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Abstract 

This thesis represents our attempt to synthesize enantiopure chiral cavities, with 

our exploration of the coordination chemistry of the amino acid derived chiral tetradentate 

ligands and three first row transition metal ions namely Fe(III), Ni(II) and Cu(II). In the 

process we have been successful in the synthesis and characterization of three chiral 

cavities of different size and shape, one porous 1D helical network and two structural 

models for metalloenzyme active sites. 

 

The thesis has been divided into seven chapters. Chapter wise summary of the 

work is presented below. 

 
Chapter I 

Introduction 

 

In this chapter we present the importance of research works and recent 

developments related to the technologically potent area involving the synthesis of 

enantiomerically pure chiral host and their applications.  Recognition of chiral molecule 

by a host is an important area of research having applications in chiral separation, 

enantiopure drug synthesis, stereospecific synthesis of organic molecules and in the 

domain of chiral sensors. A diverse set of approaches in the design and functioning of 

hosts have been reported in the recent literature ranging from rigid and bulky organic 

molecules changing color with one enantiomer having preferred binding of the 

enantiomer inside chiral nanoporous channels to chirally modified polymers changing 

frequency of a coated crystal with one enantiomer.  

Recognition of a molecule, chiral or achiral, inside a molecular cavity working as 

a host has been pursued intensely in the last three decades. Within the last few years 

witnessed synthesis of several synthetically challenging, architecturally beautiful 

molecular cup, bowl, and capsule shaped guest molecules. Literature survey showed that 

a majority of these have been synthesized in multi-step processes and most of them are 

achiral and thus a major requirement for chiral recognition is missing. 
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The objective of this thesis has been set to synthesize multinuclear enantiopure 

transition metal complexes with available binding sites inside a cavity. The advantage of 

using a metal complex stems from the fact that the metal ion gives the conformational 

rigidity to the otherwise flexible organic ligand.  

 
Chapter II 

Ligand Synthesis 

 

In this chapter we present the experimental conditions for the synthesis of 

polydentate ligands with potential to form enantiomerically pure chiral complexes.  We 

have chosen the relatively less explored amino acid derived reduced Schiff base ligands. 

The reason is that the natural amino acids are available in pure enantiomeric form rather 

cheaply. In addition, the ligand was designed to have several possible H-bond formation 

sites to assist in assembling multinuclear assembly through H-bonding.  

 
 

Chapter III 

Synthesis and solution properties of a self-assembled molecular capsule with        

copper (II) complex 

 
This chapter contains the synthesis and characterization of an octameric Cu(II) 

complex with the formula [Cu8(S-Salhis)8Py10].Py.3MeOH.(C2H5)2O. The crystal 

structure showed that eight CuL units form a capsular cavity that traps four pyridine 

molecules.  In this capsular cavity top to bottom distance was about 13.6 Å and across the  

 
 

Figure 1. The histidine-derived ligand (S-H2Salhis) 
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cavity was about 10.0 Å.  To understand the stability of the capsule in different chemical 

environments, we further studied the characteristics of the complex using a combination 

of spectroscopic methods and recrystallization techniques in various solvents. We 

observed the assembly and disassembly of the capsule in different solvent medium and 

using external ligands. These experimental results suggest that the capsular complex 

synthesized has potential for use as storage (holding a guest inside the capsule) and 

delivery agent (either solvent or imidazole mediated) for trapped guest molecules. 

 

Chapter IV  

Synthesis and characterization of a 1D chiral microporous channels with a Fe(III) 

complex and insertion of iodine inside the channels 

 
This chapter contains the synthesis and characterization of a dinuclear iron(III) 

complex [Fe2(ì−OH)(ì−OAc)(S-Salhis)2].4H2O. Crystal structure of the complex showed 

the formation of one-dimensional (1D) helical channels with diameter of 7-9 Å in the 

crystal lattice. The channels are filled with water molecules. These water molecules are 

H-bonded with the bridging hydroxo group and the ligand carboxylate oxygen. The 

usability of the channels as hosts has been ascertained by removing water from the 

channel thermally and filled the evacuated channels with iodine. Structural 

characterization of the empty crystals and the iodine filled channels showed that the 

iodine molecules inside the channels were organized in a helical array similar to those of 

water molecules inside the channels.  

 

 
 

Figure 2. Capsular structure of the octameric Cu(II) complex 
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Importantly the removal and refilling of the molecules did not destroy the lattice 

structure.  The complex is also important as [FeIII(µ-OH)(µ-carboxylato)FeIII]4+ core has 

been proposed to be present in the active site of protein mammalian  purple acid 

phosphatases. To the best of our knowledge this is the first structurally characterized 

complex containing the core bound with the imidazole, phenolate and carboxylate donors 

closely resembling the histidine, tyrosine and aspartate donors present in the protein. 

 
 

Chapter V  

Synthesis and characterization of a binuclear Ni(II) complex 

 
In this chapter we present the synthesis and characterization of a binuclear Ni(II) 

complex which has a C2 symmetric cavity around the polar carboxylate groups. One Na+ 

is bound inside the cavity in the solid state, as evidenced from the X-ray crystallography. 

The Fe(III) complex discussed in chapter IV had a C2 symmetric cavity formed around 

the acetate ion. On the other side of the molecule, where hydrophilic pocket holds the 

water and iodine, the cavity is open. In order to form a chiral cavity around the 

hydrophilic carboxylate groups that might favor binding of chiral amines we decided to 

use a different metal center Ni (II).  

 

 

 
 

Figure 3. Water (left) and iodine (right) inside the channel, atoms appearing in 
pairs indicate positional disorder 
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Chapter VI 

Nitrate bridged Iron(III) complexes for colorimetric and conductometric detection of 

amines in solution and vapor phase 

 

Described in this chapter are the synthesis and characterization of three high-spin 

binuclear iron(III) complexes with the general formula, [Fe2(L)2(NO3)2]. Each of the 

complexes displays a strong phenolate to Fe(III) charge-transfer transition in the range of 

520-585 nm with a moderately high extinction coefficient. These binuclear Fe(III) 

complexes change color in presence of amines. Also, the molar conductance of the 

complexes in methanol, showed values characteristic of 1:1 electrolytes, however, 

addition of amines to the methanolic solution containing the complex increase the molar 

conductivity to that of a 1:2 electrolyte. This chapter contains the results of both 

conductometric and colorimetric titration of these complexes with various amines and 

some other bases enabling us to look for the possible reasons for the color changes.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 4. Space filling model of [Fe2(µ-OH)(µ-OAc)(S-Salhis)2] (left) and 
Na[Ni2(µ-OAc)(S-Salhis)2] (right) showed the C2 symmetric chiral cavity 

 

 
 

Figure 5. Fe(III) complex coated on a filter paper before (left) and after (right) 
exposing to amine vapor 
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Chapter VII 

 
Syntheses and characterization of mononuclear Iron(III) catecholate complexes 

 
 

In this chapter we present the synthesis and characterization of two mononuclear 

Iron(III) complexes of general formula [FeIII(L)(catecholate)] (L = histidine or methionine 

derived ligand) where two cis sites in octahedral the complexes were blocked by the 

catecholate forming mononuclear complexes. Our choice of catecholate as a bidentate 

ligand was influenced by the idea that the resulting complex (with histidine derived 

ligand) might serve as a structural model for the active site of catechol dioxygenase, a 

catechol-cleaving enzyme.  Various spectroscopic techniques were utilized to characterize 

the complexes formed. 

 

 

TH-149_994501



Contents 
 

 

xii 

Contents 
 

I. Statement         i 

II. Certificate         ii  

III. Course Certificate        iii  

IV. Ph.D. Grade Card        iv  

V. Acknowledgements        v  

VI. Abstract         vi  

VII. Contents         xii  

VIII.    Chapter I - Introduction 

1.1 Purpose of the Present Investigation    1  

1.2 Metal-ligand macrocycles      2 

 1.3 Self-assembled molecular square     4  

  1.3.1 Self-assembly chiral molecular square   4  

1.4 Molecular capsules      6  

  1.4.1 Metal directed self-assembly of cage compounds 6 

   1.4.2 Tetrahedral Metal-Ligand cage    6 

1.4.3 Glycouril-derived molecular capsules   7 

 1.4.4 Cyclophane-derived molecular capsules  9 

 1.4.5 Resorcin[4]arene-derived metal-based molecular  

capsules      9  

  1.5 Complexes based on tris(pyridine) and  

tris(primidine) ligands      12  

1.6 Enantiomeric separation using Chiral metal center   14 

 1.7 Cavity with Schiff bases      16 

 1.8 Definition of the problem      17 

 1.9 Objectives of the thesis      17  

IX Chapter II - Ligand synthesis        
   

2.1 Choice of ligand       18 

 2.2 Literature on the metal complexes of the ligands chosen  

in this work       19 

2.3 Experimental Section      20 

TH-149_994501



Contents 
 

 

xiii 

 

2.3.1 Solvents and Reagents     20 

2.3.2 Measurements      20 

2.4 Syntheses of ligands      21 

2.4.1S-2-(2-Hydroxy-benzylamino)-3-(1H-imidazole-4-yl)-

propionic acid [(S)-H2Salhis] (1)    21 

2.4.2R-2-(2-Hydroxy-benzylamino)-3-(1H-imidazole-4-yl)-

propionic acid [(R)- H2Salhis] (2)    21  

   2.4.3 S-2- (2-Hydroxy-benzylamino)-4-methylsulfanyl- 

butyric acid [(S)-H2Salmet)] (3)   22 

2.4.4   2-Hydroxy-3-methylbenzaldehyde   22  

2.4.5 S-2-(2-Hydroxy-3-methyl-benzylamino)-4- 

methylsulfanyl-butyric acid [o-Me-(S)H2Salmet] (4)  23  

  2.5 Syntheses and Selected Properties     23 

  2.6 1H NMR Spectra       25 

  

X. Chapter III - Synthesis and solution properties of a self-assembled  

      molecular capsule with copper(II) complex 

  3.1 Experimental Section      31 

   3.1.1 Solvents and Reagents     31 

   3.1.2. Measurements      32 

   3.1.3. X-ray Data Collection, Structure Solution and  

Refinement      32 

  3.2 Syntheses of Cu(II) complexes     34 

   3.2.1 [Cu8(C13H13N3O3)8· (C5H5N)4· 8H2O] (1)  34 

   3.2.2 [Cu(S-Salhis)Imidazole]· 2H2O (2)   35 

  3.3 Results and Discussion      35 

   3.3.1 Syntheses and Selected Properties   35 

   3.3.2 X-ray Structure of crystal (1)    36 

   3.3.3 Assembly and disassembly of the molecular capsule  42 

   3.3.4 X-Ray Structure of [Cu(Salhis)(Imidazole)]· 2H2O (2) 44 

   3.3.5 Absorption Spectra     50 

 
TH-149_994501



Contents 
 

 

xiv 

 

   3.3.6 Redox Stability of the cage    50 

3.3.7 Magnetism      53 

   Conclusions       54 

 

XI. Chapter IV – Synthesis and characterization of a 1D chiral microporous  

channels with a Fe(III) complex and insertion of iodine  

inside the channels 

  4. 1 Experimental Section      55 

   4.1.1 X-ray Data Collection, Structure Solution and  

Refinement      56 

  4.2 Syntheses of Fe(III) complexes     57 

   4.2.1 [Fe2(OAc)(OH)((S)-Salhis)2]· 4H2O (1)   57 

   4.2.2 Single crystals of [Fe2 (µ-OH)(µ-OAc)(S-L)2]· H2O (2)  

           58 

   4.2.3 Single crystals of  [Fe2 (µ-OH)(µ-OAc)(S-L)2]· H2O· I2 (3) 

           58 

   4.2.4 [Fe2 (µ-OH)(µ-OAc)( (R)-Salhis)2]· 2H2O (4)  59 

  4.3 Results and Discussion      59 

   4.3.1 Syntheses and Selected Properties   59 

   4.3.2 Structures of 1 and 4     61 

   4.3.3 Types of water in 1 and 4 from TGA   65 

   4.3.4 Insertion of I2 in 2       67 

4.3.5 Determination of pKa of bridging hydroxide  

from UV-visible spectra    68 

  Conclusion        72 

 

XII. Chapter V – Synthesis and characterization of a binuclear  

   Ni(II) complex       

5.1 Experimental Section      73 

   5.1.1 Solvents and Reagents     73 

   5. 1. 2 X-ray Data Collection, Structure Solution and  

Refinement      73 
TH-149_994501



Contents 
 

 

xv 

 

  5.2 Synthesis of Na[Ni2( S-Salhis)2(OAc)(H2O)4] (1)  74 

  5.3 Results and Discussion      75 

   5.3.1 Synthesis and Selected Properties   75 

   5.3.2 Crystal structure of complex (1)   77 

   5.3.3 UV-visible studies     81 

  Conclusion        83 

 

XIII. Chapter VI – Nitrate bridged Iron(III) complexes for colorimetric  

 and conductometric detection of amines in solution and  

  vapor phase 

  6.1 Experimental Section      84 

   6.1.1 Solvents and Reagents     84 

   6.1.2 Measurements      84 

  6.2 Syntheses of Fe(III) complexes     85 

   6.2.1 [Fe2 (S-Salhis)2(NO3)2]· 3MeOH· 1.5H2O (1)  85 

   6.2.2 [Fe2 (S-Salmet)2(NO3)2]· 3H2O (2)   86 

   6.2.3 [Fe2 (o-Me-(S)-Salmet)2(NO3)2]· 3H2O   (3)  87 

  6.3 Results and Discussion      87 

   6.3.1 Syntheses and Selected Properties   87 

   6.3.2 UV-visible spectrum     89 

   6.3.3 Proposed structure of the complexes   90 

   6.3.4 Magnetism      91 

   6.3.5 Addition of external ligand and its effect on LMCT 94 

   6.3.6 Addition of amine and its effect on Conductance 96 

   6.3.7 The process involved in the conductance increase 99 

   6.3.8 Use as sensor      100 

  Conclusion        101 

  

XIV. Chapter VII – Synthesis and characterization of mononuclear    

   Iron(III) catecholate complexes     

  7.1 Experimental Section      103 

  7.2 Syntheses of Fe(III) complexes     103 
TH-149_994501



Contents 
 

 

xvi 

 

   7.2.1 K[Fe(S-Salhis)(C6H4O2)]· 3H2O (1)   103 

   7.2.2 K[Fe(S-Salmet) (C6H4O2)]· 1.5H2O (2)   104 

  7.3 Results and Discussion      105 

   7.3.1 Synthesis and Selected Properties   105 

   7.3.2 Temperature dependent magnetic measurements 106 

   7.3.3 Electron Paramagnetic Resonance (EPR)  109 

   7.3.4 UV-visible Spectrum     110 

  Conclusion        111 

 

XV. References         113 

 

XVI. Conclusions          122 

 

XVII. List of Publications        123 

 

XVIII. Appendix         1A 

 

 

 

 

 

 

            

        

TH-149_994501



 
 

 

 
 

 
Chapter I 

 
 
 
 
 
 
 
 
 
 

Introduction 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 TH-149_994501



Chapter I Introduction 
 

 

1 

 

1.1 Purpose of the present investigation 

Chiral molecules are non-superimposable mirror image isomers with opposite light 

rotating property and each of the isomers is called enantiomer. Enantiomerically pure 

chemicals are important in bioinorganic, inorganic and pharmaceutical chemistry. One 

such example is the drug methylphenidate, most commonly prescribed psychotropic 

medication for children with attention deficiency disorder, which is marketed as a 

racemate even though the D-threo isomer is 13 times more active than its mirror image 

isomer.[1] There are several methods for obtaining enantiomerically pure chemicals 

through either enantioselective synthesis or separation from racemic mixture using 

chromatography, biotransformation or diastereoisomeric crystallization.[2] Despite the 

availability of such methods, obtaining one enantiomer in pure form remains a 

synthetically and commercially challenging task owing to the chemical similarities of the 

enantiomers.  

Recognition of enantiomers or chiral molecules inside a cavity working as host is 

an important area of research with applications in chiral separation, chiral sensor, 

enantiopure drug synthesis, stereo specific synthesis etc. A diverse set of approaches in 

the design and functioning of hosts have been reported in the recent literature ranges from 

rigid and bulky organic molecule changing color with one enantiomer,[3]  preferred 

binding of an enantiomer inside chiral nanoporous channels[4]  to chirally modified 

polymers[5] changing frequency of a quoted crystals with one enantiomer.  

Since the discovery of crown ethers, numerous studies were done on cyclic and 

cage compounds those are capable of binding atoms, ions or molecules in their cavities 

leading to the development of host-guest chemistry,[6,7] molecular recognition[8] and 

supramolecular chemistry. [9] Last few years witnessed synthesis of several synthetically 

challenging, architecturally beautiful molecular cages,[10] squares[11] and capsule [12] 

shaped host molecules. 

The purpose of this thesis work is to develop enantiopure host molecules based on 

metal complex association from simple enantiomerically pure ligands to make low 

molecular weight chiral metal complexes assembled by metal ligand coordination and/or  

by intermolecular H-bonding. In the following paragraphs we have summarized the 

literature on different type of mostly achiral and few chiral host molecules reported and 

finally our approach to synthesize enantiopure metal complex based chiral host.  
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1.2 Metal-ligand macrocycles 

In the literature, several metal-ligand macrocycles with open cage from both sides 

have been described. The first self-assembled macrocyclic host synthesized shown in 1 

(Figure 1.1) containing two Cu(II) ions was reported by Maverick and Klavetter.[13] This 

both sides open inorganic macrocycle showed a strong binding affinity towards 1,4-

diazabicyclo[2.2.2.]octane as evidenced by X-ray crystallography. Schwabacher[14] and 

co-workers have developed the self-assembled receptor 2 (Figure 1.1)  acting as a host for  

bicyclic aromatics in water. Metal binding by the bis(amino acid) receptors forms a 

macrocycle with an appropriate size for guest binding.  The hydrophobic binding site was 

shown to be effective for pyrene transport through a liquid membrane. The rate of the 

transport depended on the metal ion employed, for example, Ni(II) and Co(II) showed the 

highest efficiency for binding the aromatic guests. Macrocyclic dinuclear Pd(II) complex 

3 (Figure 1.1) characterized by FAB-MS, has a hydrophobic cavity.[15] The dimerization 

of the zinc-porphyrin with pyridine terminus resulted in the formation of macrocyclic 

complex 4 (Figure 1.1) with inwardly directed hydrogen bonding sites.[16] This 

macrocycle showed a binding affinity towards a terephthalic acid derivative through 

efficient hydrogen bond formation. 

Recently, Lehn and co-workers reported the self-assembly of circular helices 

whose frameworks are templated by their counter anion. [17] The self-assembly of 

trisbipyridine ligand 5 (Figure 1.1) with FeCl2 salts yields pentanuclear complex  6 

(Figure 1.1) which incorporates a chloride ion in the cavity as evidenced by X-ray 

analysis, whereas the same ligand forms hexanuclear complex when treated with 

Fe(BF4)2, FeSO4, or FeSiF6. The most probable reasoning for the formation of the 

complex stems from the fact that the macrocyle carries one counter ion in the void at the 

center. 

 The host molecules described in this section utilizes metal coordination as the 

driving force in the formation of the assemblies and thus they retain their identity in 

solution.  On the other hand relatively open nature of the cage framework allows the guest 

molecules to be in and out from the host quite easily.  Thus except for 1 and 2, (Figure 

1.1) where coordination site is available inside the cage, binding of the guest is weak in 

nature in case of the other macrocycles. 
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Figure 1.1 Metal-ligand macrocycles 
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1.3 Self-assembled molecular square 
 The basic concept in the designing of the molecular square is to facilitate the 

incorporation of spacers into the cis-protected square-planar metal complexes. In a novel 

approach, an ethylenediamine protected M(II) complex (where M = Pd or Pt) was 

successfully incorporated into a tetranuclear square framework [18a]  by complexation with 

simple bridging ligand 4, 4’-bipyridine as reported by Fujita et al. and shown in 7 (Figure 

1.2). Long et al. used the 4, 4’-bipyridine N, N’-dioxide as a bridging hydrogen bond 

acceptor to prepared molecular square, helices etc.[18b] On the other hand Yaghi et al.  

found that multidentate linkers such as carboxylates allow for the formation of more rigid 

frameworks over the 4, 4’-bipyridine linker due to their ability to aggregate metal ions 

into M-O-C clusters. However, the resulting hosts are not chiral. [18c] 

 On the other hand Stang et al. synthesized phosphine derivative 8 (Figure 1.2)[19] 

soluble in organic solvents. Using the phosphine protective starting materials, his group 

has been extending the chemistry of square compounds. For example, chiral squares, 

metal-hypervalent iodine hybrid squares, nano-sized squares, functional squares with 

ferrocene, crown ether or porphyrin units have been developed. [11] A similar self-

assembly strategy was employed by Hupp and co-workers for the preparation of Pd(II)-

Re(I) or Pt(II)-Re(I) bimetallic square complex 9 (Figure 1.2) that shows a luminescent 

property.[20] Porphyrin square 10 (Figure 1.2) was also reported by Drain and Lehn,[21] 

though its structure was deduced by inference. An inorganic calix[4]arene analogous 11 

was also prepared by Lippard and co-workers.[22] 

1.3.1 Self-assembly chiral molecular square 
 Stang et al. prepared optically active molecular squares of type 12 (Figure 1.2) 

using [4-(4-pyridyl)phenyl]iodonium triflate and [Pd(R-(+)-binap)(H2O)][OTf]2 or [Pt(R-

(+)-binap)(H2O)][OTf]2.[23] In this case the diaza ligands of the iodonium species possess 

rotation symmetries about their linkages; therefore, molecular squares 12 is optically 

active exclusively due to the chiral transition metal auxiliary (binap) in the assembly.  On 

the other hand molecular squares of the type 13 were prepared via reaction of bis(3-

pyridyl)iodonium triflate and chiral Pd(II) or Pt(II) complexes.  

 Lin et al. prepared a chiral molecular square using the enantiopure atropisomeric 

6,6’-dichloro-2,2’-diethoxy-1,1’-binaphthyl-4,4’-bipyridine ligand and ClRe(CO)5 salt. 

The molecular square exhibits interesting enantioselective luminescence quenching by 

chiral amino alcohols.[24]  
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Figure 1.2 Self-assembled chiral and achiral molecular square   
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One advantage of molecular squares is that by stacking on top of each other in the 

solid state they can form porous solid with channels of different size and shape where 

guest molecules can bind selectively and even reaction between different guest molecules 

can occur. The reaction in such a confined environment can be very different than 

occurring in a solution, giving rise to unusual reaction product. Depending on the choice 

of spacer molecules, for example, 4,4’-bipyridine in 7 the channel diameter can also be 

tuned. The majority of the molecules described in this section uses square planar metal 

complexes in the corner of the square and 4,4’-bipyridyl as the spacer and as a result 

active group for binding guest inside the square is absent. On the other hand, utilizing 

different spacer molecules in 9 and 10 binding site inside the square has been 

incorporated. 

 

1.4 Molecular capsules 

 Over the last few years there has been a breakthrough in the design and synthesis 

of nanoscale moleculer containers- cavitands, hemicarcerands and capsules.[25] These 

nanocavities are designed for selective binding, molecular separation, sensing of smaller 

molecules or ions,[26] molecular transport and delivery, stabilization of reactive 

intermediates[27] and catalysis through encapsulation. [28] They also mimic the hydrophobic 

pockets of enzymes. The field has grown since the first report of hollow calixarenes 

developed by Collet,[29] Cram[6] and Gutsche,[30] which were able to trap a single solvent 

or gas molecule. In the early 1980s, their investigations confirmed that the capsules 

contained giant cavities of 15-20 Å inner dimensions and 1500 Å3 internal volume. 

 

1.4.1 Metal directed self-assembly of cage compounds  

The first three dimensional cage complex was synthesized by Saalfrank. [31] 

Metallation of the ligand 14 (Figure 1.3) in the presence of MgI2 followed by addition of 

oxalyl chloride resulted in the formation of the complex. The structure 15 (Figure 1.3) 

was evidenced by X-ray crystallography. The metal center could be replaced by transition 

metals such as Mn, Co, Ni or Fe. The three dimensional cavity could be expanded by 

inserting a phenylene spacer into the ligand framework 14 (bottom). Analogous M4L6 

cage structures have been also reported by Raymond and co-workers.[32] 
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1.4.2 Tetrahedral metal-ligand cage 

The host-guest chemistry of tetrahedral metal ligand clusters has been developed 

by Raymond et al. In their system, six bis(catechol) ligands span the edges between four 

metal atoms that define the corner at a tetrahedron. Bis(catechol) 16 (Figure 1.3) self-

assemble to form M4L6 tetrahedron capsule  17 (Figure 1.3)  upon coordination with TiIV, 

GaIII or FeIII ions,[33] which encapsulate positively charged guest molecules. On the other 

hand, the anthracene-briged ligand shows more interesting behavior. In absence of guests, 

the anthracene-briged ligand combines with TiIV or GaIII subunit resulted in the formation 

of the M2L3 helicates as the most stable structure. On addition of tetramethyl ammonium 

ion to the mixture it formed M4L6 tetrahedral molecular capsule. 

 

1.4.3 Glycoluril-derived molecular capsules 

 Kim et al. reported a novel molecular container cucurbituril 18, this macrocyclic 

cavitand has a hollow core of about 5.5 Å diameter. [34] This cucurbituril is normally 

insoluble in water but soluble in alkali metal salts (0.2M). The X-ray analysis of crystals 

grown from aqueous sodium sulfate showed that sodium ions provide a “lid” on both the 

top and bottom of the macrocycle. Two sodium ions and five water molecules form a 

network of hydrogen bonds and electrostatic interactions between the six carbonyl 

groups. This cucurbituril can encapsulate small organic molecules such as THF and 

benzene. Most interesting observation was the inclusion and release of the guest molecule 

in cesium- cucurbituril complex as studied by change in pH of the system. [35]  

The monomer 19 (Figure 1.3) consists of two glycoluril subunits provide 

curvature and self-complementary hydrogen-bonding motif 20 which is called “soft-

tennis ball” 21 according to Rebek.[36] The tennis ball includes small molecule such as 

methane, ethane and ethylene. However, larger guests such as propane, allene and 

isobutylene are excluded. By variation of the spacer in the glycoluril units Rebek et al. 

controlled the volume of the soft-tennis ball and encapsulated larger guest molecules. 

They showed that the rate of reactivity of the Diels-Alder reaction accelerated nearly 200-

fold inside the cavity. [28] They also used the soft-tennis ball for chiral separation and 

recognition.[37] 
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Figure 1.3 Metal cages or molecular capsules 
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1.4.4 Cyclophane-derived molecular capsules 

 Calix[4]arene and resorcin[4]arene are standard subunits for synthesizing self-

assembled molecular capsules.[25] Both molecules exhibit variable conformations. 

Through appropriate derivatization, they can be fixed into a single bowl-shaped 

conformation. For example, secondary ureas were installed on the lower wider rim in 

calix[4]arene. In the presence of an appropriate aromatic, aliphatic or cationic guest 

molecule, these two units dimerised through hydrogen bonding. Larger calix[6]arene 

capsules have also recently been reported.[38] 

 Atwood et al. reported different varieties  bowl shape  of calixarenes[39] and 

resorcinarene [40] by changing the upper or lower rime of the corresponding unites. They 

also reported a chiral hexameric capsule [41] in the solid state 22. The structure shows a 

chiral arrangement of six resorcinarene subunits enclosing an enormous cavity of about 

1375 Å 3 (Figure 1.4). The hexameric capsule features a total of 60 hydrogen bonds, in 

which 8 ordered water molecules are recruited to integrate the architecture. 

 

1.4.5 Resorcin[4]arene-derived metal-based molecular capsules 

Shinkai and co-workers have demonstrated that the substitution of pyridines into 

the calix[4]arenas also resulted in the self-assembly of supramolecular capsules 23 

(Figure 1.4). A rigidified calixarene monomer displaying four pyridine ligands undergoes 

metal-directed self-assembly to produce capsule [42] 24 (Figure 1.4) in a manner analogous 

to that of 23. Just by bridging glycol substituents at the lower rim of the calixarene 

produce a supramolecular capsule, which even can encapsulate fullerene (C60).[43]  

The list of metal ions useful for directing encapsulation continues to grow. 

Harrison and co-workers introduced tridentate chelating ligands as structural elements. A 

resorcinarene functionalized with four iminodiacetate groups 25 (Figure 1.4) showed an 

affinity for binding with CoII, CuII and FeII salts.[44-47] The result is the complexation of 

each metal center in a chelated pseudooctahedral environment and the generation of 

supramolecular capsules 26. They are stable in aqueous medium and can encapsulate a 

wide variety of organic compounds, such as cyclic and acyclic aliphatic alcohols, ethers, 

ketones, esters and halides, within a cavity of approximate volume 215Å 3.   
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Dalcanale and co-workers have created a variety of bridged resorcinarenes 

functionalized with four nitrile groups for the generation of metal-ligand directed self-

assembly of a new cavitands –based coordination cages in which two tetracyano 

cavitands 27 are connected through four PdII or PtII square-planar complexes 28.[48] 

 So far, cage molecules have been constructed mainly by formation of covalent 

bonds as well as self-assembly through noncovalent interactions such as hydrogen 

bonding and metal-induced self-assembly. In most of the cases redox inactive metal has 

been used. The exception was the effort by Harrison et al. who used the redox active 

metal such as CoII, CuII and Fe II  26 (Figure 1.4). Generally metal-assembled molecules 

are ionic in nature and suitable to attract charged guest molecules. Moreover, cage 

stability and binding of the guest molecules could be varied by simply changing the metal 

oxidation state. 
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Figure 1.4 Resorcin[4]arene-derived metal based molecular capsules 
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1.5 Complexes based on tris(pyridine) and tris(primidine) ligands  

 Fujita et al. have used triangular heterocyclic ligands in combination with cis-

enforced square-planar Pd and Pt complexes for the construction of highly symmetric 

supramolecular capsules. The positively charged metal centers impart water solubility on 

the complexes, and their relatively hydrophobic cavities bind a variety of organic guest 

molecules.[49] Tris(pyridylmethyl)ligand 29 (Figure 1.5) was combined with 

ethylenediamine-protected Pd(II) complex in presence of a suitable organic guest. Two 

ligands of 29 bind a total of three metal centers to produce a C3v-symmetric 

supramolecular capsule 32. The palladium-pyridine bonds are stable in protic solvents 

and the high overall charge (+6) of the complex imparts water solubility. The 

hydrophobic interior of the capsule is aptly filled by organic anions such as 

adamantanecarboxylate. The subunits aggregate into an uncharacterized oligomeric state 

in the absence of a suitable guest. Ligand 30 with three 4-pyridyl subunit around a central 

triazine core, forms square-planar Pd or Pt subunit. The metal atoms reside at each corner 

of an octahedron with the longest metal-metal separation being 1.9 nm and volume 

enclosed by the capsule about 500Å 3. The platinum-based capsule 33 is remarkably stable 

and encapsulates several guests of the size of adamantine.[50] The 3-pyridyl substituted 

ligand 31 is unable to form a closed shell topology with organometallic corner subunits. 

Four units of ligand 31 and six units of ethylenediamine-protected Pd(II) complex self-

assemble into an open bowl-shaped structure 34.[51] These hemispherical superstructure 

34 assemble in aqueous medium to form discrete dimeric supramolecular capsules 35 in 

presence of large aromatic guests. X-ray crystallographic studies reveal that four units of 

m-terphenyl or six units of cis-stilbene form compact hydrophobic clusters that are 

encapsulated by the discrete dimeric superstructure. Only dispersive forces and 

hydrophobic effect act to hold the capsule together. There is no direct metal-ligand 

bonding between the supramolecular bowls that comprise the capsule halves. In absence 

of direct contacts between the molecules that make up the bowls, it is the guests bound 

within both bowls that provide the bridging interactions that drive dimerization. 

 The focus of this section is the construction of three dimensional molecular cages 

of different shapes and sizes by simply linking two dimensional planar organic 

components with different coordination position of the ligand nitrogen and cis protected 

ethylenediamine Pd(II) or Pt(II) metal complexes.  
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Figure 1.5 Complexes based on tris(pyridine) and tris(primidine) ligands 
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1.6 Enantiomeric separation using chiral metal center 

 Kim et al. prepared a homochiral metal-organic porous material 38 (Figure 1.6),[4] 

that allows the enantioselective inclusion of metal complexes in its pores and catalyses a 

transesterification reaction in an enantioselective manner. To prepare the large 

homochiral metal-organic porous material, they have used chiral trinuclear clusters 37 as 

building blocks.  The metal-organic clusters are obtained from the enantiopure chiral 

organic building block 36, which could easily be synthesized from D-tartaric acid, 

followed by reaction with Zn2+ ions to produce the homochiral open-framework solid 37.   

 Chin and co-worker designed a Co(III) based metal complex 40 (Figure 1.6) with 

the tetradentate ligand 39. The complex binds more tightly with the D-forms of amino 

acids. With alanine the complex showed both regiospecific and stereospecific behavior. 

The regiospecificity is controlled by electrostatic effects while the stereospecificity is 

controlled by steric effects 41.[52]  

Vagg et al. prepared a Λ-α-[Co(S,S-picchxnMe2)Cl2]+ (S,S-picchxnMe2 is N,N’-

dimethyl-N,N’-di(2-picolyl)-1S,2S-diaminocyclohaxane) complex, which reacts with the 

α-amino acids prioline, alanine or 2-amino-2-methylpropandioic acid (AMMAH2), the 

two chloride ions are replaced by the O, N-bidentates with retention of configuration at 

the metal center. The steric environment generated by the metal complex is shown to 

enantiospecifically discriminate in favour of S-proline from a racemic mixture due to the 

steric requirements of this amino acid. With the less bulky alanine and AMMAH2 ligands 

there is no enantiomeric preference observed upon their coordination. When the mixed 

diastereoisomeric Λ-α-[Co(S,S-picchxnMe2)(AMMAH)]2+ precurscors were 

decarboxylated under warm acidic conditions, no isomer of alanine was found to 

predominate in the product.[53]  

 Comba et al. introduced the separation of racemic mixtures based on 

stereoselective ligand exchange reactions specifically involving coordination of chiral 

substrate molecules to a chiral matrix host. For this purpose he prepared the ligand 42, 43 

and 44 and used two metal centers Co(III) and Ni(II).[54,55] 

 Kubo et al. synthesized a chiral calix[4]crown 45, which contains an optically 

active 1,1’-binaphthyl subunit and two indophenol chromophores. Chromophores were 

introduced to serve as a visually detectable sensor for certain stereogenic guests.  
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Figure 1.6 Chiral metal complexes 

Compound 45 gives red color solution at 515.5 nm in ethanol, when (R)-

phenylglycinol 46 was added color changed to blue-violet, with the appearance of two 

new bands at 538 nm and 652.5 nm. Similar experiment was performed with the (S) 

isomer and the color of the solution did not change. [56]  
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Figure 1.7 Schiff-base metal complexes with cavity 

Separation or recognition of racemic mixtures based on stereoselective ligand 

exchange reactions specifically involves coordination of chiral substrate molecules to a 

chiral matrix host. The relative stabilities of the diastereomeric adducts at equilibrium 

determines the degree of selectivity. So it is possible to separate the enantiomer by the 

chiral host complexes. 

 

1.7 Cavity with Schiff bases 

 Matsumoto and co-worker used multidentate Schiff base ligands, containing 

imidazole groups with potential donor and accepter character in the formation of 

coordination bond as well as hydrogen bond with the Cu(II) metal ion. [57] They can 

function as a ligand-complex or as a self-complementary building block for the 

construction of the assembly structure with the formation of a coordination bond or 

hydrogen bond. In such self-complementary complexes, the monomers 47 and 49 (Figure 

1.7) was stabilized as a protonated species under acidic conditions. Under appropriate 

basic conditions the generated imidazolate nitrogen atom coordinates to the Cu(II) ion of 

the adjacent unit or hydrogen-bonded to the imidazole group of the adjacent unit to give 

assembled structures in the crystals, depending on the ligand framework and the preferred 

coordination number of the Cu(II) ion 48 and 50 (Figure 1.7). The inter conversion 

between the monomer and the self-assembled oligomer is reversible with pH adjustment. 
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1.8 Definition of the problem 

Discussions in the previous sections revealed that (a) metal complexes form a 

variety of cage structures with different shapes and cavity sizes,[18] (b) large molecular 

cage structures can be successfully synthesized from low molecular weight metal 

complexes using self-assembly process,[48] (c) H-bonding can be utilized effectively in the 

cage formation[36] specially in case of organic superstructure. 

 Discussion in the previous section identified lack of literature on  

1) Molecular cages with redox active metal with available binding site inside the 

cavity 

2) Easily synthesizable enantiomerically pure molecular cages. 

 

1.9 Objectives of the thesis 

Our objectives in this thesis are: 

1) To synthesize chiral metal complexes in the enantiomerically pure form 

2) To form large chiral molecular assembly with available binding site for guest 

molecules, from the low molecular weight metal complexes 

3) To understand the assembly process and stability of the cages in solution 

 

In this thesis we have presented the design and synthesis of four enantiomerically 

pure ligands derived from chiral amino acids and explored the coordination property of 

the ligands with transition metal complexes. In the course of study we have synthesized 

and structurally characterized a nano-sized capsular cavity, a microporous crystal with 

empty helical channels and binuclear Ni(II) complexes with chiral cavity. 
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In this chapter we have discussed the rational behind our choice of ligand and 

present the synthesis and characterization of the ligands. Conformational preference of 

the ligands in solution was identified analyzing the 1H NMR spectra of the ligands. 

 

2.1 Choice of ligand 

In our approach to make chiral metal complex assembly capable of recognizing 

one enantiomer over other we needed ligands satisfying the following criteria  

 

• Ligand should be enantiomerically pure to avoid difficult separation of 

racemic metal complex.  

• Ligand should have less than five donor atoms to avoid filling all the 

coordination sites in the metal ion (usually six donor for octahedral or five for 

square pyramidal needed to complete the coordination). Filling all the 

coordination sites will prevent guest binding and large assembly formation. 

• Ligands should be designed such that in octahedral metal complex involving 

the ligand, two vacant coordination sites should be cis to each other, as vacant 

sites in trans position will allow linear polymer formation. 

• Ligand should preferably have H-bond donor and acceptor sites so that self-

assembling into larger molecular assembly can be achieved.  

• Based on these criteria we have chosen two amino acids (histidine and 

methionine) derived ligands. The histidine-derived ligand is shown below. 

 
 

Figure 2.1 Histidine-derived ligand  
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The advantages of the present ligands are 

 

• The natural amino acids are available in pure enantiomeric form and rather cheap 

• The ligands have four coordination sites 

• Non-planarity of the ligand indicates that in an octahedral coordination with a 

metal ion, two coordination sites in the cis position will remain vacant 

• The ligands have several possible H-bond donor/acceptor sites 

• The synthetic procedures for the ligands (Scheme 2.I) are easy and could be 

synthesized in a bulk amount. 

 

2.2 Literature on the metal complexes of the ligands chosen in this work 

 Transition metal complexes of Schiff base ligands synthesized from chiral or 

racemic amino acids and salicylaldehyde have been well explored. [58,59] However, the 

reduced Schiff bases ligands derived from amino acids are few.[60,61] Two ligands used in 

this thesis were mentioned as part of a series of skin care product formulation patent.[62] 

Structural aspects of two complexes based on the amino acid derived reduced Schiff base  

 
 
 

Scheme 2.I Syntheses of ligands 
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ligands have been reported till date, one is a Co(III) complex with N-(2-Hydroxybenzyl)-

L-histidine[63] (Salhis2−)  and the other one is a Cu(II) complex with [N-(2-pyridylmethyl)-

L-histidine][64]  . 

 Although the synthesis of the ligand N-(2-Hydroxybenzyl)-L-histidine and its 

pharmaceutical activities have been explored long back, very little studies have been 

made on the complexation of these reduced Schiff bases with different metal centers. That 

has led to our anxiety to explore the under anticipated N-(2-Hydroxybenzyl)-L-histidine 

and N-(2-Hydroxybenzyl)-L-methionine ligands complexation capability with various 

metal centers and their self-assembly behavior in different environments.   

 
2.3 Experimental Section 

2.3.1 Solvents and Reagents  

 Solvents and reagents were obtained from commercial sources and used without 

further purification unless otherwise stated. Methanol (MeOH) was distilled over 

magnesium methoxide [Mg(OCH3)2]. Ethanol (EtOH) was distilled over magnesium 

ethoxide [Mg(OCH2CH3)2]. Diethyl ether (Et2O) was dried first with anhydrous calcium 

chloride (CaCl2) and then refluxed with metal sodium wire and finally distilled and kept 

over sodium wire. CHCl3 was purified by washing with saturated sodium bicarbonate 

solution, followed by washing five to six times with water and finally kept over 

anhydrous CaCl2 for 24 hour and distilled. Hexane and ethyl acetate were distilled before 

use. o-Cresol was purified by distillation under reduced pressure. All amino acids were 

brought from Sisco Research Laboratories Pvt. Ltd. (SRL), India, and were used without 

further purification. 

 

2.3.2 Measurements 

 The IR spectra were recorded on a Nicolet Impact 410 FT-IR spectrophotometer 

with KBr discs in the range 4000-400 cm−1 and electronic spectra on a Shimadju U-2001 

spectrophotometer.  The electrospray ionization mass spectra (ESI-MS) and 1H NMR 

spectra were recorded on a Micromass Quattro II triple Quadrupole Mass Spectrometer 

and a Bruker 300 MHz instrument respectively at Central Drug Research Institute, 

Lucknow, India.  For ESI-MS the methanolic solution of the sample were introduced into  
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the ESI source through a syringe pump at the rate of 5 mL per min. The ESI capillary was 

set at 3.5 kV and the cone voltage was 40 V unless stated otherwise. The mass spectra 

were collected in 6 s scans and were averaged over 6-8 scans. The optical rotations of the 

methanolic solutions were measured either on Perkin-Elmer 343 or Rudolf Autopol III 

polarimeter. 

 

2.4 Syntheses of ligands 

2.4.1 S-2-(2-Hydroxy-benzylamino)-3-(1H-imidazole-4-yl)-propionic acid [(S)-

H2Salhis] (1) 

 A mixture of L-histidine monohydrochloride monohydrate (0.800 g, 3.81 mmol) 

and LiOH· H2O (0.323 g, 7.70 mmol) in 15 mL dry ethanol was warmed to dissolve most 

of the histidine. To this solution, ethanolic solution of 2-hydroxy-benzaldehyde 

(Salicylaldehyde) (0.47 gm, 3.84 mmol) was added drop wise with constant stirring. 

Small quantity of white precipitate formed initially which was dissolved to give a clear 

bright yellow solution after 15 min. Spectroscopic investigations of the imine formed 

resulted in the following observations: IR (KBr, cm−1) ν(C=N) 1634(s), ν (COO)assym 

1609(sh), ν (COO)sym 1416; UV-visible (EtOH, nm) 255, 280(sh), 317, 404. The yellow 

solution was treated with sodium borohydride (0.072 g, 1.91 mmol) with constant stirring 

upon which the solution became colorless. The solvent was evaporated under reduced 

pressure and the sticky solid was dissolved in 20 mL of warm water. A clear solution was 

obtained. The solution was acidified with dil. HCl (pH~5-7). The ligand was precipitated 

as a white solid. The solution was filtered and the residue was washed thoroughly with 

water. The solid was dried in the oven at ~90ºC for 3-4 hour (yield 0.790 gm, 80%). IR 

(KBr, cm−1): ν(COO)assym 1604(s); ν(COO)sym 1388(s).  [ ]25
589α  = −75° in MeOH, c = 0.77, 

(c in gm/100 ml) in presence of 2 equivalent LiOH· H2O. 

 

2.4.2 R-2-(2-Hydroxy-benzylamino)-3-(1H-imidazole-4-yl)-propionic acid [(R)- 

H2Salhis] (2) 

 Ligand [R-2-(2-Hydroxy-benzylamino)-3-(1H-imidazol-4-yl)-propionic acid] was 

synthesized by the same procedure (Section 2.4.1) as mentioned above. D-histidine 

monohydrochloride monohydrate was taken instead of L-histidine monohydrochloride 
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monohydrate. Ligand yield was 70%. IR (KBr, cm−1): ν(COO)assym 1604(s); ν(COO)sym 

1388(s). [ ]25
589α  = + 74° in MeOH, c = 0.77, in presence of 2 equivalent LiOH· H2O. 

 

2.4.3 S-2- (2-Hydroxy-benzylamino)-4-methylsulfanyl-butyric acid 

[(S)-H2Salmet)] (3) 

 A mixture of L-methionine (1.00 gm, 6.71 mmol) and LiOH· H2O (0.284 gm, 6.77 

mmol) in methanol (dry, 30 mL) was stirred for 30 min. Salicylaldehyde (0.820 gm, 6.72 

mmol) in methanol was added slowly drop by drop. After stirring for 20 min. clear yellow 

color solution was obtained. UV-Visible spectra in methanol showed characteristic peaks 

at 258 nm, 317 nm, 405 nm, whereas IR of the imine showed characteristic bands as 

follows, (KBr, cm−1): ν(C=N) 1645(s) ν(COO)assym 1604(s), ν(COO)sym 1430. The yellow 

color solution was treated with sodium borohydride (0.248 gm, 6.71 mmol) with constant 

stirring upon which the solution became colorless (UV-visible in MeOH, 276 nm). The 

solvent was evaporated by rotary evaporation. The sticky material was dissolved in water. 

Clear solution was obtained, which was acidified with dilute HCl (pH 5-7). White solid 

ligand was precipitated, solution was filtered off and residue was thoroughly washed with 

water. The solid was dried under reduced pressure (yield 1.45 gm, 80%). IR (KBr, cm−1) 

ν(COO)asym 1615(s); ν(COO)sym 1430(m). [ ]25
589α  = − 42° in MeOH, c = 0.77, in presence 

of 2 equivalent LiOH· H2O. 

 

2.4.4   2-Hydroxy-3-methylbenzaldehyde 

 2-Hydroxy-3-methylbenzaldehyde was synthesized from o-cresol following the 

literature procedure.[65] The o- product being steam volatile was distilled along with the 

water from the mixture whereas the p- product remained in the original mixture. The 

distillate was extracted with diethyl ether and dried using anhydrous sodium sulfate. 2-

Hydroxy-3-methylbenzaldehyde was isolated as a liquid along with unreacted o-cresol. 

