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by Korakot Navakhim 

This thesis describes the synthesis and study of the anion recognition, assembly and 
transport properties of new fimctionalised amidopyrrole compounds. In the first 
topic, the series of simple amidopyrrole cleft receptors containing amine, 
ammonioum and amide as the fimctional groups at their pendent arms has been 
synthesised. These receptors have been investigated their simple anion coordination 
properties. It has been found the amine functionalised amidopyrrole has had a high 
recognition with protonated oxo-anions as hydrogensulfate and dihydrogenphosphate 
even in high polar solutions like DMSO/water; however, the rest of receptors in this 
series have not shown any high selective anion binding. 

Secondly, synthesises of new prodigiosin mimics consisting with imidazolium 
amidopyrrole and their analogues have been achieved in order to investigate their 
HCl tranport across the membranes abilities. One of them has been improved its 
chloride binding when has been protonated in the solution. The solid-state studies 
support the compounds in protonated forms could form the chloride complexes. 
Chloride and proton transport studies results also confirm that imidazolium 
amidopyrrole derives could used as the HCl symporters. 

In the next topic, the library of amidopyrrole derives 'tweezer' receptors proposed to 
selectively bind with carboxylate anion, red dye-spacer-L-Leu-L-Asn-L-Phe, which 
represents to C-termini of HIV-1 protease has been prepared. The sequencing of the 
highly carboxylate bound receptors have been identified from screening experiments 
and Edman sequencing analysis. 

Finally, The dimers and trimers composed of amidopyrrole and two chlorine atoms 
at 3- and 4- position of the pyrrole rings have been synthesised. Two dimers, which 
have directly attached phenyl groups on both sides of the pyrrole shows their anion-
anion self-assembly properties in solid-state when the KH pyrrole have been 
deprotonated by basic anions as fluoride and/or hydroxide. 
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Chapter 1: Introduction 

1.1. Supramolecular chemistry 

Supramolecular chemistry is a multidisciplinary field. The concept and the 

term of supramolecular chemistry were introduced in 1978 as a development and 

generalization of earlier work/'^ The field of supramolecular chemistry has been 

defined in words 'Just as there is a field of /MoZecwZar cAe/MZj'/?}' based on the 

covalent bond, there is a field of j'wpmTMo/ecw/ar the chemistry of 

molecular assemblies and of the intermolecular bond' also as 'chemistry beyond the 

molecule' by Jean-Marie Lehn (Figure 1.1)/'^ 

MOLECULAR 

CHEMISTRY 

SUPRAMOLECULAR 

6 
\ 

Covalent 
RECEPTOR 

, RECOGNITION 

SELF-ASSEMBLY 
SELF-ORGANISATION 

Polymolecular 
asaemWe* 

INTERACTION 

SUBSTRATE 

Intermolecular 
SUPERMOLECULE -TRANSFORMATION 

TRANSLOCATION J 

MOLECULAR AND 
SUPRAMOLECULAR 

DEVICES 

FUNCTIONAL 
COMPONENTS 

Figure 1.1: From molecular to supramolecular chemistry: molecules, supermolecules, 

molecular and supramolecular devices. 
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This field involves investigating new molecular systems in which the most 

important feature is that the compounds are held together reversihly by 

intermolecular forces, not by covalent bonds. These non-covalent interactions 

include:'^ 

I) Electrostatic interactions (ion-ion, ion-dipole and dipole-dipole) which are 

based on the Coulombic attraction between opposite charges (Figure 1.2). Bond 

energy are in the ranges 100-350 kJ mol'^ 50-200 kJ mol'^ and 5-50 kJ mol'^ for ion-

ion, ion-dipole and dipole-dipole interactions respectively. 

Ion-Ion 

6 - y = 0 6 -

lon-Dipole 

Figure 1.2: Electrostatic interactions 

6 + y = 0 6 - " '6+)=06-

Dipole-Dipole 

II) Hydrogen bonds (4-120 kJ mol'^) which may be regarded as a particular 

kind of dipole-dipole interaction in which hydrogen atom attached to an 

electronegative atom (or electron withdrawing group) interacts with a neighbouring 

dipole on an a(^acent molecule or functional group. Because of its relatively strong 

and highly directional nature, hydrogen bonding has been described as the 

'masterkey interaction in supramolecular chemistry'.^ Some general parameters of 

the hydrogen bond interaction are shown in Table 1.1. 

Strong Moderate Weak 
A-H B interaction Mainly covalent Mainly electrostatic Electrostatic 
Bond energy (kJ.mol ') 60-120 16-60 <12 
Bond lengths (A) 

H B 1.2-1.5 1.5-2.2 2.2-3.2 
A B 2.2-2.5 2.5-3.2 3.2-4.0 

Bond angles (°) 175-180 130-180 90-150 
Relative IR vibration 25% 10-25% <10% 
shift (stretching sym-
metrical mode, cm"') 
'H NMR chemical 14-22 <14 7 
shiA downfield (ppm) 
Example Gas phase dimers with Acids 0 - H T hydrogen 

strong acid/bases bonds 
HF complexes Biological molecules C-H hydrogen bonds 

Table 1.1: Properties of hydrogen bonded interactions. 
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III) Ti-Tt Stacking interactions (0-50 kJ mol'^) occur between aromatic rings, 

often in situations where one is relatively electron rich and one is electron poor. 

There are two general types of vr-stacking: face-to-face and edge-to-face (Figure 1.3), 

although a wide variety of intermediate geometries are known. 

Face-to-face Edge-to-face 

Figure 1.3: n-n Stacking interactions. 

IV) Dispersion and induction forces (van der Waals forces) occur from the 

polarisation of an electron cloud by the proximity of an adjacent nucleus, resulting in 

a weak electrostatic attraction (<5 kJ mol'^). 

V) Hydrophobic (or solvatophobic) effects are the specific driving force for 

the association of non-polar hosts and guests in aqueous solution and may be divided 

into two energetic components: enthalpic and entropic. The enthalpic hydrophobic 

effect involves the stabilisation of water molecules that are driven from a host cavity 

upon guest binding. Because the host's cavities are often hydrophobic, intracavity 

water does not interact strongly with the cavity wall and is therefore of high energy. 

Upon release into the buUc solvent, it is stabilised by interactions with other water 

molecules. The entropic hydrophobic effect arises from the fact that presence of two 

(often organic) molecules in solution (host and guest) creates two 'holes' in the 

structure of bulk water. Combining host and guest to form a complex results in less 

disruption to the solvent structure and increasing an entropic (resulting in a lowering 

of overall &ee energy) as shown in Figure 1.4.^ 

These forces 6om above can be used individually, but they normally are used 

in concert to maximize the selectivity and tunability of the new receptor and also 

increase the strength of the complex formed. 
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H - O 

' H 0 - H O. 

H—H 

, 0 - H 

Solvated host Solvated guest 

H 0 - H 0 . 

0 H - q 

Complex 

Figure 1.4: Hydrophobic binding of organic guests in aqueous solution. 

1.2 Anion coordination 

Anion coordination is classified is a sub-set supramolecular chemistry. The 

design of anion receptors is a particularly challenging.^ There are a number of 

reasons for this. Anions are relatively large and therefore have lower charge densities 

than isoelectronic cations. For example, F" is larger than Na"̂  (Table 1.2).^° Hence 

electrostatic interactions are weaker. 

Anion Radius (A) Cation Radius (A) 
F" 1.33 Li" 0.69 
cr 1.81 Na+ 1.02 
Br 1.95 1.38 
r 2.16 Cs" 1.70 

2.30 Ca'+ 1.00 
P O / - 2.38 Zn̂ "" 0.75 

H2P04 2.00 0.53 
Na 2.2 Lâ + 1.05 
Cs" 3.5 NH4^ 1.48 

Table 1.2: Comparison of the radius (A) of anions and cations. 

Anions may be sensitive to pH (becoming protonated at low pH and so losing their 

negative charge). Thus receptors must function within the optimum pH range of their 

target anion. Anions exhibit a wide range of geometries such as spherical (halides), 



Chapter 1: Introduction 

linear (N3 , CN , SCN , OH ), trigonal planar (COs^ , NO3 ), tetrahedral (P04^ , 

V04^1 804^1 Mn04^, Se04^, Mn04 l , octahedral [Fe(CN)6]^', [Co(CN)6]^l as 

well as more complex shapes as in the case of biologically important anions. 

Therefore, a higher degree of design may be required to make receptors 

complementary to their anionic guest. Solvation is another factor to consider. 

Electrostatic interactions generally dominate in anion solvation, and hydroxylic 

solvents in particular can form strong hydrogen bonds with anions. A potential anion 

receptor must therefore effectively compete with the solvent enviroimient in which 

the anion-recognition event takes place. The Hofmeister s e r i e s ,wh ich orders 

anions by their hydrophobicity, shows that hydrophobic anions are generally bound 

more strongly in hydrophobic binding sites. 

By contrast with supramolecular cation coordination chemistry which was 

first realised through the pioneering work of Pedersen^^ on crown ethers and work of 

Lebn^^ on cryptands, three-dimensional cation receptors, in the late 1960s, the 

coordination chemistry of anions has historically received little attention (with a few 

notable exceptions) after Park and Simmons reported the first synthetic organic 

ligands of the bicyclic diammonium type 1, named 'katapinate', displaying halide 

complexation.^'' 

n = 7-10 

It has only been in the last twenty five years that sustained effort has been 

applied to the problems inherent in binding anions.However , recent developments 

in the area of anion coordination have produced a variety of new selective 

complexation agents for anionic g u e s t s . T h e great variety of anionic species and 

their importance in several areas such as biology,^^"^" the env i ronmen t , ca t a lys i s 

and in potential medical applications^^ is responsible for the fact that interest in 

anion coordination has becoming more widespread. 

21-23 24 
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In environment, the large amount of anions like nitrate and phosphate can be 

the cause of severe problems. These anions are commonly attributed to 

anthropogenic activities such as atmospheric emissions, livestock feeding, 

agricultural runoff, timber harvesting practices and domestic/industrial effluent 

discharge. They can contribute to surface water eutrophication, may cause infant 

methaemoglobinaemia ('blue baby' syndrome) and have been implicated in certain 

cancers.^ '̂̂ ^ The production of pertechnetate during the reprocessing of nuclear fuel 

(and its subsequent discharge into the seas and oceans) is also a matter of 

environmental concern. 

Anions are ubiquitous throughout biological systems. The deoxyribonucleic 

acid^^ (DNA) double helix perhaps is the most important example in the living cell. 

The individual monomers, called nucleotides, are comprised of a phosphoric acid 

(phosphate) group, a five carbons sugar (deoxyribose) and an organic purine or 

pyrimidine base. The DNA double helix combines two anti-parallel strands that are 

held together by complementary hydrogen bonds between pairs of bases, adenine (A) 

with thymine (T) and cytosine (C) with guanine (G) (Figure 1.5). 

0 
II 

- O - P - O -
1 

O-

Base 

OH H 

Nucleotides 

DNA 

H3C O'IMUH—NH N 

O fSugarf 

Thymine Adenine 

HN-H O, HN-H 

\=:n (Sugar) N - ^ )=N [Sugar] 

g W ° (Sugar) 

Cytosine Guanine 

Figure 1.5: DNA double helix, nucleotides monomer and hydrogen bonded complementary A-T and 

G-C base pairs in DNA. 
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Between 70 and 75 per cent of enzyme substrates and cofactors are anions. 

A well known example is carboxypeptidase an enzyme that coordinates to the 

C-terminal carboxylate group of polypeptides by the formation of an arginine-

asparate salt bridge, and catalyses the hydrolysis of this residue (Figure 1.6). The 

salt-bridge binding motif is also observed in zinc finger/DNA complexes^^ and RNA 

stem loop-protein interactions 

Glu-270 

2+ .'OH 
His-69 

Glu-72 

Arg-145 
His-196 

Tyr-248 

hydrophobic 
pocket 

Figure 1.6: The active site of carboxypeptidase-A with a bound peptide chain. 

Examples of small inorganic anion recognition by proteins have been 

recently provided by crystal structures of several complexes for example the 

phosphate binding protein and sulfate binding protein (SBP)^^ (Figure 1.7). 

They have been developed by the members of a family of bacterial periplasmic 

proteins. These proteins, which have the specificity of the phosphate and sulfate 

recognition characters are used for the transport of small molecules like sugars and 

oligopeptides. Their fimction is to bind the anion tightly once it has passively 

diffused across the cell outer membrane.^^'^^ 

Selective ion transport is crucial for a range of cellular processes and ion 

channels are the proteins that carry out this vital role. Ion channels must be selective 

for certain types of ions and transport them with a high rate rather than necessarily 
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bind them with high a f f i n i t y I n recently structures of two chloride channels from 

E. coli and S. tryphimurium have been determined?^ These high sequence channels 

are homodimers. Their structures are homologies and each subunit has its own ion-

conducting pore. The narrowest part of the pore of the anion channel consists highly 

conserved amino acids acting as the selectivity filter. Chloride in this filter is 

coordinated by backbone amide groups and side chain hydroxyl groups, all located at 

the N-termini of a-helices (Figure 1.8). Charge-dipole binding interaction in this type 

facilitates fast complexation and decomplexation rates and thus fast anion transport 

through membranes. As in PBP and SBP, hydrogen bonds play critical roles in the 

formation of a well-ordered binding domain that leads to selective recognition of 

chloride. 

Figure 1.7: Crystal structures of the phosphate binding protein, PBP (left) and sulfate binding 

protein, SPB (right). 

N 
\ 

Ser107 

RHN 

O COR 

N 
H 

o=r o 
NH tji 

H 

Phe357 

9k 
H - O 

Tyr445 

Figure 1.8: The CI binding active site of chloride channel. 
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Anions also play roles in disease. Cystic fibrosis (CF), a genetically inherited 

disease, is caused by misregulation of chloride channels (Figure 1.9)?^ These 

channels are constituted by the cystic fibrosis transmembrane regulator or CFTR 

protein.̂ ® The misregulation leads to a thick build up of mucous deposits in the lungs 

and to a higher than normal susceptibility towards fatal pulmonary infections. It is 

these infections, often of the Pseudomonas aeruginosa type, that are generally the 

causative agents of cystic fibrosis related death. Unfortunately, currently treatment 

methods including chloride analysis as well as treating with appropriate antibiotics 

or adjusting diet have not succeeded in prolonging the median lift expectancy of 

cystic fibrosis patients past the age of 25.^' Thus, the existence of a chloride-

selective carrier could be of prime clinical utility in terms of treating a major public 

health problem. 

% MtiPv 

Figure 1.9: Cystic fibrosis (CF). A hereditary disorder characterized by lung congestion and infection 

and malabsorption of nutrients by the pancreas. 

Frankel and co-workers have reported an example of anion recognition with 

the synthesis of short peptides containing nine arginines which mimic the basic 

region of the HIV-1 Tat protein that forms a specific network of hydrogen bonds 

with adjacent pairs of phosphate at the RNA bulge with a recognition motif called 

'the arginine fork'.'*® These arrangements were likely to occur near RNA loops and 

bulges and not within double-stranded A-form RNA. 
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Catalysis by abiotic receptors is a rapidly developing field in snpramolecnlar 

chemistry, and systems have been developed that mimic enzyme properties. For 

example, Mandolini and co-workers have reported that salophen-uranyl complexes 

are effective catalysts of 1,4-thiol additions with high turnover efficiency and low 

product inhibition.'*^ Crabtree and co-workers have synthesised cleft-type 

disulfonamide receptors that catalyse imine formation G-om aldehydes and amines, 

by apparently binding the transition state for the rate-determining nucleophilic attack 

of the amine on the aldehyde.'*^ 

Nucleotide polyphosphates are important anions in biology particularly 

adenosine mono- (AMP), di- (ADP), and triphosphate (ATP) which are basic 

components in the bioenergetics of all living organisms.'*^ 

The ditopic macrocyclic hexamine [24]N602 2 when protonated was found to 

bind nucleotide polyphosphates strongly."*^ The hydrolysis of ATP in the presence of 

24-nH^ is probably a true catalytic process. Based on detailed kinetics and 

mechanistic studies, at neutral pH, the catalytic cycle shown in Figure 1.10 is 

proposed for ATP hydrolysis catalysed by 

10 



Chapter 1: Introduction 

P'G-'R'G-Adenosine 

^ G _ Q 0 _ 8 _ 
O-p-O^p^O-p-O^/i^denosine 

^ & I ^ * 
0 0 o O o 

®n 
Adenosine 

o p / ) 
GP' ' b 

(-P-. Op, Op, 
C^pwU-p-U^;!^denosine 

d ' o 

Figure 1.10: Catalytic cycle for ATP hydrolysis in the presence of 2. 

1.3 Synthetic anion receptors 

To design an artiGcial anion host molecule, there are some fundamental 
46 points of host-guest relationships which must be considered: 

I) Which guests are to be selected by binding to the molecular host? The 

mutual recognition pattern of host and guest must be defined with the aim 

of maximizing discrimination of similar guest species. 

II) In which solvent is the host-guest complexation to take place? The 

solvent will affect complex stability even to the extent that the association 

constant may vary by orders of magnitude depending on the identity and 

properties of the solvent. 

A variety of functional groups have been used in host molecules to interact with 

anions through hydrogen bonding and/or electrostatic interactions. Amide groups 

have been employed to produce a wide range of receptors capable of coordinating 

11 
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R O O 
3 R = H 
4 R = n-Bu 

anions/^ Crabtree and co-workers have shown that very simple amides such as the 

isophthalic acid derivatives, 3 and 4, can bind anions with hydrogen bonds between 

the two amidic NH groups and the halide anions/® Receptor 4 forms complexes with 

exclusively 1:1 anion:receptor stoichiometry in solution of dichloromethane-

The crystal structure of the bromide complex of 

receptor 3 shown the bromide anion is 

coordinated to the amide NH group with H-Br = 

2.39 and 2.68 A. In addition this bromide ion 

was not coordinated to any other groups on the 

receptor. 

More recently Szumma and Jurczak synthesised pyridinium macrocycle 5 

and the open-chain analog 6.*^ The macrocycle selectively bound acetate (Ka - 2640 

+ 270 M"'). In solution the 1:1 receptor:anion complex were formed exclusively; 

however, the crystal structure of the tetrabutylammonium acetate complex of 5 

reveals the formation of a 2:1 receptor:anion complex in the solid state (Figure 1.11). 

Me Me 

Figure 1.11: Crystal structure of the 5/tetrabutyl ammonium acetate complex. 

12 
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Hamilton and co-workers have synthesised macrocyclic tri-amide anion 

receptors with Q symmetry 7.̂ *" NMR evidence suggests that this receptor binds 

iodide in a sandwich fashion at low I concentrations. The complexes switched to a 

1:1 binding mode at higher concentrations of the halide supported by an initial up-

held of the NH resonances in the of 7 upon addition of I followed by a 

downfield shift after approximately 0.5 equivalents I . The receptor is selective for 

oxo-anions such as tosylate = 2.1x10^ M'̂  in 2% DMSO-cfg/CDCl] at 296 K). 

Fluorescent sensors such as 8 based on the same macrocyclic skeleton have also 

been developed employing a 'dual channel' mechanism based upon proton transfer 

6om the fluorophore in the excited state.^^ 

NHBoc NHBoc 

BocHN NHBoc BocHN 

A variety of peptide based anion receptors have recently been reported. 

Kubik et al. reported that the cyclic hexapeptide 9 has been used to complex a 

variety of anions in 80% DzO/CDsOD.^^ In solid state, the crystal structure of the 

iodide complex of the macrocycle contributing with L-proline and 6-aminopicolinic 

acid shows the halide guest bound in a sandwich fashion between two macrocycles 

by a total of six hydrogen bonds. 

13 
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NH^O 

HN 

NH 

N 

NH 

0 

9 

The same group have also investigated the anion receptor properties of cyclic 

peptides containing alternating natural amino acids and 3-aminobenzoic acids^^ 

whilst Spichiger and co-workers have identified linear polypeptides that interact with 

oxo-anions.^ Kemp and co-workers have studied the stabilization effect of 

chaotropic anions on the helicity of short uncharged i V - c a p p e d peptides. 

The Diederich group is focusing in mimicking biological receptors such as 

the natural antibiotic vancomycin/^ Natural systems were of interest because of their 

ability to bind guests in aqueous solution. Receptor 10 has shown its ability to bind 

organic anions such as dansyl and benzenesulfbnate with association constants of 45 

M'̂  in D2O and 0.5 M KCl/DCl to a pD of 2 as a buffer. However, the complex 

precipitated at the high concentration. 

H—N 

Davis developed a steroid-based cryptand 11 that recognized halide anions.^^ 

The system was comprised of a macrodilactam derived from the steroid cholic acid. 

The macrocycle formed a small, rigid cavity with four hydroxyl groups and two 

amide N-H groups directed inside the cavity. 

14 
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11 

H NMR. titrations in CDCI3 showed a down6eld shift for N-H proton and 1:1 

binding constants at 3220, 990 and 250 M"' for F , C F and Br" respectively. When 

compared with the acyclic version the preorganized macrocycle proved to be a much 

better host. 

Ungaro and co-workers have attached C-linked peptide chains to the upper 

rim calix[4]arene and shown these species act as receptors for oxo-anions and 

chloride.^^ The calix[4]arene based receptor 12 binds acetate in DMSO-t/g with an 

association constant of 33 at 300 K. 

NPht NPht 

12 

Urea and thiourea are particularly good hydrogen-bond donors and are 

excellent receptor for Y-shaped anions such as carboxylate through the formation of 

two hydrogen bonds. Kim and co-workers reported that the simple urea-based 

receptor 13 showed increasingly stable complexes with more highly charged and 

more basic bidentate anions. 

15 
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O 

M e — / > — 
H 

13 

' e 
14 R = nBu 

15 R = Ph 

Umezawa and co-workers reported that the highly preorganized bis-thiourea 

receptors based on a xanthene spacer, 14 and 15, selectively bound dihydrogen 

phosphate (H2PO4 >CH3C00 >C1 ) in DMSO-ii^ via multitopic hydrogen 

bonding.^" The stability constants of these H2P04^ complexes were 55000 M'' for 

receptor 14 and up to 195000 M'̂  for receptor 15. The selectivity for H2PO4 ions 

can be attributed to the complementary hydrogen-bonding array present in these 

cleAs that can form four hydrogen bonds to each H2PO4" 

Kilbum and co-workers have synthesised a series of acyclic thiourea 

receptors for binding the carboxylate group of amino acid species/^ For example, 

compound 16 was found to be selective for a variety of amino acid derivatives 

revealing, for example, a 30:1 selectivity for jV-Ac-L-Trp-COz^ over W-Ac-L-Ser-

CO2 in CDCI3. Additionally, moderate enantioselectivity was observed with slight 

preference for L-amino acids. 

H H 

NH HN 

Ph NHg NH2 Ph 

16 

Other functional groups that can be exploited in the anion binding are the 

guandinium and the amidinium groups. Like ureas or thioureas, the positively 

charged guanidinium moiety can form two hydrogen bonds to anions such as 

carboxylate and phosphate. The combination of hydrogen bonding and electrostatic 
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interactions leads to the formation of strong complexes, even in very competitive 

hydrogen bond accepting and donating solvents such as water/^ Schmidtchen and 

co-workers incorporated the guanidinium group into a bicyclic ring to form 

compound 17 - 19. These receptors consisted hydrogen-bonding arrays similar to 

those present m ureas. Receptor 17 formed a very stable complex = 1.4 x 10^ 

M'^) with ̂ -nitrobenzoate in chlorofbrm.^^ 

17R = 

18 R = 

19R = H 

"OH 

de Mendoza and co-workers synthesised the chiral receptor 20 that showed a 

preference for extracting ^er^-butoxycarbonyl (Boc)-protected L-tryptophane into 

chloroform from a racemic mixture in water. ̂  In this case, the guanidinium-

carboxylate interaction is further enhanced by stacking. Later, another derivative 

of this scaffold was synthesised which contained one naphthoyl as well as one uracil 

derived substituent appended to the bicyclic core 21.^^ The nucleotide derivative was 

attached in order to effect a base pairing interaction for the binding of guests 

containing an adenine moiety. The host formed a complex with 3'-AMP, while 

showing little interaction with 3',5'-cAMP. 

20 21 

Davis and co-workers reported the synthesis of a variety of steroidal 

guanidines by functionalisation of cholic acid.®^ 
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Extraction experiments from an aqueous 

solution to chloroform revealed that these 

compounds could coordinate amino acid 

derivatives. In certain cases chiral 

discrimination was observed. For example, 

receptor 22 was used to extract v V - a c e t y l - a -

amino acids from a racemic mixture with the 

extraction efficiency between 41 and 90%. It 

proved possible to enantioselectively extract 

the L and D isomers of the i V - a c e t y l - a l a n i n e in 

a ration of 10:1. 

Pyrrolic NH groups can be used to produce receptors that have an extremely 

high affinity for anions via electrostatic interactions. Recently, Gale and co-workers 

highlighted pyrrole's coordinating ability by crystallizing tetramethylammonium 

chloride from pyrrole (Figure 1.12).^' The crystal structure reveals the complexation 

of one chloride anion by two molecules of pyrrole (N CI — 3.241 A). However, in 

solution, pyrrole binds anions very weakly and therefore it must be ftinctionalised 

with complementary groups to enhance its affinity toward anions.^^ 

/ L 

Figure 1.12: Crystal structure of the pyrrole/tetramethyl ammonium chloride complex. 

Sessler and co-workers demonstrated that sapphyrins were capable of 

coordinating to anions. The core of sapphyrin macrocycle 23 can be doubly 

protonated to form a receptor with a positive charge and array of five NH hydrogen-

18 
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bonding groups. Solution-phase experiments have indicated that fluoride ions bound 

over 10^ times more strongly to diprotonated sapphyrin than either bromide or 

chloride ions.̂ '̂̂ "̂  X-ray crystallographic analysis revealed that the fluoride ion was 

held in the plane of the sapphyrin ring by five N-H ' hydrogen bonds/^ 

23F 

Sessler and co-workers also reported dipyrrolequinoxaline systems consisted 

of the unsubstituted system 24 and its mono-nitro derivative 25/^ The electronic 

influence of the functional groups present in the receptors play a crucial role in their 

recognition and sensing abilities investigated by UV-Vis and fluorescence titration 

experiments. It was found that compound 25 has a higher affinity for fluoride in 

dichloromethane (1.2x10^ M"^), than compound 24 (2x10"* M'^). In fact, solutions of 

compound 25 undergo a dramatic yellow to purple colour change in the presence of 

fluoride. Both systems also display fluorescence emission spectra that are quenched 

in the presence of fluoride. 

NH NH NH 

24 25 26 

Moreover, the tetrafluoro derivative 26 displayed an increased affinity for anions 

studied in the case of 24 as well as a higher dihydrogenphosphate: chloride selectivity 

ratio (96 vs. 1.2 in the case of 26 and 24, respectively).^^ These quantitative findings 
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were highlighted by the fact that 26 was observed to undergo a naked-eye-detectable 

yellow-to-orange colour change when exposed to 100 molar equivalents of either 

TEA fluoride or TEA dihydrogenphosphate in dichloromethane solution, while 

failing to undergo a discemable colour change when exposed to an equivalent 

concentration of chloride anion. 

Furuta a/, have used the derivative of a 

doubly jV-confiised porphyrin as an anion 

receptor.^'* Compound 27 proved capable of 

binding anions with association constants 

comparable to those of typical, unsubstituted 

calix[4]pyrrole (e.g. - 10"̂  M"̂  for fluoride 

anion in dichloromethane-J^) 

Anion receptors containing both pyrrole and amide groups have been shown 

to be effective and selective in their complexation properties. Gale and co-workers 

have recently shown that simple amide substituted 2,5-diamidopyrroles, 28 and 29, 

could be used as receptors for binding a variety anionic guest species with selectivity 

for oxo-anions as benzoate and dihydrogen phosphate anions in CD3CN and DMSO-

d6-0.5% H2O solution. 75 

NH H HN NH H HN 

28 29 

Modification by appending ferrocene groups to the 2,5-diamido pyrrole 

skeleton. Gale and co-workers have shown that these compounds may also be used 

as electrochemical sensors for anions.Compound 30 and 31 each contain two 

ferrocene moieties linked directly to the amide group in compound 30 or via a 

methylene carbon in compound 31. Both compounds crystallise as dimers linked via 

NH-OC hydrogen bonds.^^ The crystal structure of compound 30 also shows this 
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binding motif and in addition a CH-0 interaction j&om the substituted ferrocene 

cyclopentadienyl ring to an amide oxygen atom. 

NH H HN NH |_| HN 

30 31 

The electrochemical behaviour of these compounds was investigated by cyclic 

voltamrhetry. Significant shifts of the ferrocene-ferrocenium redox couple were 

observed upon addition of a variety of anions to solutions of the receptor; however, 

in a number of cases, the voltammetric wave was found to be seriously distorted as 

the product of the electrochemical reaction passivated the electrode. 

Sessler and co-workers have recently reported the 

synthesis of a bridged dipyrrole a?iya-ferrocene 

32.'^ This receptor acted as an effective redox-

based sensor for fluoride and dihydrogen 

phosphate anions. The electrochemical 

measurements revealed that the cathodic shift in 

the ferrocene-ferrocenium redox couple of 

compound 32 showed a greater response in the 

presence of fluoride (80 mV) and dihydrogen 

phosphate (136 mV). 

Schmuck has studied on the anion-complexation and self-assembly properties 

of guandinium functionlised pyrrole including a study of 2-(guanidiniocarbonyl)-

pyrrole-4-carboxylate 33 in DMSO solution.'^ The formation of guanidinium-

carboxylate salt bridges in solution to form non-covalently linked oligomers of 33 

was found to be an entropy driven process. The dimerisation of compound 34 which 

as the chloride or hexafluorophosphate salt has also been studied in DMSO 

solution.^" 

NH 

NH 

HN 

Fe 

32 
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33 

o. 
H 
N̂ +̂ NH2 

O NH2 

Me02C-̂  

O NH, 

34 35 

,0 

HN^NHz 

NHz 

The molecule forms discrete dimers via the formation of guanidinium-ester 

hydrogen bonds together with a contribution &om a pyrrole-pyrrole ir-stacking 

interaction. The addition of picrate anions breaks up the dimers and the receptor 

forms a picrate complex (Figure 1.13). Meanwhile, Schmuck has shown that the 

chiral receptor 35 is capable of discriminating between enantiometric carboxylates in 

40% water/DMSO-Jg solution (e.g. Ac-L-AlaO": ^ = 1610 M"\ Ac-D-AlaO": = 

930 M ' ) . " 

MeO 

H -N +^N-

h - n - h 

H - N - " 

-N + N -H 

0<s ^OMe 
Picrate 

N + N 

Figure 1.13: Dimerisation of Schmuck's system is disrupted by picrate. 

1.4 Self-assembly 

Self-assembly allows access to new molecular architectures that are 

inaccessible (or accessible in only very small yields) via traditional multi-step 

covalent bond making and bond breaking techniques. The new molecular 

architectures are produced by combining appropriately designed sub-units, which 

can be quite simple, and yet after the assembly process produce quite complex 

architectures.^ 
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In biological systems, viruses represent some of the best natural examples of 

self-assembly. A well-known example is the tobacco mosaic virus®^ (TMV). This 

virus contains 2130 identical protein subunits, therefore minimising the amount of 

genetic information required to encode the final helical structure assembled around a 

single strand of RNA. The TMV self-assembly required all of the information 

contained within the constituent parts of the virus. No additional factors are needed. 

Although all of the protein subunits are bound to each other in the same manner and 

creating the symmetrical helical structure, the assembly process is by no means as 

straightforward as it might first appear (Figure 1.14).®^ 

(a) 
+ RNA 

, I K-ri 

3' 5" 

Figure 1.14: The assembly of the tobacco mosaic virus, (a) Protein sub-units, (b) Associate with viral 

RNA to form a double disk structure, (c) Conformational change results in the formation of a slipped 

double disk and (d) initiates viral assembly. 

The self-assembling double-helical structure of DNA has provided the 

inspiration for a further area of supramolecular chemistry. Use of metal ions to 

template the assembly of organic threads into multiple-helical structures has been 

explored by a number of research groups. For example, interaction of the helicand 36 

which is preorganised helically by virtue of steric repulsions between the methyl 

group with Cu(I) rapidly produces the binuclear [4+4] helicate [Cu2(36)2]^^.*'' 

23 



Chapter 1: Introduction 

36 [CU2(36)2] 2+ 

Examples include n x n grid-like polynuclear complexes that could be 

synthesised by the controlled arrangement of ions into specific arrays and patterns. 

Lehn, Youinon and co-workers have shown that ligands 37 and 38 form 2 x 2 grids 

with four Cu(I) ions^^ and a 3 x 3 grid-like array with nine silver ions^^ respectively 

(Figure 1.15). 

37 

Cu"* 

2 x 2 grid 

Ag' ' i 
* ^ 

^ ii 

1 wi 

38 3 x 3 grid 

Figure 1.15: Self-assembly of 2 x 2 grid from 37 with and 3 x 3 grid array from 38 with Kg 
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Until a few years ago, examples of anions directing the formation of 

molecule architectures were difficult to find. However, this situation has now 

changed, and reports of the templating influence of anions are now becoming 

widespread, de Mendoza and co-workers have synthesised a tetraguanidinium strand 

39 that self-assembles around sulfate anions to form a double helix.Evidence for 

the anion directed helical structure was provided by ROESY NMR spectroscopy. 

The complexation behaviour of this and other tetraguanidinium reagents with a -

helical peptides containing negatively charged aspartate residues has recently been 

reported by Hamilton and de Mendoza. ̂  

Phgt-BuSiO 

N 
J 

N' + 'N 
H 

N 

N + N 
H 

Ls 

2 

39 

Vogtle and co-workers have employed anion coordination in a high yielding 

rotaxane synthesis. They discovered that phenolates, thiophenolates and sulfonamide 

anions when bound to tetralactam macrocycles are capable of reacting as a 

nucleophile and therefore may be used in rotaxane synthesis. Rotaxane 40 was 

synthesised in an excellent 95% yield.^^"^ 

NH HN 

HN NH 

Ri = trityl 
R2 = H 

40 
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An anion-directed pseudo-rotaxane has been reported by Beer and co-

workers/^ Mixing the zwitterions 41 with macrocycle 42 results in the formation of 

a pseudo-rotaxane 43 in acetone-(^^ with an association constant of 2400 M'̂  (Figure 

1.16). The pseudo-rotaxane is stabilised by chloride-HN hydrogen bonds, T-T 

stacking interaction and CH-0 hydrogen bonds. Analogues of 41 containing other 

counter anions such as bromide, iodide or hexafluorophosphate assemble with 42 

with lower association constants than chloride complex (700, 65 and 35 M'^ 

respectively). 

H H 

41 

Acetone-c/g 

42 

N l_|—CI--H 

43 

Figure 1.16: Chloride direct assembly of pseudo-rotaxane 43. 
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1.5 Aim of the proj ect 

The mfbrmation and examples shown throughout the chapter, provide a wide 

variety of anion receptors that utilise coordinating groups such as amide, urea, 

thiourea, guanidinium, pyrrole and other functional groups as well as the important 

of anions in several fields. Selectivity fowards an anionic substrate represents the 

main target of many research groups and is difficult to achieve. For these reasons, 

anion coordination chemistry is a field continuous growth, and challenges 

researchers to employ considerable e fkr t in designing, synthesising and 

investigating new and more selective anion receptors. 

In this thesis, new amidopyrroles, and their anion recognition, anion 

transportation and also anion assembly properties are reported. 

Specifically: 

® Functionalization of pyrrole with amide groups in the 2- and 5- positions 

in order to investigate whether simple pyrrolic clefts can behave as efficient anion 

receptors designed to bind oxo-anions via multiple hydrogen bonds. 

# Prodigiosin mimics containing imidazolium amidopyrrole and their 

analogues and the study their anion binding properties especially their HCl symport 

properties in vesicles (in collaboration with Bradley Smith and co-workers at the 

University of Notre Dame), 

# Synthesis of pyrrole-derived 'tweezer' receptor libraries by solid phase 

synthesis and use of screening experiments to investigate their anion recognition 

with the tri-peptide guest tetrabutylammonium salt of red dye-spacer-L-Leu-L-Asn-

L-Phe. 

# Anion-anion self-assembly of interlocking pyrrole materials dimers and 

trimers contained 3-,4-dichloro amidopyrrole. 
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2.1 Introduction 

Anion receptors containing both pyrrole and amide groups have been shown 

to be effective and selective in their complexation properties.^^'^^ These types of 

receptors can bind anion molecules using hydrogen bonds via both the KH-amide 

and the NH-pyrroIe (Figure 2.1). 

H : H 

O " -O 

Rs R4 

Figure 2.1: Pyrrolic amide receptor,for anion molecule. 

For example, bis-amido cleft species such as 28 have been shown to 

coordinate to the benzoate ion with a stability constant of 2500 M"' in acetonitrile-(^j 

(0.03% water) solution. Compound 29 was found to bind dihydrogenphosphate 

selectively with a stability constant of 1450 M'^ in DMSO (0.5% water) solution.^^ 

However, the mono-amido cleft species 44 and 45, did not show highly selective 

binding to oxo-anions as seen with the bis amide pyrrolic compounds .The solid 

state structure of the 28/benzoate complex confirmed that the three NH donors in the 

compound formed hydrogen bonds to the benzoate anion (Figure 2.2). '̂* 
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NH H HN NH H HN H HN H HN 

28 29 44 45 

Figure 2.2: Crystal structure of the benzoate complex of 28 (tetrabutylammonium counter cation 

omitted and hydrogen atoms not involved in hydrogen bonding interactions have been removed for 

clarity). 

O 
, N H H N . 

H3CHN N̂ CHa 

NH HN 

These receptors offer a number of possible avenues 

for modulating the anion affmity of the bis-amido 

pyrrole unit. Bowman-James et al. have found that 

macrocycles containing mixed amides and amines 

e.g. 46 show a marked selectivity for protonated 0x0-

anions such as H2PO4 and H S O 4 , binding these 

species strongly due to a proton transfer from the 

anion to the receptor causing the formation of a more 

highly charged anion and receptor pair.'^ 
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For these reasons, the synthesis of pendant arm bis-amido pyrrole cleft 

receptors for protonated oxo-anions has been performed. A variety of compounds 

have been synthesised by introducing amido groups at the 2- and 5- position of 

pyrrole, and the anion binding properties of these receptors have been investigated 

by the use of 'H NMR titration techniques. 

