.10 (s, 6H), 2.14 (s, 6H), 6.13 (s, 1H), 6.38 (s, 2H), 

6.82 (s, 2H), 6.85 (s, 1H), 8.27 (s, 2H), 9.00 (s, 1H). 

 

 

 

 

 

 

Figure 4.35: (a) Comparison of the simulated and experimental PXRD of salt 4.2i, 

(b) 1H- NMR of the salt 4.2i (DMSO-d6, 400 MHz). 
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Chapter 5 

Alkali metal complexes of bis-phenol based flexible dicarboxylic acids 

 

The coordination of s-block metals with carboxylate oxygen atoms is mainly ionic in 

nature which complicates the prediction of coordination geometry.1 It is a challenge in 

carrying out systematic studies of coordination networks based on s-block metal ions 

due to the lack of predictive coordination behaviour. Despite of these difficulties, 

alkali metal ions have been employed in hybrid frameworks, as their oxophilicity and 

H2 affinity can offer binding sites for H2, CO2, and other guest molecules.2 The alkali 

metals (Na, K) are among the 10 most abundant elements in nature; they are cheap, 

non-toxic, and essential in many biological processes.3 Metal organic frameworks of 

alkali metals provide interesting structural features.4 Various flexible5 and semi-rigid6 

di- and polycarboxylate ligands were employed to construct MOF of alkali metals. 

The diaqua-bridged sodium carboxylate complexes have interest as model for 

biological mimic of sodium complex of glyphosate.7 The assemblies of mixed anionic 

carboxylate complexes show versatilities in optical properties.8  

The rigid V-shaped geometry of bis-phenol can be modified to flexible or semi-rigid 

structure by functionalizing the hydroxy groups at two ends.9 A bis-phenol generally 

adopts propeller type of structure (Figure 5.1 A).10 However, the two phenolic ends 

 

 

 

Figure 5.1: (A) Propeller geometry of bis-phenol, (B) and (C) pincer like compound 

derived form bis-phenol having two flexible arms connected to rigid propeller 

geometry. 

 

 can be expanded through ether bond with functional groups such as -CH2COOH 

which results in the formation of pincer type of ligands. Pincer type ligands11 can 
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coordinate to metal ions to give coordination complexes of various dimensions. Since, 

the functional groups are connected to a sp3 carbon centre through the ether link, there 

are different possibilities of orientation of such ligands as illustrated in Figure 5.1 (B 

and C).  The stabilization of such conformation through metal complexation would be 

of interest to generate mononuclear, cyclic or polymeric structures. 
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Figure 5.2: (a) Structure of the ether based flexible dicarboxylic acid ligand D, (b) 

Heterometallic Zn-Na coordination polymer of D, (c) Dinuclear aqua bridged sodium 

complex of  L-3-phenyl-2-(3-phenyl-ureido)-propionic acid. 

 

It may also be noted that ligands having similar scaffold such as D was studied earlier 

to make various metal complexes.12 In such cases a wide variation of structures was 

observed through coordination to different metal ion in presence of wide range of 

ancillary ligands. Sodium cations were shown to be embedded in  crown-like 

geometries created by complexation to metal ions.12 On the other hand, rigid pincer 

shaped 2, 6-dipicolinic acid forms coordination complexes of different dimension 

with alkali metals.13 Urea based flexible carboxylate ligand, L-3-phenyl-2-(3-phenyl-
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ureido)-propionic acid forms sodium complex which has aqua bridge dinuclear 

structure.14 Based on these, we have taken up synthesis and characterization of a 

series of dicarboxylic acid ligands having structural skeleton of D as shown in the 

Figure 5.1. In this chapter we demonstrate structural variations of sodium, potassium 

and caesium complexes of V-shaped pincer type of dicarboxylic acid ligands derived 

from unsubstituted and substituted bis-phenols. 

 

5.1 Synthesis of the bis-phenol based dicarboxylic acids H2L
1 (5.1), H2L

2 (5.2), 

H2L
3 (5.3) and H2L

4 (5.4) 

 

The dicarboxylic acid ligands H2L
1 (5.1), H2L

2 (5.2), H2L
3 (5.3) and H2L

4 (5.4) were 

synthesized by multi-step synthetic procedures starting from bis-phenols (5.1a-5.4a). 

The bis-phenols (5.1a-5.4a) were reacted with methyl bromoacetate to obtain the 

corresponding ester (5.1b-5.4b). The esters (5.1b-5.4b) were further hydrolyzed to 

form the dicarboxylic acids. The reaction steps are illustrated in Scheme 5.1. These 

new ligands are characterised by various convensional spectroscopic techniques such 

as, FT-IR, 1H-NMR, 13C-NMR and ESI mass spectrometry. For example, in 13C-NMR 

spectra of 5.1, the signals at 15.9 and 20.7 ppm are due to carbon of methyl groups 

attached to aromatic rings. The signals at 43.1 ppm and 69.3 ppm are due to 

methylene carbon and methine carbon. Whereas signal for carbon of carbonyl group 

appears at 170.3 ppm. In the IR spectra of 5.1, the OH of carbonyl appears at 3446 

cm-1 and the streching frequeny for the C=O group appears at 1741 cm-1. 

We have also determined the structure of 5.1 and 5.3 using single crystal  X-ray 

diffractometer. But we did not obtain siutable single crystal of 5.2 and 5.4 which 

deterred us to determine their strcutures. 

R1H

HO

OH R1H

O

O

COOMe

MeOOC

R1H

O

O

COOH

HOOC

Where R1= H,      R2= H (5.1a)
            R1= F,      R2= H (5.2a)
            R1= NO2, R2= H (5.3a)
            R1= H, R2= NO2 (5.4a)

MeOOC

O

Br

K2CO3, Acetone MeOH/ water

NaOH

R2
R2

R2

Where R1= H,      R2= H (5.1b)
            R1= F,      R2= H (5.2b)
            R1= NO2, R2= H (5.3b)
            R1= H, R2= NO2 (5.4b)

Where R1= H,      R2= H (5.1)
            R1= F,      R2= H (5.2)
            R1= NO2, R2= H (5.3)
            R1= H, R2= NO2 (5.4)  

Scheme 5.1: Syntheses of the ligands 5.1-5.4. 
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Figure 5.3: 1H-NMR of ligand H2L
1(5.1) (400MHz, DMSO-d6) 

 

 

5.2 Structures of the ligands H2L
1 (5.1) and H2L

3 (5.3) 

 

From the single crystal analysis it is seen that both H2L
1 (5.1) and H2L

3 (5.3) have 

pincer-like geometries. The pincer-like geometries originate from the projection of the 

two aromatic rings bearing a central methine carbon (C11). The arms bearing flexible 

carboxylic acid groups are attached to the two aromatic rings through oxygen atoms. 

Thus, the flexible arms are suitably oriented to adopt a favourable conformation for 

coordination to metal ions.  The ligand 5.1 forms H-bonded assemblies with a  

 

 

 

 

 

 

(a) (b) 

 

Figure 5.4: (a) Asymmetric unit of the ligand H2L
1 (5.1) (drawn with 30% thermal 

ellipsoids; hydrogen atoms of methanol and water are omitted), (b) Encapsulation of 

methanol molecules in the cavity formed by self assembly of 4.1. 
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methanol and one water molecule. The methanol molecules are encapsulated in the 

cavities formed by the host molecules through various weak interactions as shown in 

the Figure 5.4b. From the TG analysis it is seen that the water and methanol 

molecules losses at around 90°C.  

On the other hand, 5.3 was crystallized from methanol in solvent free form. In the 

crystal structure, the molecules of 5.3 self assembles through two different types of 

R2
2(8)-types of cyclic hydrogen bonds to give 1D polymeric chian (Figure 5.5b). The 

nitro group at the ortho position of the third aromatic ring also involves in the 

formation of 1D hydrogen bonded chain. These types of 1D chain further self-

assembles to each other through various weak interactions to 2D sheet-like structure 

(Figure 5.5b). The selected hydrogen bond parameters of 5.1 and 5.3 are given in the 

Table 5.1. 

 

 

 

 

(a) (b) 

 

Figure 5.5: (a) Asymmetric unit of the ligand 5.3 (drawn with 30% thermal 

ellipsoids), (b) self assembling of ligand 5.3 through R2
2 (8) type of cyclic hydrogen 

bonds. 

 

5.3 Alkali metal complexes of H2L
1 (5.1), H2L

2 (5.2) and H2L
3 (5.3) 

 

5.3.1 Sodium, potassium and caesium coordination polymer of H2L
1 (5.1): 

 

The reaction of H2L
1 with sodium acetate (or sodium hydroxide) and potassium 

acetate (or potassium hydroxide) at ambient condition results in the formation of 
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disodium salt {[Na2L
1(µ-H2O)(H2O)3].H2O}n (5.1c) and [K4(L

1)2(µ-H2O)2(H2O)2] 

(H2O)n (5.1d) respectively, whereas a similar reaction with caesium acetate (or 

caesium carbonate) lead to mono deprotonated salt [Cs(HL1)(µ-H2O)(H2O)]n (5.1e). 

We were able to crystallize the complexes 5.1c, 5.1d and 5.1e and determined their 

crystal structures. 

 

Table 5.1: Selected hydrogen bond parameters of 5.1 and 5.3. 

Compd No. D-H···A  dD‑H(Å) d H···A(Å) d D···A(Å) ∠D-H···A(°) 

5.1 

 

O(1)-H(1)···O(5)  [1-x,-1/2+y,3/2-z] 0.82 1.95 2.710(4) 155 

O(6)-H(6A)···O(7) [1-x,1/2+y,3/2-z] 0.85(4) 1.71(3) 2.537(5) 164(4) 

C(28)-H(28B)···O(8) [1-x,1-y,1-z] 0.96   1.38 2.050(15) 122 

5.3 O(1)-H(1)···O(2) [-x,1-y,-z] 0.82        1.97    2.778(4)        168 

O(8)-H(8)···O(5)   [ -x,-y,-z]        0.82        2.36    2.977(6)        133 

O(8)-H(8) ···O(7)   [-x,-y,-z]        0.82        2.44    3.026(6)        130 

 

The crystallographic asymmetric unit of 5.1c has two diaquated sodium ions attached 

to one dicarboxylate ligand (Figure 5.6a). Each sodium ion is engaged in formation of 

chelate by coordination of one carboxylate group in mono-dentate binding mode and 

that of ethereal oxygen atom of the -OCH2- part on the ligand. One of the carboxylate 

group of the ligand acts as µ-O type of bridge between two sodium ions. These types 

of bridging mode of carboxylate O-atom was earlier observed in 2D sodium 

coordination polymer of  4-carboxy-TEMPO.15 The coordination polymer 5.1c has 

two types of sodium environment, namely one has five coordinate distorted square 

pyramidal and other has six coordinate anti-prism geometry as illustrated in Figure 

5.6c. It has a 2D-polymeric structure and the overall structure of the polymer has two 

aqua bridged sodium units forming [Na2(H2O)2]-core. Such units are held together by 

another set of sodium ions which have five coordinated geometry. In addition to 

these, each dinuclear unit has one water molecule of crystallization which participates 

in hydrogen bonding between the chains of polymers resulting in self-assembled 

structure. The sodium ions are arranged as repeated hexanuclear units, each of which 

is in the form of chair like arrangement (Figure 5.6b). The Na···Na distance in the 

dinuclear core [Na2(H2O)2] of the coordination polymer 5.1c is 3.343 Å. These types 

of dinuclear [Na2(H2O)2] core was earlier observed in the coordination polymer of L-

3-phenyl-2-(3-phenyl-ureido)-propanoic acid where the Na-Na distance is 3.470Å.14 

The sodium ions in disodium salt of terephthalic acid adopt prismatic structures.16 In 
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the present case we observe combination of dinuclear and mononuclear units in the 

polymer; which may be attributed to originate from the flexibility of the ligand (L1). 