Pure product was obtained after passing through the silica gel column with 5% 

ethylacetate / hexane (yield 20%). 1H NMR (CDCl3, 300 MHz, ppm), 2.33 (-CH3, s, 3H), 

6.3 (m-benzaldehyde, t, J=7.2 and 7.5 1H), 6.82 (p-benzaldehyde, d, J=7.2, 1H), 6.89 (o-

benzaldehyde, d, J= 7.5 1H), 9.86 (phenolic -OH, s, 1H), 11.26(-CHO, s, 1H). 
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2.4.5 S-2-(2-Hydroxy-3-methyl-benzylamino)-4-methylsulfanyl-butyric acid  

[o-Me-(S)H2Salmet] (4) 

 A mixture of L-methionine (0.553 gm, 3.71 mmol) and LiOH· H2O (0.156 gm, 

3.72 mmol) in 15 mL dry methanol was stirred for 30 min. 2-hyrdoxy-3-

methylbenzaldehyde (0.505 gm, 3.71 mmol) was added slowly drop by drop with 

constant stirring. After 30 min. clear yellow color solution was obtained (UV-visible in 

MeOH, 258 nm, 317 nm, 405 nm; IR of the imine (KBr, cm−1): ν(C=N) 1645(s) 

ν(COO)assym 1604(sh), ν(COO)sym 1430). The yellow color solution was treated with 

sodium borohydride (0.137 gm, 3.69 mmol) with constant stirring, immediately the 

solution became colorless (UV-visible in MeOH, 276 nm). Solvent was evaporated on a 

rotary evaporator. The sticky material obtained was dissolved in water. Clear solution was 

obtained, which was neutralized with dilute HCl (pH 5-7). The ligand was precipitated as 

white solid, solution was filtered off and residue was thoroughly washed with water. The 

white solid product was dried under reduced pressure (yield 0.750 gm, 75%).  IR (KBr, 

cm−1) ν(COO)asym 1615; ν(COO)sym 1398. [ ]25
589α  = − 40° in MeOH, c = 0.77, in presence 

of 2 equivalent LiOH· H2O. 

 

2.5 Syntheses and Selected Properties  

All the ligands were synthesized by reducing the Schiff base formed in the 

solution by condensation of salicylaldehyde or ring substituted derivative of 

salicylaldehyde with the appropriate deprotonated amino acids. The reducing agent used 

is NaBH4. The formation and reduction of Schiff bases were monitored using the 

appearance of a characteristic ν(C=N) stretches between 1645-1634 cm−1 in the infrared 

(IR) spectra as well as the yellow color of the solution after the addition of aldehyde 

followed by the disappearance of the ν(C=N) stretches and the yellow color after the 

 
 

Scheme 2.II Tautomeric equilibrium of keto-enol form 
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reduction. The strong yellow color of the Schiff bases are due to the intense absorption at 

~ 400 nm (Figure 2.2) attributed to the tautomeric equilibrium of the kind shown in 

Scheme 2.II. Upon substitution of the reaction medium from MeOH to EtOH, the Shiff 

base precipitates as yellow solid. 

 All the ligands precipitated almost quantitatively at neutral pH (5-7) and 

are insoluble in water and almost all the common organic solvents. The IR spectra of the 

ligands showed the asymmetric carboxylate stretching between 1604-1595 cm−1, 

symmetric carboxylate stretching between 1408-1397 cm−1 and a peak at 3119 cm−1 for 

secondary amine ν(N-H) (Experimental Section). The elemental analyses of the ligands 

(Table 2.A), mass spectra (Table 2.B) and 1H NMR data (next section) of the lithium salt 

of the ligands support the purity and the identity of the ligands. 

 
Table 2.A Microanalytical Dataa of ligands 

Ligands Empirical Formula % C % H % N 

1 C13H15N3O3 60.19 (59.76) 5.95 (5.79) 16.19 (16.08) 

3 C12H17NO3S 55.92 (56.44) 6.74 (6.71) 5.37 (5.48) 

4 C13H19NO3S 57.71 (57.96)  7.23 (7.11)  5.15 (5.20) 
   a Value in parentheses are calculated ones 

 

 
 

Figure 2.2 UV-visible spectra of ligand (S)-H2Salhis, before reduction (),          
after reduction (· · · · · · · · · ) 
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Table 2.B ESI-MS (−) of the ligands 

 1 2 3 4 

(L-H)− 260 260 254 268 

(L)2−Li+  266  274 

 

 Purity of the ligands were checked by 1H NMR spectral measurements (Section 2. 

3. 2) A representative 1H NMR spectrum of the ligands Li2[(S)-(Salhis)]and Li2[(S)-

(Salmet)]are shown in Figure 2.4 and Figure 2.5 respectively.    

 

2.6 1H NMR Spectra 

As none of the ligands were soluble in common deuterated solvents in the neutral 

form, the 1H NMR spectra were recorded for dilithium salt prepared from neutral ligand 

and two equimolar LiOH· H2O. The dilithium salts were highly soluble in CD3OD. All the 

deprotonated ligands showed sharp, well resolved resonances. All the assignments were 

based on the peak positions, splitting patterns and integrations (Table 2.C). The coupling 

constants and chemical shifts of the protons showing multiplets were calculated through 

computer simulation[66] with manually calculated values as a starting point. The final 

simulated peak positions are within 0.002 ppm of the recorded spectra. 

Aromatic protons (Ha- Hd): Aromatic protons were identified from their position (6-7 

ppm) and splitting pattern. The aromatic protons in the ligands showed overall increase in 

shielding effect with resonances in the range of 6.3 – 7 ppm compared to the values of 2-

methyl phenol[67] in CDCl3 (6.7-7.1 ppm). 2-Methyl phenol is similar to the aromatic 

fragment present in the ligands. The increase in shielding effect is most pronounced in p-

proton (6.69 ppm in 2-methyl phenol). This is possibly due to the negative charge on the 

deprotonated ligands compared to the 2-methyl phenol. 

Benzyl methylene protons (He and He’): Benzyl methylene protons in all the ligands 

show strong geminal coupling with coupling constants of 11.4-12 Hz due to the presence 

of chiral center. The  ∆ν/J value, which indicates the difference of environment of the 

diastereotopic protons, are 10 to 11.8 in case of the present ligands. This is much higher 

compared to the ∆ν/J values of 2-6 reported for a group of reduced Schiff base ligands 

derived from salicylaldehyde and alanine, leucine and isoleucine.[60] The higher ∆ν/J 
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value in the present case indicates the greater diastereotopic environment in the present 

set of ligands. 

 

Table 2.C 1H NMR of the ligands 
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 Li2[(S)- 

(Salhis)]−2 
Li2[(R)-

(Salhis)]−2 
Li2[(S)-

(Salmet)]−2 
Li2[o-Me-(S)-

(Salmet)]−2 

Ha 6.59 6.63 6.65 (ar-Me) 2.15 
Hb 6.92 6.95 6.97 6.89 
Hc 6.35 6.37 6.44 6.36 
Hd 6.82 6.86 6.97 6.81 
He 3.31 3.35 3.44 3.45 
He’ 3.77 3.80 3.83 3.87 
Hf 3.28 3.31 3.19 3.18 
Hg 2.71 2.75 1.86 1.88 
Hg’ 3.04 3.07 1.97 1.99 
Hh 6.81 6.85 - - 
Hi 7.54 7.57 - - 
Hj - - 2.57 2.57 
Hj’ - - 2.57 2.57 
Hk - - 2.06 2.06 
Ja,b 8.1 8.1 8.7 - 
Ja,c 0.9 n.o - - 
Jb,d 1.8 1.5 - n.o 
Jb,c 7.2 7.2 7.2 7.5 
Jc,d 7.5 7.5 7.2 7.2 
Je,e’ 11.7 11.4 11.7 12 
Jf,g 3.6 3.9 7.9 6 
Jf,g’ 9.9 9.6 7.6 5.7 
Jg,g’ 14.7 14.7 14.3 14.1 
Jg,j - - 7.3 7.8 
Jg’,j’ - - 5.5 7.8 

an.o = not observed 
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Amino acid fragments: Due to the presence of chiral center in the carbon atom bonded 

to the Hf, the diastereotopic methylene protons next to it (Hg,  Hg’) shows strong geminal 

coupling (Jgg’ ~ -14Hz). Effect of the chiral proton diminishes with the intervening 

carbon atom and geminal coupling was not observed in the second methylene protons (Hj 

and Hj’) in case of methionine-derived protons. The proton NMR spectrum of histidine at 

various pH was analyzed thoroughly in the past[68,69]. It was concluded that the difference 

in coupling constant of the methylene protons with that of the chiral proton (Jf,g = 4.5 Hz 

and Jf,g’ = 8.7 Hz) in histidine indicates a gauche-trans conformation as the preferred 

conformation of histidine in alkaline solution [Figure 2.3 (b)]. The difference in coupling 

constants (Jf,g =3.6 Hz, Jf,g’ = 9.9 Hz)  in histidine derived ligand H2Salhis are very similar 

to that reported for histidine. Thus the histidine fragment of the ligand retains their 

preferred gauche-trans conformation in methanolic solution. We have not come across 

any such analysis on methionine in literature but almost identical coupling constants (Jf,g 

=7.9 Hz, Jf,g’ = 7.6 Hz) in methionine derived ligand suggest either a symmetrical 

conformation [Figure 3.1(b)] or existence of several interconverting conformer which 

negates the observable difference. 

  

 
 

Figure 2.3 (a) Gauche-ϕ (COO−/R =60°) (b) Gauche –trans ϕ (COO−/R =180°) 
(c) Gauche-ϕ (COO−/R =300°) 
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Figure 2.4 1H NMR of the ligand Li2[(S)-(Salhis)]−2 in CD3OD 
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Figure 2.5 1H NMR of the ligand Li2[(S)-(Salmet)]−2 in CD3OD 
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Conclusions  

 

(1)  These ligands are enantiomerically pure, as we have started with the 

enantiomerically chiral amino acid histidine and methionine. 

(2)  Ligands has the donor analogous to the most commonly protein residue His, 

Tyr and Asp. 

(3)  Ligands have four coordination site, leave two cis site vacant in octahedral 

complex. 

(4)  Ligands have both soft and hard donor site present. 

(5)  Most interesting point ligands have both H-bond donor and acceptor groups. 

So, inter-molecular H-bonding may be played an important role in the 

formation of molecular crystal. 

(6)  Ligands donor side is easily replaceable by changing the amino acid groups. 
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Synthesis of molecules and molecular assemblies with cavities of different size 

and shape to encapsulate guest molecules have been a subject of active research in view 

of their potential use as selective host for anion sensing, catalysis, selective recognition 

and separation of guest molecules.[10,18,70] Rebek, Jr. and coworkers recently demonstrated 

that reagent binding inside a capsular cavity boosts Diels-Alder reaction rate.[28] Self-

assembly of relatively small molecules through hydrogen bonding and metal-ligand 

interaction are proved to be very useful in forming large capsular cavity.[10,18,70]  On the 

other hand Fujita et al. explored the intermolecular [2+2] photochemical reaction and 

control the stereo-and regiochemistry of olefins with self-assembled coordination 

cages.[71] While several capsular cavities have been synthesized using organic framework 

(e.g. resorcinarene, calixarene),[10,18,70] as well as coordination complexes with redox 

stable metal center[11] and a few with redox active metal center, [44-47] there is no report of 

a capsular cavity with the redox active metal center having available binding site inside 

the capsule. Synthesis of capsular cavity with available coordination site at redox active 

metal centers inside the pocket can, in principle, facilitate study of reactivity of the bound 

guest inside a cavity.  In our effort to synthesize capsular cavity with redox center, we 

have synthesized a self-assembled capsule of octameric Cu(II) coordination complex 

using the ligand [(S)-H2Salhis].  

 

3.1 Experimental Section 

3.1.1 Solvents and Reagents  

 Diethyl ether (Et2O) was dried first with anhydrous calcium chloride (CaCl2) and 

then refluxed with sodium metal using benzophenone (as a indicator) and distilled over 

sodium metal wire. Pyridine (Py) was refluxed over KOH and then distilled with careful 

exclusion of moisture. N, N-Dimethylformamide (DMF) was purified first by azeotropic 

distillation with benzene followed by shaking with alumina (neutral) and finally by 

vacuum distillation. Tetra-n-butylammonium perchlorate (TBAP) was prepared from 

tetra-n-butylammonium bromide and 70% aqueous perchloric acid. Details of solvent 

purification and starting materials other than that stated above are already discussed in 

Chapter 2 (Section 2.3.1). The ligand [(S)-H2Salhis] preparation was described in 

previous chapter 2 (Section 2. 4. 1). 
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3.1.2 Measurements 

 The thermogravimetric analysis of the compounds were performed by using an 

SDTA 851e TGA thermal analyzer (Mettler Toledo) with a heating rate of 5° C per min. 

in a N2 atmosphere using a sample size of 5-10 mg per run. 

 Solid-state magnetic susceptibility of the complexes at room temperature was 

recorded using Sherwood Scientific balance MSB−1. Variable-temperature (80 to 300 K) 

solid-state magnetic susceptibility measurements were recorded by the Faraday technique 

using a locally built magnetometer at IIT Kanpur, India. The magnetometer consists of an 

electromagnet with constant gradient pole caps (polytronic Corporation, Mumbai, India), 

Sartorius M25-D/S balance (Germany), a closed cycle refrigerator and a Lake Shore 

temperature controller (Cryo Industries, USA). All measurements were made at fixed 

main field strength of 10 kG. 

 X-Band EPR spectra were recorded with a Varian E-109 C spectrometer fitted 

with a quartz dewar for measurements at liquid nitrogen temperature. The spectra were 

calibrated with DPPH (g = 2.0037) 

 Cyclic voltammetric measurements were performed on Electrochemical 

workstation CH660 manufactured by CH Instruments, USA using either glassy carbon or 

platinum working electrode, platinum wire auxiliary electrode and Ag+/Ag reference 

electrode. Calibrated with ferrocene. 

 Solution electrical conductivity measurements were made with a Systronics 

Conductivity Meter 306 by using 0.01N KCl solution as calibrate. 

 Caution! Perchlorate salts are potentially dangerous as explosives and should 

only be handled in small quantities, although we worked with these ClO4
− salts without 

any incident. 

 

3.1.3 X-ray Data Collection, Structure Solution and Refinement  

The crystal structures of ([Cu8L8(Py)10]· Py· 3MeOH· (C2H5)2O) (1) and [Cu(S-

Salhis)]8· 15H2O (2) were obtained by single crystal X-ray diffraction technique. Single 

crystal of 1 was obtained by slow diffusion of diethyl ether into the pyridine solution of 

the complex. Single crystal of 2 was grown by slow evaporation of the methanolic 

solution of the complex. The complex 1 was mounted with mother solvent inside the 

capillary and 2 on a glass fiber.  
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All geometric and intensity data for 1 and 2 were collected at room temperature 

using an automated Enraf-Nonius CAD 4 diffractometer equipped with Mo-Kα radiation 

(λ = 0.71073 Å). Intensity data, collected using ω−2θ scan mode were corrected for 

Lorentz –  polarization effects and for absorption. [72] Structures were solved by the 

combination of Direct-method and Fourier techniques and refined by full-matrix least-

square method using SHELX system of programs.[73] The intensity data for 1 was 

collected using a Bruker SMART APEX CCD diffractometer, equipped with a fine focus 

1.75 kW sealed tube Mo-Kα X-ray source, with increasing ω (width of 0.3° per frame) at 

a scan speed of 3 s/frame. The SMART software was used for data acquisition and the 

SAINT software for data extraction. Absorption corrections were done using SDABS.[74] 

All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were located 

from the difference Fourier maps and were refined isotropically. Selected crystallographic 

data are summarized in Table 3.A. Perspective view of the complex was obtained by 

ORTEP.[75] 

 
Table 3.A Selected crystallographic data for the complexes 

 
Complexes 1 2 
Empirical formula  C166 H181Cu8 N35 O28 C16H20CuN5O4.5 
Formula weight 3622.8 417.91 
Temperature 293(2) K 293(2) K 
Wavelength 0.71073 Å 0.71073 Å  
Crystal system, space group Triclinic, P1 Monoclinic, P2(1) 
Unit cell dimensions a = 16.845(4) Å   

b = 18.268(4) Å   
c = 20.167(4) Å   

α = 92.507(4)° 

β = 112.207(4)° 
γ = 105.636(4)° 

a = 19.625(12) Å   
b = 9.617(6) Å   
c = 41.56(3) Å   

α = 90.00° 

β = 92.260(11)° 
γ = 90.00° 

Volume                             5459(2) Å3 7837(9) Å 3 
Z, Calculated density  1, 1.102 Mg/m3 16, 1.417 Mg/m3 
Absorption coefficient 0.8254 mm-1 1.147 mm-1 
F(000) 1878 3456 
Crystal size 0.3 × 0.3 × 0.2 mm 0.35 × 0.3 × 0.25 mm 
Theta range for data collection 1.11 to 27.81° 0.98 to 25.06° 
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Reflections collected / unique  

 
60205 / 44425 [R (int) = 
0.0963] 

 
36028 / 26886 [R (int) = 
0.0794] 

Completeness to theta      90.2% 98.3%  
Absorption correction None None 
Refinement method Full-matrix-block least-

squares on F2 
Full-matrix-block least-
squares on F2 

Data / restraints / parameters 44425 / 3 / 2046 26886 / 1 / 1904 
Goodness-of-fit on F2 0.730 0.955 
Final R indices [I>2sigma(I)] R1 = 0.0868, wR2 = 0.2164 R1 = 0.1044, wR2 = 0.2324 
R indices (all data) R1 = 0.2725, wR2 = 0.2890 R1 = 0.2080, wR2 = 0.2932 
Absolute structure parameter 0.021(16) 0.06(2) 
Largest diff. peak and hole 0.784 and -0.526 e. A-3 0.847 and -0.664 e. A-3 
 

3.2 Syntheses of Cu(II) complexes 

 Detailed synthetic methodologies are given below. Analytical data as well as 

spectroscopic data are in Table 3.B, 3.C and 3.H. 

 

3.2.1 [Cu8(S-Salhis)8· (pyridine)4· 8H2O] (1) 

 A methanolic solution of Cu(ClO4)2· 6H2O (0.436 gm, 1.176 mmol) was added 

drop wise to a clear solution of S-H2Salhis (0.2967 gm, 1.135 mmol) and KOH (0.1344 

gm, 2 .4 mmol)  in 25 mL of dry methanol . The resulting dark green color solution along 

with some undissolved white particles was stirred for 30 min. The solution was filtered 

through a medium-porosity frit, after which the volume of the filtrate was reduced by 

rotary evaporation and the complex was precipitated by the addition of diethyl ether. The 

resulting light green powder was filtered off and washed with diethyl ether prior to drying 

under vacuum in a desiccator (yield: 0.380 gm, 103 %, yield is very high because KClO4 

present as a impurity). IR (KBr, cm−1) ν(COO)asym 1598; ν(COO)sym 1403, ν(ClO4) 1100. 

Purification and Recrystallization: Diffusion of diethyl ether into the solution of 

the complex in pyridine, afforded dark green crystals free from ClO4
− suitable for X-ray 

analysis. The single crystal X-ray analysis revealed that the crystal contains eleven 

pyridine molecules per octanuclear complex but the crystal easily efflorescenced and the 

elemental analysis agreed with the chemical formula [Cu8(C13H13N3O3)8· (C5H5N)4· 8H2O], 

yield: 65 %. IR (KBr, cm−1) í(COO)assym 1615(sh), 1598, í(COO)sym 1388(s).  
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3.2.2 [Cu(S-Salhis)· (Imidazole)]· 2H2O (2) 

  Complex 1 (0.200 gm, 0.526 mmol) was taken in 20 mL of dry methanol 

followed by addition of imidazole (0.100 gm, 1.47 mmol) to the methanolic solution. The 

reaction mixture was refluxed with stirring for 1 hour. Color of the solution was changed 

light green to deep green. Rotary Evaporation was used to reduce the volume of the 

solution to  ~ 5 mL, the solution was kept for slow evaporation at room temperature. 

After 48 hours green crystals were formed. The crystals were filtered and washed with 

methanol and dried in vacuum, in a desiccator. Yield: 0.120gm, (60 %). IR (KBr, cm−1) 

í(COO)assym 1601, í(COO)sym 1396.  

 

3.3 Results and Discussion 

3.3.1 Syntheses and Selected Properties  

Complex 1 was synthesized using the corresponding ligand with two equivalents 

of KOH and Cu(ClO4)2· 6H2O in MeOH. The complex 1 retained some amount of KClO4 

as impurity. Dissolving impure 1 in pyridine followed by filtration removed the insoluble 

KClO4 present in the sample.  

For the complexes 1 and 2 the IR absorption band around 3420 cm−1 confirmed 

the presence of water molecules in the complexes. For both the complexes, the sharp band 

in the region 3157-3240 cm−1 has been assigned to N-H stretching mode. The IR spectra 

of the complex 1 ν(COO)asym band was shifted to higher frequency from í(COO)assym 

1604 cm−1 in the ligand to í(COO)assym 1615 cm−1. We observed that the separation (∆ 

value) between ν(COO)asym − ν(COO)sym (1388 cm−1) are 227 cm−1 for complex 1 and 

205 cm−1 for the complex 2, which are much greater than the ionic complexes (~ 150 to 

200 cm−1). This indicate that the carboxylate groups of the amino acid are bound in a 

unidentate fashion.[76] The band around 1266-1296 cm−1 might be assigned to ν(C-O) of 

phenolic group.[76] 

 

Elemental analyses of the desiccated sample matched with the formula Cu8(S-

Salhis)8· (pyridine)4· 8H2O for 1, and Cu(S-Salhis)(Imidazole)· 2H2O for 2 (Table 3.B). 
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Table 3.B Microanalytical Dataa of the Cu(II) complexes 

Complexes Empirical formula % C % H % N 

1 Cu8(S-Salhis)8· (Py)4· 8H2O 

  

48.68 (48.94) 4.51 (4.64) 12.92 (12.88) 

2 Cu(S-Salhis)(Imz)· 2H2O 45.21 (45.01) 

 

5.20 (4.96) 15.93 (16.40) 

 
 Py = Pyridine, Imz = Imidazole, a Values in parentheses are calculated ones 

 

The very low molar conductance of the complexes in methanol confirmed the 

non-electrolytic nature of the complexes[77] (Table 3.C).  The room temperature magnetic 

moment (experimental section) is less than expected for a S=1/2 system 1.73 B.M.[78,79] 

(Table 3.C) indicating the presence of antiferromagnetic coupling between the Cu(II) 

centers. 

 

Table 3.C Magnetic moments and Conductance values of the Cu(II) complexes 

Complexes 1 2 

ìeff(solid, 298 K); µB/Cu 1.63 1.61 

ËM (MeOH) S cm−2 mol−1 2 4 

 

 3.3.2 X-ray Structure of crystal 1 

 The crystallization of the complex 1 from pyridine and diethyl ether afforded deep 

green crystals of ([Cu8(S-Salhis)8(Py)10]· Py· 3MeOH· (C2H5)2O). The complex was 

crystallized in the chiral space group of P1(#1) with two slightly different cup shaped 

tetrameric units ( 1a and 1b) in the unit cell. The lattice diagram shows that 1a and 1b are 

on the top of each other forming a capsule bound through eight hydrogen bonding 

interaction between imidazole NH of one tetramer with non bonded carboxylate oxygen 

of the other tetramer[80,81] (Figure 3.1). The capsule trapped four pyridine molecules inside 

the cavities. Selected bond distances and angles are listed in Table 3.D 
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Figure 3.1 Molecular structure of 1. solvent molecules are omitted for clarity 

 
 
 

Figure 3.2 Numbering scheme (a) ligand, (b) pyridine out side the cavity, (c) 
pyridine inside the cavity 
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Figure 3.3 (a) One tetrameric copper unit 1a [Cu4L4Py6] ORTEP diagram, thermal 
ellipsoids set to 50% probability), (b) Space-filling model of 1a top view and (c) 

bottom view 

 

The 1a (Figure 3.3) is a cyclic tetramer with imidazole arm from one monomeric 

unit coordinated to the next monomeric unit forming the cycle. The coordination 

geometry around the each Cu(II) center is N3O2 donor environment [amine, histidine 

imidazole, pyridine, phenolate and carboxylate]. Each Cu(II) center is best described as 

square pyramidal with a trigonal-bipyramidal component τ (Table 3.D) [τ = (β−α)/60, 

with α and β being the two largest coordination angles]. In a perfect square-pyramidal 

geometry τ equal to 0, while it is 1 in a perfect trigonal-bipyramidal geometry.[82] The 

four phenolate rings are organized in such a manner to effectively close one side of the 

square and thus making a cup shaped tetramer (Figure 3.3. c). Two pyridine molecules 

were trapped inside 1a side by side, with each N atom of the pyridine facing the amine 

nitrogen of the ligand. The N (trapped pyridine)-N (amine) distances (N5-N3a 2.990 Å, 

N6-N3c 3.025 Å) are within the range of 2.68-3.09 Å observed for N…N hydrogen bond 
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Figure 3.4 Tetrameric copper unit 1b [Cu4L4Py4]Py, ORTEP diagram, 
thermal ellipsoids set to 50% probability) 

distances.[83,84] The space-filling model clearly demonstrates that the two side-by-side 

pyridine filled the cavity perfectly [Figure 3.3.(a)].  

 In 1b the cyclic tetramer was formed in the same manner (Figure 3.4). However, 

two sides of the cup bend inwardly. Unlike in 1a, the trapped pyridines here are 

coordinated to the Cu(II) center instead of being H-bonded to amines (Figure 3.5). This 

coordination of pyridine from inside the box to the Cu(II) resulted in the deviation of Cu8 

& Cu6 atom from the plane of O1, N3, O3, N1 towards the trapped pyridine (shift of 

0.194 and 0.203 Å for Cu8 and Cu6 respectively) and consequently non -coordination of 

the external pyridines for Cu8 and Cu6 occurs as square pyramidal geometry is preferred 

for Cu(II) over octahedral geometry due to Jahn-Teller distortion. Thus the coordination 

sites at the copper centers are accessible from inside. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Guest binding occurred in the two halves of the capsule differently. In 1a, Cu1 is 

coordinated to the external pyridine but not to the trapped pyridine (same for Cu3). On 

the other hand, in 1b the pyridine nitrogen (N8) is coordinated to Cu8 (same for Cu6). 

The N8-N3h (amine) distance of 3.104 Å in 1b is closer to N…N hydrogen bonding 

distance range of 2.68 - 3.09 Å (Figure 3.5).  Thus the presence of a N-H close to the 

Cu(II) allow trapped pyridines in 1b to bind using both metal–ligand interaction and 

hydrogen bonding simultaneously.  This possibly makes the trapped pyridines less labile 
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Figure 3.6 TGA and DTA plot of the complex 1 
 

 
 

Figure 3.5 Part of the Cu4L4 unit of 1a and 1b showing the change in bonding 
interactions between trapped pyridine molecules, amine N atoms, Cu(II) centers, 

and external pyridine molecules  

compared to the external pyridines as observed in the solution studies (see below). We are 

not aware of this type of binding in any other reported capsular cavity. 

The Cu-N (external pyridine) distances in molecules 1a and 1b (2.4 –  2.5 Å), are 

considerably longer than Cu-N (apical pyridine) distance of 2.17 Å in [Cu(Cyclops)py] 

ClO4
[85] and 2.12, 2.13 Å in Cu 2(acetate)4(py)2,[86]  but within the range of  2.6-2.8 Å for 

apical Cu-N bond distances.[87] This makes the externally bound pyridines particularly 

labile.  

 Thermogravimetric analysis: The Thermogravimetric analysis of the sample 

was performed in order to prove the presence of the solvent as indicated by elemental 

analysis. TGA of complex 1 (Figure 3.6) shows the loss of 15.1 % of total weight in the 

30-110 ºC temperature range and 180 - 230 ºC temperature range, corresponding to the 

loss of eight water molecules and four pyridine molecules (expected 16.7 % weight loss).  

After the temperature of 230 ºC the compound starts to decompose.  
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Table 3.D Selected bond distances (Å) and angles (º) of complex 1 

 Cu1 Cu2 Cu3 Cu4 Cu5 Cu6 Cu7 Cu8 
Cu-O1acetate

1 2.029(7) 1.985(6) 1.989(6) 1.946(6) 2.007(7) 1.989(7) 1.987(6) 1.958(7) 

Cu-O3phenolate 1.926(7) 1.910(7) 1.865(7) 1.941(7) 1.897(8) 1.867(8) 1.923(6) 1.918(8) 

Cu-N3amine 2.000(8) 2.030(7) 1.980(8) 1.999(7) 2.034(8) 2.018(7) 2.034(7) 2.017(7) 

Cu-N1imidazole 2.009(8) 1.967(7) 2.005(8) 1.993(7) 1.928(9) 2.015(7) 1.966(8) 1.976(7) 

Cu-N4pyridine 2.430(9) 2.425(11)  2.5485 2.407(10)     

N3amine-Cu-

O1acetate 
82.2(3) 83.1(3) 83.7(3) 83.3(3) 80.5(3) 83.9(3) 82.3(3) 83.5(3) 

O1acetate-Cu-

N1imidazole 
92.5(3) 89.7(3) 92.8(3) 91.2(3) 93.9(3) 91.4(3) 92.7(3) 92.4(3) 

N1imidazole-Cu-

O3phenolate 
90.2(3) 92.9(3) 89.6(2) 90.9(3) 91.1(3) 89.3(3) 91.0(3) 89.1(3) 

O3phenolate-Cu-

N3amine 

94.2(3) 93.5(3) 93.4(3) 92.9(3) 93.3(3) 93.2(3) 92.3(3) 92.8(3) 

N3amine-Cu-

N1imidazole 
165.5(3) 161.4(3) 172.8(3) 165.7(3) 159.8(3) 167.4(3) 161.4(3) 168.6(3) 

O1acetate-Cu-

O3phenolate 
175.0(3) 175.9(3) 175.5(3) 172.1(3) 173.3(3) 169.4(4) 172.7(3) 168.7(4) 

N4pyridine-Cu-

N3amine 

100.5(3) 97.1(2) 96.513 99.3(2) 99.0(3)  100.4(3) 111.129 

N4pyridine-Cu-

N1imidazole 

92.9(3) 100.3(2) 89.7755 94.3(2) 100.2(3)  97.6(3) 58.1395 

Cu-Npyridine
2 3.5115  3.2605   2.409(11)   2.393(9) 

Namine-

Npyridine
2 

2.9905  3.0255   2.4075  2.3945 

τ 0.158 0.242 0.045 0.107 0.225 0.033 0.188 0.002 

1Atoms of the ligands coordinated to Cu1 have a suffix a, Cu2 have a suffix b and so on 
in the ORTEP diagram. 
2 Trapped pyridines. Atom numbers does not have a suffix. 
3 N1 is the imidazole N from the L2− coordinated to neighboring Cu. 
4 negative sign indicates the deviation of Cu from the plane towards trapped pyridine. 
5 Calculated using CACHE molecular modeling program by Fujitsu Limited. 
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3.3.3 Assembly and disassembly of the molecular capsule 

One of the possible uses of supramolecular assembly in the form of molecular 

cages or dendrimer is its use as carrier of molecules such as drug or reagent. For an 

efficient carrier, the selective disassembly of the carrier through a chemical event 

releasing the guest and reassembly of the host later would be important.  Disassembly 

process could be triggered by chemical events such as pH change, light or redox induced 

processes or may be through a simple chemical selectivity for the particular carrier. It is 

relevant to mention that nature utilizes recyclable carrier in certain microbes. For example 

extraction of iron from the surrounding by a carrier is done by releasing chemicals 

(siderophores) which after carrying encapsulated iron into cell releases the iron due to the 

pH difference in the cell and the carrier is re-released to continue the cycle.[88]  While a 

great deal of effort being put into assembling molecular cages or dendrimers, the 

literature on the disassembling and reassembling those potential carriers are few. Few 

notable work utilizes photoinduced[89] cleavage, pH dependent[57] disassembly/reassembly 

process and recently a fascinating “cascade-release dendrimers” have been reported 

where the dendrimer gets completely disassembled by a single chemical trigger.[90]   

 Thus to test the stability of the capsular Cu(II) assembly 1 and suitability of the 

capsule as a reusable carrier we have studied the assembled and disassembled behavior of 

the complex in different environments. The summary of the results is presented in 

Scheme 3.I. The elemental analysis of the dried crystals matched with the formula 

[Cu8(S-Salhis)8(py)4]· 8H2O reproducibly, rather than [[Cu8(S-

Salhis)8(py)10]· py· 3MeOH· (diethyl ether) found in crystal structure analysis carried out on 

crystals with mother liquor (pyridine and diethylether) in sealed tube. This might be due 

to the fact that crystals of 1 lost the weakly coordinated external pyridines (external Cu-

Npy 2.4-2.5 Å) rapidly under vacuum while drying. The ESI-MS (+ve) of the crystals in 

MeOH shows prominent {[Cu4(S-Salhis)4]H}+ and {[Cu3(S-Salhis)3]H}+ molecular ion 

peaks but did not show any fragments with pyridine or molecular ion peak of  {[Cu8(S-

Salhis)8]H}+. The IR spectra of the crystals from pyridine and powder precipitated from 

methanolic solution of the crystals are almost identical suggesting very little structural 

change on dissolving the crystals in MeOH. These results and the fact that two halves of 

the capsule is joined at the corners through H-bond only (Figure 3.1) suggested that the 

separation of the two halves into two tetranuclear cups in polar solvent such as MeOH 
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and thereby releasing the trapped pyridines into the solution. The releasing of pyridines 

from the cage was confirmed by doing a TLC of the concentrated methanolic solution on 

silica gel (referenced with pyridine). 

 

 

 

 

 

 

 
 
 
 

 
 
 

Scheme 3.I Assembly and disassembly of the molecular capsule 
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Figure 3.7 ORTEP diagram of one unit [Cu(S-Salhis)(Imidazole)], thermal 
ellipsoids set to 50% probability, solvent molecules are omitted for clarity 

The cage could be reassembled from pyridine again as crystals of 1. While trying 

to bind some N based heterocycles inside the cage e.g. pyrazine (pKa 0.78) and 

imidazole, (pKa 6.92) we found no sign of pyrazine binding (isolation followed by 

analysis), but crystals of mononuclear complex  [Cu(S-Salhis)(Imidazole)]· 2H2O 2 was 

isolated with the addition of imidazole (3 equivalent/Cu) almost quantitatively. The 

complex 2 was characterized using X-ray diffraction (next section) and other standard 

characterization techniques. The ESI-MS of complex 2 shows molecular ion peak {[Cu(S-

Salhis)(imidazole)]H}+ as the major peak. However, the {[Cu4(S-Salhis)4]H}+ and 

{Cu3(S-Salhis)3]H}+ peaks are also present, suggesting an equilibrium between the 

monomeric and tertrameric species in methanolic solution of 2. This explains the 

requirements of excess imidazole (3eq/Cu) in disassembling the capsule to shift the 

equilibrium in favor of monomeric species.   

 

3.3.4 X-Ray Structure of [Cu(S-Salhis)(Imidazole)]· 2H2O (2) 

 The complex [Cu(S-Salhis)(Imz)]· 2H2O 2 (Imz = imidazole) was crystallized in 

space group P2(1) containing  eight unique mononuclear units of Cu(S-Salhis) and fifteen 

water molecules held together with array of H-bonds. The ORTEP diagram of one unit 

along with numbering scheme is given in Figure 3.7. The other mononuclear units were 

numbered similarly but with different subscript (Cu1 with subscript a, Cu2 with subscript 

b and so on). Selected bond distances and angles are listed in Table 3.E. 
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Table 3.E Selected bond distances (Å) and bond angles ( °) of complex 2 

 Cu1 Cu2 Cu3 Cu4 Cu5 Cu6 Cu7 Cu8 

Cu-
O1acetate

 2.262(13) 2.219(10) 2.305(12) 2.344(13) 2.332(12) 2.299(11) 2.277(12) 2.349(13) 

Cu-
O3phenolate 1.930(9) 1.978(11) 1.936911) 1.938(11) 1.888(12) 1.891(12) 1.934(10) 1.922(12) 

Cu-
N3amine 

2.051(11) 2.014(11) 2.049(11) 1.998(12) 1.960(14) 2.002(12) 2.002(13) 2.036(11) 

Cu-
N2imidazole

1
 

2.042(12) 2.008(12) 1.999(13) 2.014(11) 2.039(12) 2.008(15) 2.026(15) 2.004(12) 

Cu-N4 

imidazole
2 1.989(13) 1.891(13) 1.985(14) 1.986(12) 1.989(14) 2.000(17) 1.976(15) 1.960(13) 

N3amine-
Cu-
O1acetate 

77.6(4) 79.2(5) 77.2(4) 76.8(5) 77.2(5) 76.1(4) 77.0(5) 78.3(5) 

O1acetate-
Cu-
N2imidazole

1 

87.2(5) 95.4(5) 90.0(5) 97.6(5) 97.2(5) 87.7(5) 88.5(5) 95.0(5) 

N2imidazole
1
 

Cu-
O3phenolate 

164.7(5) 168.9(5) 149.2(5) 143.2(5) 144.8(6) 152.7(6) 160.4(6) 158.6(6) 

O3phenolate-
Cu-
N3amine 

92.0(4) 93.5(5) 92.9(4) 93.7(5) 93.3(6) 94.7(5) 92.3(5) 95.7(5) 

N3amine-
Cu-
N2imidazole

1 

90.8(5) 86.5(5) 92.4(5) 89.0(5) 90.7(5) 91.4(6) 89.7(6) 87.7(5) 

O1acetate-
Cu-
O3phenolate 

108.1(5) 95.5(5) 120.8(5) 118.7(5) 117.8(6) 
119.5(5) 110.9(6) 106.4(6) 

N4 

imidazole
2 

Cu-
N3amine 

175.4(5) 175.3(6) 162.6(6) 165.1(5) 164.9(5) 170.3(6) 177.0(6) 168.8(6) 

N4imidazole
2 

Cu-
N2imidazole

1 

93.7(5) 92.1(5) 95.3(6) 96.3(5) 96.1(5) 92.1(7) 93.2(6) 91.0(5) 

N4imidazole
2 

Cu-
O1acetate 

102.0(5) 105.5(5) 87.1(6) 88.7(5) 88.6(5) 94.9(6) 103.9(5) 90.7(6) 

N4imidazole
2 

Cu-
O3phenolate

 

83.8(5) 86.9(5) 88.5(5) 90.5(5) 88.8(5) 86.4(6) 84.7(5) 89.6(5) 

Cu1-O1-
C1 

110.1(11) 106.7(12) 108.8(10) 103.7(10) 99.7(12) 108.1(10) 110.8(10) 103.9(12) 

τ 0.12 0.11 0.22 0.37 0.34 .029 0.28 0.17 
1Imidazole is from ligand (S-Salhis) −2 

2Imidazole external ligand. 

 

 

 

TH-149_994501



Chapter III Cu(II) capsule 
  

 

46 

All the Cu(II) centers are five coordinated with four donors from Salhis2− and one 

from imidazole making a N3O2 type environment around Cu(II) center. The coordination 

geometry at the Cu(II) is best described as square-pyramidal with a trigonal mono 

pyramidal (TBP) component τ which can be calculated from structural data[82]. The value 

of  τ is 0 for perfect square-pyramidal geometry and 1 for perfect TBP structure. In 2, the 

τ values for eight unique [Cu( S-Salhis)(Imz)] units vary from 0.11 at Cu2 to 0.37 at Cu4 

(Table 3.E ) indicating significant TBP component  in the geometry. The in-plane Cu-N 

and Cu-O bond lengths are similar to that found for 1 (Table 3.D) and is typical for Cu(II) 

complexes.[60] The axial Cu-O(carboxylate) bond in 2 is long and varies from 2.217 to 

2.352 Å (Table 3.E). The axial bond in square-pyramidal Cu(II) is usually long (2.12 to 

2.6 Å) due to Jahn -Teller distortion. The long axial Cu-carboxylate bond observed in the 

complexes [Cu(Sbal)(phen)][91] (2.185 Å: H 2Sbal” is N-(2-hydroxybenzyl)-β-alanine and 

“phen” is 1, 10-phenanthroline), [Cu(bpg)](NO3)· H2O[92] (2.195 Å: bpg1− = N,N-di-(2-

pyridylmethyl)glycine) and [Cu(bpa)](SO3CF3)· H2O[92] (2.279 Å: bpa 1− = N,N-di-(2-

pyridylmethyl)alanine) are similar to the present complex. The range of axial Cu−O1 

bond length observed in 2 seems to depend on the Cu−O1−C1, the longer the axial bond 

lower is the angle. This is possibly due to the strain on the carboxylate arm imposed by 

the geometry of the complex. The conformation at the chiral carbon for all the eight units 

are S as the ligand used was synthesized from S-isomer of the histidine. In addition to the 

asymmetric carbon in the ligand, the coordination of the amine nitrogen (N3a to N3h for 

Cu1 to Cu8) to the metal center gives rise to an asymmetric secondary nitrogen atom, 

which has the R absolute conformation. 

All the potential H-bond donors (amine, imidazole, imidazole in histidine 

fragment) and acceptors (phenolate oxygen, two carboxylate oxygen) in each of the 

ligand and the 15 water molecules in the unit cell take part in inter-molecular H-bond 

formation forming a giant interwoven H-bonded network in the crystal. The eight 

monomeric units are connected by two type of H-bond; (1) imidazole N-H of the ligand 

from one monomer H-bonded with coordinated phenolate O from another monomeric 

unit, (2) non-coordinated carboxylate O from one monomer to secondary amine N-H 

from another unit (Table 3.F, Figure 3.8). Water molecules are within H-bonding 

distances (Table 3.G) of the monomeric Cu(II) units.   
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Several interesting arrangements of H-bonded water molecules have been 

observed in the lattice. The two sets of water molecules labeled O1, O6, O5 and O3, O7, 

O4 form two different helical water chains (Figure 3.9) from one end of the crystal to the 

other end. The only deviation from perfect helix is that O6 –O1 distance in the first set is 

3.27 Å, larger than hydrogen bond and O2-O6 in the first set is <3 Å, thus making the 

helices discontinuous and slightly irregular. The water labeled O13, O8 and O15 forms a 

triangle, however, the triangles are not connected (minimum separation O8-O13 is 5.789 

Å). It should be noted that stabilization of water clusters and one-dimensional chains in 

crystals[93,94] have attracted lot of interest due to their importance in probing anomalous 

properties of water[95]  and functioning of chains as “proton wires”[96] . 

 

Table 3.F Inter-molecular H-bonding which hold the eight monomeric unites together 

Atoms Distances (Å) Atoms Distances (Å) 

O2a-N3c 2.831 O3a-N1d 2.808 

O2b-N3e 2.989 O3b-N1c 2.837 

O2f-N3g 2.865 O3f-N1b 2.718 

O2h-N3d 2.832   

 
Table 3.G Water H-bonded with ligand bonded carboxylated oxygen, non bonded 

carboxylated oxygen, bonded phenolate oxygen and ligand imidazole N-H 
 

       Atoms Distances (Å)        Atoms Distances (Å) 

O1 water-O5 water 2.850 O6 water-O1a carboxylate 3.223 

O1 water-O6 water 3.272 O7 water-O9 water 2.730 

O2 water-O3d phenolate 2.752 O8 water-N1f ligand imidazole 2.910 

O2 water-O6 water 2.710 O8 water-O15 water 2.775 

O3 water-O1g carboxylate 2.824 O9 water-O2e carboxylate 2.783 

O3 water-O7 water 3.294 O10 water-O1c carboxylate 2.817 

O4 water-O1e carboxylate 3.278 O11 water-O2e carboxylate 2.831 

O4 water-O2e carboxylate 3.020 O11 water-O12 water 2.816 

O4 water-O7 water 2.968 O13 water-O3h phenolate 3.083 

O5 water-O2d carboxylate 2.992 O14 water-O1b carboxylate 2.999 

O5 water-O6 water 2.900 O15 water-O13 water 2.911 
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Figure 3.8 Three different types of inter-molecular H-bonding in the crystal 
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Figure 3.9 In the crystal lattice H-bonded water molecules form helical water chains, 
right handed helix top view (left) and side view (right) of one water chain. The helical 
water oxygen atoms are shown with blue sphere.  
 

 
 Thermogravimetric analysis: The thermogravimetric analysis of the complex 2 

was performed in order to prove the presence of the solvent as indicated by elemental 

analysis. TGA of complex 2 showed the loss of 8.43 % of total weight in the 30-150 ºC 

temperature ranges, corresponding to the loss of two water molecules (expected 9.04 % 

weight loss).  After the temperature of 200 ºC the compound starts to decompose. 
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3.3.5 Absorption Spectra 

 The UV-visible spectral characteristic of both the complexes are shown in Figure 

3.10-3.11 and the data are shown in Table 3.H.  The absorption maxima at ~ 275 nm is 

due to intra-ligand charge transfer and was observed at 275 nm in methanolic solution of 

the Salhis2−. The absorption maxima ~ 400 nm is likely to be of LMCT origin evident 

from high  ε  value (≥ 500 dm3 mol−1 cm−1/Cu). The absorption maxima between 600 – 

700 nm with  ε value  ~150 dm3 mol−1 cm−1 are of ligand field origin. Several other 

square-pyramidal Cu(II) complexes with N3O2 donor environment have similar spectral 

characteristics.[ 91, 97] Comparison of spectra of 1 and 2 in MeOH shows very little change 

(Figure 3.11) between capsule and the monomer due to almost identical coordination 

environment. It is to be noted that ligand field transition (620 nm) in DMF is greatly 

shifted compared to that of in other solvents (668 nm to 686 nm) and it is not due to 

solvent polarity as dielectric constant (DEC) of DMF (DEC 38.3) and MeOH (DEC 32.6) 

are closer than pyridine (DEC 12.5). The identity of the complex in DMF might be 

different. 