2.2 Synthesis and characterization 

Three new pyrrole amide clefts 3,4-diphenyl-lH-pyrrole-2,5-dicarboxylic 

acid bis-[(2-amino-ethyl)-amide] 47, the hexafluophosphate salt of 3,4-diphenyl-lH-

pyrrole-2,5-dicarboxylic acid bis-[(2-amino-ethyl)-amide] 48 and 3,4-diphenyl-lH-

pyrrole-2,5-dicarboxylic acid bis-[(2-acetylamino-etbyl)-amide] 49 have been 

synthesized in an analogous fashion to the simple pyrrole based amide cleft species^^ 

(Scheme 2.1). 

OH u OH 

50 

SOCIz ° / HzN NHz 

DMAP. DCM 

47 70% 

-NH3+ +H3N-̂  

~NH ^ HN 2PF5-

48 100% 

HPFe 

MeOH 

47 

EtaN, DMAP 
CH3COCI 

DCM 

CH3 H3C 
)=0 

^NH HN-̂  

^NH u HN-'̂  

49 41% 

Scheme 2.1: The preparation methods of compound 47, 48 and 49. 
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Hexafluorophosphate salts of the ethylenediamine substituted pyrrole were 

used, since the PFg anion is relatively 'innocent' and does not significantly interact 

with hydrogen bond donating moieties. 2,5-Dicarboxy-3,4-diphenyl pyrrole 50 was 

prepared following hterature procedures^^ and was refluxed with an excess of thionyl 

chloride overnight in order to obtain the bis-acid c h l o r i d e . T h i s compound was 

reacted directly with ethylenediamine in dichloromethane in the presence of a 

catalytic quantity of DMAP. Removal of the solvent and subsequent purification by 

column chromatography on silica gel (eluting with dichloromethane-methanol 10:3 

v/v) afforded the bis-amine 47 in 70% yield. This receptor was protonated by the 

addition of hexafluorophosphoric acid to the solution. After stirring for 5 minutes the 

solvent was removed, affording receptor 48. Receptor 49 was prepared by reaction of 

compound 47 with 2.5 equivalents of acetyl chloride in dichloromethane in the 

presence of triethylamine and a catalytic quantity of DMAf. After purification by 

column chromatography on silica gel (eluting with dichloromethane-methanol 10:1 

(vA;) the product was obtained in 41% yield. 

Crystals of the mono-hexafluorophosphate salt of compound 47 were 

obtained by dissolving compound 47 in methanol and adding 2 equivalents of HPFg. 

Stirring the solution for 3 h resulted in the formation of a white precipitate, which 

was collected by filtration. This material was crystallised from MeOH-water 

affording X-ray quality crystals &om which the structure could be elucidated (Figure 

2.2). 

The asymmetric unit contains C22H2602^F6^2H20. The hydrogens on the 

oxygen and nitrogen atoms were located from the difference map and fully refined. 

Although it was possible to refine three hydrogen atoms on N5, the temperature 

factors where consistently higher than for those on N1 and therefore this group was 

modelled as a disordered NH2 with each hydrogen having an occupancy of 2/3. This 

is consistent with having two water molecules and one PFg . The structure consists 

of hydrogen bonded dimers interlinked in to a three-dimensional array by further 

extensive hydrogen bonding interactions involving PFg", and H2O. The hydrogen 

bond distance between the pyrrolic nitrogen and the carbonyl group (N3-H3 01) is 

2.911(5) A whereas the length of the ammonium nitrogen-carbonyl hydrogen bond 

(Nl-HlC 02) is 2.806(5) A. 
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(a) (b) 

(c) 

Figure 2.3: (a) Crystal structure of mono-PFe^ with compound 47 and 2H2O. (b) Dimers 

molecules, (c) Network showing the formation of dimers and their linking via bridging PFg and 

H2O groups. Selected hydrogen atoms have been omitted for clarity. 

2.3 Binding studies 

The anion receptor properties of compounds 47, 48 and 49 were studied 

using 'H NMR titration techniques and the EQNMR computer program'^ to 

determine the stability constants of the complexes. Anions were added as their 

tetrabutylammonium salts. The results of these titrations in DMS0-^6-0.5% water 

(except where noted) are shown in Table 2.1. Several NH proton resonances were 
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followed during the NMR titration with stability constants being calculated for each. 

The protons can be identified by the numbers shown which correspond to the labels 

present in Figure 2.3. 

^NH2 HgN^ 

^NH u HN-̂  

.NH3+ +H3N̂  

- N H ^ HN 2ppg. 

CH3 H3C 

^NH HN^ 

^NH 

47 48 49 

Figure 2.4: Binding sites of compound 47, 48 and 49. 

When binding was observed with chloride, bromide, benzoate or 

hydrogensulfate the data fitted a 1:1 receptor; anion binding model well. The bis-

amine receptor 47 is a weak chloride receptor and does not appear to interact with 

bromide under these conditions. In addition, in this case the association with 

benzoate is weak in contrast to the other 2,5-diamidopyrrole clefts such as 28 and 

29.̂ ^ Dihydrogenphosphate was found to bind strongly to this receptor, however 

large errors were present in the least squares non-linear fit of the titration curve. 

Therefore, DMS0-(f<;-5% water solution was used in the titration to weaken the 

interaction. Under these competitive conditions a stability constant of 2050 M'̂  was 

found, however this value should be treated with caution, as the systematic errors in 

this set were non-random. 
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Compound Anion^ 

47 Chloride <20 

47 Bromide b 

47 Dihydrogenphosphate 2050" 

47 Benzoate 47.6 

47 Hydrogensulfate >10̂ ^ 

48 Chloride (1)110,(2)39, 

(3) 140 

48 Bromide 35 

48 Dihydrogenphosphate 44 

48 Benzoate 125 

48 Hydrogensulfate (1,2) <20 

49 Chloride <20 

49 Bromide b 

49 Dihydrogenphosphate (1) 525 (2) 190 

49 Benzoate (1) 152 (2) 19.5 

49 Hydrogensulfate b 

° Anions added as tetrabutylammonium salts. Error < 15% except where noted. 

' 'No binding observed. NMR experiments carried out in DMSO-<ig-5% water 

(error 29%). 

Table 2.1: Association constant of receptors 47, 48 and 49 (M'') with various anionic guest 

species following protons (1), (2) and (3) at 25°C in DMSO-(fd-0.5% water (excepted were noted). 

In the presence of 0.5% water in DMSO-(fg, a very strong complex was 

formed between 47 and HS04^ (Kg > 10'̂  M'^). It is likely that these strong 

interactions are due to protonation of the receptor by the anion, as observed by 

Bowman-James and co-workers/^ in amine containing macrocyciic systems, 

resulting in the addition of an electrostatic component to the binding interaction (and 

the bound anion now canying a higher negative charge). Therefore where proton 

exchange is occurring the stability constant can only be regarded as apparent data as 

the binding process is accompanied by proton transfer. Further evidence for this 

mechanism comes from the data found for the bis-amide based receptor 49. In this 
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case, protonation of the receptor is not possible, a fact that is reflected in the lower 

stability constants for dihydrogenphosphate and the failure of the receptor to interact 

with hydrogensulfate. 

The bis-ammonium based receptor 48 shows enhanced binding of halide 

anions as compared to receptor 47, reflecting the extra electrostatic component to the 

binding interaction. It is unlikely that hydrogensulfate is being deprotonated by this 

receptor, the lack of an interaction may once again reflect the absence of proton 

exchange (and hence no formation of S04^ ). Wherever possible, the association 

constants have been calculated by following a variety of protons on the receptor (in 

the case of 48 with chloride and 49 with dihydrogenphosphate and benzoate). In the 

case of 48 with chloride, the stability constants determined by the shift of the pyrrole 

and amide NH protons are in close agreement, whereas the stability constant 

determined by following the shift of the ammonium protons is considerably lower. In 

the case of receptor 49 and dihydrogenphosphate and benzoate, the stability 

constants determined by following the shift of the amide group closer to the pyrrole 

ring gives a higher value. Presumably, the pyrrole NH and directly attached 

amides interact more strongly with the bound anion than the pendant hydrogen bond 

donors, however it is interesting that the same result is not obtained for all these 

protons as there can be only one stability constant for this binding event. 

Proton NMR titration curves of these compounds with tetrabutylammonium 

dihydrogenphosphate and tetrabutylammonium hydrogensulfate are shown in Figure 

2.5. 
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Equivalents of dihydrogenphosphate 
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Figure 2.5: 'H NMR titration curves of compounds 47, 48 and 49 in DMSO-c?tf-0.5% water at 

25°C with (a) tetrabutylammonium dihydrogenphosphate (in DMSO-(itf-5% water for 47) and 

(b) tetrabutylammonium hydrogensulfate. 
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2.4 Conclusion 

Receptors 47, 48 and 49 containing amine, ammoninm and amide pendant 

arms were synthesised. The anion-coordination abihty of these species has been 

determined by 'H NMR titration techniques. The amine pendent arm receptor 47 

forms strong complexes with protonated oxo-anions such as HSO4 whilst amide 

and ammonium pendant arm bis amide pyrroles bind these anions more weakly. 
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3.1 Introduction 

The transport of anionic species across hydrophobic membranes presents a 

considerable challenge to the supramolecnlar chemist.^ Such processes are essential 

in biological systems to maintain the balance of electrolytes both within and outside 

the cell. Chloride transport has attracted interest recently with several reports of 

anionophores mediating transport of this anion across membrane systems.̂ ''*''̂ ^^ 

Indeed, chloride transporters have direct medical potential as treatments for cystic 

fibrosis (CF) that is caused by a loss of channel function and other diseases caused 

by defective chaimel proteins/"^ 

We decided to take our inspiration &om nature and design a variety of 

structurally simple low-molecular-weight synthetic HCl symport agents capable of 

transporting this ion pair across hpid bilayers and hence potentially possessing a 

range of biological activity ranging &om proton pump inhibition to triggering 

apoptosis/"^ 

The HCl symport mechanism is shown in Figure 3.1. A mobile carrier (M) is 

protonated within the membrane at the low pH (high proton concentration) side and 

then becomes an effective chloride receptor. The protonated mobile carrier (MH^) 

binds a chloride ion so forming a neutral complex in the membrane. The complex 

then diffuses through the membrane to the other side where it comes into contact 

with the high pH environment. Deprotonation occurs and consequently loss of 

chloride. The free receptor may then diffuse back across the membrane. 
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Low pH ^ ^ 

ĵWA/vAA/V /VVVVVAA/*̂  i 
L j/W\A/VW /WWVŴ  

H+cr 

' ^JVXA/XAAA/ / v v v v v w \ 

k i/vwu\/w /\/www4 . 
^ \n/v\A/\/uv /wvwwy ^ 

High pH 

H+cr 

Figure 3.1: H^/CF Symport mechanism. 

The symport of HCl in some biological systems such as bacteria, has been 

found to be regulated by a class of naturally occurring pigments known as the 

prodigiosins/''^ Prodigiosins are naturally occurring pyrrole alkaloids/"*^ whose red 

pigments are produced by microorganisms such as and 

The naturally occurring prodigiosins may be divided into acyclic and cyclic forms as 

shown in Figure 3.2. 

Prodigiosin Prodigiosin 25-c Metacycloprodigiosin 

Steptorabin B Butylcycloheptylprodiginine 

MeO 

Nonylprodigiosin 

Figure 3.2; Representative members of the prodigiosin family. 
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Prodigiosin 

All naturally occurring prodigiosins contain the 4-methoxy-2,2'-

bipyrrole ring system; variation in structure is found in the C-

pyrrole ring. Prodigiosin itself is acyclic and contains a 2-

methyl-3-pentyl-pyrrole as the C-ring. Pyrrole alkaloids of this 

type exhibit a broad range of immuno-suppressive activity 

against bacteria, protozoa, and pathogenic They 

have a pronounced eSect on the human malaria parasite 

f y a Z c z p a r w / M at dosages below the acute cytotoxicity 

thereshold (IC50 ofmetacycloprodigiosin: 5 x 10'̂  /igml'^)/^" 

Pyrrole alkaloids are known to act as H^/Cl symporters, possibly through 

protonation and subsequent binding of the positively charged triple hydrogen bond 

donor to chloride/^^'^^^ This activity has been ascribed to their promotion of 

apoptosis^^^ by acidification of the intracellular pH (pHi).̂ '̂* The protonated 

pyrromethane chromophore of prodigiosin is thought to play a critical role in pHi 

regulation, and the A-pyrrole ring is known to be important for anticancer 

activity. 115,116 They show significant cytotoxicity Wfro againt the P388 mouse 

leukaemia cell (IC50 3.7 x 10"̂  /igml'^) as well as against human melanoma and liver 

cancer lines.̂ ^ '̂̂ ^^ 

Ohkima a/, showed that prodigiosins increase lysosomal pH in cultured 

cells causing the inhibition of the function of vacuolar H^-ATPase, an enzyme 

involved in ATP dependant proton pumps .Vacuo la r - type H^-ATPase (V-

AYPases) reside on the membranes of acidic organelles such as sunaptic vesicles, 

lysosomes and the trans-Golgi network and maintain an acidic environment by 

pumping HT, using the energy of ATP hydrolysis."" 

Melvin, Manderville and colleagues have reported that 

prodigiosin facilitates double-strand DNA cleavage in the 

presence of Cu(n) and molecular Double-strand 

DNA cleavage is a known mechanism of apoptosis and 

may well provide an alternate rationale for the cytotoxic 

properties of prodigiosin-group natural products. They 

have also recently reported anion complexes of the 

prodigiosin-type compounds. The HCl salt of the phenyl-

substituted dipyrrolylmethene derivative 51 has been 

MeO 

51 
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crystallographially characterised by X-ray diffraction a n a l y s i s T h e resulting 

structure is shown in Figure 3.3. This structure reveals the presence of a single, 

chloride-pyrrole hydrogen bonding interaction in the solid state. 

Figure 3.3: The X-ray structure of the hydrochloride salt of the pyrrolyopyrromethene prodigiosin 

analogue 51. 

For these reasons, the synthesis of prodigiosin mimics has been one of the 

central aims of this project in order to shed light on the mode of action of the 

prodigiosins and to provide a new series of compounds with potentially useful 

biological activity. The design of these compounds was based on the amidopyrrole 

skeleton connected to a basic group (e.g. imidazole or pyridine). The receptors were 

designed to bind chloride strongly only upon protonation. The anion binding 

properties, specifically of chloride, and also the HCl symport properties of these 

compounds were investigated by several different techniques. 
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3.2 Synthesis and characterization 

Eight putative prodigiosin mimics were synthesised (Figure 3.4). The 

compounds contain hydrogen bond donor groups in addition to either a 

methylimidazole or pyridine ring which may be protonated so potentially enhancing 

the affinity of the receptors for chloride. 

H3C—N CH, CH] 

H H';' 

NH HN NH HN̂  y H HN̂  

° ° ° iQl ° 

56 57 58 59 

Figure 3.4; Potential prodigiosin mimics. 

1-Methyl-2-aminomethylimidazole 60, was used as a starting material, from 

which the imidazole-containing prodigiosin mimics were synthesised via a 

modification of literature methods"^"^^^ (Scheme 3.1). 

CH3 CHi o CH, CH3 
I n-BuLi. DMF 1 V NH2OH.HCI, NagCOs ' Zn/AcOH 1 

f f ry-H". 
N EtgO. -78 °c N EtOH/HzO N f̂ eOH N 

61 62 85% 63 72% 60 75% 

Scheme 3.1; Synthesis of compound 60. 
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1-Methyl imidazole 61 was lithiated with n-BuLi and reacted with DMF to 

yield aldehyde 62 that was then reacted with hydroxylamine hydrochloride to obtain 

oxime 63. This was reduced by zinc and acetic acid in methanol, to afford the 

desired aminomethyl imidazole 60 in 46% yield for overall. This compoimd and 2-

aminopyridine were used to prepare compounds 52-59 via an acid chloride route or 

via reaction of the appropriate amine with a methyl ester in the presence of 

trimethylalimiinum^^ (Scheme 3.2). 

3,4-Diphenyl-lH-pyrrole-2,5-dicarboxylic acid 50 was prepared by literature 

methods^, and was converted to the acid chloride by heating at reflux in thionyl 

chloride overnight. After removal of the thionyl chloride, the remaining acid chloride 

was dissolved in dichloromethane and added to the dichloromethane solution of 60 

(2 equiv.) to obtain compound 52, and to a dichloromethane solution of 2-

aminopyridine (2 equiv.) to obtain compound 54, in the presence 2.5 and 2.3 

equivalents of triethylamine respectively, and 5 milligrams of DMAP. These 

products were crystallised from acetonitrile solution in 40 and 21% yield 

respectively. 

5-Methyl-3,4-diphenyl-1 H-pyrrole-2-carboxylic acid ethyl ester 64 was 

synthesized by literature m e t h o d s . T h i s compoimd was added to the 

dichloromethane solution of compounds 60 (2 equiv.) and trimethylaluminium (5 

equiv.) to afford compound 53 after heating at reflux for seven days in 27% yield. 

Compound 64 was also used to prepare compound 55 by adding 64 to the 

dichloromethane solution of 2-amino pyridine (10 equiv.) and trimethylaluminium (7 

equiv.). Heating the reaction at reflux for five days afforded compound 55 in 13% 

yield. 

Isophthaloyl chloride and 2,6-pyridinedicarbonyl dichloride were used to 

synthesise 56 and 57 respectively. These acid chlorides in dichloromethane were 

added directly with 2.5 equivalents of 60 in the presence of 2.5 equivalents of 

triethylamine and 5 milligrams of DMAP and the reaction mixtures were stirred for 

24 hours to afford 56 and 57 in 87 and 76% yield respectively. 
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NH ,, HN 

O SOCI \ ¥ EtaN, DMAP 

•CM 

NH ,, HN 

.NH, 

52 40% 

54 21% 

CHa 
, N 

AI(CH3)3 

N^NHz 

•CH. 

HN 

53 27% 

HN 

55 1394 

CI a 

CHa 
HaC 

EtsN, DMAP 
DCM 

NH H N ' 

"CHa 

= N57^% 

OH 
SOCk 

CI 

CHa 

^N 

ElaN, DMAP 
DCM 

HN 

CH, 

58 60% 

H 
HaC^N 

V// 
65 

fHa 

AI(CH3)3, DCM 

H 
HaC^N 

HN 

CHa 

59%% 

Scheme 3.2: Syntheses of compounds 52-59. 
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Pyrrole-2-carboxylic acid was also converted to the acid chloride by heating 

at reflux in excess of thionyl chloride overnight. After removal the excess thionyl 

chloride, the remaining acid chloride was dissolved in dichloromethane and added to 

the dichloromethane solution of 60 (1.5 equiv.) in the presence of 3 equivalents of 

triethylamine and 5 milligrams of DMA? affording compound 58 after stirred for 72 

hours in 60% yield. 

5-Methyl-lH-pyrrole-2-carboxylic acid ethyl ester 65 was synthesized by 

literature m e t h o d s . T h i s compound was added to the dichloromethane solution of 

60 (2 equiv.) and trimethylaluminium (4 equiv.) and heated at reflux for 5 days to 

afford the last prodigiosin mimics 59 in 26% yield. 

Crystals of 52 were obtained by slow evaporation of a concentrated solution 

of the compound in methanol. Crystallographic analysis revealed that in the solid 

state the receptor formed a sheet (Figure 3.5) via the two different types of hydrogen 

bonds, NH - N and NH - 0 . The N3 - N2 and N5 - N6 distances were found to be 

2.871(3) and 2.975(3) A respectively, whereas the N4---01 distance was found to be 

2.939(3) A. The dihedral angles formed between the phenyl rings attached at the 3-

and 4- positions and the pyrrole plane are 57.99° and 74.64°. The amide moieties 

deviate &om the pyrrole plane by 6.40° and 16.18° with the amide NH groups 

pointing backwards with the respect of the pyrrole NH group (see Appendix for 

structure information). 

X-ray quality single crystals of 53 were obtained by slow evaporation of a 

concentrated dichloromethane/methanol solution of the compound. The crystal 

structure revealed the presence of molecular tape in the solid state. In fact the 

molecules of the receptor were bound together via the formation of four hydrogen 

bonds, which were two hydrogen bonds between pyrrolic NH and the carbonyl group 

and the other two hydrogen bonds between amide NH and N-imidazole (Figure 3.6). 

In this molecular tape, the distances between N1 - 01 and N2 "N3 were found to be 

2.8351(14) A and 2.8837(15) A respectively (see Appendix for structure 

information). 
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C16 

C15 

C14 

C21 
C26 

(a) 

(b) 

Figure 3.5: (a) The X-ray crystal structure of 52 (thermal ellipsoids drawn at the 35% probability 

level), (b) Sheets extending in the (1-10) plane via the formation of two hydrogen bonds (Npyn-oie O = 

2.939(3) A, average Npyn-ok " Nmidazoie = 2.923(3) A). Certain hydrogen atoms are omitted for clarity. 
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(a) 

(b) 

Figure 3.6: (a) The X-ray crystal structure of 53 (thermal ellipsoids drawn at the 30% probability 

level), (b) The structure reveals the presence of a molecular tape in the solid state. Molecules of the 

receptor are bound via the formation of four hydrogen bonds between the pyrrolic NH and the 

carbonyl group (Npyn-oie O = 2.8351(14) A and Namide Njmidazok = 2.8837(15) A ) . Certain hydrogen 

atoms are omitted for clarity. 

Single crystals of 54 were obtained by slow evaporation from concentrated 

solution of the compound in a dichloromethane/acetonitrile mixture. The X-ray 

crystal structure revealed the formation of dimers (Figure 3.7). The dimers were 

formed via two CH N hydrogen bonds at the pyridine rings of each compound and 
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the distance between the N pyridine and the C pyridine is 3.493(6) A. The phenyl 

rings in the 3- and 4- position deviate from the pyrrole plane by 106.22° and 

114.54°. The dihedral angles formed between the amide CONH moieties and the 

pyrrole ring are -6.76° and -13.63°, and again the amide NH groups point 

backwards with respect to the pyrrole NH (see Appendix for structure information). 

C16 

021 C22 C27 

(a) 

(b) 

Figure 3.7: (a) The X-ray crystal structure of 54 (thermal ellipsoids drawn at the 50% probability 

level), (b) The dimerization of two hydrogen bonds between N-pyridine and CH-pyridine 

(Cpyridine Npyridine = 3.493(6) A). Certain hydrogen atoms are omitted for clarity. 

X-ray quality single crystals of 58 and 59 were obtained by slow evaporation 

from concenfrated solutions of the compounds in dichloromethane/methanol and 

methanol respectively. The crystal structures of 58 and 59 (Figure 3.8) revealed the 

presence of molecular tapes in the solid state. 
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(a) (b) 

(c) 

> v 

(d) 

Figure 3.8: The X-ray crystal structures of (a) 58 (thermal ellipsoids drawn at the 35% probability 

level), (b) 59 (Thermal ellipsoids drawn at the 35% probability level), (c) Part of one of the hydrogen 

bonded chains running in the [101] direction of 58 (Nl—01 = 2.8175(19) A and N2—N3 = 2.929(2) 

A), (d) 59 (Nl—01 = 2.8204(19) A andN2—N4 =2.957(2) A) . Non-interacting hydrogens have 

been omitted for clarity. 

In each system, molecules of the compounds were linked together via the formation 

of two hydrogen bonds between pyrrolic NH and the carbonyl group and other two 

hydrogen bonds between amide NH and N-imidazole (Figure 3.8c and d). With 

compound 58, the distances between Nl—01 and N2--N3 were found to be 
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2.8175(19) A and 2.929(2) A respectively. Very similar, in crystals of 59 the 

distances between Nl—01 and N2 "N4 were 2.8204(19) A and 2.957(2) A 

respectively (see Appendix for structure information). 

3.3 Coordination studies 

3.3.1 NMR titration binding studies 

The anion binding properties of the prodigiosin mimics 52-59 were 

investigated using NMR titration techniques with the EQNMR computer program 

used to the stability constants of the complexes. Anions were added as their 

tetrabutylammonium salts. The anion binding experiments were conducted in DCM-

d2 for compounds 52, 53, 54, 55, 58 and 59 and in DMSO-J$-0.5% water for 

compounds 56, 57 (due to the solubility problems). The results are shown in Table 

3.1. 
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Compounds 
Anions^ and ATg/M'' (Error)^ 

Compounds 
Fluoride Chloride Bromide Benzoate Dihydrogen 

phosphate 

Hydrogen 

sulfate 

52" 1,874 

(138) 

< 10 < 10 369(11) 74,516 

(822) 

2,136 

(266) 

53' 558 (46) < 10 < 10 97 (7) 209(21) 764(117) 

54" 554 (83) < 10 e 72(11) f 36(2) 

55' 290(13) < 10 e 13(1) 458 (88) 122 (25) 

56"" 46 (6) < 10 e < 10 1,995 (241) 229 (26) 

57̂ ^ 46 (3) < 10 e < 10 308(42) < 10 

58" 1,136 

(165) 

82(2) < 10 582(7) 2,045 (215) 1,132 

(146) 

59" 354 (57) 112(10) < 10 611(24) 370 (28) 891 (40) 

°No binding observed, tou ld not follow the peaks. 

Table 3.1: Association constants of receptors 52-59 with various anionic guest species at 25°C. 

Stability constants were elucidated by the EQNMR computer program, which 

fitted the binding data to a 1:1 receptor:anion binding model. The results showed that 

the imidazole derivatives 52 and 53 bind oxo-anions as benzoate, dihydrogen 

phosphate and hydrogen sulfate also fluoride more strongly than their pyridine 

analogues 54 and 55. However 55 bound dihydrogen phosphate, more strongly than 

compound 53. This is presumably due to the higher basicity of the imidazole 

moieties as compared to the pyridine groups. Protic anions as dihydrogen phosphate 

and hydrogen sulfate ions bound to the bis-imidazole 52 particularly strongly, for 

example binding dibydrogen phosphate with an association constant 74,516 in 

dichloromethane-af^ (possibly due a proton transfer occurring as was observed in the 

pendant amine systems described in chapter 2). Interestingly with compound 54 the 

NH amide resonance broadens and then disappears during the titration of this 

receptor and dihydrogen phosphate. 

Bis-imidazole derivatives 56 and 57 (phenyl and pyridine as the central 

groups respectively) were found to only weakly bind the majority of the anions in 

the binding experiments in DMSO-G^a-0.5% water. Only compound 56 bound 

dihydrogen phosphate with moderate affinity with an association constant 1,995 M' \ 
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The binding results showed 56 forms stronger complexes with anions than 57. In this 

case, the central group played an important role for the anion guests binding. The 

pyridine derivative receptor 57 contains a lone pair on the central nitrogen in the 

pyridine head group, which might reduce the affinity for anions. 

To study the chloride binding properties of these compounds when neutral 

and when protonated at the imidazole or pyridine groups, the chloride binding 

properties of the prodigiosin mimics, 52, 53, 54, 55, 58 and 59, and their protonated 

hexafluorophosphate salts were studied using 'H titration techniques in acetonitrile-

di which is more polar solvent than dichloromethane-Ji. However, compounds 56 

and 57 were not used in these experiments because the preliminary chloride transport 

studies (see below) indicated that they do not function as H^/Cl symport agents. 

Protonated hexafluorophosphate compounds were prepared by dissolving the 

compound in methanol and adding 2 equivalents of hexafluorophospholic acid for 52 

and 54, and 1 equivalent for 53, 55, 58 and 59. Tetrabutylammonium chloride was 

again used as the source of the chloride ion. The results of these studies are shown in 

Table 3.2. The NH amide chemical shifts in ppm were evaluated and the association 

constants elucidated using the EQNMR program. It was found again that the 

chloride complexes were all of 1:1 anion:receptor stoichiometry. 

Compounds (Error)^ Compounds ' (Error)" 

52 b 
5 2 . 2 H P F 6 649 (75) 

53 60(1) 5 3 . H P F 6 397 (56) 

54 b 
5 4 . 2 H P F 6 

b 

55 < 10 5 5 . H P F 6 < 10 

58 119(6) 58.HPF6 C 

59 117(9) 59.HPF6 C 

Table 3.2: Association constant of receptors 52, 53, 54, 55, 58 and 59 and their protonated 

hexafluorophosphate salts with tetrabutylammonium chloride in acetronitrile-c?^ at 25°C. 

From the results, receptors 58 and 59 showed the highest association 

constants with chloride ion in acetonitrile-(fj, 119 and 117 M'^ respectively. 

However, when they were protonated as hexafluorophosphate salts, they were not 
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soluble in acetonitrile-c^^ solution. Compound 52 precipitated during the titration but 

52.2IIPF6 was studied and gave the highest association constant (649 M'') in 

acetonitrile-(fj. The pyridine substituted compounds 54 and 55 were shown to be 

poor chloride receptors. Compounds 54 and 54.2HPF6 precipitated during their 

titration, which means that its chloride complex was insoluble in acetonitrile-(fj. The 

receptor 55 and 55.HPF6 has a low binding constant at less than 10 M'' which 

suggested this compound was the poor chloride receptor even when it was 

protonated. 

The most interesting of these results came 6om receptor 53. This receptor 

showed a weak ability to bind the chloride ion, with an association constant of 60 

M"̂  in acetonitrile-cfj but the association constant of its hexafluorophosphate salt is 

more than 5 times higher than the neutral compound, at 397 M"̂  (figure 3.9). This 

compound was therefore expected to be the most suitable HCl symport agent of this 

series because the protonated form enhanced its binding ability with this ion and 

there was not a solubility problem. 

§: 

0 
2 
1 
m -g 

I 

8.5 

7.5 

6.5 

6 t ; 

5.5 

SB 
a Q 

Q 
• 

a 

a A 

O 53 Observed curve 

X 53 Calculated curve 

A 53.HPF, Observed curve 

• 53.HPF. Calculated curve 

0.005 0.01 0.015 0.02 0.025 
[Chloride ]/M 

0.03 0.035 0.04 0.045 

Figure 3.9: 'H NMR titration curves of compounds 53 {K^ = 60 M"', error < 2%) and SS.HPFg (AT, 

397 M"\ error < 15%) with tetrabutylammonium chloride in acetronitrile-rfi at 25°C. 
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3.3.2 Solid-state studies 

Attempts were made to crystallise all the compounds with HCl. X-ray single 

crystal spectroscopy techniques were used to elucidate the structures of the crystals 

obtained. 

Crystals of 52.HCl were obtained by slow evaporation from a concentrated 

solution of the receptor in dichloromethane/methanol and concentrated HCl. The 

receptor was protonated on one imidazole and adopts a 'semi-cleft' conformation 

binding a chloride ion via the formation of three hydrogen bonds between the 

chloride ion and pyrrolic NH (Npyn-oie ' Cl = 3 . 2 6 4 ( 7 ) A), one of the amide NH 

group (Namide 'Cl = 3 . 1 0 8 ( 6 ) A) and one NH^ imidazole group via a water molecule 

(Nimidazoie ' Owater = 2 . 6 9 0 ( 9 ) A, Owafer " C F = 3 . 0 8 0 ( 4 ) A), Figure 3 .10. The NH 

amide and the imidazole groups that point toward the chloride ion deviate from the 

pyrrole plane by 3 . 97° and 6 5 . 9 7 ° respectively. On the other hand, the other NH 

amide and non-protonated imidazole groups point backward with respect to the 

pyrrole NH and showed a deviation from the pyrrole plane of 2 . 0 3 ° and - 5 8 . 9 9 ° 

respectively (see Appendix for structure information). 

Figure 3.10: The X-ray crystal structures of the 52+H^/CP and H2O complex (thermal ellipsoids 

drawn at the 35% probability level). The receptor adopts a 'semicleft l ike ' conformation (Npyrmk CI 

= 3.264(7) A, Namide c r = 3.108(6) A, Nmidazoie O âter = 2.690(9) A and Owater CF = 3.080(4) A). 

The certain hydrogen atoms are omitted for clarity. 
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This complex forms a network (Figure 3.11), which is linked together via the 

hydrogen bond between the one carbonyl group and water molecules. 

01w 

04w 

' " ° - ^ 0 2 w 

Figure 3.11: Part of the hydrogen bonded chains of the 52+H^/Cl and H2O complex that run in the 

[110] direction ( 0 2 W - 0 2 = 2.817(7) A, 0 2 W - 0 4 W = 2.831 (11) A, 0 4 W - 0 1 W = 2.286 A and 

03W—01W = 3.057(6) A and 01W—N2 = 3.415 A). Phenyl groups and non-interacting hydrogen 

atoms have been omitted for clarity 

55 



Chapter 3: Towards synthetic HCl symporters 

The HVCI complex crystals of 53 were obtained by slow evaporation from 

concentrated mixed dichloromethane/methanol solution of the compounds and 

concentrated HCl. The crystal structure of the complex (Figure 3.12) showed this 

compound also was protonated at the N-imidazole group and this group binds 

directly to chloride. This chloride was bound to the pyrrole and amide NH of an 

adjacent molecule resulting in the formation of a 2+2 complex. Each chloride ion 

was boimd to a pyrrolic NH (Npyrroie " CI = 3.24(2) A), the amide NH (Namide " CI -

3.29(2) A) and NH^ imidazole group from other compound (Nwdazoie "CI = 3.10(2) 

A). The NH amide and the NH^ imidazole groups that ponit toward the chloride ion 

showed a deviation from the pyrrole plane of 8.20° and -119.07° respectively (see 

Appendix for structure information). 

Figure 3.12: Crystal structure of H^/Cl' complex of 53 displaying three different hydrogen bonds 

between the chloride ions and pyrrolic NH (Npyn-oie Cl~ = 3.24(2) A), the amide NH (Na îde CI = 

3.29(2) A) and NH^ imidazole group (Nwdazoie C r = 3.10(2) A). Non-interacting hydrogens have 

been omitted for clarity. 

Crystals of 55 and H^/CI complex were obtained by slow evaporation from 

concentrated solution of the compound in dichloromethane/methanol and 

concentrated HCl. The crystal structure (Figure 3.13) revealed the H^/Cl complex 

of 55 which the compound was protonated at the pyridine nitrogen. Although there 

are three available binding sites in this molecule, the compound used only pyrrolic 
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and amido protons to bind a chloride ion with distances Nl—Cll = 3.113(5) A and 

N2—Cll = 3.152(5) A respectively. The pyridinium group is oriented in a reverse 

direction binding a chloride in an adjacent complex (N3—Cll = 3.164(5) A). This 

may allow intramolecular hydrogen bonds between the pyridinium NH and the 

adjacent carbonyl group (N3—01 = 2.645(6) A). The pyridine ring was almost co-

planar with the pyrrole ring showing a deviation of 7.90° (see Appendix for structure 

information). 

(a) 

. . . o 

(b) 

Figure 3.13: Crystal structures of (a) 55+H^/Cl complex (N1 —Cll = 3.113(5) A and N2—Cll = 

3.152(5) A) (thermal ellipsoids drawn at the 50% probability level), (b) Network showing the 

formation of the oligomers via inter hydrogen bonds with Cl~ (N3—Cll = 3.164(5) A and N3—01 = 

2.645(6) A). Phenyl groups and non-interacting hydrogen atoms have been omitted for clarity. 
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Crystals of 58 with i f /C I were also obtained by slow evaporation from 

concentrated solution of the compound in dichloromethane/methanol and 

concentrated HCl. Two chloride ions were located, bound in the middle between two 

receptors via the formation of three and four hydrogen bonds between the amide 

moieties (N2—Cll = 3.224(2) A and N6—C11 = 3.210(2) A), NH^ imidazole 

(N3—C12 = 3.091(2) A) and water molecules (03—Cll = 3.105(2) A, 04—Cll = 

3.138(2) A , 03. .C12 = 3.099(2) A and 04...C12 = 3.089(2) A), Figure 3.14 (see 

Appendix for structure information). 

r •• * * 

Figure 3.14: Crystal structure of the complex 58+H^/Cl shows all the unique hydrogen bonds that 

form a 3D network (N2-C11 = 3.224(2) A, N6-C11 = 3.210(2) A, N3-C12 = 3.091(2) A, 0 3 - C l l = 

3.105(2) A, 04" Cll = 3.138(2) A, 03-C12 = 3.099(2) A and 04."C12 = 3.089(2) A). Non-

interacting hydrogen atoms have been omitted for clarity. 

X-ray quality single crystals of 52 with H2SO4 were isolated. These crystals 

were formed by slow evaporation from a concentrated solution of the compound in 

methanol and concentrated H2SO4. The crystal structure (Figure 3.15) revealed the 

formation of a 1:1 sulfate rreceptor complex that the compound 52 was again 

protonated at both N-imidazoles. The sulfate ion was bound with the compounds via 

six hydrogen bonds. Three of them occurred between the sulfate ion and two NH^-

imidazoles (N2—04 = 2.69(16) A, N6---03 = 2.7(2) A and N6—05 = 3.1(2) A). Two 

of them formed between the sulfate ion and two NH-amide groups (N3—03 = 

2.89(16) A and N5—06 = 2.77(16) A) and the last hydrogen bond formed between 
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the sulfate ion and the NH pyrrole ring (N4--03 = 2.77(15) A ) (see Appendix for 

structure information). 

s'A. 

(a) 

(b) 

Figure 3.15: Crystal structure of 52+2H^/S04^ complex (a) The complex (thermal ellipsoids drawn 

at the 50% probability level), (b) Displays all the unique hydrogen bonds that form a 3D network 

(N2. 0 4 = 2.69(16) A, N6...03 = 2.7(2) A, N6- .05 = 3.1(2) A, N6. .S1 = 3.50(18) A, N3" 03 = 

2.89(16) A , N 5 - 0 6 = 2.77(16) A , and N5---S1 = 3.72(13) A). Non-interacting hydrogen atoms have 

been omitted for clarity. 
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3.3.3 H^/Cr symport studies 

Professor Bradley D. Smith and graduate student Beth McNally conducted 

the membrane symport studies on these compounds at the University of Notre Dame, 

Indiana. Specifically, compounds 52-57 were studied for their ability to release C P 

from artificial unilamellar vesicles in three different pH environments, pH = 4 in and 

out, pH = 7.2 in and out and pH = 4 in and pH - 7.2. 