Form the FT-IR of 5.1c, it is seen that the carbonyl stretching frequency for the 

carboxylate C=O group appears at 1595 cm-1 and it indicates the binding of sodium 

by the carboxylate groups. In the 1H-NMR of 5.1c in DMSO-d6, the methine proton 

 

 

 

 

(a) (b) 

 

 

(c) 

Figure 5.6: (a) Asymmetric unit of the sodium coordination polymer 5.1c, (b) 

Connections between two hexacoordinate sodium ions in 5.1c, (c) Coordination 

environment of the sodium atoms in the coordination polymer 5.1c. 
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of bis-phenol appears at 6.38 ppm and it shows a slight down field shift compared to 

that of the parent ligand (Figure 5.15b). From the TG analysis of the coordination 

polymer it is seen that the coordination polymer 5.1c losses five water molecules in 

the temperature range of 45°C-105°C (theoretical weight loss 15.44% , experimental 

weight loss 13.27%, Figure 5.15a). 

The potassium salt of H2L
1 (5.1d) crystallizes in monoclinic space group P21/c and 

the crystallographic asymmetric is shown in the Figure 5.7a. The salt 5.1d is a 2D 

coordination polymer but has a completely different structure from that of sodium salt 

5.1c. However, the coordination modes of the two carboxylate arms of the ligand 5.1 

are similar in the salts 5.1c and 5.1d. In the coordination polymer, we observed two 

different coordination environments for potassium ions; namely, one has six 

coordinated octahedral geometry and another has seven coordinated pentagonal 

bipyramidal geometry (Figure 5.7b, 5.7c). The two hexacoordinated potassium ions 

are bridged by two water molecules to form [K2(H2O)2] core. The K2···K2 distance in 

the dinuclear core is 3.352 Å. On the other hand, the hexacoordinated K2 and the 

hepta- coordinated K1 are connected by another bridging water molecule. The main 

difference between the two structures is different types of bridging water molecules. 

In case of the coordination polymer 5.1c there is only one type of bridging water 

molecule, whereas coordination polymer 5.1d has two different types of bridging 

water molecules. There are many examples of sodium and potassium complexes that 

are bridged by water molecules.17 For example, p-tert-butylcalix[8] arene forms 1D 

coordination polymer with potassium where two different types of bridging water 

molecule were observed.18 Moreover, there are some examples of sodium complexes, 

where two sodium ions were bridged by hydroxide,19a sulphide19b or perchlorate 

anions.19c The FT-IR spectra of the coordination polymer 5.1d shows stretching 

frequency for the C=O group at 1591 cm-1 whereas it appears at 1741 cm-1 for the 

parent ligand indicating the coordination of the carboxylate group to metal. The 1H-

NMR of the potassium complex 5.1d is slightly different from that of the ligand. For 

example, the signals at 7.03 ppm (d, J= 7.2 Hz, 2H) and 6.90 ppm (s, 2H) of H2L
1 

shifted to 7.12 ppm (d, J= 7.2 Hz, 2H) and 6.82 ppm (s, 2H) respectively on 

coordination to potassium ion. On the other hand, the methine proton of the potassium 

complex 5.1d appears at 6.28 ppm whereas it appears at 6.18 ppm for the free ligand 

(Figure 5.16b). The coordination polymer 5.1d shows 12.70 % (theoretical weight 
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loss 14.80 %, Figure 5.16a) weight loss in the temperature range 40°C- 105°C due to 

the loss of five water molecules. 

 

 

 

 

 

(a) 

(b) 

 

 

(c) 

 

Figure 5.7: (a) Asymmetric unit of the coordination polymer 5.1d, (b) Coordination 

environment of the potassium atom in the coordination polymer 5.1d, (c) Structure of 

the coordination polymer 5.1d showing two different types of bridging water 

molecules. 

The caesium coordination polymer of H2L
1 is comprised of mono deprotonated ligand 

and has composition [Cs (HL) (µ-H2O) (H2O)]n (5.1e). The coordination polymer 5.1e 

has octa-coordinate caesium ions. The repeated unit of the coordination polymer 5.1e 

is comprised of [(HL)Cs(H2O)2], in which one carboxylic acid group binds in a 

monodentate fashion to corresponding caesium ion. On the other hand, each oxygen 

atoms of the other carboxylate group coordinate to two caesium ions (Figure 5.8c). 

Thus, one of the carboxylate groups simultaneously holds four caesium ions.  There is 

extensive bifurcated type of metal-oxygen bonds in each of the binuclear repeat units. 

The O5 and O6 of one of the carboxylate group simultaneously coordinates to two 
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caesium ion to form a dinuclear unit where the Cs···Cs distance is of 4.034Å. 

Moreover, each caesium ion of repeat unit is associated with one aqua bridge (Figure 

5.8a). The free carboxylic acid groups of different chains interact with each other 

through strong O2-H···O2 hydrogen bond interactions [dD···A=2.473 Å], providing 

additional supramolecular features. The caesium 1,2,4,5-benzenetetracarboxylate was 

earlier shown to possess very strong hydrogen bond interactions with close O···O 

separations.20 The stretching frequency of the C=O group of the carboxylic acid 

appears at 1728 cm-1 and 1657 cm-1 which indicates the existence of both the  

 

 

 

 

 

(a) (b) 

 

 

 

O O

Cs Cs

CsCs

 

 

 

(c) (d) 

 

Figure 5.8: (a) Structure of the coordination polymer 5.1e, (b) Coordination 

environments of the Caesium atom, (c) Bifurcated modes of coordination by 

carboxylate oxygen to caesium in 5.1e, (d) Overlaid FT-IR spectra of ligand H2L
1 

(5.1) and Caesium complex 5.1e. 
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carboxylate and free carboxylic acid group in the coordination polymer 5.1e (Figure 

5.8d). From the 1H-NMR of the caesium coordination polymer 5.1e it is seen that the 

methine proton shows a downfield shift (from 6.18 ppm to 6.29 ppm) whereas the      

-CH2O- protons show up-field shift (from 4.17 ppm  to 3.89 ppm) compared to the 

 

Table 5.2: Selected bond length and bond angles of the coordination polymer 5.1c-

5.1e. 

Compnd. 

No. 

M-L bond Distance (Å) < L-M-L Angle (°) < L-M-L Angle (°) 

5.1c 

 

 

 

 

 

 

 

 

Na1- O4  

Na1- O1  

Na1 -O6  

Na1- O9  

Na1 -O10  

Na2- O2  

Na2 -O8  

Na2- O1  

Na2- O7  

Na2- O3  

2.404(2)  

2.448(2) 

2.385(3)  

2.541(3)  

2.344(3) 

2.337(3)  

2.364(3)  

2.410(2) 

2.595(3) 

2.425(2) 

O10- Na1- O10  

O10- Na1- O6  

O10- Na1- O4  

O6 -Na1- O4  

O10- Na1 -O1  

O10 -Na1- O1  

O6 -Na1- O1  

O4- Na1- O1  

O10 -Na1- O9  

O6 -Na1- O9  

89.46(10) 

92.87(9) 

108.68(9) 

67.73(8) 

80.59(9) 

97.91(9) 

106.65(9) 

95.63(8) 

85.76(11) 

87.02(10)  

O2 -Na2- O8  

O8- Na2 -O1  

O2- Na2 -O3  

O8- Na2- O3  

O1- Na2 -O3  

O2 -Na2 -O7  

O8- Na2-O7 

O1- Na2 -O7  

O3- Na2- O7  

O4 -Na1- O9  

95.58(11)  

94.18(10) 

88.79(9) 

103.05(10) 

65.34(8) 

94.64(10) 

158.29(12) 

84.86(10) 

96.26(9) 

89.46(9)  

5.1d K1- O2  

K1 -O7  

K1- O1  

K1 -O3  

K1- O8  

K1- O9  

K1- O5  

K2- O10  

K2- O4  

K2 -O6  

K2- O1  

K2- O9  

2.693(4) 

2.705(5) 

2.732(4) 

2.801(4) 

2.864(5) 

3.057(4) 

3.061(4) 

2.377(4) 

2.399(4) 

2.413(4) 

2.417(4) 

2.571(5)  

O2- K1- O7  

O7 -K1- O1  

O2 -K1 -O3  

O7 -K1- O3  

O1 -K1- O3  

O2- K1- O8  

O1- K1- O8  

O3- K1- O8  

O2- K1 -O9  

O7- K1- O9  

O8- K1- O9  

O7 -K1- O5  

98.85(14) 

85.13(14) 

82.09(11) 

89.95(14) 

56.48(10) 

89.87(14) 

89.51(13) 

93.02(12) 

70.47(11) 

78.99(13) 

102.49(12) 

99.37(14)  

O1- K1- O5  

O8 -K1 -O5  

O9 -K1- O5 

O10- K2 -O10  

O10- K2- O6  

O4 -K2 -O6  

O10- K2- O1  

O4 -K2- O1  

O6 -K2- O1  

O10- K2- O9  

O4- K2 -O9  

O6- K2- O9  

85.13(11) 

73.04(13)  

72.01(11) 

89.61(15) 

91.45(15) 

66.92(13) 

96.66(15) 

93.93(13) 

109.86(15) 

83.58(15) 

92.71(14) 

86.69(15) 

5.1e Cs1- O1  

Cs1- O6  

Cs1- O7  

Cs1- O5  

Cs1- O4  

Cs1 -O8 

3.056(7) 

3.119(5) 

3.197(4) 

3.266(5) 

3.325(4) 

3.452(15)  

O1- Cs1 -O6  

O6- Cs1 -O7  

O6- Cs1- O5  

O7 -Cs1- O5  

O1- Cs1- O4  

O7 -Cs1- O4  

O6- Cs1- O5  

122.4(2) 

72.89(16) 

76.68(13) 

65.64(18) 

95.09(16)  

81.64(11) 

74.92(12) 

O7- Cs1 -O5  

O5- Cs1- O5  

O4- Cs1 -O5  

O6- Cs1- O8 

O7 -Cs1- O8  

O4- Cs1- O8  

146.07(12) 

105.26(11) 

117.11(12) 

117.4(3) 

104.7(4) 

137.6(3)  
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free ligand (Figure 5.17b). The caesium coordination polymer 5.1e losses two water 

molecules in the temperature range of 40°C-113°C (theoretical weight loss 5.90 %, 

experimental weight loss 4.80 %, Figure 5.17a). The selected bond length and bond 

angles of the complex 5.1c-5.1e are given in the table 5.2. 