 

Table 3.H UV-visible data of the complexes [λmax /nm (ε /dm3 mol−1 cm−1)/Cu]  

 1 2 

Pyridine 416 (520), 668 (170)  

DMF 288 (4300) 412 (450), 620 (150)  

MeOH 273 (5700), 382 (920), 686 (150) 277 (4800) 395 (500) 671 (120) 

 

3.3.6 Redox stability of the cage  

 One important aspect of the present capsule/cage over the other cages in the 

literature is the presence of potentially redox active Cu(II). The complex is soluble in 

MeOH, pyridine and DMF but not in acetonitrile, dichloromethane or other non-polar 

solvents with large redox window required for cyclic voltammetric study. As we were not 

sure about the identity of the complex in DMF (section UV-visible) we had decided to do 

the cyclic voltammetric study in MeOH. The redox window available in MeOH is rather 

limited (+1 V to –0.6 V vs. SCE). Within that range the complex showed a poorly 

resolved irreversible reduction close to the limits of the solvent (-0.5V). This prompted us  
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Figure 3.11 UV-visible spectrum of complex 1 ( ___ ) and complex 2 (----) in MeOH 

 
 

Figure 3.10 UV-visible spectrum of complex 1 in MeOH (…….), in pyridine (___)  
and in DMF (- - -) 
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Figure 3.12 EPR spectra of Complex 1 (a) powder at 77 K, (b) in MeOH at 77 K 

to resort the chemical reduction. Addition of NaBH4 in different ratio (1eq, 2eq, 5eq /Cu) 

immediately decolorizes the solution, which if kept open, changed back to the original 

green color again. Increasing amount of NaBH4 increases the time required to get back 

the color. In absence of air, metallic copper deposition took place after a day in a similar 

experiment.  In order to understand the process of reduction and redevelopment of green 

color we monitored the reduction and aerobic reoxidation using UV-visible and EPR 

spectroscopy. The ligand field transition of 1 disappears after addition of NaBH4 (1 eq 

/Cu) and after ~10 min ligand field transition reappears at 651 nm with a 35 nm blue shift 

compared to 1. To check whether the ligand has been reduced or not, we decomposed the 

complex with dilute acid and isolated the ligand. The ligand was unchanged (checked 

with IR). We had crystallized the green complex from the reaction mixture and it was 

identical with 1. Similar experiments were performed with 1 in an EPR tube. The 

complex 1 in MeOH at 77K shows a typical square pyramidal EPR spectra[98] (g� = 2.253, 

g⊥= 2.060 and A� = 175 G, Figure 3.12), which disappears completely after addition of 1 

eq. (per Cu) of NaBH4 (addition at room temperature, EPR at 77K). On thawing the 

solution and periodically checking the EPR at 77 K, EPR signal reappears gradually (g� = 

2.252, g⊥= 2.056 and A� = 170). These experiments suggest that the Cu(II) in 1 could be 

reduced reversibly in presence of oxygen.  However, these results do not confirm the 

quantitative recovery of 1. Future efforts will be to quantify the recovery process and the 

identity of the cage after reduction.  
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3.3.7 Magnetism 

 The solid-state room temperature magnetic moments of   1 and 2 are 1.63 and 1.61 

B.M. respectively. In the absence of magnetic exchange between Cu(II) the expected 

value is ~ 1.9 B.M.[78,79] The lower value indicates magnetic interaction between two 

Cu(II) centers. In order to determine the magnetic exchange coupling constant (J), we 

have measured the temperature dependent susceptibility for 1 between 81-300K (Table 

3.I). The plot of 1/XM vs T is shown Figure 3.13. Using Curie-Weiss equation[78,79] θ  was 

determined as –85.17. The negative sign indicates the presence of antiferromagnetic 

coupling. Fitting the data with Bleanney-Bowers equation[99] using a program gave a J 

value ~ -29 cm −1 (Fitting parameter, J = -29 cm−1, TIP 4.38x10−4 cm3 mol−1, g = 1.705, 

error = 7.633). However, the fitting was not acceptable (Figure 3.13). The reason might 

be that in the capsule four Cu(II) are interconnected by symmetry and the equation used is 

for dimer. Due to the lack of expertise in forming Hamiltonian and lack of literature on 

magnetic analysis of cyclic tetrameric Cu(II) complexes we were unable to determine the 

correct J value (s). We have not attempted temperature dependent magnetic 

measurements of monomeric 2. 

 
Figure 3.13 Plot of χM and 1/χM  vs. T per dinuclear complex of 1  
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Table 3.I Variable Temperature Magnetic Susceptibility data for the complex 1 

Temperature / K χM / dimer × 103 

(cm3 mol−1) 

Temperature / K χM / dimer × 103 

(cm3 mol−1) 

300 2.18 180 2.99 

280 2.30 160 3.36 

260 2.36 140 3.74 

240 2.50 120 4.16 

220 2.62 100 4.36 

200 2.75 81 5.15 

 

 

Conclusions  

 In this chapter we have reported synthesis, characterization and structural analysis 

of a multinuclear Cu(II) based capsular cavity trapping four pyridine molecules. Further 

studies showed that (a) the tetrameric cavity is stable in MeOH (b) the tetrameric unit can 

be disassembled into monomeric units 2 using a specific chemical agent (imidazole) (c) 

capsule could be reassembled from pyridine again. Additionally, pyridines inside 1 and 

lattice of monomeric 2 shows interesting H-bonding scheme because of the presence of 

H-bond capable donor/acceptors in the ligand. 
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Synthesis and characterization of a 1D 

chiral microporous channels with a 

Fe(III) complex and insertion of 

iodine inside the channels 
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 Helical organization and channel are two important structural motifs present in 

nature. The channels in the membrane bound potassium channels[100] or water permeation 

protein aquaporins [101-103] are formed out of several peptide helices in an approximately 

C4 symmetric fashion to form narrow channels (2.8-20 Å dia.) as gateway for K�+ ion or 

water molecules selectively. The narrow channels in amyloid fibres (11.8 Å dia.) from 

extracellular amyloid plaques found in Alzheimer patients,[104] aquaporin (18 to 2.8 Å 

dia.) and C5 symmetric mechanosensitive channels from mycobacterium tuberculosis (18- 

2 Å dia.)[105,106] contain chain of water molecules important for their biochemical 

functions. Apart from the channels present in nature, materials with channels of different 

pore diameter have been synthesized because of their anticipated use as molecular sieves, 

sensors, ion exchangers and catalysts.[107-111] Recently porous channels have been used as 

template to synthesize nano fibres[112] and one dimensional array of oxygen 

molecules.[113] Thus, several reports appeared on synthesis of materials with channels, 

helical structures with chiral or achiral ligand metal complex recently.[114-128] Despite this, 

literatures regarding the formation of microporous helical channels with water molecules 

inside are few[114,116,118-120] and to our knowledge only one group reported the removal of  

water from non helical hydrophobic channels[114] and small molecules were inserted.  

In this chapter we discuss the synthesis and structure of binuclear iron (III) 

complexes, with (S)-H2Salhis and (R)-H2Salhis ligands.  The crystals of the complexes 

have one dimensional microporous helical channels filled with easily removable water 

molecules. [129] Using of two enantiomers of the ligand, [(R)-H2Salhis] and [(S)-H2Salhis], 

helicity of the channels were found to be reverse as well. Further, we could remove water 

from the channels and iodine was inserted into the channels as confirmed by the X-ray 

structure. 

 

4.1 Experimental Section 

 Details of solvent purification, analytical measurements and starting materials 

have already been discussed in Chapter 2. The ligands [(S)-H2Salhis] and [(R)-H2Salhis)] 

preparation were described in previous chapter 2 (Section 2.4.1 and Section 2.4.2 

respectively). 
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4.1.1 X-ray Data Collection, Structure Solution and Refinement 

Data were collected on a Bruker Smart CCD Area Detector system with graphite 

monochromator. The structures were solved by direct methods and refined on F2 by full-

matrix-block least squares (program SHELXL-97, G. M. Sheldrick, University of 

Göttingen). Refinements of F2 were done against all reflections. The weighted R-factor 

wR and goodness of fit S are based on F2, conventional R-factors are based on F, with F 

set to zero for negative F2. The threshold expression of F2 > 2 sigma(F2) is used only for 

calculating R-factors(gt) etc. and is not relevant to the choice of reflections for 

refinement. R-factors based on F2 are statistically about twice as large as those based on F 

and R-factors based on all data will be even larger. Selected crystallographic data and 

refinement details are displayed in Table 4.A. 

 

Table 4.A Crystal data and structure refinement details 

Complexes 1 2 3 4 

Formula C28H37Fe2N6O13 C28H32Fe2N6O10 C28H32Fe2I2N6O10 C28H32Fe2N6O11 

M 777.33 724.30 978.10 740.30 

T/K 293(2) 293(2) 293(2) 293(2) 

Wavelength (Å) 0.71073  0.71073  0.71073 0.71073 

Crystal size/mm 0.40×0.35×0.30 0.40×0.40×0.35 0.50× 0.50 × 0.45 0.40×0.40×0.35 

Lattice type hexagonal  hexagonal hexagonal hexagonal 

Space group P6(1) P6(1) P6(1) P6(5) 

a/Å  13.164(3) 13.161(7) 13.252(4) 13.151(4) 

b/ Å  13.164(3) 13.161(7) 13.252(4) 13.151(4) 

c/ Å  36.305(11) 36.559(4) 36.253(2) 36.558(2) 

γ /º 120 120 120 120 

V/ Å 3 5449(2) 5484(7) 5514(4) 5476(4) 

Z 6 6 6 6 

Dc/mg m−3 1.421 1.316 1.767 1.347 

Absorption 

coefficient/ mm−1 

0.866 0.850 2.527 0.854 

F(000) 2418 2244 2880 2292 

θ  range/º 1.79−26.04 1.79-27.21 1.77-27.75 1.79-27.24 

Completeness to θ 99.9% 97.0% 95.6% 97.7 

Reflections collected 42827 41609 44120 56517 
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Independent 

reflections  

7101[R(int)= 

0.0453] 

7704[R(int)= 

0.0490 

8063[R(int)= 

0.0443 

7816[R(int)= 0.0245 

Absorption  
correction  

None Semi-empirical 

from equivalents 

Semi-empirical 

from equivalents 

None 

Refinement  
method 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data/ restraints/ 

parameters 

7101 / 1 / 535 7704 / 3 / 472 8063 / 1 / 440 7816/ 1/ 470 

Goodness-of-fit of F2 0.995 1.133 1.273 1.199 

Final R indices  
[I>2σ(I)] 

R1 = 0.0387, 

wR2 = 0.0842 

R1=0.0574, 

wR2=0.1423 

R1=0.1097, 

wR2=0.2868 

R1=0.0416, 

wR2=0.1190 

R indices (all  
data) 

R1 = 0.0488, 

wR2 = 0.0879 

R1=0.0747, 

wR2=0.1525 

R1=0.1295,wR2=

0.3066 

R1=0.0461, 

wR2=0.1235 

Absolute  
structure  
Parameter 

0.028(12) 0.005(19) 0.05(4)  0.014(13) 

Largest diff.  
Peak and hole/  
e Å −3 

0.370 and -0��.181 0.993 and –0.355 1.901 and –1.863 0.677 and –0.265 

 

 

4.2 Syntheses of Fe(III) complexes 

4.2.1 [Fe2(OAc)(OH)(S-Salhis)2]· 4H2O (1) 

 The complex 1 was synthesized by adding a methanolic (10 mL) solution of 

Fe(NO3)3· 9H2O (0.592 g, 1.46 mmol)  to a stirred methanolic (20 mL) solution of [S-

H2Salhis] (0.383 g, 1.46 mmol) and NaOH (0.117 g, 2.93 mmol), followed by addition of  

NaOAc· 3H2O (0.598 g, 4.39 mmol) in 5 mL MeOH  and the mixture was stirred for 15 

min. The final color of the solution was reddish purple. The volume of the solution was 

reduced to ~10 mL and diethyl ether was added. Cooling the solution in a refrigerator for 

three days yielded dark colored diamond shaped crystals of 1. The crystals were washed 

with ether and dried in a vacuum desiccator (yield, 65%). Further studies including X-ray 

structural studies were performed on these crystals. Recrystallization from MeOH could 

be done in presence of an acid (HClO4 or CH3COOH) to prevent deprotonation of 

bridging hydroxyl group. 

 Fe2C28H38N6O13: IR (KBr, cm−1) ν (OH) 3405 (broad); ν (Carboxylate)asym 

1644; ν (Carboxylate)sym 1384; for bridge ν (OAc)asym 1542; ν (OAc)sym 1457; ν (NH)  
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3110; ν (phenolic, CO) 1270. ΛΜ: (MeOH), 12 S cm−2 mol−1 (much lower than expected 

for 1:1 electrolyte in MeOH ~80-115 S cm−2 mol−1).   UV-visible: λmax /nm (ε /dm3 

mol−1 cm−1) (MeOH), 273 (11300), 302(sh), 481 (2900). µeff (powder, 298 K) 6.46 B.M. / 

dimer. 

4.2.2 Single crystals of [Fe 2 (µµ-OH)(µµ-OAc)(S-L)2]· H2O (2)  

Crystals of 1 were dried at 95 -100º C under reduced pressure for 2h. The loss of 

water (3 H2O) compared to 1 was confirmed by TGA, which showed the weight loss of 

1.7 % (calculated for 1 H2O, 2.48 %) between 95 - 140ºC but negligible weight loss 

(0.1%) between 30-95º. X-ray diffraction studies were done on these crystals sealed in a 

capillary to avoid moisture. IR and UV-visible of these crystals were compared with that 

of 1 and found identical. 

 

4.2.3 Single crystals of  [Fe2 (µµ-OH)(µµ-OAc)(S-L)2]· H2O· I2 (3)  

Crystals of 1 were dried at 95-100º C under reduced pressure for 2h (2). 50mg of 2 

in a vial along with solid I2 in a separate vial were kept inside a round bottom flask (50 

mL) containing dry silica gel to minimize moisture content. This setup was evacuated 

first and then warmed to 40-50º C for few minutes. This was done to remove air 

(moisture) as much as possible and heating ensured production of enough I2 vapor to fill 

the void. The setup was kept in this way for five days to saturate the crystals with iodine 

and the resultant crystals were sealed in a glass capillary for X-ray diffraction studies. 

The I2 content of the crystals were measured using titration (described below) and tallied 

with weight loss in TGA. We arrived at the above procedure after repeating the I2 doping 

followed by titration experiments under various conditions. We found that if the silica gel 

was not used (presence of moisture) the amount of I2 incorporated is only 7-9 % after 

three days and resulting crystals do not diffract well. After application of vacuum 

followed by warming to produce I2 we could get the crystals that diffract and I2 content of 

the crystals were found to be 12 % (repeatedly) using the same procedure. While 12 % I2 

content is lower than calculated 25 % for [Fe2 (µ-OH)(µ-OAc)(S-L)2]· H2O· I2, discrepancy 

might be (at least one factor)  due to the loss of I2 during washing before the estimation. 

For X-ray diffraction studied we did not wash the crystals to ensure that crystals stay 

saturated with I2 and loss during X-ray experiment is minimized. 
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Estimation of I2 in (3) Single crystals or coarsely grinded crystals of 1 (~10-20 mg 

exactly weighted) were heated in water bath at 100 ºC under reduced pressure for 2 hr. 

and then were stored in a closed chamber containing I2 crystals for 5 days. In this 

arrangement only iodine vapor can be absorbed in the crystal at room temperature. After 

5 days, the samples were washed thoroughly with CCl4 (three times) at room temperature 

to remove any I2 absorbed on the surface of the crystals. The washed crystals were then 

put into the freshly distilled CCl4 (~ 6 mL measured) and 6 mL of water was added into 

the mixture and shaken vigorously. The CCl4 layer became strongly purple colored due to 

the released I2. The I2 concentration in CCl4 layer was measured spectrophotometrically. 

I2 estimated was found to be 12 % (calculated 25 % for one I2 /dimer).  

Note: It is difficult to wash the surface only without loosing some iodine from the 

channels as crystal binds iodine loosely. The structure was done in a sealed tube without 

washing the crystals.  

 

4.2.4 [Fe2 (µµ-OH)(µµ-OAc)( R-Salhis)2]· 2H2O (4) 

The complex 4, [Fe2 (µ-OH)(µ-OAc)L2]· 2H2O, as crystals (60% yield)  was 

synthesized following the procedure described for 1 using the D-histidine derived ligand 

(R-H2L).  

Fe2C28H34N6O11: IR (KBr, cm−1) ν (OH) 3405 (broad); ν (Carboxylate)asym 1644, 

1598 ν (Carboxylate)sym 1384; for bridge ν (OAc)asym 1542; ν (OAc)sym 1461; ν (NH) 

3110; ν (phenolic,CO) 1270. ΛΜ: (MeOH), 15 S cm−2 mol−1 (much lower than expected 

for 1:1 electrolyte in MeOH ~80-115 S cm−2 mol−1).   UV-visible: λmax /nm (ε /dm3 

mol−1 cm−1) (MeOH), 275 (12500), 302(sh), 479 (2700). µeff ( powder, 298 K ) 6.00 B.M. 

/ dimer. 

 

4.3 Results and Discussion 

4.3.1 Synthesis and Selected Properties 

 By mixing FeIII(NO3)3· 9H2O, H2S-L, NaOH and NaOAc in MeOH at 

1:1:2:3 ratio, the solution turned red-purple. Addition of diethyl ether afforded complex 1 

or 4 (with H2R-L) as diamond shaped crystals in ~60-65 % yield.  Comparing the IR 

spectra of 1 and 4 with that of deprotonated ligand and the Cu(II) complexes which has        
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been characterized in the previous chapter, the peaks at 1640 and 1365 cm−1 were 

identified as asymmetric and symmetric carboxylate stretches respectively originated 

from the ligand. Both the complexes also show broad stretches at 3410 cm−1 and two 

sharp stretches at 3185, 3111 cm−1 due to OH (water or H-bonded OH) stretch and N-H 

stretches (from ligand) respectively. Further the complexes show the appearance of two 

bands at 1544 and 1452 cm−1 with Äν � 92 cm −1, attributed to the νasym and νsym stretching 

modes of the acetate anion coordinated to the FeIII centers in the bridging form. [76] The IR 

does not show any stretches for NO3
−. The elemental analysis (Table 4.B) support the 

formulation of the complexes as  [Fe2(OAc)(OH)(S-Salhis)2]· 4H2O and 

[Fe2(OAc)(OH)(R-Salhis)2]· 2H2O  for 1 and 4 respectively. The thermogravimetric 

analysis (TGA) between 30- 140ºC shows weight loss of 7.76 % for 1 and 3.7 % for 4 as 

against the calculated values of 9.24 % (4H2O) and 4.8 % (2H2O) respectively. The room 

temperature magnetic moment for 1 and 4 at 4.57 and 4.38 B.M. /per iron respectively are 

less than expected for an uncoupled S=5/2 system but higher than low-spin S=1/2 system 

(expected 5.93 B.M. for S= 5/2 and 1.73 to 2.5 B.M. for S=1/2 uncoupled system) [78,79] 

indicating the possible presence of antiferromagnetic coupling between two high-spin 

Fe(III) centers. Structural characterization of the complexes confirmed their formulation. 

The antiferromagnetic coupling constant J for 1, determined from structural parameters 

using Gorun and Lippard equation was found to be –11.9 cm−1 and is consistent with a 

hydroxo bridge formulation. [130] 

The molar conductance of 1 and 4 were found to be  12 and 20 S cm2 mol−1 

respectively in methanol (expected for 1:1 electrolyte in methanol is in the range of 85-

115 S cm2 mol−1).[77] Conductance of both the complexes are very much lower than 1:1 

electrolyte in methanol. The low conductance of both the complexes are possibly due to 

the bridge hydroxo proton getting deprotonated in presence of solvent.  

Table 4.B Microanalytical Dataa of Fe(III) complexes 

Complexes Empirical Formula % C % H % N 
1 C28H38N6O13Fe2 43.39 (43.18)  4.56 (4.92) 10.81 (10.79) 
2 C28H32N6O10Fe2 46.98 (46.43) 4.74 (4.45) 12.08 (11.60) 
3 C28H32N6O10Fe20.6I2 36.10 (38.36)  3.38 (3.67) 8.08 (9.58) 
4 C28H34N6O11Fe2 45.38 (45.30)  5.24 (4.62) 11.37 (11.32) 

a Values in parentheses are calculated ones 
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4.3.2 Structures of 1 and 4 

The single crystals of complexes 1 and 4 were isolated from reaction mixture 

itself upon addition of diethyl ether. The complex 1 was crystallized in the chiral space 

group P61 (No. 169) and 4 in opposite chiral space group P65 (No. 170). Structures of 1 

and 4 are enantiomer to each other. Thus discussions below were done with 1 applicable 

to 4 as well. The molecular structure of 1 and 4 are shown in Figure 4.1. Selected bond 

distances and angles are listed in Table 4.C 

In 1, each of the two hexadentate irons are ligated with a tetradentate [S-

(Salhis)2−] and is bridged through one hydroxo and one bidentate acetate ligand. The Fe-

O1 distances (~1.97 Å, Table 4.3) are charac teristic of Fe(III)-OH bridge and are 

significantly higher from those of Fe(III)-Oxo bridge distances (<1.8 Å).[131-134] This 

confirms the bridge as a hydroxo bridge and not an oxo bridge.  The Fe…Fe distance 

[3.517 Å] is higher among the few structurally characterized iron(III) dimers containing 

two bridges where at least one is OH bridge. It should be noted that [FeIII(µ-OH)(µ-

carboxylato)FeIII]4+  core have been proposed in the active site of protein mammalian 

purple acid phosphatase[135] and to date this is the first structurally characterized complex 

containing the core as well as with the imidazole, phenolate, carboxylate donors closely 

resembling the histidine, tyrosine and aspartate donor present in the protein.   

 

        
 
 

Figure 4.1 ORTEP diagram for complex 1 (left) and complex 4 (right), thermal ellipsoids 
set to 50% probability, solvent molecules are omitted for clarity 
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Table 4.C Selected bond lengths (Å) and angles (º) of the complexes 

Complexes 1 2 3 4 
Fe1…Fe2 3.5175(7) 3.522 3.527 3.522 

Fe1-O1 1.9722(18) 1.969(3) 1.983(6) 1.971(2) 
Fe1-O4 1.9875(26) 1.995(3) 1.992(6) 1.997(2) 
Fe1-N4 2.1314(23) 2.142(4) 2.119(6) 2.136(3) 
Fe1-N6 2.2030(22) 2.211(4) 2.213(7) 2.220(3) 
Fe1-O3 1.9463(19) 1.957(3) 1.961(5) 1.961(2) 
Fe1-O8 1.9988(26) 2.000(3) 2.016(5) 2.001(2) 
Fe2-O1 1.9695(21) 1.972(3) 1.966(5) 1.968(2) 
Fe2-O5 2.0309(24) 2.031(3) 2.034(6) 2.034(2) 
Fe2- N2 2.1400(22) 2.151(4) 2.144(6) 2.141(3) 
Fe2-N1 2.2006(22) 2.206(3) 2.216(6) 2.211(3) 
Fe2-O2 1.9314(19) 1.94693) 1.931(6) 1.943(2) 
Fe2-O6 2.0179(24) 2.016(3) 2.024(6) 2.024(2) 

Fe1-O1-Fe2 126.35(11) 126.69(16) 126.6(3) 126.83(12)  
N4-Fe1-O3 169.24(0.09) 169.22(15) 169.0(3) 168.88(11)  
O4-Fe1-N6 93.99(0.09) 94.13(14) 93.9(3) 94.17(11) 
N6-Fe1-O8 77.90(0.10) 77.51(14) 78.4(2) 78.01(11) 
O8-Fe1-O1 94.37(0.09) 94.60(13) 94.3(2) 94.10(10) 
O1-Fe1-O4 93.62(0.09) 93.69(12) 93.3(2) 93.59(10) 
N2-Fe2-O2 168.62(0.09) 168.76(13) 169.8(3) 168.36(11)  
O5-Fe2-N1 97.14(0.08) 97.08(12) 96.5(2) 97.56(9) 
N1-Fe2-O6 76.49(8) 76.45(12) 76.6(2) 76.07(10) 
O6-Fe2-O1 90.56(0.09) 90.84(13) 90.9(2) 90.53(10) 
O1-Fe2-O5 95.63(0.09) 95.43(12) 95.8(2) 95.66(9) 

 

The conformation at the chiral carbon of the ligand is S in 1 and R in 4. In addition 

to the asymmetric carbon centre in the ligand, the coordination of amine N to the iron 

gives rise to an asymmetric secondary nitrogen atom, N1 and N6, which has the R 

configuration in 1 and S configuration in 4. The lower dihedral angles between Fe-N 

amine and the methylene arm of the phenolate rings results in a folding of the phenolate 

ring forming a bowl shaped C2 symmetric chiral and essentially hydrophobic cavity 

around the bridging acetate (Figure 4.2a). Similar bending was responsible for closing the 

capsular cavity ends in our copper complex with this ligand (Chapter III). 
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For complex 1 the lattice diagram viewed normal to 001 plane shows hexagonal 

channels filled with water from one end to the other end of the crystals (Figure 4.3). Close 

observation reveals that the molecules of 1 with hydroxo bridge facing the channel and a 

water molecule within H-bonding distance of the hydroxo bridge (O1-O11 2.6961Å) form 

right-handed helices (Figure 4.3b, thick lines). On the other hand, the crystals of 4 have 

left-handed helices (Figure 4.3c). 

A notable feature of the molecule which helps guest molecules to orient in a 

helical fashion is the formation of a crescent moon shaped hydrophilic binding site 

(Figure 4.2b and 4.4, left) formed by lining up hydroxo bridge (H-bond donor) and all 

four oxygen atom of the carboxylate oxygen (H-bond acceptor). This creates a situation 

 
Figure 4.3 (a) View of the crystal lattice normal to the 001 plane. (b) Right handed 

helix and side view of one channel showing the water oxygen atoms  (red sphere) H-
bonded to the hydroxo bridge of complex 1 (c) Left handed helix and side view of 

the channel in 4 

 
 

Figure 4.2 Space filling model of one dimer 1 (a) viewed from acetate and (b) 
hydroxo bridge side. 
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where three water molecules per dimer (three water molecule disordered over six 

position) form a H-bonded column of water (Figure. 4.4, right) similar to the 

biological[102] and a few synthetic [129,118] chain of water reported before. Each of the water 

sites in the channel 1 form a helix from one end of the crystal to the other end. In case of 

4, the structure shows only one water molecule inside the channel present within H-

bonding distance of bridging hydroxo group. This might be due to the fact that two water 

molecules in 1, other than the one H-bonded to bridging hydroxide, are only H-bonded to 

each other and to the one H-bonded to the bridging hydroxide, thus more susceptible to be 

removed easily. So their presence depends on the storage condition, moisture content, and 

temperature during X-ray etc. and was not present in this particular set of crystals of 4.   

 
 

 
Table 4.D H- bond distances (Å) of the complexes  

 
 

 

 

 

 

 

 

 

 

 

Complexes 1 4 

O1-O11 2.696() 2.790 
O1-O13a 2.794 - 
O11-O12 3.081() - 
O12-O13a 2.293 - 
O13-O13a 3.000 - 
O13a-O12a 2.777 - 
O12-O13 2.489 - 
N3-O2 2.918 2.890 
N5-O3 2.945 2.937 
O7-O10 2.781 2.843 
N1-O9 2.901 2.916 
N6-O10 2.993 3.034 

 
 

Figure 4.4 ORTEP diagram of the disordered water molecules in the channel (left), 
thermal ellipsoids set to 50% probability and surface representation of the channel (right) 
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The helical arrangement of the hydrophilic sites (Figure 4.3) like a spiral is 

formed by the inter-molecular H-bonding between imidazole hydrogen of one molecule 

and oxygen atom of the coordinated phenol from the next molecule (Figure 4.5a). To 

accommodate these pair of H-bond one molecule gets rotated by 60º compared to the 

previous one and this continues with the next one resulting in a right-handed helix of 

hydrophilic binding sites. The neighbouring molecules in the channel have the 

hydrophobic methyl group of bridging acetate facing the cavity. All the H-bond distances 

showed here are within literature limits[136,137] (Table 4.D). The channel diameter as 

calculated from bridging oxygen (O1) to facing phenolate carbon (C11) distance is 7.35 Å 

and methyl carbon of acetate bridge (C24) to facing carboxylate oxygen (O8) is 9.81 Å. 

This is intermediate between the other two reported helical channels (~11 Å [121] and 5.5 

Å [124]).  

 
4.3.3 Types of water in 1 and 4 from TGA  

Out of the four water molecules present in 1, one (O13a) is within hydrogen 

bonded distance with bridging hydroxo group (Table 4.D, Figure 4.4) and another (O10) 

forms hydrogen bonded bridge between carboxylate of one molecule and neighbouring 

amine of the other molecule (O7…O10 2.7808 and O10…N6 2.993 Å).[136,129]   

 

 

 
Figure 4.5 Inter-molecular hydrogen-bonding networks in the crystal 
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This feature is retained in 4. Two more water molecules present in 1 are 

disordered in the channel. All the disordered positions are within hydrogen bonding 

distances with each other. Thus in 1, there are three relatively labile water molecules in 

the channel and one water molecules formed bridge (O10) between two neighbouring 

units of 1. This was reflected in the TGA of 1 (Figure 4.7), the crystals lost 3 H2O per 

dimer between 30-95ºC and one water between 110-130ºC. On the other hand, 4 have one 

water molecule in the channel and one water as a H-bonded bridge. In 4 (Figure 4.7) 

weight loss between 30-95ºC is 2.34 % (calculated for H2O loss 2.42 %) and loss between 

95 - 140º C is 1.38 % (calculated for 1H2O loss 2.42 %). These clearly shows that the loss 

of channel water molecules take place between 30-95º C and the bridging H2O (O10) 

between 100-140º C.  

Taking cue from this observation, the crystals of 1 were heated at 90-100ºC under 

reduced pressure for 2h. The TGA of the dried crystals 2 shows weight loss of 1.7 % 

(calculated for 1 H2O, 2.48 %) between 95 - 140ºC but negligible weight loss (0.1 %) 

between 30-95ºC indicating the loss of channel waters (Figure 4.7).   The crystals 2 dried 

this way, were structurally characterized. As expected, three waters from inside the 

channel of 1 are missing but water (O10) in the lattice remains. This also shows that the 

crystals are thermally stable at least up to 100ºC.   After 150ºC weight loss is rapid 

possibly due to decomposition. Heating up to 250ºC results in a yet uncharacterised 

brown material, which does not give characteristic purple colour of 1. 

 

 
 

Figure 4.7 TGA plot and partial IR spectra of 1, 2 and 4 with derivative (DTA) plot 
of TGA as inset 
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4.3.4 Insertion of I2 in 2   

To check if small molecules can be inserted in the channel, we exposed the 

crystals of 2 to I2 vapours in a closed container for 5 days and structurally characterized 3.  

The structural parameters of 3 are almost identical with that of 1 and 2 (Table 4.A). The 

comparison of the structures of 1, dehydrated crystals 2 and iodine doped crystals 3 are 

shown in Figure 4.8. The structure of 3 shows that one molecule of I2 (slightly 

disordered) per binuclear complex has been incorporated in the channel. The iodine to 

ligand carboxylate oxygen distances (I1-O7 3.07Å and I2-O8 3.01 Å) shows that one end 

of the I2 is within weak interaction distances of non-coordinated carboxylate oxygen (O7) 

of one molecule and the other end is closer to metal coordinated carboxylate oxygen (O8) 

from another molecule (Figure 4.8c). Weak polar interaction of one end of I2 with oxygen 

atom inside a crystal have been observed previously[138,139] but we have not come across 

of any example of I2 with both side interactions. Like the water molecules H-bonded to 

bridging hydroxide in 1, I2 molecules inside a channel orients in a helical fashion.  The 

water (O11) in 1 utilizes the bridge proton to form H-bond but in 3, the iodine uses the 

 
 

Figure 4.8 A part of the lattice structure viewed through the 001 plane (top) and H-
bonding interaction between two binuclear complexes inside the channel (bottom) in the 
(a) dehydrated crystal 2, (b) water (light blue, disordered) inside the channel of 1 and (c) 

iodine (purple, disordered) doped crystal 3 
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oxygen atom to get oriented. Thus the helical arrangement of the polar cavity organizes 

host molecules helically using different weak interactions.   

The intactness of I2 and 1 in crystals of 3 were confirmed from their visible 

spectra in CCl4 and water respectively.[140] The I2 content of 3 estimated to be 

(Experimental section) 16% as opposed to calculated value of 26% for [Fe2(OAc)(OH)(S-

Salhis)2]· H2O· I2. As crystals might adhere some I2 on the surface we analyzed the crystals 

for I2 also after repeated washing with CCl4 and I2 was found to be 12 %. Considering the 

fact that I2 molecules are weakly bound and repeated washings might wash away some of 

the I2 molecules from the channel, we assume that the channels have around half of the 

iodine sites filled with I2. These experiments also confirm that the I2 incorporated in the 

channel retains its chemical identity. Estimation of iodine under different condition 

showed that (a) iodine molecules are loosely bound inside the channels and tend to loose 

in solution, (b) surface adsorption of iodine is possible and (c) iodine is disordered inside 

the channel (X-ray studies) while, the resulting uncertainty on the quantity of iodine per 

gram of the crystal does not effect our conclusion on the incorporation of iodine inside 

the channel (from X-ray, TGA, analysis after washing to remove surface iodine), it affects 

the elemental analysis.  

4.3.5 Determination of pKa of bridging hydroxide from UV-visible spectra 

Complex 1 (as well as 4) have high-spin Fe(III) center which is not expected to 

show any ligand field transitions (both Laporte and Spin forbidden). The Fe(III) 

coordinated to phenolate on the other hand are known to show strong phenolateà Fe(III) 

 
 

Figure 4.9 Electronic spectra of the complex 1 in MeOH. 
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Scheme 4.I Protonation deprotonation equilibrium of 1 in water 

charge transfer (CT) transitions.[141] The representative spectrum and experimental values 

for the absorption maxima of the complexes are depicted in Figure 4.9 and Table 4.E 

respectively. The absorption maxima at ~ 500 nm is assigned as the phenolateà Fe(III)  

CT transitions comparing with other known complexes.[141] The absorption maxima  at 

273 nm is of original ligand as seen in the Cu(II) complex (Chapter III) and the 

deprotonated ligand (Chapter II). The shoulder at ~ 400 nm probably arises due to both 

phenolate- and oxo to Fe(III) CT transitions as observed in other hydroxo and oxo 

bridged  complexes with phenolate containing ligand. [133] 

 

Complex 1 in water gives violet color, which on treatment with alkali (NaOH 

solution) turned to brown. On addition of acid (perchloric acid) the brown color changed 

back to deep violet again. Figure 4.10 shows the spectrophotometric titration of 1 with 

varying amount of HClO4. For this titration first we dissolved the complex in water at pH 

7. Then NaOH was added slowly to get the pH 8.5, at this stage solution color was brown. 

To this solution dilute HClO4 was added. The spectral changes demonstrated that the  

 

Table 4.E UV-visible data of the complexes 
 

Complexes λmax /nm (ε  /dm3 mol−1 cm−1) Ref. 

1 MeOH, 273 (11300), 302(sh), 481 (2900) This work 

4 MeOH, 275 (12500), 302(sh), 479 (2700) This work 

Fe2L2O(OBz)+ CH2Cl2 336(8900), 400(sh), 522(3300),  133 

[Fe2(OH)2(NE)2](NO3)2 250(10500), 350(10380), 400(5400), 

490(2060),  

142 

L=N-(o-hydroxybenzyl)-N,N-bis(2-pyridyl methyl)amine; HNE = N-(4-nitro-2-hydroxy -phenylmethyl-
N-(2-pyridylmethyl)-amine. 
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addition of HClO4 to this brown color solution leads to a progressive shift of the 

phenolate to iron(III) charge transfer transition (LMCT) from 460 nm to higher 

wavelengths. Finally, when pH was lower than 4.5, the maximum absorption shifted to 

530 nm, and thereafter no further change took place. Excess amount of acid destroys the 

color completely possibly due to decomposition of the complex. These color changes can 

be explained by formation of oxo and hydroxo species in basic and acidic pH respectively 

(Scheme 4.I). Such equilibrium is not unusual. Occurance of phenolateà Fe(III) CT 

transition at higher energy (lower wavelength) in case of oxo bridged iron(III) dimer 

compared to corresponding hydroxo bridged dimer have been observed before.[133]  This 

is probably due to protonation of the oxo-bridge leading to an increase of Lewis acidity of 

the iron(III), which facilitates charge transfer at lower energies. Considering the existence 

of 1 as only µ-OH species at pH 4.25 and as only µ-O species at pH 7.5, the pKa of the 

bridging proton was determined to be ~ 5.5 (Figure 4.10) as the concentration of both 

species at this point are 1:1. This is higher than the pKa of 3.5 determined for the other 

hydroxo bridged diiron(III) complex. Table 4.F shows few hydroxo bridged complexes 

where pKa was determined.  

 

Table 4.F pKa value of bridging OH complexes 
 

Complexes Distance (Å),Angles(º) pKa  values Ref. 

[Fe2(OH)(O2CCH3)(SalHis)2] Fe...Fe 3.517, Fe-O-Fe 

126.35º, Fe1-O1 1.972, 

Fe2-O1  1.969 

5.5 This work 

[Fe2(OH)(O2CCH3)2(HBpz3)2]+ Fe...Fe 3.439, Fe-O-Fe 

123.1º, Fe1-O1 1.960, 

Fe2-O1 1.952 

∼3.5 134 

Mammalian PAP Fe...Fe 3.31Å, Fe-O-Fe 

105. 7º, Fe1-O1 2.08Å, 

Fe2-O1 2.08 Å 

 143 

HBpz3 = hydrotris(1-pyrazolyl)borate;  
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Figure 4.10 UV-visible spectra of 1 at various pH, arrow heads depict the increase or 
decrease of absorbance at a particular wavelength (inset) change in absorbance with 

respect to pH at 532 nm 

Complex 1 as active site model of purple acid phosphatases (PAPs): Altogether 

complex 1 compares quite well as a structural model for oxidized inactive form of 

mammalian PAP active site. The imidazole, phenolate, carboxylate donors of the ligand 

closely resemble the histidine, tyrosine and aspartate donor present in the protein. The 

phenolateà Fe(III) charge-transfer of aqueous solution  1 occur at 530nm (hydroxo form, 

pH 4-6) compared to PAPs 550nm. Crystallization of pig PAP at pH 5 results isolation of 

the protein with hydroxide bridge. This suggest that pKa of the hydroxo bridge of the 

protein might be higher than 3.5 because bridging hydroxo with pKa of 3.5 will have oxo: 

hydroxo ratio of ~32:1 at pH 5 (using Henderson’s equation). Thus 1 has a hydroxo 

bridge with pKa value closer to that of pig PAPs. 

  

 

TH-149_994501



Chapter IV                                              Helical Channels 
 
 

72 

Conclusion 

In conclusion, we have synthesized a reusable enantiopure solid with one-

dimensional helical channels (7-9 Å diameter). The presence of complementary H-bond 

donor (imidazole, amine) and acceptor (phenolate, carboxylate) in the same ligand 

contributed to the robustness of the crystal. Also helical arrangement of weak interaction 

capable group (hydroxo, carboxylato) inside a channel strongly influences the guest 

organization, a concept behind the use of channels for chiral separation[4] or template[4] 

which has not been shown before. Further, the molecules of 1 and 4 have a hydrophilic 

chiral cavity (Figure 4.2b) which might hold guest molecules through weak interaction. 

Unfortunately the cavity is not deep enough and is unlikely to distinguish between 

enantiomeric guests. On the other hand the cavity formed around the acetate group 

(Figure 4.2a) has a deeper cavity but the acetate has to be replaced first. In chapter 5 we 

have found a way to circumvent this problem by apparently flipping the phenolate rings 

forming a deeper cavity around the hydrophilic site. 
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In the previous chapter we have discussed about the synthesis of a binuclear 

Fe(III) complex with a C2 symmetric cavity formed around the acetate ion. In the same 

Fe(III) complex a relatively open hydrophilic cavity capable of  holding either water or 

iodine molecules in the solid state was present. The hydrophilic cavity in the iron 

complex had four carboxylate oxygen (H-bond acceptor) and one hydroxo bridge (H-

bond donor), which in principle can interact with a chiral amine or any chiral guest 

through H-bond interaction. However, the shallowness of the cavity was disadvantageous.  

We explored the possibility of performing same reaction with a different metal center 

such as nickel(II). The idea was that Ni(II) will form a similar complex with chiral helix 

or phenoxo bridged dimer relatively common in Ni(II) or Cu(II) chemistry and by virtue 

of different bridging situation the cavity might be of different shape.  This chapter 

presents the synthesis and characterization of a binuclear Ni(II) complex with a C2 

symmetric cavity around the polar carboxylate groups. One Na+ is bound inside the cavity 

in the solid state, as evidenced from the X-ray crystallography. 

 
5.1 Experimental Section 

5.1.1 Solvents and Reagents  

 Details of the solvent purification, analytical measurements and starting materials 

have already discussed in Chapter 2 and Chapter 3. The details of ligand synthesis are 

given in Chapter 2 (Section 2.4.1). 

5.1.2 X-ray Data Collection, Structure Solution and Refinement  

Blue rod shaped crystals were grown by cooling concentrated methanolic solution 

of the Ni(II) complex. The crystals tend to loose solvent molecules easily, hence were 

sealed in a capillary tube for X-ray data collection. The reflection data were collected on a 

Bruker Smart CCD Area Detector diffractometer at 293(2) K using graphite 

monochromated MoKα radiation (λ = 0.71073 Å). Crystallographic data, together with 

details of data collection and structure refinement, are listed in Table 5.A. The absorption 

corrections were applied on the basis of ψ scans. The structure were solved by use of 

program SHELXL-97, G. M. Sheldrick, University of Göttingen.[73] and the refinement of 

F was carried out full-matrix block least-squares. All hydrogen atoms were placed at 

calculated positions (C-H = 0.96Å) and their parameters were fixed. The function 

minimized was Σw(F0 – Fc)2, where w = 1/ σ2(F0) was used. 
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Table 5.A Selected crystallographic data for Na[Ni2(S-Salhis)2(OAc)]· 6MeOH 

Empirical formula  C34 H53 N6 Na Ni2 O14 

Formula weight 910.23 

Temperature 293(2) K 

 Wavelength 0.71073 Å 

Crystal system, space group Orthorhombic, P212121 

Unit cell dimensions  a = 11.106(3)Å   alpha = 90 deg.  

b = 13.721(3) Å   beta = 90 deg.  

c = 27.411(6) Å   gamma = 90 deg.  

Volume 4177.1(16) Å3 

Z, Calculated density  4, 1.447 Mg/m3 

Absorption coefficient  0.982 mm−1 

F(000)          1912 

Crystal size  0.3 x 0.25 x 0.25 mm 

Theta range for data collection  1.49 to 28.02 deg. 

Limiting indices  -14<=h<=14, -18<=k<=16, -36<=l<=36 

Reflections collected / unique  36977 / 9781 [R(int) = 0.0284] 

Completeness to theta  28.02     98.1 % 

Absorption correction None 

Refinement method Full-matrix-block least-squares on F2 

Data / restraints / parameters  9781 / 0 / 593 

Goodness-of-fit on F2 1.025 

Final R indices [I>2sigma(I)]  R1 = 0.0514, wR2 = 0.1370 

R indices (all data)  R1 = 0.0657, wR2 = 0.1475 

 Absolute structure parameter 0.00 

Largest diff. peak and hole  0.526 and -0.602 e.A−3 

 

5.2 Synthesis of Na[Ni2( S-Salhis)2(OAc) ]· 4H2O (1) 

 A methanolic solution of Ni(NO3)2· 6H2O (0.291 gm, 1.00 mmol) was added drop 

wise to a clear solution of S-H2Salhis (0.269 gm, 1.00 mmol) and KOH (0.112 gm, 2 

mmol) in 25 mL dry methanol. Color of the solution was changed from light blue to  
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greenish-blue with gelatinous precipitate. Excess sodium acetate (0.280 gm, 2 mmol) in 

methanol was added to this reaction mixture. The precipitate was dissolved and the color 

was changed to blue. The reaction mixture was stirred for 30 min. Volume of the reaction 

mixture was reduced by rotary evaporation to ~ 10 mL and kept in the refrigerator. After 

a day, blue rod shaped crystals were formed which was filtered and washed with cold 

methanol. The crystals were dried under vacuum, yield 80 %.  The crystals lost 

crystallinity after drying. Crystal structure showed six MeOH molecules present but the 

CHN analysis matched with the formula Na[Ni2(S-Salhis)2(OAc)]· 4H2O. Cal: C, 42.57; 

H, 4.72; N, 10.64; Ni, 14.7 % Found: C, 42.57; H, 5.19; N, 10.92; Ni, 13.2 %. 

 

Ni(II) Estimation: In complex 1 nickel was estimated gravimetrically,[144] using 

ethanolic solution of dimethylgyloxime (DMG). In a typical experiment, exact amount 

(0.0735 gm) of the complex 1 was dissolved in aqueous HCl (10 ml 0.5 N). The solution 

was warmed in hot water and ethanolic solution of DMG was added (5 ml 1 % DMG). 

The reaction mixture was made alkaline using NH4OH and was allowed to stand on the 

steam bath for 20-30 minutes whereupon red precipitates were settled out. Precipitate was 

filtered through a Gooch crucible and dried at 110-120º C and weighted. Ni(II) in the 

complex 1 was found to be 13.2 % (expected 14.7 %). 

 

5.3 Results and Discussion 

5.3.1 Synthesis and Selected Properties  

Stirring Ni(NO3)2· 6H2O, H2S-L, NaOH and NaOAc together in MeOH at 1:1:2:2 

ratio, the solution turned light blue color. Upon concentrating the solution followed by 

overnight cooling yielded the needle shaped crystals in ~70-75 % yield. Comparing the 

IR spectra of 1 with that of deprotonated ligand and the Fe(III) complexes characterized 

in the previous chapter, two closely spaced peaks at 1610, 1593 and a peak at 1348 cm−1 

were identified as asymmetric and symmetric carboxylate stretches originated from the 

ligand respectively. The complex 1 showed broad stretches at 3469 cm−1 due to OH 

(water or H-bonded OH) stretch. Due to broadness of the OH peak N-H stretch could not 

be identified clearly. Further the complex has two peaks at 1560 and 1452 cm−1, with Äν 

� 108 cm−1, attributed to the νasym and νsym stretching modes of the acetate anion  
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coordinated to the Ni(II) centers in the bridging form.[76, 145] The stretches for NO3
− from 

starting material was absent.  