The vesicles were designed to mimic the biological cell membrane. These 

unilamellar vesicles were 200 nm mean diameter composed of 1-palmitoyl-2-oleoyl-

^M-glycerol-3-phosphocholine (POPC) and cholesterol (70:30 POPC:cholesterol) as 

the vesicles membrane. The solutions inside the vesicles were 500 mM NaCl, 5 mM 

citric acid at pH 4 used in pH 4 and pH gradient chloride transport assay or 500 mM 

NaCl, 5 mM citric acid at pH 7.2 which used in pH 7.2 chloride transport assay. In 

the chloride transport experiments, the external solutions were 500 mM NaNOg, 5 

mM citric acid, pH 4 solution for pH 4 chloride transport experiments, 500 mM 

NaNO], 5 mM citric acid, pH 7.2 solution for pH 7.2 chloride transport experiments 

and 500 mM NaNO], 5 mM Na2HP04, pH 7.2 solution for pH gradient chloride 

transport experiments. Solutions of the prodigiosin mimics were added after the 

vesicles were dispersed in the outside solution. The chloride levels outside the 

vesicles were monitored by a chloride selective electrode for 20 minutes (Figure 

3.16) and the vesicles lysed with detergent at the end of the experiment (see 

Appendix 3 for the chloride transport assay information). 
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Chloride 
Selective Electrode 

+ c r c:C> 

Figure 3.16: Model of the chloride transport experiments (M = prodigiosin mimics). 

The results show that the best conditions to surround the unilamellar vesicles 

are a pH 4 inside and pH 7.2 outside; such conditions best facilitate the transport of 

chloride ions across the membrane. Having pH 7.2 inside and outside the unilamellar 

vesicles was a better environment than pH 4 inside for compounds 52 and 53. 

However, there was not any significant difference between the chloride transport 

results with 54-57 with the two different external pH environments. The fast release 

of chloride (with 52 and 53) was found when there was a pH gradient across the 

membrane suggesting that the proton is involved in the transport of chloride. 

Compound 53 is the most effective chloride transport agent from this 

prodigiosin mimic series. Compounds 55, 56 and 57 are essentially ineffective 

chloride transport agents. These results suggest that the basicity of the protonatable 

group is important for successful chloride transport; thus the imidazole-pyrrole 

compounds which are more basic show effective chloride transport whilst the 

pyridine-pyrrple systems show much less efficient transport properties. 

Compounds 52, 53, and 54 consistently showed an increased percent chloride 

efflux with the pH gradient compared to the other two assays. In addition, the nature 

of the anion in the solution outside the vesicles was found to influence the rate of 

chloride transport suggesting that an anti-port process was also occurring. 

A pH sensitive assay was employed to study proton transport across the 

vesicle membranes. Compounds 52, 53 and 55 were studied in unilamellar vesicles 

composed of POPC/cholesterol (70/30 POPC:cholesterol) that were prepared as 
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above except that the solution inside contained varied concentrations of Oregon 

Green® 514 carboxylic acid^^ '̂̂ ^^ (Oregon Green) solutions (see Appendix 3 for the 

pH sensitive assay information). This compound's fluorescence is sensitive to pH 

(Figure 3.20)/^^ Therefore this dye may be used to monitor the change of pH inside 

the vesicles during the chloride transport. The situation in which vesicle solutions 

were pH 4 inside and pH 7.2 outside were the optimum conditions for a chloride 

transport assay. 

Em = 565 nm 

400 450 500 

Wavelength (nm) 
550 

HO. ^ 0 ^ 

F 

F ^ -OH 

0 

H O - C ^ F 

F 

Oregon Green® 514 

carboxylic acid 

Figure 3.17: Fluorescence excitation at 510 nm (Em = 555 nm) of Oregon Green® 514 carboxylic 

acid in difference pH environments. 

The Perkin Ekner luminescence spectrometer was used to measure the 

emission of Oregon Green at 555 nm with an excitation of 510 nm. The intensity 

baseline was established for 200 seconds whereupon the prodigiosin mimic was 

added into the experimental cell. Intensity was measured until 500 or 1000 seconds 

depending on the Oregon Green concentration inside solution, whereupon the 

vesicles were lysed with detergent (see Appendix for the pH sensitive assay 

information). 

These studies show that the imidazole-containing receptors trigger an 

immediate release of protons from the vesicles, whilst the pyridine-containing 

compound does not significantly affect the rate of release of protons as compared to 
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the background release rate. Thus it is reasonable to conclude that compounds 52 

and 53 are symporting both protons and chloride anions through the membranes 

presumably because of their basicity allowing protonation and deprotonation in the 

pH gradient range studied. 

3.4 Conclusion 

Compounds 52 and 53 show promise as synthetic HCl symport agents. 

Studies in vesicles have shown that these compounds are capable of symporting HCl 

across lipid bilayers. The behaviour of the compounds in cells is now being studied 

to evaluate their use as potential anti-cancer agents. 
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4.1 Introduction 

The development of efScient synthetic receptors for short peptide chains or 

proteins is a challenging target for chemis tsTradi t ional ly , individual receptors 

have been synthesised and their guest binding properties tested with the target guest. 

However, in the drug discovery and commercial research, there is a need for higher 

throughput techniques to generate many compounds which then may be quickly 

screened for a particular activity. Combinatorial chemistry is one approach to 

solve this problem. 

Much of combinatorial chemistry has focused on the creation of small 

molecules with pharmacological activity. This kind of chemistry has also been 

developed to serve in variety of fields including host-guest (i.e. receptor-ligand) 

chemistry. This fusion of areas offers many advantages when compared with the 

typical strategy of the individual receptor synthesis, evaluation and iterative 

improvement. Combinatorial approaches may be used to synthesise a large library of 

receptors through parallel synthesis and all members are may be simultaneously 

evaluated for binding activity, minimizing synthetic expenditure and maximizing the 

possibilities of creating an effective receptor. 

The choice of the components from which the library is created is up to the 

chemist. The libraries can be designed to expand diversity of a compound collection 

for general s c r e e n i n g . T h e s e libraries are specifically built to be as large and 

diverse as possible with broad screening as their main objective. Libraries can also 
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be prepared to find a lead for a specific target. Typical design strategies of these 

libraries involve the use of privileged structure motifs or specific recognition 

elements that are suspected to be required for binding. Alternatively the choice of 

components may be made in order to improve on an existing lead.̂ ^^ 

Combinatorial chemistry can be used to generate receptors in supramolecular 

chemistry. Much recent work in the area of peptide receptors has focused on 

'tweezer' receptors, which were first used by Whitlock and coworkers^^^ and 

Zimmerman et.al.^^^ or higher order multi-armed receptors. The basic design of 

tweezer receptors incorporates a 'head group' or 'hinge' bearing two side arms that 

incorporate appropriate fimctionality for binding with the backbone of a suitable 

substrate (Figure 4.1 a). We have focused on tweezer receptors, which incorporate a 

'head group' with a specific recognition site for the C-terminus of a peptide 

(carboxylate binding site, CBS), and peptidic side arms (Figure 4.1 b). 

a) 

O 

Carboxylate 
Binding sits 

'Hinge' or 
'Head group' 

Side arms 

Side arms 

Guest substrate 

0 

R 0 

NHR 

R 
Peptide guest-NHR 

O R 0 

NHR 

b) 

Figure 4.1: a) Schematic of a tweezer receptor with 'hinge' or 'head group' and side arms, which 

provide binding interactions with a suitable guest substrate, b) Schematic of a tweezer receptor 

with a carboxylic acid binding site (CBS) as the 'head group'. 

The combinatorial approach to these receptors proceeds by attachment of a 

suitably functionalised scaffold to a solid support, followed by library synthesis of 

the arms using a variety of monomer units and the 'split-and-mix' strategy '̂*"'̂ '*^ 

(Scheme 4.1). Each arm can be same sequence to give libraries of 'symmetrical' 

receptors, or they may be synthesized sequentially to give the more diverse libraries 

of 'unsymmetrical' receptors.''*^ 
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Scafold or 
'Head group' 

- X 

Scafold or 
Head group 

Scheme 4.1: Combinatorial approach to tweezer receptor synthesis 

Tweezer receptors have been shown to have a high selectivity fbr certain 

peptide sequences in both non-polar and aqueous solvent systems. Recently, 

Wennemers and co-workers synthesised a series of symmetric two tripeptide side 

chain tweezers containing diketopiperazine head groups (Figure 4.2a).̂ '*^ These 

tweezer were elucidated their binding properties by screening with a library of 

peptide guests in chloroform. The diketopiperazine scaffold was used to 

synthesised a tweezer receptors with a rigid 'U' shaped conformation(Figure 4.2b). 

They proved ideal in separating the two receptor arms and leading to highly selective 

receptors. However, the analogues structures which more linear scaffold 

diketopiperazine (Figure 4.2c) were only moderately selective and structures 

derived from several other diamine scaffolds did not exhibit any binding at all.̂ '*^ 

H ? H "̂ 3 0 

O Rz O 
H"|>-N 

N—(I'H 

FU O Re O 

a) 

o 

b) 

Tripeptide 

Tripeptide Tripeptide 

Tripeptide 

c) 

Figure 4.2: a) General structure of diketopiperazine receptors, b) Trans, trans structure, c) Cis.cis 

structure. 

The receptor head-group can be modified to have an additional binding site 

for the guest target molecule. Dibenzofiiran species were used as a head group to 
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synthesise the two peptide arms tweezer receptor 66 by LaBrenz and K e l l y T h i s 

receptor bound the peptidic guest 67 in water, using a combinatorial of hydrophobic 

and electrostatic interactions (Figure 4.3). 

Lys H Lys H 

Glu O Glu O 

Leu O Leu O 

Va H Leu M 

N ̂  Receptor 66 

COzH Guest 67 

Figure 4.3: Complex of receptor 66 and guest 67. 

Incorporating a carboxylate binding site into a similar tweezer-like structure 

can lead to new receptors specifically for the carboxylate terminus of peptides. 

Kilbum and co-workers^''^ used a guanidinium head group in a tweezer receptor with 

two peptide arms 68. 

'̂ H2N='( 

68 

This receptor was used in a screening experiment in water with a 1000-

member biased library of tripeptides, which attached to TentaGel resin via the amino 

terminus. The tweezer receptor was found to bind to —3% of the guest library 

members and showed 95% selectivity for Val at the carboxy terminus of the 
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tripeptide and 40% selectivity for Glu(O'Bu) at the amino terminus. The association 

constant with the selected tripeptide guest, Z-Glu(0*Bu)-Ser(0'Bu)-Val-0H, was 

determined by isothermal calorimetric technique (ITC) giving a value of = 4 x 

10̂  ± 5 X 10'̂  M'̂  in sodium borate buffer containing 16.7% DMSO at pH 9.2. 

Recently, they have continued this work; however, by preparing a library of 

tweezer receptors. These receptors also incorporate with a guanidinium head group 

and two peptide derived side arms on the solid phase using an orthogonally protected 

guanidinium scaffold. The library was screened with various tripeptide derivatives 

in an aqueous solvent system. A tweezer receptor 69 for the side chain protected 

tripeptide 70 was identified 6om these screening experiments having an association 

constant of = 8.2 x 10'̂  + 2.5 x lO'̂  in 15% DMSO/water system using UV-

Vis titration techniques. 

NH N 

O'Bu 

COO'Bu 

70 

Schmuck and co-workers have developed receptors for carboxylate terminus 

peptides guests. They prepared the libraries of one-armed tripeptide based cationic 
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guanidmiocarbonyl pyrrole receptors using standard Fmoc couplings and the split-

and-mix '̂*^ approach in combination with radio 6equency tagging technology 

Members of these libraries strongly bound the tetrapeptide L-Val-L-

Ile-L-Ala which represents a model for the C-terminus of the amyloid (0-peptide, in 

polar conditions such as in methanol and water > 4 x 10 )̂̂ ^̂  

(Figure 4.4). This type of peptide is implicated in Alzheimer's disease^^^^^^ that is 

the formation of protein plaques within the brains of patients sufkring 6om this 

disease. 

N. ,N 
: .H' ^ 

Figure 4.4: A tripeptide-based library of cationic guanidinocarbonyl pyrrole receptor bind with 

tetrapeptide L-Val-L-Ile-L-Ala. 

HIV-1 protease (PR) is an enzyme produced from the human 

immunodeficiency virus (HIV). It causes acquired immune deficiency syndrome 

(AIDS).^^^ In the active form, HTV-l protease is a 22,000 Da homodimeric aspartic 

protease consisting of two 99-residue polypeptide chains that self-assemble to form 

an approximately 45 x 23 x 25 A dimers. The active site is shaped at the interface of 

the two subunits (Figure 4.5 a), each contributing one catalytic aspartate 

residue.^^ '̂̂ ^^ The protease homodimer subunit is mainly stabilized by a four-

stranded antiparallel /3-sheet involving both the N- and C-termini of each monomer 

which are H-Pro-Gln-Ile-Thr and Cys-Thr-Leu-Asn-Phe-O, respectively (Figure 4.5 

b). These monomers have been found to be highly conserved in HIV-1 isolates and 

some HrV-2 isolates. 
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(a) (b) 

Figure 4.5: (a) HIV-1 Protease dimers structure. The active sites are shown is the frame, (b) 

Antiparallel /9-sheet involving both the N- and C-termini. 

Since HIV-1 protease is a homodimer and most active site inhibitors used in 

AIDS therapy have led to resistance by rapid mutation of the virus/̂ '̂̂ ®^ preventing 

or disrupting the self-assembly of the monomers is one new possibility to stop or 

reduce its activity. Cross-linking of N- and C-terminal peptide to form a mimic of 

the HIV-1 protease dimerization interface has provided an alternative strategy for the 

development of more potent protease dimerization inh ib i to r s .The principle of this 

strategy is illustrated in Scheme 4.2. 

Recently, Schramm, Reboud-Ravaux and co-workerŝ ®'*'̂ ^® showed 

lipopeptides like palmitoyl-Tyr-Glu-Leu-OH and palmitoyl-Tyr-Glu-thyroxine have 

improved HIV-1 protease inhibitory properties. These are possibly due to the 

interaction of the palmitoyl residue with the hydrophobic dimerization interface of 

the protease. These receptors should have better bio-availability than simple peptides 

due to numbers of binding sites in their molecules. 
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Cross-linked interfacial 
peptide inhibitor 

Interfacial peptides 

Scheme 4.2: Representation of the strategy used to inhibit protease dimerization by 

cross-linked interfacial peptides. 

De Mendoza, also with Reboud-Ravaux and co-workers have reported that 

lipophilic residues linked to the side chains attached to a guanidinium scaffold such 

as 71, was found to be a dimerisation inhibitor with I C 5 0 = 1.6 mM and Kid = 150 

nM. 166 

O O 

O 

N 
NH" 
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o CONH2 
H 
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Tweezer receptors could be used as HIV-1 protease inhibitors. By tethering 

C- and N-terminal peptide sequences or arms to a scaffold, the tweezer receptors 

possible produce cross-linked interfacial peptides. Chemielewski and co-workers 

reported the 'tweezer' receptors containing cross-linked peptides &om the N- and C-

termini of the protease, both inhibit HTV-1 protease activity and decrease the amount 

of protease dimers in solution. Compound 72 was shown to inhibit activity with IC50 

= 350 nM and = 220 nM 167,168 

O. N 

0^=^NH2 

H ? r H ° 

O \ o o 

72 

Using combinatorial chemistry, more recently, they synthesised a 68 member 

'tweezer' receptor library and found 73 was 2.5 times more potent at half the 

molecular weight than a cross linked agent 72 with Kid = 85 nM.^^ 

73 
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We took our inspiration G-om this work to synthesise a library of 'tweezer' 

receptors, which contain a 2,5-diamido pyrrole scaGbld as a carboxylate binding site 

and two orthogonal peptide derived side arms using combinatorial chemistry with 

'spilt-and-mix' methods. This tweezer receptor library would function as a cross 

linking agent for C-terminal of the HIV-1 protease and hence function as an HIV-1 

protease inhibitor. 

4.2 Synthesis and characterization 

In order to prepare the library of 'tweezer' receptors, incorporating a pyrrolic 

'head group' and two peptide derived side arms (Figure 4.6), an orthogonally 

protected pyrrole derivative 74 was prepared. Diamine pyrrole, 47^ ,̂ prepared in the 

previous chapter, was used as the starting material. The pyrrolic derivative 76 was 

synthesised in three steps with an overall yield of 20% starting 6om 47 as shown in 

Scheme 4.3. In this way, compound 76 was suitably functionalised with a carboxylic 

acid moiety to allow attachment to TentaGel S NH2 resin beads. 

HN 

NH 

NH 
HN 

NH 

AA 

Figure 4.6: The pyrrolic-derived 'tweezer' receptor library. 
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^NHz HzN 

^NH _ HN'"̂  

O /NH HzN 

NH H HN"̂  
DOPE, TFA 

DCM 

74 39% 

Fmoc-L-Glu(OtBu)-OH 
PyBOP, HOBt, DIPEA DCM 

H Cr \ 
60% TFA 

76 68% 75 75% 

Scheme 4.3: The preparation of compound 76. 

Diamine pyrrole 47 was first converted into the mono-DDPE protected amine 

pyrrole 74 by stirring three equivalents of 47 with one equivalent of 2-

phenylacetyldimedone (DDPE)̂ ^® in dichloromethane and trifluoroacetic acid as 

catalyst. Purification by column chromatography on silica gel 60 eluting with 

dichloromethane/methanol (10:1 v/v) gave 74 in 39% yield. Coupling with N-a-

Fmoc-L-glutamic acid y-tert-butyl ester using PyBOP/HOBt and DIPEA in 

dichloromethane gave orthogonally protected 2,5-diamidopyrrole 75 in 75% yield. 

Boc deprotection of 75 using 60% TFA in dichloromethane led to the acid 76 in 68% 

yield. The orthogonal protecting groups used in the synthesis of 76 allows the 
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synthesis of 'unsymmetricar tweezer receptors, that is tweezer structures where the 

two peptide arms can be randomised (by split-and-mix synthesis) independently. 

N..V̂NH H 
H^N 

HOBt, Die, DIPEA 

DCM 

76 

.N̂ y-NH H 

77 

Fmoc. 

NH H 

Scheme 4.4: Preparation of the pyrrolic-derived on TentaGel resin 77. 

To synthesise this library, compound 76 was coupled to TentaGel resin using 

DIC/HOBt and DIPEA in dichloromethane (Scheme 4.4) to give 77 as a starting 

material. Qualitative and quantitative ninhydrin tests and quantitative Fmoc tests 

were used to prove that the coupling was made completely. 

A 900 members library of orthogonal Fmoc- and Boc-protected tweezer 

receptors 82 was prepared by stepwise fourfold coupling of Fmoc- and Boc-

protected amino acids to each side arm of 77 using the split-and-mix strategy 

(Scheme 4.5). Fmoc deprotection using 20% piperidine in dimethylfbrmamide was 

carried out as the initial step to yield a free amine side arm resin 78, which was ready 

for library generation. First six Fmoc-protected amino acids were used in the 

coupling to this free amine providing resin 79. Then, the Fmoc-deprotection was 

used again followed by the coupling of another five Boc-protected amino acids to 

give resin 80 with two amino acids and glutamic acid on one side arm. For the other 

pyrrolic side arm, DDPE was deprotected using 5% NH2NH2H2O in 

dimethylfbrmamide to give the 6ee amine resin 81. This resin was coupled with five 

Fmoc-protected amino acids fbllowed by the last Fmoc-deprotection and six Fmoc-

amino acids coupling gave a desired library 82 containing 900 members (6 x 5 x 5 x 

6) of the pyrrole-derived tweezer compounds. 
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Scheme 4.5: Synthesis of pyrrole-derived tweezer receptors library 82. a) 20% Piperidine in DMF. 

b) Split-and-mix Fmoc-peptide synthesis using Gly, L-Val, L-Pbe, L-Lys(Boc), L-Ser((Bn), Gin. c) 

20% Piperidine in DMF. d) Split-and-mix Boc-peptide synthesis using Gly, L-Ala, L-Phe, L-

Glu(0/Bu), L-Val. e) 5% NH2NH2 H2O in DMF; f) Two-fold split-and-mix Fmoc-peptide 

synthesis using L-Glu(Offlu), L-Met, L-Leu, L-Lys(Boc), L-Ala, L-Ser(/Bu), L-Pro, Gin. 

4.3 Carboxylate binding studies: screening 

experiments 

The carboxylate binding ability of the 900 members library 82, which 

contains 2,5-diamidopyrrole as a carboxylate binding site and two orthogonal 

peptide derived side arms was studied using screening experiments. Dye-labelled 
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tripeptide guest which contains red dye 4-(4-nitro-phenylazo)-phenyl group, the 

tetrabutylammonium salt of the red dye-spacer-L-Leu-L-Asn-L-Phe 84 was prepared 

from the tripeptide 83 (Scheme 4.6). This tripeptide is a mimic for the last three 

amino acids at the C-terminus of HIV-1 protease. 

OzN 

O T, O 

leqTBAOH 

83 

OzN 

J 
.(C4Hg)4N+ 

^ o L o 

84 

Scheme 4.6: Preparation of 84. 

In a typical screening experiment a sample of around 5 mg (-5000 beads or 

5% of the beads produced) of the library was added to 1 ml of dye-labelled peptide 

solution (starting concentration ~ 1 /xM) in a chosen solvent and incubated for at 

least 24 hours. It was essential that the receptor library in the peptide-guest solution 

was left for more than 12 hours to reach equilibrium, indicating that binding with the 

resin-bound receptors has relatively slow kinetics. Beads were analysed in flat-

bottomed glass pots under a microscope (magnification up to 40x). The 

concentration of dye-labelled peptide guest was increased to provide optimal 

selectivity as adjudged by the number of the stained beads against a background of 

non- or lighter stained beads, visualised under a microscope. 

Using this strategy, the tweezer receptors library 82 was screened with dye-

labelled tripeptide 84. The screening experiments were carried out in two different 

solutions, which were 1%DMS0;99%CHC13 and neat DMSO. When library 82 was 

screened in 1%DMS0:99%CHC13, there was no evidence for any selective binding 
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observed in the experiments. More than 20% of beads were the same colour at each 

concentration of dye-labelled peptide 84 solution. 

The library 82 was then incubated with tripeptide guest 84 in DMSO. Highly 

selective binding was observed in this solution. One highly stained bead and two 

moderately stained beads, that is less than 0.1% of beads, were found at 10 /(M of 

the tripeptide guest 84. However, these stained beads could not be analysed due to 

the technical problems of the analysing machine. Therefore, the experiment was 

repeated under the same conditions. Another 5 mg of the library 82 was incubated 

with 10 jttM of tripeptide 84 in dimethyl sulfoxide solution. Once again one highly 

stained bead and two moderately stained beads were found and then collected. The 

results showed these screening experiments were reproducible. Moreover, the 

experiment was carried on until the concentration of tripeptide guest 84 reached 25 

/iM. At this concentration, more than 20% of beads sample were highly stained, 

showing non-selectively binding between the library and this tripeptide guest. 

Portions of water were added to the solution. All the beads in the sample were 

stained and the solution became colourless when water was added up to 50 /xl or 

15% (v/v). This presumably indicates that a hydrophobic eSect is causing the 

tweezer receptors library 82 to bind the carboxylate dye-labelled peptide guest 84 

non-selectively upon addition of water. 

The screening experiment has been repeated with larger numbers of beads, 

which the library 82 was studied their carboxylate binding properties with the 

tripeptide guest 84 in DMSO. A sample of beads 25 mg (--25,000 beads) was used 

and was incubated in the dimethyl sulfoxide solution of 84. Sixteen highly stained 

beads were found and collected at 5.12 /xM (20.46 nmol, 4 ml) of 84 solution, which 

was less than 0.1% of beads sample. Some of these bead samples are shown in 

Figure 4.7. 

Two most highly stained beads, 85 and 86 from the first screening 

experiment and another five highest stained beads, 87, 88, 89, 90 and 91 from the 

last screening experiment were deprotected using 20% piperidine and 60% 

trifluoroacetic acid respectively (Scheme 4.7). 
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Figure 4.7: Comparison between stained beads and unstained beads. 
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Scheme 4.7: Deprotection of beads 85-91. 

The free amine beads 85-91 were analysed using Edman degradation 

techniques to determine their composition.^'^ Sequencing was performed by Bio-

Medical school at University of Southampton using an Applied Biosystems 477A 

pulsed liquid-phase sequencer coupled online to an Applied Biosystem 120A 

Phenylthiohydantonin (PTH)-derivative analyser. The sequencing results are shown 

in Table 4.1. The proposed structures of 85-89 (Figure 4.8) and 90 and 91 (Figure 

4.9) are shown. 

Bead AAi AA2 AA3 AA4 

85 Phenylalanine Glutamic acid Proline Leucine 

86* Lysine Valine Proline Leucine 

87 Phenylalanine Glycine Proline Proline 

88 Valine Alanine Proline Proline 

89 Lysine Glycine Proline Proline 

90 Serine Glycine Proline Proline 

91 Valine Valine Proline Proline 

*Pale stained bead. 

Table 4.1: Sequencing results of beads 85-91. 

80 



Chapter 4: Combinatorial approaches to peptide receptors containing 
amidopyrrole 

NH H HN 

H,N 

NH H HN 

85 86 

NH H HN NH H HN 

87 88 

HN "O 

o. " ^ - ^ 0 

NH H HN 

89 

Figure 4.8: Proposed structures of beads 85-89. 
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o 
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90 91 

Figure 4.8: Proposed structures of beads 90 and 91. 

The structures of the pyrrolic-derived tweezer receptor library which bound 

the guest identified &om the screening e)q)eriments showed the third amino acid 

(AA3) was proline in all cases. The forth amino acid (AA4) was leucine in beads 85 

and 86. However, the remaining beads contained proline in this position. The 

different sequencing results showed that the amino acids in the second position 

(AA2) were glutamic acid, valine, glycine and alanine. Glycine was found three 

times in this position. The Grst position (AAi) was also less well conserved, but 

phenylalanine was found in two cases, also valine and lysine. However, the 

sequencing result of 86 was less conserved because it was pale stained bead in the 

experiment. These results suggest that the pyrrole scaffold head group tweezer 

receptors which contain proline in the third and forth positions, glycine in the second 

position and probably phenylalanine or valine in the first position are important in 

binding the carboxylate tripeptide guest, L-Leu-L-Asn-L-Phe, selectively. 
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4.4 Conclusion 

The 900 member orthogonal tweezer receptors library 82 was synthesised 

using split-and-mix strategy. These receptors contain a 2,5-diamido pyrrole scaffold 

head group as a carboxylate binding site and two orthogonal peptide derived side 

arms. Screening experiments have been used to study the carboxylate binding 

properties with dye-labelled carboxylate tripeptide 84, L-Leu-L-Asn-L-Phe which 

mimics the last three peptides sequences of C-termini of HIV-1 protease, in both 

1%DMS0;99%CHC13 and in neat DMSO solutions. The screening results in DMSO 

solution showed that some members of the receptor library have high selectively for 

the tripeptide guest. The peptide side arm sequences of the selected receptor beads 

were analysed by Edman degradation. The sequences analysis results showed the 

third and forth positions were proline and proline respectively. Future work will 

involve the synthesis of individual tweezer receptors containing these amino acids in 

order to study their properties both and m vfvo. 
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5 

5.1 Introduction 

In recent years, several strategies have been developed by coordination 

chemists to predict the outcome of self-assembly processes and this has lead on to 

the development of the Geld of crystal engineering/^^'^^'* Several research groups 

have explored metal-assisted self-assembly processes which has led to a plethora of 

structural motifs such as grids/^^'^^^ boxes/^^'^^^ cylinders/^^ helicates^^^^^ and 

molecular polyhedra/^'^^^ In contradistinction to these results, relatively few reports 

detailing anion directed self-assembly processes have been reported, despite there 

being considerable current interest in the development of molecular and 

supramolecular systems which have the ability to bind negatively charged ions/^'^^^ 

Therefore, the use of anionic components to direct self-assembly is a relatively new 

area of supramolecular chemistry. For example, Lehn and co-workers have reported 

the chloride-templated pentametallic circular helicate 92, which self-assembles from 

five tris-bipyidine ligands and five Fe(II) ions in the presence of chloride 

amons/»«''»' 
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92 

Kruger and co-workers have recently reported the anion directed assembly of 

a dinuclear double helicate of compound 93/^" This double helicate formed via 

pyridinium N-H-Cl hydrogen bond formation when hydrochloric acid was added to 

a methanolic solution of 93. 

CI 

H HN 

93 (H4(93)C1)2.6C1.H20 

Gale and co-workers have synthesised anion receptors 94 and 95 which 

contain 3-nitrophenyl and 3,5-dinitrophenyl groups respectively/^^ The solid-state 

anion-directed assembly properties these isophthalamide clefts including the first 

example of a helix formed by anion templation of an amide ligand has been reported. 

Crystals of the tetrabutylammonium fluoride complex of 95 formed by slow 

evaporation of an acetronitrile solution of the receptor in the presence of excess 

tetrabutylammonium fluoride revealed a double helix formed around two fluoride 

anions via NH F hydrogen bonds (Figure 5.1). 
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O2N ^ NH HN 

NO2 NO2 

NO2 02N'^'^^^NH "NO2 

O '" ^ O 

94 95 

o—mcL 

I I 

Figure 5.1: Side view of the X-ray crystal structure of the fluoride complex of receptor 95 (above) 

and top view of the helix showing 7t-stacking interactions (below). Tetrabutylammonium counter 

cations and certain hydrogen atoms are omitted for clarity. 

Gale and co-workers have recently synthesised anion receptors containing 

electron withdrawing nitrophenyl groups. Two new pyrrole 2,5-diamide clefts have 

been synthesized containing 4-nitrophenyl 96 or 3,5-dinitrophenyl groups 97 

appended to the amide p o s i t i o n s . T h e 3,5-dinitrophenyl derivative 97 has been 

shown to deprotonate in the present of tetrabutylammonium fluoride or hydroxide 

(Figure 5.1) resulting in the formation of a narcissistic dimer in the solid state 

whereby the N is stabilized by the formation of two amide NH-N hydrogen bonds 

from another anion. The N centre on the second anion was also stabilized by two 

NH-N hydrogen bonds from the first anion. 
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NH w HN 

96 97 

Figure 5.2: The X-ray crystal structure of the tetrabutylammonium salt of 97-Hr. Colours represent 

individual components of the assembly. Certain hydrogen atoms have been omitted for clarity. 

Similarly, 3,4-dichloropyrrole diamides such as compound 98 have been 

shown to self-assemble in the solid state when deprotonated.^'^ Crystallographic 

evidence revealed again that the pyrrole NH proton could be removed by basic 

anions such as fluoride (Figure 5.3). 
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N H H HN 

CI^'^CI 

98 

Figure 5.3: X-ray crystal structure of the tetrabutylammonium salt of 98-H revealing NH N 

hydrogen bonds (tetrabutylammonium counter cations omitted for clarity). 

Lehn and co-workers have recently reported a new family of oligoamide 

strands derived from 2,6-diaminopyridine and 2,6-pyridinedicarboxylic acid. These 

compounds not only self-organize into single helical conformers, but they reversibly 

form double-helical d i m e r s . M o r e o v e r , they have reported the protonation 

induced reversible folding/unfolding of pyridine oligoamide molecular strands 99 

and 100.^'^ 

HN NH HN NH 
T 1 " r ^ 

HzN, .N.̂ NH HN. ,N. N̂H HN. .N. .NH HN. ,N. 
^ 0 ' ^ 

+H+ 
(CF3SO3)/ 

- X 
' • • 

99 
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B o c H N ^ N ^ N H H N ^ N ^ N H _NH HN. .N^NH 
N' V "N' 

NH HN. .NH HN^N^NH HN^N^NHBoc 

(CF3S03),»-

100 

We wished to investigate whether we could make new types of coordination 

polymer based upon the deprotonated pyrrole interlocked dimer motif We therefore 

synthesised a variety of ligands containing two deprotonatable pyrrole groups and 

studied the crystal structures of tetrabutylammonium salts of these deprotonated 

systems. 
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5.2 Synthesis and characterization 

Six dimers 102/^^ 103, 104, 105 and 106 and two trimers 107 and 

108 were synthesised. All of these compounds contain 2,5-diamidopyrroles and 

chlorine atoms at 3- and 4- positions of the pyrrole rings. 

O 

101 102 103 

^ H "N-O GL̂ H ^ .. HN-O w , HN-O J n L T" H NH H 7" H "Y ^ H 

CI CI CI a CI CI CI CI CI CI CI CI 

104 105 106 

d A i 1 ^ A l y = \ / = \ 

a a ci^^o a-^^ci 

107 108 

Figure 5.4: Potential interlocked compounds 101-108. 

To synthesise the dimers, 3,4-dichloro-5-phenylcarbamoyl-lH-pyrrole-2-

carboxylic acid 111̂ ®^ was prepared as the starting material (Scheme 5.1). 

J r v " " " L , 
1) NaOH 

-O w P- ' II T ^ H N - ^ OH ^ HN 

mCHsh, DCM EtOH/HgO 
CI C I 0 1 CI CI 

109 110 13% 111 75% 

Scheme 5.1: Synthesis of compound 111. 
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3,4-Dichloro-lH-pyrrole-2,5-dicarboxylic acid diethyl ester 109 was 

synthesised by literature methods/^^ Compound 109 was added to a 

dichloromethane solution of aniline (1 equiv.) and trimethylalurninium^^'* (1 equiv.) 

to afford compound 110 after heating at reflux for three days in 13% yield. To 

prepare the monoacid 111, sodium hydroxide (aqueous solution) (10 equiv.) was 

added to compound 110 suspended in ethanol. After heating at reflux overnight, the 

solution was acidified to pH =1 using hydrochloric acid. Purification by column 

chromatography on silica gel 60 eluting with dichloromethane/methanol (10:1 v/v) 

afforded 111 in 75% yield. 

X-ray quality single crystals of 109 were obtained by slow evaporation of a 

concentrated methanol/acetonitrile solution of the compound. The crystal structure 

(Figure 5.5) revealed the presence of dimers in the solid state via two NH pyrrole 

and O carbonyl (Npyn̂ ie O = 2.841(4) A). 

Crystals of 110 were obtained by slow evaporation of a concentrated solution 

of the compound in acetronitrile. Crystallographic analysis revealed (Figure 5.6) that 

in the solid state the receptor formed the hydrogen-bonding network via three 

different types of hydrogen bonds, NlHl - 01 (N1 - 0 1 = 2.911(14) A), 

NlHl - Cll (N1..C11 - 3.181(12) A) and N2H2...02 (N2. . .02 = 2.844(12) A) 

(see Appendix for structure information). 
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(a) 

(b) 

Figure 5.5: (a) The X-ray crystal structure of 109 (thermal ellipsoids drawn at the 50% probability 

level). The dimerization via the formation of two hydrogen bonds between NH pyrrole and the 

carbonyl group (Npyrroie O = 2.841(4) A), (b) Displaying the hydrogen bonding network in the solid 

state (thermal ellipsoids drawn at the 50% probability level). Certain hydrogen atoms are omitted for 

clarity. 
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(a) 

(b) 

Figure 5.6: (a) The X-ray crystal structure of 110 (thermal ellipsoids drawn at the 35% probability 

level), (b) The hydrogen bonding network in the solid state. Molecules of the receptor are bound via 

the formation of three types of hydrogen bonds N1H1---01(N1---01=2.911(14)A),N1H1---C11 

(N1---C11 = 3.181(12) A) andN2H2---02 (N2---02 = 2.844(12) A). Certain hydrogen atoms are 

omitted for clarity. 

Six dimers containing two amidopyrrole and chlorine atoms at 3- and 4-

positions in the pyrrole ring 101-106 were synthesised in a stepwise procedure 

(Scheme 5.2). These compounds contain different spacers between two pyrrole 

subunits, which are 1,3-phenyl, 1,4-phenyl, ethylene, 1,4-benzyl, ^-xylene and p-

xylene in compounds 101,102,103,104,105 and 106 respectively. 
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OH u HN 

111 

HjN ^ NH 

PyBOP, EtgN 
HOBt (cat) 

DMF 

HgN NH2 

H,N 
^ /-NH: 

H2N NHo 

NH , , HN NH ,, HN 

o o 

101 50% 

a c: CI CI 

NH u HN NH u H N " ^ 

102 68% 

H 7 " H "Y 

cr ti ci^'^ci 103 56% 

NH ,, HN 

CI^^CI 

NH ,, HN 

o' 
104 33% 

c i ^ a 
o 0 M ° 

c CI 1 0 5 3 7 % 

NH y H N - - ^ NH HN 

a CI cr \ | 106 38% 

Scheme 5.2: Syntheses of compounds 101-106. 

Compound 111 was used as the starting material in all cases. This compound 

(2 equiv.) was coupled with 1 equivalent of diamine compounds which were 1,3-

phenylenediamine, 1,4-phenylenediamine, ethylenediamine, 4-aminobenzylamine, 

m-xylenediamine and /)-xylenediamine in DMF to give dimers 101 (50%), 102 

(68%), 103 (56%), 104 (33%), 105 (37%) and 106 (38%) respectively. After stirring 

for three days, removal of the solvent and precipitation or extraction into suitable 

solvents such as acetronitrile or diethyl ether. Dimer 103 was coupled twice due to 

incomplete reaction of the first coupling reaction. PyBOP^^^ (2 equiv.) was used as 
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the coupling reagent in the presence of 5 mg HOBt (catalytic quantity) and 

triethylamine (2 equiv.). 