 

5.3.2 Sodium and caesium coordination polymer of H2L
2 (5.2): 

 

In case of the ligand 5.2, we obtained single crystal of sodium complex (5.2c) and 

caesium complex (5.2d). But we did not obtained any single crystal of the potassium 

salt of the ligand H2L
2 (5.2).  The disodium salt (5.2c) of H2L

2, has a composition 

[{Na2L
2 (µ-H2O) (H2O)3}.H2O]n. It is a two dimensional coordination polymer and 

the repeat units are comprised of two sodium ions. One sodium ion is pentacoordinate 

with square pyramidal geometry and the other is hexacoordinate with distorted 

octahedral geometry (Figure 5.9). Both the ethereal oxygen atoms of the ligand form 

coordinate bonds with the metal ions. Ethereal oxygen atoms play key roles to provide 

the dimensionality to coordination polymers of alkali metal carboxylates.21 In this 

case also the coordination of ethereal oxygen provides a definite direction to the 

ligand. The coordination polymer 5.2c has bridging as well as monodentate water 

molecules in the coordination spheres. The fluorine atoms in this case do not interact 

with sodium ions. The selected bond lengths and bond angles of the complex are 

given in the Table 5.3. There is similarity of the coordination polymer 5.1c with 5.2c, 

both possess diaqua bridged sodium dimers. From the TG of coordination polymer  

 

 

Figure 5.9: The structure of the coordination polymer 5.2c showing the coordination 

environments of the sodium atoms. 
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5.2c, we observed that it losses the five water molecules at around 50°C-100°C 

(theoretical weight loss 15.0%, experimental eight loss 13.0%, Figure 5.19a). From 

the 1H-NMR of the complex 5.2c it is seen that the peak for methyl protons appears at 

2.10 ppm and 2.14 ppm whereas the signal for the methine proton appears at 6.29 

ppm (Figure 5.19b). 

The caesium salt of H2L
2 is also a coordination polymer, it has composition [{(H2O) 

Cs(µ-H2O)2(µ-L2)Cs(H2O)2}]n (5.2d). The crystal structure of this coordination 

polymer shows two types of environment for caesium ions which are either 

hexacoordinate or nonacoordinate (Figure 5.10b and 5.10c). The hexacoordinated 

caesium atoms involves in the formation of dinuclear [Cs2(H2O)2] core where the 

Cs···Cs distance is 4.428 Å. Generally, the Cs···Cs distance in any other reported 

systems are in the range of 3.84-4.66 Å.22 The hexacoordinate caesium ion adopts 

antiprism type geometry. Another interesting feature of the coordination polymer is 

the presence of Cs···F-C coordination bond. The coordination polymer 5.2d losses the 

water molecules at around 32°C-182°C (theoretical weight loss 6.9%, experimental 

eight loss 4.5%, Figure 5.20a). The 1H-NMR of the caesium coordination polymer 

5.2d has signal for the methine proton of the ligand at 6.39 ppm; whereas the signals 

for the aromatic protons of the methyl containing aromatic rings appear at 6.37 and 

6.85 ppm. Two singlets for the methyl groups appear at 2.10 and 2.14 ppm; whereas 

another singlet due to the -CH2O- appears at 3.48 ppm (Figure 5.20b). The caesium 

complex 5.2d shows 19F-NMR resonance at -117.31 ppm (Figure 5.20c) whereas the 

ligand has signal at -118.18 ppm, this indicates coordination of the fluorine atom of 

C-F bond and thus it undoubtedly acts as a donor toward the caesium cation. 

 

 

 

 

(a) (b) 
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(c) 

 

Figure 5.10: (a) the asymmetric unit of the caesium coordination polymer 5.2d, (b) 

Coordination environments of the two caesium atom in the coordination polymer 

5.2d, (c) The structure of the coordination polymer 5.2d. 

 

5.3.3 Potassium coordination polymer of H2L
3 (5.3): 

 

In case of the ligand 5.3, we did not obtain suitable single crystal of the sodium and 

caesium complex. However, we obtained single crystals of the potassium salt (5.3c) 

of the ligand 5.3 having compositions [K2L
3(H2O)]n and it is a two dimensional 

coordination polymer. The coordination polymer has two different coordination 

environments for potassium; these are seven (K2) and eight (K1) coordination  

 

 

 

 

(a) (b) 
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(c) 

 

 

(d) 

Figure 5.11: (a) Asymmetric unit of the coordination polymer 5.3c, (b)  Bridging 

nitro group and the water molecules in the coordination polymer 5.3c, (c) The 

structure of the coordination polymer 5.3c, (d) The 1H-NMR of the potassium 

complex 5.3c (methanol-d4, 600 MHz). 

 

geometry (Figure 5.11b). The interesting feature of the coordination polymer 5.3c is 

the coordination of the nitro group present at the ortho-position of the aromatic ring. 

The nitro group along with a water molecule act as a bridge between two potassium 

ions K1 and K2. Two different types of bridging water molecule were observed 

between K1 and K2. The two ethereal oxygen atoms of the ligand H2L
3 coordinated to 

two different metal centres. The coordination polymer 5.3c losses 8.17 % (theoretical 
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weight loss 8.71%) of its weight at around 55°C-135°C due to the removal of  three 

water molecules (Figure 5.22). From the FT-IR of the coordination polymer 5.3c it is 

 

Table 5.3: Selected bond angles and bond lengths of 5.2c, 5.2d and 5.3c. 

Compd. No. M-L  dM-L (Å) <L-M-L Angle (º) <L-M-L Angle (º) 

5.2c Na1-O2  

Na1- O8  

Na1 -O1  

Na1- O7  

Na1- O3  

Na2 -O9  

Na2- O5  

Na2- O4  

Na2- O1  

Na2- O10 

2.352(5)   

2.372(5)   

2.401(5)   

2.526(6) 

2.433(5)   

2.342(5) 

2.377(5)   

2.406(4)   

2.438(4)   

2.529(5) 

O1- Na1- O8 

O2- Na1 -O3  

O3- Na1- O8 

O1 -Na1- O3 

O2 -Na1 -O7  

O1 -Na1 -O7  

O3- Na1- O7  

O5- Na2- O10  

O4 -Na2- O10 

O9-Na2-O10  

93.46(17) 

86.93(17) 

105.11(17)   

65.14(16) 

95.8(2) 

85.44(19)   

96.15(17) 

86.97(18)   

89.24(16) 

80.62(18) 

O9- Na2- O9  

O5- Na2- O4  

O9- Na2 -O1  

O5- Na2- O1  

O4 -Na2- O1  

O9- Na2-O10  

89.86(18)    

67.89(15)    

98.79(17)    

106.07(17)    

95.17(16)   

86.17(19)    

5.2d Cs2- O1  

Cs2 -O1  

Cs2 -O6  

Cs2 -O4  

Cs2 -F1  

 Cs2 -O5  

Cs2 -O2 

Cs2 -O6  

Cs2 -O9  

Cs2- O7  

Cs1- O9  

Cs1 -O5  

Cs1 -O8  

Cs1- O1  

Cs1- O3  

Cs1-O9  

Cs1- O8 

3.065(9) 

3.146(7) 

3.223(9) 

3.231(5) 

3.275(6) 

3.329(10) 

3.332(8) 

3.516(9) 

3.637(13) 

3.782(12) 

3.075(10) 

3.101(10) 

3.146(9) 

3.211(9) 

3.274(6) 

3.447(11) 

3.705(10) 

O9 -Cs1- O8  

O9- Cs1- O1  

O8- Cs1- O1  

O9- Cs1- O3  

O5- Cs1 -O3  

O8 -Cs1- O3  

O1- Cs1- O9  

O1- Cs1- O8  

O3 -Cs1-O8  

O1 -Cs2- O6  

O1- Cs2 -O6  

O1 -Cs2- F1  

O1 -Cs2-F1  

O6- Cs2- F1  

O4- Cs2- F1  

F1- Cs2- O5  

O1- Cs2- O2  

71.0(3) 

109.3(3) 

137.1(2) 

138.7(2) 

78.38(19) 

102.2(2) 

151.8(3) 

118.2(2) 

154.57(17) 

88.4(2) 

114.8(2) 

72.8(2) 

112.8(2) 

121.22(17) 

75.66(14) 

86.92(19) 

99.7(2) 

O6- Cs2- O2  

F1 -Cs2- O2  

O5- Cs2- O2  

O6 -Cs2- O6  

O4- Cs2- O6  

O2- Cs2- O6  

84.99(18) 

151.67(17) 

106.8(2) 

122.47(8) 

97.80(17) 

99.75(19) 

5.3c K1-O7  

K1-O8  

K 1-O6  

K1-O4  

K1- O9  

K1-O10  

K1-O2  

K1-O1  

K2-O1  

K2-O11  

K2-O5  

K2-O7  

K2-O9  

K2-O10  

K2-O3  

2.684(2) 

2.730(2) 

2.8037(19) 

2.867(4) 

2.991(3) 

2.993(4) 

3.005(3) 

3.367(3) 

2.716(3) 

2.736(3) 

2.802(4) 

2.819(2) 

2.839(2) 

2.849(3) 

3.0779(19) 

O7- K1- O8  

O8 –K1 -O6  

O4- K1 -O9  

O6 -K1- O10  

O7 -K1- O2  

O8 -K1 -O2  

O6 -K1- O2  

O6 -K1 -O1  

O9 -K1 -O1 O1 

-K2- O5  

O11- K2- O5  

O1- K2- O7  

O5- K2 -O7 O1 

-K2- O9  

O5- K2- O9  

121.00(8) 

78.42(6) 

83.78(8) 

128.43(8) 

93.44(8) 

97.13(8) 

138.10(8) 

91.55(6) 

100.74(7) 

129.86(13) 

82.68(13) 

95.98(9) 

100.41(12) 

89.00(9) 

96.14(11) 

O9 -K2- O10  

O11- K2 -O3  

O10- K2 -O3  

130.94(9) 

94.31(7) 

121.69(9) 
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seen that the carbonyl stretching frequency appears at 1624 cm-1. In the 1H-NMR 

(Figure 5.11d) of the coordination polymer 5.3c the methine proton appears at 6.93 

ppm and whereas it appears at 6.53 ppm for the free ligand. However, we did not 

obtain single crystal of any of the alkali metal complexes with the ligand H2L
4 (5.4). 

 

5.4 Discussion:  

 

From the above studies it was seen that the unsubstituted ligand H2L
1 forms 2D 

coordination polymers with sodium and potassium whereas it forms mono 

deprotonted 1D polymeric salt with caesium ion. The use of ligand to metal 1:2 or    

1:1 stoichiometry at room temperature gave the same result. This showed that the 

complete deprotonation of the ligand was easily achieved by sodium or potassium 

ions, which is not the case with caesium ions. This types of mono-deprotonted 1D 

coordination polymer was observed in caesium coordination polymer of 2,6-

dipicolinic acid.13 In case of the caesium dipicolinic acid complex the coordination 

number of caesium was nine, whereas in the present case it is found to be eight 

coordinated.  On the other hand, sodium and potassium form discrete mononuclear 

and dinuclear complex with 2, 6-dipicolinic acid, but ligand 5.1 forms 2D 

coordination polymer in both the cases (Figure 5.12).  

 

 

 

 

 

(a) (b) 
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(c) 

 

Figure 5.12: The structure of the mono-deprotonated (a) Sodium, (b) Potassium and 

(c) caesium complex of 2, 6-dipicolinic acid. 

 

Both the sodium and caesium complexes of H2L
2 are two 2D coordination polymers. 