The elemental analysis support the formulation of the complex as Na[Ni2(OAc)(S-

Salhis)2]· 4H2O. The thermogravimetric analysis (TGA) between 30- 190ºC shows weight 

loss of 8.3 % for 1 against the calculated values of 9.11 % (4H2O) Figure 5.1. Complex 1 

heated at 190ºC temperature, was dissolved in MeOH and the UV-visible spectrum was 

checked. The spectrum was identical with 1, confirming that only solvent was lost during 

heating. After the temperature of 250º C complex 1 decomposes and the complex turned 

black insoluble powder. TGA also support the above formulation of the complex. 

The molar conductance of 1 is 70 S cm2 mol−1 in methanol (expected for 1:1 

electrolyte in methanol is in the range of 85-115 S cm2 mol−1).[77]  Conductance of the 

complex is slightly lower than 1:1 electrolyte in methanol but very much higher that of 

the non-electrolyte. 

The room temperature magnetic moment of the complex 1 was found to be 3.07 

per Ni atom. Similar values were reported for other bridged dinuclear Ni(II) complexes 

(Table 5.B).  

 

 
 
 
 
 
 

 
 

Figure 5.1 TGA and DTA plot of complex 1 
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Table 5.B Magnetic moment of dinuclear Ni(II) complexes 

Complexes µeff (BM) /Ni Ref. 

[Ni2(S-Salhis)2(OAc)]Na 3.07 This work 

[Ni2(Phsal)4(OAc)]− 3.18 146 

[Ni2(L2)(OAc)]2+ 2.94 147 

[Ni2(L3)(Opr)]2+ 3.15 148 

[Ni2(L1)(OAc)]2+ 3.14 148 

 
HL1 = N,N,N’,N’-tetrakis[(1-methyl-2-benzimidazolyl)methyl]-2-hydroxy-1,3-diaminopropane; HL2 = 2-(2-
Hydroxyphenyl)-1,10-phenanthroline; HL3 = N,N,N’,N’-tetrakis[(1-ethyl-2-benzimidazolyl)-methyl]-2-
hydroxy-1,3-diaminopropane; Phsal = phenylsalicylaldimine. 
 

5.3.2 Crystal structure of complex Na[Ni2(S-Salhis)2(OAc)]· 6MeOH (1) 

 The complex 1 was crystallized in the chiral space group P212121 in the 

orthorhombic crystal system. An ORTEP[75] view of the complex 1 is shown in Figure 5.2 

together with the numbering scheme. Selected bond distances and angles are given in 

Table 5.C. 

 

 
Figure 5.2 An ORTEP drawing of Na[Ni2(OAc)(S-Salhis)2] with the atom numbering 
scheme. Thermal ellipsoids are drawn at the 50% probability level, solvent molecules 

are omitted for clarity 
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Table 5.C Selected bond distances (Å) and angles (º) of the complex 1 

 
 Atoms Distances /Angles Atoms Distances /Angles 

 Ni1…Ni2 3.004    

Ni-imidazole Ni1-N2 2.070 (3) Ni2-N2’ 2.032 (4) 

Ni-amine Ni1-N3 2.088 (4) Ni2-N3’ 2.073 (4) 

Ni-phenolate Ni1-O3 2.060 (3) Ni2-O3’ 2.057 (3) 

Ni-phenolate2 Ni1-O3’ 2.037 (3) Ni2-O3 2.028 (2) 

Ni-acetate Ni1-O20 2.077 (3) Ni2-O10 2.089 (3) 

Ni-carboxylate Ni1-O1 2.064 (3) Ni2-O1’ 2.081 (3) 

Na-carboxylate Na1-O1 2.386 (3) Na1-O1’ 2.334 (3) 

Na-methanol Na1-O30 2.3459 (18) Na1-O60 2.410 (2) 

Ni-bridge-Ni Ni1-O3-Ni2 94.57 (11) Ni1-O3’-Ni2 94.42 (11) 

 N2-Ni1-N3 86.50 (14) N2’-Ni2-N3’ 86.48 (15) 

 N3-Ni1-O3 90.86 (12) N3’-Ni2-O3’ 92.40 (12) 

 O3-Ni1-O3’ 83.98 (11) O3’-Ni2-O3 84.30 (11) 

 O3’-Ni1-N2 98.60 (12) O3-Ni2-N2’ 96.86 (14) 

 O3-Ni1-O1 88.55 (11) O3-Ni2-O1’ 97.28 (11) 

 O1-Ni1-N3 81.46 (12) O1’-Ni2-N3’ 80.59 (13) 

 O1-Ni-O20 175.05 (12) O1’-Ni2-O10 173.12 (12) 

 O1’-Na1-O1 112.16 (11) O60-Na1-O30 86.82 (6) 

 O1’-Na1-O60 81.88 (9) O1-Na1-O30 80.92 (9) 

 

The complex 1 has two octahedral Ni(II) bridged by two phenolate oxygen and 

one acetate group. The Ni1…Ni2 separation is 3.004 Å which is substantially shorter than 

the other acetate bridged Ni(II) complexes but comparable to the other known bis 

phenolato, acetate tribridged Ni(II) dimers (Table 5.D). Each nickel atom comprises an 

N2O4 donor set from a bridging acetate, two bridging phenolate from two ligands, a 

carboxylate oxygen and two nitrogen atoms one from imidazole group and another from 

secondary amine. The phenolate to Ni(II) distances are 2.060 (Ni1-O3) and 2.028 (Ni2-

O3)(Table 5.C). Similar triply bridged Ni(II) dimers have been reported with similar 

higher asymmetry.[146,147]   The acetato group bridges symmetrically with the two 
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nickel(II) atoms at a distance of Ni1-O20 and Ni2-O10 is  2.077(3) and 2.089(3)Å 

respectively.  

 

Table 5.D Tri-bridged Ni(II) dimers (bis-phenolato and mono acetato) 

Complexes Ni…Ni distances No. of OAc bridge Ref. 

[Ni2(S-Salhis)2(OAc)]− 3.004 1 This work 

[Ni2(Phsal)4(OAc)]− 3.101(2) 1 146 

[Ni2(L2)(OAc)]2+  1 147 

Phsal = phenylsalicylaldimine; HL2 = 2-(2-Hydroxyphenyl)-1,10-phenanthroline. 

 

The conformation at the chiral carbon of the ligand in 1 is S. In addition to the 

asymmetric carbon centre in the ligand, the coordination of amine N to the Ni(II) gives 

rise to an asymmetric secondary nitrogen atom, N3 which has the R configuration. The 

lower dihedral angles between Ni-Namine and the methylene arm of the phenolate rings 

results in a folding of the phenolate ring forming a bowl shaped C2 symmetric and 

essentially hydrophilic cavity around carboxylate groups (Figure 5.3 left).  

The sodium atom situated at the cavity, is weakly coordinated to two carboxylate 

oxygen O1 and O1’ at a distance of 2.386(3) and 2.334(3) Å respectively (Figure 5.3) and 

two solvent methanol molecules O30 and O60 at a distance of 2.3459(18) and 2.410(2) 

respectively. The coordination around the sodium ion is almost square planer.  

 

 

 
 

Figure 5.3 A C2 symmetric cavity around the polar carboxylate groups, Na+ is inside 
the cavity in the solid state, as evidenced from the X-ray crystallography (for clarity 

we have removed the Na+ ion from the space filling model left) 
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Several type of hydrogen bonding was observed in the crystal lattice. H-bonding 

schemes are presented in Figure 5.4 and H-bond distances are in Table 5.E. The two 

dimeric units are held together by the solvent molecule methanol O80 (Figure 5.4b). The 

methanol O80 is hydrogen bonded with N3’(amine nitrogen) and O10 (acetate oxygen) at 

a distance of 3.1871Å and 2.7230 Å of one dimeric unit and (imidazole nitrogen) N1 of 

another dimeric unit at a distance of 2.9303 Å (Figure 5.4b). The solvent methanol 

molecule O30 and O60 not only coordinated with the sodium atom but also hydrogen 

bonded with the two carboxylate oxygen atoms (bonded and non bonded oxygen). The 

solvent methanol molecule O30 is H-bonded with carboxylate atoms O1 and O2 at a 

distance of 3.0709 Å and 2.6877 Å. The methanol molecule O60 is H-bonded with 

O1’and O2’ at a distance of 3.1100Å and 2.6824 Å (Figure 5.4a). Apart from this the 

carboxylate oxygen O2 is hydrogen bonded with another methanol molecule O70 at a 

distance 2.7033 Å. The imidazole N1’ is hydrogen bonded with two solvent molecule 

O60 and O70 at a distance of 3.3284 Å and 2.8585 Å respectively. Another molecule of 

imidazole N1 is hydrogen bonded with two solvent molecules O80 and O50 at a distance 

of 2.9303 Å and 2.9749 Å respectively. The solvent molecule O50 a lso H-bonded with 

another solvent molecule O40 at a distance 2.6803Å. 

Out of the six H-bonded methanol present in the lattice, O80 is within H-bonded 

distances of three H-bond donor/acceptor (Table 5.E). Although the CH3OH molecules in 

the crystal get readily replaced by H2O, the one water molecule which is lost during 

heating at relatively higher temperature (150-190º C) might be the one which replaces 

O80. However, it could not be confirmed at this stage. 

Table 5.E Hydrogen-bond distances 

Atoms Distances (Å) Atoms Distances (Å) 
Na1-O30 2.3459 Na1-O60 2.4102 
N1-O50 3.1665 N1-O80 2.9289 
N1’-O70 2.8585 N1’-O60 3.2670 
O10-N3’ 3.0161 O20-N3 3.0602 
O20-O40 2.6974 O40-N3 3.2855 
O40-O50 2.6803 O40-N3’ 3.9322 
O50-N3’ 3.1669 O50-N1 3.1679 
O60-O30 3.2691 O60-N1’ 3.3284 
O60-O1’ 3.110 O60-O2’ 2.6824 
O70-O2 2.7033 O80-O10 2.7230 
O80-O50 2.9749 O80-N3’ 3.1871 
O80-N1 2.8585   
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5.3.3 UV-visible studies 

 The complex 1 exhibits two distinct absorption bands at 618 and 1025 nm and a 

shoulder at 355 nm.  Considering octahedral coordination around the nickel (II) ions, the 

two bands at 1025 and 618 nm can be assigned to the spin-allowed d-d transitions 3T2g � 
3A2g and 3T1g � 3A2g respectively. More accurately the symmetry around Ni(II) should be 

considered C2v. In that case several closely spaced transitions are possible.[148] For 

example, 3T2g � 3A2g transition in octahedral symmetry will become three closely spaced 
3A1ß 3B1, 3A2ß 3B1 and 3B2ß 3B1 transition. This might be the reason for the 

asymmetric nature of the absorptions.  The absorption at 775 nm is possibly due to the  

 
 

Figure 5.4 Intra and inter-molecular hydrogen bonding 
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Figure 5.5 UV-visible spectrum of the complex 1 in MeOH 

 

spin forbidden 1Egß 3A2g (considering octahedral) usually observed in Ni(II) 

complexes.[149] The shoulder at 355nm is LMCT band and masks the low intensity 
3T1g(P)ß 3A2g transition. These types of transition were observed in bridged octahedral 

complexes  (Table 5.F). The transition at 1025 nm (3T2g � 3A2g) is ~10Dq value, i.e. the 

ligand field strength. Comparing this value with [Ni(H2O)6]2+, [Ni(his)2] and other N6 

coordinated complexes, the ligand field of the present complex is found to be higher than 

[Ni(H2O)6]2+ but lower than [Ni(his)2] complex [149] (Table 5.F). The characteristic UV-

visible spectrum for the complex 1 in methanolic solution is shown in Figure 5.5. 
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Table 5.F UV-visible spectroscopic data 

Complexes  λmax (nm)[εmax /(dm3 mol-1 cm-1)] Solvent Ref. 

[Ni2(salhis)2(OAc)] 1025(21), 618(16), 355(sh), 288(5800) MeOH This work 

[Ni2(L3)(OAc)]2+ 500(80), 381(12000), 295(39000) MeCN 147 

[Ni2(L1)(OAc)]2+ 1008(20), 649(19), 411(34) DMF 150 

[Ni2(L2)(OAc)]2+ 1017(23), 644(23), 407(39) DMF 150 

[Ni2(L2)(Opr)]2+ 1027(22), 647(20), 409(35) DMF 150 

[Ni(H2O)6]2+ 1176(2), 724(2), 395(5)  149 

[Ni(his)2] 934(7), 555(8), 357(10)  149 

[Ni(Im)6]2+ 970, 568, 355  149 

HL1 = N,N,N’,N’,tetrakis[(1-methyl-2-benzimidazolyl)-methyl]-2-hydroxy-1,3-diaminopropane; HL2 = 
N,N,N’,N’-tetrakis[(1-ethyl-2-benzimidazolyl)-methyl]-2-hydroxy -1,3-diaminopropane; HL3 = 2-(2-
Hydroxyphenyl)-1,10-phenanthroline. 
 

 
Conclusions  

We have synthesized an enantiopure dinuclear Ni(II) complex, which has a C2 

symmetric polar cavity formed around four carboxylate oxygen (possible H-bond 

acceptor). Interestingly, one square planar Na+ ion is bound in this cavity. However, the 

molar conductance value of 70 (S cm2 mol-1) in MeOH (expected for 1:1 electrolyte is 80-

115 S cm2 mol-1) shows that it is ionized almost completely in polar solvent. Different 

types of inter and intra molecular H-bonding was observed in the crystal. This once again 

shows that the present ligand utilizes all the possible H-bond donor/acceptor present in 

the ligand (Chapter II, Figure 2.1) to form severely H-bonded lattices. 
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In this chapter we have presented the synthesis and characterization of three high-

spin binuclear iron(III) complexes with the general formula, [Fe2(L)2(NO3)2]. IR 

spectroscopy, elemental analysis and ESI-mass spectra support the formulation of the 

complexes. Each of the complexes displays a strong phenolate to Fe(III) charge-transfer 

transition in the range of 520-585 nm with a moderately high extinction coefficient. The 

color and conductance of the solutions of binuclear Fe(III) complexes change on addition 

of amines. The molar conductance of the complexes in methanol shows 1:1 electrolyte 

characteristics, however addition of amines to the methanolic solution of the complexes 

increases molar conductance that behaves like 1:2 electrolyte.  

Amines are essential components of food such as banana, cheese, fish and are 

present as pollutants in wastewater from surfactant, fertilizer, pharmaceutical and dye 

manufacturing industries.[151] As amines are biologically important and at the same time 

toxic in higher concentration level, several methods to detect amines in solution and 

vapor state have been reported.[151-155] Majority of the methods use the Schiff base 

formation of amine with chromogenic aldehyde to detect amine colorimetrically.[151-154] In 

this chapter we tried to understand the reason for the change in color and conductance in 

case of our complexes. Additionally we have checked the feasibility of using these 

complexes as amine detector in solution and on solid support.  

 
6.1 Experimental Section 

6.1.1 Solvents and Reagents  

 Triethylamine was dried by distillation over KOH. Chloroform was made acid 

free by washing with saturated sodium bicarbonate solution, then by washing five to six 

times with water followed by keeping over anhydrous CaCl2 for 24 hour and distilled. 

Hexane was purified by distillation. Dichloromethane was purified by washing with 5 per 

cent sodium carbonate solution, followed by water, and dried over anhydrous CaCl2. 

Details of solvent purification and starting materials other than stated above are already 

discussed in chapter 2.  

 
6.1.2 Measurements  

Solid-state magnetic susceptibility was recorded by using Sherwood Scientific 

balance MSB−1. Variable -temperature (80 to 300 K) solid-state magnetic susceptibility  
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measurements were recorded by the Faraday technique using a locally built 

magnetometer at IIT Kanpur, India. The setup consists of an electromagnet with constant 

gradient pole caps (polytronic Corporation, Mumbai, India), Sartorius M25-D/S balance 

(Germany), a closed cycle refrigerator and a Lake Shore temperature controller (Cryo 

Industries, USA). All measurements were made at fixed main field strength of 10 kG. 

Solution magnetic susceptibility measurements were performed by usual NMR 

method[156] with a PMX-60 JEOL (60 MHz) spectrometer and made use of the 

paramagnetic shift of the methyl protons of benzene / methanol and the SiMe4 reference 

as the measured NMR parameter using the Equation 3. 1 

 

Mass susceptibility ×m = 
fm

f

π2
3∆  + ×0 + 

m

dd S )( 00 −Χ
 (3. 1) 

 

Where Äf is the frequency separation between the two TMS or solvent peaks in Hz, f is 

the frequency at which the proton resonances are being studied in Hz, m is the mass of the 

substance contained in 1 mL of solution, ×0 is the mass susceptibility of the solvent, d0 is 

the density of the solvent and dS that of solution. Final term involved in Equation 3. 1 is 

negligible for the highly paramagnetic substances. 

 The temperature of the NMR probe was determined[157] using CH3OH proton 

signals using Equation 3. 2 

 

T = 435.5 − 1.193 (Ä f) –  29.3 (Ä f × 10−2)2  (3. 2) 

 

Where Ä f is the frequency difference between the positions of −CH3 and –OH protons in 

Hz. Solvent susceptibilities[158] and diamagnetic corrections[159] were taken from literature 

tabulations. The instrumentation details for other measurements have already been 

discussed in Chapter 2. 

 

6.2 Syntheses of Fe(III) complexes 

6.2.1 [Fe2 (S-Salhis)2(NO3)2]· 3MeOH· 1.5H2O (1) 

 A methanolic solution of Fe(NO3)3· 9H2O (0.404 gm , 1.00 mmol) was added drop 

wise to a clear solution of S-H2SalHis (0.258 gm, 0.987 mmol) and KOH (0.112 gm, 1.99  
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mmol) in 25 mL dry methanol. After stirring for 30 min the color of the solution was 

changed from brown to violet with some undissolved white suspension. The mixture was 

filtered off and the filtrate was evaporated to dryness. This solid (0.350gm) was triturated 

with acetonitrile, filtered and dried under reduced pressure. This solid contains excess of 

KNO3 that was removed by dissolution of the solid in pyridine and subsequent filtering of 

the undissolved KNO3.  The pyridine was removed and washed with excess acetonitrile. 

The solid was redissolved in methanol and diethyl ether was added.  On cooling the 

solution in freeze for two days yielded the complex as violet colored solid. After filtration 

the solid was washed with dry diethyl ether and dried under reduced pressure (yield, 

0.200 gm, 65%). 

 Anal. Calcd. for C26H26N8O12Fe2· 3CH3OH· 1.5H2O: C, 39.70; H, 4.70; N, 12.77. 

Found: C, 39.73; H, 4.30; N, 12.43. IR (KBr, cm−1) í(COO)assym,  1627 and 1593; ν(NO3) 

1383. UV-visible in MeOH [λmax /nm (ε  /dm3 mol−1 cm−1)]: 275(12700), 310(sh) 

520(2800). ËM (MeOH): 97 S cm2 mol−1. ìeff(solid, 298 K); 6.50 B.M./2Fe; ìeff (MeOH, 

298 K)  5.65 B.M./2Fe.  

 

6.2.2 [Fe2 (S-Salmet)2(NO3)2]· 3H2O (2) 

 For the synthesis of 2, we added a methanolic solution of Fe(NO3)3· 9H2O (0.404 

gm , 1.00 mmol) to a clear solution of S-H2Salmet (0.258 gm, 1.00 mmol) and KOH 

(0.1122 gm, 2.00 mmol) in 25 mL of dry methanol. The reaction mixture was stirred for 

30 min resulting in the color change from brown to violet of the solution with some 

undissolved white suspension. The mixture was filtered off and the filtrate was 

evaporated to dryness. This solid (0.300 gm) was triturated with acetonitrile, filtered and 

dried under reduced pressure. The excess KNO3 was removed by treatment with pyridine. 

The resulting solid material was further purified by using methanol / Et2O. The solid 

product was dried under reduced pressure, (yield, 0.248 gm 60%) 

 Anal. Calcd. for C24H30N4O12S2Fe2· 3H2O: C, 36.19; H, 4.56; N, 7.03. Found: C, 

36.39; H, 4.56; N, 7.31. IR (KBr, cm−1) í(COO)assym 1598, ν(NO3) 1383. UV-visible in 

MeOH [λmax /nm (ε /dm3 mol−1 cm−1)]: 275(16600), 307(sh) 525 (3200). ËM (MeOH): 

120 S cm2 mol−1. ESI-MS(+) in MeOH for [Fe2(SalMet)2NO3]+ m/z calculated 680, found 

680.2,  ìeff(solid, 298 K) 3.99 B.M./Fe.  
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6.2.3 [Fe2 o-Me-(S)-Salmet)2(NO3)2]· 3H2O   (3)  

 In a similar procedure Fe(NO3)3· 9H2O (0.300 gm , 0.745 mmol) in methanol was 

added to a mixture of o-Me-(S)H2SalMet (0.200 gm, 0.745 mmol) and KOH (0.084 gm, 

1.487mmol) in 25 mL dry methanol. After stirring for 30 min. the color of the solution 

was changed from brown to violet with some undissolved white suspension. The mixture 

was filtered off and the filtrate was evaporated to dryness. Excess KNO3 was removed 

from the solution in a similar way as stated above. The resulting solid material was 

further dissolved in minimum volume of dichloromethane and diethyl ether was added as 

a precipitant. The reaction mixture was kept overnight in the freeze. The solid product 

was filtered and dried under reduced pressure (yield, 0.150 gm, 50 %). 

 Anal. Calcd. for C26H34N4O12S2Fe2· 3H2O: C, 37.86; H, 4.89; N, 6.79. Found: C, 

38.04; H, 4.92; N, 6.61. IR (KBr, cm−1) í(COO)assym 1605(s), 1598(s), ν(NO3) 1383. UV-

visible [λmax /nm (ε /dm3 mol−1 cm−1)] in MeOH 275(18500), 305(sh), 555(3400); in 

CH2Cl2: 330(sh), 585(1650). ËM: (CH2Cl2) 0.5 S cm2 mol−1, (MeOH) 125 S cm2 mol−1 

ESI-MS(+) in MeOH for [Fe2(o-Me-SalMet)2NO3]+ m/z calculated 708.1 found 708.2. ìeff 

(solid, 298 K) 4.95 B.M./Fe; ìeff (MeOH, 298 K) 5.15 B.M./2Fe.   

 

6.3 Results and Discussion 

6.3.1 Syntheses and Selected Properties 

Mixing of FeIII(NO3)3· 9H2O, ligand and KOH respectively in MeOH at 1:1:2 ratio, 

the solution turned bluish-purple for complexes 1 and 2 but blue color for complex 3. All 

the complexes were treated with pyridine to remove excess KNO3. Complexes 1 and 2 

were purified from methanol/ diethyl ether. On the other hand complex 3 was purified 

from CH2Cl2 / diethyl ether as this was the only complex soluble in less polar solvent 

such as CH2Cl2.   

Comparing the IR spectrum of 1, 2 and 3 with that of deprotonated ligand and the 

Fe(III) complexes characterized in the previous chapter, the peaks at 1640 and 1598 cm−1 

were identified as asymmetric carboxylate stretch of the ligand.  The symmetric 

carboxylate stretch is overlapped with strong NO3 stretch at 1381 cm−1. The presence of 

the NO3
− was confirmed from the peaks at 1381 cm−1 (strong) which was absent in the 

[Fe2(µ-OH)(µ-OAc)(S-Salhis)2] complex characterized in Chapter IV. Several authors  
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reported coordination of NO3
−, as monodentate or bidentate ligand, based on the IR 

analyses.[76] However, the deterministic peaks mentioned could not be identified in the 

present complexes due to the presence of ligand peaks in those region.  Thus the presence 

of NO3
− could be confirmed from the IR but their mode of coordination (monodentate, 

bidentate or bridging) could not be determined conclusively. All the complexes show 

broad stretches at 3410 cm−1 and two sharp stretches at 3185, 3111 cm−1 due to water and 

N-H stretches respectively.  

The elemental analysis (experimental section) supported the formulation of the 

complexes as  [Fe2 (S-Salhis)2(NO3)2]· 3MeOH· 1.5H2O 1, [Fe2 (S-Salmet)2(NO3)2]· 3H2O  

2 and [Fe2 o-Me-(S)-Salmet)2(NO3)2]· 3H2O 3 respectively. The thermogravimetric 

analysis (TGA) between 30 − 110º C shows weight loss of 7.7 % for 1, 6.1 % for 2 and 

5.8 % for complex 3 against the calculated values of 8.6 % for 4H2O (7.4 % for 2MeOH),  

6.8 % (3H2O) and 6.6 % (3H2O) respectively (Figure 6.1 and 6.2). After heating at 180º C  

 

 

 
 

Figure 6.2 TGA and DTA plot of complex 2 

 
 

Figure 6.1 TGA and DTA plot of complex 1 
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the complexes decomposes. The amount of solvent loss in 1 is less than as expected from 

CHN analysis. This might be due to the fact that some of the solvent molecules might 

have been lost near 120-150° C region. Loss of solvent between 120-180° C has been 

observed in [Fe2(OAc)(OH)(S)-Salhis)2]· 4H2O (120° C, Chapter 4) and Na[Ni2(OAc)(S-

Salhis)2]· 4H2O complexes (~ 180° C, Chapter 5). 

All the three complexes have molar conductance in the range of 97-120 S cm2 

mol−1 in methanol (Table 6.A). Which are corresponding to the 1:1 electrolyte in 

methanol.[77] Only the complex 3 is soluble in CH2Cl2 and the conductance in CH2Cl2 was 

found to be only 0.5 S cm2 mol−1, which indicates the non-electrolyte nature of the 

complex in CH2Cl2. Possibly in CH2Cl2 the complex 3 prefer to stay as [Fe2(o-Me-

Salmet)2(NO3)2] and in methanol as [Fe2(o-Me-Salmet)2(NO3)](NO3).  

 

6.3.2 UV-visible spectrum 

The electronic spectra of all the complexes at different solvent are summarized in 

the Table 6.A. The electronic spectra (Figure 6.3) of all the three complexes have 

relatively intense charge-transfer (CT) band that gives rise to the reddish purple to bluish 

purple colors (at 520-585 nm) and which can be assigned to a LMCT transition from the 

phenolate oxygen to the ferric ion.[160] Such LMCT transitions usually are intense. Ligand 

field transition are not expected for high-spin Fe(III) ion. A second CT band occurs at 315 

nm.  

 

Table 6.A Electronic absorption and conductivity data of the complexes 
Complexes Solvent λmax (nm) ΛM (S cm2 

mol−1) 
Ref. 

1 MeOH 275(12700), 310(sh) 
520(2800) 

97 This work 

2 MeOH 275(16600), 307(sh) 
525 (3200)  

120 This work 

3 MeOH 275(18500), 305(sh), 
555(3400) 

125 This work 

3 CH2Cl2 330(sh), 585(1650),  0.5 This work 
[Fe(IIIa)2(MeOH)]NO3 EtOH 563(4570), 305(19000)  160 
[Fe(IIIa)2(Im)2]NO3 EtOH 530  160 
[Fe(VIII)]+ MeOH 540  160 
[Fe(VIII)(Im)] MeOH 480  160  

IIIa 2-(5-methylpyrazol-3-yl)phenol; VIIIN,N’-bis(2-hydroxybenzyl)ethylenediamine 

TH-149_994501



Chapter VI  Fe(III)complexes: amine sensor 
 

90 

 
 

Figure 6.3 UV-visible spectrum of 1 (ÌÌÌÌÌÌÌ) in MeOH, 2 (    )  in MeOH and 3 
(  ) in MeOH, complex 3 (· · · · · · · · · ) in CH2Cl2 

 

6.3.3 Proposed structures of the complexes 

From conductance values, it can be inferred that the complex 3 in CH2Cl2 is non-

conducting but behaves as 1:1 electrolyte in MeOH. In case of 1 and 2, which are not 

soluble in CH2Cl2, behaves as 1:1 electrolyte in MeOH. We can explain this by 

considering one bridging NO3
− in the complexes in MeOH. The similarity in UV-visible 

spectra of all three complexes in MeOH might be due to similar structural features present 

in all the complexes. In case of 3, both the NO3
− might be bridged or coordinated in 

CH2Cl2 as a result behaves as a neutral species. Taking all these in consideration and the 

fact that there are very few thioethers coordinated to Fe(III) complexes exist[161] we 

propose the structure of the complexes as shown in Figure 6.4. In MeOH all the 

complexes possibly have one nitrato bridge. However, possibility of a second aquo or  

 
 

Figure 6.4 Proposed structure of the complex 1 in MeOH (A) and 3 in CH2Cl2 (B) 
where S is the solvent or water. 
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solvent bridge could not be ruled out. The assumption of two bridge and orientation of the 

nitrato bridge originated from the structure of dibridged [Fe2(OAc)(OH)(S)-

Salhis)2]· 4H2O complex. The UV-visible spectra of [Fe2(OAc)(OH)(S)-Salhis)2]· 4H2O is 

similar to the present complexes. Thioether might be remaining noncoordinated. To 

further substantiate the bridging binuclear structure of the complexes, we have performed 

temperature dependent magnetic measurement to determine the magnetic coupling in the 

complexes in the next section.  

 

6.3.4 Magnetism 

 The room temperature magnetic moment for 1, 2 and 3 are 4.60, 2.82 and 3.50 

B.M. /per iron respectively which are less than expected for a uncoupled S=5/2 system 

but higher than low-spin S=1/2 system (expected 5.93 B.M. for S= 5/2 and 1.73 to 2.5 

B.M. for S=1/2 uncoupled system) [78] indicating the possible presence of 

antiferromagnetically coupled iron(III) center. The solution magnetic moment[156] of 1 

and 3 in MeOH are 3.99 and 3.64 B.M./Fe, shows that coupling observed is preserved in 

solution and can not be due to solid state interactions only.  Magnetic susceptibility 

(Table 6.B) for complexes 1 and 2 were measured in the range of 81-300 K to determine 

the magnetic coupling constant J.  Plots of χM and µeff versus T are shown in Figure 6.5 

and Figure 6.6. The experimental µeff value at room temperature are 6.50 and 3.99 B.M. 

/2Fe respectively. Upon cooling the magnetic moment decreases gradually. These 

features, together with the temperature dependent behavior of χM are characteristic of an 

antiferromagnetic interaction between the two Fe(III) ions. For diiron(III) complexes (S1 

= S2 = 5/2), the theoretical expression of the magnetic susceptibility based on � = 

−2J�1�2  is 

 

χ = (1−ρ)
kT

N BA
2µ

g2 × 



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+ Nα         with, x = 
kT

J  

Where, NA: Avogadro constant; µ: Bohr magneton; g: spectroscopic splitting factor; k : 

Boltzmann constant; ρ: paramagnetic fraction per monomer; Nα: temperature independent  
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paramagnetism per monomer. An isotropic g value of 2.00 was assumed. The simulation 

of experimental data for 1 was found to be J = −32 cm−1, Nα = 0.0021cm3 mol−1, ρ = 0.20, 

Final residual error = 1.85 × 10−7 and for 2, J = −76 cm−1, Nα = 0.16 cm3 mol−1, ρ = 

0.0011, Final residual error = 2.49 × 10−7. 

 The negative J values indicate the presence of antiferromagnetic coupling.  The J 

values in both cases are higher than corresponding hydroxo bridged [Fe2(OAc)(OH)(S)-

Salhis)2]· 4H2O  complex signifying a stronger coupling. Presence of two bridging nitrate 

in the solid state might be the reason for higher coupling values. Literatures on NO3
− 

bridged diiron(III) comple xes are limited[162] thus  J values could not be compared with 

other dinitrato bridged Fe(III) complexes. Another possibility was to consider bis- 

phenoxo and acetate tribridged structures similar to the Na[Ni2( S-Salhis)2(OAc)(H2O)4]  

structure (Chapter V). However, bis-phenoxo bridged diiron(III) usually have lower J 

values which has been observed in these cases. Crystal structure of at least one of the 

complexes would have solved this problem. Despite our best effort we could not get 

suitable crystal for any of these complexes. 

 
Table 6.B Variable temperature magnetic susceptibility data for complexes 1 and 2 

Complex 1 Complex 2 Temperature 

(K) χM × 10−2 cm3 

mol−1 

µeff / 2Fe (B.M) χM × 10−3 cm3 

mol−1 

µeff / 2Fe (BM) 

300 1.761 6.50 6.635 3.99 

280 1.847 6.43 6.881 3.93 

260 1.910 6.30 7.106 3.84 

240 1.981 6.16 7.311 3.75 

220 2.074 6.04 7.583 3.65 

200 2.188 5.91 7.794 3.53 

180 2.339 5.80 8.275 3.45 

160 2.467 5.61 8.792 3.35 

140 2.689 5.48 9.195 3.21 

120 2.927 5.30 9.904 3.08 

100 3.156 5.02 10.632 2.92 

81 3.420 4.70 11.491 2.73 
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Figure 6.5 χM and µeff vs Temperature plot for the complex 1 

 
 

 
Figure 6.6 χM and µeff vs Temperature plot for the complex 2 
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6.3.5 Addition of external ligand and its effect on LMCT 

 Our prime objective was to make coordination complex with vacant coordination 

site or weak binding site through H-bonding inside chiral environment to facilitate 

preferential binding of one enantiomer over other. In previous two chapters we have 

synthesized and characterized binuclear Iron(III) and Ni(II) complexes where the former 

have an open H-bond capable hydrophilic site and the other have a chiral hydrophilic site. 

We had synthesized the NO3
− complexes (this chapter) with the following expectations:  

 

(a)  Similar chiral cavity will be formed 

(b)  NO3
− being weaker ligand compared to acetate, might be easier to be replaced by 

an external chiral ligand 

(c)  PhenolateàFe(III) CT Band will be more susceptible to change in coordination 

and will act as visual indicator of binding compared to a Ni(II) complex. 

 

Lack of structural analysis prohibits checking the cavity formation. However, we have 

tested the effect on adding external reagents into these complexes.  

 
Table 6.C LMCT band maxima of complex 1, 2 and 3 on addition of excess external 

ligands 
 
External ligand pKa 1 in MeOH 2 in MeOH 3 in MeOH 3 in CH2Cl2 

No Addition  520 525 555 585 

Triethylamine 10.7 469 469 499 485 

Imidazole 6.92 469 469 502 515 

S-Methylbenzylamine 6.88 469 469 500 485 

R-Methylbenzylamine 6.88 468 468 499 485 

D-Ephedrine 6.00 510 n.da  513 No shift 

Pyridine 5.19 487 485 514 521 

Aniline 4.58 487 486 502 540 

Diphenylamine 0.79 520 525 555 585 
an.d = not determined. 

We have added various monodentate N-donor ligands and monitor the shift of 

phenolate →Fe(III) charge transfer band in methanol and for 3 both in methanol and  
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CH2Cl2 . Complex 1 and 2 are not soluble in CH2Cl2. The results are summarized in Table 

6.C. In methanol all the N donor reagents, except diphenylamine, interact with the 

complexes as indicated by color change (purple to orange) due to shift in charge transfer 

band. The halide ions (Cl−, Br− or I−) on the other hand do not causes any change in color.  

The fact that none of the halides causes any shift but triethylamine do, indicates that the 

color shift may not be due to coordination of external ligand but due to some other kind 

of interaction/reaction. Triethylamine usually does not coordinate to Fe(III) but halide in  

 
 

Figure 6.7 Wavelength (nm) vs pKa plot (A) for complexes 1 and 2 in MeOH, (B) for 
complex 3 in MeOH and CH2Cl2  
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principle can form Fe(III) coordinated complexes. We did not try external ligands 

stronger than NO3
− as that might cause replacement of the nitrates.  Another possibility is 

that the basicity of the external ligand might be effecting in the color change. So we have 

plotted the λmax (phenolate à Fe(III)) values against the pK a  values. The trends showed 

that shift in color increases with increasing pKa value of added reagent. The trend is not 

linear. In MeOH, both 1 and 2 (Figure 6.7 A) show similar trend. The lower shift by D-

ephedrine for 1 in MeOH might be due to the fact that its sterically crowded secondary 

amine N is not accessible. Triethylamine, despite having high pKa, shifts the color by 

same amount as is done by methylbenzylamines (Table 6.C). The reason might be due to 

either steric reason or due to the fact that methylbenzylamine (pKa 6.88) is a base strong 

enough to cause the complete change. Thus increase of pKa does not cause any further 

shift. For 3, shifts are more erratic both in MeOH and CH2Cl2 (Figure 6.7 B). The 

introduction of o-methyl group in the ligand of 3 might have increased the steric 

crowding around the interaction site causing the other factors to interfere. The 

spectroscopic studies do not show any appreciable difference in binding with different 

enantiomers that have been tried in this work. 

 

6.3.6 Addition of amine and its effect on Conductance  

Along with color change, all the three complexes show considerable change in 

conductance upon addition of triethylamine or methylbenzylamines (Table 6.D and 

Figure 6.8). Both conductance and UV-visible changes on addition of amines were 

plotted in Figure 6.9. All the three complexes showed 1:1 electrolyte in MeOH before 

addition of amines. On addition of amine in methanol, conductance value increases and 

gets saturated upon addition of 2 equivalent of the amine and at that point the solution 

behaves as a 1:2 electrolyte. The increase of conductance on addition of amines is 

surprising, as amines being neutral should not change the conductance appreciably.  The 

complex 3 in dichloromethane does not show saturation behavior in either color or 

conductance change and the nature of the plots (Figure 6.8 D and D’) suggesting the 

presence of equilibrium. Considering the lower polarity of the medium, ionization or 

nitrate release is expected to be disfavored. Lack of proper isobestic point in the titration 

spectra (Figure 6.8) hindered the calculation of binding constant.  
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Figure 6.8 Spectrophotometric titration of complex 3 in MeOH, plot of Absorbance 
and Conductance vs number of amine (inset) 

 
 

Table 6.D Change in conductance on addition of 5 equivalent of amines 
 

Complexes External Ligands Solvents Before addition 
of amines (S 
cm2 mol−1) 

After addition 
of amines (S 
cm2 mol−1) 

R-methyl Benzyl amine MeOH 97 135 
S-methyl Benzyl amine MeOH 97 135 

1 

Et3N MeOH 97 153 
R-methyl Benzyl amine MeOH 120 163 
S-methyl Benzyl amine MeOH 120 163 

2 

Et3N MeOH 120 180 
R-methyl Benzyl amine MeOH 125 165 
S-methyl Benzyl amine MeOH 125 165 

3 

Et3N MeOH 125 188 
R-methyl Benzyl amine CH2Cl2 0.5 1.40 
S-methyl Benzyl amine CH2Cl2 0.5 1.40 

3 

Et3N CH2Cl2 0.5 3 
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Figure 6.9 Spectrophotometric titration of the complexes 1, 2 and 3 (A, B and C) in 
MeOH, 3 (D) in CH2Cl2 (left) and corresponding conductometric titration (right)  
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6.3.7 The process involved for the increase of conductance  

 From the above experiments we can summarize the results as follows: 

 

(a)  Addition of solvent in 3 causes ionization of one nitrate possibly by replacement 

of the nitrate bridge by a solvent or water molecule. Ionization of 1 and 2 possibly 

take place in the similar way.  

(b)  Addition of 2 equivalent of a strong base (methylbenzylamine or triethylamine) 

increases the conductance to ~ 1:2.  

 

The orange solution produced by addition of amines could not be characterized. 

Addition of precipitant or evaporation of the solvent always results in a orange oil which 

remains partially undissolved even in coordinating solvents such as DMF or DMSO. This 

might be due to the formation of some amount of hydrated ferric oxide. The ESI-MS of 

the orange solution from 3 and methylbenzylamine or triethylamine shows 

{(PhCHCH3NH)+FeIII(o-Me-Salmet)2}+ or {(Et3NH)+ FeIII(o-Me-Salmet)2}+  respectively. 

Based on the experimental results we have outlined the process in Scheme 6.I.   

 

 

 
 

Scheme 6.I The process involved for the increase of conductance 
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6.3.8 Use as sensor 

 The fact that on addition of amines, the color and the conductance of the solution 

changes considerably led us to think about its possible use as colorimetric and/or 

conductometric sensor for amines. Colorimetric determinations of amines are done in 

many chemical detection processes related to pharmaceutical process.[151] In the existing 

process, a conjugated aldehyde is used to form a colored imine (usually yellow color) to 

detect the amine.[151-154] The fact that the present Fe(III) complex reacts with amines with 

a visual color change from blue to orange  and absorbance varies linearly up to the 

saturation point in MeOH (Figure 6.9). The complex can be used both as a visual 

indicator and for quantitative estimation purpose of primary amines. Tertiary amine such 

as triethylamine detection is important but particularly difficult through Schiff base 

formation. Detection by conductance is easier to implement in the detector fabrication but 

amines being neutral species are not expected to change conduction appreciably. 

Fortunately in our complexes the conductance change is large. Thus, in order to test the 

suitability of our complex we soaked a Whatman® filter paper in CH2Cl2 solution of the 

complex 3 and dried it. We choose the complex 3 for the sensing of amines, as the shift in 

color was largest for this complex (Table 6.C). The blue colored paper was held on the 

mouth of the bottles of triethylamine, ammonia and methylbenzylamine separately. The 

color changed was observed immediately to orange in all the cases. A representative 

picture is shown in Figure 6.10. The conductivity also changed for the coated paper. 

 

                           
 

 
Figure 6.10 (A) Complex 3 coated filter paper before and after exposing to 
triethylamine vapor and  (B) methanolic solution of 3 before and after addition of Et3N. 
Circular portion of the filter paper is treated with conc. triethylamine solution to view 
maximum color change possible in filter paper 
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Thus the complex 3 in a supported medium can detect volatile amine vapor. The 

resistance of the filter paper coated with 3 showed an initial value of 260 MΩ which 

changes to 210 MΩ after exposing to NEt3 vapor.   

To check the reversibility of the change, the complex soaked paper was exposed 

to NEt3 and was heated at 100°C for 15 minutes, as a result the paper turned to its original 

blue color. Repeating the process of amine vapor expose and heating it was observed that 

the color did not come back completely to the original blue color. Similar experiments 

were done in solution, however reversible color change was not observed. So the process 

is reversible at least to one cycle on the supported medium but irreversible in solution. 

 

Conclusions  

In this chapter we have synthesized three Fe(III) complexes of the general formula 

[Fe(L)2(NO3)2] (where L = tetradentate ligands). Characterization data supports the 

binuclear Fe(III) formulation with two bridging nitrate in the solution. All these 

complexes show charge transfer spectra at visible region. Upon addition of amine both 

color and conductance of the solution changes considerably.  Using this observation, we 

have tested their potential use as conductometric and/or colorimetric detector for amines. 

These complexes can detect even the tertiary amine both in solution as well as in vapor 

state, an advantage over the Schiff base formation method usually used. The lack of 

structural characterization of the complexes prohibited us in understanding the complete 

mechanism of color and conductance change. However, as the complexes have potential 

to detect amine vapors in a supporting medium, efforts will be on to further study these 

complexes in future. 
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 The complexes reported in the previous chapters, except for the Cu(II) complex 

with ligand H2(S)-Salhis and imidazole, were all multinuclear in nature. The multinuclear 

complexes studied in this thesis include the molecular capsule, diiron(III) complex with 

helical array and bridged dinuclear  Fe(III) nitrate complexes. The ligands self-assembled 

with the metal centers have two cis vacant sites in octahedral complexes, which helped in 

forming bridged multinuclear complexes in all cases. In this chapter we present the 

synthesis and characterization of two mononuclear Iron(III) complexes of general formula 

[Fe III(L)(catecholate)] (L = histidine or methionine derived ligand) where two cis sites in 

the complexes were blocked facilitating the formation of mononuclear complexes. 

Although the complexes could not be structurally characterized yet, the variable 

temperature magnetic data and EPR studied support the monomeric formulation. Our 

choice of catecholate as a bidentate ligand was influenced by the fact that the resulting 

complex (with histidine derived ligand) might serve as a structural model for the active 

site of catechol dioxygenase, a catechol-cleaving enzyme. 

Iron complexes with two available binding sites in the cis position are important 

as models for active sites in many mononuclear iron containing proteins. For example, 

protocatechuate 3,4-dioxygenase;[163-165] 2,3-dihydroxybiphenyl 1,2-dioxygenase;[166] 

soybean lipoxygenase-1[167] and isopenicilline synthase[168] have iron(II)/ (III) centers 

with either four or five coordination from the amino acid residue and one or two 

coordination sites occupied by water molecules present in the active site structure (Table 

7.A). All these proteins have two cis binding sites available for substrate and / or reactant 

binding by the removal of two cis water molecules, however in the case of 

protocatechuate 3,4 dioxygenase removal of one water and one tyrosine residue facilitates 

the substrate binding. Availability of two binding sites in cis position is important in the 

functioning of these proteins. Several tripodal tetradentate ligands providing N4, N3O, and 

N2O2 donor atoms were used in synthesizing model complexes to elucidate the structural 

aspect and reaction mechanism of some of these proteins. Tris-pyridylmethyl amine and 

its various derivatives have been used most extensively in elucidating the machanism of 

catechol cleaving dioxygenase proteins. Recently, two different groups reported iron(III) 

complexes with tridentate N3 type ligand which cleaves catechol.[169-171] The synthesis of 

Fe(III) complexes with the ligands synthesized by us in this thesis work can provide N2O2 

donor site, where one imidazole, one carboxylate and one phenolate coordination from  
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the ligand mimic the histidine, aspertate, and tyrosine residues of the protein. 

Additionally, the use of methionine derived H2S-Salmet was explored to check the effect 

in spectroscopic property upon substituting the histidine. 