To synthesise the trimers, 3,4-dichloro-2,5-dicarboxylic acid-lH-pyrrole 112 

was prepared following the method in Scheme 5.3. Sodium hydroxide in ethanol (28 

equiv.) was added to compound 109 suspended in ethanol. AAer heating at reflux 

overnight, the solution was acidified to pH - 1 using hydrochloric acid. Extraction 

6om diethyl ether and recrystalHzation from acetronitrile afforded 112 in 31% yield. 

1 ) N a O H 2 ) H C I 

E tOH 

112 31% 

Scheme 5.3: Preparation of 111. 

The trimers 107 and 108 containing three amidopyrrole groups were 

synthesised in a stepwise procedure (Scheme 5.4). These compounds contained 1,3-

phenyl and 1,4-phenyl linkage moieties in 107 and 108 respectively. 

Di-fer(-butyldicarbonate was used as amine protecting group in these 

syntheses because the protecting formed is stable under basic conditions and it is 

inert to many other nucleophillic reagents.^"" Initially, the diamine linkages, 1,3-

phenylenediamine and 1,4-phenylenediamine, were first converted into the mono-

Boc protected species 113 and 114 by stirring of five equivalents of diamine with 

one equivalent of di-^er^-butyldicarbonate (Boc) in dichloromethane. Purification by 

column chromatography on silica gel 60 eluting with dichloromethane/methanol 

(10:1 v/v) gave 113 and 114 in 72% and 75% yield respectively. Coupling 113 and 

114 with pyrrole mono-acid 111 using PyBOP/HOBt and triethylamine in DMF gave 

Boc protected 3,4-dichloro-2,5-diamidopyrrole 115 and 116 in 61% and 89% yields 

respectively. Boc deprotection of 115 and 116 using 60% TFA in dichloromethane 

led to the formation of the ammonium salts 117 and 118 in 76% and 83% yield 

respectively. Finally, coupling 117 and 118 with bis-acid 112 using PyBOP/HOBt 

and triethylamine in DMF gave trimers 107 and 108 respectively. 
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-laN— 
(BockO ^ 

HgN-^^-HN^O 

112 

DCM 

1 . 3 - = 113 72% 

1 . 4 - = 114 75% 

1.3- = 117 76% 

1 . 4 - = 118 83% 

PyBOP, HOBt 
EtgN, DMF 

NH H HN-<{ / ^ N H y H N - ^ ^ N H ^ HN 
N̂  A \ ^ .N. ^Q'=^<»k,N ' 
f o 

a CI c i M : i 

NH u OH 

^ci 
111 

PyBOP, HOBt 
EtgN, DMF 

O 

NH OH HN OH NH HN 

DCM 

1.3- = 115 61% 

1.4- = 1 1 6 ! 

a ' CI 
1 . 3 - = 1 0 7 4 7 % 

1 .4 -= 1 0 8 5 9 % 

Scheme 5.4: Synthesis pathway of 107 and 108. 

The resulting dimers and trimers have limited solubility; however, it was 

possible to obtain NMR, NMR in DMSO-^f^ and mass spectra of some 

materials. Solubility was improved upon addition of tetrabutylammonium fluoride 

allowing complete characterization. 

5.3 Deprotonation and assembly in the solid-state 

The deprotonation of compound 98 was attempted with tetrabutylammonium 

hydroxide instead of tetrabutylammonium fluoride. Slow evaporation of an ethanolic 

solution of the compound 98 in the presence of tetrabutylammonium hydroxide 
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resulted in the formation of X-ray quality crystals. Just as was found when this 

compound was crystallised from dichloromethane in the presence of 

tetrabutylammonium fluoride, the deprotonated pyrrole again forms a narcissistic 

dimer via NH-N hydrogen bonds (Namide ' N = 3.152(6) - 3.287(7) A ) (Figure 5.7) 

but in this case crystallises as an ethanol solvate. In addition, there are 7t-H 

interactions between the ortho phenyl hydrogen atoms and the pyrrole ring in the 

range 2.580-3.310 A ; however, their distances are more variable than these hydrogen 

bonds in previous example^^^ (see Appendix for structure information). 

Figure 5.7: Crystal structure of the deprotonated 98 dimerized in the deprotonated form, via the 

formation of four hydrogen bonds between the amide NH groups and the deprotonated pyrroiic 

nitrogen (NamWe "Npyn-oie = 3.287(7), 3.152(6), 3.228(6), 3.182(7) A). Ethanol molecule is omitted for 

clarity. 

The dimeric and trimeric systems synthesised had poor solubility in some 

cases making characterisation difficult. In order to increase solubility, either the 

compound could be deprotonated or complexed to an anion such as chloride. The 

crystal structure of compound 102 was obtained as the tetrabutylammonium salt, 

showing two chloride ions bound to the pyrrole dimer (Figure 5.8). These crystals 

were formed by slow evaporation from a concentrated solution of the compound in 

acetronitrile and excess TBACl. The chloride ions were bound via three hydrogen 

bonds. Two of them occurred between the chloride ion and two NH amides (N1 —C13 
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= 3.269(3) A , N3—C13 = 3.273(3) A ) and other hydrogen bond formed between the 

chloride ion and the NH pyrrole ring (N2--C13 = 3.068(3) A ) (see Appendix for 

structure information). 

Figure 5.8: Crystal structure of 102/2C1 complex (N1—C13 = 3.269(3) A, N3—C13 = 3.273(3) A 

and N2—C13 = 3.068(3) A). Tetrabutylammonium counter cations and non-interacting hydrogen 

atoms are omitted for clarity. 

Attempts were made to obtain crystals of the deprotonated forms of the 

dimers and trimers using TBAF and TBAOH to deprotonated the pyrrole rings 

followed by slow evaporation of a solution of the deprotonated pyrrole. Crystals of 

bis-tetrabutylammonium 101-2H^ and 102-2H^ were obtained by slow evaporation 

from concentrated solutions of each compound in acetronitrile in the presence of 

excess TBAF. The X-ray crystal structure of both systems (Figure 5.9 and Figure 

5.10) revealed that two pyrrole heterocycles in the molecules have indeed been 

deprotonated (see Appendix for structure information). 
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C27 

Figure 5.9: The X-ray crystal structures of tetrabutylammonium salt of (thermal ellipsoids 

drawn at the 30% probability level). Displaying two deprotonated N~ pyrrole moieties. 

Tetrabutylammonium counter cations and certain hydrogen atoms are omitted for clarity. 

Figure 5.10: The X-ray crystal structures of tetrabutylammonium salt of 102-2H^ (thermal ellipsoids 

drawn at the 30% probability level). Displaying two deprotonated N~ pyrrole moieties. 

Tetrabutylammonium counter cations and certain hydrogen atoms are omitted for clarity. 

Both systems formed interlocked chains via NH-N hydrogen bonds in the 

solid-state. In 101-2H^+2TBA^ (Figure 5.11), the anionic chains consist of a single 

crystallographically unique molecule with NH-N~ interactions (Nl 'NS = 3.103(13) 

A, N3 N5 = 3.239(13) A, N4 N2 = 3.20(3) A, N6 N2 = 3.10(4) A) and extend 

along the a direction (see Appendix for structure information). 

In 102-2H^+2TBA^ (Figure 5.12), there are one and two half unique 

amidopyrrole anions in the unit cell. These anions form chains that repeat in a 

123123212... sequence extending in the 101 direction. The two half molecules are 
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essentially planar, while the complete molecule, occurring at every other position in 

the chain, is twisted such that the angle between the least-squares planes of the 

pyrrole rings is 61.79(5)° and the NH-N interactions are in the range 3.112(9)-

3.491(9) A , In both cases the tetrabutylammonium counter cations occupy the spaces 

between the chains (see Appendix for structure information). 

(a) 

(b) 

Figure 5.11: The X-ray crystal structures of tetrabutylammonium salt of 101-2H^ formed interlocked 

chains of anion via NH-N~ hydrogen bonds, (a) Top views, (b) Side views. Tetrabutylammonium 

counter cations and certain hydrogen atoms are omitted for clarity. 
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Figure 5.12: The X-ray crystal structures of tetrabutylammonium salt of 102-2H^ formed interlocked 

chains of anion via NH-N hydrogen bonds. Tetrabutylammonium counter cations and certain 

hydrogen atoms are omitted for clarity. 

Crystals of bis-tetrabutylammonium 1 0 3 - 2 H ^ and 1 0 6 - 2 H ^ were also 

obtained by slow evaporation from a concentrated solution of each material in 

acetronitrile and excess TBAF. The X-ray crystal structures of both revealed that the 

two pyrrole heterocycles in the molecules have been deprotonated. However, in both 

cases they are not interlocked in the solid-state. 

In bis-tetrabutylammonium 1 0 3 - 2 H ^ (Figure 5 . 1 3 ) , crystallographic analysis 

revealed that in the solid state this material contains intramolecular hydrogen bonds 

(NHamide—N pyrrole 2 . 6 4 9 - 2 . 6 9 7 A). It also formed a sheet via weak CHphenyi—CI 

hydrogen bond interactions ( 3 . 5 0 8 - 4 . 0 6 4 A) (Figure 5 . 1 4 ) (see Appendix for 

structure information). 
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Figure 5.13: The X-ray crystal structures of tetrabutylammonium salt of 103-2H^. Certain hydrogen 

atoms are omitted for clarity. 

Figure 5.14: Sheets of the tetrabutylammonium salt of 103-2H^ formed via of two hydrogen bonds 

(Cphenyi—Cl in the range 3.508-4.064 A and Namide—N~pyrroie in the range 2.649-2.697 A respectively). 

Tetrabutylammonium counter cations and certain hydrogen atoms are omitted for clarity. 
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Figure 5.15: The X-ray crystal structures of tetrabutylammonium salt of 106-2H^ (thermal ellipsoids 

drawn at the 50% probability level). Certain hydrogen atoms are omitted for clarity. 

In bis-tetrabutylammonium 106-2H^ (Figure 5.15), The Namide—N pyn-oie 

distances were found in the range 2.656-2.657 A . (see Appendix for structure 

information). 

Attempts were also made to crystallise the other dimers and trimers that were 

synthesised, however, to date these attempts have been unsuccessful. 
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5.4 Conclusion 

Six dimers 101, 102, 103, 104, 105 and 106 which consist of two 3,4-

dichloro amidopyrrole subimits and varieties of the linkages and two trimers 107 and 

108 consisting of three 3,4-dichloro amidopyrrole snbmiits were synthesised. The 

solid-state results showed the more rigid structures compound 101 and 102 formed 

the interlocked systems, whilst the less rigid molecules 103 and 106 do not form the 

interlocked dimer when deprotonated. The crystal structures of 101-2H^ and 102-

show that there may be a CH-?r interaction between the pendant phenyl groups 

and the T system of the pyrrole ring, hi the structures of the tetrabutylammonium 

salts of 103-2H^ and 106-2H^, the absence of directly attached phenyl groups on 

both sides of the pyrrole means that this interaction could only occur on one side. 

Due to the limited number of structures we have obtained we are not in a position to 

draw general conclusion from these results. Attempts are continuing in the Gale 

group to crystalhse there and similar oligomeric amidopyrrole systems. 
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6. 

6.1 Solvent and reagent pre-treatment 

Where necessary solvents were purified prior to use. Dichloromethane was 

distilled over calcium hydride. Diethyl ether was ditilled 6om sodium using 

benzophenone as an indicator. Anyhydrous acetronitrile (water <0.003%) was 

purchased firom Fisher. Anhydrous methanol was bought from Aldrich (99.8%) as 

was anhydrous dimethylformamide (99.8%). Thionyl chloride was distilled from 

10% (wAy) triphenyl phosphite and stored under nitrogen. TentaGel S NH2 resin was 

purchased 60m Rapp Polymer, Tubingen (Germany). Peptide and library syntheses 

on solid phase were performed in polypropylene filtration tubes with polyethylene 

frits on a Visiprep SPE Vacuum Manifold from Supelco. The reaction containers 

were agitated either on a shaker (Stuart Scientific Flash Shaker SFl) or on a blood 

tube rotator (Stuart Scientific Blood Tube Rotator SBl). Thin layer chromatography 

(TLC) was performed on PET-backed plates Fluka silica gel 60 F254. Fluka silica gel 

60, 220-440 mesh, was used for the column chromatography. Conmiercial grade 

reagents were used without further purification. Reagents prepared in accordance 

with literature are so referenced. All of the syntheses were performed under an inert 

atmosphere of nitrogen. Tetrabutylammonium salts of the anions used during 

NMR titration were thoroughly dried overnight under high vacuum. 
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6.2 Instrumental methods 

NMR data were recorded on Bruker AM300, AC300, AV300 and DPX400 

spectrometers. The spectra were referenced internally using the residual protio-

solvent (^H), the signal of the solvent (^^C) and chemical shifts reported in ppm. Low 

resolution mass spectra were recorded on a Micromass Platform single quadrupole 

mass spectrometer, wheras high resolution mass spectra were recorded on a VG 70-

250-SE normal geometry double focusing mass spectrometer by the mass 

spectrometry service at the University of Southampton. Elemental analysis were 

carried out at the University of Strathclyde and by Medac Ltd. Company. Melting 

points were recorded in open capillaries on a Gallenkamp melting point apparatus 

and are uncorrected. 

6.3 Synthesis 

6.3.1 Synthesis included in chapter 2 

3,4-Diphenyl-lH-pyrroIe-2,5-dicarboxylic acid bis-[(2-amino-ethyl)-

amide 47: 

H2N— 

OH ^ OH a ^ CI '-NH ^ HN-̂  

SOCI2 N̂Hz ^ 

A DMAP, DCM 

50 47 

3,4-DiphenyIpyrrole-2,5-dicarboxylic acid 50 (1.33 g, 3.4 mmol, 1 equiv.) 

was heated at reflux in thionyl chloride (30 ml, 411 mmol, 120 equiv.) for 12 h to 

obtain the acid chloride. The excess of thionyl chloride was removed by rigorous 
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diying under high vacuum pump. After dissolving the resulting acid chloride in 

dichloromethane (220 ml), this solution was added dropwise to the solution of 

ethylenediamine (2.66 g, 34.0 mmol, 10 equiv.) and 5 mg (0.04 mmol, 0.01 equiv.) 

of DMAP in dichloromethane (20 ml). The reaction was stirred for 48 hours, leading 

to the pale yellow suspension. The solvent was removed in vacuo and the residue 

was purified by column chromatography using dichloromethane/methanol (10:3 v/v) 

to yield compound 47, pale yellow solid (0.93 g, 2.38 mmol, 70%) 

M.p. 74°C. JZf = 0.74 (DCMmeOH (10:3 v/v)). NMR 300 MHz in CDCI3 

8 (ppm): 2.62 (m, 4H, ^ N H ; ) , 3.24 (m, 4H, CONHC^), 5.87 (s, 2H, CONJT), 

7.07-7.28 (m, lOH, Ar/f, + obscured amine N/fz, 4H). NMR 75 MHz in DMSO-

5 (ppm): 41.0, 42.3, 124.4, 126.2, 126.5, 127.6, 130.6, 134.2, 160.4. ES^ mass 

spectrum, m/z (%): 392 (15) [M+H]\ 785 (15) [2M+H]^. ES+ HRMS: m/z: Calc. for 

C22H25N5O2 [M+H]" :̂ 392.2080; found: 392.2081. Elemental analysis: Calc. for 

C22H25N5O2 O.2CH2CI2: C 65.28, H 6.27, N 17.15; found: C 65.24, H 6.06, N 16.52. 

The hexafluorophosphate salt of 3,4-diphenyl-lH-pyrrole-2,5-dicarboxy-

lic acid bis-[(2-amino-ethyl)-amide 48: 

-NH2 H2N 
NH u HN 

47 

HPFm 

MeOH 

'NH3+ +H3N. 

-NH u H N -

48 

3,4-Diphenyl-lH-pyrrole-2,5-dicarboxylic acid bis-[(2-amino-ethyl)-amide 

47 (251 mg, 0.64 mmol, 1 equiv.) was dissolved in methanol (20 ml). 

Hexafluorophosphatephoric acid (311 mg, 1.28 mmol, 2 equiv.) was added into the 

solution and stirred for 5 minutes. The solvent was removed in vacuo to yield 

compound 48, plae yellow solid (440 mg, 0.64 mmol, 100%). 

M.p. 114°C. ^H NMR 300 MHz m DMSO-(ff 5 (ppm): 2.95 (m, 4H, 

CJ72KH3^, 3.45 (s, br, 4H, C0NHC^2), 7.14-7.28 (m, lOH, Ar/f). 7.62 (s, 2H, 

CONJ^, 7.80 (s, br, 6H, NH;^, 12.01 (s, br, 'H, NH-Pyrr). NMR 75 MHz in 

DMS0-G^6 8 (ppm): 37.3, 39.2, 124.7, 127.4, 128.2, 128.4, 131.3, 134.3, 161.7. ES" 
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mass spectrum, m/z (%): 144.7 (100) [PFg]'. ES^ mass spectrum, m/z (%): 392 (100) 

[C22H25N502+H]'̂ . Elemental analysis: Calc. for C22H39Fi2N50gP20.2CH2Cl2: C 

33.38, H 4.97, N 8.85; found: C 33.06, H 4.65, N 7.47. 

3,4-Diphenyl-lH-pyrroIe-2,5-dicarboxylic acid bis-[(2-acetylamino-ethyl) 

-amide] 49: 

ĴNH2 H2N̂  
NH L. HN 

47 

EtgN, DMAP 
CH3COCI 

DCM 

/CHa H3C >=0 
N̂H HN̂  
M̂U NH ,, HN 

49 

3,4-Diphenyl-lH-pyrrole-2,5-dicarboxylic acid bis-[(2-amino-ethyl)-amide 

47 (0.50 g, 1.3 mmol, 1 equiv.) was stirred for 24 h with acetyl chloride (0.25 g, 3.2 

mmol, 2.5 equiv.) added with triethylamine (0.52 g, 5.1 imnbl, 4 equiv.) and 5 mg 

(0.04 mmol, 0.03 equiv.) of DMAP in dichloromethane (120 ml). The solvent was 

removed in vacuo and the residue was purified by column chromatography using 

dichloromethane/methanol (10:1 v/y) to yield compound 49, pale yellow solid (0.25 

g, 0.52 mmol, 41%) 

M.p. 82°C. Tgf = 0.54 (DCM/MeOH (10:1 v/w)). NMR 300 MHz in 

DMSO-(fg 5 (ppm): 1.88 (s, 6H, C^f]), 3.12 (q, 4H, J - 5.5, ^ N H C O C H ] ) , 3.20 (q, 

4H, J = 5.5, Pyrrole-CONHCJYz), 7.14-7.32 (m, lOH, ArJY). 7.36 (t, 2H, J = 5.5, 

NJ:fC0CH3), 7.94 (t, 2H, 7 = 5.5, N/fCO-Pyrr), 11.99 (s, br, IH, N^f-Pyrr). 

NMR 75 MHz in CDCI3 8 (ppm): 23.2, 38.9, 40.1, 123.9, 126.7, 128.3, 128.9, 130.7, 

133.1, 161.5, 170.7. ES^ mass spectrum, m/z (%): 476 (15) [M+H^, 498 (50) 

[M+Na]\ 951 (10) [2M+H]\ 973 (50) [2M+Na]+. ES^ HRMS: m/z: Calc. for 

C52H5gNio08Na [2M+Na]^: 973.4331; found: 973.4342. Elemental analysis: Calc. 

for C26H29N5O4O.25CH2CI2O.25CH3OH: C 63.05, H 6.09, N 13.87; foimd: C 63.14, 

H 5.86, N 13.44. 
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6.3.2 Synthesis included in chapter 3 

l-Methyl-2-imidazoIe carboxaldehyde 62: 

CH3 CH3 p 
n-BuLi. DMF 

H 

-N EtgO, -78 °C N 

61 62 

This compound was synthesised via the method in the literature/^^ 

1-Methyl imidazole 61 (3.28 g, 40 mmol, 1 equiv.) was dissolved in dry 

diethyl ether (100 ml) at -78°C. The n-BuLi, 2.5 M in hexane, (16.8 ml, 0.042 mmol, 

1.05 equiv.) was then added drop wise and a suspension was formed. This was stirred 

at -78°C for 1 h and dry DMF (5 ml, 64 mmol, 1.6 equiv.) in dry diethyl ether (8 ml) 

was quickly added. The reaction was stirred for 12 h and the temperature allowed to 

rise slowly 5°C. Then over a period of 10 min, water (4 ml) was cautiously added, 

followed by 4 N HCl (26 ml). The layers were separated and the diethyl ether was 

washed with 4 N HCl ( 5 x 6 ml) and the aqueous phase was collected. The combined 

acid extracts were saturated with K2CO3 and extracted with chloroform (4 x 12 ml). 

The combined chloroform layers were then dried over MgS04 and the solvent 

removed under vacuum to yield compound 62, orange oil (3.74 g, 34 mmol, 85%). 

The compound gave NMR spectrum in CDCI3 accordance with 

literature. 

l-Methyl-2-imidazole carboxaldehyde oxime 63: 

CH3 0 CH3 
NH2OH.HCI. NagCOs /N, 

N Et0H/H20 N 

62 63 

This compound was synthesised via the method in the literature. 
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A solution of l-methyl-2-iniidazole carboxaldehyde 62 (4.4 g, 40 mmol, 1 

equiv.) in ethanol (10 ml) was added to NH2OH.HCI (2.78 g, 40 mmol, 1 equiv.) and 

Na2C03 (2.12 g, 20 mmol, 0.5 equiv.) aqueous solution (40 ml) and cooled to 0°C. 

The resulting white precipitate was filtered and washed with cold 33% ethanol in 

water ( 3 x 1 0 ml) and dried under high vacuum to obtain compound 63 white solid 

(3.20 g, 29 mmol, 72%). 

The compound gave NMR spectrum in CDCI3 accordance with 

literature.^^^ 

l-MethyI-2-aminomethylimidazole 60: 

CH3 CH3 

MeOH N 

63 60 

This compound was synthesised via the modiGed method in the 

l i teratures . l -Methyl-2-imidazole carboxaldehyde oxime 63 (1.5 g, 12 mmol, 1 

equiv.) was dissolved in methanol (15 ml) and acetic acid (15 ml) solution. Zinc 

powder (15 g, 153 mmol, 12.75 equiv.) was added by small portion. The reaction 

mixture was stirred for 12 h and then undissolved zinc was removed by filtration and 

washed with methanol (10 ml). The solvent was removed and water ( 3 x 8 ml) was 

added and evaporated to remove the acetic acid. The mixture was neutralized and 

then made strong basic (pH > 12) by addition of saturated aqueous KOH solution (8 

ml) until the Zn(0H)2 precipitate redissolved. The aqueous solution was extracted 

with chloroform (3x15 ml). The organic layer was collected and dried over MgS04, 

and the solvent removed under vacuum to yield compound 60, orange oil (1.0 g, 9 

mmol, 75%). 

'H NMR 300 MHz in CDCI3 6 (ppm): 3.66 (s, 3H, CJ^a), 3.92 (2, 2H, % ) , 

6.84 (s, IH, imidazole^, 6.95 (s, IH, imidazole/^. NMR 75 MHz in CDCI3 6 

(ppm): 32.4, 38.3, 121.0, 127.0, 148.4. ES^ mass spectrum: (%): 112 (100) 

[M+H]+. 
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3,4-Diphenyl-lH-pyrrole-2,5-dicarboxylic acid bis-[(l-methyl-lH-imida-

zol-2-ylmethyl)-amide] 52: 

OH ^ OH 

O" SOCI2 ^ f 

A 

50 

CH3 

C r " * ' 

. EtgN, DMAP 
^ DCM 

NH ,, HN 

52 

3,4-Diphenyl-77y-pyn'ole-2,5-dicarboxylic acid 50 (0.50 g, 1.28 mmol, 1 

equiv.) was heated at reflux in thionyl chloride (15 ml, 205 mmol, 160 equiv.) 

overnight to obtain the acid chloride. The excess of thionyl chloride was removed by 

rigorous drying under high vacuum. After dissolving the resulting acid chloride in 

dichloromethane (100 ml), this solution was added dropwise to the solution of 1-

methyl-2-aminomethylimidazole 60 (0.28 g, 2.56 mmol, 2 equiv.), EtsN (0.26 g, 

2.56 mmol, 2.5 equiv.) and a 5 mg (0.04 mmol, 0.03 equiv.) of DMAP in 

dichloromethane (20 ml). The solution was stirred for 48 hours. The solvent was 

removed in vacwo and the residue was neutralised with aqueous solution of K2CO3 

(14.0 g in 100 ml water) and then extracted with dichloromethane (3 x 50 ml). After 

removing the organic solvent, the residue was recrystallized with acetronitrile to 

yield compound 52, pale yellow solid (0.26 g, 0.52 mmol, 40%). 

M.p. 234 - 235°C (decom.). NMR 300 MHz in CDCI3 6 (ppm): 3.62 (s, 

6H, CJ%), 4.49 (d, 4H, 7 = 5.4, % ) , 6.23 (t, 2H, J = 5.4, C O N ^ 6.79 (d, 2H, J = 

1.2, imidazole^, 6.83 (d, 2H, J - 1.2, imidazole^, 7.10-7.28 (m, lOH, Ar/f), 10.31 

(s, br, IH, N^-Pyirole). NMR 75 MHz in CDCI3 6 (ppm): 32.8, 35.6, 121.5, 

123.6, 126.7, 127.6, 128.0, 128.2, 128.9, 130.5, 132.6, 143.9, 160.2. ES^ mass 

spectrum: (%): 494 (100) [M+H]\ 987 (90) [2M+H]^. Elemental analysis: Calc. 

for C28H27N7O2O.5CH3OHO.3CH2CI2H2O: C 64.63, H 5.59, N 18.26; found: C 

64.92, H 5.59, N 17.99. 
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111 



Chapter 6: Experimental. 

5-Methyl-3,4-diphenyl-lH-pyrrole-2-carboxylic acid (1-rnethyl-lU-

imidazol-2-ylmethyl)-aniide 53: 

OEt 
HaC^N 

CHa 

AlfCHak, DCM 

64 53 

l-Methyl-2-ammoinethylimidazole 60 (260 mg, 2.4 mmol, 2 equiv.) was 

stirred with 2.0 M trimethylalmninium solution in hexane (3 ml, 6 mmol, 5 equiv.) in 

dichloromethane (40 ml) for 30 min. 5-Methyl-3,4-diphenyl-7^-pyrrole-2-

carboxylic acid ethyl ester 64 (365 mg, 1.2 mmol, 1 equiv.) was added into the 

solution and was heated at reflux for 7 days. A diluted hydrochloric acid solution 

was added dropwise, followed with water (100 ml) and extracted with 

dichloromethane (2 x 50 ml). The organic solvent was removed in vacwo and the 

residue was purified by column chromatography using dichloromethane/methanol 

(10:1 v/y). The solvent was removed to yield compound 53, white solid (123 mg, 

0.33 mmol, 27%). 

M.p. 209 - 210°C (decom.). & = 0.40 (MeOH/DCM(l:10 v/y)). ^HNMR300 

MHz in CDCI3 6 (ppm): 2.36 (s, 3H, C^sPyrrole), 3.61 (s, 3H, C^gimidazole), 4.50 

(d, 2H, 5.4, C%), 6.04 (t, IH, J = 5.4, CON/^ 6.79 (s, IH, imidazole;^, 6.85 (s, 

IH, imidazole^, 6.99-7.28 (m, lOH, ArJ^, 9.33 (s, br, IH, N^^-Pyrrole). NMR 

75 MHz in CDCI3 6 (ppm): 1.1, 12.3, 35.5, 121.5, 125.9, 127.6, 127.8, 128.0, 138.5, 

129.0, 130.1, 130.5, 134.4, 134.6, 161.0. ES+ mass spectrum: (%): 371 (100) 

[M+H]\ 741 (10) [2M+H]''. Elemental analysis: Calc. for C23H22N4O O.8CH3OH: C 

72.17, H 6.41, N 14.15; found: C 72.02, H 6.20, N 14.19. 

3,4-Diphenyl-lH-pyrrole-2-carboxylic acid pyridin-2-ylamide 54: 

PH ^ OH 
A. 

A 

50 

N^NHz ^ HN' 

. EtgN, DMAP 
^ DCM 

54 
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3,4-Diphenyl-7^-pyrrole-2,5-dicarboxylic acid 50 (2.0 g, 6.5 mmol, 1 equiv.) 

was heated at reflux in thionyl chloride (40 ml, 548 mmol, 84 equiv.) overnight to 

obtain the acid chloride. The excess of thionyl chloride was removed by rigorous 

drying under high vacuum. After dissolving the resulting acid chloride in 

dichloromethane (100 ml), this solution was added dropwise to the solution of 2-

amino pyridine (1.22 g, 12.9 mmol, 2 equiv.), EtgN (1.57 g, 15.1 mmol, 2.3 equiv.) 

and a 5 mg (0.04 mmol, 0.005 equiv.) of DMAP in dichloromethane (20 ml). The 

solution was stirred for 24 hours. The solvent was removed in vacwo and the residue 

was neutralised with aqueous solution of H2CO3 (14.0 g in 100 ml water) and then 

extracted with dichloromethane (2 x 100 ml). After removing the organic solvent, 

the residue was recrystallized with acetronitrile to yield compound 54, yellow sohd 

(0.62 g, 1.35 mmol, 21%). 

M.p. >245°C. & = 0.16 (DCM/MeOH (100:2 v/v)). NMR 300 MHz in 

CDCI3 6 (ppm): 6.95-8.26 (m, 20H, ArJ^ and PyrJ^f), 8.04 (s, 2H, CON^Ar), 10.46 

(s, br, IH, N^-Pyrrole). NMR 75 MHz in DMSO-^a 6 (ppm): 114.4, 119.9, 

124.6, 127.6, 128.8, 129.3, 130.8, 132.3, 138.2, 148.3, 151.0, 158.4. ES^ mass 

spectrum: m/z (%): 460 (100) [M+H]+. ES+ HRMS: m/z: Calc. for C28H22N5O2 

[M+H]^: 460.1768; found: 460.1761. Elemental analysis: Calc. for 

C28H21N5O2 O.2H2O: C 72.62, H 4.66, N 15.12; found: C 72.76, H 4.48, N 15.12. 

5-Methyl-3,4-diphenyl-lH-pyrrole-2-carboxylic acid pyridin-2-yiamide 

55: 

OEt 

64 

^ AI(CH3)3, DCM 

55 

2-Amiao pyridine (3.08 g, 32.7 mmol, 10 equiv.) was stirred with 2.0 M 

Trimethylaluminium solution in hexane (12 ml, 24 mmol, 7 equiv.) in 

dichloromethane (50 ml) for 30 min. 5-Methyl-3,4-diphenyl-i//-pyrrole-2-

carboxylic acid ethyl ester 64 (1 g, 3.3 mmol, 1 equiv.) w^as added into the solution 
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and was heated at reflux for 5 days. A diluted hydrochloric acid solution was added 

drop wise, followed with water (50 ml) and extracted with dichloromethane (2 x 50 

ml). The organic solvent was removed in vacuo and the residue was purified by 

column chromatography using dichloromethane/methanol (100:2 vA"). The solvent 

was removed and the residue was recrystallized with acetronitrile to yield compound 

55, white solid (157 mg, 0.44 mmol, 13%). 

M.p. 225 - 227°C. Jgf - 0.24 (DCM/MeOH (100:2 v/y)). 'H NMR 300 MHz 

in CDCI3 6 (ppm): 2.40 (s, 3H, % ) , 6.70-8.11 (m, 16H, Ar^and Pyrj:f), 7.98 (s, 

IH, CON^Ar), 9.42 (s, br, IH, N/f-Pyrrole). NMR 75 MHz in DMSO-ĉ ,̂  6 

(ppm): 12.5, 114.2, 119.3, 126.1, 128.1, 128.3, 129.3, 130.2, 130.9, 134.1, 134.5, 

137.9, 148.3, 151.7, 154.4. mass spectrum: /M/z (%): 354 (100) [M+H^, 707 

(10) [2M+H]+. ES+ HRMS: m/z: Calc. for C23H20N3O [M+H]+: 354.1601; found: 

354.1599. Elemental analysis: Calc. for C23H19N3OO.9H2O: C 74.74, H 5.67, N 

II.37; found: C 74.99, H 5.57, N 11.11. 

N,N'-bis-(l-methyHH-imidazoI-2-ylmethyI)-isophthaIamide 56: 

T'. V n 
CI CI W H N " ^ 

EtgN, DMAP 
DCM 

56 

Isophthaloyl chloride (300 mg, 1.48 mmol, 1 equiv.) was dissolved in dry 

dichloromethane (30 ml), this solution was added dropwdse to the solution of 1-

methyl-2-aminomethylimidazole 60 (410 mg, 3.69 mmoi, 2.5 equiv.), Et3N (373 mg, 

3.69 mmol, 2.5 equiv.) and a 5 mg (0.04 mmol, 0.03 equiv.) of DMAP in 

dichloromethane (10 ml). The solution was stirred for 24 hours. The solvent was 

removed in vacwo and the residue was neutralised with aqueous solution of K2CO3 

(14.0 g in 100 ml water). The precipitate was collected by filtration and washed with 

diethyl ether (2 x 10 ml) to yield compound 56, white solid (456 mg, 1.29 mmol, 

87%). 

M.p. 218 - 219°C. 'H NMR 300 MHz in DMSO-^^ 6 (ppm): 3.65 (s, 6H, 

Cjf3), 4.53 (s, 4H, C^;), 6.79 (s, 2H, imidazole/^, 7.08 (s, 2H, imidazole/f), 7.54 (t, 
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IH, J = 8.2, ArJ^/meta to C=0), 8.00 (d, 2H, 8.2, Ar^para to C=0), 8.36 (s, IH, 

A r ^ ortho to both C=0), 9.04 (s, br, 2H, C O N ^ . NMR 75 MHz in DMSO-^fg 6 

(ppm): 32.4, 35.4, 121.8, 126.4, 126.5, 128.3, 130.0, 134.1, 144.5, 165.6. ES^mass 

spectrum: /M/k (%): 177 (100) [M+2H] '̂̂ , 353 (20) [M+H]" .̂ Elemental analysis: Calc. 

for C18H20N6O2O.67CH2CI2i.67H20: C 51.07, H 5.66, N 19.14; foimd: C 50.78, H 

5.49, N 19.29. 

Pyridine-2,6-dicarboxylic acid bis-[(l-methyl-lH-imidazol-2-ylmethyl)-

amide] 57: 

,N 
w // 

-N 

EtgN, DMAP 
DCM 

NH, V / ('"a 
NH HN' 

O 

57 

2,6-Pyndinedicarbonyl dichloride (177 mg, 0.87 mmol, 1 equiv.) was 

dissolved in dry dichloromethane (30 ml), this solution was added dropwise to the 

solution of l-methyl-2-aminomethylimidazole 60 (241 mg, 2.17 mmol, 2.5 equiv.), 

EtsN (219 mg, 2.17 mmol, 2.5 equiv.) and a 5 mg (0.04 mmol, 0.05 equiv.) of 

DMAP in dichloromethane (10 ml). The solution was stirred for 24 hours. The 

solvent was removed in vacuo and the residue was neutralised with aqueous solution 

of K2CO3 (14.0 g in 100 ml water) and then extracted with dichloromethane (3 x 50 

ml) and a few amount of methanol. After removing the organic solvent, the residue 

was collected to yield compound 57, white sohd (234 mg, 0.66 mmol, 76%). 

M.p. 239 - 240°C (decom.). ^H NMR 300 MHz in DMSO-^f^ 6 (ppm): 3.65 

(s, 6H, C;/]), 4.61 (d, 4H, J = 5.9 C/f;), 6.79 (s, 2H, imidazoleJ^, 7.06 (s, 2H, 

imidazole/^, 8.13-8.24 (m, 3H, pyridine^, 9.91 (t, 2H, 7 = 5.9, CON^^. '^C NMR 

75 MHz in DMSO-^,^ 6 (ppm): 32.5, 34.9, 122.0, 124.7, 126.4, 139.5, 144.6, 148.6, 

163.0. ES+ mass spectrum: (%): 354 (100) [M+Hf, 707 (90) [2M+H]^. 

Elemental analysis: Calc. for C17H19N7O2O.5CH3OHO.5H2O: C 55.55, H 5.86, N 

25.91; found: C 55.81, H 5.65, N 25.96. 

115 



Chapter 6: Experimental. 

lH-pyrroIe-2-carboxyIic acid (l-methyl-lH-imidazoI-2-ylmethyl)-amide 

58: 

N . 

r 30C„ a I " 

^ • A ' t / " E,N,DMAP If 
DCM 

58 

Pyrrole-2-carboxylic acid (300 mg, 2.70 mmol, 1 equiv.) was heated at reflux 

in thionyl chloride (15 ml, 205 mmol, 76 equiv.) for 12 h to obtain the acid chloride. 

The excess of thionyl chloride was removed by rigorous drying under high vacuum. 

After dissolving the resulting acid chloride in dichloromethane (50 ml), this solution 

was added dropwise to the solution of l-methyl-2-aminomethylimidazole 60 (450 

mg, 4.05 mmol, 1.5 equiv.), EtgN (818 mg, 8.10 mmol, 3 equiv.) and a 5 mg (0.04 

mmol, 0.01 equiv.) of DMAP in dichloromethane (10 ml). The solution was stirred 

for 72 hours. The solvent was removed in vacwo and the residue was neutralised with 

aqueous solution of K.2CO3 (14.0 g in 100 ml water) and then extracted with 

dichloromethane (2 x 50 ml). After removing the organic solvent, the residue was 

purified by colunm chromatography using dichlomethane/methanol (10:1 v/v). The 

solvent was removed to yield compound 58, white solid (332 mg, 1.63 mmol, 60%). 

M.p. 197 - 199°C. jgf = 0.38 (MeOH/DCM (1:10 v/v)). NMR 300 MHz in 

DMSO-ĉ (̂  6 (ppm): 3.63 (s, 3H, C^f]), 4.47 (d, 2H, 5.1, % ) , 6.07 (m, IH, 

Pyrrole), 6.79 (d, IH, J = 1.5, imidazole^, 6.85 (m, 2H, /f-Pyrrole), 7.06 (d, IH, 

1.2, imidazole^, 8.46 (t, IH, / = 5.1, C O N ^ , 11.48 (s, br, IH, N/f-Pyrrole). 