The structures of the sodium polymer 5.1c and 5.2c have similar structures. There was 

no sodium-fluorine interaction observed in case of the sodium coordination polymer 

5.2c. However, in case of the caesium complex 5.2d of the fluoro-substituted ligand 

we have observed interesting types of Cs···F-C interactions where the Cs···F distance 

is 3.275 Å. It may be noted that the M···F-C coordination bond in metal complexes 

were used to encapsulate alkali metal cations.23 The C-F···M type coordination mode 

is rarely encountered, they are generally observed in solid state to meet steric demand 

of ligands to have closed packed structures.23b-e, 24 However, there are examples of 

some exceptional cases on the observation of C-F···M interactions in solution state.25 

 

 

Figure 5.13: K···F-C interaction in a macrocyclic cage compound. 
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Takemura et. al. had reported the C-F···K interactions in the fluorinated macrocyclic 

cage compound (Figure 5.13) where the K···F distance was found to be in the range 

of 2.704- 2.920 Å.25d 

On the other hand, in the coordination polymer 5.3c the nitro group bridges two 

potassium ions (Figure 5.14a). Barium complex of 2-nitrobenzoate shows the 

coordination of the nitro group to the metal.26 In the caesium complex of 3,5-

dihydroxy-2,4,6-trinitrophenolate the nitro groups coordinate to the caesium ions 

(Figure 5.12b).27 In this compound, each caesium ions are coordinated to 12 oxygen 

atoms from eight different 3,5-dihydroxy-2,4,6-trinitrophenolate (DHTNP) anions, 

and each DHTNP-anion coordinates with eight caesium cations. The oxygen atoms of 

the phenolic hydroxyl group and from all of the nitro groups of the DHTNP-anion 

simultaneously bind to neighbouring caesium ions. 

 

 

 

 

 

 

(a) (b) 

 

Figure 5.14: (a) The bridging coordination modes of the nitro group in the ligand 

H2L
3 (5.3) with potassium ion, (b) coordination of the nitro group in different 3, 5-

dihydroxy-2, 4, 6-trinitrophenolate (DHTNP) anions to caesium ion. 

 

5.5 Conclusion: 

 

From the structural studies of the ligands H2L
1 (5.1) and H2L

3 (5.3) it is seen that they 

have pincer type of arrangements in solid state. The coordination abilities of H2L
1, 

H2L
2 and H2L

3 towards sodium, potassium and caesium ions were investigated. It was 

found that changing the substituents on the ligands or changing the respective alkali 

metal cation causes large difference among the structures of the alkali metal 
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coordination polymers.  For example, the unsubstituted ligand H2L
2 forms 2D 

coordination polymer with sodium and potassium, whereas it forms mono-

deprotonatd 1D polymeric chain with caesium ion irrespective of the metal ligand 

ratio used in the reactions.  On the other hand, fluoro-substituted ligand H2L
2 (5.2) 

forms 2D coordination polymer of caesium, whereas the similar reaction of the 

unsubstituted ligand gives a 1D mono-deprotonated coordination polymer of caesium. 

We have shown the coordination of fluorine atom of a covalently linked C-F bond to 

caesium ion is a rare finding, which were generally observed in solid state to meet the 

steric demands. The coordination of the nitro group to potassium in a bridging fashion 

is an important observation. This type of the coordination of nitro group to potassium 

was also observed in the nitro substituted urea based tripodal receptor where the nitro 

groups coordinated to potassium ions bounded by crown ether to form 1D polymeric 

salt. These observations suggest there is a need to strengthen structural studies on 

alkali metal carboxylates.  

 

5.6 Experimental Section:  

 

Synthesis of H2L
1 (5.1): The 2-[(2-hydroxy-3, 5-dimethylphenyl)(phenyl)methyl]-4, 

6-dimethylphenol (5.1a) (1.62 g, 5 mmol) was dissolved in dry acetone (30 mL). To 

the reaction mixture, K2CO3 (1.38 g, 10 mmol) was added and stirred for 20 min. 

Then methylbromoacetate (0.95 mL, 10 mmol) was added and refluxed at 60°C for 22 

h (progress of the reaction was monitored at regular intervals using TLC). After 

completion of the reaction, the reaction mixture was filtered; the solvent from the 

filtrate was removed under reduced pressure to obtain the crude product which was 

further purified by column chromatography (silica gel; hexane/ethyl acetate) to obtain 

pure 5.1b. Isolated yield: 78%. Compound 5.1b (2.38 g, 5 mmol) and sodium 

hydroxides (0.48 g, 12 mmol) were dissolved in mixed methanol: water (4: 1, 20 mL) 

and refluxed for 1 h at 60 °C. After completion of the reaction, the solvent was 

removed under reduced pressure, then 10 mL of water was added and the solution was 

acidified with dilute hydrochloric acid (20 mL, 10%) solution. A white solid H2L
1 

was obtained on acidification. The solid was filtered and washed with water until it 

was free from the acid. The product was isolated as a white solid and was further 

purified by recrystallizing from methanol. Isolated yield: 59% based on diester. IR 
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(KBr, cm-1): 3440 (bs), 2926 (s), 2857 (w), 1741 (s), 1718 (s), 1602(s), 1493 (m), 

1473 (m), 1404 (w), 1300 (w), 1207 (s), 1138 (s), 1094 (s), 1063 (s), 872 (w), 824 (s), 

803 (w), 702 (w), 685 (w), 605 (w); 1H-NMR (DMSO-d6, 400 MHz): 7.27 (t, J= 7.2 

Hz, 2H); 7.19 (t, J= 7.6 Hz, 1H); 7.03 (d, J= 7.2 Hz, 2H); 6.90 (s, 2H); 6.43 (s, 2H); 

6.18 (s, 1H); 4.13 (s, 4H); 2.16 (s, 3H); 2.11 (s, 3H); 13C-NMR (DMSO-d6, 100 

MHz): 170.3, 152.5, 143.6 136.4, 132.4, 130.4, 130.3, 129.2, 128.2, 126.2, 69.3, 43.1, 

20.7, 15.9. LCMS (m/e) [M-1]: 447.09. 

Synthesis of {[Na2L
1(µ-H2O)(H2O)3)].H2O}n (5.1c): To a well stirred solution of 

H2L
1 (0.224 g, 0.5 mmol) in methanol (10 mL), 0.4 g of sodium acetate (1 mmol) was 

added. The reaction mixture was stirred for 30 min and a colorless transparent liquid 

obtained. This was kept undisturbed for crystallization. After 5 days colorless crystals 

5.1a appeared. Isolated yield: 60 %. IR (KBr, cm-1): 3444 (s), 2924 (m), 1595 (s), 

1470 (m), 1413 (s), 1325 (m), 1294 (w), 1240 (w), 1202 (m), 1140 (m), 1030 (s), 932 

(w), 860 (w), 823 (w), 776 (w), 749 (w), 706 (m). Elemental analysis Calculated for 

[Na2L
1(H2O)5]n,  Calculated: C, 55.48; H, 6.55; Found: C, 55.39, H, 6.62. 1H-NMR 

(400 MHz, DMSO-d6): 7.25 (t, J= 7.2 Hz, 2H). 7.18 (t, J= 7.2 Hz, 1H), 7.13 (d, J= 7.2 

Hz, 2H), 6.50 (s, 2H), 6.81 (s, 2H), 3.47 (s, 2H), 6.38 (s, 1H), 3.43 (s, 2H), 2.11 (s, 

12H). 
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(b) 

Figure 5.15: (a) TG of the sodium coordination polymer 5.1c, (b) 1H-NMR of the 

coordination polymer 5.1c (DMSO-d6, 400 MHz). 

 

Synthesis of [K4(L
1)2(µ-H2O)2(H2O)2](H2O)n (5.1d): To a well stirred solution of 

ligand H2L
1(0.9 g, 2 mmol) in dimethylformamide, potassium hydroxide (4 mmol) 

was added. The reaction mixture was stirred for another half an hour to dissolve it and 

then filtered to remove any solid impurity. The transparent liquid was kept for 

crystallization. After one week colorless block crystals of 5.1b were obtained. Isolated 

yield 65%. IR (KBr, cm-1): 3400 (s), 2921 (m), 1591 (s), 1467 (m), 1448 (m), 1416 

(s), 1327 (m), 1297 (w), 1239 (w), 1212 (m), 1140 (m), 1033 (s), 933 (w), 861 (w), 

779 (w), 946 (w), 706 (m). Elemental analysis Calculated for [K2L
1(H2O)5]n,  

Calculated: C, 52.58; H, 6.21; Found: C, 52.62, H, 6.16. 1H-NMR (DMSO-d6, 400 

MHz): 7.27 (t, J= 8.0 Hz, 2H), 7.17 (d, J= 7.2 Hz, 1H), 7.12 (d, J= 7.2 Hz, 2H), 6.82 

(s, 2H), 6.46 (s, 2H), 6.28 (s, 1H), 3.22 (s, 2H), 3.28 (s, 2H), 2.11 (s, 12H). 
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(b) 

Figure 5.16: (a) TG of the potassium coordination polymer 5.1d, (b) 1H-NMR of the 

coordination polymer 5.1d (DMSO-d6, 400 MHz). 

 

Synthesis of [Cs(HL1)(µ-H2O)(H2O)]n (5.1e): To a well stirred solution of H2L
1 

(0.224 g, 0.5 mmol) in methanol (10 mL), 0.2 g of caesium acetate (1 mmol) was 

added. The reaction mixture was stirred for 30 min and a colorless transparent liquid 

obtained. This was kept undisturbed for crystallization. After one week colorless 

crystals of 5.1b appeared. Isolated yield: 55 %.  IR (KBr, cm-1): 3456 (s), 2921 (s), 

1728 (s), 1657 (s), 1601 (s), 1474 (m), 1378(w), 1298 (w), 1206 (s), 1140 (s), 1049 

(s), 862 (m), 704 (s); Elemental analysis Calculated for [CsHL1(H2O)2]n,  Calculated: 

C, 52.52; H, 5.22; Found: C, 52.58, H, 5.12. 1H-NMR (400 MHz, DMSO-d6): 7.24 (t, 

J= 7.6 Hz, 2H), 7.16 (t, J= 7.2 Hz, 1H), 7.02 (d, J= 7.6 Hz, 2H), 6.85 (s, 2H), 6.44 (s, 

2H), 6.29 (s, 1H), 3.89 (s, 4H), 2.14 (s, 6H), 2.10 (s, 6H). 

 

 

(a) 
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 (b) 

Figure 5.17: (a) TG of the caesium coordination polymer 5.1e. (b) 1H-NMR of the 

coordination polymer 5.1e (DMSO-d6, 400 MHz). 