 

Table 7.A Feature of the active site structures of selected proteins 

Protein Coordination 

Number 

Metal Ligand 

Protocatechuate 3,4 dioxygenase 5 Fe(III) 

high-spin 

2His, 2Tyr, 1Water 

2,3 dihydroxybiphenyl 1,2 

dioxygenase 

5 Fe(II) 

high-spin 

2His, 1Glu, 2Water 

Tyrosine hydroxylase 5 Fe(II) 2His, 1Glu, 2Water 

Isopenicilline synthase 6 Fe(II) 2His, 1Asp, 2Water, 

1Gln 

 

7.1   Experimental Section 

 Details of solvent purification and starting materials are already discussed in 

chapter 2. The details of ligand synthesis are given in Chapter 2 (Section 2.4.1 and 

Section 2.4.3). The instrumental details for other spectroscopic measurements have 

already been stated in Chapter 2 and 3.  

 

7.2 Syntheses of Fe(III) complexes 

7.2.1 K[Fe(S-Salhis)(C6H4O2)]· 3H2O (1) 

 A methanolic solution of Fe(NO3)3· 9H2O (0.422 gm, 1.04 mmol) was added drop 

wise to a clear solution of H2(S)-Salhis (0.267 gm, 1.03 mmol) and KOH (0.121 gm, 2.17 

mmol) in 25 mL dry methanol. After stirring for 30 min. the color of the solution changed 

from brown to violet with some undissolved white suspension. UV-vis (MeOH): 273 nm, 

309 (sh), 520 nm. To this solution N2 gas was passed for 15 min. In another round bottom 

flask catechol (0.1150 gm, 1.04 mmol) was dissolved in dry methanol and N2 gas was 

passed. Catechol solution was added to the reaction mixture slowly with no color change 

observed. KOH (0.125 gm, 2.18 mmol) in methanol under N2 atmosphere was added in  
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the reaction mixture, whereupon the color of the solution was observed to change from 

bluish-violet to blue. UV-visible (MeOH): 285 nm, broad band 438 nm to 597 nm. The 

reaction mixture was stirred 30 min. under N2 atmosphere. The mixture was filtered off 

and the filtrate was evaporated to dryness. This solid was triturated with acetonitrile, 

filtered and dried under reduced pressure (yield: 0.4729 gm, 75 %). Finally the complex 

was purified from methanol/ diethyl ether and dried under reduced pressure. 

 Anal. Calcd. for C19H23N3O8KFe: C, 44.19; H, 4.49; N, 8.14. Found: C, 44.02; H, 

4.29; N, 8.04. IR (KBr cm−1) í(COO)assym, 1623, 1595  í(COO)sym 1381.UV-vis in MeOH 

(λmax /nm (ε /dm3 mol−1 cm−1): 282(9500), 328(sh), 438-597(1750) (broad band). ËM 

(MeOH): 50 S cm2 mol−1. ESI-MS(−): 423.1 for [Fe(S-SalHis)(cat)]−. ìeff(solid, 298 K); 

5.73 B.M/Fe. EPR (77 K): powder, 4.28; MeOH: 7.56, 4.30. 

 

7.2.2   K[Fe(S-Salmet) (C6H4O2)]· 1.5H2O (2) 

 A methanolic solution of Fe(NO3)3· 9H2O (0.350 gm, 0.866 mmol) was added drop 

wise to a mixture of S-H2Salmet (0.221 gm, 0.867 mmol) and KOH (0.097 gm, 1.75 

mmol) in 25 mL dry methanol. The reaction mixture was stirred for 30 minutes, as a 

result some white suspension of KNO3 was observed. The color of the solution changed 

from brown to violet with characteristic UV-visible peaks at 273 nm, 309 nm and 520 

nm. To this solution N2 gas was passed for about 15 minutes. Catechol (0.095 gm, 0.866 

mmol) was dissolved in dry methanol in another round bottom flask and N2 gas was 

passed to remove dissolved oxygen. Upon the addition of catechol solution to the reaction 

mixture there was no observable change in color of the solution. However on addition of 

KOH (0.098 gm, 1.75 mmol) in methanol under N2 atmosphere to the reaction mixture 

color of the solution changed to blue from the original blue-violet. UV-visible (MeOH): 

280 nm, broad band 372 nm to 580 nm. The reaction mixture was stirred for 30 min. 

under N2 atmosphere. The mixture was filtered off and the filtrate was evaporated to 

dryness. The resulting solid was triturated with acetonitrile, filtered and dried under 

reduced pressure (yield: 0.290 gm, 73 %). The complex was purified from methanol/ 

diethyl ether and dried under reduced pressure. 

 Anal. Calcd. for C18H22NO6.5SKFe: C, 44.72; H, 4.58; N, 2.89. Found: C, 44.59; 

H, 4.69; N, 3.12. IR (KBr cm−1) í(COO)assym, 1633, 1593 í(COO)sym 1381.UV-visible in 

MeOH (λmax /nm (ε /dm3 mol−1 cm−1): 280(5600), 313(sh), 372-579(1150) (broad band). 
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ËM (MeOH): 45 S cm2 mol−1.  ìeff(solid, 298 K); 5.24 B.M/Fe. EPR (77 K): power, 8.80, 

4.28 broad; MeOH: 8.80, 4.28. 

7.3 Results and Discussion 

7.3.1 Syntheses and Selected Properties 

 By mixing FeIII(NO3)3· 9H2O, S-H2Salhis for complex 1, S-H2Salmet for 2 and  

KOH in MeOH at 1:1:2, the solution turned blue-purple in both the cases. On addition of 

deprotonated catechol solution the color turned into blue-violet. Addition of diethyl ether 

into the methanolic solution of complexes 1 and 2 gives dark blue powder with ~60-65 % 

yield.  Comparing the IR spectra of 1 and 2 with that of deprotonated ligand and the 

Fe(III) complexes characterized in the previous chapter, the two peaks at 1623, 1595 and 

one peak at 1381 cm−1 for 1, similarly, two peaks at 1633, 1593 and one peak at 1381 

cm−1 for 2  were identified as asymmetric and symmetric carboxylate stretches originated 

from the ligand respectively. Both the complexes also show broad stretches at 3401 cm−1 

and two broad stretches at 3192, 3111 cm−1 due to OH (water or H-bonded OH) stretch 

and N-H stretches (from ligand) respectively. Further both the complexes show the 

appearance of a band at 1250 cm−1, likely to be the metal-catecholate C-O stretching. [172]  

The IR spectra do not show any characteristic stretching for NO3
−. The elemental analysis 

support the formulation of the complexes as K[Fe(S-Salhis)(C6H4O2)]· 3H2O and K[Fe(S-

Salmet) (C6H4O2)]· 1.5H2O  for 1 and 2 respectively Table 7.B.  

 

Table7.B Microanalytical Dataa of Iron (III) Complexs 

Complex Empirical formula % C % H % N 

1 C19H23N3O8KFe 44.02 (44.19) 4.29 (4.49) 8.04 (8.14) 

2 C18H22NO6.5SKFe 44.59 (44.72) 4.69 (4.58) 3.12 (2.89) 
a Value in parentheses are calculated ones 

 

 The thermogravimetric analysis (TGA) between 35- 125º C shows weight loss of 

9.5 % for 1 and 4.8 % for 2 as against the calculated values of 10.5 % (3H2O) and 5.6 % 

(1.5H2O) respectively. Figure 7.1 shows a representative TGA plot. 
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 The room temperature magnetic moment for 1 and 2 were found to be 5.72 and 

5.24 B.M. /per iron respectively and are slightly less than expected for a uncoupled S=5/2 

system but very much higher than low-spin S=1/2 system (expected 5.93 B.M. for S= 5/2 

and 1.73 to 2.5 B.M. for S=1/2 uncoupled system)[78]. The results indicate the possible 

presence of very weak antiferromagnetic coupling between two high-spin Fe(III) centers. 

 The molar conductance of complexes 1 and 2 are 50 and 45 S cm2 mol−1 in 

methanol respectively (expected for 1:1 electrolyte in methanol is in the range of 85-115 

S cm2 mol−1). Conductance of the complex is lower than 1:1 electrolyte in methanol but 

very much higher that the non-electrolytes.[77] 

  

7.3.2 Temperature dependent magnetic measurements 

 Magnetic susceptibility for complexes 1 and 2 were measured in the range of 81-

300 K to determine the magnetic coupling constant J.  Plots of χM and µeff versus T are 

shown in Figure 7.2 and Figure 7.3, values are substantiated in Table 7.C. The 

experimental µeff value at room temperature are 5.72 and 5.24 B.M. respectively, below 

the spin-only value (5.93 B.M.) expected for an uncoupled Fe(III) high spin unit. Upon 

cooling, the magnetic moment declines gradually. These features, together with the 

temperature dependence behavior of χM are characteristic of an antiferromagnetic 

interaction between the two Fe(III) ions.  

 For diiron(III) complexes (S1 = S2 = 5/2), the theoretical expression of the 

magnetic susceptibility based on � = -2J�1�2  is 

 
 

Figure 7.1 TGA and DTA plot of complex 1 
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Where, NA: Avogadro constant; µ: Bohr magneton; g: spectroscopic splitting factor; k : 

Boltzmann constant; ρ: paramagnetic fraction per monomer; Nα: temperature independent 

paramagnetism per monomer. An isotropic g value of 2.00 was assumed. The simulation 

of experimental data for 1 was found to be J = −4.8 cm−1, Nα = 4.116 × 10−4 cm3 mol−1, ρ 

= 9.77 × 10−2 and for 2, J = −9.0 cm−1, Nα = 3.64 × 10−4 cm3 mol−1, ρ = −1.64 × 10−2. The 

low J values, suggested a very weak antiferromagnetic exchange between the two 

iron(III) centers also observed for other catecholate complexes as mentioned in Table 

7.D. As the present ligands have shown the capability of forming extended H-bonded 

network, the small exchange constant might be due to weak interaction between the 

monomeric units but unlikely to be from a bridged dinuclear Fe(III) complex. This 

substantiates the monomeric nature of 1 and 2. 

 

Table 7.C Variable Temperature Magnetic Susceptibility data for complexes 1 and 2 

Temperature 

(K) 

Complex 1 χΜ× 10−2 

cm3 mol−1 

µeff (BM) Complex 2 χΜ× 10−2 

cm3 mol−1 

µeff (BM) 

300 2.735 5.73 2.285 5.24 

280 2.851 5.65 2.328 5.11 

260 3.027 5.61 2.448 5.05 

240 3.213 5.55 2.582 4.98 

220 3.557 5.59 2.775 4.94 

200 3.741 5.47 2.958 4.86 

180 4.026 5.38 3.255 4.84 

160 4.479 5.35 3.402 4.67 

140 5.022 5.30 3.713 4.56 

120 5.238 5.01 3.944 4.35 

100 5.811 4.82 4.111 4.05 

81 6.594 4.62 4.247 3.72 
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Figure 7.2 χM and µeff versus Temperature of complex 1 

 
 

 
 

Figure 7.3 χM and µeff versus Temperature of complex 2 
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Table 7.D Magnetic Susceptibility Data 

Complexes µeff / Fe T, K J, cm−1 Ref. 

1 5.72 300 −4.8 This work 

2 5.24 300 −9.0 This work 

Fe(salen)catH 5.51±0.03 293 −5.1±0.1 173 

Fe(salen)(Oph-2-Br) 5.52±0.03 298 −4.1±0.1 173 

 

7.3.3 Electron Paramagnetic Resonance (EPR) 

 At 77 K both 1 and 2 showed strong EPR signal at g ~ 4.3 in powder as well as in 

methanolic solution. The data is consistent with high-spin Fe(III) (S = 5/2) nature of the 

complexes. The signal at g = 4.3, due to rhombic high spin Fe(III), is usually strong and 

occurrence of it seldom associated with Fe(III) impurity in protein or metal complexes. 

However, g = 4.3 signal in pure metal complex with substituted catecholate is also known  

 

and was observed for [Fe(NTB)DBC]+ (Table 7.E). Both 1 and 2 also show minor peaks 

in solution, EPR spectra with E/D calculated as 0.07 and 0.17 respectively.[174,175] The 

EPR spectra values of the complexes along with few other previously structurally 

characterized complexes with catecholate are shown in Table 7.E. Representative spectra 

are shown in Figure 7.4. Incidentally, the protein protocatechuate 3, 4 dioxygenase shows 

EPR signal at 9.70 (weak) and 4.29 (strong). 

 

 

 

 
 

Figure 7.4 EPR spectrum of 2 [in MeOH, at 77 K (left) power at 77 K (right)] 
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Table 7.E EPR data of some [Fe(L)cat] complexes 

Complex Observed EPR g values Ref. 

1 EPR powder, (298K) 4.21 (77 K): 4.27; 

MeOH, (77K) 4.30 (strong), 7.56, 5.40 

(weak) 

This work 

2 Powder, 8.80, 4.28 broad; MeOH: 4.28, 8.80, 

2.40 (weak) 

This work 

[Fe(NTB)DBC]+ DMF/DMSO/Toluene (7K) 9.6, 4.3 (major)  

8.5, 5.5 (minor) 

174 

[Fe(NTA)cat]2− 8.9, 5.0, 3.6, 3.3 174 

[Fe(BPG)DBC] 9.4, 5.1, 3.8, 3.5 174 

[Fe(PDA)DBC]− 9.4, 5.1, 3.8, 3.5 174 

[Fe(HDA)DBC]2− 8.5, 5.3, 3.2, 2.8 174 

 NTA = N,N-bis(carboxymethyl)glycine; PDA = N-(2-pyridylmethyl)-N-(carboxymethyl)glycine;     

BPG = N,N-bis(2-pyridylmethyl)glycine; TPA = Tris(2-pyridylmethyl)amine. 

 

7.3.4 UV-visible Spectrum 

 In visible region both the complexes show broad overlapping band between 400− 

800 nm (Figure 7.5). The data are given in Table 7.F. The molar extinction coefficient > 

1500 M−1 cm−1 at 463nm for 1 indicates the origin of transitions as LMCT. The presence 

 
Figure 7.5 UV-visible of complexes 1 and 2 in MeOH 
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of Fe3+, phenolate and catecholate warrants occurrence of LMCT bands as seen in other 

catecholate, phenolate containing Fe3+ complexes (Table 7.F). In the reported Fe3+ 

complexes with catecholate as one ligand, usually two LMCT transitions were observed 

in the similar range to the overlapping transitions present in 1 and 2 (Table 7.F). The 

difference in the present case is due to the overlapping nature and relative blue shift of the 

higher wavelength transition possibly due to the difference in the donor groups such as 

imidazole instead of pyridine etc.  The decrease in intensity and the change in nature of 

the absorbance ~ 463nm in 2 compared to 1 might be due to the absence of the 

histidineàFe(III) charge transfer contribution. Incidentally, protocatechuate 3, 4-

dioxygenase showed a red color with a broad absorption near 450 nm, but when the 

substrate (protocatechuic acid) was added, the visible spectrum showed an increase in 

intensity at ~ 480 nm.[176]  

 

Table 7.F Absorption maxima of LMCT bands of Iron-Catecholate complexs a 

Ligands λmax /nm (ε /dm3 mol−1 cm−1) Ref. 
S-Salhis 282, 328(sh), 463 (1700), 620sh  This work 
S-Salmet 280, 313(sh), 413sh, 518sh  This work 

Salen 339, 388, 628 173 
NTA 410, 618 174 

Bu2HDA 388, 550 174 
PDA 426, 656 174 
BPG 460, 716 174 
NTB 490, 766 174 
TPA 495, 800 174 

a(Data reported in nm obtained in methanol) 

NTA = N,N-bis(carboxymethyl)glycine; PDA = N-(2-pyridylmethyl)-N-(carboxymethyl)glycine; BPG = 

N,N-bis(2-pyridylmethyl)glycine; TPA = Tris(2-pyridylmethyl)amine.  

 

Conclusions  

 In this chapter we have discussed about the preparation of two mixed ligand 

Fe(III) complexes of the general formula K[FeIII(L)(catecholate)] where L is a 

tetradentate ligand derived from either L-histidine or L-methionine. The low magnetic 

coupling constants from temperature dependent magnetic susceptibility measurements 

support the mononuclear formulation of the complexes. Comparison of UV-visible 

spectra with other mononuclear Fe(III) octahedral catecholate complexes also support the 

structural similarity. The slight dissimilarity between visible spectra of 1 and 2 also points  
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the involvement of histidine imidazole in the coordination, thus confirming the six 

coordination of the Fe(III) in 1. Taking this into consideration and the fact that 

catecholate can only be coordinated as cis bidentate ligand, confirms that S-H2Salhis can 

work as tetradentate ligand in a mononuclear complex, which leaves cis site vacant for 

other coordination. A possible representative structure of the complexes 1 and 2 are given 

in Figure 7.6. 

 Donor atoms and spectroscopic properties of the complexes have similarity with 

that of some oxygenase enzyme active sites. Specially with easy manipulation of one 

amino acid donor (histidine vs methionine) possible with this set of ligands, there is a vast 

scope of studies in elucidating the oxygenase mechanism using these ligands for the 

synthesis of model systems. Unfortunately the absence of suitable crystals to confirm the 

methionine coordination (or non coordination) and the exact nature of weak magnetic 

interaction observed have inhibited fare comparison between the two complexes and with 

protein. Que and coworkers also showed in the past that less charge on the tetradentate 

ligand helps to activate the complex towards O2, a necessity to have reactivity similarity 

with oxygenase proteins. At present both the complexes can be synthesized and stored 

indefinitely under aerobic condition suggesting that the complexes are too stable to be 

reactive. Efforts in the group are on to characterize thoroughly the complexes and 

modifying the ligand with less negative charge on it. 

 

 

 

 
 

Figure7.6 Possible representative structure of the complexes 1 (a) and 2 (b) 
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Conclusions 
 

 In this thesis work we set our goals, as outlined in the chapter I, to synthesize 

enantiopure metal complexes or their assemblies with cavity of varying size and shapes. 

As the resulting enantiopure complexes may find use in material science, enantiomer 

separation, chiral sensor or drug delivery, the synthetic procedure needed to be simple 

and efficient. In order to synthesize cavity for a particular purpose in future we needed to 

understand the coordination chemistry of the complexes and the structural factors leading 

to the formation of the cavity.  

Utilizing an easy to synthesize enantiopure ligand we have synthesized and 

thoroughly characterized enantiopure binuclear and multinuclear metal complexes. While 

Cu(II) formed a tetranuclear large cup shaped cavity ( ~1nm width)  in solution, Fe(III) 

and Ni(II) formed bridged binuclear complexes with a smaller hydrophilic pocket. The 

chiral environment around the hydrophilic pocket could be engineered from an open 

cavity in Fe(III) complex to a sterically crowded one in Ni(II) complex, albeit 

serendipitously.   

Our choice of the amino acid as the source of chirality in the ligand was driven by 

the fact that natural amino acids are one of the cheaper sources of enantiomerically pure 

organic compound. We did expect to see H-bonding playing an important role in the 

solid, as outlined in the beginning of Chapter II, but the trapping of pyridine through H-

bond and metal coordination (Chapter III), sealing of two cups into a capsular cavity 

(Chapter III), helical channel formation in Fe(III) complex (Chapter IV) and the helical 

water chain (Chapter III) were remarkable. 

As materials, the crystals of the Fe(III) complex (Chapter IV) with helical 

channels  have future potential due to its thermal stability and accessibility of the 

channels to external reagents. The binding and chiral recognition capability of the cavities 

of the tetranuclear Cu(II) complex and Ni(II) complexes will be explored in future. 

Although the Fe(III) complexes in chapter VI showed amine detectability but lack of 

structural information severely hampered our effort to use it effectively.  

Additionally, as the donor groups in the ligands used also represents amino acid 

residues in metalloproteins closely, some of the complexes might be used as active site 

structural model complex in future. 
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Appendix                                                   Chapter II (Ligand Synthesis) 
 

A1 

 

 
 
 
 

 
 

Figure A.1 1H NMR of  ligand Li2 (R) Salhis in CD3OH 
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 Chapter II (Ligand Synthesis) Appendix 
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Figure A.2 1H NMR of ligand Li2 (S) o-Me-Salmet in CD3OD 
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Appendix                            Chapter III (Bond Distances and Bond Angles) 
                                                                                    

3A

 
Table I: Selected bond Distances (Å) of complex [Cu8(S-
SalHis)8(Py)10]·Py·3MeOH·(C2H5)2O] (1) 
 
       Atoms                     Distances                       Atoms                         Distances 
 
Cu(1)-O(3A)                   1.926(7) 
Cu(1)-N(3A)                   2.000(8) 
Cu(1)-N(1D)                   2.009(8) 
Cu(1)-O(1A)                   2.029(7) 
Cu(1)-N(4A)                   2.430(9) 
Cu(2)-O(3B)                   1.910(7) 
Cu(2)-N(1A)                   1.967(7) 
Cu(2)-O(1B)                   1.985(6) 
Cu(2)-N(3B)                   2.030(7) 
Cu(2)-N(4B)                   2.425(11) 
Cu(3)-O(3C)                   1.865(7) 
Cu(3)-N(3C)                   1.980(8) 
Cu(3)-O(1C)                   1.989(6) 
Cu(3)-N(1B)                   2.005(8) 
Cu(4)-O(3D)                   1.941(7) 
Cu(4)-O(1D)                   1.946(6) 
Cu(4)-N(1C)                   1.993(7) 
Cu(4)-N(3D)                   1.999(7) 
Cu(4)-N(4D)                   2.407(10) 
O(1A)-C(1A)                   1.287(10) 
O(1B)-C(1B)                   1.306(9) 
O(1C)-C(1C)                   1.275(9) 
O(1D)-C(1D)                   1.264(8) 
O(2A)-C(1A)                   1.224(12) 
O(2B)-C(1B)                   1.286(10) 
O(2C)-C(1C)                   1.192(9) 
O(2D)-C(1D)                   1.301(10) 
O(3A)-C(9A)                   1.258(13) 
O(3B)-C(9B)                   1.375(12) 
O(3C)-C(9C)                   1.296(12) 
O(3D)-C(9D)                   1.345(11) 
N(1A)-C(6A)                   1.310(11) 
N(1A)-C(5A)                   1.420(9) 
N(1B)-C(6B)                   1.353(9) 
N(1B)-C(5B)                   1.356(9) 
N(1C)-C(6C)                   1.291(9) 
N(1C)-C(5C)                   1.357(9) 
N(1D)-C(6D)                   1.281(9) 
N(1D)-C(5D)                   1.393(11) 
N(2A)-C(6A)                   1.348(9) 

            
N(2A)-C(4A)                  1.371(10) 
N(2B)-C(6B)                   1.309(10) 
N(2B)-C(4B)                   1.365(10) 
N(2C)-C(6C)                   1.318(8) 
N(2C)-C(4C)                   1.352(10) 
N(2D)-C(6D)                   1.286(10) 
N(2D)-C(4D)                   1.324(10) 
N(3A)-C(7A)                   1.439(10) 
N(3A)-C(2A)                   1.517(11) 
N(3B)-C(7B)                    1.464(11) 
N(3B)-C(2B)                    1.505(9) 
N(3C)-C(7C)                    1.436(10) 
N(3C)-C(2C)                    1.525(10) 
N(3D)-C(2D)                    1.512(9) 
N(3D)-C(7D)                    1.515(9) 
C(1A)-C(2A)                    1.524(14) 
C(2A)-C(3A)                    1.539(13) 
C(3A)-C(4A)                    1.495(11) 
C(4A)-C(5A)                    1.384(13) 
C(7A)-C(8A)                    1.454(15) 
C(8A)-C(9A)                    1.408(17) 
C(8A)-C(13A)                  1.417(16) 
C(9A)-C(10A)                  1.377(18) 
C(10A)-C(11A)                1.54(2) 
C(11A)-C(12A)                1.33(2) 
C(12A)-C(13A)                1.40(2) 
C(1B)-C(2B)                     1.477(13) 
C(2B)-C(3B)                     1.503(12) 
C(3B)-C(4B)                     1.502(13) 
C(4B)-C(5B)                     1.305(13) 
C(7B)-C(8B)                     1.438(15) 
C(8B)-C(13B)                   1.367(17) 
C(8B)-C(9B)                     1.451(14) 
C(9B)-C(10B)                   1.374(15) 
C(10B)-C(11B)                 1.361(17) 
C(11B)-C(12B)                 1.400(18) 
C(12B)-C(13B)                 1.336(19) 
C(1C)-C(2C)                     1.549(12) 
C(2C)-C(3C)                     1.510(13) 
C(3C)-C(4C)                     1.517(11) 
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     Atoms                         Distances                       Atoms                    Distances 
             
C(4C)-C(5C)                     1.422(12) 
C(7C)-C(8C)                     1.506(14) 
C(8C)-C(13C)                   1.414(16) 
C(8C)-C(9C)                     1.427(15) 
C(9C)-C(10C)                   1.413(15) 
C(10C)-C(11C)                 1.439(17) 
C(11C)-C(12C)                 1.28(2) 
C(12C)-C(13C)                 1.354(18) 
C(1D)-C(2D)                    1.486(13) 
C(2D)-C(3D)                    1.594(13) 
C(3D)-C(4D)                    1.441(14) 
C(4D)-C(5D)                    1.348(13) 
C(7D)-C(8D)                    1.430(13) 
C(8D)-C(9D)                    1.345(13) 
C(8D)-C(13D)                  1.462(15) 
C(9D)-C(10D)                  1.459(16) 
C(10D)-C(11D)                1.343(16) 
C(11D)-C(12D)                1.287(17) 
C(12D)-C(13D)                1.343(17) 
N(4A)-C(14A)                  1.263(16) 
N(4A)-C(18A)                  1.375(16) 
C(18A)-C(17A)                 1.55(2) 
C(17A)-C(16A)                 1.30(3) 
C(17A)-C(15A)                 1.90(3) 
C(16A)-C(15A)                 1.06(3) 
C(15A)-C(14A)                 1.45(2) 
N(4D)-C(18D)                   1.288(13) 
N(4D)-C(14D)                   1.295(14) 
C(18D)-C(17D)                 1.35(2) 
C(17D)-C(16D)                 1.44(3) 
C(16D)-C(15D)                 1.365(19) 
C(15D)-C(14D)                 1.366(17) 
N(4B)-C(18B)                   1.346(15) 
N(4B)-C(14B)                   1.38(2) 
C(18B)-C(17B)                 1.27(2) 
C(18B)-C(16B)                 2.04(4) 
C(17B)-C(16B)                  1.12(4) 
C(16B)-C(15B)                  1.48(4) 
C(15B)-C(14B)                  1.38(2) 
N(4C)-C(18C)                    1.280(17) 

            
N(4C)-C(14C)               1.304(19) 
C(14C)-C(15C)             1.38(3) 
C(15C)-C(16C)             1.46(3) 
C(16C)-C(17C)             1.22(2) 
C(17C)-C(18C)             1.309(19) 
N(5)-C(23)                    1.283(16) 
N(5)-C(19)                    1.298(15) 
C(19)-C(20)                   1.215(15) 
C(20)-C(21)                   1.28(2) 
C(21)-C(22)                   1.39(2) 
C(22)-C(23)                   1.376(17) 
N(6)-C(28)                     1.301(15) 
N(6)-C(24)                     1.395(16) 
C(24)-C(25)                   1.321(14) 
C(25)-C(26)                    1.374(18) 
C(26)-C(27)                    1.437(19) 
C(27)-C(28)                    1.375(16) 
C(14H)-C(15H)              1.07(3) 
C(14H)-N(4H)                1.27(3) 
C(14H)-C(16H)               2.00(3) 
C(15H)-C(16H)              1.09(3) 
C(15H)-C(17H)              1.99(4) 
C(16H)-C(17H)              1.13(6) 
C(17H)-C(18H)              1.45(5) 
C(18H)-N(4H)               1.59(3) 
Cu(5)-O(3E)                   1.897(8) 
Cu(5)-N(1F)                   1.928(9) 
Cu(5)-O(1E)                   2.007(7) 
Cu(5)-N(3E)                   2.034(8) 
Cu(5)-N(4E)                   2.384(9) 
Cu(6)-O(3F)                   1.867(8) 
Cu(6)-O(1F)                   1.989(7) 
Cu(6)-N(1G)                   2.015(7) 
Cu(6)-N(3F)                   2.018(7) 
Cu(6)-N(7)                     2.409(11) 
Cu(7)-O(3G)                   1.923(6) 
Cu(7)-N(1H)                   1.966(8) 
Cu(7)-O(1G)                   1.987(6) 
Cu(7)-N(3G)                   2.034(7) 
Cu(7)-N(4G)                   2.328(9) 
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      Atoms                        Distances                      Atoms                        Distances 
              
Cu(8)-O(3H)                    1.918(8) 
Cu(8)-O(1H)                    1.958(7) 
Cu(8)-N(1E)                    1.976(7) 
Cu(8)-N(3H)                    2.017(7) 
Cu(8)-N(8)                       2.393(9) 
O(1E)-C(1E)                     1.269(10) 
O(1F)-C(1F)                     1.250(10) 
O(2G)-C(1G)                    1.231(9) 
O(1H)-C(1H)                    1.296(9) 
O(2E)-C(1E)                     1.235(11) 
O(2F)-C(1F)                     1.233(11) 
O(1G)-C(1G)                   1.268(10) 
O(2H)-C(1H)                   1.228(11) 
O(3E)-C(13E)                  1.310(12) 
O(3F)-C(9F)                     1.336(13) 
O(3G)-C(9G)                   1.367(11) 
O(3H)-C(9H)                   1.265(10) 
N(1E)-C(5E)                    1.348(10) 
N(1E)-C(6E)                    1.360(11) 
N(1F)-C(6F)                    1.287(11) 
N(1F)-C(5F)                    1.395(12) 
N(1G)-C(6G)                   1.312(9) 
N(1G)-C(5G)                   1.322(9) 
N(1H)-C(5H)                   1.351(9) 
N(1H)-C(6H)                   1.377(10) 
N(2E)-C(6E)                    1.309(9) 
N(2E)-C(4E)                    1.365(10) 
N(2F)-C(6F)                    1.414(10) 
N(2F)-C(4F)                    1.417(11) 
N(2G)-C(6G)                   1.292(9) 
N(2G)-C(4G)                   1.334(9) 
N(2H)-C(6H)                   1.342(10) 
N(2H)-C(4H)                   1.395(11) 
N(3E)-C(7E)                    1.456(10) 
N(3E)-C(2E)                    1.469(9) 
N(3F)-C(2F)                    1.464(10) 
N(3F)-C(7F)                     1.487(12) 
N(3G)-C(7G)                   1.452(9) 
N(3G)-C(2G)                   1.470(9) 
N(3H)-C(2H)                   1.466(11) 
N(3H)-C(7H)                   1.523(10) 

            
C(1E)-C(2E)                   1.539(13) 
C(2E)-C(3E)                   1.523(13) 
C(3E)-C(4E)                   1.498(12) 
C(4E)-C(5E)                   1.287(12) 
C(7E)-C(8E)                   1.479(15) 
C(8E)-C(9E)                   1.334(15) 
C(8E)-C(13E)                 1.405(16) 
C(9E)-C(10E)                 1.461(19) 
C(10E)-C(11E)               1.40(2) 
C(11E)-C(12E)               1.319(18) 
C(12E)-C(13E)               1.435(17) 
C(1F)-C(2F)                   1.586(14) 
C(2F)-C(3F)                   1.503(13) 
C(3F)-C(4F)                   1.561(15) 
C(4F)-C(5F)                   1.365(15) 
C(7F)-C(8F)                   1.563(16) 
C(8F)-C(13F)                 1.475(16) 
C(8F)-C(9F)                   1.515(16) 
C(9F)-C(10F)                 1.541(19) 
C(10F)-C(11F)                1.246(16) 
C(11F)-C(12F)                1.268(17) 
C(12F)-C(13F)                1.341(18) 
C(1G)-C(2G)                   1.542(13) 
C(2G)-C(3G)                   1.592(13) 
C(3G)-C(4G)                   1.499(12) 
C(4G)-C(5G)                   1.326(12) 
C(7G)-C(8G)                   1.462(13) 
C(8G)-C(13G)                  1.315(14) 
C(8G)-C(9G)                    1.393(15) 
C(9G)-C(10G)                  1.378(15) 
C(10G)-C(11G)                 1.264(16) 
C(11G)-C(12G)                 1.43(2) 
C(12G)-C(13G)                 1.413(19) 
C(1H)-C(2H)                    1.571(13) 
C(2H)-C(3H)                    1.557(12) 
C(3H)-C(4H)                    1.550(14) 
C(4H)-C(5H)                    1.395(14) 
C(7H)-C(8H)                    1.540(15) 
C(8H)-C(9H)                    1.291(13) 
C(8H)-C(13H)                   1.318(14) 
C(9H)-C(10H)                   1.386(16) 
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      Atoms                         Distances                     Atoms                      Distances 
            
C(10H)-C(11H)                 1.350(17) 
C(11H)-C(12H)                1.266(16) 
C(12H)-C(13H)                1.415(16) 
N(4E)-C(14E)                   1.202(18) 
N(4E)-C(18E)                   1.259(17) 
C(18E)-C(17E)                 1.23(2) 
C(17E)-C(16E)                 1.24(3) 
C(16E)-C(15E)                 1.28(2) 
C(15E)-C(14E)                 1.65(2) 
N(8)-C(38)                        1.356(14) 
N(8)-C(34)                        1.414(16) 
C(34)-C(35)                      1.540(19) 
C(35)-C(36)                      1.42(2) 
C(36)-C(37)                      1.29(3) 
C(37)-C(38)                      1.345(18) 
N(4G)-C(14G)                  1.232(14) 
N(4G)-C(18G)                  1.328(15) 
C(18G)-C(17G)                1.317(16) 
C(17G)-C(16G)                 1.24(2) 
C(16G)-C(15G)                 1.47(2) 

            
C(15G)-C(14G)             1.295(18) 
N(7)-C(33)                    1.287(11) 
N(7)-C(29)                    1.367(16) 
C(29)-C(30)                   1.43(2) 
C(30)-C(31)                   1.26(2) 
C(30)-C(32)                   2.04(2) 
C(31)-C(32)                   1.23(2) 
C(32)-C(33)                   1.582(17) 
O(200)-C(40)                  1.2765 
O(300)-C(41)                  1.2719 
O(400)-C(39)                  1.2461 
C(40)-C(39)#1                 1.9064 
C(39)-C(40)#2                 1.9064 
C(3)-C(1)                         1.2570 
C(3)-O(100)                     1.2903 
C(3)-C(2)                         1.9284 
C(3)-C(5)                         2.0076 
C(5)-C(2)                         1.6465 
C(5)-C(1)                         1.9874 
C(2)-O(100)                     1.4262 
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Table II:  Selected bond Angles (º) of the complex [Cu8(S-
SalHis)8(Py)10]·Py·3MeOH·(C2H5)2O] (1) 
 
 
           Atoms                             Angles                     Atoms                               Angles 
 
O(3A)-Cu(1)-N(3A)                  94.2(3) 
O(3A)-Cu(1)-N(1D)                  90.2(3) 
N(3A)-Cu(1)-N(1D)                 165.5(3) 
O(3A)-Cu(1)-O(1A)                 175.0(3) 
N(3A)-Cu(1)-O(1A)                 82.2(3) 
N(1D)-Cu(1)-O(1A)                 92.5(3) 
O(3A)-Cu(1)-N(4A)                 95.3(3) 
N(3A)-Cu(1)-N(4A)                 100.5(3) 
N(1D)-Cu(1)-N(4A)                 92.9(3) 
O(1A)-Cu(1)-N(4A)                 88.8(3) 
O(3B)-Cu(2)-N(1A)                 92.9(3) 
O(3B)-Cu(2)-O(1B)                 175.9(3) 
N(1A)-Cu(2)-O(1B)                 89.7(3) 
O(3B)-Cu(2)-N(3B)                 93.5(3) 
N(1A)-Cu(2)-N(3B)                161.4(3) 
O(1B)-Cu(2)-N(3B)                83.1(3) 
O(3B)-Cu(2)-N(4B)                90.6(3) 
N(1A)-Cu(2)-N(4B)                100.3(2) 
O(1B)-Cu(2)-N(4B)                92.0(3) 
N(3B)-Cu(2)-N(4B)                97.1(2) 
O(3C)-Cu(3)-N(3C)                93.4(3) 
O(3C)-Cu(3)-O(1C)                175.5(3) 
N(3C)-Cu(3)-O(1C)                83.7(3) 
O(3C)-Cu(3)-N(1B)                89.6(3) 
N(3C)-Cu(3)-N(1B)                172.8(3) 
O(1C)-Cu(3)-N(1B)                 92.8(3) 
O(3D)-Cu(4)-O(1D)               172.1(3) 
O(3D)-Cu(4)-N(1C)                90.9(3) 
O(1D)-Cu(4)-N(1C)                91.2(3) 
O(3D)-Cu(4)-N(3D)                92.9(3) 
O(1D)-Cu(4)-N(3D)                83.3(3) 
N(1C)-Cu(4)-N(3D)                165.7(3) 
O(3D)-Cu(4)-N(4D)                92.5(2) 
O(1D)-Cu(4)-N(4D)                94.9(2) 
N(1C)-Cu(4)-N(4D)                94.3(2) 
N(3D)-Cu(4)-N(4D)               99.3(2) 
C(1A)-O(1A)-Cu(1)               113.0(6) 
C(1B)-O(1B)-Cu(2)                110.1(5) 
C(1C)-O(1C)-Cu(3)                114.8(4) 
C(1D)-O(1D)-Cu(4)               112.6(5) 
C(9A)-O(3A)-Cu(1)               115.0(6) 
 

 
O(3A)-Cu(1)-N(3A)                   94.2(3) 
O(3A)-Cu(1)-N(1D)                   90.2(3) 
N(3A)-Cu(1)-N(1D)                   165.5(3) 
O(3A)-Cu(1)-O(1A)                   175.0(3) 
N(3A)-Cu(1)-O(1A)                   82.2(3) 
N(1D)-Cu(1)-O(1A)                    92.5(3) 
O(3A)-Cu(1)-N(4A)                    95.3(3) 
N(3A)-Cu(1)-N(4A)                    100.5(3) 
N(1D)-Cu(1)-N(4A)                    92.9(3) 
O(1A)-Cu(1)-N(4A)                    88.8(3) 
O(3B)-Cu(2)-N(1A)                     92.9(3) 
O(3B)-Cu(2)-O(1B)                     175.9(3) 
N(1A)-Cu(2)-O(1B)                     89.7(3) 
O(3B)-Cu(2)-N(3B)                     93.5(3) 
N(1A)-Cu(2)-N(3B)                     161.4(3) 
O(1B)-Cu(2)-N(3B)                     83.1(3) 
O(3B)-Cu(2)-N(4B)                      90.6(3) 
N(1A)-Cu(2)-N(4B)                     100.3(2) 
O(1B)-Cu(2)-N(4B)                     92.0(3) 
N(3B)-Cu(2)-N(4B)                     97.1(2) 
O(3C)-Cu(3)-N(3C)                     93.4(3) 
O(3C)-Cu(3)-O(1C)                     175.5(3) 
N(3C)-Cu(3)-O(1C)                      83.7(3) 
O(3C)-Cu(3)-N(1B)                      89.6(3) 
N(3C)-Cu(3)-N(1B)                      172.8(3) 
O(1C)-Cu(3)-N(1B)                      92.8(3) 
O(3D)-Cu(4)-O(1D)                     172.1(3) 
O(3D)-Cu(4)-N(1C)                      90.9(3) 
O(1D)-Cu(4)-N(1C)                      91.2(3) 
O(3D)-Cu(4)-N(3D)                      92.9(3) 
O(1D)-Cu(4)-N(3D)                      83.3(3) 
N(1C)-Cu(4)-N(3D)                      165.7(3) 
O(3D)-Cu(4)-N(4D)                      92.5(2) 
O(1D)-Cu(4)-N(4D)                      94.9(2) 
N(1C)-Cu(4)-N(4D)                      94.3(2) 
N(3D)-Cu(4)-N(4D)                      99.3(2) 
C(1A)-O(1A)-Cu(1)                      113.0(6) 
C(1B)-O(1B)-Cu(2)                      110.1(5) 
C(1C)-O(1C)-Cu(3)                      114.8(4) 
C(1D)-O(1D)-Cu(4)                     112.6(5) 
C(9A)-O(3A)-Cu(1)                     115.0(6) 
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 Atoms                               Angles                 Atoms                                  Angles 
 
C(16A)-C(15A)-C(14A)              138(3) 
C(14A)-C(15A)-C(17A)              96.7(13) 
N(4A)-C(14A)-C(15A)                118.2(17) 
C(18D)-N(4D)-C(14D)                115.9(12) 
C(18D)-N(4D)-Cu(4)                   114.8(9) 
C(14D)-N(4D)-Cu(4)                   129.2(9) 
N(4D)-C(18D)-C(17D)                123.5(16) 
C(18D)-C(17D)-C(16D)              118.4(16) 
C(15D)-C(16D)-C(17D)              117.8(16) 
C(16D)-C(15D)-C(14D)              114.1(14) 
N(4D)-C(14D)-C(15D)                129.0(12) 
C(18B)-N(4B)-C(14B)                115.3(14) 
C(18B)-N(4B)-Cu(2)                   121.9(11) 
C(14B)-N(4B)-Cu(2)                   122.7(11) 
C(17B)-C(18B)-N(4B)                127.4(19) 
N(4B)-C(18B)-C(16B)                 98.8(13) 
C(16B)-C(17B)-C(18B)               117(3) 
C(17B)-C(16B)-C(15B)               126(3) 
C(15B)-C(16B)-C(18B)               94.7(15) 
C(14B)-C(15B)-C(16B)               112(2) 
N(4B)-C(14B)-C(15B)                 118.2(19) 
C(18C)-N(4C)-C(14C)                 117.5(14) 
N(4C)-C(14C)-C(15C)                 107(2) 
C(14C)-C(15C)-C(16C)               123.9(19) 
C(17C)-C(16C)-C(15C)               113.0(18) 
C(16C)-C(17C)-C(18C)               115(2) 
N(4C)-C(18C)-C(17C)                 133.0(19) 
O(3F)-Cu(6)-N(7)                         102.3(3) 
O(1F)-Cu(6)-N(7)                          88.1(3) 
N(1G)-Cu(6)-N(7)                         99.3(2) 
N(3F)-Cu(6)-N(7)                         92.3(2) 
O(3G)-Cu(7)-N(1H)                      91.0(3) 
O(3G)-Cu(7)-O(1G)                      172.7(3) 
O(3G)-Cu(7)-N(3G)                      92.3(3) 
N(1H)-Cu(7)-N(3G)                      161.4(3) 
O(1G)-Cu(7)-N(3G)                      82.3(3) 
N(1G)-Cu(6)-N(7)                         99.3(2) 
N(1H)-Cu(7)-O(1G)                       92.7(3) 
O(3G)-Cu(7)-N(4G)                       94.2(3) 
N(1H)-Cu(7)-N(4G)                       97.6(3) 
O(1G)-Cu(7)-N(4G)                       91.5(3) 
O(3H)-Cu(8)-N(1E)                       89.1(3) 
O(1H)-Cu(8)-N(1E)                       92.4(3) 
O(1H)-Cu(8)-N(8)                         88.6(3) 
 

C(23)-N(5)-C(19)                        113.1(11) 
C(20)-C(19)-N(5)                        129.3(14) 
C(19)-C(20)-C(21)                       118.3(16) 
C(20)-C(21)-C(22)                       121.9(13) 
C(23)-C(22)-C(21)                       111.4(13) 
N(5)-C(23)-C(22)                         125.8(15) 
C(28)-N(6)-C(24)                         119.9(11) 
C(25)-C(24)-N(6)                         121.8(13) 
C(24)-C(25)-C(26)                       120.6(14) 
C(25)-C(26)-C(27)                       117.2(12) 
C(28)-C(27)-C(26)                       119.4(13) 
N(6)-C(28)-C(27)                         121.0(14) 
C(15H)-C(14H)-N(4H)                 118(2) 
N(4H)-C(14H)-C(16H)                 96.5(16) 
C(14H)-C(15H)-C(16H)                137(4) 
C(14H)-C(15H)-C(17H)                 112(3) 
C(15H)-C(16H)-C(17H)                 128(4) 
C(17H)-C(16H)-C(14H)                 108(3) 
C(16H)-C(17H)-C(18H)                 109(4) 
C(18H)-C(17H)-C(15H)                  86(2) 
C(17H)-C(18H)-N(4H)                   112(2) 
C(14H)-N(4H)-C(18H)                   110(2) 
O(3E)-Cu(5)-N(1F)                         91.1(3) 
O(3E)-Cu(5)-O(1E)                        173.3(3) 
N(1F)-Cu(5)-O(1E)                         93.9(3) 
O(3E)-Cu(5)-N(3E)                         93.3(3) 
N(1F)-Cu(5)-N(3E)                        159.8(3) 
O(1E)-Cu(5)-N(3E)                          80.5(3) 
O(3E)-Cu(5)-N(4E)                          95.4(3) 
N(1F)-Cu(5)-N(4E)                         100.2(3) 
O(1E)-Cu(5)-N(4E)                          88.1(3) 
N(3E)-Cu(5)-N(4E)                          99.0(3) 
O(3F)-Cu(6)-O(1F)                         169.4(4) 
O(3F)-Cu(6)-N(1G)                         89.3(3) 
O(1F)-Cu(6)-N(1G)                         91.4(3) 
O(3F)-Cu(6)-N(3F)                          93.2(3) 
O(1F)-Cu(6)-N(3F)                          83.9(3) 
N(1G)-Cu(6)-N(3F)                        167.4(3) 
N(3G)-Cu(7)-N(4G)                       100.4(3) 
O(3H)-Cu(8)-O(1H)                      168.7(4) 
O(3H)-Cu(8)-N(3H)                        92.8(3) 
O(1H)-Cu(8)-N(3H)                       83.5(3) 
N(1E)-Cu(8)-N(3H)                      168.6(3) 
O(3H)-Cu(8)-N(8)                        102.0(3) 
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           Atoms                        Angles                           Atoms                        Angles 
            