NMR 75 MHz in DMSO-cfg 6 (ppm): 32.4, 34.6, 108.7, 110.5, 121.5, 121.8, 125.8, 

126.4, 145.0, 160.4. ES^ mass spectrum: (%): 205 (100) [M+H]^. Elemental 

analysis: Calc. for CioHi2N402: C 58.81, H 5.92, N 27.42; found: C 58.52, H 6.19, N 

27.14. 
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111-pyrroIe-2-carboxv lie acid (1-methyl-lM-imidazol-2-ylinethyl)-aniide 

59: 

9"^ N . 

H ?Et \LN ^ HN^ 

^ AI(CH3)3, DCM 

65 59 

l-Methyl-2-aminomethylimidazole 60 (0.72 g, 6.54 mmol, 2 equiv.) was 

stirred with 2.0 M trimethylaluminium solution in hexane (6.6 ml, 13.08 mmol, 4 

equiv.) in dichloromethane (50 ml) for 30 min. 5-Methyl-lH-pyrrole-2-carboxylic 

acid ethyl ester 65 (0.50 g, 3.27 mmol, 1 equiv.) was added into the solution and was 

heat at reflux for 5 days. A diluted hydrochloric acid solution was added dropwise, 

followed with water (50 ml) and extracted with dichloromethane (2 x 50 ml). The 

organic solvent was removed in vacwo and the residue was purified by column 

chromatography using dichlomethane/methanol (100:5 vA'). The solvent was 

removed to yield compound 59, pale yellow solid (185 mg, 0.85 mmol, 26%). 

M.p. 230 - 232°C (decom.). & = 0.43 (DCM/MeOH (10:1 v/v)). NMR 

300 MHz in DMSO-cfg 8 (ppm): 2.16 (s, 3H, CHa-Pyrrole), 3.63 (s, 3H, C^s), 4.45 

(d, 2H, y = 5.5, C ^ ) , 5.76 (s, br, IH, /f-Pyrrole), 6.71 (s, br, IH, imidazole^, 6.78 

(s, IH, J^f.Pyrrole), 7.06 (s, IH, imidazole/^, 8.27 (t, IH, 5.5, C O N ^ , 11.22 (s, 

br, IH, N//-Pyrrole). NMR 75 MHz in DMSO-(fg 8 (ppm): 12.6, 32.4, 34.6, 

107.1, 111.1, 121.8, 124.3, 126.3, 131.6, 145.1, 160.4. ES^ mass spectrum: m/z (%): 

219 (100) [M+H]+, 437 (47) [2M+H]+, 459 (49) [2M+Na]''. Elemental analysis: 

Calc. for CnHi4N402 0.33CH30H: C 59.46, H 6.75, N 24.47; found: C 59.21, H 

6.46, N 24.32. 

Preparation of the hexafluorophosphate salts of 52-59: 

The compound (1 equiv.) was dissolved in methanol (10 ml) and 

hexafluorophosphoric acid (60% wt in water) 1 or 2 equiv. depended on numbers of 

amido group of the compound was added. The solution was stirred for 5 minutes and 

the solvent was removed and dried in high vacuum pump. 
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6.3.3 Synthesis included in chapter 4 

3,4-Diphenyl-lH-pyrrole-2,5-dicarboxylic acid 2-[(2-amino-ethyl)-amide] 

5-({2-[l-(4,4-dimethyI-2,6-dioxo-cyclohexylidene)-2-phenyl-ethylamino]-ethyl]}-

amide) 74: 

NH HN NH u HN 
DOPE, TFA 

N̂H2 H2N̂  

47 74 

3,4-Diphenyl-lH-pyrrole-2,5-dicarboxylic acid bis-[(2-ami]io-ethyl)-ainide] 

47 (1.50 g, 3.83 mmol, 3 equiv.) was dissolved in dichloromethane (50 ml) and a 

catalyst quantity of TFA was added. 2-Phenylacetyldimedone (0.33 g, 1.28 mmol, 1 

equiv.) was dissolved in dichloromethane (200 ml) and the solution was added 

dropwise into the former solution. After stirred for 48 h, the solution was washed 

with 2 M Na2C03 (2 x 100 ml) and water (2 x 100 ml). The organic solvent was 

removed in vacuo and the residue was purified by column chromatography using 

dichlomethane/methanol (10:1 v/y) to yield compound 74, pale yellow solid (0.32 g, 

0.50 mmol, 39%). 

M.p. 118 - 120°C. = 0.35 (DCM/MeOH(10:l v/v)). 'HNMR 300 MHz in 

CDCI3 6 (ppm): 1.07 (s, 6H, ( C ^ C ) , 2.42 (br s, 4H, CJ%CO), 2.63 (t, 2H, J = 5.7, 

% N H ) , 3.27 (q, 4H, J - 5.7, Pyrrole-CONHC^z), 3.39 (m, 2H, 

OCNHCHzC^iNH), 4.51 (s, 2H, C^z-Ph), 5.71 (t, IH, J = 5.7, OCN/fCHzCHiNH), 

5.87 (t, IH, J - 5.5, N^CHiCHzNHz), 7.05 - 7.31 (m, 15H, Ar/^, 13 55 (m, IH, 

NHC=C). NMR 75 MHz in CDCI3 6 (ppm): 28.5, 30.2, 35.0, 39.1, 41.3, 42.3, 

42.7, 53.1, 108.4, 123.4, 124.7, 126.3, 126.7, 126.8, 128.2, 128.3, 128.9, 129.0, 

130.8, 130.9, 133.3, 133.4, 135.9, 160.8, 161.0, 174.2. ES+mass spectrum: /»/^(%): 

632 (100) [M+H]\ 1264 (53) [2M+H]+. ES+ HRMS: m/z: Calc. for C38H42N5O4 
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632.3231; found: 632.3255. Elemental analysis: Calc. for 

C38H41N5O4 O.33CH2CI2: C 69.75, H 6.36, N 10.61; found: C 69.81, H 6.52, N 10.61. 

4-{2-[(5-{2-{l-(4,4-Dimethyl-2,6-dioxo-cyclohexylidene)-2-phenyl-ethyl-

amino]-ethyIcarbamoyl}-3,4-diphenyl-lH-pyrroIe-2-carbonyl)-amino]-ethyIcar-

bamo-yl}-4-(9H-fluoren-9-ylmethoxycarbonyIammo)-butyric acid tert-butyl 

ester 75: 

NH HzN 
NH M HN—^ Fnnoc-L-Glu(OtBu)-OH 

n PyBOP, HOBt, DIPEA 

DCM 

74 75 

A solution of N-a-Fmoc-L-glutamic acid y-^er^-butyl ester (213 mg, 0.50 

mmol, 1.05 equiv.), PyBOP (247 mg, 0.475 mmol, 1 equiv.), and HOBt (73 mg, 

0.475 mmol, 1 equiv.) in dichloromethane (15 ml) was stirred at room temperature 

for 15 min and then added to a solution of compound 74 (300 mg, 0.475 mg, 1 

equiv.) in dichloromethane (5 ml). After addition of DIPEA (0.19 ml, 1.09 mmol, 

2.3 equiv.) the resulting reaction mixture was stirred for 48 h. More dichloromethane 

(50 ml) was added and the mixture was washed with water (50 ml) to removed 

unwanted salts. The organic layer was dried over MgS04 and the solvent was 

removed in mcwo. The residue was purified by column chromatography using 

dichlomethane/methanol (10:1 vA;) to yield compound 75, pale yellow solid (371 

mg, 0.36 mmol, 75%). 

M.p. 126 - 128°C. TZf = 0.63 (DCMmeOH(10:l v/v)). ^H NMR 300 MHz in 

CDCI3 6 (ppm): 1.07 (s, 6H, (0^/3)20), 1.45 (s, 9H, (C^3)3C), 1.88 (m, IH, 

C^HbCH2-Boc), 2.04 (m, IH, CHa/fbCH2-Boc), 2.29 (m, IH, %Hb-Boc), 2.42 (br 

s, 4H, (CH3)2CC;f2C0 and IH, CH^b-Boc), 3.26 (br m, 4H, Pyrrole-CONHC^z), 

3.37 (brm, 4H, OCNHCHzC^^NH), 4.13 (m, IH, COC^(CH2)2-Boc), 4.21 (m, IH, 

CH2Wfluorenyl), 4.40 (d, 2H, J - 6.4, C^z-fluorenyl), 4.51 (br s, 2H, CJ:/2Ph), 

5.71 (m, IH, 0CN;f(CH2)2NHC=C), 5.81 (m, IH, 0CN^(CH2)2NHC0), 6.76 (m, 
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IH, N^C=C), 7.06 (d, 2H, 7.3, fluorenylH), 7.17 - 7.31 (m, 15H, A r ^ , 7.39 (t, 

2H, y = 7.3, fluorenylH), 7.59 (m, 2H, AuorenylH), 7.75 (d, 2H, 7.3, fluorenylE), 

10.38 (m, IH, N^-Fmoc), 13.55 (m, IH, NHC=C). NMR 100 MHz in CDCI3 8 

(ppm): 28.2, 28.4, 30.2, 31.9, 35.0, 36.5, 39.1, 42.7, 47.3, 53.2, 81.2, 108.4, 120.1, 

125.3, 126.6, 126.7, 127.2, 127.9, 128.1, 128.4, 128.9, 129.0, 129.1, 130.7, 130.8, 

135.8, 141.4, 160.8, 171.8, 174.2. ES^ mass spectrum: m/z (%): 1039 (25) 

1061 (55) [M+Na]+. Elemental analysis: Calc. for C62H66N6O9 2CH2CI2.3CH3OH: C 

61.65, H 6.33, N 6.44; found: C 61.52, H 6.47, N 6.30. 

4-{2-[(5-{2-{l-(4,4-DimethyI-2,6-dioxo-cycIohexylidene)-2-phenyl-ethyl-

amino]-ethyIcarbamoyI}-3,4-diphenyI-lH-pyrrole-2-carbonyI)-amino]-ethylcar-

bamo-yl}-4-(9H-fluoren-9-ylmethoxycarbonylamino)-butyric acid 76: 

60%TFA 

DCM 

N—/̂ NH H 

75 76 

Compound 75 (450 mg, 0.43 mmol) was stirred vigorously in 60% TEA in 

dichloromethane (10 ml) for 24 h at room temperature. Toluene (150 ml) was added 

and the solvents were removed under vacwo. The residue was purified by column 

chromatography using dichlomethane/methanol (10:1 v/v) to yield the cream solid. 

After washed with Et20, compound 76 obtained as a white solid (290 mg, 0.29 

mmol, 68%). 

M.p. 138 - 140°C. 0.50 (DCM/MeOH(10:l vA/)). NMR 300 MHz in 

CDCI3 6 (ppm): 1.04 (s, 6H, (C;f3)2C), 1.95 (m, IH, C^aHbCH2-Boc), 2.11 (m, IH, 

CH^bCH2-Boc), 2.41 (m, 4H, (CH3)2C%C0 and 2H, C^2-Boc), 3.32 (br m, 8H, 

PyiTole-CONH(C^2)2), 4.12 (m, IH, COC^(CH2)2-Boc), 4.27 (m, IH, CHzC/f-

fluorenyl and 2H, C^-fluorenyl), 4.46 (br s, 2H, C ^ P h ) , 5.98 (m, 2H, Pyrrole-

CONJ:/), 6.16 (m, IH, N;/C=C), 7.02 (d, 2H, 7 - 7.3, fluoreny^), 7.12 - 7.27 (m, 

15H, ArT^, 7.35 (t, 2H, / = 7.3, fluorenyl/f), 7.72 (d, 2H, 7.3, fluorenyl^, 11.32 
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(br s, IH, N/f-Fmoc), 13.42 (m, IH, NHC=C). NMR 75 MHz in CDCI3 6 (ppm): 

28.3, 30.2, 35.1, 38.8, 39.6, 42.5, 47.1, 52.8, 54.3, 67.1, 108.3, 120.0, 123.6, 125.2, 

126.8, 127.2, 127.6, 127.8, 128.0, 128.7, 128.9, 130.7, 132.8, 133.1, 135.6, 141.3, 

143.9, 156.3, 161.5, 161.6, 174.3, 176.3. ES mass spectrum: 981 (100) [M-

H]'. ES+ HRMS: m/z: Calc. for CsgHsgNeOgNa [M+Na]+: 1005.4157; found: 

1005.4128. Elemental analysis: Calc. for CsgHsgNeOg I.2CH3OH: C 69.60, H 6.20, N 

8.23; found: C 69.35, H 5.95, N 8.32. 

Preparation of 77: 

^ O' N' 

76 

HOBt, Die, DIPEA 

DCM 

N - ^ N H H (TN 

77 

A solution of 76 (38 mg, 0.04 mmol, 1.5 equiv.), DIC (5 mg, 0.04 mmol, 1.5 

equiv.), and HOBt (5 mg, 0.04 mmol, 1.5 equiv.) in dichloromethane (2 ml) was 

stirred for 15 min and then added to pre-swollen resin (100 mg, 0.026 mmol 6ee 

NHz, 1 equiv.) in dichloromethane (1 ml) followed by addition of neat DIPEA (18 

pi, 0.10 mmol, 4 equiv.). After agitation on a tube rotator for 24 h at room 

temperature the resin was drained, washed with DMF ( 3 x 5 ml), dichloromethane (3 

X 5 ml), methanol ( 3 x 5 ml) and diethyl ether ( 3 x 5 ml) and dried in high vacuum. 

A quantitative ninhydrin test indicated almost complete coupling of &ee amino 

groups on the resin (0.009 mmol/g, 3%). 

Quantitative ninhydrin test; 

Reagent A: Solution 1; Reagent grade phenol (40 ml) was dissolved in hot 

absolute ethanol (10 ml). After cooling down, the solution was stirred with 

Amberlite mixed-bed resin MB-3 (4 g) for 60 min, which was removed by filtration. 

Solution 2; Potassium cyanide (65 mg) was dissolved in distilled water (100 ml). An 
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aliquot (2 ml) of this solution was diluted with distilled pyridine (100 ml) and stirred 

with Amberlite mixed-bed MB-3 (4 g) for 60 min, which was removed by filtration. 

Solution 1 and 2 were mix:ed together. 

Reagent B: Ninhydrin (25 g) was dissolved in absolute ethanol (50 ml) and 

stored in the dark. To a known quantity of resin ( 3 - 5 mg) was added reagent A (7 

drops) and reagent B (3 drops). A control was prepared using the stains without the 

resin present. Both test tubes were heated at 100 °C for 5 min. A 60% solution of 

ethanol in water was added to each test tube and the solution transferred to 25 ml 

volumetric flasks through a wool plug in a pipette. A concentrated solution of 

Et4N^Cr in CH2CI2 (2 x 0.5 ml) was used to wash each sample tube. A 60% solution 

of ethanol in water was added to a volume of 10 ml. The UV absorbance was 

measured at 570 imi. The control sample was used as blank to run the background. 

The loading of the resin was calculated using the following formula: 

Substitution (mmol/g) = (A570 x V x 10^) / (G570 x W) 

Where E570 (15 x lO'̂  M'^cm'^) is the extinction coefficient of the piperidyl-fulvene 

adduct at A = 570 nm, V is the final volume (ml), W is the weight of the resin sample 

(mg) and A570 is the measured absorbance. 

Quantitative Fmoc-test: 

A known quantity of resin ( 3 - 5 mg) was treated with a solution of 20% 

piperidine in DMF (1 ml) for 15 min. The solution was filtered through glass wool 

and the volume of filtrate made up to 25 ml with 20% piperidine in DMF. The 

absorbance was deduced from the following equation: 

mmol/g = (A302 X V X 10^) / (G302 x W) 

Where E302 (7800 M'^cm'^) is the extinction coefficient of the piperidyl-fulvene 

adduct at X = 302 nm, V is the final volume (ml), W is the weight of the resin sample 

(mg) and A302 is the measured absorbance of the pipiperidyl-fulvene adduct. 

General procedure for Fmoc deprotection on the solid-phase: 

The Fmoc-resin was suspended in a solution of 20% piperidine in DMF (20 

ml per g resin) and agitated for 30 to 45 min. The resin was drained and washed with 
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dichloromethane (3 x ), DMF (3 x ) and dichloromethane (3 x ) (10 ml solvent per g 

resin). The procedure was repeated once and the progress of the deprotection 

monitored by the ninhydrin test. 

General procedure for DDPE deprotection on the solid-phase: 

The DDPE-resin was suspended in a solution of 5% NH2NH2 H2O in DMF 

(20 ml per g resin) and agitated for 120 to 150 min. The resin was drained and 

washed with dichloromethane (3 x ), DMF (3 x ) and dichloromethane (3 x ) (10 ml 

solvent per g resin). The progress of the deprotection monitored by the ninhydrin 

test. 

Synthesis of the tweezer receptor receptor library 82: 

Fmoc 

AA-| 

NH H 

After performing 77 (100 mg, 26 fimol) with the Fmoc deprotection step (as 

described in the general procedure) a qualitative ninhydrin test showed free amino 

fimctions, as expected. Following a subsequent Fmoc deprotection (see general 

procedure) to achieve 78, the resin was then divided into 6 equal portions. Each 

portion was pre-swollen in DMF (1 ml). A solution of a Fmoc-protected amino acid 

(8.7 pmol, 2 equiv.), DIG (1.1 mg, 8.7 pmol) and HOBt (1.2 mg, 8.7 pmol) in DMF 

(1 ml) was pre-activated for 15 minutes and then added to each portion followed by 

DIPEA (2.23 mg, 17.3 p,mol, 3 pi). Each portion was agitated on a tube rotator for at 

least 18-24 h at room temperature. The portions were washed with dichloromethane 

( 3 x 2 ml), DMF ( 3 x 2 ml) and dichloromethane ( 3 x 2 ml) and dried. The success of 
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the couphng step was monitored by a qualitative ninhydrin test. Each coupling cycle 

was repeated until a ninhydrin test showed no free amino functions to achieve 79. 

The quantities of Fmoc-amino acid used per coupling cycle were as follows: Gly 

(2.6 mg), L-Val (2.9 mg), L-Phe (3.4 mg), L-Lys(Boc) (4.1 mg), L-Ser(^Bu) (3.3 mg), 

Gin (3.2 mg). 

After each successful coupling step, the resin was re-combined and Fmoc-

deprotected as described in the general procedure and monitored by a qualitative 

ninhydrin test. The resin was divided into 5 equal portions. Each portion was pre-

swollen in DMF (1 ml). A solution of a Boc-protected amino acid (10.4 pmol, 2 

equiv.), DIC (1.3 mg, 10.4 iimol) and HOBt (1.4 mg, 10.4 |j,mol) in DMF (1 ml) was 

pre-activated for 15 minutes and then added to each portion followed by DIPEA 

(2.68 mg, 20.8 p,mol, 3.6 pi). Each portion was agitated on a tube rotator for at least 

18-24 h at room temperature. The portions were washed with dichloromethane ( 3 x 2 

ml), DMF ( 3 x 2 ml) and dichloromethane ( 3 x 2 ml) and dried. The success of the 

coupling step was monitored by a qualitative ninhydrin test. Each coupling cycle was 

repeated until a ninhydrtn test showed no 6ee amino functions to achieve 80. The 

quantities of Boc-amino acid used per coupling cycle were as follows: Gly (1.8 mg), 

L-Ala (1.9 mg), L-Phe (2.8 mg), L-Glu(OrBu) (3.2 mg), L-Val (2.3 mg). 

After each successful coupling step, the resin was re-combined and DDPE-

deprotected as described in the general procedure and monitored by a qualitative 

ninhydrin test to achieve 81. The resin was divided into 5 equal portions. Each 

portion was pre-swollen in DMF (1 ml). A solution of a Fmoc-protected amino acid 

(10.4 pmol, 2 equiv.), DIC (1.3 mg, 10.4 pmol) and HOBt (1.4 mg, 10.4 pmol) in 

DMF (1 ml) was pre-activated for 15 minutes and then added to each portion 

followed by DIPEA (2.68 mg, 20.8 p,mol, 3.6 pi). Each portion was agitated on a 

tube rotator for at least 18-24 h at room temperature. The portions were washed vyith 

dichloromethane ( 3 x 2 ml), DMF ( 3 x 2 ml) and dichloromethane ( 3 x 2 ml) and 

dried. The success of the coupling step was monitored by a qualitative ninhydrin test. 

Each coupling cycle was repeated until a ninhydrin test showed no free amino 

functions. The quantities of Fmoc-amino acid used per coupling cycle were as 

follows: L-Glu(OrBu) (4.4 mg), L-Met (3.9 mg), L-Leu (3.7 mg), L-Ala (3.2 mg), L-

Pro (3.5 mg). 
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After each successful coupling step, the resin was re-combined and Fmoc-

deprotected as described in the general procedure and monitored by a qualitative 

ninhydrin test. The resin was divided into 6 equal portions. Each portion was pre-

swollen in DMF (1 ml). A solution of a Fmoc-protected amino acid (8.7 pmol, 2 

equiv.), DIG (1.1 mg, 8.7 ^mol) and HOBt (1.2 mg, 8.7 pmol) in DMF (1 ml) was 

pre-activated for 15 minutes and then added to each portion followed by DIPEA 

(2.23 mg, 17.3 [imol, 3 |j.l). Each portion was agitated on a tube rotator for at least 

18-24 h at room temperature. The portions were washed with dichloromethane ( 3 x 2 

ml), DMF ( 3 x 2 ml) and dichloromethane ( 3 x 2 ml) and dried. The success of the 

coupling step was monitored by a qualitative ninhydrin test. Each coupling cycle was 

repeated until a ninhydrin test showed no free amino functions to yield library 82. 

The quantities of Fmoc-amino acid used per coupling cycle were as follows: L-Met 

(3.2 mg), L-Leu (3.1 mg), L-Pro (2.9 mg), L-Lys(Boc) (4.1 mg), L-Ser(rBu) (3.3 mg), 

Gin (3.2 mg). 

Tetrabutylammonium salt of the red dye-spacer-L-Leu-L-Asn-L-Phe 84: 

OgN 

N' .(C«HgkN' 

0 O 
83 84 

Tetrabutylammonium hydroxide, 0.1 M in methanol, (0.40 ml, 40 jtiM, 1 

equiv.) was added to the solution of the red dye-spacer-L-Leu-L-Asn-L-Phe 83 (30 

mg, 40 /(M, 1 equiv.) in methanol (10ml). After stirred for 1 h, the solvent was 

removed and dried in high vacuum pump. 
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6.3.4 Synthesis included in chapter 5 

3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid ethyl 

ester 110: 

NHO 

AI(CH3)3, DCM 

Aniline (1.65, 17.85 mmol, 1 equiv.) was stirred with 0.2 M 

trimethylaluminium solution in hexane (8.9 ml, 17.85 mmol, 1 equiv.) in 

dichloromethane (100 ml) for 30 minutes. 3,4-Dichloro-lH-pyrrole-2,5-dicarboxyhc 

acid diethyl ester 109 (5.0 g, 17.85 mmol) was added into the solution and was 

heated at reflux for 72 h. A diluted hydrochloric acid solution was added dropwise, 

followed with water (100 ml) and extracted with dichloromethane (2 x 100 ml). The 

organic solvent was removed in vacuo and the residue was recrystallized with 

acetonitrile to yield compound 110, white solid (0.80 g, 2.86 mmol, 13%). 

M.p. 148°C. NMR 300 MHz in CDCI3 6 (ppm): 1.42 (t, 3H, 7 = 7.0, C^s), 

4.42 (q, 2H, 7 = 7.0, % ) , 7.21 (t, IH, J = 7.5,;)-Ar^, 7.41 (t, 2H, J = 7.5, /M-Ar^, 

7.64 (d, 2H, 7.5, o -Ar^ , 8.57 (s, IH, CON/f), 10.08 (s, br, IH, N^-Pyrrole). 

NMR 75 MHz in DMSO-^/g 6 (ppm): 14.8, 61.7, 114.9, 116.9, 119.4, 120.5, 124.7, 

126.2, 129.5, 138.9, 156.9, 159.3. ES^ mass spectrum: (%): 327 (10) [M+H]\ 

677 (20) [2M+Na]\ 1004 (30) [3M+Na]+. Elemental analysis: Calc. for 

C14H12CI2N2O3 O.2CH2CI2: C 49.56, H 3.63, N 8.14; found: C 49.63, H 3.80, N 7.98. 
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3,4-Dichloro-5-phenylcarbamoyi-lH-pyrrole-2-carboxyIic acid 111: 

O u HN O H H N 

c i H c , H , 

110 111 

3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid ethyl ester 

110 (0.5 g, 1.5 mmol, 1 equiv.) was heat at reflux in absolute ethanol (40 ml). The 

sodium hydroxide aqueous solution (0.6 g, 15 mmol, 10 equiv., 10 ml) was added 

and the solution was refluxed at 80°C for 12 h. The solution was acidiGed to pH = 1 

using hydrochloric acid and the solvent was removed in vacwo. Water (50 ml) was 

added and the white solid was collected by filtration. The residue was purified by 

column chromatography using dichloromethane/methanol (10:1 v/y) to yield 

compound 111, white solid (0.33 g, 1.10 mmol, 75%). 

M.p. 239°C (decom.). = 0.49 (DCM/MeOH (10:1 v/v)). NMR 300 

MHz in DMS0-6fg 6 (ppm): 7.21 (t, IH, 7.3, j5-Ar^, 7.46 (t, 2H, 7.3, /»-

Ar;/), 7.81 (d, 2H, 7.3, o - A r ^ , 10.38 (s, IH, CON^H), 13.27 (s, br, IH, COO;^. 

NMR 75 MHz in DMSO-(^^ 6 (ppm): 114.5, 119.7, 121.5, 122.5, 123.6, 125.5, 

128.6, 138.4, 156.3, 160.3. ES" mass spectrum: (%): 297 (30) [M-H]', 411 (45) 

[M+CFaCOO]-. Elemental analysis: Calc. for C12H8CI2N2O3 O.3CH3OHO.3CH2CI2: 

C 45.28, H 2.96, N 8.38; found: C 45.41, H 3.05, N 8.11. 

l,3-Phenylene-bis-(3,4-dichloro-5-phenyIcarbamoyI-lH-pyrrole-2-car-

boxylic acid amide) 111: 

OH ^ H N " ^ ^ H z N ^ ^ ^ ^ N H z 
N , 

HN 

c i h , p»bop,»b,,e,3m 

111 101 

3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid 111 (300 mg, 

1 mmol, 2 equiv.) was dissolved in DMF (30 ml). 1,3-Phenylenediamine (54 mg, 0.5 
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mmol, 1 equiv.), triethylamine (0.10 g, 1 mmol, 2 equiv.) PyBOP (0.57 g, 1.1 mmol, 

2.2 equiv.) and 5 mg (0.04 mmol, 0.07 equiv.) of HOBt was added and the solution 

was stirred for 72 h. After removing the solvent, the white solid was recrystalhzed 

with acetonitrile to yield compound 101, white solid (167 mg, 0.25 mmol, 50%). 

M.p. 272 °C (decom.). 'H NMR 300 MHz in DMSO-^^g 6 (ppm): 7.23 (t, 2H, 

7.3,;?-Ar^, 7.44-7.58 (m, 7H, CONH(m-Ar^NHCO, /M-Ar^, CONH(o- and^o-

Ar^NHCO), 7.81 (d, 4H, J = 7.3, o -Ar^ , 8.31 (s, IH, J = 7.3, CONH(o-

Ar^NHCO, 10.10 (s, 2H, terminal-CON^, 10.20 (s, 2H, bridging-CON^, 13.12 

(s, br, 2H, N^-Pyrrole). NMR 75 MHz in DMSO-^f 6 (ppm) with 2 equiv. of 

TBAF: 13.4, 19.1, 23.0, 57.5, 110.5, 111.4, 111.5, 113.8, 119.1, 122.3, 126.2, 128.5, 

128.6, 139.6, 139.7, 160.1, 160.3. ES' mass spectrum (with 2 equiv. of TBAF): 

(%): 334 (100) [M-2H]^-, 669 (35) [M-H]'. ES" HRMS (with 2 equiv. of TBAF): 

m/z: Calc. for C46H54N6O5CI4 [M-2H+TBA]-: 910.2904; found: 910.2924. Elemental 

analysis: Calc. for C30H20CI4N6O4: C 53.75, H 3.01, N 12.54; found: C 53.48, H 

2.98, N 12.30. 

l,4-Phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-lH-pyrroIe-2-car-

boxylic acid amide) 102: 

^ y—h OH y HgN— ^ N H 2 

\ PyBOP, HOBt, EtgN 
CI CI DMF 

111 102 

NH HN 

3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxyHc acid 111 (300 mg, 

1 mmol, 2 equiv.) was dissolved in DMF (30 ml). 1,4-Phenylenediamine (54 mg, 0.5 

mmol, 1 equiv.), triethylamine (0.10 g, 1 mmol, 2 equiv.) PyBOP (0.57 g, 1.1 mmol, 

2.2 equiv.) and 5 mg (0.04 mmol, 0.07 equiv.) of HOBt was added and the solution 

was stirred for 72 h. After removing the solvent, the white solid was recrystallized 

with acetonitrile to yield compound 102, white solid (230 mg, 0.34 mmol, 68%). 

M.p. >300°C. ^H NMR 300 MHz in DMSO-^f^ 6 (ppm): 7.23 (t, 2H, J = 7.3, 

;,-Ar;^, 7.48 (t, 2H, 7 = 7.3, /M-Ar^^, 7.81 (s, 8H, CONH(Ar^NHCO, o-Ar^^, 

10.11 (s, 2H, terminal-CON^, 10.13 (s, 2H, bridging-CON/f), 13.09 (s, br, 2H, 
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N^-Pyrrole). NMR 75 MHz in DMSO-c^f 6 (ppm) with 2 equiv. of TBAF: 13.4, 

19.1, 23.0, 57.5, 111.2, 118.8, 119.1, 122.0, 126.6, 126.9, 128.5, 134.5, 139.8, 160.6, 

160.9. ES' mass spectrum (with 2 equiv. of TBAF): (%): 334 (100) 

669 (15) [M-H]-. ES" HRMS (with 2 equiv. of TBAF): m/z: Calc. for C46H54N6O5CI4 

[M-2H+TBA]': 910.2904; found: 910.2898. Elemental analysis: Calc. for 

C30H20CI4N6O4: C 53.75, H 3.01, N 12.54; found: C 53.97, H 3.26, N 12.39. 

Ethyl-bis-(3,4-dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxyIic acid 

amide) 103: 

OH ^ H2N NH; N H N H HN H N 

O O' 
PyBOP, HOBt, EtaN 

CI CI D M F 

111 103 

3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid 111 (300 mg, 

1 mmol, 2 equiv.) was dissolved in DMF (30 ml). Ethylenediamine (30 mg, 0.5 

namol, 1 equiv.), triethylamine (0.10 g 1 mmol, 2 equiv.), PyBOP (0.57 g, 1.1 mmol, 

2.2 equiv.) and 5 mg (0.04 mmol, 0.04 equiv.) of HOBt was added and the solution 

was stirred for 72 h. After removing the solvent, the solid was reciystallized with 

acetonitrile and collected by filtration to provide white solid (370 mg). This residue 

(150 mg) was dissolved in DMF (15 ml) and 3,4-dichloro-5-phenylcarbamoyl-1H-

pyrroIe-2-carboxylic acid 111 (130 mg, 0.44 mmol) was added. Triethylamine (50 

mg 0.48 mmol), PyBOP (0.24 g, 0.46 mmol) and 5 mg (0.04 mmol) of HOBt was 

added and the solution was stirred for 72 h. After removing the solvent, the solid was 

recrystallized with dichloromethane and acetonitrile. The white solid, compound 

103, obtained after filtration (167 mg, 0.25 mmol, 56%). 

M.p. >240°C. ^H NMR 300 MHz in DMS0-6^f 6 (ppm): 3.53 (s, 4H, 

N(C^)2N), 7.11 (t, 2H, J = 7.7,;)-Ar^, 7.35 (t, 4H, 7.7, m-ArJY), 7.67 (d, 4H, J 

- 7.7, o-ArH), 8.07 (s, br, 2H, jifNCHz), 10.03 (s, 2H, CONJ^Ar), 12.78 (s, br, 2H, 

N7f-Pyrrole). NMR 75 MHz in DMSO-(fg 6 (ppm): 38.7, 119.8, 123.0, 123.8, 

128.7, 138.2, 156.4, 158.4. ES'^mass spectrum: m/z (%): 643 (80) [MssCl+Nar, 645 

(100) [M37Cl+Na]^. ES" mass spectrum: (%): 619 (76) [M35CI-H]', 621 (100) 
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[M37CI-H]-. Elemental analysis: Calc. for C26H20CI4N6O4 O.33CH2CI2H2O: C 47.30, 

H 3.42, N 12.57; found: C 47.54, H 3.75, N 12.17. 

4-Aminomethyl-phenylaniino-bis-(3,4-dichloro-5-phenylcarbamoyl-l]H-

pyrrole-2-carboxylic acid amide) 104: 

9" H HN ^ HzN 

111 104 

. PyBOP, HOm, EtsN 
CI CI DMF 

4-Aminobenzylannne (61 mg, 0.5 mmol, 1 equiv.) was added to a solution of 

3,4-dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid 111 (300 mg, 1 

mmol, 2 equiv.) in DMF (30 ml) under a nitrogen atmosphere. Triethyamine (104 

mg, 1 mmol, 2 equiv.), PyBOP (572 mg, 1.1 mmol, 2.2 equiv.) and 5 mg (0.04 

mmol, 0.04 equiv.) of HOBt were added and the reaction was stirred for 72 h. Then 

the solvent was removed and water (50 ml) was added. The product was extracted 

with dichloromethane (3 x 50 ml). The organic phase was collected and the solvent 

was removed. The product was washed with diethyl ether (75 ml) and a small 

quantity of 10% MeOH in DCM (v/v). The white solid, compound 104, occurred 

(114 mg, 0.17 mmol, 33%). 

M.p. 254 - 256°C (decom.). 'H NMR 300 MHz in DMSO-cf,̂  6 (ppm): 4.43 

(d, y = 5.8, 2H, C^z), 7.02-7.64 (m, 14H, A r ^ , 8.39 (t, IH, 7 - 5.8, CHz-CONff), 

9.91 (s, 2H, outer-CONH), 9.95 (s, IH, central-CON^f), 12.71 (s, IH, NJ^-Pyrrole), 

12.89 (s, IH, N^-Pyrrole). NMR 75 MHz in DMSO-o^^ 6 (ppm): 45.4, 111.8, 

113.4, 119.5, 119.6, 119.7, 122.6, 122.7, 127.6, 128.4, 128.5, 137.9, 138.0, 156.1, 

157.7, 166.2. Elemental analysis: Calc. for C31H22CI4N6O4 O.6H2O: C 53.56, H 3.36, 

N 12.09; found: C 53.32, H 3.38, N 12.19. 
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3-Aminoniethyl-phenylamino-bis-(3,4-dichloro-5-phenylcarbamoyl-lH-

pyrrole-2-carboxylic acid amide) 105: 

NH NH HN HN 

^ 
/ — ( PyBOP, HOBt, EtgN 

CI CI DMF 

111 105 

TM-Xylenediamine (68 mg, 0.5 mmol, 1 equiv.) was added to a solution of 

3,4-dicliloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid 111 (300 mg, 1 

mmol, 2 equiv.) in DMF (30 ml) under a nitrogen atmosphere. Triethyamine (104 

mg, 1 nmiol, 2 equiv.), PyBOP (572 mg, 1.1 mmol, 2.2 equiv.) and 5 mg (0.04 

mmol, 0.04 equiv.) of HOBt were added and the reaction was stirred for 72 h. Then 

the solvent was removed and water (50 ml) was added. The product was extracted 

with dichloromethane (3 x 50 ml). The organic phase was collected and the solvent 

was removed. The product was washed with diethyl ether (75 ml) and a small 

quantity of 10% MeOH in DCM (v/v). The white solid, compound 105, occurred 

(130 mg, 0.19 mmol, 37%). 

M.p. 283°C (decom.). 'H NMR 300 MHz in DMSO-cf,; 6 (ppm): 4.51 (d, J = 

5.4, 4H, C^z), 7.00-7.70 (m, 14H, Ar/^, 8.50 (t, 2H, J = 5.4, central-CON7:0, 10-10 

(s, 2H, outer-CON^, 12.75 (s, 2H, N/7-Pyrrole). l^MR 75 MHz in DMSO-(f,^ 6 

(ppm): 42.5, 119.8, 122.9, 123.2, 123.9, 126.0, 128.4, 128.8, 138.4, 139.1, 158.2, 

160.1. ES^ mass spectrum: /wA (%): 699.1 (100) [M+H]" .̂ Elemental analysis: Calc. 

for C32H24CI4N6O4H2O: C 53.65, H 3.66, N 11.73; found: C 53.82, H 3.46, N 11.78. 

4-Aminomethyl-phenyIamino-bis-(3,4-dichloro-5-phenylcarbamoyl-lH-

pyrrole-2-carboxylic acid amide) 106: 

NH NH OH HN HN HN 

PyBOP, HOBt. EtgN 
DMF CI CI 

111 106 
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/7-Xylenediamine (68 mg, 0.5 minol, 1 equiv.) was added to a solution of 3,4-

dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid 111 (300 mg, 1 mmol, 2 

equiv.) in DMF (30 ml) under a nitrogen atmosphere. Triethyamine (104 mg, 1 

mmol, 2 equiv.), PyBOP (572 mg, 1.1 mmol, 2.2 equiv.) and 5 mg (0.04 mmol, 0.04 

equiv.) of HOBt were added and the reaction was stirred for 72 h. Then the solvent 

was removed and water (50 ml) was added. The product was extracted with 

dichloromethane (3 x 50 ml). The organic phase was collected and the solvent was 

removed. The product was washed with diethyl ether (75 ml) and a small quantity of 

10% MeOH in DCM (v/v). The white solid, compound 106, occurred (132 mg, 0.19 

mmol, 38%). 