 

Synthesis of H2L
2 (5.2): Ligand 5.2 was synthesized by a similar procedure adopted 

for ligand H2L
1 (5.1) and it was prepared starting from bis-phenol 5.2a.Isolated yield: 

72%. IR (KBr, cm-1): 3435 (s), 2922 (s), 2549 (w), 1739 (s), 1610 (w), 1584 (w), 1476 

(s), 1454 (s), 1377 (w), 1226 (s), 1208 (s), 1143 (s), 1094 (w), 1062 (s), 861 (m), 841 

(w), 822 (w), 757 (s), 671 (s), 582 (s). LCMS (m/e) [M+ Na+]: 488.16. 1H-NMR 

(DMSO-d6, 400 MHz): 7.26 (dd, J= 7.2 Hz, 5.2 Hz, 1H), 7.11 (d, J= 7.2 Hz, 1H), 7.10 

(d, J= 7.2 Hz, 1H), 6.92 (s, 2H), 6.77 (t, J=8 Hz, 1H), 6.39 (s, 2H), 6.34 (s, 1H), 4.02 

(s, 4H), 2.16 (s, 6H), 2.12 (s, 6H). 13C-NMR (DMSO-d6, 100 MHz): 169.8, 152.3, 

134.8, 132.8, 130.8, 130.5, 130.3, 128.5, 127.9, 124.0, 115.4, 115.2, 68.9, 39.1, 20.6, 

15.9; 19F-NMR (DMSO-d6):  -118.18 (using C6F6 as internal reference) 
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(b) 

Figure 5.18: (a) 1H-NMR of the ligand 5.2 (DMSO-d6, 400 MHz). (b) 19F-NMR of 

the ligand 5.2. 

 

Synthesis of [{Na2L
2(µ-H2O)(H2O)3}.H2O]n (5.2c): To a well stirred solution of 

H2L
2 (0.233 g, 0.5 mmol) in methanol (10 mL), 0.4 g of sodium acetate (1 mmol) was 

added. The reaction mixture was stirred for 30 minutes and a colorless transparent 

liquid obtained and was kept undisturbed for crystallization. After 5 days colorless 

crystals were appeared. Isolated yield: 60 %. IR (KBr, cm-1): 3442 (s), 2922 (w), 1594 

(s), 1446 (s), 1413 (s), 1325 (w), 1240 (w), 1208 (m), 1141 (m), 1029 (s), 894 (m), 

863 (s), 705 (m), 687 (m), 577 (m). Elemental analysis Calculated for 

[C27H35FNa2O11]n, Calculated: C, 54.0; H, 5.87, Found: C, 54.21; H, 5.84; 1H-NMR 

(DMSO-d6): 7.23 (t, J= 7.6 Hz, 2H), 7.14 (t, J= 7.2 Hz, 1H), 7.02 (d, J= 7.6 Hz, 2H), 

6.85 (s, 2H), 6.44 (s, 2H), 6.29 (s, 1H), 3.89 (s, 4H), 2.14 (s, 6H), 2.10 (s, 6H). 

 

 

(a) 
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(b) 

Figure 5.19: (a) TG of the sodium coordination polymer 5.2c, (b) 1H-NMR of the 

coordination polymer 5.2c (DMSO-d6, 400 MHz). 

 

Synthesis of [{(H2O)Cs(µ-H2O)2(µ-L2)Cs(H2O)2}]n (5.2d): To a well stirred solution 

of H2L
2 (0.233 g, 0.5 mmol) in methanol (10 mL) caesium acetate (1 mmol) was 

added. The reaction mixture was stirred for about half an hour and the resulting 

mixture was filtered to obtain a colorless transparent liquid. The transparent liquid 

was kept undisturbed for crystallization. After 5 days, colorless crystals were 

observed. Isolated yield: 70 %. IR (KBr, cm-1): 3385 (s), 1596 (s), 1473 (w), 1410 (s), 

1321 (w), 1299 (w), 1241 (w), 1212 (m), 1141 (m), 1094 (w), 1031 (s), 929 (m), 863 

(m), 824 (w), 757 (s), 667 (w). Elemental analysis calculated for [C27H31FCs2O9]n, 

Calculated: C, 41.35; H, 3.98. Found: C, 41.42; H, 4.01. 1H-NMR (DSMO-d6): 7.22 

(dd, J= 6 Hz, J= 7.2 Hz, 1H), 7.70 (t, J= 8 Hz, 2H), 6.85 (s, 2H), 6.80 (d, J= 7.6 Hz, 

1H), 6.39 (s, 1H), 6.37 (s, 2H), 2.14 (s, 6H), 1.98 (s, 6H). 19F-NMR (DMSO-d6):          

-117.31 (C6F6 as internal reference). 
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(a) 

 

(b) 

 

(c) 

Figure 5.20: (a) TG of the sodium coordination polymer 5.2d, (b) 1H-NMR of the 

coordination polymer 5.2d (DMSO-d6, 400 MHz), (c) 19F-NMR of the coordination 

polymer 5.2d. 

 

Synthesis of H2L
3 (5.3): Ligand 5.3 was synthesized by a similar procedure adopted 

for ligand H2L
1 (5.1) and H2L

2 (5.2) and it was prepared starting from bis-phenol 5.3a 
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Isolated yield: 65%. IR (KBr, cm-1): 3468 (bs), 2067 (w), 1748 (s), 1638 (s), 1526 (s), 

1474 (m), 1441 (m), 1354 (m), 1300 (w), 1254 (w), 1235 (w), 1209 (m), 1143 (s), 

1067 (m), 968 (w), 869 (w), 714 (m); 1H-NMR (DMSO-d6, 400 MHz): 7.99 (d, J= 8 

Hz, 1H),  7.63 (t, J= 8 Hz, 1H), 7.51 (t, J= 8 Hz, 1H), 6.98 (d, J= 8 Hz, 1H), 6.94 (s, 

2H), 6.53 (s, 1H), 6.28 (s, 2H), 4.18 (s, 4H), 4.08 (s, 1H), 2.17 (s, 6H), 2.11 (s, 6H). 

13C-NMR (DMSO-d6, 100 MHz): 169.8, 152.4, 148.8, 137.3, 135.0, 133.0, 132.8, 

131.6, 131.1, 130.5, 128.0, 127.6, 124.9, 68.7, 38.9, 20.6, 15.9; LCMS (m/e) [M + 

Na+]: 516.681. 

 

 

 

Figure 5.21: 1H-NMR of the ligand 5.3 (DMSO-d6, 400 MHz). 

 

Synthesis of Complex [K2L
3(H2O)]n (5.3c): To a well stirred solution of ligand 

H2L
1(0.9 g, 2 mmol) in dimethylformamide, potassium hydroxide (4 mmol) was 

added. The reaction mixture was stirred for another half an hour to dissolve it and 

then filtered to remove any solid impurity. The transparent liquid was kept for 

crystallization. After one week colorless block crystals of 5.3a were obtained. Isolated 

yield: 60%. IR (KBr, cm-1): 3442 (s), 2923 (w), 1624 (m), 1600 (s), 1536 (m), 1474 

(m), 1412 (m), 1350 (m), 1322 (w), 1297 (w), 1239 (m), 1216 (m), 1143 (m), 1031 

(s), 932 (w), 860 (m) 784 (w), 713 (w), 542 (w). Elemental analysis calculated for 

[C27H31FCs2O9]n, Calculated: C, 51.91; H, 5.16. Found: C, 51.95; H, 5.07. 1H-NMR 

(DMSO-d6, 600 MHz): 7.91 (d, J= 7.8 Hz, 1H), 7.57 (t, J= 7.8 Hz, 1H), 7.46 (t, J= 7.8 

Hz, 1H), 7.17 (d, J= 7.8 Hz), 6.93 (s, 1H), 6.91 (s, 2H), 6.37 (s, 2H), 3.26 (s, 4H), 

2.20 (s, 6H), 2.12 (s, 6H). 
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Figure 5.22: TG of the potassium complex 5.3c (at 5°C per minute heating rate).  

 

Synthesis of H2L
4 (5.4): Ligand 5.4 was synthesized by a similar procedure adopted 

for ligand H2L
1 (5.1) and H2L

2 (5.2) and it was prepared starting from bis-phenol 5.4a 

Isolated yield: 70%. IR (KBr, cm-1): 3452 (s), 2921 (w), 2858 (w), 1735 (m), 1606 (s), 

1522 (s), 1475 (s), 1429 (s), 1351 (s), 1209 (s), 1141 (s), 1034 (s), 947 (w), 833 (m), 

713 (m); 1H-NMR (DMSO-d6, 400 MHz):  8.05 (s, J= 8 Hz, 1H),  7.77 (s, 1H), 7.54 

(t, J= 8 Hz, 1H), 7.47 (d, J= 8 Hz, 1H), 6.93 (s, 1H), 6.89 (s, 2H), 6.44 (s, 2H), 3.89 (s, 

2H), 3.86 (s, 2H), 2.16 (s, 6H), 2.12 (s, 6H), LCMS [M + Na+]: 516.1430. 

 

 

 

Figure 5.23: 1H-NMR of the ligand 5.4 (DMSO-d6, 400 MHz). 
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Conclusion 

 

Versatile scaffolds in host-guest chemistry to design the crystals of specific molecular 

arrangements using bis-phenols have been shown in this thesis. The two hydroxy 

groups present in bis-phenol having V-shaped geometry can form strong 

intermolecular hydrogen bonds. Interplay of such principal interactions with other 

weak interactions provides directional properties to bis-phenols to form various 

supramolecular architectures. Based on the V-shaped geometry of bis-phenols, 

various macrocyclic and polymeric architectures are designed by functionalizing the 

two hydroxy groups.  It has been shown that N,N-dimethylaminobenzene unit 

attached to bis-phenol provides avenue to make series of solvates. Several of such 

solvates are isostructural. On the other hand, based on the types of interaction of the 

guest solvent molecules to O-H···O bond of the host molecule, three different classes 

of hydrogen bond motifs could be identified. These motifs bear the signatures of 

particular isostructural series of structures. The analysis of these structural motifs has 

helped in understanding the interplay between weak interactions in their formation. 

The findings on the porous and non-porous polymorphs of a fluoro substituted bis-

phenol have helped us to clearly understand the conversion of a porous structure to a 

non-porous structure. Two concomitant polymorphic solvates formed in the case of 

dioxane solvate of a fluoro substituted bis-phenol, is a very rare phenomenon. This 

has established the fact that the fine control by interplay of weak interactions of bis-

phenol molecules with solvent led to the variations of self-assemblies, which resulted 

in simultaneous crystallisation of two polymorphs. The C-H···F-C interactions are 

responsible for formation of the particular concomitant polymorphic solvates is an 

exceptional observation. It has been also shown that a higher amount of solvent 

uptake by a bis-phenol at solvothermal condition compared to ambient condition is 

due to change in packing patterns.  Namely, the host-guest ratio of a fluoro bis-phenol 

was manipulated by changing the crystallisation process.  The caesium-π interactions 

in a fluoro-substituted bis-phenol with short bond length have been shown as a 

consequence of coordination effect of the bis-phenol to maximise its stability in a 

particular packing pattern.  
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In case of imidazole based bis-phenols we have been able to obtain two 

distinguishable self assembling of bis-phenols through O-H···N and N-H···π 

interactions leading to polymorphs. In this case also the polymorphs with porous and 

non porous structure were isolated and characterised.  Generally a porous frameworks 

formed during desolvation have tendency to collapse, but one of the porous 

polymorph of imidazole based bis-phenol we reported is stable. Reversible acetone 

binding, i.e. the desolvate of acetone as well as in solvated form with acetone has 

been shown for the first time in bis-phenol chemistry. Moreover, nitrogen atom of 

these imidazole bis-phenols can interacts with different anions to give new charge 

assisted assemblies with interesting structures. One of the imizaole based bis-phenol 

forms circular assembly through O-H···O interaction in presence of sulphate anion. 