N(1E)-Cu(8)-N(8)                101.6(2) 
N(3H)-Cu(8)-N(8)               89.0(2) 
C(1E)-O(1E)-Cu(5)             113.9(5) 
C(1F)-O(1F)-Cu(6)             114.5(5) 
C(1H)-O(1H)-Cu(8)            118.7(4) 
C(1G)-O(1G)-Cu(7)            114.6(4) 
C(13E)-O(3E)-Cu(5)          121.8(5) 
C(9F)-O(3F)-Cu(6)             128.0(6) 
C(9G)-O(3G)-Cu(7)            123.5(5) 
C(9H)-O(3H)-Cu(8)           124.6(5) 
C(5E)-N(1E)-C(6E)           101.9(6) 
C(5E)-N(1E)-Cu(8)            128.5(5) 
C(6E)-N(1E)-Cu(8)           128.9(5) 
C(6F)-N(1F)-C(5F)           105.6(7) 
C(6F)-N(1F)-Cu(5)           125.9(6) 
C(5F)-N(1F)-Cu(5)           128.5(5) 
C(6G)-N(1G)-C(5G)          104.5(6) 
C(6G)-N(1G)-Cu(6)          127.9(5) 
O(3E)-C(13E)-C(8E)        125.0(10) 
O(3E)-C(13E)-C(12E)      118.3(11) 
C(8E)-C(13E)-C(12E)      116.7(11) 
O(2F)-C(1F)-O(1F)          123.8(10) 
O(2F)-C(1F)-C(2F)           116.6(8) 
O(1F)-C(1F)-C(2F)           119.6(9) 
N(3F)-C(2F)-C(3F)           111.3(8) 
N(3F)-C(2F)-C(1F)           107.7(7) 
C(3F)-C(2F)-C(1F)           109.5(8) 
C(2F)-C(3F)-C(4F)           114.7(7) 
C(9E)-C(8E)-C(13E)        123.8(12) 
C(9E)-C(8E)-C(7E)          120.1(12) 
C(13E)-C(8E)-C(7E)        116.1(10) 
C(8E)-C(9E)-C(10E)        118.5(12) 
C(11E)-C(10E)-C(9E)      116.8(13) 
C(12E)-C(11E)-C(10E)    123.8(15) 
C(11E)-C(12E)-C(13E)    119.9(14) 
C(5F)-C(4F)-N(2F)           106.3(10) 
C(5F)-C(4F)-C(3F)           132.3(10) 
N(2F)-C(4F)-C(3F)           121.3(9) 
C(4F)-C(5F)-N(1F)           110.8(10) 
C(10F)-C(11F)-C(12F)      127.5(16) 
C(11F)-C(12F)-C(13F)      121.5(13) 
C(12F)-C(13F)-C(8F)        123.3(11) 
O(2G)-C(1G)-O(1G)          125.2(8) 
N(3G)-C(2G)-C(1G)          109.7(7) 

 
C(5G)-N(1G)-Cu(6)           126.9(5) 
C(5H)-N(1H)-C(6H)           106.1(6) 
C(5H)-N(1H)-Cu(7)           126.4(5) 
C(6H)-N(1H)-Cu(7)           127.1(5) 
C(6E)-N(2E)-C(4E)           105.7(6) 
C(6F)-N(2F)-C(4F)           103.7(7) 
C(6G)-N(2G)-C(4G)           109.9(6) 
C(6H)-N(2H)-C(4H)           103.1(6) 
C(7E)-N(3E)-C(2E)           115.6(6) 
C(7E)-N(3E)-Cu(5)           112.4(4) 
C(2E)-N(3E)-Cu(5)           106.4(4) 
C(2F)-N(3F)-C(7F)           106.3(6) 
C(2F)-N(3F)-Cu(6)           111.2(4) 
C(7F)-N(3F)-Cu(6)           114.2(4) 
C(7G)-N(3G)-C(2G)           116.0(5) 
C(7G)-N(3G)-Cu(7)           112.8(4) 
C(2G)-N(3G)-Cu(7)           105.0(4) 
C(2H)-N(3H)-C(7H)           113.6(6) 
C(2H)-N(3H)-Cu(8)           109.4(4) 
C(7H)-N(3H)-Cu(8)           111.9(4) 
O(2E)-C(1E)-O(1E)           124.7(9) 
O(2E)-C(1E)-C(2E)           118.5(8) 
O(1E)-C(1E)-C(2E)           116.7(8) 
N(3E)-C(2E)-C(3E)           112.1(7) 
N(3E)-C(2E)-C(1E)           108.1(7) 
C(3E)-C(2E)-C(1E)           107.9(8) 
C(4E)-C(3E)-C(2E)           118.3(8) 
C(5E)-C(4E)-N(2E)           107.3(8) 
C(5E)-C(4E)-C(3E)          134.3(10) 
N(2E)-C(4E)-C(3E)           118.3(8) 
C(4E)-C(5E)-N(1E)           112.8(9) 
N(2E)-C(6E)-N(1E)           112.2(7) 
N(3E)-C(7E)-C(8E)           112.9(8) 
N(1F)-C(6F)-N(2F)           113.4(8) 
N(3F)-C(7F)-C(8F)           109.5(9) 
C(13F)-C(8F)-C(9F)         112.5(12) 
C(13F)-C(8F)-C(7F)         129.1(10) 
C(9F)-C(8F)-C(7F)           118.3(10) 
O(3F)-C(9F)-C(8F)           119.9(12) 
O(3F)-C(9F)-C(10F)         124.6(11) 
C(8F)-C(9F)-C(10F)         115.1(11) 
C(11F)-C(10F)-C(9F)       119.8(13) 
O(2G)-C(1G)-C(2G)          118.8(8) 
O(1G)-C(1G)-C(2G)          115.8(8) 
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              Atoms                        Angles                          Atoms                        Angles 
            
N(3G)-C(2G)-C(3G)              111.1(7) 
C(1G)-C(2G)-C(3G)              111.0(8) 
C(4G)-C(3G)-C(2G)              114.9(7) 
C(5G)-C(4G)-N(2G)             103.4(7) 
C(5G)-C(4G)-C(3G)             132.1(9) 
N(2G)-C(4G)-C(3G)             124.5(8) 
N(1G)-C(5G)-C(4G)             112.1(8) 
N(2G)-C(6G)-N(1G)             110.1(7) 
N(3G)-C(7G)-C(8G)             110.3(7) 
C(13G)-C(8G)-C(9G)           116.4(12) 
C(38)-N(8)-C(34)                 116.9(11) 
C(38)-N(8)-Cu(8)                 119.5(9) 
C(34)-N(8)-Cu(8)                122.8(9) 
N(8)-C(34)-C(35)                115.4(13) 
C(36)-C(35)-C(34)              122.3(16) 
C(37)-C(36)-C(35)              113(2) 
C(36)-C(37)-C(38)              28.7(19) 
C(37)-C(38)-N(8)               123.7(14) 
C(14G)-N(4G)-C(18G)      113.5(11) 
C(14G)-N(4G)-Cu(7)          127.5(9) 
C(18G)-N(4G)-Cu(7)          118.8(8) 
C(17G)-C(18G)-N(4G)       129.4(14) 
C(16G)-C(17G)-C(18G)      113.0(16) 
C(17G)-C(16G)-C(15G)      122.5(15) 
C(14G)-C(15G)-C(16G)      113.4(16) 
N(4G)-C(14G)-C(15G)        127.2(15) 
C(33)-N(7)-C(29)                126.6(12) 
C(33)-N(7)-Cu(6)                114.3(8) 
C(29)-N(7)-Cu(6)                118.6(10) 
N(7)-C(29)-C(30)               109.7(16) 
C(31)-C(30)-C(29)             134.5(18) 
O(100)-C(2)-C(5)               107.8 
C(5)-C(2)-C(3)                    67.8 
C(3)-O(100)-C(2)                90.3 
C(29)-C(30)-C(32)              100.1(12) 
C(32)-C(31)-C(30)              109.7(17) 
C(31)-C(32)-C(33)              128.2(16) 
C(33)-C(32)-C(30)               92.6(8) 
N(7)-C(33)-C(32)                110.9(10) 
O(200)-C(40)-C(39)#1         75.8 
O(400)-C(39)-C(40)#2        101.2 
C(1)-C(3)-O(100)                164.1 
C(1)-C(3)-C(2)                   119.9 
C(1)-C(3)-C(5)                    70.8 

 
C(13G)-C(8G)-C(7G)           121.3(12) 
C(9G)-C(8G)-C(7G)             122.2(9) 
O(3G)-C(9G)-C(10G)           117.7(11) 
O(3G)-C(9G)-C(8G)             119.1(10) 
C(10G)-C(9G)-C(8G)           123.1(10) 
C(11G)-C(10G)-C(9G)         119.9(14) 
C(10G)-C(11G)-C(12G)       120.9(14) 
C(13G)-C(12G)-C(11G)       116.9(14) 
C(8G)-C(13G)-C(12G)         122.2(15) 
O(2H)-C(1H)-O(1H)            132.0(8) 
O(2H)-C(1H)-C(2H)            115.1(7) 
O(1H)-C(1H)-C(2H)            112.9(8) 
N(3H)-C(2H)-C(3H)            110.2(8) 
N(3H)-C(2H)-C(1H)            112.3(7) 
C(3H)-C(2H)-C(1H)            112.5(8) 
C(4H)-C(3H)-C(2H)            112.2(7) 
C(5H)-C(4H)-N(2H)            110.2(8) 
C(5H)-C(4H)-C(3H)            128.5(10) 
N(2H)-C(4H)-C(3H)            121.0(9) 
N(1H)-C(5H)-C(4H)            107.1(8) 
N(2H)-C(6H)-N(1H)            113.5(7) 
N(3H)-C(7H)-C(8H)            110.9(8) 
C(9H)-C(8H)-C(13H)          126.4(12) 
C(9H)-C(8H)-C(7H)            117.4(9) 
C(13H)-C(8H)-C(7H)          115.9(10) 
O(3H)-C(9H)-C(8H)            129.3(11) 
O(3H)-C(9H)-C(10H)          119.6(10) 
C(8H)-C(9H)-C(10H)          111.1(11) 
C(11H)-C(10H)-C(9H)        128.2(13) 
C(12H)-C(11H)-C(10H)      114.7(15) 
C(11H)-C(12H)-C(13H)      122.1(13) 
C(8H)-C(13H)-C(12H)        117.2(11) 
C(14E)-N(4E)-C(18E)         121.0(14) 
C(14E)-N(4E)-Cu(5)           113.8(11) 
C(18E)-N(4E)-Cu(5)           125.2(10) 
C(17E)-C(18E)-N(4E)         123.3(19) 
C(18E)-C(17E)-C(16E)        129(3) 
C(17E)-C(16E)-C(15E)        109(2) 
C(16E)-C(15E)-C(14E)       119.8(16) 
N(4E)-C(14E)-C(15E)        112.1(16) 
C(2)-C(5)-C(1)                     99.3 
C(2)-C(5)-C(3)                     62.8 
C(3)-C(1)-C(5)                     72.5 
O(100)-C(3)-C(5)                95.3 
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Table III: Selected bond Distances (Å) of complex 8[Cu(S-SalHis)(Imodazole)]·15H2O 

(2) 
 
    Atoms                           Distances                    Atoms                               Distances 
 
Cu1 -O3A                         1.930(9) 
Cu1 -N4A                         1.989(13) 
Cu1 -N2A                         2.042(12) 
Cu1 -N3A                         2.051(11) 
Cu1 -O1A                         2.262(13) 
O1A -C1A                        1.250(18) 
O2A -C1A                        1.259(19) 
O3A -C9A                        1.370(17) 
N1A -C6A                        1.327(18) 
N1A -C5A                        1.36(2) 
N2A -C4A                        1.353(18) 
N2A -C6A                        1.357(18) 
N3A -C7A                        1.482(18) 
N3A -C2A                        1.521(19) 
N4A -C16A                      1.287(19) 
N4A -C14A                      1.41(2) 
N5A -C16A                      1.29(2) 
N5A -C15A                      1.32(2) 
C1A -C2A                        1.51(2) 
C2A -C3A                        1.52(2) 
C3A -C4A                        1.51(2) 
C4A -C5A                        1.42(2) 
C7A -C8A                        1.54(2) 
C8A -C13A                      1.34(2) 
C8A -C9A                        1.38(2) 
C9A -C10A                      1.41(2) 
C10A -C11A                    1.34(2) 
C11A -C12A                    1.36(3) 
C12A -C13A                    1.41(3) 
C14A -C15A                    1.38(2) 
Cu2 -N4B                         1.891(13) 
Cu2 -O3B                         1.978(11) 
Cu2 -N2B                         2.008(12) 
Cu2 -N3B                         2.014(11) 
Cu2 -O1B                         2.219(10) 
O1B -C1B                        1.28(2) 
O2B -C1B                        1.30(2) 
O3B -C9B                        1.29(2) 
N1B -C5B                        1.38(2) 
N1B -C6B                        1.400(19) 
N2B -C6B                        1.343(19) 
N2B -C4B                        1.405(17) 

 

 
N4B -C16B                           1.408(18) 
N5B -C15B                           1.30(3) 
N5B -C14B                           1.42(2) 
C1B -C2B                             1.50(3) 
C2B -C3B                             1.54(2) 
C3B -C4B                             1.45(2) 
C4B -C5B                             1.34(2) 
C7B -C8B                             1.49(2) 
C8B -C13B                           1.40(2) 
C8B -C9B                             1.45(2) 
C9B -C10B                           1.45(3) 
C10B -C11B                         1.36(3) 
C11B -C12B                         1.38(3) 
C12B -C13B                         1.31(3) 
C15B -C16B                         1.32(2) 
Cu3 -O3C                              1.936(11) 
Cu3 -N4C                              1.985(14) 
Cu3 -N2C                              1.999(13) 
Cu3 -N3C                              2.049(11) 
Cu3 -O1C                              2.305(12) 
O1C -C1C                             1.283(18) 
O2C -C1C                             1.224(18) 
O3C -C9C                             1.38(2) 
N1C -C6C                             1.314(19) 
N1C -C5C                             1.40(2) 
N2C -C6C                             1.321(19) 
N2C -C4C                             1.45(2) 
N3C -C7C                             1.490(18) 
N3C -C2C                             1.525(19) 
N4C -C14C                           1.21(2) 
N4C -C16C                           1.37(2) 
C15C -C16C                         1.27(3) 
C15C -N5C                           1.39(3) 
C1C -C2C                              1.53(2) 
C2C -C3C                              1.60(2) 
C3C -C4C                              1.44(2) 
C4C -C5C                              1.31(2) 
C7C -C8C                              1.46(2) 
C8C -C9C                              1.36(2) 
C8C -C13C                            1.43(2) 
C9C -C10C                            1.45(2) 
C10C -C11C                          1.35(2) 
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Atoms                                Distances             
 
N2D -C6D                         1.321(18) 
N2D -C4D                         1.404(19) 
N3D -C2D                         1.448(19) 
N3D -C7D                         1.482(19) 
N4D -C14D                       1.314(18) 
N4D -C16D                       1.338(19) 
N5D -C14D                       1.289(18) 
N5D -C15D                       1.339(19) 
O1D -C1D                         1.30(2) 
O2D -C1D                         1.200(19) 
O3D -C9D                         1.32(2) 
C1D -C2D                         1.59(2) 
C2D -C3D                         1.60(2) 
C3D -C4D                         1.52(2) 
C4D -C5D                         1.29(2) 
C7D -C8D                         1.55(3) 
C8D -C9D                         1.36(3) 
C8D -C13D                       1.41(2) 
C9D -C10D                       1.41(2) 
C10D -C11D                     1.35(2) 
C11D -C12D                     1.39(3) 
C12D -C13D                     1.33(3) 
C15D -C16D                     1.35(2) 
Cu5 -O3E                          1.888(12) 
Cu5 -N3E                          1.960(14) 
Cu5 -N4E                          1.989(14) 
Cu5 -N2E                          2.039(12) 
Cu5 -O1E                          2.332(12) 
O1E -C1E                         1.17(3) 
O2E -C1E                         1.37(3) 
O3E -C9E                         1.29(3) 
N1E -C6E                         1.357(19) 
N1E -C5E                         1.37(2) 
N2E -C6E                         1.276(19) 
N2E -C4E                         1.392(19) 
N3E -C7E                         1.42(2) 
N3E -C2E                         1.56(2) 
N4E -C14E                       1.30(2) 
N4E -C16E                       1.39(2) 
N5E -C14E                       1.34(2) 
N5E -C15E                       1.38(2) 
C1E -C2E                         1.51(2) 
C2E -C3E                         1.45(2) 
C3E -C4E                         1.50(2) 
C4E -C5E                         1.33(2) 

 

  
 
 Atoms                               Distances 
 
C14C -N5C                         1.34(2) 
Cu4 -O3D                            1.938(11) 
Cu4 -N4D                            1.986(12) 
Cu4 -N3D                            1.998(12) 
Cu4 -N2D                            2.014(11) 
Cu4 -O1D                            2.344(13) 
N1D -C6D                            1.278(18) 
N1D -C5D                            1.33(2) 
C7E -C8E                             1.54(3) 
C8E -C9E                             1.42(3) 
C8E -C13E                           1.46(2) 
C9E -C10E                           1.44(3) 
C10E -C11E                         1.37(3) 
C11E -C12E                         1.41(3) 
C12E -C13E                         1.37(3) 
C15E -C16E                         1.38(2) 
Cu6 -O3F                             1.891(12) 
Cu6 -N4F                             2.000(17) 
Cu6 -N3F                             2.002(12) 
Cu6 -N2F                             2.008(15) 
Cu6 -O1F                             2.299(11) 
O1F -C1F                             1.253(19) 
O2F -C1F                             1.26(2) 
O3F -C9F                             1.38(2) 
N1F -C5F                             1.28(3) 
N1F -C6F                             1.41(3) 
N2F -C6F                             1.35(2) 
N2F -C4F                             1.37(2) 
N3F -C7F                             1.47(2) 
N3F -C2F                             1.478(18) 
N4F -C16F                           1.33(3) 
N4F -C14F                           1.42(3) 
C15F -N5F                            1.27(4) 
C15F -C16F                          1.32(3) 
C1F -C2F                              1.51(2) 
C2F -C3F                              1.52(2) 
C3F -C4F                              1.45(3) 
C4F -C5F                              1.37(3) 
C7F -C8F                              1.47(2) 
C8F -C13F                            1.37(2) 
C8F -C9F                              1.40(2) 
C9F -C10F                            1.43(2) 
C10F -C11F                          1.38(3) 
C11F -C12F                          1.35(3) 
C12F -C13F                          1.39(3) 
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   Atoms                             Distances             
 
N4G -C16G                       1.356(19) 
N5G -C15G                       1.26(2) 
N5G -C14G                       1.35(2) 
C1G -C2G                         1.53(2) 
C2G -C3G                         1.56(3) 
C3G -C4G                         1.43(3) 
C4G -C5G                         1.45(3) 
C7G -C8G                         1.48(2) 
C8G -C9G                         1.39(2) 
C8G -C13G                       1.40(2) 
C9G -C10G                       1.40(3) 
C10G -C11G                     1.36(3) 
C11G -C12G                     1.32(3) 
C12G -C13G                     1.35(3) 
C15G -C16G                     1.37(2) 
Cu8 -O3H                          1.922(12) 
Cu8 -N4H                          1.960(13) 
Cu8 -N2H                         2.004(12) 
Cu8 -N3H                         2.036(11) 
Cu8 -O1H                         2.349(13) 
N1H -C6H                        1.29(2) 
N1H -C5H                        1.35(2) 
N2H -C6H                        1.31(2) 
N2H -C4H                        1.42(2) 
N3H -C7H                        1.459(19) 
N3H -C2H                        1.49(2) 
N4H -C16H                      1.29(2) 
N4H -C14H                      1.31(2) 
N5H -C14H                     1.26(2) 
N5H -C15H                     1.37(2) 

 
 
  Atoms                                 Distances 
 
C14F -N5F                            1.493(6) 
N5F -C16F                            1.96(4) 
Cu7 -O3G                              1.934(10) 
Cu7 -N4G                              1.976(15) 
Cu7 -N3G                              2.002(13) 
Cu7 -N2G                              2.026(15) 
Cu7 -O1G                              2.277(12) 
O1G -C1G                             1.27(2) 
O2G -C1G                             1.225(18) 
O3G -C9G                             1.39(2) 
N1G -C6G                             1.32(2) 
N1G -C5G                             1.34(3) 
N2G -C6G                             1.32(3) 
N2G -C4G                             1.43(2) 
N3G -C7G                             1.43(2) 
N3G -C2G                             1.47(2) 
N4G -C14G                           1.30(2) 
O3H -C9H                             1.353(18) 
C1H -C2H                             1.62(3) 
C2H -C3H                             1.52(2) 
C3H -C4H                             1.49(2) 
C4H -C5H                             1.32(2) 
C7H -C8H                             1.50(2) 
C8H -C13H                           1.38(2) 
C8H -C9H                             1.40(2) 
C9H -C10H                           1.43(3) 
C10H -C11H                         1.36(3) 
C12H -C13H                         1.39(3) 
C12H -C11H                         1.40(3) 
C15H -C16H                         1.44(3)  

O1H -C1H                       1.22(2)                      O2H -C1H                             1.26(2) 
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Table IV: Selected bond Angles (º) of the complex 8[Cu(S-SalHis)(Imidazole)]·15H2O 
(2) 

 
 

Atoms                            Angles 
 
O3A -Cu1 -N4A                     83.8(5) 
O3A -Cu1 -N2A                   164.7(5) 
N4A -Cu1 -N2A                     93.7(5) 
O3A -Cu1 -N3A                     92.0(4) 
N4A -Cu1 -N3A                   175.4(5) 
N2A -Cu1 -N3A                     90.8(5) 
O3A -Cu1 -O1A                   108.1(5) 
N4A -Cu1 -O1A                   102.0(5) 
N2A -Cu1 -O1A                     87.2(5) 
N3A -Cu1 -O1A                     77.6(4) 
C1A -O1A -Cu1                   110.1(11) 
C9A -O3A -Cu1                   123.4(9) 
C6A -N1A -C5A                  108.3(13) 
C4A -N2A -C6A                  105.3(13) 
C4A -N2A -Cu1                   124.8(11) 
C6A -N2A -Cu1                   128.1(10) 
C7A -N3A -C2A                  111.5(13) 
C7A -N3A -Cu1                   111.9(9) 
C2A -N3A -Cu1                   105.6(9) 
C16A -N4A -C14A              104.3(14) 
C16A -N4A -Cu1                135.8(13) 
C14A -N4A -Cu1                119.7(10) 
C16A -N5A -C15A             108.3(14) 
O1A -C1A -O2A                 127.5(17) 
O1A -C1A -C2A                 118.6(16) 
O2A -C1A -C2A                 113.9(14) 
C1A -C2A -C3A                 113.6(13) 
C1A -C2A -N3A                 108.7(13) 
C3A -C2A -N3A                 112.0(14) 
C2A -C3A -C4A                 113.0(12) 
N2A -C4A -C5A                 109.0(15) 
N2A -C4A -C3A                124.9(13) 
C5A -C4A -C3A                126.1(14) 
N1A -C5A -C4A                105.3(14) 
N1A -C6A -N2A                111.9(14) 
N3A -C7A -C8A                108.9(13) 
C13A -C8A -C9A              119.6(17) 
C13A -C8A -C7A              122.0(15) 
C9A -C8A -C7A                118.3(15) 
O3A -C9A -C8A                119.7(15) 
O3H -Cu8 -N3H                  95.7(5) 

 

Atoms                            Angles 
 
C4H -C3H -C2H                    119.2(14) 
C5H -C4H -N2H                    107.8(15) 
C5H -C4H -C3H                    130.2(17) 
N2H -C4H -C3H                    121.9(15) 
C4H -C5H -N1H                    107.4(17) 
N1H -C6H -N2H                    111.8(15) 
N3H -C7H -C8H                    113.9(13) 
C13H -C8H -C9H                   116.1(17) 
C13H -C8H -C7H                   124.0(17) 
C9H -C8H -C7H                     119.9(16) 
O3H -C9H -C8H                     121.4(17) 
O3H -C9H -C10H                   118.7(16) 
C8H -C9H -C10H                    119.9(15) 
C11H -C10H -C9H                  120.9(19) 
C13H -C12H -C11H                 117(2) 
C10H -C11H -C12H                 121(2) 
C8H -C13H -C12H                   125(2) 
N5H -C14H -N4H                     113.3(19) 
N5H -C15H -C16H                      98.4(18) 
N4H -C16H -C15H                   112.7(18) 
C3G -C4G -C5G                        133(2) 
N2G -C4G -C5G                        101(2) 
N1G -C5G -C4G                        114(2) 
N2G -C6G -N1G                        120(2) 
N3G -C7G -C8G                        117.9(16) 
C9G -C8G -C13G                      114.7(19) 
C9G -C8G -C7G                        119.8(15) 
C13G -C8G -C7G                      124.5(19) 
C8G -C9G -O3G                        115.6(17) 
C8G -C9G -C10G                      121.0(18) 
O3G -C9G -C10G                      123.4(18) 
C11G -C10G -C9G                     117(2) 
C12G -C11G -C10G                   124(3) 
C11G -C12G -C13G                   116(2) 
C12G -C13G -C8G                     125(2) 
N4G -C14G -N5G                       111.0(18) 
N5G -C15G -C16G                     108.1(18) 
N4G -C16G -C15G                     108.1(17) 
O3H -Cu8 -N4H                            89.6(5) 
O3H -Cu8 -N2H                          158.6(6) 
N4H -Cu8 -N2H                            91.0(5) 
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Atoms                              Angles 
 
C11A -C12A -C13A                 115.3(18) 
C8A -C13A -C12A                   122.5(18) 
C15A -C14A -N4A                   106.3(16) 
N5A -C15A -C14A                   106.6(16) 
N4A -C16A -N5A                     114.2(16) 
N4B -Cu2 -O3B                           86.9(5) 
N4B -Cu2 -N2B                           92.1(5) 
O3B -Cu2 -N2B                         168.9(5) 
N4B -Cu2 -N3B                         175.3(6) 
O3B -Cu2 -N3B                          93.5(5) 
N2B -Cu2 -N3B                          86.5(5) 
N4B -Cu2 -O1B                        105.5(5) 
O3B -Cu2 -O1B                          95.5(5) 
N2B -Cu2 -O1B                          95.4(5) 
N3B -Cu2 -O1B                          79.2(5) 
C1B -O1B -Cu2                        106.7(12) 
C9B -O3B -Cu2                        116.7(11) 
C5B -N1B -C6B                       105.1(14) 
C6B -N2B -C4B                       106.1(13) 
C6B -N2B -Cu2                       128.1(10) 
C4B -N2B -Cu2                       125.1(11) 
C2B -N3B -C7B                      112.6(12) 
C2B -N3B -Cu2                      106.1(10) 
C7B -N3B -Cu2                      112.4(10) 
C14B -N4B -C16B                 100.5(13) 
C14B -N4B -Cu2                   129.2(11) 
C16B -N4B -Cu2                   129.9(11) 
C15B -N5B -C14B                 107.9(15) 
O1B -C1B -O2B                     124.5(18) 
O1B -C1B -C2B                     117.2(18) 
O2B -C1B -C2B                     118.3(17) 
N3B -C2B -C1B                     114.9(15) 
N3B -C2B -C3B                     111.6(14) 
C1B -C2B -C3B                     107.5(14) 
C4B -C3B -C2B                     114.7(14) 
C5B -C4B -N2B                     108.7(15) 
C5B -C4B -C3B                     127.4(14) 
N2B -C4B -C3B                    123.8(15) 
C4B -C5B -N1B                    109.7(14) 
N2B -C6B -N1B                    110.5(14) 
C8B -C7B -N3B                    110.9(13) 
C13B -C8B -C9B                  119.7(17) 
C13B -C8B -C7B                  123.4(16) 
C9B -C8B -C7B                    116.9(15) 
O3B -C9B -C10B                  125.0(19) 
 

 
 

Atoms                                 Angles 
 
O3H -Cu8 -O1H                         106.4(6) 
N4H -Cu8 -O1H                           90.7(6) 
N2H -Cu8 -O1H                           95.0(5) 
N3H -Cu8 -O1H                           78.3(5) 
C6H -N1H -C5H                        108.6(16) 
C6H -N2H -C4H                        104.3(13) 
C6H -N2H -Cu8                         128.8(11) 
C4H -N2H -Cu8                         126.6(11) 
C7H -N3H -C2H                         109.3(13) 
C7H -N3H -Cu8                          110.7(9) 
C2H -N3H -Cu8                          107.9(9) 
C16H -N4H -C14H                     104.4(15) 
C16H -N4H -Cu8                        127.9(13) 
C14H -N4H -Cu8                        127.3(12) 
C14H -N5H -C15H                     111.1(18) 
C1H -O1H -Cu8                          103.9(12) 
C9H -O3H -Cu8                          122.7(10) 
O1H -C1H -O2H                         125.0(18) 
O1H -C1H -C2H                         120.1(17) 
O2H -C1H -C2H                         114.9(16) 
N3H -C2H -C3H                         108.9(16) 
N3H -C2H -C1H                         110.9(13) 
C3H -C2H -C1H                         103.5(14) 
C13F -C8F -C7F                         122.7(16) 
C9F -C8F -C7F                           118.3(14) 
O3F -C9F -C8F                           124.3(13) 
O3F -C9F -C10F                         116.0(16) 
C8F -C9F -C10F                         119.6(16) 
C11F -C10F -C9F                       117.8(18) 
C12F -C11F -C10F                     122.7(18) 
C11F -C12F -C13F                     118.9(18) 
C8F -C13F -C12F                        122(2) 
N4F -C14F -N5F                           90.5(15) 
C15F -N5F -C14F                        123.5(17) 
C15F -N5F -C16F                          41.8(13) 
C14F -N5F -C16F                         81.7(14) 
C15F -C16F -N4F                         115(3) 
C15F -C16F -N5F                        39.6(19) 
N4F -C16F -N5F                          75(2) 
O3G -Cu7 -N4G                           84.7(5) 
O3G -Cu7 -N3G                           92.3(5) 
N4G -Cu7 -N3G                         177.0(6) 
O3G -Cu7 -N2G                         160.4(6) 
N4G -Cu7 -N2G                           93.2(6) 
N3G -Cu7 -N2G                           89.7(6) 
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Atoms                            Angles 
 
C11B -C10B -C9B                119.0(18) 
C10B -C11B -C12B              125.3(19) 
C13B -C12B -C11B              116.9(19) 
C12B -C13B -C8B                123.9(19) 
N4B -C14B -N5B                 111.2(16) 
N5B -C15B -C16B               105(2) 
C15B -C16B -N4B               115.0(19) 
O3C -Cu3 -N4C                      88.5(5) 
O3C -Cu3 -N2C                    149.2(5) 
N4C -Cu3 -N2C                      95.3(6) 
O3C -Cu3 -N3C                      92.9(4) 
N4C -Cu3 -N3C                    162.6(6) 
N2C -Cu3 -N3C                      92.4(5) 
O3C -Cu3 -O1C                     120.8(5) 
N4C -Cu3 -O1C                       87.1(6) 
N2C -Cu3 -O1C                       90.0(5) 
N3C -Cu3 -O1C                       77.2(4) 
C1C -O1C -Cu3                     108.8(10) 
C9C -O3C -Cu3                    123.6(10) 
C6C -N1C -C5C                   109.4(15) 
C6C -N2C -C4C                   105.6(13) 
C6C -N2C -Cu3                    127.5(11) 
C4C -N2C -Cu3                    125.6(10) 
C7C -N3C -C2C                   108.4(12) 
C7C -N3C -Cu3                    106.9(9) 
C2C -N3C -Cu3                    107.1(8) 
C14C -N4C -C16C                104.2(17) 
C14C -N4C -Cu3                   125.8(15) 
C16C -N4C -Cu3                   130.0(14) 
C16C -C15C -N5C                109(2) 
O2C -C1C -O1C                    125.0(16) 
O2C -C1C -C2C                    116.1(15) 
O1C -C1C -C2C                    118.7(15) 
N3C -C2C -C1C                    109.4(13) 
N3C -C2C -C3C                    108.0(12) 
C1C -C2C -C3C                    111.1(12) 
C4C -C3C -C2C                    118.7(12) 
C5C -C4C -C3C                    130.0(18) 
C5C -C4C -N2C                   108.4(16) 
C3C -C4C -N2C                   121.6(14) 
C4C -C5C -N1C                   106.1(18) 
N1C -C6C -N2C                   110.1(15) 
C8C -C7C -N3C                   110.2(13) 
C9C -C8C -C13C                 117.1(16) 
C9C -C8C -C7C                   122.9(15) 

 

 
 

Atoms                            Angles 
 
N3G -Cu7 -O1G                        77.0(5) 
N2G -Cu7 -O1G                        88.5(5) 
C1G -O1G -Cu7                      110.8(10) 
C9G -O3G -Cu7                      124.8(10) 
C6G -N1G -C5G                      100(2) 
C6G -N2G -C4G                      103.8(19) 
C6G -N2G -Cu7                       129.8(15) 
C4G -N2G -Cu7                       122.2(15) 
C7G -N3G -C2G                      110.3(15) 
C7G -N3G -Cu7                       110.6(10) 
C2G -N3G -Cu7                       109.2(10) 
C14G -N4G -C16G                  104.8(16) 
C14G -N4G -Cu7                     131.9(13) 
C16G -N4G -Cu7                     123.2(12) 
C15G -N5G -C14G                  107.9(17) 
O2G -C1G -O1G                      125.2(16) 
O2G -C1G -C2G                      118.7(17) 
O1G -C1G -C2G                      115.9(14) 
N3G -C2G -C1G                      109.7(14) 
N3G -C2G -C3G                     111.8(15) 
C1G -C2G -C3G                       111.5(17) 
C4G -C3G -C2G                       112.8(16) 
C3G -C4G -N2G                       126(2) 
O3E -C9E -C8E                        122.7(19) 
O3E -C9E -C10E                      126(2) 
C8E -C9E -C10E                      111(2) 
C11E -C10E -C9E                    129(3) 
C10E -C11E -C12E                  117(2) 
C13E -C12E -C11E                   119(2) 
C12E -C13E -C8E                     121(2) 
N4E -C14E -N5E                       111.5(17) 
N5E -C15E -C16E                     106.7(15) 
C15E -C16E -N4E                     106.7(15) 
O3F -Cu6 -N4F                            86.4(6) 
O3F -Cu6 -N3F                            94.7(5) 
N4F -Cu6 -N3F                           170.3(6) 
O3F -Cu6 -N2F                           152.7(6) 
N4F -Cu6 -N2F                             92.1(7) 
N3F -Cu6 -N2F                             91.4(6) 
O3F -Cu6 -O1F                            119.5(5) 
N4F -Cu6 -O1F                              94.9(6) 
N3F -Cu6 -O1F                              76.1(4) 
N2F -Cu6 -O1F                              87.7(5) 
C1F -O1F -Cu6                          108.1(10) 
C9F -O3F -Cu6                          123.0(10) 
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Atoms                            Angles 
 
C8C -C9C -C10C                  120.5(18) 
O3C -C9C -C10C                  117.4(19) 
C11C -C10C -C9C                121(2) 
C10C -C11C -C12C              119.2(18) 
C13C -C12C -C11C              119.9(17) 
C12C -C13C -C8C                121.8(17) 
N4C -C14C -N5C                 117(2) 
C14C -N5C -C15C               101(2) 
C15C -C16C -N4C               109(2) 
O3D -Cu4 -N4D                    90.5(5) 
O3D -Cu4 -N3D                   93.7(5) 
N4D -Cu4 -N3D                  165.1(5) 
O3D -Cu4 -N2D                  143.2(5) 
N4D -Cu4 -N2D                   96.3(5) 
N3D -Cu4 -N2D                   89.0(5) 
O3D -Cu4 -O1D                   118.7(5) 
N4D -Cu4 -O1D                     88.7(5) 
N3D -Cu4 -O1D                     76.8(5) 
N2D -Cu4 -O1D                     97.6(5) 
C6D -N1D -C5D                  109.5(14) 
C6D -N2D -C4D                  103.8(13) 
C6D -N2D -Cu4                   127.5(10) 
C4D -N2D -Cu4                   128.6(11) 
C2D -N3D -C7D                  112.7(13) 
C2D -N3D -Cu4                   106.7(10) 
C7D -N3D -Cu4                   110.8(10) 
C14D -N4D -C16D              104.1(12) 
C14D -N4D -Cu4                 127.4(11) 
C16D -N4D -Cu4                 128.2(10) 
C14D -N5D -C15D              108.0(12) 
C1D -O1D -Cu4                   103.7(10) 
C9D -O3D -Cu4                   126.9(11) 
O2D -C1D -O1D                  130.1(16) 
O2D -C1D -C2D                  115.2(16) 
O1D -C1D -C2D                  114.4(14) 
N3D -C2D -C1D                  113.7(1) 
N3D -C2D -C3D                  110.1(13) 
C1D -C2D -C3D                  110.7(13) 
C4D -C3D -C2D                  114.6(14) 
C5D -C4D -N2D                  108.6(15) 
C5D -C4D -C3D                  130.4(16) 
N2D -C4D -C3D                  121.0(15) 
C4D -C5D -N1D                  107.3(14) 
N1D -C6D -N2D                 110.7(15) 
N3D -C7D -C8D                 112.8(13) 
 

 
 

Atoms                            Angles 
 
C6F -N2F -Cu6                       122.8(16) 
C4F -N2F -Cu6                       126.5(14) 
C7F -N3F -C2F                       110.8(12) 
C7F -N3F -Cu6                      109.4(9) 
C2F -N3F -Cu6                      107.8(9) 
C16F -N4F -C14F                  113(2) 
C16F -N4F -Cu6                    123.9(18) 
C14F -N4F -Cu6                    123.4(18) 
N5F -C15F -C16F                  99(3) 
O1F -C1F -O2F                      124.4(17) 
O1F -C1F -C2F                      118.4(15) 
O2F -C1F -C2F                      117.0(15) 
N3F -C2F -C1F                      109.4(12) 
N3F -C2F -C3F                      112.6(14) 
C1F -C2F -C3F                      110.0(13) 
C4F -C3F -C2F                      117.4(17) 
N2F -C4F -C5F                      108(2) 
N2F -C4F -C3F                      123.3(18) 
C5F -C4F -C3F                      129(2) 
N1F -C5F -C4F                      105(2) 
N2F -C6F -N1F                      100.9(19) 
N3F -C7F -C8F                      113.5(13) 
C13F -C8F -C9F                    119.0(15) 
C8D -C9D -C10D                  114.5(18) 
C11D -C10D -C9D                123.2(19) 
C10D -C11D -C12D              121(2) 
C13D -C12D -C11D               118(2) 
C12D -C13D -C8D                 122(2) 
N5D -C14D -N4D                   112.5(13) 
N5D -C15D -C16D                 105.1(14) 
N4D -C16D -C15D                  110.2(14) 
O3E -Cu5 -N3E                          93.3(6) 
O3E -Cu5 -N4E                         88.8(5) 
N3E -Cu5 -N4E                        164.9(5) 
O3E -Cu5 -N2E                        144.8(6) 
N3E -Cu5 -N2E                           90.7(5) 
N4E -Cu5 -N2E                           96.1(5) 
O3E -Cu5 -O1E                          117.8(6) 
N3E -Cu5 -O1E                            77.2(5) 
N4E -Cu5 -O1E                            88.6(5) 
N2E -Cu5 -O1E                            97.2(5) 
C1E -O1E -Cu5                            99.7(12) 
C9E -O3E -Cu5                          127.1(13) 
C6E -N1E -C5E                          102.7(13) 
C6E -N2E -C4E                          109.0(13) 
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  Atoms                               Angles 
 
C13D -C8D -C7D                     118(2) 
O3D -C9D -C8D                       124.8(18) 
O3D -C9D -C10D                     120.6(17) 
C3E -C2E -C1E                         115.1(15) 
C3E -C2E -N3E                         112.1(15) 
C1E -C2E -N3E                         105.4(15) 
C2E -C3E -C4E                          118.2(15) 
C5E -C4E -N2E                         103.7(15) 
C5E -C4E -C3E                         135.4(17) 
N2E -C4E -C3E                         120.9(14) 
C4E -C5E -N1E                         112.4(15) 
N2E -C6E -N1E                         112.1(15) 

 
 

  Atoms                                   Angles 
 
C7E -N3E -C2E                          111.6(14) 
C7E -N3E -Cu5                          116.5(13) 
C2E -N3E -Cu5                          104.5(10) 
C14E -N4E -C16E                      107.8(15) 
C14E -N4E -Cu5                        125.0(13) 
C16E -N4E -Cu5                        126.7(11) 
C14E -N5E -C15E                      107.2(14) 
O1E -C1E -O2E                         124.9(16) 
O1E -C1E -C2E                         126.9(19) 
O2E -C1E -C2E                         108(2) 
C9E -C8E -C13E                       121.5(18) 
C9E -C8E -C7E                         121.6(16) 

N3E -C7E -C8E                         109.1(14)       C13E -C8E -C7E                       116.8(18) 
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Atomic coordinates for the complex [Cu8(S-SalHis)8(Py)10]·Py·3MeOH·(C2H5)2O] (1) 
 
 Atoms                        X/a                               Y/b                             Z/c 
 
 Cu1          0.04252(  8)      0.31502(  7)      0.24635(  7) 
 Cu2         -0.44838(  8)      0.26022(  7)      0.12856(  7) 
 Cu3         -0.47168(  9)     -0.05189(  8)     -0.10756(  7) 
 Cu4         -0.00253(  8)     -0.00032(  8)      0.00001(  7) 
 O1A          0.01786( 41)      0.28508( 35)      0.33406( 35) 
 O1B         -0.48603( 38)      0.16872( 35)      0.17201( 35) 
 O1C         -0.46316( 39)     -0.14921( 35)     -0.06919( 30) 
 O1D          0.03327( 37)     -0.04040( 36)      0.09104( 33) 
 O2A         -0.01720( 47)      0.32994( 40)      0.41853( 38) 
 O2B         -0.61224( 39)      0.07155( 37)      0.15254( 36) 
 O2C         -0.44453( 43)     -0.25872( 35)     -0.09506( 36) 
 O2D          0.15394( 38)     -0.02347( 38)      0.19694( 36) 
 O3A          0.05470( 45)      0.34180( 43)      0.15859( 37) 
 O3B         -0.41422( 44)      0.34337( 34)      0.08066( 39) 
 O3C         -0.46987( 46)      0.04182( 38)     -0.14114( 37) 
 O3D         -0.04126( 40)      0.05049( 41)     -0.08369( 38) 
 N1A         -0.33442( 45)      0.29828( 41)      0.21538( 41) 
 N1B         -0.53327( 48)     -0.02685( 44)     -0.04580( 41) 
 N1C         -0.11873( 44)     -0.08581( 45)     -0.04212( 36) 
 N1D          0.10075( 45)      0.23259( 41)      0.24553( 39) 
 N2A         -0.23184( 50)      0.31299( 41)      0.32393( 42) 
 N2B         -0.60314( 42)     -0.03562( 41)      0.02475( 37) 
 N2C         -0.22764( 43)     -0.18756( 43)     -0.05368( 34) 
 N2D          0.15622( 43)      0.14079( 41)      0.26935( 41) 
 N3A         -0.04347( 49)      0.37419( 38)      0.23990( 41) 
 N3B         -0.54779( 43)      0.19420( 41)      0.03542( 40) 
 N3C         -0.39793( 47)     -0.07599( 41)     -0.15691( 36) 
 N3D          0.10057( 45)      0.09310( 47)      0.05847( 41) 
 C1A         -0.00828( 59)      0.33432( 57)      0.36121( 62) 
 C2A         -0.02528( 60)      0.39929( 51)      0.31835( 59) 
 C3A         -0.10036( 57)      0.42496( 52)      0.32854( 61) 
 C4A         -0.19243( 60)      0.36775( 54)      0.29196( 57) 
 C5A         -0.25692( 58)      0.35869( 51)      0.22217( 57) 
 C6A         -0.31578( 67)      0.27167( 59)      0.27692( 52) 
 C7A         -0.03492( 72)      0.43734( 54)      0.20025( 58) 
 C8A         -0.05896( 72)      0.40862( 61)      0.12461( 70) 
 C9A         -0.00950( 82)      0.36112( 72)      0.11495( 60) 
 C10A        -0.03545( 82)      0.33124( 71)      0.04342( 95) 
 C11A        -0.10416(103)      0.35307( 95)     -0.02137( 94) 
 C12A        -0.14662( 91)      0.39757( 99)     -0.00427( 85) 
 C13A        -0.12449( 81)      0.42983( 89)      0.06735( 80) 
 C1B         -0.56854( 58)      0.12711( 54)      0.13054( 62) 
 C2B         -0.61688( 51)      0.14259( 49)      0.05716( 49) 
 C3B         -0.67374( 58)      0.07133( 54)      0.00152( 55) 
 C4B         -0.62005( 60)      0.02330( 54)     -0.01197( 49) 
 C5B         -0.57574( 59)      0.02757( 50)     -0.05330( 56) 
 C6B         -0.55446( 58)     -0.06752( 53)      0.00291( 48) 
 C7B         -0.58413( 63)      0.23973( 58)     -0.01971( 64) 
 C8B         -0.52134( 77)      0.28644( 67)     -0.04504( 74) 
 C9B         -0.43660( 74)      0.33891( 60)      0.00728( 63) 
 C10B        -0.37523( 79)      0.38664( 64)     -0.01378( 66) 
 C11B        -0.39516( 87)      0.38089( 71)     -0.08618( 88) 
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  Atoms                        X/a                                  Y/b                                 Z/c 
 