M.p. 317°C (decom.). 'H NMR 300 MHz in DMSO-cfg 6 (ppm): 4.50 (d, J = 

5.4, 4H, CT ẑ), 7.00-7.70 (m, 14H, Ar^^, 8.50 (t, 2H, / = 5.4, central-CON^, 10.04 

(s, 2H, outer-CON^, 12.79 (s, 2H, NJ^-Pyrrole). NMR 75 MHz in DMSO-^,; 6 

(ppm): 42.3, 112.0, 113.6, 119.8, 122.9, 123.1, 123.9, 127.4, 128.7, 137.6, 138.3, 

156.5, 158.1. TOP LD^ mass spectrum: (%): 472 (100) [CzsHziClzNAO]]^. 

Elemental analysis: Calc. for C32H24CI4N6O4H2O: C 53.65, H 3.66, N 11.73; found: 

C 53.28, H 3.73, N 12.03. 

3,4-Dichloro-2,5-dicarboxylic acid-lH-pyrrole 112: 

9 u 9 9^ H OH 

CI ̂ 3 1 

112 

3,4-Dichloro-1 H-pyrrole-2,5-dicarboxylic acid diethyl ester 109 (2.0 g, 7.14 

mmol, 1 equiv.) was suspended in ethanolic NaOH solution (8.0 g, 200 mmol, 28 

equiv. 100 ml) and was heat at reflux for 12 h. The solution was acidified to pH =1 

with concentrated HCl. The product was extracted with diethyl ether (3 x 100 ml) 

and collected the diethyl ether phase. The solvent was removed and the solid was 

recrystallized from acetronitrile. The pale orange, compound 112, was collected 

(0.50 g, 2.2 mmol, 31%). 
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M.p. 230°C (decom.). 'H NMR 300 MHz in DMSO-cfg 6 (ppm): 12.93 (s, br, 

IH, N^-Pyrrole), 13.52 (s, br, 2H, C O O ^ . NMR 75 MHz in DMSO-cfg 6 

(ppm): 116.2, 121.8, 159.8. ES" mass spectrum, m/z (%): 336 (100) [M + TFA]', 222 

(15) [M-H]-. ES" HRMS, m/z: Calc. for C6H3CI2NO4 [M-H]': 221.9366, found: 

221.9371. Elemental analysis: Calc. for C6H3CI2NO4I.33H2OO.5C2H5OH 

0.17(C2H5)20: C 32.49, H 3.68, N 4.94; found: C 32.76, H 3.53, N 4.67. 

(3-Amino-phenyl)-carbamic acid tert-butyl ester 113: 

(Boc)20 o I 

113 

1,3-Phenylenediamine (3 g, 27.7 mmol, 5 equiv.) was dissolved in 

dichloromethane (20 ml). A solution of di-^erT-butyldicarbonate (1.21 g, 5.54 mmol, 

1 equiv.) in dichloromethane (200 ml) was added dropwise slowly over 6 h and the 

reaction was stirred for 12 h. The solvent was removed and the residue treated with 

K2CO3 aqueous solution (14 g in water 100 ml). This solution was extracted with 

dichloromethane (2 x 100 ml) and dried over MgS04. The solvent was removed and 

the product was purified usmg colunm chromatography using 

dichloromethane/methanol (10:1 v/v). The pale brown solid, compound 113, 

occurred (0.83 g, 3.98 mmol, 72%). 

M.p. 106 - 108°C (decom.). jgf = 0.43 (DCM/MeOH (100:5 v/v)). ^H NMR 

300 MHz in CDCI3 6 (ppm): 1.52 (s, 9H, % ) , 2.75 (s, br, 2H, N%), 6.40-7.09 (m, 

5H, A r ^ and C O N ^ . NMR 75 MHz in CDCI3 6 (ppm): 80.4, 105.1, 108.6, 

109.9, 129.7, 139.4, 147.3, 152.8. ES^ mass spectrum: (%): 250 (100) 

[M+CH3CN]\ 209 (35) [M+H]\ 

(4-Amino-phenyl)-carbamic acid tert-butyl ester 114: 

o 
y = \ (Boc)20 / = \ J L 

HgN—^ HgN—^ ° 

114 
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1,4-Phenylenediamine (3 g, 27.7 mmol, 5 equiv.) was dissolved in 

dichloromethane (20 ml). A solution of di-^er^-butyldicarbonate (1.21 g, 5.54 mmol, 

1 eqniv.) in dichloromethane (200 ml) was added dropwise slowly over 6 h and the 

reaction was stirred for 12 h. The solvent was removed and the residue treated with 

K2CO3 aqueous solution (14 g in water 100 ml). This solution was extracted with 

dichloromethane (2 x 100 ml) and dried over MgS04. The solvent was removed and 

the product was purified using column chromatography using 

dichloromethane/methanol (10:1 v/v). The pale brown solid, compound 114, 

occurred (0.87 g, 4.1 mmol, 75%). 

M.p. 109 - l i r e (decom.). = 0.31 (DCM/MeOH (10:1 v/v)). m i R 

300 MHz in DMSO-^fg 6 (ppm): 1.48 (s, 9H, % ) , 4.73 (s, br, 2H, N ^ ) , 6.51 (d, 

8.1, 2H, Ar^CONH), 7.11 (d, J = 8.1, 2H, ArHN^:^), 8.78 (s, br, IH CON/^. 

NMR 75 MHz in CDCI3 6 (ppm): 28.2, 78.1, 113.9, 120.2, 128.5, 143.8, 153.0. 

mass spectrum: (%): 250 (100) [M+CHsCN]^ 209 (50) [M+H]\ 

{3-[(3,4-DichIoro-5-phcnylcarbamoyl-lH-pyrrole-2-carbonyl)-amino]-

phenyl}-carbamic acid tert-butyl ester 115: 

o I J" M ' 
OH u PyBOP,HOBt NH ^ O -NH „ 

+ O' ^ - O ^ O O 

c i ^ c i c i ^ c i 

113 111 115 

3,4-Dichloro-5-phenyIcarbamoyl-lH-pyrrole-2-carboxylic acid 111 (300 mg, 

1 mmol, 1 equiv.), (3-amino-phenyl)-carbamic acid tert-butyl ester 113 (314 mg, 

1.51, 1.5 equiv.), triethylamine (303 mg, 3 mmol, 3 equiv.) PyBOP (780 mg, 1.5 

mmol, 1.5 equiv.) and 5 mg (0.04 mmol, 0.04 equiv.) of HOBt were dissolved in 

DMF (30 ml). The reaction was stirred for 72 h. Then the solvent was removed and 

the product was purified by column chromatography using 

dichloromethane/methanol (100:5 v/y). The pale brown solid, compound 115, 

occurred (300 mg, 0.61 mmol, 61%). 

M.p. 118 - 120°C (decom.). = 0.90 (DCM/MeOH (100:5 v/v)). 'H NMR 

300 MHz in CDCI3 6 (ppm): 1.55 (s, 9H, % ) , 6.97-7.60 (m, 9H, ArTif), 7.89 (s, br. 
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IH, OCONJ^, 8.46 (s, br, 2H, Pyrrole-CON^, 10.88 (s, br, IH, N/f-Pyrrole). 

NMR 75 MHz in CDCI3 6 (ppm): 28.4, 80.7, 110.3, 112.1, 114.5, 115.0, 120.4, 

123.2, 123.3, 125.1, 129.2, 129.6, 137.0, 137.5, 139.6, 152.9, 156.0. ES^ mass 

spectrum, m/z (%): 511 (100) [M + Na]^. Elemental analysis: Calc. for 

C23H22CI2N4O4: C 56.45, H 4.53, N 11.44; found: C 56.20, H 4.70, N 11.17. 

{4-[(3,4-Dichloro-5-phenyIcarbamoyl-lH-pyrrole-2-carbonyl)-amino]-

phenylj-carbamic acid tert-butyl ester 116: 

O-NH U PyBOP, HOBt 
N. A.. EI3N ' — - — - °"Y/r^° 

DMF 

CI bl CI "ci 

114 111 116 

3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carboxylic acid 111 (370 mg, 

1.24 mmol, 1 equiv.), (4-amino-phenyl)-carbamic acid tert-butyl ester 114 (387 mg, 

1.86, 1.5 equiv.), triethylamine (188 mg, 1.86 namol, 1.5 equiv.) PyBOP (967 mg, 

I.86 mmol, 1.5 equiv.) and 5 mg (0.04 mmol, 0.03 equiv.) of HOBt were dissolved 

in DMF (30 ml). The reaction was stirred for 72 h. Then the solvent was removed 

and the product was purified by column chromatography using 

dichloromethane/methanol (100:5 v/y). The pale brovyn solid, compound 116, 

occurred (540 mg, 1.10 mmol, 89%). 

M.p. 200 - 202°C. = 0.55 (DCM/MeOH (100:5 v/v)). ^H NMR 300 MHz 

in CDCI3 6 (ppm): 1.54 (s, 9H, C/fa), 6.51 (s, br, IH, OCONJ^, 7.17-7.66 (m, 9H, 

A r ^ , 8.45 (s, br, IH, Pyirole-CONJ^^r), 8.50 (s, br, IH, ArCON^-Pyrrole), 10.40 

(s, br, IH, N^-Pyrrole). NMR 75 MHz in CDCI3 6 (ppm): 28.3, 80.7, 111.6, 

119.1, 120.3, 121.1, 122.9, 125.1, 129.2, 131.9, 135.6, 136.8, 155.5, 156.6, 162.5. 

ES"̂  mass spectrum, m/z (%): 511 (15) [M + Na]^. Elemental analysis: Calc. for 

C23H22CI2N4O4O.8CH3OH: C 55.51, H 4.93, N 10.88; found: C 55.62, H 5.20, N 

II.04. 
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Boc deprotection of {3-[(3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-

carbonyl)-amino]-phenyl}-carbamic acid tert-butyl ester 117: 

Ol„„ „ HrOLn-Vc NH y HN-'^^x^NHa^CFaCOO-

C ^ c i C I ^ C I 

115 117 

{3-[(3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carbonyl)-amino]-

phenyl}-carbamic acid tert-butyl ester 115 (548 mg, 1.12 mmol, 1 equiv.) was 

dissolved in dichloromethane (30 ml). Solution of 60% triOuoro acetic acid in 

dichloromethane (22 ml) was added and stirred for 12 h. Then the solvent was 

removed. Toluene (100 ml) was added and removed and the product was washed 

with diethyl ether (2 x 10 ml). The compound 117, grey solid, was collected (428 

mg, 0.85 mmol, 76%). 

M.p. 180°C (decom.). NMR 300 MHz in DMSO-^fg 6 (ppm): 4.01 (s, br, 

2H, 6.71-7.71 (m, 9H, ArT^, 9.98 (s, br, 2H, CONT!/), 12.95 (s, br, IH, N;7-

Pyrrole). NMR 75 MHzinDMS0-(f6 6(ppm): 112.3, 112.5, 119.0, 122.5, 123.1, 

127.8, 128.7, 131.8, 137.2, 138.1, 155.6, 155.7. ES^ mass spectrum, m/z (%): 389 

(100) [CigHi4Ci2N402 + Elemental analysis: Calc. for C20H15CI2N4O4F3: C 

47.73, H 3.00, N 11.13; found: C 47.58, H 3.10, N 11.16. 

Boc deprotection of {4-[(3,4-Dichloro-5-phenylcarbamoyl-lH-pyrroIe-2-

carbonyl)-ammo]-phenyl}-carbamic acid tert-butyl ester 118: 

J " H H N - O - N - ^ 0 - ^ , C I N H „ HN-^NH.'CF.COO-

CI CI c r 

116 118 

{4-[(3,4-Dichloro-5-phenylcarbamoyl-lH-pyrrole-2-carbonyl)-amino]-

phenyl}-carbamic acid tert-butyl ester 116 (500 mg, 1.02 mmol, 1 equiv.) was 

dissolved in dichloromethane (50 ml). Solution of 60% trifluoro acetic acid in 

dichloromethane (20 ml) was added and stirred for 12 h. Then the solvent was 
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removed. Toluene (100 ml) was added and removed and the product was washed 

with diethyl ether ( 2 x 1 0 ml). The compound 118, pale brown solid, was collected 

(430 mg, 0.85 mmol, 83%). 

M.p. 198 - 200°C (decom.). 'H NMR 300 MHz in DMSO-(^,; 6 (ppm): 3.99 

(s, br, 3H, N^3^, 7.10-7.70 (m, 9H, Ar/^, 9.98 (s, br, IH, Pyrrole-CON^-Ar), 9.99 

(s, br, IH, Ar-CONJf-Pyrrole). ISfMR 75 MHz in DMSO-(^^ 6 (ppm): 113.3, 

119.9, 120.5, 121.2, 123.3, 124.0, 128.8, 134.5, 138.2, 156.4, 156.5. ES+ mass 

spectrum, m/z (%): 389 (50) [C18H14C12N4O2 + H]^. Elemental analysis: Calc. for 

C20H15CI2N4O4F3 O.67CH2CI2 O.33C7H8: C 46.77, H 3.24, N 9.49; found: C 46.97, H 

2.97, N 9.52. 

Synthesis of Trimer 107: 

NHa^CFaCOO-

OH OH O - N H PyBOP,HOBI ^ ^ H N - S ^ N H H N ' 

^ X " M — ^ M " M ° ° w 
° CJ c r ^c i c i ^ ^ c , CI C 

112 117 107 

3,4-Dichloro-2,5-dicarboxylic acid-lH-pyrrole 112 (79 mg, 0.35 mmol, 1 

equiv), compound 117 (300 mg, 0.77 mmol, 2 equiv.), triethyamine (78 mg, 0.77 

mmol, 2 equiv.), PyBOP (402 mg, 0.77 mmol, 2 equiv.) and 5 mg (0.04 mmol, 0.01 

equiv.) of HOBt were dissolved in DMF (30 ml) and the reaction was stirred for 72 

h. Then the solvent was removed and water (50 ml) was added. The product was 

extracted with dichloromethane (3 x 50 ml). The organic phase was collected and the 

solvent was removed. The product was recrystallized from acetronitrile (25 ml) and 

washed with dichloromethane ( 2 x 5 ml) to yield brown solid, compound 107 (158 

mg, 0.16 mmol, 47%). 

M.p. 195°C (decom.). ^H NMR 300 MHz in DMSO-cf^ 6 (ppm): 7.14 (t, J = 

7.3, 2H, terminal-p-Arffz), 7.39 (t, J =7.3, 6H, terminal-m-Arj^, bridging-m-Ar7f), 

7.48 (d, y =7.3, 4H, bridging-o and /)-Ar//), 7.71 (d, J =7.3, 4H, terminal-o-Ar^, 

8.21 (s, 2H, bridging-o-Ar;^, 10.02 (s, br, 2H, terminal-CON^, 10.15 (s, br, 4H, 

bridging-CON^, 13.03 (s, br, 3H, Nff-Pyrrole). NMR 75 MHz in DMSO-^^g 6 

(ppm): 109.0, 109.1, 113.2, 117.5, 121.0, 121.5, 121.9, 126.3, 126.6, 135.8, 136.2, 
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136.3, 153.8, 157.4. Elemental analysis: Calc. for QiHzvClgNgOgCHiClz 

0.6HCON(CH3)2: C 49.13, H 3.06, N 12.28; found: C 48.98, H 2.69, N 12.64. 

Synthesis of Trimer 108: 

NHj'CFjCOO-
OH H OH ^ PyGOP.HOBI ^ ^ 

1 EI3N 1 A H 1 ^ J 0, HN 

° ; K 

112 118 108 

3,4-Dichloro-2,5-dicarboxylic acid-lH-pyrrole 112 (80 mg, 0.36 nrniol, 1 

equiv), compound 118 (395 mg, 0.78 mmol, 2 equiv.), triethyamine (80 mg, 0.78 

mmol, 2 equiv.), PyBOP (412 mg, 0.78 mmol, 2 equiv.) and 5 mg (0.03 mmol, 0.08 

equiv.) of HOBt were dissolved in DMF (30 ml) and the reaction was stirred for 72 

h. Then the solvent was removed and water (50 ml) was added. The product was 

extracted with dichloromethane (3 x 50 ml). The organic phase was collected and the 

solvent was removed. The product was recrystallized from diethyl ether (50 ml) and 

washed with dichloromethane ( 2 x 5 ml) to yield brown solid, compound 108 (208 

mg, 0.21 mmol, 59%). 

M.p. >300°C (decom.). NMR 300 MHz in DMSO-cf^ 6 (ppm) with TBAF: 

6.97 (t, J = 7.1, 2H, terminal-p-Ar%), 7.28 (t, J =7.1, 4H, terminal-m-Arii), 7.64-

7.84 (m, 12H, terminal-o-ArH and bridging-Ar^, 9.88 (s, br, 4H, bridging-CON^, 

9.95 (s, br, 4H, terminal-CONj:^. NMR 75 MHz in DMSO-^f.̂  6 (ppm) with 

TBAF: 110.4, 110.5, 110.6, 118.6, 118.8, 119.0, 121.7, 127.0, 127.2, 127.3, 128.3, 

134.5, 134.6, 140.0, 161.2, 161.2, 161.4. Elemental analysis: Calc. for 

C42H27CI6N9O6 O.6CH2CI2: C 50.29, H 2.79, N 12.39; found: C 50.10, H 2.75, N 

12.61. 
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6.4 General method used for an NMR titration 

All the NMR titration experiments were performed on a Broker AM300 

and AV300 NMR spectrometer. The anions were added as their tetrabntylammoninm 

salts and would be dried under high vacuum pump overnight without heating. The 

receptor would be made up as a 0.01 M solution in a cooled yet previously oven 

dried NMR tube (5mni), the top would be sealed using a suba-seal rubber septum 

which was secured using laboratory Ghn. The anion would made up as 0.1 M 

solution in a separate vial, the lid was made airtight so that the concentration would 

not change through the evaporation of the solvent. These solutions can be made quite 

simply; (1) for the receptor, molecule mass of the receptor divided by two hundreds 

gives the required mass in milligram to be dissolved in 500 of the chosen solvent 

and accuracy percentage volume of water sometimes when it needed. (2) for the 

anion, molecular mass of the salt divided by ten gives the required mass in milligram 

to be dissolved in 1 ml of the same solvent. Small aliquots of the anionic guest 

would be introduced via syringe addition to the NMR tube after which a proton 

NMR spectrum of the receptor:anion solution would be recorded. The chemical shift 

of proton resonances believed to be involved in hydrogen bonding were recorded 

and the resulting data subsequently processed using the EQNMR program^^ to 

calculate both the association constant and corresponding errors. The titration would 

be repeated if the error was estimated to be more than 15%. 
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Appendix 1: Crystal data 

Al.l Introduction 

The crystal structures presented in the chapter 2, 3 and 5 were solved by the 

EPSRC National Crystallography Service (Dr. M. E. Light, Dr. S. Coles and Prof. 

M. B. Hursthouse). The reGnement of the structures and the fractional coordinates 

are reported for the sake of completeness and so that the structure may be 

regenerated from the text of this thesis if necessary. 
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Appendix 1: Crystal data 

A1.2 Crystal data 

The hexafluorophosphate salt of 3,4-diphenyl-lH-pyrrole-

2,5-dicarboxylic acid bis-[(2-amino-ethyl)-amide (48) 

Table Al . l ; Crystal data and structure refinement. 

IdentiGcation code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal sy&tem 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefRcient 

Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.03° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
F ina l ind ices > 2o(7^)] 

indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

48 
C22H30F6N5O4P 
573.48 
120(2) K 
0.71073 A 
Orthorhombic 
Pbca 
0 = 16.1973(5) A 
6 = 9.3378(2) A 
c = 34.0104(12) A 
5144.0(3) A^ 
8 
1.481 Mg/m^ 
0.190 mm-' 
2384 
Colourless Plate 
0.10 X 0.10 X 0.02 mm^ 
3.09-25.03° 
- 1 9 < A < 13 , -11 <A:<9 , -40<Z<39 
18704 
4519 = 0.1556] 
99.6% 
Semi-empirical firom equivalents 
0.9962 and 0.9813 
Full-matrix least-squares on ^ 
4 5 1 9 / 6 / 3 8 2 
0.929 
^7 = 0.0653, = 0.1377 

= 0.1738, = 0.1769 
none 
0.681 and-0.501 eA"^ 
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Appendix 1: Crystal data 

Table A1.2: Atomic coordinates [x 10 ]̂, equivalent isotropic displacement parameters [A^ x 10 ]̂ and 

site occupancy factors, [/g, is defined as one third of the trace of the orthogonalized C/' tensor. 

Atom % z Ueq j'.o./ 

N1 3930(3) 1084(6) 11512(1) 25(1) 1 
N2 3210(2) -731(4) 10596(1) 23(1) 1 
N3 3836(2) -431(4) 9569(1) 18(1) 1 
N4 3321(2) -305(4) 8529(1) 29(1) 1 
N5 3316(3) 1231(7) 7517(1) 35(1) 1 
01 4462(2) -482(4) 10321(1) 31(1) 1 
02 4562(2) -346(3) 8835(1) 28(1) 1 
CI 3479(3) 896(5) 11135(1) 28(1) 1 
C2 3525(3) -651(5) 10993(1) 26(1) 1 
C3 3714(3) -570(5) 10285(1) 22(1) 1 
C4 3330(3) -506(5) 9890(1) 19(1) 1 
C5 2511(3) -520(4) 9758(1) 19(1) 1 
C6 2547(3) -442(4) 9341(1) 20(1) 1 
C7 3373(2) -386(5) 9236(1) 16(1) 1 
C8 3801(3) -342(5) 8850(1) 22(1) 1 
C9 3639(3) -74(6) 8131(1) 35(1) 1 
CIO 3074(4) 956(6) 7927(1) 46(2) 1 
C l l 1754(3) -550(5) 10005(1) 21(1) 1 
C12 1530(3) 656(5) 10225(1) 28(1) 1 
C13 840(3) 641(6) 10463(1) 33(1) 1 
CM 359(3) -574(6) 10482(2) 31(1) 1 
C15 561(3) -1750(6) 10259(1) 31(1) 1 
C16 1256(3) -1755(5) 10025(1) 27(1) 1 
C17 1822(3) -374(5) 9069(1) 19(1) 1 
CIS 1340(3) -1566(5) 8992(1) 25(1) 1 
C19 707(3) -1507(6) 8722(1) 29(1) 1 
C20 543(3) -267(6) 8520(2) 33(1) 1 
C21 1008(3) 949(5) 8596(1) 27(1) 1 
C22 1628(3) 883(5) 8873(1) 26(1) 1 
PI 1309(1) 2461(2) 7092(1) 33(1) 1 
F1 752(2) 3904(3) 7233(1) 37(1) 1 
F2 1177(2) 1698(3) 7530(1) 58(1) 1 
F3 2157(2) 3265(3) 7264(1) 59(1) 1 
F4 1897(2) 1022(3) 6956(1) 41(1) 1 
F5 1461(2) 3214(3) 6652(1) 63(1) 1 
F6 481(2) 1652(3) 6923(1) 53(1) I 
OIW -765(3) 3714(5) 7581(1) 66(1) 1 
02W 1613(2) 6121(4) 6574(1) 44(1) 1 
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Appendix 1: Crystal data 

3,4-Diphenyl-lH-pyrrole-2,5-dicarboxylic acid bis-[(l 

methyl-lH-imida- zol-2-ylmethyl)-amide] (52) 

Table A1.3: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.03° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices 
J? indices (all data) 
Extinction coefficient 
Largest di^. peak and hole 

a =89.878(7)= 
;9= 70.435(4)° 
y = 80.149(7)° 

52 
C28H27N7O2 
493.57 
120(2)K 
0.71073 A 
Triclinic 
P-1 
a = 9.3875(10) A 
6 = 11.7030(10) A 
c = 12.1367(13) A 
1235.7(2) A^ 
2 
1.327 Mg/m^ 
0.088 mm'^ 
520 
Colourless Slab 
0.40 X 0.20 X 0.06 mm^ 
3.18-25.03° 
-11 < A < 11, - 1 3 < A: ^ 13, -14 < 7 < 14 
16236 
4334 = 0.0704] 
99.4% 
Semi-empirical from equivalents 
0.9948 and 0.9658 
Full-matrix least-squares on 
4 3 3 4 / 0 / 3 3 7 
0.980 

= 0.0552, = 0.1290 
7(7 = 0.1106, W 2 = 0.1511 
0.010(3) 
0.218 and -0.254 eA"^ 
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Appendix 1: Crystal data 

Table A1.4: Atomic coordinates [x 10''], equivalent isotropic displacement parameters [A^ x 10 ]̂ and 

site occupancy factors. is defined as one third of the trace of the orthogonalized [/' tensor. 

Atom J' z 

CI -3591(3) 5908(2) 3457(2) 44(1) 
C2 -4296(3) 5900(2) 1627(2) 41(1) 
C3 -3551(3) 5446(2) 519(2) 42(1) 
C4 -2011(3) 4923(2) 1466(2) 31(1) 
C5 -652(3) 4399(2) 1780(2) 34(1) 
C6 274(3) 5481(2) 3041(2) 29(1) 
C7 1051(3) 6447(2) 3170(2) 29(1) 
C8 1425(3) 7400(2) 2529(2) 30(1) 
C9 2139(3) 8038(2) 3129(2) 31(1) 
CIO 2164(3) 7446(2) 4121(2) 29(1) 
C l l 2715(3) 7615(2) 5108(2) 34(1) 
C12 3858(3) 8763(2) 6139(2) 37(1) 
C13 5543(3) 8331(2) 5815(2) 33(1) 
C14 7978(3) 8211(2) 5047(2) 43(1) 
C15 7767(3) 7202(2) 5572(2) 41(1) 
C16 5471(3) 6403(2) 6773(2) 48(1) 
C17 1097(3) 7759(2) 1451(2) 33(1) 
CIS -390(3) 7982(2) 1437(2) 43(1) 
C19 -677(4) 8337(2) 424(3) 55(1) 
C20 524(5) 8480(2) -562(3) 61(1) 
C21 1994(4) 8259(3) -550(3) 58(1) 
C22 2287(4) 7906(2) 446(2) 43(1) 
C23 2722(3) 9115(2) 2701(2) 38(1) 
C24 1720(4) 10112(2) 2705(3) 55(1) 
C25 2259(5) 11099(3) 2193(3) 73(1) 
C26 3806(6) 11043(3) 1658(3) 72(1) 
C27 4821(5) 10067(3) 1661(3) 71(1) 
C28 4292(4) 9106(3) 2181(3) 56(1) 
N1 -3307(3) 5564(2) 2231(2) 36(1) 
N2 -2121(2) 4832(2) 414(2) 36(1) 
N3 165(2) 5285(2) 1992(2) 31(1) 
N4 1502(2) 6493(2) 4123(2) 29(1) 
N5 3255(2) 8588(2) 5197(2) 35(1) 
N6 6601(3) 8918(2) 5197(2) 40(1) 
N7 6199(3) 7278(2) 6062(2) 37(1) 
01 -251(2) 4909(1) 3889(2) 40(1) 
02 2679(2) 6850(2) 5813(2) 46(1) 
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Appendix 1: Crystal data 

5-Methyl-3,4-diphenyl-lH-pyrrole-2-carboxylic acid (1 

methyl-lH-imidazol-2-ylmethyl)-amide (53) 

Table A1.5: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefGcient 
frooo) 
Crystal 
Ciystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.02° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final yg indices > 2o(;^)] 

indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

53 
C23H22N4O 
370.45 
120(2)K 
0.71073 A 
Triclinic 
f - 1 
a = 7.3267(2) A (Z = 82.523(2)' 
6 = 10.4025(3) A 76.069(2)° 
c = 13.6141(4) A y = 82.898(2)° 
993.93(5) A^ 
2 
1.238 Mg/m^ 
0.078 mm-^ 
392 
Colourless block 
0.30 X 0.20 X 0.10 mm^ 
2.94 - 25.02° 
—8 < ft < 8, —12 < ^ < 12, —16 < / < 16 
17926 
3507 = 0.0702] 
99.8% 
Semi-empirical from equivalents 
0.9922 and 0.9769 
Full-matrix least-squares on 
3 5 0 7 / 0 / 2 5 6 
1.053 

= 0.0404, = 0.1053 
= 0.0470, = 0.1099 

0.030(5) 
0.201 and-0.201 eA"^ 
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Appendix 1: Crystal data 

Table A1.6: Atomic coordinates [x 10"*], equivalent isotropic displacement parameters x 10̂ ] and 

site occupancy factors. Ugq is defined as one third of the trace of the orthogonahzed tensor. 

Atom % y z 

CI 7717(2) 300(2) 2053(1) 42(1) 1 
C2 5922(2) 1071(1) 2502(1) 34(1) 1 
C3 4667(2) 1882(1) 2040(1) 34(1) 1 
C4 3196(2) 2402(1) 2828(1) 32(1) 1 
C5 3637(2) 1875(1) 3743(1) 30(1) 1 
C6 2679(2) 1963(1) 4813(1) 29(1) 1 
C7 586(2) 3315(1) 6057(1) 32(1) 1 
C8 -1466(2) 3288(1) 6096(1) 30(1) 1 
C9 -4308(2) 3879(1) 5947(1) 37(1) 1 
CIO -4174(2) 2567(1) 6133(1) 35(1) 1 
C l l -1641(2) 849(1) 6478(2) 51(1) 1 
C12 4758(2) 2073(1) 932(1) 41(1) 1 
C13 6393(3) 2440(2) 238(1) 55(1) 1 
CM 6469(4) 2592(2) -793(2) 78(1) 1 
C15 4921(5) 2413(2) -1148(2) 88(1) 1 
C16 3291(4) 2069(2) -470(2) 78(1) 1 
C17 3215(3) 1879(2) 564(1) 55(1) 1 
CIS 1466(2) 3214(1) 2659(1) 34(1) 1 
C19 1580(2) 4253(1) 1894(1) 42(1) 1 
C20 -40(2) 4917(2) 1654(1) 50(1) 1 
C21 -1805(2) 4585(2) 2185(1) 49(1) 1 
C22 -1944(2) 3590(2) 2966(1) 44(1) 1 
C23 -328(2) 2903(1) 3200(1) 38(1) 1 
01 2753(1) 998(1) 5455(1) 34(1) 1 
N1 5274(2) 1062(1) 3525(1) 32(1) 1 
N2 1758(2) 3112(1) 5052(1) 31(1) 1 
N3 -2608(2) 4332(1) 5923(1) 36(1) 1 
N4 -2364(2) 2189(1) 6233(1) 33(1) 1 

A-7 



Appendix 1: Crystal data 

3,4-Diphenyl-lH-pyrrole-2-carboxylic acid pyridin-2-

ylamide (54) 

Table A1.7; Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
8 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 6 = 25.02° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodnessoffit on 
Final indices > 2(T(f^)] 

indices (all data) 
Extinction coefficient 
Largest difT. peak and hole 

a = 86.8860(10)= 
p = 87.5470(10)° 
Y = 78.889(3)° 

54 
CzsHziNgOi 
459.50 
120(2) K 
0.71073 A 
Triclinic 
P-1 
a = 8.5279(3) A 
b = 9.7128(3) A 
c - 14.0884(7) A 
1142.75(8) A^ 
2 
1.335 Mg/m^ 
0.087 mm-^ 
480 
Colourless shard 
0.25 X 0.03 X 0.02 mm^ 
5.04-25.02° 
10 A -10, 11 ^ -11, 16 / -16 
4259 
1710 = 0.0716] 
42.4% 
Semiempirical from equivalents 
0.9983 and 0.9785 
Ful-matrix least-quares on 
1710 /0 /317 
0.793 

=0.1011, = 0.2618 
7;; = 0.1371, = 0.2816 
0.018(3) 
0.277 and 0.305 e A"^ 
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Table A1.8: Atomic coordinates [x 10'*], equivalent isotropic displacement parameters [A^ x 10 ]̂ and 

site occupancy factors. C/g, is defined as one third of the trace of the orthogonalized U" tensor. 

Atom X J' z [4, 

CI 5642(15) 6726(13) 9481(9) 32(3) 
C2 6538(15) 8038(14) 9416(9) 34(3) 
C3 5828(16) 9100(14) 8964(11) 42(4) 
C4 4278(16) 8719(13) 8580(10) 41(4) 
C5 3463(13) 7367(12) 8709(9) 24(3) 
C6 827(14) 7679(12) 8016(8) 24(3) 
C7 746(13) 6912(12) 7729(8) 23(3) 
C8 1604(14) 5538(12) 7739(9) 24(3) 
C9 3098(14) 5548(12) 7271(8) 25(3) 
CIO 3158(12) 6905(11) 6996(9) 21(3) 
C l l 4358(12) 7688(13) 6521(8) 23(3) 
C13 7180(12) 7271(12) 5900(8) 21(3) 
C14 7150(15) 8533(13) 5404(9) 32(3) 
C15 8546(14) 8785(14) 4978(10) 35(3) 
C16 9905(14) 7778(13) 5011(9) 32(3) 
C17 9811(14) 6560(13) 5518(8) 30(3) 
CIS 1014(12) 4221(12) 8091(9) 21(3) 
C19 1033(14) 3830(13) 9048(10) 29(3) 
C20 609(17) 2571(14) 9370(9) 39(4) 
C21 271(14) 1658(14) 8719(10) 31(3) 
C22 262(15) 2037(13) 7770(10) 32(3) 
C23 674(16) 3296(14) 7446(10) 35(3) 
C24 4320(13) 4252(11) 7096(8) 22(3) 
C25 5089(14) 3495(12) 7878(9) 28(3) 
C26 6176(14) 2268(12) 7758(9) 28(3) 
C27 6480(14) 1744(12) 6835(9) 30(3) 
C28 5744(13) 2487(12) 6063(9) 27(3) 
C29 4681(14) 3722(12) 6199(8) 27(3) 
N1 4150(10) 6347(10) 9152(7) 23(2) 
N2 1888(11) 6873(11) 8364(8) 26(2) 
N3 1778(10) 7742(10) 7295(7) 22(2) 
N4 5846(11) 6874(10) 6372(7) 27(2) 
N5 8492(10) 6254(10) 5963(7) 25(2) 
01 1140(10) 8972(9) 7959(6) 30(2) 
0 2 3979(9) 8907(8) 6272(6) 30(2) 
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lH-pyrrole-2-carboxylic acid (l-methyl-lH-imidazol-2 

ylmethyl)-amide (58) 

Table A1.9: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.02° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices > 2o(f^)] 

indices (all data) 
Extinction coefRcient 
Largest diff. peak and hole 

(58) 
C10H12N4O 
204.24 
120(2) K 
0.71073 A 
Triclinic 
f - 1 
a = 7.9042(4) A a = 71.895(3)' 
6 = 8.1598(5) A ;g= 73.760(3)° 
c = 8.6434(4) A y = 80.527(3)° 
506.88(5) A^ 
2 
1.338 Mg/m^ 
0.092 mm"^ 
216 
Colourless Block 
0.30 X 0.10 X 0.10 mm^ 
3.12-25.02° 
—9 < /z < 9, —9 ̂  k 9, —10 < / < 10 
8638 
1783 0.0827] 
99.5% 
Semi-empirical from equivalents 
0.9909 and 0.9729 
Full-matrix least-squares on 7^ 
1783 /0 / 138 
1.016 
7(7 = 0.0408, = 0.0993 
7(7 = 0.0608, = 0.1097 
0.049(9) 
0.219 and-0.195 eA"^ 
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Table Al.lO: Atomic coordinates [x lO'*], equivalent isotropic displacement parameters [A^ x ICP] 

and site occupancy factors. Ugg is defined as one third of the trace of the orthogonalized tensor. 

Atom X z Ueq 

CI -1538(2) 1005(2) 1356(2) 30(1) 1 
C2 -879(2) 2251(2) -73(2) 31(1) 
C3 551(2) 2857(2) 188(2) 27(1) 
C4 711(2) 1965(2) 1784(2) 23(1) 1 
C5 1859(2) 2142(2) 2776(2) 24(1) 1 
C6 4474(2) 3404(2) 2758(2) 26(1) 1 
C7 4164(2) 5234(2) 2828(2) 22(1) 1 
C8 4265(2) 7984(2) 2177(2) 30(1) 1 
C9 3135(2) 7537(2) 3714(2) 28(1) 1 
CIO 2077(2) 4722(2) 5710(2) 300) 1 
N1 -589(2) 845(2) 2486(2) 260) 1 
N2 3298(2) 2990(2) 1926(2) 26(1) 1 
N3 4910(2) 6546(2) 1622(2) 260) 1 
N4 3066(2) 5781(2) 4124(2) 23(1) 1 
01 1484(2) 1562(2) 4331(1) 320) 1 
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Appendix 1: Crystal data 

lH-pyrrole-2-carboxylic acid (l-methyl-lH-imidazol-2-

ylmethyl)-amide (59) 

Table A l . l l : Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefBcient 

Crystal 
Ciystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.03° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices > 2o(7^)] 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

71.287(17)' 
/9= 78.524(16)° 
% = 69.712(17)° 

59 
C]iHMN40 
218.26 
120(2) K 
0.71073 A 
Triclinic 
P-l 
0 = 7.7936(15) A 
6 - 8.653(2) A 
c-9.1498(18) A 
545.5(2) A^ 
2 
1.329 Mg/m^ 
0.090 mm"^ 
232 
Colourless Cut Block 
0.20 X 0.15 X 0.10 mm^ 
3.33 -25.03° 
- 9 ^ A < 9 , - 1 0 < A : < 1 0 , - 1 0 < / < 10 
8563 
1918 = 0.0325] 
99.6% 
Semi-empirical firom equivalents 
0.9910 and 0.9822 
Full-matrix least-squares on 
1918/0/156 
1.050 
Jgy = 0.0387, = 0.1087 
jg; =0.0470, wJ^2 = 0.1155 
0.042(11) 
0.251 and-0.275 eA-^ 
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Table A1.12: Atomic coordinates [x lO"*], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. U,, is defined as one third of the trace of the orthogonalized f/' tensor. 