On the other hand, the disproportionation reaction of magnesium sulphate by 

sulphuric acid had enabled to stabilise bisulphate anion in a self-assembly of 

imidazole based bis-phenol, which may be considered as a novel information on 

dispropotionation of alkaline earth metal salt in acid. 

The functioanlization of hydroxy groups of bis-phenol by flexible tethers (-CH2CO2) 

is utilized to generate pincer type of lignads. The coordination chemistry of these 

pincer types of lignads and the substituent effecting such coordination with alkali 

metal ions have been shown. The structural units of such complexes are highly 

dependent on the coordinated water molecules and the lattice water. The water 

molecules influence the packing patterns and control the dimensions of the 

complexes. While studying the substituent effect of the ligands, it has been observed 

that covalently linked nitro-group or fluoro-group can highly influence the structures 

of alkali metal complexes.  It could also be shown that the covalently linked fluoro-

group can be used as binding site under specific condition for caesium metal ion.  

A series of mono-nuclear, cyclic dimer or dinuclear cadmium complexes were 

synthesised from dicarboxylic acids tethered through bis-phenol unit. The important 

finding was the selective synthesis of such complexes from particular solvent under 

similar reaction condition. The inter-conversion by solvent among dimers at ambient 

conditions has been shown and such systems may have applications in solvent 

mediated crystal to crystal transformations. Moreover, we have also able to show the 

closure of metallacycle to form binuclear complexes by changing solvents and the 

substituent in the ligands. Thus, rigid bis-phenol molecules can be converted to semi-
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rigid molecules by functionalizing the hydoxy groups with flexible arms which can be 

further used in coordination chemistry to generate metal complexes of various 

dimensions. The substituent and solvents were found to change the course of 

crystallisation of particular complex, making new avenues for solvent assisted 

selective synthesis. 
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Appendix  

Details of the analytical instruments:  

 

X-ray crystallography 

X-ray diffraction data were collected on Bruker 3-circle diffractometer with CCD area 

detectors ProteumM APEX or SMART 6000 or Bruker Nonius Apex 2, using 

graphite-monochromated Mo- Kα radiation (λ= 0.71073Å) from a 60W micro-focus 

Bede Microsourse® with glass polycapillary optics or sealed tube. 

X-ray diffraction data for all crystals were collected using Bruker SMART software. 

This software is also used for indexing and determination of the unit cell parameters. 

The structures were solved by direct method and refined by full-matrix least squares 

against F2 of all data, using SHELXTL software. The CIF of all the compounds 

synthesized and characterised are included in the soft copy. 

All the non H-atoms were refined by full-matrix least squares in anisotropic, all H-

atoms in isotropic approximation, against F2 of all reflections. All non H-atoms were 

refined by full matrix least squares in anisotropic approximation and the hydrogen 

atoms attached to these atoms were treated as ‘riding’ in calculated positions and in 

some of the cases the hydrogen atoms have been located on the difference Fourier 

maps. In all the cases the H-atoms attached to the polar atoms such as O and N were 

located on the difference Fourier maps and refined in the final structure in isotropic 

approximation. The crystallographic tables for all the compounds are given at the end 

of this section, which includes the crystal parameters and the refinement factor. 

Powder X-ray Diffraction data were collected on a Bruker D8 diffractometer in 

Bragg- Brentano θ-θ geometry with Cu Kα radiation (λ=1.5418Å) on a glass surface 

of an air dried sample using a secondary curved graphite monochromator. Diffraction 

patterns were collected over a 2θ range of 5-45°C at a scan rate of 2° per minute.  

 

UV-visible Spectroscopy: 

The UV-absorption spectra were recorded using Perkin-Elmer Lambda 750 

spectrometer equipped with double cell compartments. All the chemicals and solvents 

used were as obtained from the standard suppliers such as E. Merck Germany, Sigma 

Aldrich USA, Ranbaxy India. The solvents for optical spectroscopy were of HPLC 
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grade (Aldirich or Merck) and used as obtained. The FT-IR spectra were recorded on 

Perkin-Elmer spectrum one spectrometer in the range of 4000-450 cm-1. 

 

NMR Spectroscopy: 

The NMR spectra were recorded in a Bruker 400 MHz spectrometer. The chemical 

shifts in the NMR spectra are all given in ppm and tetramethylsilane as the internal 

standard. 

 

Thermogravimetric Studies and Elemental Analysis:  

 The thermogravimetric studies were performed using a Mettlar Toledo TGA/ STDA 

851e and Mettlar Toledo DSCe thermal analyser. Typically about 4-6 mg of the 

samples were mounted on platinum crucibles and the TG/ DSC profiles recorded at 

the heating rate of 5 ̊ C/min and under nitrogen atmosphere. Elemental analyses were 

done on a Parkin-Elmer PE 2400 II CHN analyser 2400. 

 

Crystallographic data and refinement parameters for the compounds: 

 

Compound No. 2.2  2.3 2.4 
Formulae C28 H35 N O3 C27 H35 N O3 S C29 H38 N2 O3 

CCDC No. 893023 893024 893025 

Mol. wt. 433.57 453.62 462.61 

Space group P21/c P21/c P21/c
 

a  (Å) 12.1540(7) 12.3180(11) 12.606(10) 

b (Å) 11.8231(8) 11.3498(11) 11.689(11) 

c (Å) 17.9886(12) 18.4829(18) 18.529(16) 

α (°) 90.00 90.00 90.00 

β (°) 101.881(3) 98.544(6) 105.15(3) 

γ (°) 90.00 90.00 90.00  

V (Å3) 2529.5(3) 2555.4(4) 2636(4) 

Density (Mgm-3) 1.138 1.179 1.166 

Abs. Coeff.  (mm-1) 0.073 0.154 0.075 

F(000) 936 976 1000 

Total no. of reflections 4525 4592 4720 

Reflections, I > 2σ(I) 2557 1603 1255 

Max. θ (°) 25.25 25.25 25.25 

Ranges (h, k, l) -14 ≤  h ≤ 13 
 -14 ≤ k ≤ 14 
 -21 ≤ l ≤ 21 

-14 ≤  h ≤ 9 
-13 ≤ k ≤ 8 
-12 ≤ l ≤ 22 

-15 ≤  h ≤ 10 
 -13 ≤ k ≤ 13 
 -22 ≤ l ≤ 21 

Complete to 2θ (%) 98.6 99.2 99.0 

Data/ 
Restraints/Parameters 

4525 / 0/ 299 4592 / 5/ 302 4720  / 2/ 318 

Goof (F2) 0.975 1.088 0.853 
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R indices [I > 2σ(I)] 0.0658 0.1154 0.0568 

R indices (all data) 0.1010 0.2645 0.2238 

    

Compound No. 2.5 2.6 2.7 
Formulae C29 H37 N O5 C29 H38 N2 O3 C30 H40 N2 O2 

CCDC No. 893026 893027 893028 

Mol. wt. 479.60 462.61 460.64 

Space group P-1 P21/c P21/c 

a  (Å) 9.8237(11) 12.3499(11) 12.4222(8) 

b (Å) 11.8361(13) 12.7854(12) 12.7119(8) 

c (Å) 13.2385(14) 17.0726(15) 17.3961(12) 

α (°) 68.077(4) 90.00 90.00 

β (°) 88.819(4) 101.913(5) 102.160(4) 

γ (°) 68.848(4) 90.00 90.00 

V (Å3) 1320.1(2) 2637.7(4) 2685.4(3) 

Density (Mgm-3) 1.207 1.165 1.139 

Abs. Coeff.  (mm-1) 0.082 0.075 0.071 

F(000) 516 1000 1000 

Total no. of reflections 4704 4727 4798 

Reflections, I > 2σ(I) 2031 3116 2365 

Max. θ (°) 25.2 
 

25.25 25.25 

Ranges (h, k, l) -11 ≤  h ≤ 11 
 -14 ≤ k ≤ 11 
 -15 ≤ l ≤ 15 
 

-14 ≤  h ≤14 
 -15 ≤ k ≤ 15 
 -19 ≤ l ≤ 20 

-14 ≤  h ≤ 14 
 -14 ≤ k ≤ 14 
 -20 ≤ l ≤ 20 

Complete to 2θ (%) 98.5 98.7 98.7 

Data/ 
Restraints/Parameters 

4704/ 0/ 324 4727/ 0/ 319 4798/ 2/ 326 

Goof (F2) 1.040 1.161 0.906 

R indices [I > 2σ(I)] 0.0757 0.0558 0.0555 

R indices (all data) 0.1827 0.0859 0.1121 

    

Compound No. 2.8 2.9 3.1a 
Formulae C34 H45 N3 O2 C56 H76 N4 O7 C23 H23 F O2 

CCDC No. 893029 893030 937981 

Mol. wt. 527.73 917.21 350.41 

Space group P-1 P-1 Pbca 

a  (Å) 8.6308(9) 12.988(2) 4.9312(3) 

b (Å) 11.6990(12) 14.491(2) 19.1560(13) 

c (Å) 15.9227(17) 15.156(3) 41.744(2) 

α (°) 107.295(6) 88.529(14) 90.00 

β (°) 105.133(6) 70.482(11) 90.00 

γ (°) 92.092(6) 88.285(11) 90.00 

V (Å3) 1470.4(3) 2687.0(8) 3943.2(4) 

Density (Mgm-3) 1.192 1.134 1.181 

Abs. Coeff.  (mm-1) 0.074 0.074 0.080 

F(000) 572 992 1488 

Total no. of reflections 5140 9682 3636 

Reflections, I > 2σ(I) 2571 2614 1870 
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Max. θ (°) 25.25 25.25 25.49 

Ranges (h, k, l) -10 ≤  h ≤ 10 
 -13 ≤ k ≤ 14 
 -18 ≤ l ≤ 19 

-15 ≤  h ≤14 
 -17 ≤ k ≤ 17 
 -17 ≤ l ≤ 18 

-5 ≤  h ≤ 5 
 -23 ≤ k ≤ 15 
 -44 ≤ l ≤ 50 

Complete to 2θ (%) 96.5 99.5 99.80 

Data/ 
Restraints/Parameters 

5140/ 2/ 360 9682/ 34/ 644 3636/ 0/ 247 

Goof (F2) 1.030 1.176 1.087 

R indices [I > 2σ(I)] 0.0613 0.0659 0.0708 

R indices (all data) 0.1370 0.2011 0.1407 

    

Compound No. 3.1b 3.1c 3.2a 
Formulae C23 H23 F O2 C26 H30 F N O3 C23 H23 F O2 

CCDC No. 937982 937983 937984 

Mol. wt. 350.41 423.51 350.41 

Space group P21/c P na21 P21/n 

a  (Å) 16.2856(6) 12.006(2) 10.1891(3) 

b (Å) 8.4173(4) 23.510(4) 12.1484(4) 

c (Å) 14.5989(6) 8.2207(13) 15.5039(4) 

α (°) 90.00 90.00 90.00 

β (°) 110.232(2) 90.00 92.864(3) 

γ (°) 90.00 90.00 90.00 

V (Å3) 1877.75(14) 2320.4(6) 1916.69(10) 