 C12B        -0.47293(113)      0.32540(102)     -0.13639( 79) 
 C13B        -0.53608( 90)      0.28330( 67)     -0.11675( 69) 
 C1C         -0.44398( 53)     -0.19499( 50)     -0.10595( 43) 
 C2C         -0.42074( 59)     -0.16349( 57)     -0.16865( 48) 
 C3C         -0.34876( 58)     -0.19259( 61)     -0.17715( 48) 
 C4C         -0.25596( 59)     -0.15860( 58)     -0.11601( 50) 
 C5C         -0.18516( 55)     -0.09085( 57)     -0.10814( 48) 
 C6C         -0.14611( 52)     -0.14219( 51)     -0.01163( 47) 
 C6D          0.11365( 58)      0.18175( 51)      0.28672( 50) 
 C7C         -0.41794( 71)     -0.04832( 64)     -0.22508( 54) 
 C8C         -0.38391( 64)      0.03842( 69)     -0.21141( 60) 
 C9C         -0.41284( 70)      0.07780( 63)     -0.16659( 58) 
 C10C        -0.38154( 77)      0.15904( 73)     -0.15762( 59) 
 C11C        -0.32682( 83)      0.19893( 83)     -0.19301( 78) 
 C12C        -0.30026( 86)      0.16432( 87)     -0.23351(102) 
 C13C        -0.32800( 74)      0.08654( 92)     -0.23995( 68) 
 C1D          0.11219( 57)     -0.00275( 55)      0.13564( 51) 
 C2D          0.16726( 56)      0.06422( 54)      0.11642( 51) 
 C3D          0.22672( 60)      0.13036( 63)      0.18525( 55) 
 C4D          0.17853( 57)      0.16523( 53)      0.21608( 51) 
 C5D          0.14106( 61)      0.22204( 66)      0.19845( 59) 
 C7D          0.13863( 59)      0.13658( 60)      0.00937( 54) 
 C8D          0.07588( 62)      0.17079( 64)     -0.03716( 56) 
 C9D         -0.00764( 72)      0.12658( 64)     -0.08190( 67) 
 C10D        -0.06676( 79)      0.16354( 82)     -0.13194( 66) 
 C11D        -0.03588( 98)      0.23873( 79)     -0.13465( 74) 
 C12D         0.04518( 95)      0.27951( 80)     -0.09279( 69) 
 C13D         0.10539( 89)      0.25176( 75)     -0.04464( 71) 
 N4A          0.18379( 61)      0.40886( 54)      0.32793( 62) 
 C18A         0.22775( 91)      0.45927( 77)      0.29513( 98) 
 C17A         0.32252(101)      0.50807( 88)      0.35047(126) 
 C16A         0.36422(152)      0.50270(168)      0.41809(163) 
 C15A         0.31606(135)      0.46301(151)      0.43195(108) 
 C14A         0.22294(120)      0.41417(124)      0.39593( 85) 
 N4D          0.07411( 57)     -0.06444( 52)     -0.05075( 50) 
 C18D         0.05110( 95)     -0.06612( 98)     -0.11953( 66) 
 C17D         0.07997(143)     -0.10554(185)     -0.15883( 90) 
 C16D         0.13189(115)     -0.15447( 99)     -0.12386( 93) 
 C15D         0.16342( 89)     -0.14731( 81)     -0.05007( 81) 
 C14D         0.13201( 80)     -0.09979( 71)     -0.01937( 65) 
 N4B         -0.54009( 64)      0.32348( 64)      0.16247( 67) 
 C18B        -0.56329( 88)      0.38253( 72)      0.13128( 90) 
 C17B        -0.60257(103)      0.42503(117)      0.14965(130) 
 C16B        -0.63405(174)      0.40491(124)      0.18816(212) 
 C15B        -0.61007(132)      0.35079(128)      0.23895(132) 
 C14B        -0.56731(102)      0.30511( 98)      0.21796(107) 
 N4C         -0.62440( 72)     -0.12781( 72)     -0.20665( 62) 
 C14C        -0.66337(114)     -0.19779(111)     -0.20061(105) 
 C15C        -0.74863(162)     -0.22249(134)     -0.25583(191) 
 C16C        -0.80525(106)     -0.17267(127)     -0.28171( 98) 
 C17C        -0.76209(109)     -0.10675(120)     -0.27936( 91) 
 C18C        -0.67531(105)     -0.08874(108)     -0.24033( 75) 
 N5          -0.19200( 58)      0.22683( 55)      0.16592( 62) 
 C19         -0.21478( 78)      0.17531( 65)      0.20322( 72) 
 C20         -0.28147( 99)      0.11937( 81)      0.18441( 71) 
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 Atoms                        X/a                              Y/b                              Z/c 
 
 C21         -0.33811( 93)      0.10488( 75)      0.11796(108) 
 C22         -0.32795( 78)      0.15377( 83)      0.06858( 76) 
 C23         -0.24901( 93)      0.21401( 83)      0.09963( 85) 
 N6          -0.25463( 65)      0.01179( 62)     -0.01145( 60) 
 C24         -0.23830( 88)     -0.02551( 80)      0.04900( 68) 
 C25         -0.16490( 78)      0.00304( 79)      0.10947( 61) 
 C26         -0.10140( 90)      0.07108( 90)      0.11464( 86) 
 C27         -0.11978( 82)      0.10992( 71)      0.05264( 89) 
 C28         -0.19792( 89)      0.07762( 80)     -0.00844( 74) 
 C14H        -0.90648( 99)     -0.23715( 99)     -0.85973(145) 
 C15H        -0.90414(195)     -0.27850(112)     -0.82384(131) 
 C16H        -0.94681(259)     -0.33481(199)     -0.82345(199) 
 C17H        -1.02184(295)     -0.36107(165)     -0.85503(281) 
 C18H        -1.04914(115)     -0.32924(146)     -0.92183(162) 
 N4H         -0.97837(113)     -0.24951( 98)     -0.91703(122) 
 Cu5         -0.89629(  9)      0.02568(  8)     -0.49375(  7) 
 Cu6         -1.29495(  9)      0.04959(  8)     -0.54333(  8) 
 Cu7         -1.58394(  8)     -0.28552(  7)     -0.83159(  7) 
 Cu8         -1.18508(  9)     -0.29532(  8)     -0.79209(  8) 
 O1E         -0.87227( 38)      0.05692( 37)     -0.58022( 35) 
 O1F         -1.26253( 42)      0.14940( 39)     -0.57753( 36) 
 O2G         -1.67139( 40)     -0.10609( 34)     -0.88306( 34) 
 O2E         -0.79528( 43)      0.03583( 40)     -0.64330( 39) 
 O2F         -1.17942( 49)      0.27023( 39)     -0.53895( 37) 
 O1G         -1.60557( 38)     -0.19656( 34)     -0.88093( 33) 
 O3E         -0.92386( 52)     -0.01588( 40)     -0.41765( 39) 
 O3F         -1.33436( 55)     -0.03468( 47)     -0.50202( 41) 
 O3G         -1.55306( 42)     -0.36206( 33)     -0.77294( 36) 
 N1E         -1.06767( 49)     -0.21314( 41)     -0.75136( 42) 
 N1F         -0.94551( 51)      0.10781( 47)     -0.48569( 42) 
 N1G         -1.41179( 49)      0.01032( 43)     -0.63217( 42) 
 N2E         -0.94693( 45)     -0.12076( 45)     -0.74424( 45) 
 N2F         -0.99963( 53)      0.20826( 47)     -0.51242( 45) 
 N2G         -1.52349( 45)      0.00725( 41)     -0.72984( 40) 
 N3E         -0.88676( 46)     -0.07470( 44)     -0.53285( 40) 
 N3F         -1.19099( 50)      0.10505( 45)     -0.44893( 40) 
 N3G         -1.59546( 44)     -0.22438( 40)     -0.75081( 38) 
 C1E         -0.83055( 58)      0.01825( 59)     -0.60014( 51) 
 C2E         -0.81977( 58)     -0.05323( 54)     -0.56438( 49) 
 C3E         -0.83353( 60)     -0.11702( 59)     -0.62263( 54) 
 C4E         -0.92583( 66)     -0.15167( 56)     -0.68178( 51) 
 C5E         -0.99777( 60)     -0.20370( 55)     -0.68699( 56) 
 C6E         -1.03110( 63)     -0.15947( 55)     -0.78503( 55) 
 C7E         -0.86963( 64)     -0.12502( 63)     -0.47857( 52) 
 C8E         -0.94293( 70)     -0.14920( 70)     -0.45313( 62) 
 C9E         -0.98710( 79)     -0.22379( 69)     -0.46125( 66) 
 C10E        -1.05754(104)     -0.24555( 81)     -0.43376( 74) 
 C11E        -1.07439( 90)     -0.18564(107)     -0.40131( 76) 
 C12E        -1.02926( 90)     -0.11217( 74)     -0.39290( 66) 
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 Atoms                        X/a                             Y/b                                Z/c 
 
 C13E        -0.96339( 71)     -0.08959( 72)     -0.42313( 59) 
 C1F         -1.20506( 64)      0.20351( 60)     -0.52867( 63) 
 C2F         -1.16444( 67)      0.18848( 58)     -0.44755( 55) 
 C3F         -1.06361( 62)      0.22312( 60)     -0.41565( 51) 
 C4F         -1.01425( 65)      0.18399( 67)     -0.45108( 52) 
 C5F         -0.97948( 64)      0.12435( 67)     -0.43555( 56) 
 C6F         -0.95483( 59)      0.15878( 58)     -0.52771( 55) 
 C7F         -1.21006( 79)      0.09221( 68)     -0.38342( 60) 
 C8F         -1.22440( 67)      0.00570( 79)     -0.37434( 57) 
 C9F         -1.28830( 82)     -0.05541( 85)     -0.43975( 72) 
 C10F        -1.30352( 89)     -0.13907( 83)     -0.42510( 74) 
 C11F        -1.26559(104)     -0.15195( 86)     -0.36253( 72) 
 C12F        -1.20781( 93)     -0.10351( 83)     -0.30709( 75) 
 C13F        -1.18597( 75)     -0.02756( 91)     -0.30871( 55) 
 C1G         -1.64265( 56)     -0.15759( 51)     -0.85558( 50) 
 C2G         -1.65798( 53)     -0.18210( 53)     -0.78807( 50) 
 C3G         -1.64657( 61)     -0.10937( 58)     -0.73487( 53) 
 C4G         -1.55332( 61)     -0.05311( 48)     -0.70119( 51) 
 C5G         -1.48249( 58)     -0.04874( 52)     -0.64066( 48) 
 C6G         -1.44000( 60)      0.04363( 56)     -0.68914( 50) 
 C7G         -1.61969( 62)     -0.27209( 53)     -0.70143( 53) 
 C8G         -1.54772( 68)     -0.30434( 57)     -0.66264( 53) 
 C9G         -1.51591( 70)     -0.34832( 61)     -0.69875( 57) 
 C10G        -1.45034( 80)     -0.38145( 63)     -0.66324( 60) 
 C11G        -1.41252( 97)     -0.36882( 82)     -0.59468( 86) 
 C12G        -1.44234( 99)     -0.32608( 84)     -0.55270( 80) 
 C13G        -1.50804( 94)     -0.29156( 77)     -0.59131( 71) 
 C1H         -1.27097( 57)     -0.32205( 50)     -0.94494( 57) 
 C2H         -1.31466( 60)     -0.39835( 52)     -0.92171( 58) 
 C3H         -1.41856( 64)     -0.43062( 55)     -0.96591( 58) 
 C4H         -1.46861( 59)     -0.37761( 52)     -0.94865( 58) 
 C5H         -1.50135( 55)     -0.37837( 48)     -0.89459( 53) 
 C6H         -1.51906( 60)     -0.28137( 55)     -0.95161( 54) 
 C7H         -1.28011( 67)     -0.46076( 51)     -0.81063( 62) 
 C8H         -1.26613( 68)     -0.44989( 59)     -0.73039( 61) 
 C9H         -1.20242( 71)     -0.39027( 60)     -0.68774( 60) 
 C10H        -1.19338( 85)     -0.39087( 77)     -0.61655( 81) 
 C11H        -1.23605( 83)     -0.44695( 76)     -0.58922( 80) 
 C12H        -1.29827( 88)     -0.50172( 75)     -0.63636( 78) 
 C13H        -1.31552( 70)     -0.50662( 65)     -0.71099( 67) 
 N4E         -0.74057( 68)      0.08861( 61)     -0.42038( 50) 
 C18E        -0.68656(103)      0.13410( 98)     -0.44054( 95) 
 C17E        -0.60495(165)      0.15880(122)     -0.40413(104) 
 C16E        -0.56285(141)      0.16739(119)     -0.33715(134) 
 C15E        -0.60750(113)      0.11672(101)     -0.31176( 90) 
 C14E        -0.71592(116)      0.07323(105)     -0.35997( 96) 
 N8          -1.28390( 56)     -0.22793( 50)     -0.78023( 53) 
 C34         -1.31111( 79)     -0.23069( 74)     -0.72183( 82) 
 C35         -1.35918( 68)     -0.17185( 87)     -0.71492( 86) 
 C36         -1.37109(115)     -0.11606( 97)     -0.76159(124) 
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Atoms                        X/a                                  Y/b                                 Z/c 
 
 C37         -1.34596( 91)     -0.12560( 90)     -0.81348( 94) 
 C38         -1.30437( 77)     -0.17554( 64)     -0.82409( 72) 
 N4G         -1.73352( 59)     -0.36020( 54)     -0.89630( 56) 
 C18G        -1.76253( 87)     -0.42854( 81)     -0.87869( 71) 
 C17G        -1.84065( 90)     -0.48288( 86)     -0.91120( 88) 
 C16G        -1.89588( 91)     -0.46276(126)     -0.96180(102) 
 C15G        -1.87037(117)     -0.39172( 99)     -0.99023(112) 
 C14G        -1.79035( 83)     -0.34636( 74)     -0.94983( 74) 
 N7          -1.19775( 64)      0.00938( 54)     -0.58906( 56) 
 C29         -1.17567( 90)      0.04699(100)     -0.63981( 76) 
 C30         -1.13382( 83)      0.00492(103)     -0.67061( 77) 
 C31         -1.10621( 90)     -0.05274(113)     -0.65642( 90) 
 C32         -1.12912( 80)     -0.08150( 83)     -0.60987( 88) 
 C33         -1.18089( 47)     -0.05249( 44)     -0.56840( 36) 
 O200        -0.62338( 47)     -0.10399( 44)     -0.41853( 36) 
 O300        -0.94118( 47)     -0.36829( 44)     -0.59673( 36) 
 O400        -1.54527( 47)     -0.07339( 44)     -0.46993( 36) 
 C41         -0.91470( 47)     -0.36553( 44)     -0.64813( 36) 
 C40         -0.65390( 47)     -0.17593( 44)     -0.44373( 36) 
 C39         -1.60870( 47)     -0.13003( 44)     -0.51063( 36) 
 C3          -0.91428( 47)      0.11961( 44)     -0.22573( 36) 
 C5          -0.79058( 47)      0.10921( 44)     -0.19773( 36) 
 C1          -0.92030( 47)      0.04935( 44)     -0.23245( 36) 
 C2          -0.79930( 47)      0.19675( 44)     -0.20065( 36) 
 O100        -0.88670( 47)      0.19315( 44)     -0.20475( 36) 
 

 
 Atomic coordinates for the complex 8[Cu(S-SalHis)(Imodazole)]·15H2O (2) 
 
 
  Atoms                        X/a                            Y/b                               Z/c 
  
 Cu1          1.89533(  9)      1.62645( 22)      0.39791(  4) 
 O1A          1.88993( 69)      1.85276(135)      0.41245( 26) 
 O2A          1.82380( 57)      2.03687(114)      0.39925( 26) 
 O3A          1.97339( 47)      1.60275(132)      0.37163( 23) 
 N1A          1.74601( 64)      1.55822(160)      0.46545( 30) 
 N2A          1.80927( 59)      1.59639(131)      0.42310( 29) 
 N3A          1.83890( 57)      1.71260(126)      0.36038( 27) 
 N4A          1.95667( 64)      1.54757(159)      0.43250( 29) 
 N5A          2.01105( 70)      1.48633(145)      0.47649( 31) 
 C1A          1.84052( 74)      1.91059(198)      0.39805( 36) 
 C2A          1.79554( 93)      1.82470(182)      0.37533( 38) 
 C3A          1.73359( 71)      1.76439(161)      0.39095( 34) 
 C4A          1.75185( 73)      1.67364(160)      0.41965( 38) 
 C5A          1.71208( 84)      1.65477(208)      0.44723( 40) 
 C6A          1.80277( 75)      1.52482(167)      0.45094( 35) 
 C7A          1.88271( 81)      1.77100(181)      0.33546( 34) 
 C8A          1.92205( 84)      1.65172(165)      0.32000( 39) 
 C9A          1.96844( 71)      1.57754(173)      0.33917( 37) 
 C10A         2.00542( 81)      1.46896(203)      0.32544( 45) 
 C11A         1.99553(120)      1.44420(206)      0.29392( 43) 
 C12A         1.95313(102)      1.51820(272)      0.27370( 49) 
 C13A         1.91479( 99)      1.62211(231)      0.28845( 36) 
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 Atoms                        X/a                              Y/b                             Z/c 
 
 C14A         1.99595( 91)      1.42906(191)      0.42620( 42) 
 C15A         2.03237( 89)      1.39867(213)      0.45452( 41) 
 C16A         1.96885( 89)      1.57204(187)      0.46264( 38) 
 Cu2          1.73485(  9)      1.85627( 23)      0.17922(  4) 
 O1B          1.71162( 70)      2.08078(108)      0.18442( 26) 
 O2B          1.67205( 67)      2.24868(121)      0.14942( 29) 
 O3B          1.82750( 58)      1.86709(136)      0.19959( 27) 
 N1B          1.53961( 68)      1.72936(178)      0.14519( 34) 
 N2B          1.64621( 57)      1.80814(134)      0.15612( 27) 
 N3B          1.76485( 67)      1.92978(132)      0.13666( 28) 
 N4B          1.70750( 62)      1.77230(151)      0.21779( 28) 
 N5B          1.70398( 91)      1.65721(170)      0.26503( 37) 
 C1B          1.69986( 88)      2.12850(230)      0.15588( 49) 
 C2B          1.71991( 82)      2.03873(164)      0.12827( 42) 
 C3B          1.65371( 96)      1.98419(215)      0.11142( 41) 
 H3B2         1.66493(  0)      1.94361(  0)      0.09093(  0) 
 C4B          1.61717( 87)      1.88123(179)      0.12972( 36) 
 C5B          1.55382( 85)      1.83343(216)      0.12364( 44) 
 C6B          1.59856( 78)      1.71734(182)      0.16511( 36) 
 C7B          1.83987( 83)      1.97614(194)      0.13810( 48) 
 C12B         1.98201( 98)      1.71475(259)      0.14396( 57) 
 C13B         1.93573( 99)      1.80135(224)      0.13210( 44) 
 C14B         1.74183( 91)      1.68922(180)      0.23743( 38) 
 C15B         1.64702(141)      1.72664(293)      0.26286( 49) 
 C16B         1.64832( 80)      1.79345(167)      0.23523( 39) 
 Cu3          1.67963( 10)      2.12753( 24)      0.32214(  5) 
 O1C          1.68719( 58)      2.35866(129)      0.30798( 24) 
 O2C          1.76201( 66)      2.52898(120)      0.31745( 27) 
 O3C          1.61011( 53)      2.06436(128)      0.35052( 26) 
 N1C          1.82406( 79)      2.02152(162)      0.25765( 33) 
 N2C          1.76126( 69)      2.08517(139)      0.29656( 31) 
 N3C          1.73824( 57)      2.21018(130)      0.35929( 25) 
 N4C          1.61256( 66)      2.10638(176)      0.28546( 34) 
 C15C         1.52169(116)      2.05798(328)      0.25675( 82) 
 C1C          1.74217( 91)      2.40942(174)      0.32092( 38) 
 C2C          1.78425( 81)      2.31955(163)      0.34485( 36) 
 C3C          1.84421( 69)      2.24041(194)      0.32734( 37) 
 C4C          1.82694( 86)      2.15388(180)      0.30004( 41) 
 C5C          1.86382(114)      2.11707(205)      0.27576( 40) 
 C6C          1.76309( 73)      2.01355(180)      0.26949( 40) 
 C7C          1.69088( 80)      2.28142(162)      0.38108( 34) 
 C8C          1.65192( 79)      2.17916(182)      0.39857( 40) 
 C9C          1.61563( 86)      2.07565(211)      0.38369( 44) 
 C10C         1.57738( 83)      1.97775(219)      0.40229( 53) 
 C11C         1.57503( 94)      1.98981(221)      0.43465( 40) 
 C12C         1.60743( 91)      2.10193(240)      0.45000( 45) 
 C13C         1.64829( 91)      2.18913(201)      0.43283( 36) 
 C14C         1.61493(111)      2.16442(276)      0.25966( 44) 
 N5C          1.55970(105)      2.15343(253)      0.24000( 44) 
 C16C         1.55384( 75)      2.02873(219)      0.28297( 50) 
 Cu4          2.26560(  9)      1.71476( 21)      0.45592(  4) 
 N1D          2.10237( 71)      1.70482(167)      0.39141( 30) 
 N2D          2.19316( 58)      1.73692(131)      0.42058( 28) 
 N3D          2.33439( 63)      1.78625(131)      0.42581( 32) 
 N4D          2.20199( 63)      1.69049(135)      0.49150( 26) 
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 Atoms                        X/a                             Y/b                              Z/c 
 
 N5D          2.16462( 67)      1.63748(139)      0.53826( 26) 
 O1D          2.27589( 62)      1.94997(130)      0.47006( 28) 
 O2D          2.25834( 64)      2.12488(131)      0.43423( 28) 
 O3D          2.32817( 56)      1.58199(129)      0.47601( 26) 
 C1D          2.27937( 77)      2.01290(160)      0.44258( 46) 
 C2D          2.31066( 86)      1.92159(154)      0.41498( 41) 
 C3D          2.25719(101)      1.90480(191)      0.38532( 36) 
 C4D          2.19563( 87)      1.81515(185)      0.39213( 41) 
 C5D          2.13989( 84)      1.79441(183)      0.37519( 36) 
 C6D          2.13314( 75)      1.67489(184)      0.41819( 35) 
 C7D          2.40316( 73)      1.79133(171)      0.44184( 46) 
 C8D          2.43081( 95)      1.64533(235)      0.45123( 46) 
 C9D          2.39152(104)      1.55673(204)      0.46809( 39) 
 C10D         2.42286( 90)      1.42848(193)      0.47592( 38) 
 C11D         2.48768(105)      1.39748(236)      0.46875( 55) 
 C12D         2.52600(114)      1.48937(281)      0.45096( 61) 
 C13D         2.49688( 94)      1.60820(256)      0.44194( 48) 
 C14D         2.21339( 70)      1.62279(167)      0.51865( 40) 
 C15D         2.11636( 87)      1.71669(181)      0.52383( 38) 
 C16D         2.14096( 85)      1.74963(155)      0.49485( 36) 
 Cu5          1.74242( 10)      2.33418( 22)      0.05550(  5) 
 O1E          1.73257( 72)      2.57010(116)      0.04322( 35) 
 O2E          1.75153( 62)      2.74650(127)      0.07822( 33) 
 O3E          1.67899( 59)      2.21102(143)      0.03546( 28) 
 N1E          1.91814( 62)      2.31404(179)      0.11465( 36) 
 N2E          1.82039( 62)      2.35141(139)      0.08918( 28) 
 N3E          1.67723( 67)      2.40033(134)      0.08658( 32) 
 N4E          1.80107( 68)      2.31233(130)      0.01788( 30) 
 N5E          1.83143( 74)      2.25861(152)     -0.03048( 30) 
 C1E          1.73031( 92)      2.61570(216)      0.06928( 61) 
 C2E          1.70738( 92)      2.54111(189)      0.09892( 40) 
 C3E          1.75970( 94)      2.52189(176)      0.12407( 41) 
 C4E          1.81992( 80)      2.43196(158)      0.11699( 42) 
 C5E          1.87950( 93)      2.40276(258)      0.13196( 43) 
 C6E          1.87780( 77)      2.28967(173)      0.08799( 36) 
 C7E          1.60859( 85)      2.41503(199)      0.07510( 61) 
 C8E          1.58077( 75)      2.27141(168)      0.06450( 47) 
 C9E          1.61869(132)      2.18079(220)      0.04484( 44) 
 C10E         1.58109(120)      2.05645(222)      0.03696( 49) 
 C11E         1.51703( 98)      2.01953(256)      0.04572( 55) 
 C12E         1.48427(129)      2.10810(266)      0.06715( 65) 
 C13E         1.51360( 99)      2.23304(235)      0.07545( 57) 
 C14E         1.78321( 89)      2.24849(186)     -0.00869( 43) 
 C15E         1.88256( 93)      2.34191(189)     -0.01729( 43) 
 C16E         1.86316( 86)      2.37769(182)      0.01328( 37) 
 Cu6          1.33467( 10)      1.74508( 23)      0.16646(  5) 
 O1F          1.33401( 51)      1.97652(114)      0.18030( 25) 
 O2F          1.26452( 75)      2.15565(130)      0.17125( 29) 
 O3F          1.40355( 60)      1.67663(134)      0.14010( 26) 
 N1F          1.18312(100)      1.67181(214)      0.22893( 42) 
 N2F          1.25045( 84)      1.72255(173)      0.19185( 36) 
 N3F          1.28111( 57)      1.83547(123)      0.13019( 29) 
 N4F          1.39521( 82)      1.68672(188)      0.20388( 42) 
 C15F         1.43720(165)      1.68932(315)      0.25464( 65) 
 
 
 

TH-149_994501



 Chapter (III) (Atomic Coordinates) Appendix 
 
26A 

  
 Atoms                        X/a                           Y/b                                 Z/c 
 
 C1F          1.28169( 87)      2.03103(193)      0.16746( 43) 
 C2F          1.23865( 76)      1.94563(170)      0.14400( 35) 
 C3F          1.17711( 94)      1.88778(225)      0.16057( 49) 
 C4F          1.18976(102)      1.79082(203)      0.18671( 49) 
 C5F          1.14909(115)      1.75993(257)      0.21185( 53) 
 C6F          1.24739(115)      1.63620(238)      0.21723( 45) 
 C7F          1.32829( 85)      1.89437(158)      0.10715( 42) 
 C8F          1.36556( 67)      1.78865(158)      0.08938( 34) 
 C9F          1.39915( 72)      1.68311(166)      0.10694( 44) 
 C10F         1.43661( 76)      1.57952(202)      0.09033( 50)  
 C11F         1.43643( 88)      1.58665(254)      0.05708( 46) 
 C12F         1.40637(101)      1.69137(235)      0.04021( 47) 
 C13F         1.36826( 91)      1.78874(226)      0.05641( 42) 
 C14F         1.44853( 87)      1.58716(224)      0.20153( 76) 
 N5F          1.46744( 87)      1.60576(224)      0.23642( 76) 
 C16F         1.39330(131)      1.74290(343)      0.23300( 65) 
 Cu7          1.11784(  9)      2.24948( 23)      0.09964(  5) 
 O1G          1.12181( 60)      2.47471(124)      0.08288( 30) 
 O2G          1.18919( 62)      2.65737(131)      0.09050( 26) 
 O3G          1.04573( 53)      2.22263(158)      0.12944( 24) 
 N1G          1.25348(100)      2.17184(175)      0.02612( 44) 
 N2G          1.20020( 71)      2.21023(157)      0.07317( 40) 
 N3G          1.17861( 67)      2.33962(161)      0.13338( 30) 
 N4G          1.05408( 71)      2.15985(136)      0.06803( 34) 
 N5G          0.99095( 92)      2.09757(179)      0.02595( 39) 
 C1G          1.17246( 97)      2.53735(158)      0.09611( 40) 
 C2G          1.21885( 94)      2.44909(173)      0.11841( 53) 
 C3G          1.28009(101)      2.38765(211)      0.10020( 50) 
 C4G          1.25881( 99)      2.29936(223)      0.07393( 71) 
 C5G          1.29071(103)      2.26001(297)      0.04442( 65) 
 C6G          1.20440(125)      2.14194(252)      0.04580( 66) 
 C7G          1.13919( 93)      2.39709(191)      0.15846( 48) 
 C8G          1.09875(109)      2.30023(178)      0.17777( 37) 
 C9G          1.05568( 84)      2.20473(210)      0.16240( 46) 
 C10G         1.02319(107)      2.10097(282)      0.17983( 59) 
 C11G         1.02924(138)      2.10856(344)      0.21239( 62) 
 C12G         1.07571(133)      2.18399(277)      0.22830( 59) 
 C13G         1.10919(122)      2.27851(268)      0.21085( 51) 
 C14G         1.03801(113)      2.18813(211)      0.03810( 46) 
 C15G         0.97773( 95)      2.01194(215)      0.04789( 51) 
 C16G         1.01426( 74)      2.04985(186)      0.07528( 44) 
 Cu8          2.27540( 10)      1.25919( 25)      0.32922(  5) 
 N1H          2.47552( 75)      1.15959(201)      0.35117( 37) 
 N2H          2.36953( 61)      1.21953(142)      0.34738( 29) 
 N3H          2.24783( 63)      1.30057(138)      0.37496( 28) 
 N4H          2.30818( 68)      1.25713(176)      0.28528( 31) 
 N5H          2.30839( 96)      1.22365(211)      0.23410( 46) 
 O1H          2.28711( 70)      1.50217(135)      0.33148( 32) 
 O2H          2.34299( 72)      1.62977(142)      0.36776( 30) 
 O3H          2.18452( 61)      1.22313(158)      0.31236( 25) 
 C1H          2.30863( 97)      1.52427(193)      0.35891( 43) 
 C2H          2.29095( 91)      1.41811(237)      0.38753( 38) 
 C3H          2.36053( 83)      1.36149(192)      0.39863( 38) 
 C4H          2.39989( 94)      1.27524(188)      0.37603( 36) 
 C5H          2.46486( 93)      1.23908(254)      0.37722( 51) 
 C6H          2.41875( 92)      1.14852(216)      0.33450( 41) 
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 Atoms                        X/a                             Y/b                              Z/c 
 
 C7H          2.17610( 79)      1.34035(177)      0.37536( 36) 
 C8H          2.12807( 85)      1.23050(175)      0.36266( 43) 
 C9H          2.13361( 72)      1.18078(215)      0.33109( 42) 
 C10H         2.08482(109)      1.08370(251)      0.31815( 43) 
 C12H         2.02661(104)      1.08177(239)      0.36777( 64) 
 C11H         2.03299(131)      1.03787(253)      0.33597( 46) 
 C13H         2.07484(101)      1.17707(240)      0.37973( 47) 
 C14H         2.27990(108)      1.19512(243)      0.26005( 37) 
 C15H         2.36156( 86)      1.31490(253)      0.23945( 57) 
 C16H         2.35775(116)      1.32790(244)      0.27395( 45) 
 O1           1.99280( 70)      1.96229(216)      0.45558( 30) 
 O2           2.24410(102)      1.35325(194)      0.47428( 51) 
 O3           1.01419( 89)      2.58738(194)      0.04411( 32) 
 O4           1.88395( 82)      2.71438(186)      0.04433( 51) 
 O5           2.12309( 68)      2.09127(146)      0.46403( 35) 
 O6           1.86322( 66)      1.80920(140)      0.48791( 32) 
 O7           1.86342( 75)      2.92872(154)     -0.00648( 32) 
 O8           1.17612( 95)      1.50880(207)      0.28763( 40) 
 O9           1.76513(104)      2.97252(198)      0.03711( 55) 
 O10          1.55276(163)      2.46155(373)      0.30627( 77) 
 O11          1.54768(151)      2.31903(335)      0.17732( 71) 
 O12          1.46404(154)      2.07993(340)      0.17755( 73) 
 O13          2.21504(141)      0.91792(300)      0.29533( 66) 
 O14          1.75409(191)      2.34002(437)      0.21966( 89) 
 O15          1.09457(163)      1.74299(388)      0.29015( 78) 
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Table I: Selected bond distances (Å) of complex [Fe2(S-Salhis)2(OH)(OAc) ·4H2O] (1) 

 
 Atoms                   Distances                            Atoms                    Distances  
 
Fe1-O3                   1.9465(19) 
Fe1-O1                   1.9723(19) 
Fe1 -O4                  1.987(2) 
Fe1 -O8                  1.999(2) 
Fe1 -N4                  2.131(2 
Fe1 -N6                  2.203(2) 
Fe2 -O2                  1.9315(19) 
Fe2 -O1                  1.9696(19) 
Fe2 -O6                  2.018(2) 
Fe2 -O5                  2.031(2) 
Fe2 -N2                  2.140(2) 
Fe2 -N1                  2.201(2) 
O2 -C1                   1.365(4) 
O3 -C8                   1.352(4) 
O4 -C23                 1.254(4) 
O5 -C23                 1.223(4) 
N1 -C27                 1.473(4) 
N1 -C7                   1.492(4) 
N2 -C19                 1.314(4) 
N2 -C21                 1.376(4) 
N3 -C20                 1.331(4) 
N3 -C19                 1.337(4) 
N4 -C16                 1.304(4) 
N4 -C17                 1.393(4) 
N5 -C16                 1.325(4) 
N5 -C15                 1.364(4) 
N6 -C25                 1.487(4) 

 
N6 -C14                 1.492(4) 
C1 -C6                   1.375(4) 
C1 -C2                   1.393(5) 
C2 -C3                   1.404(6) 
C3 -C4                   1.350(6) 
C4 -C5                   1.372(6) 
C5 -C6                   1.370(5) 
C6 -C7                   1.507(4) 
C8 -C9                   1.387(5) 
C8 -C13                 1.395(5) 
C9 -C10                 1.360(6) 
C10 -C11               1.371(6) 
C11 -C12               1.395(6) 
C12 -C13               1.369(6) 
C13 -C14               1.479(5) 
C15 -C17               1.340(4) 
C17 -C18               1.480(4) 
C18 -C25               1.512(4) 
C20 -C21               1.352(4) 
C21 -C22               1.489(4) 
C22 -C27               1.524(4) 
C23 -C24               1.513(5) 
C25 -C26               1.509(5) 
C27 -C28               1.528(5) 
O11 -O13A            1.00(3) 1_545 
O13A -O11            1.00(3) 1_565 
 

 
 

Table II:  Selected bond Angles (º) of the complex [Fe2(S-Salhis)2(OH)(OAc)·4H2O] 
(1) 

 
     Atoms                       Angles                            Atoms                           Angles 
 
O3 -Fe1 -O1                  94.14(8) 
O3 -Fe1 -O4                  91.27(9) 
O1 -Fe1 -O4                  93.61(8) 
O3 -Fe1 -O8                  93.91(8) 
O1 -Fe1 -O8                  94.36(8) 
O4 -Fe1 -O8                  170.15(8) 
O3 -Fe1 -N4                  169.25(9) 
O1 -Fe1 -N4                   96.24(9) 
O4 -Fe1 -N4                   85.31(10) 
 

 
O3 -Fe1 -N6                      87.26(9) 
O1 -Fe1 -N6                      172.22(10) 
O4 -Fe1 -N6                      94.00(9) 
O8 -Fe1 -N6                      77.90(9) 
N4 -Fe1 -N6                      82.82(9) 
Fe2 -O1 -Fe1                     126.35(11) 
C1 -O2 -Fe2                       121.24(17) 
C8 -O3 -Fe1                       119.76(18)  
C23 -O4 -Fe1                     131.11(19) 
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    Atoms                       Angles                              Atoms                             Angles 
 
O8 -Fe1 -N4                  88.08(10) 
C28 -O6 -Fe2                117.51(19) 
C26 -O8 -Fe1                118.2(2) 
C27 -N1 -C7                 110.2(2) 
C27 -N1 -Fe2                104.77(16) 
C7 -N1 -Fe2                  112.87(17) 
C19 -N2 -C21               106.5(2) 
C19 -N2 -Fe2                122.88(19) 
C21 -N2 -Fe2                130.49(18) 
C20 -N3 -C19               108.2(3) 
C16 -N4 -C17               106.5(2) 
C16 -N4 -Fe1                124.1(2) 
C17 -N4 -Fe1                129.39(18) 
C16 -N5 -C15               108.0(3) 
C25 -N6 -C14               110.6(2) 
C25 -N6 -Fe1                103.66(17) 
C14 -N6 -Fe1                112.98(19) 
O2 -C1 -C6                   119.9(3) 
O2 -C1 -C2                   121.0(3) 
C6 -C1 -C2                   119.1(3) 
C1 -C2 -C3                   118.8(3) 
C4 -C3 -C2                   121.2(4) 
C3 -C4 -C5                   119.3(4) 
C6 -C5 -C4                   120.9(4) 
C5 -C6 -C1                   120.6(3) 
C5 -C6 -C7                   122.0(3) 
C1 -C6 -C7                   117.4(3) 
N1 -C7 -C6                   111.2(2) 
O3 -C8 -C9                   121.3(3) 
O3 -C8 -C13                 119.2(3) 
C9 -C8 -C13                  119.5(3) 
O2 -Fe2 -O1                  95.36(8) 
O2 -Fe2 -O6                  95.36(8) 
O1 -Fe2 -O6                  90.56(8) 
O2 -Fe2 -O5                  90.28(9)  
O1 -Fe2 -O5                  95.62(8) 
O6 -Fe2 -O5                  171.22(8) 
O8 -C26 -C25                116.0(3) 
N1 -C27 -C22               111.6(2) 
N1 -C27 -C28               108.4(2) 
C23 -O5 -Fe2                128.3(2) 

 
O2 -Fe2 -N2                        168.62(9) 
O1 -Fe2 -N2                        95.62(9) 
O6 -Fe2 -N2                        87.51(9) 
O5 -Fe2 -N2                        85.68(9) 
O2 -Fe2 -N1                        87.01(8) 
O1 -Fe2 -N1                        167.01(8) 
O6 -Fe2 -N1                        76.49(8) 
O5 -Fe2 -N1                        97.14(8) 
N2 -Fe2 -N1                         82.95(9) 
C10 -C9 -C8                        120.8(4) 
C9 -C10 -C11                      120.6(4) 
C10 -C11 -C12                    118.8(4)  
C13 -C12 -C11                    121.5(4) 
C12 -C13 -C8                      118.8(4) 
C12 -C13 -C14                    122.9(3) 
C8 -C13 -C14                      118.3(3) 
C13 -C14 -N6                      112.1(3) 
C17 -C15 -N5                      106.9(3) 
N4 -C16 -N5                        110.8(3) 
C15 -C17 -N4                      107.9(3) 
C15 -C17 -C18                    129.0(3) 
N4 -C17 -C18                      122.7(3) 
C17 -C18 -C25                    116.0(2) 
N2 -C19 -N3                       110.1(3) 
N3 -C20 -C21                     107.5(3) 
C20 -C21 -N2                     107.7(2) 
C20 -C21 -C22                   129.4(3) 
N2 -C21 -C22                     122.9(3) 
C21 -C22 -C27                   114.3(2) 
O5 -C23 -O4                       125.3(3) 
O4 -C23 -C24                     116.3(3) 
N6 -C25 -C26                     109.7(2) 
N6 -C25 -C18                     111.8(3) 
C26 -C25 -C18                   111.4(3) 
O9 -C26 -O8                      122.6(3) 
O9 -C26 -C25                    121.4(3) 
O7 -C28 -O6                      124.6(3) 
O7 -C28 -C27                    118.5(3)  
O6 -C28 -C27                    116.9(3) 
C22 -C27 -C28                  112.3(3)  
 

 
 
 
 
 
 

TH-149_994501



Appendix     Chapter IV (Bond Distances and Bond Angles) 
 

30A

 
 
Table III: Selected bond distances (Å) of complex [Fe2(S-Salhis)2(OH)(OAc)·H2O] (2) 
 
 Atoms                                Distances                Atoms                              Distances 
 
Fe1-O3                                 1.957(3) 
Fe1-O1                                 1.969(3) 
Fe1-O4                                 1.995(3) 
Fe1-O8                                 2.000(3) 
Fe1-N4                                 2.142(4) 
Fe1-N6                                 2.211(4) 
Fe2-O2                                 1.946(3) 
Fe2-O1                                 1.72(3) 
Fe2-O6                                 2.016(3) 
Fe2-O5                                 2.031(3) 
Fe2-N2                                2.51(4) 
Fe2-N1                                2.206(3) 
O2-C1                                 1.360(5) 
O3-C8                                 1.349(6) 
O4-C23                               1.261(5) 
O5-C23                               1.253(5) 
O6-C28                               1.287(6) 
O7-C28                               1.207(6) 
O8-C26                              1.297(5) 
O9-C26                              1.224(6) 
N1-C27                              1.481(5) 
N1-C7                                1.503(5) 
N2-C19                              1.309(6) 
N2-C21                              1.386(5) 
N3-C19                              1.347(6) 
N3-C20                              1.359(7) 
N4-C16                              1.305(6) 
N4-C17                              1.406(5) 

 
N5-C16                                1.312(6) 
N5-C15                                1.381(6) 
N6-C14                                1.469(6) 
N6-C25                                1.476(6) 
C1-C2                                  1.395(7) 
C1-C6                                  1.401(6) 
C2-C3                                  1.385(9) 
C3-C4                                  1.375(10) 
C4-C5                                  1.412(9) 
C5-C6                                  1.376(7) 
C6-C7                                  1.492(7) 
C8-C9                                  1.386(8) 
C8-C13                                1.400(7) 
C9-C10                                1.346(10) 
C10-C11                              1.380(11) 
C11-C12                              1.408(10) 
C12-C13                              1.357(9) 
C13-C14                              1.493(8) 
C15-C17                              1.338(7) 
C17-C18                              1.495(7) 
C18-C25                              1.532(7) 
C20-C21                              1.365(6) 
C21-C22                              1.489(7 
C22-C27                              1.525(6) 
C23-C24                              1.495(7) 
C25-C26                              1.533(7) 
C27-C28                              1.536(7) 
 

 
 
Table IV:  Selected bond Angles (º) of the complex [Fe2(S-Salhis)2(OH)(OAc)·H2O] (2) 
 
     Atoms                             Angles                      Atoms                                 Angles 
 
O8 -Fe1 -N6                        77.51(14) 
N4 -Fe1 -N6                       83.13(16) 
O2 -Fe2 -O1                       95.19(13) 
O2 -Fe2 -O6                       94.95(13) 
O1 -Fe2 -O6                       90.84(13) 
O2 -Fe2 -O5                       90.59(13) 
O1 -Fe2 -O5                       95.43(12) 
O6 -Fe2 -O5                     171.23(11) 
 

 
O1 -Fe2 -N1                          167.23(12) 
O6 -Fe2 -N1                          76.45(12) 
O5 -Fe2 -N1                          97.08(12) 
N2 -Fe2 -N1                          82.76(13) 
Fe1-O1 -Fe2                          126.69(16) 
C1 -O2 -Fe2                          121.0(3) 
C8 -O3 -Fe1                          120.0(3) 
C23 -O4 -Fe1                        130.0(3) 
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 Atoms                                 Angles                       Atoms                               Angles 
 
O2 -Fe2 -N2                       168.76(13) 
O1 -Fe2 -N2                       95.68(13) 
O6 -Fe2 -N2                       87.75(13) 
O5 -Fe2 -N2                       85.54(13) 
O2 -Fe2 -N1                       87.27(13) 
C7 -N1 -Fe2                       112.0(2) 
C19 -N2 -Fe2                     123.0(3) 
C19 -N2 -C21                    106.6(3) 
C21 -N2 -Fe2                     130.2(3) 
C19 -N3 -C20                    107.7(4) 
C16 -N4 -C17                    105.6(4) 
C16 -N4 -Fe1                     124.8(3) 
C17 -N4 -Fe1                     129.6(3) 
C16 -N5 -C15                    108.3(4) 
C14 -N6 -C25                    111.1(4) 
C14 -N6 -Fe1                     113.5(3) 
C25 -N6 -Fe1                     104.3(3) 
O2 -C1 -C2                        122.3(4) 
O2 -C1 -C6                        118.6(4) 
C2 -C1 -C6                        119.2(4) 
C3 -C2 -C1                        119.6(5) 
C4 -C3 -C2                        122.1(6) 
C3 -C4 -C5                        118.2(6) 
C6 -C5 -C4                        120.6(6) 
C5 -C6 -C1                        120.4(4) 
C5 -C6 -C7                        121.8(4) 
C1 -C6 -C7                        117.7(4) 
C6 -C7 -N1                        111.5(4) 
O3 -C8 -C9                        122.7(5) 
O3 -C8 -C13                      118.9(4) 
C9 -C8 -C13                      118.5(5) 
C10 -C9 -C8                      123.5(7) 
C9 -C10 -C11                    118.3(6) 
C10 -C11 -C12                  119.3(7) 
C13 -C12 -C11                  121.7(7) 
C12 -C13 -C8                    118.6(5) 

 
C23 -O5 -Fe2                       128.3(3) 
C28 -O6 -Fe2                       118.0(3) 
C26 -O8 -Fe1                       118.7(3) 
C27 -N1 -C7                        110.6(3) 
C27 -N1 -Fe2                       104.9(2) 
C12 -C13 -C14                    122.8(5) 
C8 -C13 -C14                      118.7(5) 
N6 -C14 -C13                      113.0(4) 
C17 -C15 -N5                      105.9(4) 
N4 -C16 -N5                        111.6(4) 
C15 -C17 -N4                      108.6(4) 
C15 -C17 -C18                    128.6(4) 
N4 -C17 -C18                      122.7(4) 
C17 -C18 -C25                    115.6(4) 
N2 -C19 -N3                        110.8(4) 
N3 -C20 -C21                      106.7(4) 
C20 -C21 -N2                      108.1(4) 
C20 -C21 -C22                    128.3(4) 
N2 -C21 -C22                      123.6(4) 
C21 -C22 -C27                    113.9(3) 
O5 -C23 -O4                        125.6(4) 
O5 -C23 -C24                      118.4(4) 
O4 -C23 -C24                      115.9(4) 
N6 -C25 -C18                      112.8(4) 
N6 -C25 -C26                      108.8(4) 
C18 -C25 -C26                    111.6(4) 
O9 -C26 -O8                        123.4(5) 
O9 -C26 -C25                      120.9(4) 
O8 -C26 -C25                      115.6(4) 
N1 -C27 -C22                      112.1(4) 
N1 -C27 -C28                      108.2(3) 
C22 -C27 -C28                    112.9(4) 
O7 -C28 -O6                        124.7(5) 
O7 -C28 -C27                      119.1(4) 
O6 -C28 -C27                      116.1(4) 
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Table V: Selected bond distances (Å) of complex [Fe2(S-Salhis)2(OH)(OAc) ·H2O·I2] 

(3) 
 
Atoms                           Distances                      Atoms                             Distances 

 
 
 
 
Table VI:  Selected bond Angles (º) of the complex [Fe2(S-Salhis)2(OH)(OAc)·H2O·I2] 

(3) 
 
 
      Atoms                             Angles                     Atoms                                Angles 
 
O3 -Fe1 -O1                         94.5(2) 
O3 -Fe1 -O4                         90.9(3) 
O1 -Fe1 -O4                         93.3(2) 