Atom X y z 

N1 -402(2) 2553(2) 937(2) 23(1) 1 
N2 3301(2) 2025(2) 3089(2) 25(1) 1 
N3 2889(2) 4308(2) 5512(2) 25(1) 1 
N4 4834(2) 1706(2) 6247(2) 27(1) 1 
0 1 1666(2) 4426(1) 1440(1) 33(1) 1 
CI -2808(2) 1826(2) 116(2) 31(1) 1 
C2 -1379(2) 1463(2) 1147(2) 24(1) 1 
C3 -801(2) 110(2) 2413(2) 27(1) 1 
C4 579(2) 389(2) 2973(2) 25(1) 1 
C5 817(2) 1913(2) 2041(2) 22(1) 1 
C6 1961(2) 2884(2) 2144(2) 23(1) 1 
C7 4473(2) 2826(2) 3428(2) 26(1) 1 
C8 4092(2) 2942(2) 5057(2) 23(1) 1 
C9 4075(2) 2320(2) 7515(2) 30(1) 1 
CIO 2887(2) 3911(2) 7088(2) 30(1) 1 
C l l 1861(2) 5927(2) 4517(2) 33(1) 1 
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Appendix 1: Crystal data 

3,4-Diphenyl-lH-pyrrole-2,5-dicarboxyIic acid bis-[(l 

methyl-lH-imida- zol-2-ylmethyl)-amide] (52 

hydrogenchloride complex) 

Table A1.13; Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefScient 

Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 23.26° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final ^ indices 
R indices (all data) 
Extinction coefficient 
Largest difF. peak and hole 

« = 101.54(6)° 
106.48(4)° 
100.72(4)° 

S Z H ^ C r H z O 
C28H36C1N706 
602.09 
120(2) K 
0.71073 A 
Triclinic 
P-\ 
a = 10.070(8) A 
6 = 11.263(5) A 
c = 14.195(12) A 
1461.3(18) A^ 
2 
1.368 Mg/m^ 
0.185 mm"^ 
636 
Colourless cut slab 
0.16 X 0.13 X 0.04 mm^ 
3.02 - 23.26° 
-11 <A< 11 , -12^A:^ 12,-15 < / < 15 
15227 
4185 = 0.1532] 
99.5% 
Semi-empirical from equivalents 
0.9926 and 0.9709 
Full-matrix least-squares on 
4185 /12 /407 
1.047 
7;; = 0.0919, = 0.2299 

= 0.1869, = 0.2856 
0.005(4) 
1.057 and-0.442 eA-^ 
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Appendix 1: Crystal data 

Table A1.14: Atomic coordinates [x lO'*], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized tensor. 

Atom % y z 

OIW 685(4) 3619(4) -4721(4) 58(2) 
02W -534(5) 1394(5) -2842(6) 100(3) 
03W 6726(3) 4125(4) 3604(5) 60(2) 
04W 498(4) 1662(3) 5533(5) 70(2) 
Cll 4200(2) 5296(2) 2941(2) 47(1) 
N1 1932(8) 5627(6) -1663(5) 45(2) 
N2 290(8) 3889(7) -2382(6) 61(2) 
N3 2663(7) 2764(6) -1264(5) 41(2) 
N4 3057(6) 2538(5) 1300(4) 31(2) 
N5 3327(7) 2722(5) 3382(4) 38(2) 
N6 6083(7) 2680(6) 4792(5) 45(2) 
N7 4952(8) 1689(6) 5581(5) 47(2) 
01 3455(6) 4251(5) 205(4) 45(1) 
02 2791(6) 635(4) 3031(4) 39(1) 
CI 3313(10) 6515(8) -1100(7) 65(3) 
C2 638(9) 5914(8) -1974(6) 46(2) 
C3 -370(10) 4840(9) -2424(7) 62(3) 
C4 1717(9) 4387(7) -1953(6) 44(2) 
C5 2832(10) 3665(7) -1845(6) 47(2) 
C6 3007(8) 3139(7) -263(6) 32(2) 
C7 2853(7) 2158(6) 288(5) 30(2) 
C8 2525(7) 861(6) -12(5) 31(2) 
C9 2547(7) 465(6) 886(5) 29(2) 
CIO 2855(7) 1514(6) 1670(5) 28(2) 
Cll 2986(7) 1586(7) 2741(6) 33(2) 
C12 3557(8) 2829(7) 4461(6) 42(2) 
C13 4850(9) 2409(7) 4941(6) 38(2) 
C14 7038(9) 2167(7) 5382(6) 47(2) 
C15 6321(10) 1541(8) 5862(7) 53(2) 
C16 3858(11) 1214(8) 5988(7) 65(3) 
C17 2272(8) 47(6) -1034(5) 31(2) 
CIS 925(9) -422(8) -1738(6) 47(2) 
C19 706(9) -1187(8) -2683(6) 50(2) 
C20 1836(9) -1487(8) -2939(6) 47(2) 
C21 3178(9) -1030(8) -2248(6) 46(2) 
C22 3386(8) -274(7) -1310(6) 38(2) 
C23 2229(8) -884(6) 889(6) 34(2) 
C24 890(8) -1689(6) 315(6) 39(2) 
C25 596(9) -2942(7) 298(7) 49(2) 
C26 1653(11) -3403(8) 836(7) 55(3) 
C27 2984(11) -2645(8) 1383(7) 55(2) 
C28 3281(9) -1363(7) 1433(6) 40(2) 
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Appendix 1: Crystal data 

5-Methyl-3,4-diphenyl-lH-pyrrole-2-carboxylic acid (1-

methyl-lH-imidazol-2-ylmethyl)-amide (53 

hydrogenchloride complex) 

Table A1.15: Crystal data and structure refinement. 

Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
6* range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 0= 23.26° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 7^ 
F ina l ind ices > 2o(f^)] 
Jg indices (all data) 
Extinction coefBcient 
Largest diff. peak and hole 

53 H cr 
C23H25CIN4O2 
C23H23N4O+ cr 
424.92 
120(2) K 
0.71069 A 
Monoclinic 
C2/c 
a = 35.854(5) A 
6 = 6.249(5) A 
c = 22.020(5) A 
4246(4) A^ 

H2O 

120.620(9)' 

1.330 Mg/m^ 
0.208 mm"' 
1792 
Colourless Plate 
0.10 X 0.06 X 0.02 mm^ 
3.39-23.26° 
-39 < A < 39, - 6 < ^ < 6, -24 < Z< 24 
12382 
3025 [jgm, = 0.0689] 
99.3% 
None 
0.9959 and 0.9795 
Full-matrix least-squares on 
3025/ 18/287 
1.061 
jgy = 0.0685, = 0.1693 . 
j ; ; = 0.0955, = 0.1872 
0.008(7) 
0.606 and -0.482 e :-3 
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Appendix 1: Crystal data 

Table A1.16: Atomic coordinates [x 10'*], equivalent isotropic displacement parameters [A^ x 10̂ ] 

and site occupancy factors. is defined as one third of the trace of the orthogonahzed If-' tensor. 

Atom X J z s-.o.y: 

N1 -712(6) 3600(30) 227(10) 43(5) 1 
N2 -768(6) 7320(30) -535(10) 44(5) 1 
N3 -690(6) 7440(30) -1793(10) 44(5) 1 
N4 -1088(6) 10260(30) -2168(10) 41(5) 1 
01 -1447(5) 6460(30) -1369(8) 49(5) 1 
CI -415(7) 1070(40) 1237(12) 50(6) 1 
C2 -780(7) 1920(40) 556(12) 43(6) 1 
C3 -1214(7) 1370(40) 160(12) 42(6) 1 
C4 -1415(7) 2800(40) -427(12) 43(6) 1 
C5 -1093(7) 4170(40) -372(12) 42(6) 1 
C6 -1122(8) 6030(40) -805(12) 43(6) 1 
C7 -798(8) 9350(40) -890(12) 46(6) 1 
C8 -860(7) 9010(40) -1606(11) 40(6) 1 
C9 -806(8) 7670(40) -2486(12) 48(6) 1 
CIO -1058(8) 9430(40) -2726(13) 48(6) 1 
C l l -1326(8) 12210(40) -2187(13) 48(6) 
C12 -1427(7) -270(40) 368(11) 43(6) 1 
C13 -1234(8) -2260(40) 633(11) 45(6) 1 
C14 -1429(8) -3770(40) 849(12) 50(7) 1 
C15 -1821(8) -3310(40) 801(13) 52(7) 1 
C16 -2017(8) -1340(50) 536(13) 53(7) 1 
C17 -1825(7) 150(40) 326(12) 44(6) 1 
CIS -1883(7) 2780(40) -985(12) 43(6) 1 
C19 -2073(7) 940(40) -1385(12) 47(6) 1 
C20 -2511(8) 880(50) -1895(13) 52(7) 1 
C21 -2766(8) 2670(50) -2008(13) 54(7) 1 
C22 -2579(8) 4510(50) -1612(12) 51(7) 1 
C23 -2146(8) 4560(40) -1108(12) 47(6) 1 
Cll -155(2) 6514(10) 4060(3) 51(2) 1 
02 -108(18) 5440(70) 2130(30) 129(14) 0.67 
03 0 6970(110) 2500 129(14) 0.67 
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Appendix 1: Crystal data 

5-Methyl-3,4-diphenyl-lH-pyrrole-2-carboxylic acid 

pyridin-2-ylamide (55 hydrogenchloride complex) 

Table A1.17: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
frooo; 
Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.02° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
F ina l ind ices > 2o(f^)] 

indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

;g= 100.422(3)= 

55Brcr 
C23H20CIN3O 
389.87 
120(2) K 
0.71073 A 
Monoclinic 

0 = 5.6831(4) A 
6 = 11.8280(9) A 
c = 14.4722(13) A 
956.77(13) A^ 
2 
1.353 Mg/m^ 
0.219 mm"^ 
408 
Colourless Lath 
0.30 X 0.07 X 0.04 mm^ 
3.44-25.02° 
- 6 < A < 6 , - 1 2 < A : < 1 4 , - 1 7 ^ / < 17 
3036 
3027 = 0.0356] 
99.4% 
Semi-empirical from equivalents 
0.9913 and 0.9373 
Full-matrix least-squares on 
3027 /2 /256 
0.977 
jgy = 0.0677,^7(2 = 0.1665 
jg; = 0.0940, w7g2 = 0.1850 
0.024(8) 
0.420 and -0.365 e A"^ 
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Appendix 1: Crystal data 

Table A1.18: Atomic coordinates [x 10'*], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized C/' tensor. 

Atom X 7 z 

CI 2698(11) 8429(6) 9318(4) 33(1) 
C2 4156(9) 8075(5) 10229(4) 26(1) 
C3 4132(10) 8395(5) 11162(4) 26(1) 
C4 5943(9) 7758(5) 11746(4) 26(1) 
C5 7042(10) 7088(5) 11158(4) 28(1) 
C6 9096(10) 6335(5) 11404(4) 24(1) 
C7 12018(10) 5230(5) 10703(4) 28(1) 
C8 12921(11) 4926(5) 9903(5) 35(1) 
C9 14937(11) 4256(5) 9998(5) 36(2) 
CIO 16070(12) 3891(6) 10868(5) 38(2) 
C l l 15139(11) 4166(6) 11636(5) 38(2) 
C12 2654(9) 9322(5) 11445(3) 22(1) 
C13 270(9) 9465(5) 10994(4) 29(1) 
CM -1097(10) 10359(6) 11232(4) 33(1) 
C15 -94(10) 11129(5) 11926(4) 31(1) 
C16 2240(10) 10983(5) 12379(4) 31(1) 
C17 3603(10) 10088(5) 12143(4) 29(1) 
C18 6604(9) 7869(5) 12776(4) 24(1) 
C19 4995(9) 7570(5) 13366(4) 25(1) 
C20 5517(10) 7791(5) 14313(4) 29(1) 
C21 7656(10) 8308(5) 14715(4) 32(1) 
C22 9280(11) 8583(5) 14146(4) 29(1) 
C23 8762(10) 8375(5) 13188(4) 27(1) 
N1 5931(8) 7300(4) 10243(3) 26(1) 
N2 10045(8) 5911(4) 10649(3) 30(1) 
N3 13143(8) 4825(4) 11548(3) 31(1) 
01 9987(7) 6087(3) 12213(3) 33(1) 
Cll 7587(2) 6172(1) 8526(1) 38(1) 
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Appendix 1: Crystal data 

1 H-pyrrole-2-carboxylic acid (l-methyl-lH-imidazol-2 

ylmethyl)-amide (58 hydrogenchloride complex) 

Table A1.19: Crystal data and structure refinement. 

Identification code 5 8 H ^ C r 
Empirical formula C10H16CIN4O2.50 

C10H13N4O - CI - I.5H2O 
Formula weight 267.72 
Temperature 293(2)K 
Wavelength 0.71069 A 
Crystal system Monoclinic 
Space group f2i/M 
Unit cell dimensions a = 9.582(5) A 

6 = 16.519(5) A 90.627(5)° 
c = 16.239(5) A 

Volume 2570.2(17) A^ 
Z 8 (2 Molecules) 
Density (calculated) 1.384 Mg/m^ 
Absorption coefficient 0.300 mm' ' 

1128 
Crystal Colourless Cut Block 
Crystal size 0.22 X 0.1 X 0.08 mm^ 
Grange for data collection 3.26 - 25.02° 
Index ranges -11 <A< 11, -18 < ^ < 1 9 , - 1 9 < / < 19 
Reflections collected 25801 
Independent reflections 4541 = 0.0657] 
Completeness to 6= 25.02° 99.8% 
Absorption correction Semi-empirical from equivalents 
Refinement method Full-matrix least-squares on 
Data / restraints / parameters 4541 / 15 / 367 
Goodness-of-fit on 7^ 1.027 
Final ^ indices > 2o (^ ) ] ^7 = 0.0441, = 0.1034 
i? indices (all data) = 0.0753, = 0.1170 
Extinction coefficient 0.0021(6) 
Largest diff. peak and hole 0.295 and -0.309 e A"^ 
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Appendix 1: Crystal data 

Table A1.20: Atomic coordinates [x 10'*], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized tensor. 

Atom % z ^4, 

N1 -497(2) 5423(1) 3200(1) 23(1) 1 
N2 1087(2) 3951(1) 4585(1) 25(1) 1 
N3 3765(2) 3440(1) 4046(1) 28(1) 1 
N4 4798(2) 3843(1) 5146(1) 28(1) 1 
01 1821(2) 5203(1) 4245(1) 30(1) 1 
CI -1677(3) 5353(2) 2743(2) 26(1) 1 
C2 -2176(3) 4582(2) 2836(2) 28(1) 1 
C3 -1267(3) 4179(2) 3379(2) 26(1) 1 
C4 -233(2) 4714(2) 3604(2) 21(1) 1 
C5 965(2) 4652(2) 4163(2) 22(1) 1 
C6 2177(2) 3863(2) 5192(2) 28(1) 1 
C7 3552(3) 3716(2) 4797(2) 24(1) 1 
C8 5168(3) 3391(2) 3904(2) 37(1) 1 
C9 5819(3) 3640(2) 4593(2) 38(1) 1 
N5 -401(2) -394(1) 6836(1) 23(1) 1 
N6 1058(2) 1017(1) 5360(1) 23(1) 1 
N7 3738(2) 1586(1) 5869(1) 26(1) 1 
N8 4738(2) 1148(1) 4780(1) 29(1) 1 
0 2 1860(2) -201(1) 5778(1) 29(1) 1 
CIO 5059(3) 4124(2) 5985(2) 40(1) 1 
C l l -1575(3) -314(2) 7283(2) 26(1) 1 
C12 -2126(3) 434(2) 7139(2) 26(1) 1 
C13 -1260(3) 821(2) 6571(2) 23(1) 1 
C14 -194(2) 298(2) 6386(2) 21(1) 1 
C15 979(2) 343(2) 5826(2) 22(1) 1 
C16 2125(2) 1085(2) 4748(2) 27(1) 1 
C17 3503(3) 1269(2) 5127(2) 23(1) 1 
CIS 5151(3) 1665(2) 5997(2) 34(1) 1 
C19 5777(3) 1394(2) 5320(2) 37(1) 1 
C20 4958(3) 822(2) 3951(2) 40(1) 1 
03 596(2) 7019(1) 3219(1) 32(1) 1 
04 1178(2) -1941(1) 6899(1) 31(1) 1 
0 5 2004(2) 2284(1) 7013(1) 39(1) 1 
Cll -1034(1) 2484(1) 4952(1) 27(1) 1 
C12 1855(1) 2506(1) 2829(1) 30(1) 1 
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Appendix 1: Crystal data 

3,4-DiphenyI-lH-pyrrole-2,5-dicarboxylic acid bis-[(l 

methyl-lH-imida- zol-2-ylmethyl)-amide] (52 

dihydrogensulfate complex) 

Table A1.21: Crystal data and structure refinement. 

Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
Froop) 
Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 24.37° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 7^ 
Final ^ indices 

indices (all data) 
Extinction coefGcient 
Largest diff. peak and hole 

CH3OH 

a-95.957(2)° 
95.068(2)° 

y = 94.872(2)° 

52211" S04^ ' 
C29H34N7O7J0S 
CzgHzgNyOz'̂  -
s o / - - O.5H2O 
632.69 
293(2)K 
0.69330 A 
Triclinic 
P-l 
a = 6.2644(14) A 
6 = 15.034(3) A 

16.478(4) A 
1530.6(6) A^ 
2 
1.373 Mg/m^ 
0.166 mm'^ 
666 
Colourless Needle 
0.20 X 0.01 X 0.01 mm^ 
2.91 -24.37° 
- 7 < A < 7, - 1 7 < A: < 17, -19 < / < 19 
11050 
5328 = 0.0296] 
98.2% 
None 
0.9983 and 0.9676 
Full-matrix least-squares on 7^ 
5328 /83 /429 
0.897 
j ; ; = 0.0662, wj;2 = 0.1910 
7(7 = 0.0831, w^2 = 0.2065 
0.1(4) 
1.264 and-0.325 eA-^ 
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Appendix 1: Crystal data 

Table A1.22: Atomic coordinates [x 10''], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized tensor. 

Atom % 7 z 

C5 -1400(200) -1040(100) 3140(80) 30(30) 1 
C4 -700(200) -1120(90) 4010(80) 30(30) 1 
N2 1230(190) -770(80) 4390(70) 30(30) 1 
C3 1400(300) -970(100) 5190(90) 40(40) 1 
C2 -500(300) -1450(110) 5290(90) 40(40) 1 
N1 -1730(190) -1530(80) 4550(70) 30(30) 1 
CI -3900(300) -2030(130) 4380(110) 50(40) 1 
C6 1400(200) -1800(90) 2580(90) 30(30) 1 
C7 3200(200) -1820(90) 2060(90) 30(30) 1 
C8 4300(200) -2530(90) 1770(90) 30(30) 1 
C9 5800(200) -2210(90) 1220(80) 30(30) 1 
CIO 5500(200) -1300(90) 1210(80) 30(30) 1 
C l l 6700(200) -600(90) 790(90) 30(30) 1 
C12A 8200(800) 1000(300) 900(300) 40(20) 0.65 
CI3A 8600(400) 1740(140) 1540(140) 40(20) 0.65 
N6A 10300(300) 1910(120) 2090(120) 30(30) 0.65 
C14A 10100(400) 2670(160) 2620(160) 40(20) 0.65 
C15A 8200(400) 2960(140) 2370(140) 40(20) 0.65 
N7A 7300(300) 2380(120) 1710(130) 30(30) 0.65 
C16A 5100(400) 2430(170) 1310(160) 40(20) 0.65 
C12B 8300(1500) 900(500) 900(600) 40(20) 0.35 
C13B 7300(600) 1700(200) 1300(200) 40(20) 0.35 
N6B 5400(500) 2000(200) 1000(200) 30(30) 0.35 
C14B 5000(600) 2800(300) 1400(300) 40(20) 0.35 
C15B 6600(600) 3000(200) 1900(200) 40(20) 0.35 
N7B 8100(500) 2400(200) 1800(200) 30(30) 0.35 
C16B 10100(600) 2400(300) 2400(300) 40(20) 0.35 
C17 4100(200) -3460(90) 2020(90) 30(30) 1 
C18 2200(200) -4000(100) 1910(90) 30(30) 1 
C19 2100(300) -4840(100) 2180(100) 40(40) 1 
C20 3900(300) -5160(110) 2560(110) 40(40) 1 
C21 5800(300) -4630(110) 2670(110) 40(40) 1 
C22 5900(300) -3780(100) 2400(100) 30(40) 1 
C23 7200(200) -2750(90) 730(90) 30(30) 1 
C24 6400(300) -3620(100) 370(90) 30(30) 1 
C25 7700(300) -4120(100) -110(100) 40(40) 1 
C26 9700(300) -3770(100) -250(100) 40(40) 1 
C27 10500(200) -2910(100) 110(90) 30(30) 1 
C28 9200(200) -2400(100) 580(90) 30(30) 1 
N3 380(190) -1050(80) 2630(70) 30(30) 1 
N4 4010(190) -1070(80) 1720(70) 30(30) 1 
N5 7200(200) 190(80) 1250(80) 30(30) 1 
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Appendix 1: Crystal data 

o i 870(170) -2460(70) 2930(70) 30(30) 1 
0 2 7080(170) -730(70) 70(60) 30(20) 1 
SI 4430(60) 880(20) 3090(20) 31(13) 1 
0 3 2840(170) 580(70) 2360(60) 30(30) 1 
0 4 4160(180) 250(80) 3710(70) 40(30) 1 
0 5 4030(190) 1780(80) 3410(70) 40(30) 1 
0 6 6610(170) 870(70) 2830(60) 30(30) 1 
0 8 1100(600) -3650(180) 4240(170) 70(80) 0.50 
C30 1900(900) -4200(300) 4900(300) 70(130) 0.50 
0 7 10500(900) 4500(300) 3900(300) 130(160) 0.50 
C29 12000(1100) 4000(400) 4400(400) 100(190) 0.50 
0 9 5900(900) 3400(200) 4100(300) 110(140) 0.50 
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Appendix 1: Crystal data 

3,4-Dichloro-lH-pyrrole-2,5-dicarboxylic acid bis 

phenylamide (98 deprotanated complex) 

Table A1.23: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to ^=25.03° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices > 2o(f^)] 

indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

2[98-H^]EtOH 
C70Hi0]Cl4N8O5 
1276.39 
150(2) K 
0.71073 A 
Orthorhombic 

a = 20.800(5) A 
6 = 21.367(5) A 
c = 31.437(5) A 
13972(5) A^ 
8 
1.214 Mg/m^ 
0.223 mm"' 
5480 
Colourless Block 
0.40 X 0.30 X 0.20 mm^ 
2.92 - 25.03° 
-24 ^ A < 19, - 23 < < 25, -37 < Z < 37 
78085 
12300 = 0.1152] 
99.7% 
Semi-empirical from equivalents 
0.9567 and 0.9160 
Full-matrix least-squares on 
12300 / 242 / 776 
1.089 
^7 = 0.1000, = 0.2798 

= 0.1830, = 0.3377 
0.0008(3) 
1.462 and -0.733 e A"^ 
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Appendix 1: Crystal data 

Table A1.24: Atomic coordinates [x lO"*], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized 6® tensor. 

Atom X J 2 

CllA 2336(1) 280(1) 5916(1) 55(1) 1 

C12A 2610(1) 180(1) 6960(1) 51(1) 1 

NIA 3911(2) 1785(2) 5535(1) 44(1) 1 

N2A 3704(2) 1382(2) 6348(1) 35(1) 1 

N3A 4196(2) 1761(2) 7110(1) 38(1) 1 

OlA 3158(3) 1096(2) 5287(1) 66(1) 1 

02A 3633(2) 990(2) 7452(1) 46(1) 1 

CIA 3810(3) 1978(3) 4764(2) 47(2) 1 

C2A 4051(4) 2292(3) 4411(2) 60(2) 1 

C3A 4560(4) 2688(3) 4437(2) 65(2) 1 

C4A 4848(4) 2779(3) 4826(2) 65(2) 1 

C5A 4632(4) 2477(3) 5185(2) 55(2) 1 

C6A 4110(3) 2076(3) 5158(2) 43(2) 1 

C7A 3454(3) 1326(3) 5587(2) 45(2) 1 

C8A 3361(3) 1130(3) 6020(2) 40(1) 1 

C9A 2919(3) 694(3) 6185(2) 42(1) 1 

ClOA 3020(3) 662(2) 6618(2) 37(1) 1 

C l l A 3503(3) 1094(2) 6709(2) 34(1) 1 

C12A 3771(3) 1266(2) 7125(2) 35(1) 1 

C13A 4461(3) 2059(2) 7467(2) 37(1) 1 

C14A 5035(3) 2373(3) 7422(2) 44(2) 1 

C15A 5320(4) 2677(3) 7766(2) 57(2) 1 

C16A 5006(4) 2676(3) 8156(2) 65(2) 1 

C17A 4428(4) 2381(3) 8198(2) 55(2) 1 

C18A 4150(3) 2072(3) 7861(2) 47(2) 1 

NIB 3672(2) 2891(2) 6389(1) 41(1) 1 

N2B 4842(2) 2337(2) 6292(1) 37(1) 1 

N3B 5197(2) 1110(2) 6230(1) 37(1) 1 

OIB 4144(2) 3855(2) 6443(1) 52(1) 1 

02B 6231(2) 1397(2) 6072(1) 46(1) 1 

CUB 5632(1) 4004(1) 6217(1) 77(1) 1 

C12B 6653(1) 2806(1) 6130(1) 65(1) 1 

CIB 2762(3) 3635(3) 6378(2) 42(2) 1 

C2B 2118(3) 3729(3) 6409(2) 48(2) 1 

C3B 1702(3) 3242(3) 6482(2) 62(2) 1 

C4B 1937(4) 2652(3) 6541(3) 73(2) 1 

C5B 2597(3) 2548(3) 6515(2) 61(2) 1 

C6B 3015(3) 3037(3) 6432(2) 40(1) 1 

C7B 4188(3) 3287(3) 6388(2) 41(1) 1 

C8B 4805(3) 2970(3) 6313(2) 37(1) 1 

C9B 5413(3) 3233(3) 6250(2) 46(2) 1 

ClOB 5834(3) 2728(3) 6198(2) 42(2) 1 

C U B 5469(3) 2189(2) 6225(2) 36(1) 1 

C12B 5676(3) 1540(3) 6169(2) 36(1) 1 
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Appendix 1: Crystal data 

C13B 5231(3) 451(3) 6184(2) 360) 
C14B 4697(3) 102(3) 6299(2) 44(2) 
C15B 4696(3) -537(3) 6257(2) 47C!) 
C16B 5217(4) -841(3) 6093(2) 53C% 
C17B 5747(4) -514(3) 5978(2) 55(2) 
C18B 5766(3) 138(3) 6022(2) 50(2) 
N3 2402(2) 3659(2) 4928(1) 6900 
C19 2636(3) 3465(3) 4513(1) 80(2) 
C20 2797(4) 4002(3) 4204(2) 88^0 
C21 3005(5) 3756(4) 3765(2) 106(3) 
C22 3126(5) 4309(4) 3462(2) 119(4) 
C23 1795(2) 3989(3) 4887(1) 71C!) 
C24 1433(2) 4201(3) 5288(1) 62(2) 
C25 794(2) 4517(2) 5167(2) 56(2) 
C26 292(3) 4050(3) 4997(2) 58C0 
C27 2852(2) 4071(3) 5144(2) 72(2) 
C28 3561(2) 3869P) 5166(3) 85(3) 
C29 3983(3) 4385(4) 5364(3) 88C% 
C30 4706(3) 4238(7) 5331(5) 157(5) 
C31 2326(3) 3088(2) 5174(2) 90P) 
C32 1813(4) 2601(4) 5051(3) 116(3) 
C33 1797(6) 2053(4) 5370(4) 164(5) 
C34 1411(12) 1495(6) 5195(6) 302(14) 
N4 5573(2) 127(2) 7614(1) 47(1) 
C35 5756(2) 653(2) 7348(2) 54(2) 
C36 6384(3) 988(3) 7469(2) 62C!) 
C37 6567(3) 1490(3) 7138(2) 59C% 
C38 7171(3) 1845(3) 7285(2) 79(2) 
C39 6031(2) -383(2) 7573(1) 49(2) 
C40 6134(4) -690(3) 7135(1) 68(2) 
C41 6638(4) -1215(3) 7167(2) 81(2) 
C42 6881(6) -1435(5) 6729(3) 137^0 
C43 5539(3) 292(2) 8062(1) 59(2) 
C44 5057(4) 804(3) 8195(2) 79(2) 
C45 4963(5) 8r%;5) 8681(2) 150(5) 
C46 5579(6) 1010(7) 8918(4) 161(5) 
C47 4939(2) -63(3) 7467(2) 62(2) 
C48 4566(3) -579(3) 7704(2) 68(2) 
C49 3949(3) -762(3) 7465(2) 79(2) 
C50 3527(3) -1206(3) 7730(3) 107^0 
0 3 2271(3) 5405(3) 4623(2) 104(2) 
C51 2688(6) 5783(6) 4402(4) ll&MO 
C52 2463(14) 5754(15) 3937(9) 290(13) 
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Appendix 1: Crystal data 

3,4-Dichloro-lH-pyrrole-2,5-dicarboxylic acid diethyl ester 

(109) 

Table A1.25: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
6* range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.01° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

101.462(5)° 

109 
C10H11CI2NO4 
280.10 
120(2) K 
0.71073 A 
Monoclinic 
f 2 i / c 
a = 13.0510(19) A 
6 = 4.5968(7) A 
c = 20.618(4) A 
1212.3(3) A^ 
4 
1.535 M g / m ^ 
0.537 mm-^ 
576 
Colourless Rod 
0.15 X 0.05 X 0.03 mm^ 
4 .03-25.01° 
-15 < A < 15, - 5 < < 5, - 2 4 < / < 24 
5032 
1965 0.0836] 
91.5% 
0.9841 and 0.9238 
Full-matrix least-squares on 
1 9 6 5 / 0 / 157 
0.942 
7(7 = 0.0497, = 0.0910 
^7 = 0.1157, = 0.1121 
0.0015(11) 
0.372 and-0 .454 eA"^ 
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Appendix 1: Crystal data 

Table A1.26: Atomic coordinates [x lO"], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized tensor. 

Atom X 7 z 

N1 1691(3) 13676(7) 3189(2) 22(1) 1 
01 -342(2) 11564(6) 2866(1) 25(1) 1 
0 2 0(2) 8535(6) 3747(1) 27(1) 1 
0 3 2832(2) 17835(6) 2637(1) 28(1) 1 
0 4 4259(2) 16708(6) 3418(1) 26(1) 1 
Cll 2095(1) 8615(2) 4726(1) 29(1) 1 
C12 4164(1) 12589(2) 4563(1) 29(1) 1 
CI -1221(4) 5529(9) 4150(2) 35(1) 1 
C2 -1068(3) 7416(9) 3574(2) 27(1) 1 
C3 243(4) 10593(9) 3352(2) 24(1) 1 
C4 1310(3) 11639(8) 3560(2) 19(1) 1 
C5 2129(3) 10961(8) 4087(2) 22(1) 1 
C6 2992(3) 12617(8) 4021(2) 21(1) 1 
C7 2705(3) 14323(8) 3452(2) 20(1) 1 
C8 3245(4) 16469(9) 3122(2) 23(1) 1 
C9 4859(3) 18935(9) 3155(2) 28(1) 1 
CIO 5987(3) 18543(10) 3493(2) 39(1) 1 
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Appendix 1: Crystal data 

3,4-Dichlor 0-5-phenylcarb amoyl-1 H-py rrole-2-carb oxylic 

acid ethyl ester (110) 

Table A1.27: Crystal data and structure refinement. 

IdeatiGcation code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefQcient 

Ciystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 23.25° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final 7; indices > 2o(f^)] 
R indices (all data) 

Largest diff. peak and hole 

110 
C14H12CI2N2O3 
327.16 
120(2) K 
0.71073 A 
Monoclinic 
f2l/M 
a = 9.7259(8) A 
6 = 4.9086(5) A /?= 8.838(3)' 
c = 29.937(3) A 
1412.2(2) A^ 
4 
1.539 Mg/m^ 
0.471 mm'^ 
672 
Colourless Needle 
0.10 X 0.02 X 0.02 mm^ 
3.18-23.25° 
- 1 0 < A < 10 , -4<A:<5 , - 3 3 < Z < 3 2 
3326 
1968 [Jg,>„=0.1093] 
96.8% 
0.9907 and 0.9545 
Full-matrix least-squares on 
1968 /0 / 192 
1.156 
Jgy = 0.1045,^7(2 = 0.2932 
jgy = 0.1810,^7(2 = 0.3247 
0.919 and-0.513 eA"^ 
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Appendix 1: Crystal data 

Table A1.28: Atomic coordinates [x 10''], equivalent isotropic displacement parameters [A^ x 10 ]̂ 
and site occupancy factors. Û q is defined as one third of the trace of the orthogonalized f / tensor. 

Atom % y z [4, 

CI 5906(14) 7050(30) 2377(5) 30(4) 1 
C2 5516(17) 6890(30) 2799(5) 38(4) 1 
C3 4526(15) 8700(30) 2910(5) 37(4) 
C4 3967(15) 10680(30) 2613(4) 37(4) 1 
C5 4367(15) 10790(30) 2180(5) 35(4) 1 
C6 5333(14) 8970(30) 2061(4) 25(3) 1 
C7 5721(14) 10940(30) 1332(4) 23(3) 1 
C8 6382(14) 10270(30) 930(4) 27(4) 1 
C9 7448(13) 8410(30) 861(4) 22(3) 1 
CIO 7697(14) 8810(20) 424(4) 25(3) 1 
C l l 6862(13) 10900(20) 226(4) 21(3) 1 
C12 6713(14) 12210(30) -207(4) 27(3) 1 
C13 7629(16) 12510(30) -909(4) 37(4) 1 
C14 8287(15) 10500(30) -1189(4) 35(4) 1 
N1 5743(12) 8900(20) 1625(4) 34(3) 1 
N2 6067(11) 11710(20) 538(3) 26(3) 1 
01 5227(10) 13229(19) 1368(3) 31(2) 1 
02 5948(10) 14099(19) -327(3) 36(3) 1 
03 7541(10) 11111(18) -476(3) 32(2) 1 
Cll 8298(4) 6187(7) 1244(1) 30(1) 1 
C12 8955(4) 7035(7) 195(1) 31(1) 1 
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Appendix 1: Crystal data 

l,4-Phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-lH-

pyrrole-2-car boxylic acid amide) (102 chloride complex) 

Table Al,29: Crystal data and structure refinement. 

IdeatiGcation code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size" 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.03° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-flt on 
Final 7; indices [7^ > 2o(f^)] 
7? indices (all data) 
Extinction coefBcient 
Largest diff. peak and hole 

[1022Cn^"2TBA 
C33H49CI3N5O2 
654.12 
120(2) K 
0.71073 A 
Monoclinic 
f2 i /c 
a = 8.5720(2) A 
6 = 21.1088(5) A ^=93.5560(10)° 
c = 19.3520(6) A 
3494.90(16) A^ 
4 
1.243 Mg/m^ 
0.298 mm"^ 
1396 
Colourless Needle 
0.15 X 0.07 X 0.05 mm^ 
3.07-25.03° 
- 1 0 < A < 1 0 , -25<A:<24, -23 <Z<23 
11999 
6161 = 0.0392] 
99.8% 
Semi-empirical ^om equivalents 
0.9852 and 0.9566 
Full-matrix least-squares on 
6161 /18 /394 
0.996 

= 0.0647, ^ ^ 2 = 0.1661 
Jgy = 0.091 l ,wj (2 = 0.1809 
0.0027(7) 
1.733 and-0.894 eA"^ 
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Appendix 1: Crystal data 

Table A1.30: Atomic coordinates [x lO"], equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized If ' tensor. 

Atom % JK z [4, 

Cll 1684(1) 7067(1) 6076(1) 32(1) 
C12 3847(1) 5789(1) 6482(1) 34(1) 
C13 1879(1) 6940(1) 9566(1) 28(1) 
N1 571(4) 7816(2) 8263(2) 28(1) 
N2 2001(3) 6613(2) 8025(2) 25(1) 
N3 3595(4) 5717(2) 8903(2) 30(1) 
01 -101(4) 7867(2) 7111(2) 49(1) 
02 4267(3) 5178(1) 7941(1) 36(1) 
CI -1005(5) 8795(2) 8074(2) 33(1) 
C2 -1508(5) 9362(2) 8346(2) 38(1) 
C3 -1072(5) 9545(2) 9015(2) 39(1) 
C4 -140(5) 9145(2) 9428(2) 40(1) 
C5 365(5) 8571(2) 9171(2) 33(1) 
C6 -^7(4) 8401(2) 8491(2) 28(1) 
C7 564(4) 7592(2) 7606(2) 29(1) 
C8 1448(4) 7005(2) 7501(2) 26(1) 
C9 1974(4) 6761(2) 6896(2) 26(1) 
CIO 2861(4) 6221(2) 7069(2) 25(1) 
Cll 2858(4) 6130(2) 7771(2) 25(1) 
C12 3629(4) 5628(2) 8208(2) 27(1) 
C13 3843(5) 5431(2) 10104(2) 29(1) 
C14 4314(4) 5333(2) 9436(2) 26(1) 
C15 5485(5) 4896(2) 9335(2) 29(1) 
N4 6734(4) 7885(2) 5362(2) 36(1) 
C16 6875(5) 7170(2) 5351(2) 43(1) 
C17 5426(5) 6823(2) 5064(2) 44(1) 
CIS 5799(6) 6146(3) 4877(3) 58(1) 
C19 4394(6) 5786(3) 4574(3) 61(2) 
C20 6313(5) 8144(3) 4633(2) 44(1) 
C21 7297(6) 7880(4) 4067(2) 74(2) 
C22 6931(8) 8250(4) 3400(3) 93(3) 
C23 7744(11) 8765(5) 3352(6) 164(5) 
C24 8292(5) 8156(2) 5632(2) 41(1) 
C25 8304(5) 8854(3) 5791(2) 48(1) 
C26 9969(5) 9093(3) 5960(3) 52(1) 
C27 10038(6) 9789(3) 6125(3) 67(2) 
C28 5433(5) 8094(2) 5807(2) 36(1) 
C29 5623(5) 7912(2) 6568(2) 35(1) 
C30 4474(5) 8303(2) 6972(2) 40(1) 
C31 4579(6) 8152(3) 7741(2) 49(1) 
N5 1508(7) 4076(4) 3601(4) 108(2) 
C32 1866(7) 4521(3) 3329(3) 60(1) 
C33 2355(6) 5085(3) 2979(3) 59(1) 

.S'.o./ 
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Appendix 1: Crystal data 

l,3-Phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-lH-

pyrrole-2-car- boxylic acid amide) (101 deprotonated 

complex) 

Table A1.31: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefBcient 

Crystal 
Crystal size 
(9 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to ^=21.96° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices > 2 o ( ^ ) ] 
R indices (all data) 

Absolute structure parameter 
Largest diff. peak and hole 

[101-2H+]^"2TBA 
C62H90CI4N8O4 
1153.22 
293(2)K 
0.71073 A 
Orthorhombic 
f212121 
a = 13.3899(3) A 
6 = 16.3267(3) A 
c = 28.0813(7) A 
6138.9(2) A^ 
4 
1.248 M g / m ^ 
0.246 mm'^ 
2472 
Colourless block 
0.10 X 0.05 X 0.04 mm^ 
2 .92-21 .96° 
- 1 4 < A < 13 , -17^A:< 1 7 , - 2 9 < / < 2 9 
29984 
7462 [^2,,,= 0.1000] 
99.5% 
0.9902 and 0.9759 
Full-matrix least-squares on 
7 4 6 2 / 4 2 8 / 6 3 7 
1.064 
727 = 0.1119, = 0.2814 
7(7 = 0.1866, = 0.3306 
-0.11(18) 
0.764 and-0.330 eA"^ 

A'34 



Appendix 1: Crystal data 

Table A1.32: Atomic coordinates [x 10'*], equivalent isotropic displacement parameters [A^ % 10 ]̂ 

and site occupancy factors. is defined as one third of the trace of the orthogonalized C/' tensor. 