Density (Mgm-3) 1.240 1.212 1.214 

Abs. Coeff.  (mm-1) 0.084 0.084 0.083 

F(000) 744 904 744 

Total no. of reflections 3502 3880 3469 

Reflections, I > 2σ(I) 2366 1656 2533 

Max. θ (°) 25.49 25.25 25.25 

Ranges (h, k, l) -19 ≤  h ≤19 
 -8 ≤  k ≤10 
 -17 ≤  l ≤15 

-14 ≤  h ≤  14 
-27 ≤ k ≤  27 
-9 ≤  l ≤  9 

-6 ≤  h ≤  12 
 -14 ≤  k ≤ 13 
 -18 ≤  l ≤ 18 

Complete to 2θ (%) 1.00 97.60 99.90 

Data/ 
Restraints/Parameters 

3502/ 0/ 241 3880/ 1/ 288 3469/ 6/ 247 

Goof (F2) 0.875 1.103 0.964 

R indices [I > 2σ(I)] 0.0435 0.0962 0.0520 

R indices (all data) 0.0718 0.2205 0.0721 

    

Compound No. 3.2b 3.2c 3.2d 
Formulae C48 H52 F2 O5 S C25 H29 F O3 S C25 H27 F O3 

CCDC No. 937985 937986 9439393 

Mol. wt. 778.96 428.54 394.47 

Space group Pbcn P21/c P-1 

a  (Å) 12.0576(9) 8.3850(2) 9.0463(5) 

b (Å) 18.7488(11) 29.3923(8) 9.5339(6) 

c (Å) 18.9159(14) 19.4179(6) 13.1106(8) 

α (°) 90.00 90.00 98.763(4) 

β (°) 90.00 93.876(2) 103.988(4) 

γ (°) 90.00 90.00 96.474(4) 

V (Å3) 4276.2(5) 4774.7(2) 1071.13(11) 
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Density (Mgm-3) 1.210 1.192 1.223 

Abs. Coeff.  (mm-1) 0.129 0.165 0.085 

F(000) 1656 1824 420 

Total no. of reflections 3873 8555 3850 

Reflections, I > 2σ(I) 2777 4814 2642 

Max. θ (°) 25.25 25.25 25.25 

Ranges (h, k, l) -7 ≤  h ≤  14 
 -22 ≤  k ≤21 
 -9 ≤  l ≤22 

-10 ≤  h ≤  9 
 -35 ≤  k ≤33 
 -23 ≤  l ≤22 

-10 ≤  h ≤  10 
 -11 ≤  k ≤11 
 -15 ≤  l ≤15 

Complete to 2θ (%) 99.80 99.20 99.00 

Data/ 
Restraints/Parameters 

3873 / 2/ 276 8555 / 0/ 557 3850/2/ 274 

Goof (F2) 1.185 1.011 1.084 

R indices [I > 2σ(I)] 0.0509 0.0529 0.0448 

R indices (all data) 0.0747 0.1328 0.0650 

    

Compound No. 3.2e 3.2f 4.1a 
Formulae C25 H27 F O3 C46 H45 F2 O4 Cs C21H24N2O2 

CCDC No. 937987 937988 904126 

Mol. wt. 394.47 832.73 336.42 

Space group P21/n P-1 P21/c 

a  (Å) 10.1337(9) 10.3787(9) 8.1858(8) 

b (Å) 11.8820(7) 13.5980(9) 10.6531(12) 

c (Å) 18.8355(16) 15.7691(8) 20.967(2) 

α (°) 90.00 102.404(5) 90.00 

β (°) 104.929(8) 102.068(6) 92.684(7) 

γ (°) 90.00 106.190(7) 90.00 

V (Å3) 2191.4(3) 1999.7(2) 1826.4(3) 

Density (Mgm-3) 1.196 1.383 1.223 

Abs. Coeff.  (mm-1) 0.083 0.977 0.079 

F(000) 840 852 720 

Total no. of reflections 3966 7249 3387 

Reflections, I > 2σ(I) 1664 4236 1697 

Max. θ (°) 25.25 25.25 25.50 

Ranges (h, k, l) -12 ≤  h ≤7 
 -14 ≤  k ≤10 
 -22 ≤  l ≤22 

-12 ≤  h ≤12 
 -16 ≤  k ≤10 
 -18 ≤  l ≤18 

-9≤  h ≤9 
-12≤ k ≤12 
-25 ≤ l ≤25 

Complete to 2θ (%) 99.80 99.80 
 

99.70 

Data/ 
Restraints/Parameters 

3966 / 0/ 268 7249 / 16/ 478 3387/ 0/ 237 

Goof (F2) 1.124 1.023 1.049 

R indices [I > 2σ(I)] 0.0730 0.0621 0.0536 

R indices (all data) 0.1860 0.1215 0.1232 

    

Compound No. 4.1b 4.1c 4.1d 
Formulae C21 H24N2O2 C45 H54N4O5 C23H32N2O4S 

CCDC No. 904127 904125 904123 

Mol. wt. 336.42 730.92 432.57 

Space group C2/c C2/c P21/c 

a  (Å) 21.5904(13) 21.9667(7) 8.2791(6) 
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b (Å) 13.6380(8) 13.4559(7) 10.4599(7) 

c (Å) 16.9958(17) 17.1405(7) 26.664(2) 

α (°) 90.00 90.00 90.00 

β (°) 123.947(3) 124.165(4) 96.212(7) 

γ (°) 90.00 90.00 90.00 

V (Å3) 4151.4(5) 4192.1(3) 2295.5(3) 

Density (Mgm-3) 1.077 1.158 1.252 

Abs. Coeff.  (mm-1) 0.070 0.076 0.172 

F(000) 1440 1568 928 

Total no. of reflections 3865 3902 4141 

Reflections, I > 2σ(I) 1799 2766 3126 

Max. θ (°) 25.50 25.50 25.25 

Ranges (h, k, l) -26≤  h ≤26 
-16≤ k ≤16 
-20 ≤ l ≤20 

-26≤  h ≤26 
-16≤ k ≤16 
-20 ≤ l ≤20 

-9≤  h ≤8 
-11≤ k ≤12 
-25 ≤ l ≤32 

Complete to 2θ (%) 100.00 99.80 99.80 

Data/ 
Restraints/Parameters 

3865/ 1/ 237 3902/ 0/ 257 4141/ 5/ 298 

Goof (F2) 0.997 1.076 1.006 

R indices [I > 2σ(I)] 0.0818 0.0689 0.0885 

R indices (all data) 0.1690 0.0929 0.1085 

    

Compound No. 4.1e 4.1f 4.2a 
Formulae C21 H25 Cl N2 O6 C42 H50 F6 N4 O4 Si C20H22N2O2  

CCDC No.   859874   

Mol. wt. 436.88 816.95 322.14  

Space group P-1 C2/c P21/n  

a  (Å) 7.9643(3) 21.6442(13) 13.7298(6)  

b (Å) 8.5995(3) 16.3879(10) 9.1144(4)  

c (Å) 15.7931(7) 14.7429(9) 14.9435(6)  

α (°) 99.561(2) 90.00 90.00  

β (°) 96.346(2) 126.4750(10) 90.00  

γ (°) 100.409(2) 90.00 90.00  

V (Å3) 1038.00(7) 4205.0(4) 1747.40(13)  

Density (Mgm-3) 1.398 1.290 1.225  

Abs. Coeff.  (mm-1) 0.225 0.128 0.080  

F(000) 460 1720 688  

Total no. of reflections 3736 3761 2910  

Reflections, I > 2σ(I) 2882 2920 2407  

Max. θ (°) 25.25 25.25 24.99  

Ranges (h, k, l) -9 ≤  h ≤  9 
 -10 ≤  k ≤10 
 -18 ≤  l ≤ 18 

-25 ≤  h ≤  25 
 -19 ≤  k ≤18 
 -15 ≤  l ≤ 17 

-15 ≤  h ≤  15 
 -10 ≤  k ≤ 10 
 -16 ≤  l ≤ 16 

Complete to 2θ (%) 99.30 98.50 95.0  

Data/ 
Restraints/Parameters 

3736 /2/ 360  3761/0/ 273 2910/0/227  

Goof (F2) 0.970 1.069 0.993  

R indices [I > 2σ(I)] 0.0533 0.0483 0.0577  

R indices (all data) 0.0647 0.0619 0.0678  
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Compound No. 4.2b 4.2c  4.2d 
Formulae C21H26N2O3 C24H28N2O7 C22H24N2O4 

CCDC No. 859875 859878 859877 

Mol. wt. 354.14 456.48 380.43 

Space group P-1 P21/c P-1 

a  (Å) 8.7555(8) 15.7164(10) 8.0009(3) 

b (Å) 10.3506(10) 9.2068(5) 9.2227(3) 

c (Å) 11.3880(12) 16.0795(10) 13.6691(5) 

α (°) 79.478(7) 90.00 90.928(2) 

β (°) 70.873(6) 90.744(4) 102.486(2) 

γ (°) 79.682(6) 90.00 103.478(2) 

V (Å3) 950.73(16) 2326.5(2) 955.31(6) 

Density (Mgm-3) 1.238 1.303 1.323 

Abs. Coeff.  (mm-1) 0.083 0.096 0.092 

F(000) 380 968 404 

Total no. of reflections 3416 4484 3424 

Reflections, I > 2σ(I) 2790 2945 2943 

Max. θ (°) 25.50 26.00 25.50 

Ranges (h, k, l) -10 ≤  h ≤  10 
 -12 ≤  k ≤ 12 
 -13 ≤  l ≤ 13 

-18 ≤  h ≤  19 
 -11 ≤  k ≤ 8 
 -19 ≤  l ≤ 18 

-9 ≤  h ≤  9 
 -11 ≤  k ≤ 11 
 -16 ≤  l ≤ 16 

Complete to 2θ (%) 96.3 98.0 96.2 

Data/ 
Restraints/Parameters 

3416/0/247 4484/0/316 3424/0/267 

Goof (F2) 1.053 0.706 0.926 

R indices [I > 2σ(I)] 0.0518 0.0505 0.0420 

R indices (all data) 0.0621 0.0723 0.0490 

    

Compound No. 4.2e 4.2f 4.2g 
Formulae C20H23ClN2O6 C40H46N4O8S C20H24N2O6S 

CCDC No. 859879  859883 859881 

Mol. wt. 422.85  742.87 420.47 

Space group P21/c  R32 P-1 

a  (Å) 15.309(3)  15.094(8) 8.0024(6) 

b (Å) 8.9162(19)  15.094(8) 10.0959(8) 

c (Å) 15.951(4)  48.91(5) 13.6380(10) 

α (°) 90.00  90.00 81.435(4) 

β (°) 110.878(13)  90.00 77.635(4) 

γ (°) 90.00  120.00 70.938(4) 

V (Å3) 2034.4(7)  9650(12) 1013.53(13) 

Density (Mgm-3) 1.381  1.150 1.378 

Abs. Coeff.  (mm-1) 0.227  0.127 0.200 

F(000) 888  3546 3546 

Total no. of reflections 3675  4002 3546 

Reflections, I > 2σ(I) 1838  3309 2974 

Max. θ (°) 25.50  25.48 25.25 

Ranges (h, k, l) -18 ≤  h ≤  17 
 -10 ≤  k ≤10 
 -19 ≤  l ≤ 18 

-15 ≤  h ≤  18 
 -18 ≤  k ≤ 18 
 -50 ≤  l ≤ 59 

-9  ≤  h ≤  9 
 -12 ≤  k ≤ 12 
 -16 ≤  l ≤ 14 

Complete to 2θ (%) 97.1  99.5 96.6 
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Data/ 
Restraints/Parameters 