 
C14 -N1 C25                         110.2(6) 
C14 -N1 -Fe2                         113.0(5) 
C25 -N1 -Fe2                         104.0(4) 

 
Fe1 -O3                        1.961(5) 
Fe1 -O1                        1.983(6) 
Fe1 -O4                        1.992(6) 
Fe1 -O8                        2.016(5) 
Fe1 -N4                        2.119(6) 
Fe1 -N6                        2.213(7) 
Fe2 -O2                        1.931(6) 
Fe2 -O1                        1.966(5) 
Fe2 -O6                        2.024(6) 
Fe2 -O5                        2.034(6) 
Fe2 -N2                        2.144(6) 
Fe2 -N1                        2.216(6) 
I1 -I1'                            1.142(7) 
N1 -C14                        1.465(10) 
N1 -C25                        1.481(9) 
N2 -C16                        1.304(11) 
N2 -C17                        1.385(10) 
N3 -C15                        1.311(14) 
N3 -C16                        1.326(12) 
N4 -C19                        1.295(12) 
N4 -C21                        1.415(10) 
N5 -C19                        1.372(11) 
N5 -C20                        1.398(12) 
N6 -C7                          1.468(13) 
N6 -C27                        1.500(11) 
C1 -C2                          1.372(15) 
C1 -C6                          1.393(15) 
C2 -C3                          1.413(19) 
C3 -C4                          1.38(3) 
C4 -C5                          1.43(2) 
C5 -C6                          1.383(16) 

 
I1 -I2                                2.658(5) 
I1 -I2'                               2.784(6) 
I2 -I'                                 1.149(6) 
I2 -I1'                               2.852(7) 
I1' -I2'                              2.584(8) 
O2 -C8                             1.381(10) 
O3 -C1                             1.349(12) 
O4 -C23                           1.285(10) 
O5 -C23                           1.236(10) 
O6 -C26                            1.271(11) 
O7 -C26                            1.212(10) 
O8 -C28                            1.303(10) 
O9 -C28                            1.228(10) 
C6 -C7                               1.500(15) 
C8 -C13                             1.390(12) 
C8 -C9                               1.392(14) 
C9 -C10                             1.458(17) 
C10 -C11                           1.271(19) 
C11 -C12                           1.294(18) 
C12 -C13                           1.419(12) 
C13 -C14                           1.491(13) 
C15 -C17                           1.391(13) 
C17 -C18                           1.477(13) 
C18 -C25                            1.525(11) 
C20 -C21                            1.359(13) 
C21 -C22                            1.483(13) 
C22 -C27                            1.539(13) 
C23 -C24                            1.483(12) 
C25 -C26                            1.538(11) 
C27 -C28                            1.514(12) 
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 Atoms                                   Angles              
 
O3 -Fe1 -O8                          94.2(2) 
O1 -Fe1 -O8                          94.3(2) 
O4 -Fe1 -O8                        170.5(2) 
O3 -Fe1 -N4                        169.0(3) 
O1 -Fe1 -N4                          96.2(3) 
O4 -Fe1 -N4                          85.9(3) 
O8 -Fe1 -N4                          87.6(3) 
O3 -Fe1 -N6                          86.6(3) 
O1 -Fe1 -N6                        172.7(3) 
O4 -Fe1 -N6                          93.9(3) 
O8 -Fe1 -N6                          78.4(2) 
N4 -Fe1 -N6                          83.1(3) 
O2 -Fe2 -O1                          94.6(2) 
O2 -Fe2 -O6                          93.6(3) 
O1 -Fe2 -O6                          90.9(2) 
O2 -Fe2 -O5                          91.3(3) 
O1 -Fe2 -O5                          95.8(2) 
O6 -Fe2 -O5                        171.3(2) 
O2 -Fe2 -N2                        169.8(3) 
O1 -Fe2 -N2                          95.5(2) 
O6 -Fe2 -N2                          87.7(3) 
O5 -Fe2 -N2                          86.2(3) 
O2 -Fe2 -N1                          87.0(2) 
O1 -Fe2 -N1                        167.5(2) 
O6 -Fe2 -N1                          76.6(2) 
O5 -Fe2 -N1                          96.5(2) 
N2 -Fe2 -N1                          83.4(2) 
I1' -I1 -I2                               87.8(4) 
I1' -I1 -I2'                              68.0(4) 
I2 -I1 -I2'                              24.24(13) 
I2' -I2 -I1                               84.1(3) 
I2' -I2 -I1'                              64.9(3) 
I1 -I2 -I1'                              23.58(15) 
I1 -I1' -I2'                             87.8(4) 
I1 -I1' -I2                              68.6(4) 
I2' -I1' -I2                             23.75(14) 
I2 -I2' -I1'                             91.4(3) 
I2 -I2' -I1                              71.7(3) 
I1' -I2' -I1                             24.19(17) 
Fe2 -O1 -Fe1                       126.6(3) 
C8 -O2 -Fe2                         121.0(5) 
C1 -O3 -Fe1                         121.1(5) 
C23 -O4 -Fe1                       131.3(5) 
C23 -O5 -Fe2                       129.7(5) 
 
 

 
 
     Atoms                                Angles             
 
C16 -N2 -C17                           106.4(7) 
C16 -N2 -Fe2                           124.0(6) 
C17 -N2 -Fe2                           129.3(5) 
C15 -N3 -C16                          108.9(8) 
C19 -N4 -C21                          104.8(7) 
C19 -N4 -Fe1                           124.4(5)  
C21 -N4 -Fe1                           130.7(6) 
C19 -N5 -C20                           104.7(8) 
C7 -N6 -C27                             110.8(6) 
C7 -N6 -Fe1                              113.3(6) 
C27 -N6 -Fe1                           103.7(5) 
O3 -C1 -C2                               120.0(10) 
O3 -C1 -C6                               119.2(8) 
C2 -C1 -C6                               120.8(10) 
C1 -C2 -C3                               120.6(13) 
C4 -C3 -C2                               117.6(13) 
C3 -C4 -C5                               122.0(14) 
C6 -C5 -C4                               118.1(14) 
C5 -C6 -C1                               120.3(11) 
C5 -C6 -C7                               122.0(11) 
C1 -C6 -C7                               117.7(9) 
N6 -C7 -C6                               112.6(8) 
O2 -C8 -C13                             117.2(8) 
O2 -C8 -C9                                122.5(8) 
C13 -C8 -C9                             120.3(8) 
C8 -C9 -C10                             115.2(10) 
C11 -C10 -C9                           122.7(11) 
C10 -C11 -C12                         120.3(12) 
C11 -C12 -C13                         122.7(12) 
C8 -C13 -C12                           116.7(9) 
C8 -C13 -C14                           119.7(7) 
C12 -C13 -C14                         123.3(9) 
N1 -C14 -C13                           112.6(7) 
N3 -C15 -C17                           107.2(8) 
N2 -C16 -N3                             111.2(8) 
N2 -C17 -C15                           106.3(8) 
N2 -C17 -C18                           124.1(7) 
C15 -C17 -C18                         129.5(8) 
C17 -C18 -C25                         114.0(6) 
N4 -C19 -N5                             114.0(8) 
C21 -C20 -N5                           107.1(8) 
C20 -C21 -N4                           109.2(7) 
C20 -C21 -C22                         128.8(8) 
N4 -C21 -C22                           121.7(8) 
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     Atoms                               Angles 
 
C26 -O6 -Fe2                        117.9(5) 
C28 -O8 -Fe1                       116.6(5) 
O6 -C26 -C25                       116.5(6) 
N6 -C27 -C28                      108.3(7) 
N6 -C27 -C22                      110.8(7) 
C28 -C27 -C22                    113.7(7) 
O9 -C28 -O8                        121.1(8) 
O9 -C28 -C27                      121.0(8) 

 
    
   Atoms                                 Angles 
 
O5 -C23 -C24                           120.5(7) 
C21 -C22 -C27                         115.6(7) 
O5 -C23 -O4                             123.8(7) 
O4 -C23 -C24                           115.6(7) 
N1 -C25 -C18                           113.0(7) 
N1 -C25 -C26                           108.5(6) 
C18 -C25 -C26                         111.5(6) 
O7 -C26 -O6                             123.7(8) 

O8 -C28 -C27                      117.9(7)              O7 -C26 -C25                            119.9(8) 
 

 
 
Table VII: Selected bond distances (Å) of complex [Fe2(R-Salhis)2(OH)(OAc) ·2H2O] 

(4) 
 
 Atoms                         Distances                        Atoms                        Distances 
 
Fe1 -O3                       1.961(2)  
Fe1 -O1                       1.971(2)  
Fe1 -O4                       1.997(2) 
Fe1 -O8                       2.001(2) 
Fe1 -N4                       2.136(3)  
Fe1 -N6                       2.220(3)  
Fe2 -O2                       1.943(2) 
Fe2 -O1                       1.968(2)  
Fe2 -O6                       2.024(2)  
Fe2 -N2                       2.141(3) 
Fe2 -N1                       2.211(3) 
O2 -C1                        1.364(4)  
O3 -C8                        1.346(5)  
O4 -C23                      1.273(4)  
O5 -C23                      1.260(4)  
O6 -C28                      1.274(5)  
O7 -C28                      1.214(5)  
O8 -C26                      1.295(4)  
O9 -C26                      1.228(5)  
N1 -C27                      1.475(4)  
N1 -C7                        1.502(4)  
N2 -C19                      1.327(5)  
N2 -C21                      1.385(4)  
N3 -C19                      1.346(5)  
N3 -C20                      1.350(6)  
N4 -C16                      1.330(5)  
N4 -C17                      1.391(4)  

 
N5 -C15                        1.397(5)  
N6 -C25                        1.473(5)  
N6 -C14                        1.486(5)  
C1 -C2                          1.389(5)  
C1 -C6                          1.395(5)  
C2 -C3                          1.407(9)  
C3 -C4                          1.372(9)  
C4 -C5                          1.374(7)  
C5 -C6                          1.380(6)  
C6 -C7                          1.487(5)  
C8 -C13                        1.395(6)  
C8 -C9                          1.409(6)  
C9 -C10                        1.341(7)  
C10 -C11                      1.385(9)  
C11 -C12                      1.436(9)  
C12 -C13                      1.372(7)  
C13 -C14                      1.507(6)  
C15 -C17                      1.344(5)  
C17 -C18                      1.485(5)  
C18 -C25                      1.546(5)  
C20 -C21                      1.325(6)  
C21 -C22                      1.503(5)  
C22 -C27                      1.535(5)  
C23 -C24                      1.483(5)  
C25 -C26                      1.537(5)  
C27 -C28                      1.533(5) 
 N5 -C16                      1.325(5) 

 
 

TH-149_994501



Appendix     Chapter IV (Bond Distances and Bond Angles) 
 

35A

 
 
Table VIII:  Selected bond Angles (º) of the complex [Fe2(R-Salhis)2(OH)(OAc)·2H2O] 

(4) 
 
 
     Atoms                            Angles                         Atoms                            Angles 
 
O3 -Fe1 -O1                       94.20(10)  
O3 -Fe1 -O4                       91.56(11)  
O1 -Fe1 -O4                       93.59(10)  
O3 -Fe1 -O8                       94.11(10)  
O1 -Fe1 -O8                       94.10(10)  
O4 -Fe1 -O8                       170.08(10)  
O3 -Fe1 -N4                      168.88(11)  
O1 -Fe1 -N4                       96.64(11)  
O4 -Fe1 -N4                       85.32(12)  
O8 -Fe1 -N4                        87.57(11)  
O3 -Fe1 -N6                        87.21(11)  
O1 -Fe1 -N6                       172.07(11) 
O4 -Fe1 -N6                         94.17(11) 
O8 -Fe1 -N6                         78.01(11)  
N4 -Fe1 -N6                         82.39(11)  
O2 -Fe2 -O1                        95.21(10)  
O2 -Fe2 -O6                        95.39(10)  
O1 -Fe2 -O6                        90.53(10)  
O2 -Fe2 -O5                        90.21(11)  
O1 -Fe2 -O5                        95.66(9)  
O6 -Fe2 -O5                       171.25(9)  
O2 -Fe2 -N2                       168.36(11)  
O1 -Fe2 -N2                       96.04(11)  
O6 -Fe2 --N2                      87.51(10)  
O5 -Fe2 -N2                       85.70(10)  
O2 -Fe2 -N1                       87.14(10)  
O1 -Fe2 -N1                      166.56(9) 
O6 -Fe2 -N1                      76.07(10)  
O5 -Fe2 -N1                       97.56(9) 
N2 -Fe2 -N1                       82.61(10)  
Fe2 -O1 -Fe1                     126.83(12)  
C1 -O2 -Fe2                       121.2(2)  
C8 -O3 -Fe1                       119.5(2)  
C23 -O4 -Fe1                     130.7(2)  
C23 -O5 -Fe2                     128.6(2)  
C28 -O6 -Fe2                     117.8(2)  
C26 -O8 -Fe1                     118.4(2)  
C27 -N1 -C7                      111.2(2)  
C27 -N1 -Fe2                     104.9(2)  
C7 -N1 -Fe2                       112.30(19)  
 
 

 
C10 -C9 -C8                         121.5(5)  
C9 -C10 -C11                       120.8(5)  
C10 -C11 -C12                     118.9(5)  
C13 -C12 -C11                     119.4(5)  
C12 -C13 -C8                       120.7(4)  
C12 -C13 -C14                     122.0(4)  
C8 -C13 -C14                       117.3(4)  
N6 -C14 -C13                       111.8(3)  
C17 -C15 -N5                        105.9(3)  
N5 -C16 -N4                          111.0(3)  
C15 -C17 -N4                        109.4(3)  
C15 -C17 -C18                       127.6(3) 
N4 -C17 -C18                         122.8(3) 
C17 -C18 -C25                       115.6(3)  
N2 -C19 -N3                          110.9(3)  
C21 -C20 -N3                          109.0(4)  
C20 -C21 -N2                          108.4(3)  
C20 -C21 -C22                         129.3(4)  
N2 -C21 -C22                           122.3(3)  
C21 -C22 -C27                         113.7(3)  
O5 -C23 -O4                             124.6(3)  
O5 -C23 -C24                           119.0(3)  
O4 -C23 -C24                           116.4(3)  
N6 -C25 -C26                           109.3(3)  
N6 -C25 -C18                           112.0(3)  
C26 -C25 -C18                         110.6(3)  
O9 -C26 -O8                             123.8(4)  
O9 -C26 -C25                            120.1(3)  
O8 -C26 -C25                            116.1(3)  
N1 -C27 -C28                            108.4(3)  
N1 -C27 -C22                            111.8(3)  
C28 -C27 -C22                          112.4(3)  
O7 -C28 -O6                              125.4(4)  
O7 -C28 -C27                             118.1(4)  
O6 -C28 -C27                            116.5(3)  
O2 -C1 -C6                                118.8(3)  
C2 -C1 -C6                                119.4(4)  
C1 -C2 -C3                                119.5(5)  
C4 -C3 -C2                                120.4(4)  
C3 -C4 -C5                                119.6(5)  
 
 

TH-149_994501



Appendix     Chapter IV (Bond Distances and Bond Angles) 
 

36A

    
  
    Atoms                             Angles                 
 
C19 -N2 -C21                    105.5(3)  
C19 -N2 -Fe2                     122.9(2)  
C21 -N2 -Fe2                     131.4(2)  
C19 -N3 -C20                    106.2(3)  
C16 -N4 -C17                    105.9(3)  
C16 -N4 -Fe1                     123.7(2)  
C17 -N4 -Fe1                     130.4(2)  
C16 -N5 -C15                    107.9(3)  
C25 -N6 -C14                    110.4(3)  

 
 
    Atoms                                   Angles 
 
C4 -C5 -C6                               121.2(5) 
C5 -C6 -C1                               119.8(4)  
C5 -C6 -C7                               122.1(4)  
C1 -C6 -C7                               118.1(3)  
C6 -C7 -N1                               112.2(3)  
O3 -C8 -C13                             119.8(3)  
O3 -C8 -C9                               121.6(4)  
C13 -C8 -C9                             118.6(4) 
C14 -N6 -Fe1                           112.4(2)  

C25 -N6 -Fe1                     104.2(2)                 O2 -C1 -C2                               121.8(3) 
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Atomic coordinates for the complex [Fe2(S-Salhis)2(OH)(OAc)·4H2O (1)  
  
 Atoms                        X/a                                  Y/b                                 Z/c 
  
 Fe1          0.95762(    3)      0.38367(    3)     -0.00044(    1) 
 Fe2          0.71091(    3)      0.18204(    3)     -0.05123(    1) 
 O1           0.86317(   16)      0.23464(   17)     -0.02706(    5) 
 O2           0.62041(   16)      0.13613(   17)     -0.00626(    5) 
 O3           1.02277(   16)      0.47545(   17)     -0.04510(    5) 
 O4           0.82909(   16)      0.42138(   17)      0.00031(    5) 
 O5           0.71998(   16)      0.34057(   16)     -0.04946(    5) 
 O6           0.69382(   17)      0.02335(   16)     -0.06106(    5) 
 O7           0.63274(   28)     -0.11875(   23)     -0.10194(    8) 
 O8           1.09371(   16)      0.35846(   18)      0.00739(    5) 
 O9           1.24715(   19)      0.39903(   23)      0.04220(    7) 
 N1           0.54296(   19)      0.08727(   17)     -0.08085(    6) 
 N2           0.78066(   19)      0.23086(   19)     -0.10572(    6) 
 N3           0.91009(   23)      0.32354(   25)     -0.14844(    7) 
 N4           0.89812(   20)      0.31431(   23)      0.05333(    6) 
 N5           0.78211(   24)      0.20163(   26)      0.09613(    7) 
 N6           1.08025(   19)      0.54191(   21)      0.03061(    7) 
 C1           0.52262(   24)      0.14614(   23)     -0.00249(    8) 
 C2           0.51472(   32)      0.21467(   32)      0.02534(   10) 
 C3           0.41207(   38)      0.22180(   34)      0.02815(   13) 
 C4           0.32186(   35)      0.16348(   36)      0.00452(   12) 
 C5           0.33103(   30)      0.09661(   33)     -0.02284(   10) 
 C6           0.43019(   24)      0.08826(   25)     -0.02645(    8) 
 C7           0.44200(   25)      0.01439(   25)     -0.05600(    9) 
 C8           1.03455(   26)      0.58323(   27)     -0.04784(    9) 
 C9           0.97940(   30)      0.61001(   32)     -0.07563(   11) 
 C10          0.99106(   38)      0.71850(   38)     -0.07788(   12) 
 C11          1.05645(   43)      0.80331(   37)     -0.05245(   15) 
 C12          1.11316(   41)      0.77730(   35)     -0.02470(   13) 
 C13          1.10428(   31)      0.66934(   29)     -0.02232(   10) 
 C14          1.16459(   29)      0.63938(   29)      0.00642(   10) 
 C15          0.88544(   29)      0.27699(   29)      0.11302(    9) 
 C16          0.79348(   29)      0.22719(   32)      0.06053(    9) 
 C17          0.95849(   26)      0.34637(   25)      0.08669(    8) 
 C18          1.07782(   27)      0.44911(   28)      0.09041(    9) 
 C19          0.88675(   28)      0.31826(   28)     -0.11243(    9) 
 C20          0.81682(   29)      0.23738(   29)     -0.16520(    8) 
 C21          0.73414(   26)      0.17938(   25)     -0.13918(    8) 
 C22          0.61381(   26)      0.07656(   25)     -0.14321(    8) 
 C23          0.75981(   23)      0.41535(   24)     -0.02444(    9) 
 C24          0.72088(   30)      0.50564(   31)     -0.02281(   11) 
 C25          1.14333(   25)      0.50062(   26)      0.05484(    8) 
 C26          1.16513(   25)      0.41373(   29)      0.03427(    8) 
 C27          0.55959(   25)      0.01198(   24)     -0.10732(    8) 
 C28          0.63366(   30)     -0.03325(   25)     -0.08888(    9) 
 O10          0.96128(   43)      0.63658(   62)      0.07830(   15) 
 O11          0.95376(  142)      0.09525(  147)     -0.01219(   52) 
 O11A         0.90905(  168)      0.99727(  175)     -0.14188(   60) 
 O12          0.88053(  181)      0.93443(  195)     -0.08100(   67) 
 O12A         0.84658(  198)      1.01100(  173)     -0.20297(   62) 
 O13          1.05299(  227)      1.08410(  188)     -0.11439(   70) 
 O13A         0.95706(  290)      1.08940(  308)     -0.03968(   90) 
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Atomic coordinates for the complex [Fe2(S-Salhis)2(OH)(OAc)·H2O (2)  
  
 Atoms                        X/a                                  Y/b                                 Z/c 
 
 Fe1          0.04192(    0)      0.42553(    0)      0.14682(    0) 
 Fe2          0.28868(    0)      0.47036(    0)      0.19744(    0) 
 O1           0.13615(    0)      0.37122(    0)      0.17337(    0) 
 H1           0.10557(    0)      0.29052(    0)      0.17469(    0) 
 O2           0.37957(    0)      0.51453(    0)      0.15239(    0) 
 O3          -0.02324(    0)      0.45257(    0)      0.19147(    0) 
 O4           0.17103(    0)      0.59238(    0)      0.14579(    0) 
 O5           0.27969(    0)      0.61994(    0)      0.19579(    0) 
 O6           0.30607(    0)      0.32893(    0)      0.20701(    0) 
 O7           0.36591(    0)      0.24670(    0)      0.24796(    0) 
 O8          -0.09456(    0)      0.26425(    0)      0.13895(    0) 
 O9          -0.24766(    0)      0.15098(    0)      0.10380(    0) 
 N1           0.45681(    0)      0.54355(    0)      0.22705(    0) 
 N2           0.21871(    0)      0.44952(    0)      0.25183(    0) 
 N3           0.08890(    0)      0.41360(    0)      0.29462(    0) 
 N4           0.10184(    0)      0.41591(    0)      0.09315(    0) 
 N5           0.21808(    0)      0.42003(    0)      0.05055(    0) 
 N6          -0.08213(    0)      0.46064(    0)      0.11618(    0) 
 C1           0.47611(    0)      0.62251(    0)      0.14846(    0) 
 C2           0.48505(    0)      0.70006(    0)      0.12095(    0) 
 C3           0.58550(    0)      0.80906(    0)      0.11843(    0) 
 C4           0.67854(    0)      0.84347(    0)      0.14198(    0) 
 C5           0.66910(    0)      0.76475(    0)      0.16977(    0) 
 C6           0.56968(    0)      0.65633(    0)      0.17286(    0) 
 C7           0.55744(    0)      0.57099(    0)      0.20179(    0) 
 C8          -0.03490(    0)      0.54840(    0)      0.19435(    0) 
 C9           0.01924(    0)      0.63147(    0)      0.22166(    0) 
 C10          0.00913(    0)      0.72795(    0)      0.22483(    0) 
 C11         -0.05529(    0)      0.74729(    0)      0.19881(    0) 
 C12         -0.11459(    0)      0.66235(    0)      0.17153(    0) 
 C13         -0.10538(    0)      0.56437(    0)      0.16899(    0) 
 C14         -0.16482(    0)      0.47452(    0)      0.13973(    0) 
 C15          0.11409(    0)      0.39238(    0)      0.03327(    0) 
 C16          0.20558(    0)      0.43134(    0)      0.08567(    0) 
 C17          0.04197(    0)      0.38958(    0)      0.05957(    0) 
 C18         -0.07884(    0)      0.37218(    0)      0.05580(    0) 
 C19          0.11272(    0)      0.42990(    0)      0.25856(    0) 
 C20          0.18459(    0)      0.42208(    0)      0.31169(    0) 
 C21          0.26662(    0)      0.44580(    0)      0.28522(    0) 
 C22          0.38614(    0)      0.46142(    0)      0.28936(    0) 
 C23          0.23943(    0)      0.65510(    0)      0.17087(    0) 
 C24          0.28001(    0)      0.78328(    0)      0.16881(    0) 
 C25         -0.14441(    0)      0.35829(    0)      0.09176(    0) 
 C26         -0.16700(    0)      0.24775(    0)      0.11252(    0) 
 C27          0.43997(    0)      0.45133(    0)      0.25356(    0) 
 C28          0.36676(    0)      0.33147(    0)      0.23497(    0) 
 O10          0.35926(    0)      0.03523(    0)      0.23420(    0) 
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Atomic coordinates for the complex [Fe2(S-Salhis)2(OH)(OAc)·H2O·I2 (3)  
  
 Atoms                        X/a                                  Y/b                                 Z/c 
 
 Fe1          0.57071(    9)      0.95617(    8)      0.16319(    3) 
 Fe2          0.52628(    9)      0.71080(    8)      0.11206(    3) 
 I1           0.90714(   29)     -0.11596(   30)      0.04097(   11) 
 I2           1.00576(   28)      0.10962(   28)      0.02526(   10) 
 I1'          0.89368(   51)     -0.09375(   54)      0.07033(   21) 
 I2'          1.03855(   43)      0.12204(   41)      0.05517(   15) 
 O1           0.62486(   49)      0.86175(   46)      0.13627(   15) 
 H1           0.70498(    0)      0.89191(    0)      0.13496(    0) 
 O2           0.48684(   54)      0.62206(   51)      0.15728(   15) 
 O3           0.54212(   49)      1.02105(   50)      0.11839(   14) 
 O4           0.40544(   49)      0.82759(   53)      0.16395(   17) 
 O5           0.37676(   45)      0.71820(   47)      0.11421(   16) 
 O6           0.66680(   45)      0.69276(   52)      0.10219(   15) 
 O7           0.74690(   59)      0.62816(   81)      0.06295(   22) 
 O8           0.73252(   46)      1.09237(   43)      0.17085(   15) 
 O9           0.84228(   65)      1.24472(   60)      0.20574(   20) 
 O10          0.96788(  144)      0.65364(  240)      0.07574(   53) 
 N1           0.45175(   51)      0.54214(   52)      0.08252(   17) 
 N2           0.54735(   60)      0.78073(   58)      0.05745(   17) 
 N3           0.58963(   75)      0.91049(   71)      0.01470(   20) 
 N4           0.58289(   67)      0.89877(   57)      0.21671(   15) 
 N5           0.57837(   81)      0.77851(   73)      0.26082(   20) 
 N6           0.53408(   65)      1.07804(   57)      0.19427(   19) 
 C1           0.44739(   83)      1.03336(   72)      0.11530(   26) 
 C2           0.37056(   98)      0.98075(  112)      0.08678(   31) 
 C3           0.26450(  116)      0.98182(  148)      0.08548(   48) 
 C4           0.24952(  141)      1.05174(  158)      0.11045(   47) 
 C5           0.33080(  100)      1.11096(  123)      0.13940(   41) 
 C6           0.42892(   98)      1.09969(   94)      0.14136(   33) 
 C7           0.52015(   84)      1.16001(   85)      0.17052(   32) 
 C8           0.37821(   75)      0.52507(   70)      0.16220(   24) 
 C9           0.30459(  103)      0.51588(   89)      0.19099(   31) 
 C10          0.19005(  103)      0.41107(  119)      0.19055(   35) 
 C11          0.16553(  119)      0.32468(  112)      0.16972(   37) 
 C12          0.23173(   82)      0.33602(   92)      0.14195(   33) 
 C13          0.34574(   73)      0.43294(   68)      0.13781(   24) 
 C14          0.42531(   77)      0.44403(   67)      0.10704(   24) 
 C15          0.58163(   98)      0.81952(   94)     -0.00234(   26) 
 C16          0.56666(   84)      0.88535(   74)      0.05021(   25) 
 C17          0.55590(   71)      0.73417(   71)      0.02417(   21) 
 C18          0.53708(   81)      0.61514(   83)      0.01983(   21) 
 C19          0.56950(   98)      0.79716(   77)      0.22402(   22) 
 C20          0.60855(   91)      0.88466(   84)      0.27777(   26) 
 C21          0.60864(   82)      0.95683(   76)      0.25111(   22) 
 C22          0.62097(   96)      1.07385(   84)      0.25511(   25) 
 C23          0.34064(   62)      0.75737(   66)      0.13856(   23) 
 C24          0.21479(   79)      0.71883(   92)      0.14124(   35) 
 C25          0.54374(   64)      0.55938(   61)      0.05586(   20) 
 C26          0.66307(   62)      0.63184(   73)      0.07460(   24) 
 C27          0.63821(   73)      1.14146(   65)      0.21894(   23) 
 C28          0.74556(   73)      1.16386(   66)      0.19750(   22) 
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Atomic coordinates for the complex [Fe2(R-Salhis)2(OH)(OAc)·2H2O (4)  
  
 Atoms                        X/a                                  Y/b                                 Z/c 
 
 Fe1          0.57365(    0)      0.61519(    0)      0.06056(    0) 
 Fe2          0.52889(    0)      0.81711(    0)      0.00979(    0) 
 O1           0.62777(    0)      0.76390(    0)      0.03397(    0) 
 H1           0.70852(    0)      0.81420(    0)      0.03271(    0) 
 O2           0.48402(    0)      0.86353(    0)      0.05470(    0) 
 O3           0.54662(    0)      0.52198(    0)      0.01602(    0) 
 O4           0.40650(    0)      0.57741(    0)      0.06160(    0) 
 O5           0.37849(    0)      0.65860(    0)      0.01149(    0) 
 O6           0.67166(    0)      0.97607(    0)      0.00011(    0) 
 O7           0.75497(    0)      1.11638(    0)     -0.04141(    0) 
 O8           0.73586(    0)      0.64189(    0)      0.06833(    0) 
 O9           0.84981(    0)      0.60208(    0)      0.10345(    0) 
 O1O          0.97474(    0)      1.32087(    0)     -0.02703(    0) 
 O11          0.86869(    0)      0.89033(    0)      0.04719(    0) 
 N1           0.45767(    0)      0.91432(    0)     -0.01990(    0) 
 N2           0.54935(    0)      0.76840(    0)     -0.04444(    0) 
 N3           0.58648(    0)      0.67371(    0)     -0.08727(    0) 
 N4           0.58437(    0)      0.68441(    0)      0.11418(    0) 
 N5           0.57857(    0)      0.79800(    0)      0.15686(    0) 
 N6           0.53881(    0)      0.45619(    0)      0.09183(    0) 
 C1           0.37626(    0)      0.85365(    0)      0.05842(    0) 
 C2           0.29877(    0)      0.78564(    0)      0.08579(    0) 
 C3           0.18850(    0)      0.77811(    0)      0.08839(    0) 
 C4           0.15787(    0)      0.83837(    0)      0.06437(    0) 
 C5           0.23569(    0)      0.90646(    0)      0.03762(    0) 
 C6           0.34406(    0)      0.91471(    0)      0.03425(    0) 
 C7           0.42906(    0)      0.98687(    0)      0.00527(    0) 
 C8           0.45043(    0)      0.41477(    0)      0.01356(    0) 
 C9           0.36720(    0)      0.38655(    0)     -0.01455(    0) 
 C10          0.27045(    0)      0.28030(    0)     -0.01663(    0) 
 C11          0.24848(    0)      0.19457(    0)      0.00918(    0) 
 C12          0.33385(    0)      0.21918(    0)      0.03735(    0) 
 C13          0.43204(    0)      0.32851(    0)      0.03913(    0) 
 C14          0.52565(    0)      0.35941(    0)      0.06769(    0) 
 C15          0.60870(    0)      0.72185(    0)      0.17406(    0) 
 C16          0.56618(    0)      0.77315(    0)      0.12145(    0) 
 C17          0.61149(    0)      0.65263(    0)      0.14751(    0) 
 C18          0.62998(    0)      0.55070(    0)      0.15162(    0) 
 C19          0.56809(    0)      0.68000(    0)     -0.05132(    0) 
 C20          0.57866(    0)      0.76194(    0)     -0.10337(    0) 
 C21          0.55601(    0)      0.81997(    0)     -0.07805(    0) 
 C22          0.53891(    0)      0.92414(    0)     -0.08223(    0) 
 C23          0.34213(    0)      0.58265(    0)      0.03653(    0) 
 C24          0.21512(    0)      0.49504(    0)      0.03847(    0) 
 C25          0.64256(    0)      0.49662(    0)      0.11555(    0) 
 C26          0.75270(    0)      0.58580(    0)      0.09456(    0) 
 C27          0.55024(    0)      0.98893(    0)     -0.04620(    0) 
 C28          0.66988(    0)      1.03285(    0)     -0.02788(    0) 
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Table I: Selected bond distances (Å) of complex [Ni2(S-Salhis)2(OAc) ·4H2O] (1) 
 
 Atoms                           Distances                     Atoms                            Distances 
 
Ni1 -O3'                          2.037(3)  
Ni1 -O3                          2.060(3)  
Ni1 -O1                          2.063(3)  
Ni1 -N2                          2.069(3)  
Ni1 -O20                        2.077(3)  
Ni1 -N3                         2.089(4)  
Ni2 -O3                         2.029(3)  
Ni2 -N2'                        2.031(4)  
Ni2 -O3'                        2.058(3)  
Ni2 -N3'                        2.071(4)  
Ni2 -O1'                        2.080(3)  
Ni2 -O10                       2.088(3)  
Na1 -O1'                        2.333(3)  
Na1 -O30                      2.3463(18)  
Na1 -O1                        2.386(3)  
Na1 -O60                      2.4102(19)  
Na1 -C10'                     2.980(5)  
O1 -C1                          1.270(5) 
O2 -C1                          1.236(5)  
O3 -C9                           1.326(5)  
O1' -C1'                         1.265(5)  
O2' -C1'                         1.238(5)  
O3' -C9'                         1.330(5)  
O10 -C20                      1.236(6)  
O20 -C20                      1.253(5)  
N2 -C6                          1.307(6)  
N2 -C4                          1.389(5)  
N1 -C6                          1.339(6)  
N1 -C5                          1.375(6)  
N3 -C2                          1.454(6)  
N3 -C7                          1.469(6)  
N2' -C6'                         1.293(6)  
N2' -C4'                         1.388(6)  
N1' -C5'                         1.343(9) 

 
N1' -C4'                            1.351(6)  
N3' -C7'                            1.460(6)  
N3' -C2'                            1.466(6)  
C1 -C2                              1.528(5)  
C2 -C3                              1.540(6)  
C3 -C4                              1.501(6)  
C4 -C5                              1.334(6)  
C7 -C8                              1.512(6)  
C8 -C13                            1.390(7)  
C8 -C9                              1.409(6)  
C9 -C10                            1.397(6)  
C10 -C11                          1.386(7)  
C11 -C12                          1.360(9)  
C12 -C13                          1.356(8)  
C1' -C2'                             1.523(6)  
C2' -C3'                             1.538(6)  
C3' -C4'                             1.488(7)  
C5' -C6'                             1.306(7)  
C7' -C8'                             1.506(6)  
C8' -C13'                           1.379(6)  
C8' -C9'                             1.406(6)  
C9' -C10'                           1.404(5)  
C10' -C11'                         1.378(6)  
C11' -C12'                         1.378(8)  
C12' -C13'                         1.380(7)  
C20 -C21                          1.522(6)  
O30 -C30                          1.3879  
O40 -C40                          1.3991  
O50 -C50                          1.4156  
O60 -C60                          1.4098  
O60 -Na1                          2.410(2) 
O70 -C70                           1.3417  
O80 -C80                           1.4413 
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Table II:  Selected bond Angles (º) of the complex [Fe2(S-Salhis)2(OAc)·4H2O] (1) 
   
      Atoms                         Angles                          Atoms                                Angles 
 
O3' -Ni1 -O3                   84.02(10)  
O3' -Ni1 -O1                   96.07(11)  
O3 -Ni1 -O1                     88.52(11)  
O3' -Ni1 -N2                   98.62(12)  
O3 -Ni1 -N2                   177.01(12)  
O1 -Ni1 -N2                    89.81(13)  
O3' -Ni1 -O20                  87.64(12)  
O3 -Ni1 -O20                  88.55(12)  
O1 -Ni1 -O20                 175.00(12)  
N2 -Ni1 -O20                  92.94(13)  
O3' -Ni1 -N3                  174.36(12)  
O3 -Ni1 -N3                    90.83(12) 
O1 -Ni1 -N3                    81.46(12)  
N2 -Ni1 -N3                    86.47(14)  
O20 -Ni1 -N3                  94.54(13)  
O3 -Ni2 -N2'                   96.83(13)  
O3 -Ni2 -O3'                   84.27(11)  
N2' -Ni2 -O3'                  178.27(13)  
O3 -Ni2 -N3'                   176.05(13)  
N2' -Ni2 -N3'                   86.58(15)  
O3' -Ni2 -N3'                   92.36(12)  
O3 -Ni2 -O1'                    97.30(11)  
N2' -Ni2 -O1'                   91.13(13)  
O3' -Ni2 -O1'                    90.05(11)  
N3' -Ni2 -O1'                    80.62(13)  
O3 -Ni2 -O10                    88.97(12)  
N2' -Ni2 -O10                   90.88(13)  
O3' -Ni2 -O10                   87.80(11)  
N3' -Ni2 -O10                   92.96(14)  
O1' -Ni2 -O10                 173.15(12)  
O1' -Na1 -O30                158.95(12)  
O1' -Na1 -O1                  112.15(11)  
O30 -Na1 -O1                   80.92(9)  
O1' -Na1 -O60                  81.92(9)  
O30 -Na1 -O60                86.82(6)  
O1 -Na1 -O60                  165.41(11)  
O1' -Na1 -C10'                   87.96(12)  
O30 -Na1 -C10'               112.29(10)  
O1 -Na1 -C10'                    72.08(12)  
O60 -Na1 -C10'                105.81(11)  
C1 -O1 -Ni1                     112.7(2)  
 
 
 

 
C2 -N3 -Ni1                             104.4(2)  
C7 -N3 -Ni1                             113.2(3)  
C6' -N2' -C4'                            106.1(4)  
C6' -N2' -Ni2                            126.8(3)  
C4' -N2' -Ni2                            127.1(3)  
C5' -N1' -C4'                             106.7(5)  
C7' -N3' -C2'                            115.3(4)  
C7' -N3' -Ni2                            112.8(3)  
C2' -N3' -Ni2                            104.5(2)  
O2 -C1 -O1                               123.7(4)  
O2 -C1 -C2                               118.7(4)  
O1 -C1 -C2                               117.6(3)  
N3 -C2 -C1                               111.0(3)  
N3 -C2 -C3                               110.8(3)  
C1 -C2 -C3                               109.6(3)  
C4 -C3 -C2                               116.1(3)  
C5 -C4 -N2                               108.6(4)  
C5 -C4 -C3                               127.4(4)  
N2 -C4 -C3                               124.0(4)      
C4 -C5 -N1                               107.1(4)  
N2 -C6 -N1                               111.0(4)  
N3 -C7 -C8                               113.4(4)  
C13 -C8 -C9                              119.8(5)  
C13 -C8 -C7                              121.4(4)  
C9 -C8 -C7                                118.7(4)  
O3 -C9 -C10                              122.5(4)  
O3 -C9 -C8                                119.8(4)  
C10 -C9 -C8                              117.7(4)  
C11 -C10 -C9                            119.8(5)  
C12 -C11 -C10                          122.1(5)  
C13 -C12 -C11                          118.8(5)  
C12 -C13 -C8                            121.7(5)  
O2' -C1' -O1'                              125.0(4)  
O2' -C1' -C2'                              118.2(4)  
O1' -C1' -C2'                               116.9(4)  
N3' -C2' -C1'                               110.9(3)  
N3' -C2' -C3'                               111.0(4)  
C1' -C2' -C3'                               110.0(4)  
C4' -C3' -C2'                               116.0(4)  
N1' -C4' -N2'                               107.3(5)  
N1' -C4' -C3'                               129.4(5)  
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     Atoms                                   Angles          
 
C1 -O1 -Na1                             133.0(2) 
Ni1 -O1 -Na1                            110.78(11) 
C9 -O3 -Ni2                              134.2(3) 
C9 -O3 -Ni1                              117.7(2)  
Ni2 -O3 -Ni1                             94.55(11)  
C1' -O1' -Ni2                             112.9(3) 
C1' -O1' -Na1                             131.5(3)  
Ni2 -O1' -Na1                           110.39(12)  
C9' -O3' -Ni1                            134.6(2)  
C9' -O3' -Ni2                            116.7(2) 
Ni1 -O3' -Ni2                           94.40(11)  
C20 -O10 -Ni2                         127.3(3)  
C20 -O20 -Ni1                         127.9(3) 
C6 -N2 -C4                              106.3(4)  
C6 -N2 -Ni1                            128.0(3)  
C4 -N2 -Ni1                            125.7(3)  
C6 -N1 -C5                             106.9(4)  
C2 -N3 -C7                             115.1(3)  
C60 -O60 -Na1                       121.79(5)  

  
    
      Atoms                            Angles 
 
N2' -C4' -C3'                        123.3(4)  
C6' -C5' -N1'                        108.3(4)  
N2' -C6' -C5'                         111.6(5)  
N3' -C7' -C8'                         114.8(4)  
C13' -C8' -C9'                       120.2(4)  
C13' -C8' -C7'                       120.2(4)  
C9' -C8' -C7'                         119.5(4)  
O3' -C9' -C10'                      122.3(4)  
O3' -C9' -C8'                        119.8(3)  
C10' -C9' -C8'                      117.9(4)  
C11' -C10' -C9'                    120.0(4)  
C11' -C10' -Na1                   108.4(3)  
C9' -C10' -Na1                       83.9(2)  
C10' -C11' -C12'                   122.0(4)  
C11' -C12' -C13'                   118.1(4)  
C8' -C13' -C12'                     121.7(4)  
O10 -C20 -O20                    126.3(4)  
O10 -C20 -C21                    116.1(4)  
O20 -C20 -C21                    117.6(4)  

C30 -O30 -Na1                    124.80(5) 
 

 

TH-149_994501



 Chapter V (Atomic Coordinates) Appendix 
 
44A 

 
Atomic coordinates for the complex [Ni2(S-Salhis)2(OAc)·4CH3OH   

  
 Atoms                        X/a                                  Y/b                                 Z/c 
  
 Ni1          0.07585(    4)      0.03712(    3)      0.09678(    2) 
 Ni2          0.30850(    4)      0.10178(    3)      0.14236(    2) 
 Na1          0.30116(   17)     -0.15566(   13)      0.11253(    8) 
 O1           0.09707(   22)     -0.11228(   19)      0.09616(   10) 
 O2          -0.01064(   27)     -0.24736(   20)      0.10084(   11) 
 O3           0.15277(   24)      0.03924(   20)      0.16515(   10) 
 O1'          0.41297(   23)     -0.02404(   19)      0.14173(   11) 
 O2'          0.60498(   28)     -0.06905(   25)      0.14258(   14) 
 O3'          0.24561(   25)      0.06911(   19)      0.07368(   10) 
 O10          0.21813(   30)      0.23479(   20)      0.13690(   11) 
 O20          0.04659(   29)      0.18609(   20)      0.10314(   12) 
 N2          -0.00802(   29)      0.02993(   27)      0.02949(   13) 
 N1          -0.05281(   37)      0.05146(   32)     -0.04725(   14) 
 N3          -0.09050(   30)     -0.00162(   25)      0.12660(   13) 
 N2'          0.37153(   35)      0.13824(   27)      0.20949(   13) 
 N1'          0.49172(   66)      0.17439(   40)      0.27095(   19) 
 N3'          0.46731(   35)      0.15907(   25)      0.11506(   13) 
 C1          -0.00196(   34)     -0.15753(   28)      0.10089(   14) 
 C2          -0.11656(   34)     -0.09662(   30)      0.10555(   15) 
 C3          -0.17631(   36)     -0.08588(   32)      0.05514(   17) 
 C4          -0.10965(   35)     -0.02485(   30)      0.01857(   15) 
 C5          -0.13628(   44)     -0.01231(   37)     -0.02848(   17) 
 C6           0.02329(   42)      0.07347(   34)     -0.01098(   17) 
 C7          -0.09238(   41)      0.00209(   34)      0.18015(   17) 
 C8           0.00529(   41)     -0.05854(   30)      0.20369(   16) 
 C9           0.12648(   39)     -0.03327(   31)      0.19531(   14) 
 C10          0.21498(   48)     -0.08626(   35)      0.21995(   16) 
 C11          0.18196(   60)     -0.16223(   39)      0.25046(   19) 
 C12          0.06501(   64)     -0.18862(   44)      0.25691(   21) 
 C13         -0.02225(   57)     -0.13581(   40)      0.23455(   20) 
 C1'          0.52478(   37)     -0.00646(   31)      0.14083(   17) 
 C2'          0.56219(   34)      0.10017(   33)      0.13771(   15) 
 C3'          0.59364(   46)      0.13885(   37)      0.18880(   18) 
 C4'          0.49097(   45)      0.14962(   33)      0.22324(   16) 
 C5'          0.37632(   54)      0.17610(   42)      0.28559(   17) 
 C6'          0.30819(   50)      0.15593(   34)      0.24808(   16) 
 C7'          0.46957(   48)      0.16227(   35)      0.06184(   16) 
 C8'          0.43872(   39)      0.06742(   30)      0.03713(   14) 
 C9'          0.32318(   35)      0.02727(   28)      0.04321(   12) 
 C10'         0.29372(   40)     -0.05604(   29)      0.01596(   14) 
 C11'         0.37869(   47)     -0.09844(   37)     -0.01390(   16) 
 C12'         0.49350(   49)     -0.06137(   38)     -0.01833(   17) 
 C13'         0.52152(   42)      0.02226(   35)      0.00724(   15) 
 C20          0.11722(   44)      0.24948(   30)      0.11941(   16) 
 C21          0.07720(   66)      0.35543(   37)      0.11676(   27) 
 O30          0.21664(    0)     -0.31227(    0)      0.10967(    0) 
 O40          0.80883(    0)      0.20890(    0)      0.08662(    0) 
 O50          0.64254(    0)      0.34105(    0)      0.11203(    0) 
 O60          0.49454(    0)      0.76504(    0)      0.11656(    0) 
 O70          0.81734(    0)      0.65154(    0)      0.14887(    0) 
 O80          0.39073(    0)      0.37482(    0)      0.14494(    0) 
 C30          0.22815(    0)     -0.38202(    0)      0.14604(    0) 
 C40          0.80244(    0)      0.24412(    0)      0.03878(    0) 
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