3675/0/279  4002/0/246 3546/0/277 

Goof (F2) 0.983  1.055 1.050 

R indices [I > 2σ(I)] 0.0730  0.0741 0.0373 

R indices (all data) 0.1557  0.0863 0.0457 

    

Compound No. 4.2h 4.2i 5.1 
Formulae C20H25BF4N2O3 C20H23N3O5 C28H31O8 

CCDC No. 859880 859882 804435 

Mol. wt. 428.23 385.41 495.53 

Space group P-1 P21/c P21/c 

a  (Å) 8.1285(5) 8.0447(12) 14.9498(13) 

b (Å) 10.9801(7) 26.422(5) 14.8055(12) 

c (Å) 11.9948(7) 11.2878(18) 12.5249(10) 

α (°) 96.789(4) 90.00 90.00 

β (°) 95.608(4) 126.488(10) 97.545(3) 

γ (°) 99.124(4) 90.00 90.00 

V (Å3) 1042.17(11) 1929.0(6) 2748.3(4), 

Density (Mgm-3) 1.365 1.327 1.198 

Abs. Coeff.  (mm-1) 0.114 0.097 0.088 

F(000) 448 816 1052 

Total no. of reflections 3700 3215 4960 

Reflections, I > 2σ(I) 2552 1694 2689 

Max. θ (°) 25.49 25.25 25.25 

Ranges (h, k, l) -9 ≤  h ≤  9 
 -12 ≤  k ≤ 12 
 -16 ≤  l ≤ 14 

-9 ≤  h ≤  9 
 -13 ≤  k ≤ 11 
 -14 ≤  l ≤ 14 

-17 ≤  h ≤  17 
 -17 ≤  k ≤17 
 -15 ≤  l ≤ 14 

Complete to 2θ (%) 95.0 92.0 99.7 

Data/ 
Restraints/Parameters 

3546/0/277 3215/0/266 4960/5/335 

Goof (F2) 0.928 1.083 1.224 

R indices [I > 2σ(I)] 0.0635 0.1063 0.0819 

R indices (all data) 0.0895 0.1774 0.1237 

    

Compound No. 5.3 5.1c 5.1d 
Formulae C27H27NO2 C27H36Na2O11 C27H30K2O11 

CCDC No. 840829 851818 851819 

Mol. wt. 493.50 582.54 608.71 

Space group P21/n P21/c P21/c 

a  (Å) 16.297(3) 17.6717(12) 17.4531(15) 

b (Å) 9.222(2) 14.1935(9) 14.4853(15) 

c (Å) 16.374(4) 11.5938(8) 11.8689(10) 

α (°) 90.00 90.00 90.00 

β (°) 94.019(15) 101.479(4) 78.186(4) 

γ (°) 90.00 90.00 90.00 

V (Å3) 2454.8(9) 2849.8(3) 2937.1(4) 

Density (Mgm-3) 1.335 1.358 1.377 

Abs. Coeff.  (mm-1) 0.099 0.129 0.380 

F(000) 1040 1232 1272 

Total no. of reflections 4427 5073 7250 
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Reflections, I > 2σ(I) 2439 3484 5475 

Max. θ (°) 25.50 25.25 28.29 

Ranges (h, k, l) -16 ≤  h ≤  19 
 -11 ≤  k ≤11 
 -19 ≤  l ≤ 19 

-21≤  h ≤  21 
 -17 ≤  k ≤17 
 -12 ≤  l ≤ 13 

-23 ≤  h ≤  23 
 -16 ≤  k ≤ 19 
 -15 ≤  l ≤ 15 

Complete to 2θ (%) 97.00 98.60 99.50 

Data/ 
Restraints/Parameters 

4427/0/331 5073/3/396 7250//4/381 

Goof (F2) 1.040 1.227 1.027 

R indices [I > 2σ(I)] 0.0658 0.0638 0.0957 

R indices (all data) 0.1216 0.094 0.1154 

    

Compound No. 5.1e 5.2c 5.2d 
Formulae C54H52Cs2O15 C27H35FNa2O11 C27 H25 Cs2 F O9 

CCDC No. 851821 931636 931637 

Mol. wt. 1216.86 600.53 778.29 

Space group C2/c P21/a P21/a 

a  (Å) 31.862(3) 11.5752(7) 11.7311(7) 

b (Å) 14.3653(14) 14.2375(8)  14.2417(9) 

c (Å) 11.8638(12) 17.5742(15) 17.7909(11) 

α (°) 90.00 90.00 90.00 

β (°) 92.336 101.423(7) 92.802(6) 

γ (°) 90.00 90.00 90.00 

V (Å3) 5425.7(9) 2838.9(3) 2968.8(3) 

Density (Mgm-3) 1.490 1.400 1.741 

Abs. Coeff.  (mm-1) 1.409 0.137 2.510 

F(000) 2464 1256 1512 

Total no. of reflections 5340 5112 5357 

Reflections, I > 2σ(I) 3149 2595 3424 

Max. θ (°) 28.51 25.25 25.25 

Ranges (h, k, l) -39 ≤  h ≤  39 
 -17 ≤  k ≤ 17 
 -14 ≤  l ≤ 14 

-12 ≤  h ≤  13 
 -17 ≤  k ≤ 15 
 -21 ≤  l ≤ 11 

-10 ≤  h ≤  14 
 -17 ≤  k ≤ 15 
 -21 ≤  l ≤ 13 

Complete to 2θ (%) 99.90 99.60 99.90 

Data/ 
Restraints/Parameters 

5340/0/326 5112/9/400 5357/0/356 

Goof (F2) 1.178 1.105 1.068 

R indices [I > 2σ(I)] 0.0556 0.0815 0.0701 

R indices (all data) 0.1025 0.1506 0.1085 

    

Compound No. 5.3c 6.1a 6.2a 
Formulae C27H27K2NO11 C42H41CdN3O9  C37H37FN2O7Cd 

CCDC No. 851820 806671 941258 

Mol. wt. 619.70 844.18  753.09 

Space group Pbca P21/c  P-1 

a  (Å) 13.8855(4) 16.3357(5)  9.5955(6) 

b (Å) 12.4867(3) 14.1196(5)  10.1247(7) 

c (Å) 33.5892(10) 18.3475(6)  18.8961(12) 

α (°) 90.00 90.00  79.787(4) 

β (°) 90.00 104.841(2)  79.330(4) 

γ (°) 90.00 90.00  71.632(4) 
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V (Å3) 5823.8(3) 4090.7(2)  1698.15(19) 

Density (Mgm-3) 1.414 1.371  1.481 

Abs. Coeff.  (mm-1) 0.385 0.591  0.700 

F(000) 2576 1736  772 

Total no. of reflections 7251 7341  6217 

Reflections, I > 2σ(I) 5245 4341  4408 

Max. θ (°) 28.34 25.25  25.50 

Ranges (h, k, l) -9 ≤  h ≤  9 
 -13 ≤  k ≤ 11 
 -14 ≤  l ≤ 14 

-19 ≤  h ≤  19 
 -16≤  k ≤ 16 
 -22 ≤  l ≤ 22 

-11 ≤  h ≤  11 
-12 ≤  k ≤  12 
-22 ≤  l  ≤  22 

Complete to 2θ (%) 99.6 99.1  98.20 

Data/ 
Restraints/Parameters 

7251/2/382 7341/0/500  6217/ 2/ 445 

Goof (F2) 1.098 0.820  0.976 

R indices [I > 2σ(I)] 0.0646 0.0366  0.0417 

R indices (all data) 0.0882 0.0715  0.0690 

    

Compound No. 6.2b 6.2c 6.3a 
Formulae C68H72F2N2O14S2Cd2 C86H92F2 N6O16Cd2 C68H74Cd2N4O22 

CCDC No. 941259 941260 837719 

Mol. wt. 1468.20 1728.46 1524.11 

Space group P-1 P-1 P21/c 

a  (Å) 8.9073(5) 10.1146(4) 17.4571(11) 

b (Å) 10.3960(5) 11.5411(4) 21.0538(12) 

c (Å) 19.1286(9) 19.1631(6) 9.2040(5) 

α (°) 
92.139(4) 90.606(3) 90.00 

β (°) 
98.135(4) 101.112(3) 93.921(4) 

γ (°) 
109.480(4) 105.444(3) 90.00 

V (Å3) 1646.32(14) 2111.24(12) 3374.9(3) 

Density (Mgm-3) 1.481 1.348 1.500 

Abs. Coeff.  (mm-1) 0.780 0.575 0.710 

F(000) 
752 878 1564 

Total no. of reflections 
6117 7833 5843 

Reflections, I > 2σ(I) 4894 6763 3876 

Max. θ (°) 
25.50 25.50 25.50 

Ranges (h, k, l) -10 ≤  h  ≤  10 
-11 ≤  k ≤  12 
-23 ≤  l  ≤  22 

-12 ≤  h  ≤  11 
-13 ≤  k  ≤  13 
-22 ≤  l  ≤  23 

-19 ≤  h ≤  20 
 -24 ≤  k ≤ 25 
 -10 ≤  l ≤ 10 

Complete to 2θ (%) 99.80 99.80 93.0 

Data/ 
Restraints/Parameters 

6117/0/412 7833/0/535 5843/0/440 

Goof (F2) 1.059 1.326 1.259 

R indices [I > 2σ(I)] 0.0469 0.0407 0.0789 

R indices (all data) 0.0654 0.0489 0.1242 

    

Compound No. 6.3b 6.3c 6.4a 
Formulae C74H74Cd2N6O2 C86H96Hg2N10O20 C74H70Cd2N6O26 

CCDC No. 844623 837718 837730 

Mol. wt. 1592.19 1990.91 1684.16 

Space group P21/c P-1 P-1 
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a  (Å) 12.5560(10) 9.7843(3) 11.7715(8) 

b (Å) 25.231(2) 12.7257(4) 12.4713(9) 

c (Å) 12.2248(10) 19.1614(6) 15.3045(11) 

α (°) 90.00 90.829(2 80.416(3) 

β (°) 101.953(4) 97.845(2) 80.098(3) 

γ (°) 90.00 111.982(2) 67.749(3) 

V (Å3) 3788.8(5) 2186.08(12) 2035.8(2) 

Density (Mgm-3) 1.396 1.512 1.374 

Abs. Coeff.  (mm-1) 0.635 3.582 0.600 

F(000) 1632 1002 860 

Total no. of reflections 9492 7501 7252 

Reflections, I > 2σ(I) 6870 5716 6287 

Max. θ (°) 28.48 25.50 25.50 

Ranges (h, k, l) -16 ≤  h ≤  16 
 -32≤  k ≤ 33 
 -15 ≤  l ≤ 16 

-11 ≤  h  ≤  11 
-15 ≤  k  ≤  15 
-23 ≤  l  ≤  23 

-14 ≤  h  ≤  14 
-15 ≤  k  ≤  15 
-18 ≤  l  ≤  18 

Complete to 2θ (%) 99.0 92.1 95.60 

Data/ 
Restraints/Parameters 

9492/0/460 7501/0/539 7252/0/491 

Goof (F2) 1.294 0.995 1.079 

R indices [I > 2σ(I)] 0.0867 0.0341 0.0384 

R indices (all data) 0.1088 0.0503 0.0449 
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