Atom X z Ueq 

CI 3279(5) 9773(5) -1520(2) 137(7) 1 
C2 2753(6) 9819(6) -1946(3) 165(9) 1 
C3 3063(6) 10355(6) -2300(2) 124(6) 1 
C4 3898(6) 10846(5) -2229(2) 92(4) 1 
C5 4423(5) 10800(4) -1803(2) 93(4) 1 
C6 4113(4) 10264(4) -1448(2) 84(4) 1 
C7 4428(10) 9835(7) -602(5) 63(3) 1 
N2 6073(4) 10324(3) -325(2) 64(3) 1 
C8 5199(3) 9848(3) -250(2) 61(3) 1 
C9 5299(5) 9442(4) 195(2) 69(3) 1 
CIO 6233(5) 9668(4) 395(2) 63(3) 1 
C l l 6711(4) 10213(4) 73(2) 64(3) 1 
C12 7629(8) 10604(7) 100(5) 60(3) 1 
C13 8580(4) 11768(3) -259(2) 55(3) 1 
CM 8624(4) 12263(4) -661(2) 69(3) 1 
C15 9285(5) 12919(4) -676(2) 63(3) 1 
C16 9902(4) 13080(3) -290(1) 63(3) 1 
C17 9858(3) 12585(2) 113(1) 55(3) 1 
CIS 9197(4) 11929(3) 128(2) 55(3) 1 
C19 10602(9) 12390(8) 923(4) 58(3) 1 
N5 11484(4) 13662(3) 1195(2) 62(2) 1 
C20 11247(3) 12819(3) 1250(1) 68(3) 1 
C21 11700(5) 12538(4) 1677(2) 83(4) 1 
C22 12216(4) 13207(4) 1886(2) 78(4) 1 
C23 12082(4) 13902(4) 1589(2) 67(3) 1 
C24 12442(9) 14715(7) 1641(5) 65(3) 1 
C25 12417(6) 16034(4) 1189(3) 64(3) 1 
C26 13007(8) 16465(7) 1510(3) 143(8) 1 
C27 13148(9) 17302(7) 1453(4) 147(8) 1 
C28 12699(8) 17709(4) 1074(5) 110(6) 1 
C29 12109(7) 17278(6) 753(4) 105(5) 1 
C30 11968(6) 16440(6) 811(3) 104(5) 1 
N1 4630(7) 10244(6) -1007(4) 67(3) 1 
N3 7858(7) 11154(5) -252(3) 59(2) 1 
N4 10445(6) 12807(5) 502(3) 56(2) 1 
N6 12216(7) 15199(6) 1234(3) 66(3) 1 
0 1 3647(7) 9487(5) -527(3) 88(3) 1 
0 2 8227(6) 10472(4) 436(3) 72(2) 1 
0 3 10270(7) 11713(5) 1000(3) 76(2) 1 
0 4 12861(6) 14951(5) 1987(3) 81(2) 1 
Cll 4485(3) 8765(2) 440(1) 98(1) 1 
C12 6664(3) 9293(2) 922(1) 93(1) 1 
C13 11670(4) 11568(2) 1903(1) 125(2) 1 

A-35 



Appendix 1: Crystal data 

C14 12856(3) 13167(2) 2399(1) 106(1) 
N7 5596(11) 5500(7) 234(4) 350(30) 
C31 5080(20) 6017(19) -130(5) 231(15) 
C32 4403(17) 6652(11) 71^0 205(12) 
C33 3702(12) 6992(13) -300(7) 208(12) 
C34 4236(17) 7432(11) -692(5) 154(8) 
C35 6085(12) 4810(10) -47(6) 170(10) 
C36 6869(14) 5143(12) -383(7) 229(13) 
C37 7297(14) 4503(9) -700(6) 140(7) 
C38 7950(20) 4813(14) -1087(8) 210(12) 
C39 4900(14) 5164(13) 594(6) 216(13) 
C40 5363(11) 4551(12) 920(5) 171(9) 
C41 4756(13) 4325(12) 1338(5) 156(8) 
C42 5228(12) 3739(11) 167K;5) 129(6) 
C43 6329(13) 6031(15) 475(7) 206(11) 
C44 5996(11) 6380(8) 944(4) 100(5) 
C45 6637(17) 7096(12) 1094(7) 230(14) 
C46 6280(20) 7467(10) 1555(5) 168(9) 
N8 7897(11) 1267(8) 1890(4) 104(4) 
C47 7900(20) 1899(19) 1549(11) 244(15) 
C48 7380(30) 2100(17) 1172(9) 220(13) 
C49 7800(12) 3041(9) 934(6) 105(5) 
C50 7152(18) 2941(18) 547(11) 240(14) 
C51 8418(16) 559(14) 1712(8) 172(10) 
C52 8900(20) -30(15) 1828(12) 211(12) 
C53 9387(15) -713(10) 1644(6) 120(6) 
C54 10372(16) -627(17) 1481(7) 178(10) 
C55 8390(20) 1489(15) 2351(9) 176(10) 
C56 9310(20) 1647(16) 2446(8) 177(10) 
C57 9586(17) 1772(19) 2964(10) 204(13) 
C58 10510(30) 1990(30) 3021(10) 276(18) 
C59 6880(20) 1044(16) 1999(10) 173^0 
C60 6060(30) 1350(30) 2072(12) 245(16) 
C61 4890(30) 1080(30) 2191(13) 276(18) 
C62 4870(70) 340(50) 2050(30) 620(70) 



Appendix 1: Crystal data 

l,4-Phenylene-bis-(3,4-dichloro-5-phenylcarbamoyl-lH-

pyrrole-2-carboxylic acid amide) (102 deprotonated 

complex) 

Table A1.33. Crystal data and structure refinement. 

Identification code 
Empirical fbmmla 
Formula weight 
Temperature 
Wavelength 
Crystal system 

Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
Frooo) 
Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 23.25° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices > 2o(j^)] 

indices (all data) 
Largest diff peak and hole 

a =69.036(5)' 
,g= 76.520(5)° 
y = 73.183(5)° 

[102-25+]^ 2TBA 
Cu^HisoClgNieOg 
2306.44 
120(2) K 
0.71069 A 
Triclinic 

P-1 
a = 16.472(5) A 
6 = 18.028(5) A 
c = 24.398(5) A 
6408(3) A^ 
2 
1.195 Mg/m^ 
0.235 mm'^ 
2472 
Colourless Block 
0.10 X 0.10 X 0.10 mm^ 
2.95 - 23.25° 
-18 < A < 18, -20 < A: < 20, -26 < Z < 26 
31321 
17550 = 0.0616] 
95.4% 
0.9769 and 0.9769 
Full-matrix least-squares on 
17550/948/ 1421 
0.992 

= 0.1107, = 0.2954 
= 0.2051,^7(2 = 0.3389 

1.008 and -0.747 eA"^ 
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Appendix 1: Crystal data 

Table A1.34: Atomic coordinates [x 10 ]̂, equivalent isotropic displacement parameters [A^ x 10 ]̂ 

and site occupancy factors. U^q is defined as one third of the trace of the orthogonalized U' tensor. 

Atom X z [4, 

Cll -7281(1) 3371(1) 2915(1) 63(1) 1 
C12 -5848(1) 2505(2) 1969(1) 75(1) 1 
C13 2653(2) 1270(2) 1385(1) 107(1) 1 
C14 3869(1) -281(2) 910(1) 93(1) 1 
N1 -5539(4) 2950(4) 4340(2) 51(2) 1 
N2 -4965(3) 2401(4) 3368(3) 49(2) 1 
N3 -3364(4) 1741(5) 2872(3) 72(2) 1 
N4 64(4) 368(4) 2141(2) 46(2) 1 
N5 1478(3) -438(4) 1567(2) 42(2) 1 
N6 1937(5) -1959(4) 1388(3) 62(2) 1 
0 1 -6899(3) 3344(3) 4138(2) 59(2) 1 
0 2 -3962(3) 1607(4) 2162(2) 80(2) 1 
0 3 667(4) 1460(4) 1886(2) 74(2) 1 
0 4 3148(4) -1632(4) 805(2) 78(2) 1 
CI -4914(5) 2813(5) 5165(4) 62(2) 1 
C2 -4989(6) 2786(5) 5762(4) 73(3) 1 
C3 -5780(6) 2940(5) 6096(4) 64(2) 1 
C4 -6492(5) 3119(5) 5833(4) 66(2) 1 
C5 -6436(5) 3144(5) 5253(3) 52(2) 1 
C6 -5656(5) 2979(4) 4927(3) 49(2) 1 
C7 -6137(5) 3032(5) 4020(3) 50(2) 1 
C8 -5792(5) 2789(4) 3469(3) 45(2) 1 
C9 -6241(4) 2872(5) 3019(3) 48(2) 1 
CIO -5634(5) 2522(5) 2631(3) 57(2) 1 
C l l -4867(4) 2238(5) 2853(3) 52(2) 1 
C12 -4038(5) 1835(6) 2600(4) 68(3) 1 
C13 -2513(5) 1392(6) 2698(3) 68(3) 1 
C14 -1841(5) 1646(6) 2781(3) 74(3) 1 
C15 -992(5) 1332(6) 2599(3) 69(3) 1 
C16 -783(5) 734(5) 2337(3) 50(2) 
C17 -1436(5) 416(5) 2285(3) 59(2) 1 
CIS -2278(5) 733(6) 2473(3) 68(3) 1 
C19 708(5) 760(6) 1897(3) 56(2) 1 
C20 1487(5) 285(5) 1630(3) 45(2) 
C21 2298(5) 467(5) 1396(3) 58(2) 1 
C22 2796(4) -170(5) 1191(3) 53(2) 1 
C23 2278(4) -726(5) 1294(3) 42(2) 1 
C24 2496(6) -1463(6) 1148(3) 53(2) 1 
C25 1931(8) -2647(6) 1248(4) 86(3) 1 
C26 1179(9) -2861(7) 1300(6) 131(5) 1 
C27 1122(13) -3503(9) 1159(8) 180(7) 1 
C28 1863(15) -4013(10) 980(8) 184(8) 1 

A-38 



Appendix 1; Crystal data 

C29 2670(12) -3801(8) 915(6) 142(6) 
C30 2695(8) -3141(6) 1069(4) 93(3) 
C15 -1430(2) 34500% 3726(1) 97(1) 
C16 -1446(1) 1632(2) 4736(1) 72(1) 
N7 -3903(5) 3891C0 2874(3) 73(2) 
N8 -3367(4) 2540(4) 3811(3) 53(2) 
N9 -4006(4) 1183(4) 4457(2) 45(2) 
0 5 -2698(4) 4324(4) 279^2) 79^0 
06 -2939(3) 715(3) 5037(2) 54(1) 
C31 -3972(7) 5139(7) 2017(5) loop) 
C32 -4359(8) 5637(7) 1528(5) 112^0 
C33 -5066(7) 5493(7) 1412(4) 86(3) 
C34 -5388(6) 4847(6) 1793(4) 79(3) 
C35 -4998(6) 4345(6) 2272(4) 65(2) 
C36 -4286(6) 4455(6) 2390(4) 72(3) 
C37 -3143(6) 3824(7) 3061(4) 68(3) 
C38 -2910(5) 3127(5) 3567(3) 51(2) 
C39 -2194(5) 2909(6) 3854(4) 56(2) 
C40 -2219(5) 2174(5) 4273(3) 52(2) 
C41 -2951(4) 1954(5) 4246(3) 42(2) 
C42 -3289(4) 1239(5) 4607(4) 47(2) 
C43 -4496(4) 588(5) 4740(3) 44(2) 
C 4 4 -4431(5) 60(5) 5318(3) 50(2) 
C45 -4938(5) -506(5) 5568(3) 51C0 
C17 -926(2) -3050(1) 3827(1) 72(1) 
C18 -1999(2) -2353(2) 2666(1) 100(1) 
N I O 1332^0 -1661(4) 3000(2) 46(2) 
N i l 90(4) -1556(3) 2380(2) 41C0 
N12 -163(4) -795(4) 1226(2) 47^0 
0 7 701(3) -2493(3) 3846(2) 53(1) 
08 -1422(3) -1192(4) 1414(2) 66(2) 
C46 2535(4) -1076(5) 2788(3) 47(2) 
C47 3190(5) -903(5) 2963(4) 5800 
C48 3318(5) -1171(5) 3521(3) 52^0 
C49 2770(5) -1648(5) 3955(4) 56(2) 
C50 2127(4) -1818(5) 3799(3) 4%2) 
C51 1991^0 -1523(4) 3202(3) 39(2) 
C52 721(5) -2090(5) 3311(3) 46(2) 
C53 73(5) -2021(5) 2969(3) 48^0 
C54 -649(5) -2367(5) 3148(3) 540!) 
C 5 5 -1077(5) -2104(5) 2668(3) 58(2) 
C56 -592(5) -1604(5) 2207(3) 45(2) 
C57 -775(5) -1190(5) 1584(3) 50(2) 
C58 -98(4) -403(4) 611(3) 4%2) 
C59 461(5) 98(5) 356(3) 47(2) 
C60 585(5) 488(4) -264(3) 48(2) 
N13 -1486(3) -1346(3) 4951(2) 59G% 



Appendix 1: Crystal data 

C61 -2171(3) -1253(4) 5460(3) 89^0 
C62 -1957(4) -1335(7) 6019(3) 89(3) 
C63 -2746(5) -1091(6) 6441(3) 92(3) 
C64 -2587(6) -1273(7) 7059(3) 111(4) 
C65 -844(3) -2160(4) 5145(3) 890% 
C66 -1155(4) -2914(4) 5387(4) 85Q) 
C67 -485(5) -3670(4) 5541(5) 115(4) 
C68 -701(6) -4452(4) 5687(6) 139(5) 
C69 -1026(4) -641(4) 4757(2) 81(3) 
C70 -358(5) -607(5) 4235(3) 86(3) 
C71 -79(5) 203(5) 4016(3) 84(3) 
C72 625(5) 255(5) 3536(3) 820^ 
C73 -1885(5) -1351^0 4457(3) 90Q4 
C74 -2368(5) -574(4) 4113(3) 102(4) 
C75 -2956(5) -706(6) 3744(3) 100(4) 
C76 -3609(7) -1166(8) 4119(5) 156(6) 
N14 3222(3) -4143(3) 3447(2) 70(2) 
C77 2707(4) -3983(3) 4001(3) 670%) 
C78 2517(5) ^647(4) 4515(3) 800% 
C79 1868(5) -4350(5) 4991(3) 91(3) 
C80 1679(5) -5009(5) 5551(4) 111(4) 
C81 4056(3) -4770(3) 3595(3) 64(2) 
C82 4666(4) -4572(4) 3842(3) 63(2) 
C83 5362(5) -5267(4) 4077(5) 96(3) 
C84 6029(4) -5137(5) 4308(4) 69(2) 
C85 3429(4) -3335(3) 3011(2) 71(3) 
C86 3893(6) -3365(5) 2424(3) 104(4) 
C87 4136(5) -2551(5) 2060(3) 88(3) 
C88 4811(9) -2401(8) 2262(5) 164(6) 
C89 2725(4) -4493(4) 3195(3) 84(3) 
C90 1868(4) -4028(4) 3069(4) 85(3) 
C91 1467(5) -4449(5) 2762(5) 116(4) 
C92 545(5) -4089(6) 2722(6) 127(5) 
N15 -951(3) 3992(4) 1357(2) 126(4) 
C93 -1367(5) 4871(5) 1276(4) 194(9) 
C94 -933(8) 5397(6) 1362(10) 302(14) 
C95 -1521(9) 6223(7) 1356(8) 303(16) 
C96 -1080(13) 6838(9) 1358(14) 350(18) 
C97 -440(4) 3895(4) 767^0 88(3) 
C98 8(7) 3075(4) 743(4) 144(6) 
C99 448(8) 3033(6) 15200 150^0 
ClOO 920(9) 2249(7) 80(6) 2L%;9) 
ClOl -1660(4) 3509(5) 1557(3) 173(7) 
C102 -2256(6) 3721(9) 1132(3) 180(7) 
C103 -2989(6) 3279(9) 1410(4) 187^0 
C104 -3624(6) 3484(10) 1028(5) 193(8) 
C105 -334(5) 3703(6) 1797(3) 281(13) 

A-40 
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C106 -618(7) 3269(10) 2410(4) 261(11) 
C107 113(9) 3020(8) 2805(4) 215(9) 
C108 558(7) 3681(9) 2682(6) 163(6) 
N16 -3617(3) 485(3) 979(2) 72(2) 
C109 -3213(4) -206(4) 731(3) 116(4) 
Cl io -3722(5) -714(6) 702(5) 129(5) 
C l l l -3194(6) -1357(6) 413(6) 133(5) 
C112 -3655(9) -1975(8) 443(7) 214(9) 
C113 -4185(4) 1158(4) 550(2) 108(4) 
C114 -4540(8) 1950(5) 653(4) 139(5) 
C115 -5083(9) 2556(6) 217(6) 181(8) 
C116 -5401(8) 3386(5) 241(5) 167(6) 
C117 -2899(4) 815^0 1054(2) 95(4) 
C118 -2399(6) 1233(7) 505(3) 110(4) 
C119 -1683(5) 1488(7) 649(4) 117^0 
C120 -1269(9) 2036(9) 146(5) 198^0 
C121 -4174(4) 18800 1558(3) 142(5) 
C122 -3759(5) -456(6) 2037(3) 11300 
C123 -4437(5) -730(5) 2600(3) 1O90O 
C124 -4829(6) -100(7) 2901(4) 11300 
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Ethyl-bis-(3,4-dichIoro-5-phenylcarbamoyl-lH-pyrrole-2-

carboxylic acid amide) (103 deprotonated complex) 

Table A1.35: Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 27.45° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices > 2o(f^)] 

indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

(z= 79.2250(10)= 
)9= 82.9650(10)° 
y = 75.4470(10)° 

[103-2Er1^"2TBA 
CiieHisoClgNieOg 
2210.36 
120(2) K 
0.71073 A 
Triclinic 
f - 1 
a = 11.9582(2) A 
6 = 23.1506(3) A 
c = 23.5489(4) A 
6179.28(17) A^ 
2 
1.188 Mg/m^ 
0.241 mm"^ 
2376 
Colourless Block 
0.60 X 0.40 X 0.18 mm^ 
2.91 -27.45° 
- 1 5 < A < 15,-29 < ^ < 3 0 , 0 < / < 3 0 
25507 
25507 = 0.0000] 
90.2% 
0.9579 and 0.8689 
Full-matrix least-squares on 
25507/12/ 1394 
1.013 
7(7 = 0.0700,^/7(2 = 0.1711 
7(7 = 0.1288,^7(2 = 0.2075 
0.00000(19) 
0.792 and -0.548 e A"^ 
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Table A1.36: Atomic coordinates [x 10 ]̂, equivalent isotropic displacement parameters [A^ x 10̂ ] 

and site occupancy factors. Ueq is defined as one third of the trace of the orthogonalized tensor. 

Atom z 

CI 9076(2) -1063(1) 5804(1) 22(1) 1 
C2 8974(3) -1654(1) 5809(1) 29(1) 1 
C3 9868(3) -2061(1) 5566(1) 37(1) 1 
C4 10873(3) -1889(1) 5319(1) 40(1) 1 
C5 10977(3) -1309(1) 5324(1) 36(1) 1 
C6 10081(2) -891(1) 5564(1) 26(1) 1 
C7 7822(2) -50(1) 5941(1) 17(1) 1 
C8 6640(2) 201(1) 6178(1) 18(1) 1 
C9 5975(2) 795(1) 6078(1) 18(1) 1 
CIO 4930(2) 797(1) 6410(1) 18(1) 1 
C l l 4991(2) 204(1) 6692(1) 18(1) 1 
C12 4154(2) -68(1) 7097(1) 22(1) 1 
C13 3913(3) -1055(1) 7652(1) 35(1) 1 
CM 3606(3) -1482(1) 7308(1) 35(1) 1 
C15 3335(2) -2458(1) 7871(1) 21(1) 1 
C16 2484(2) -2721(1) 8269(1) 18(1) 1 
C17 2519(2) -3319(1) 8541(1) 19(1) 1 
CIS 1472(2) -3312(1) 8869(1) 18(1) 1 
C19 821(2) -2713(1) 8781(1) 17(1) 1 
C20 -359(2) -2459(1) 9012(1) 17(1) 1 
C21 -1595(2) -1439(1) 9151(1) 24(1) 1 
C22 -2620(2) -1596(1) 9373(1) 29(1) 1 
C23 -3527(3) -1169(1) 9590(1) 39(1) 1 
C24 -3410(3) -592(2) 9589(2) 46(1) 1 
C25 -2396(3) -430(1) 9366(2) 46(1) 1 
C26 -1475(3) -850(1) 9145(1) 37(1) 1 
N1 8111(2) -669(1) 6042(1) 22(1) 1 
N2 6037(2) -160(1) 6545(1) 18(1) 1 
N3 4570(2) -660(1) 7297(1) 37(1) 1 
N4 2932(2) -1866(1) 7663(1) 32(1) 1 
N5 1441(2) -2354(1) 8423(1) 18(1) 1 
N6 -615(2) -1840(1) 8932(1) 24(1) 1 
01 8476(2) 263(1) 5685(1) 21(1) 1 
02 3166(2) 213(1) 7246(1) 25(1) 1 
0 3 4323(2) -2745(1) 7730(1) 26(1) 1 
04 -1043(2) -2766(1) 9247(1) 22(1) 1 
Cll 6301(1) 1395(1) 5590(1) 23(1) 1 
C12 3814(1) 1432(1) 6451(1) 26(1) 1 
C13 3605(1) -3962(1) 8480(1) 25(1) 1 
C14 1117(1) -3919(1) 9335(1) 24(1) 1 
C27 3408(2) 3532(1) 9170(1) 21(1) 1 
C28 3391(3) 4149(1) 9066(1) 31(1) 1 
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C29 2405(3) 4560(1) 9241(1) 38(1) 
C30 1450(3) 4362(1) 9514(1) 38(1) 
C31 1472(3) 3754(1) 9618(1) 31(1) 
C32 2451(2) 3333(1) 9449(1) 25(1) 
C33 4802(2) 2529(1) 9129(1) 17(1) 
C34 6000(2) 2298(1) 8907(1) 170) 
C35 6692(2) 1710(1) 9019(1) 19(1) 
C36 7730(2) 1717(1) 8683(1) 20(1) 
C37 7640(2) 2311(1) 8388(1) 20(1) 
C38 8465(2) 2588(1) 7984(1) 25(1) 
C39 8675(3) 3583(2) 7427(2) 44(1) 
C40 8918(3) 4053(2) 7736(2) 42(1) 
C41 9116(2) 5015(1) 7109(1) 25(1) 
C42 993^2) 5263(1) 6671(1) 20(1) 
C43 9848(2) 5840(1) 6342(1) 20(1) 
C44 10889(2) 5822(1) 5995(1) 19(1) 
C45 11565(2) 5237(1) 6140(1) 19(1) 
C46 12760(2) 4985(1) 5924(1) 18(1) 
C47 14076(2) 3964(1) 5867(1) 23(1) 
C48 15076(3) 4139(1) 5621(1) 31(1) 
C49 16020(3) 3709(1) 5435(1) 35(1) 
C50 15963(3) 3110(1) 5491(1) 40(1) 
C51 14972(3) 2937(1) 5739(1) 39(1) 
C52 14023(3) 3358(1) 5929(1) 33(1) 
N7 4444(2) 3145(1) 8984(1) 20(1) 
N8 6575(2) 2662(1) 8533(1) 20(1) 
N9 8053(3) 3184(1) 7804(1) 45(1) 
NIO 9562(3) 4440(1) 7356(1) 40(1) 
N i l 10978(2) 4896(1) 6540(1) 20(1) 
N12 13063(2) 4368(1) 6057(1) 26(1) 
0 5 4178(2) 2205(1) 9402(1) 21(1) 
0 6 9442(2) 2307(1) 7815(1) 28(1) 
0 7 8124(2) 5300(1) 7254(1) 32(1) 
08 13415(2) 5293(1) 5658(1) 24(1) 
C15 6397(1) 1112(1) 9518(1) 24(1) 
C16 8860(1) 1089(1) 8644(1) 32(1) 
C17 8734(1) 6479(1) 6353(1) 33(1) 
C18 11179(1) 6389(1) 5457(1) 26(1) 
C69 611(2) 864(1) 5982(1) 24(1) 
C70 1841(3) 485(1) 6022(1) 31(1) 
C71 2356(3) 310CO 5439(1) 31(1) 
C72 3545(3) -111(2) 5470(2) 53(1) 
C73 610(2) 1596(1) 6643(1) 29(1) 
C74 459(4) 2160(2) 6191(2) 48(1) 
C75 1014(3) 2622(2) 6349(2) 47(1) 
C76 880(60) 3233(16) 5800(40) 85(12) 
C76' 706(15) 3215(9) 6006(10) 47Q) 
C77 224(2) 608(1) 7059(1) 28(1) 
C78 -268(3) 77(1) 7019(1) 30(1) 
C79 117^0 -458(2) 7498(1) 38(1) 

0.37(10) 
0.63(10) 
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C80 -378(3) -989(2) 7450(2) 44(1) 
C81 -1235(2) 1363(1) 6457(1) 27(1) 
C82 -1941(3) 1663(2) 6951(1) 35(1) 
C83 -3197(3) 1898(2) 6817(2) 39(1) 
C84 -3950(3) 2257(2) 7254(2) 52(1) 
N14 510% 1111(1) 6536(1) 24(1) 
C53 2018(3) 939(2) 8405(1) 37(1) 
C54 2160(3) 372(2) 8848(2) 48(1) 
C55 1587(3) -80(2) 8679(2) 46(1) 
C56 1839(4) -683(2) 9067(2) 68(1) 
C57 3858(2) 1157(2) 8615(1) 32(1) 
C58 4582(2) 850(2) 8123(1) 36(1) 
C59 5834(3) 626(2) 8272(1) 38(1) 
C60 6592(3) 26&P) 7835(2) 45(1) 
C61 2424(3) 1922(2) 7999(1) 36(1) 
C62 2912(3) 2454(2) 8035(1) 43(1) 
C63 2500(4) 2988(2) 7549(2) 62(1) 
C64 2893(5) 3535(2) 7594(2) 79(2) 
C65 2009(2) 1666(1) 9074(1) 29(1) 
C66 788(3) 2067(2) 9012(1) 35(1) 
C67 243(3) 2215(2) 9605(1) 34(1) 
C68 -909(3) 2683(2) 9559(2) 51(1) 
N13 2582(2) 1418(1) 8521(1) 30(1) 
ClOl 4485(3) 3216(2) 3573(1) 36(1) 
C102 4595(4) 2707(2) 4090(2) 53(1) 
C103 3999(3) 2226(2) 4011(2) 49(1) 
C104 4078(5) 1707(2) 4511(2) 85(2) 
C105 6311(2) 3504(1) 3709(1) 26^) 
C106 7046(2) 3156(1) 3250(1) 30(1) 
C107 8319(3) 3017(1) 3364(1) 33(1) 
C108 9106(3) 2637(2) 2948(2) 48U) 
C109 4446(3) 4056(1) 4115(1) 30U) 
C l i o 3222(3) 4432(2) 4030(2) 51(1) 
C l l l 2655(3) 4669(2) 4575(2) 43(1) 
C112 1481(3) 5093(2) 4509(2) 70(2) 
C113 4861(3) 4161(2) 3034(1) 420) 
C114 5388(5) 4693(2) 2975(2) 62(1) 
C115 4927(8) 5169(2) 2464(2) 132(3) 
C116 4802(9) 5698(3) 2439(3) 199(60 
N16 5030(2) 3730(1) 3608(1) 280) 
C85 1416(2) 4035(1) 1175(1) 28(1) 
C86 567P) 4412(1) 1578(1) 33(1) 
C87 -94(3) 4071(2) 2047(1) 41(1) 
C88 -1280(3) 4479(2) 2233(2) 52(1) 
C89 3188(2) 4357(1) 1351(1) 26C) 
C90 3055(3) 4857(1) 822(1) 35(1) 
C91 3735(3) 5315(1) 867^0 40(1) 
C92 3643(4) 5827(2) 352(20 66(1) 
C93 3311(2) 3470(1) 851(1) 26U) 
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C94 4571(3) 3156(2) 935(1) 34(1) 
C95 5047(3) 2760(1) 474(1) 34(1) 
C96 6279(3) 2407(2) 542(2) 49(1) 
C97 2794(3) 3431(1) 1920(1) 27(1) 
C98 2450(3) 2836(1) 1973(1) 36(1) 
C99 2796(3) 2443(1) 2544(1) 37(1) 
ClOO 2573(4) 1819(2) 2594(2) 53(1) 
N15 2672(2) 3823(1) 1327(1) 25(1) 



Appendix 1: Crystal data 

4-Aminomethyl-phenylamino-bis-(3,4-dichloro-5-

phenylcarbamoyl-lH-pyrrole-2-carboxylic acid amide) (106 

deprotonated complex) 

Table A1.37; Crystal data and structure refinement. 

Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefGcient 

Crystal 
Crystal size 
Grange for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.02° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final ^ indices > 2o(f^)] 
R indices (all data) 
Largest diff. peak and hole 

[106-2H^^"2TBA 
C64H94CI4N8O4 
C32H32CI4N6O4 . 2C16H36N 
1181.27 
120(2) K 
0.71069 A 
Triclinic 
P-l 
a = 9.524(5) A a = 78.293(5)° 
6 = 10.363(5) A )9= 88.733(5)° 
c = 17.056(5) A y = 80.136(5)° 
1623.9(13) A^ 
1 
1.208 Mg/m^ 
0.234 mm"' 
634 
Colourless Block 
0.20 X 0.10 X 0.07 mm^ 
3.13 -25.02° 
- 1 0 < A < l l , - 1 2 < / c < 12 , -20<Z<20 
15744 
5287 = 0.1073] 
92.0% 
Semi-empirical from equivalents 
0.9838 and 0.9548 
Full-matrix least-squares on 7^ 
5287 /0 /365 
1.048 

= 0.0987, = 0.1724 
j ; ; = 0.1980, w ^ = 0.2062 
0.237 and -0.236 e A"^ 
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Appendix 1: Crystal data 

Table A1.38: Atomic coordinates [x 10'*], equivalent isotropic displacement parameters [A^ x ICP] 

and site occupancy factors. Û q is defined as one third of the trace of the orthogonalized tensor. 

Atom X y z c/eg 

Cll 353(2) -2073(2) 4449(1) 62(1) 1 
C12 -2406(2) 544(2) 4153(1) 59(1) 1 
N1 802(5) -2732(5) 1767(3) 49(1) 1 
N2 -1072(5) -824(5) 2225(3) 43(1) 1 
N3 -2724(5) 1256(5) 1331(3) 51(1) 1 
01 1697(4) -3547(4) 3030(2) 56(1) 1 
0 2 -4028(4) 1744(4) 2402(2) 54(1) 1 
CI 3028(7) -4189(6) 1558(4) 49(2) 1 
C2 3809(6) -4995(6) 1103(4) 500% 1 
C3 3231(7) -5225(6) 415(4) 52(2) 1 
C4 1852(7) -4605(6) 184(4) 50(2) 1 
C5 1075(6) -3806(6) 642(4) 51(2) 1 
C6 1644(7) -3573(6) 1336(4) 46(2) 1 
C7 8650% -2732(6) 2571(4) 45(2) 1 
C8 -192(6) -1672(6) 2795(3) 39(1) 1 
C9 -506(6) -1353(6) 3541(3) 46(2) 1 
CIO -1617(7) -278(6) 3426(3) 47(2) 1 
C l l -1956(6) 44(6) 2587(3) 43(2) 1 
C12 -3009(7) 1093(6) 2118(4) 44G0 1 
C13 -3800(6) 1883(6) 722(3) 53(2) 1 
C14 -4401(6) 907(6) 344(4) 45(2) 1 
C15 -4925(6) 1253(6) -433(3) 48(2) 1 
C16 -5530(6) 392(6) -774(3) 46(2) 
N4 1867(5) 2167(5) 3108(3) 47(1) 1 
C17 2263(6) 765(6) 3622(3) 51(2) 1 
C18 3848(6) 303(6) 3804(4) 60(2) 1 
C19 4237(7) -1235(6) 3995(4) 64(2) 1 
C20 4372(8) -1837(7) 3262(4) 83(2) 1 
C21 2296(6) 2153(6) 2237(3) 48(2) 1 
C22 1520(7) 1334(6) 1811(3) 56C0 1 
C23 1877(6) 1538(6) 943(3) 53G!) 1 
C24 1181(6) 710(6) 483(3) 58(2) 1 
C25 262(6) 2585(6) 3169(3) 48(2) 1 
C26 -351(6) 3941(6) 2662(4) 58^0 1 
C27 -1950(7) 4262(7) 2749(4) 67^0 1 
C28 -2615(7) 5598(8) 2262(5) 82(2) 1 
C29 2667(6) 3149(6) 3386(3) 48(2) 1 
C30 2327(6) 3381(6) 4224(3) 52(2) 1 
C31 3379(7) 4151(6) 4504(4) 61(2) 1 
C32 2939(7) 4509(7) 5311(4) 78^0 1 
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Appendix 2: NMR Titration curves 

A2.1 Introduction 

Standard 'H NMR titration techniques were used to study the anion binding 

properties of the receptors presented in chapter 2 and 3 and also the deprotonation 

processes of the materials occurring in chapter 5. The titration experiments were 

carried out in various solvents. The anion was added as the tetrabutylammonium salt. 

The amide NH resonances in ppm unit were observed in each titration. The EQNMR 

program®^ was used to elucidate both the constants and corresponding errors. 
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Appendix 2: H NMR Titration curves 

A2.2 H NMR Titration curves in chapter 2 

Figure A2.1: 'H NMR titration curves of 47 with anions in DMSO-(itf-0.5% water at 25°C. 

(a) Chloride, (b). Benzoate. (c). Hydrogensulfate. And in DMSO-Jtf-5% water 

(d) Dihydrogenphosphate. 
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Appendix 2: H NMR Titration curves 

Figure A2.3: 'H NMR titration curves of 49 with anions in DMSO-J<5-0.5% water at 25°C. 

(a) Chloride, (b). Dihydrogenphosphate (1). (c) Dihydrogenphosphate (2). (d) Benzoate (1). 

(e) Benzoate (2). 
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Appendix 2: NMR Titration curves 

A2.3 H NMR Titration curves in chapter 3 

Figure A2.4; 'H NMR titration curves of 52 with anions in DCM-tf, at 25°C. (a) Fluoride, 

(b) Chloride, (c) Bromide, (d) Benzoate. (e) Dihydrogenphosphate. (f) Hydrogensulfate. 
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Appendix 2: H NMR Titration curves 

Figure A2.5: 'H NMR titration curves of 53 with anions in DCM-t/^ at 25°C. (a) Fluoride, 

(b) Chloride, (c) Bromide, (d) Benzoate. (e) Dihydrogenphosphate. (f) Hydrogensulfate. 
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Appendix 2: H NMR Titration curves 

Figure A2.7: 'H NMR titration cwves of 55 with anions in DCM-d^ at 25°C. (a) Fluoride, 

(b) Chloride, (c) Benzoate. (d) Dihydrogenphosphate. (e) Hydrogensulfate. 
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Appendix 2; H NMR Titration curves 

Figure A2.9: 'H NMR titration curves of 57 with anions in DMSO-(f^0.5% water at 25°C. 

(a) Fluoride, (b) Chloride, (c) Benzoate. (d) Dihydrogenphosphate. (e) Hydrogensulfate. 
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Appendix 2: H NMR Titration curves 

Figure A2.10; 'H NMR titration curves of 58 with anions in at 25°C. (a) Fluoride, 

(b) Chloride, (c) Bromide, (d) Benzoate. (e) Dihydrogenphosphate. (f) Hydrogensulfate. 
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Appendix 2: H NMR Titration curves 

Figure A2.11: 'H NMR titration curves of 59 with anions in at 25°C. (a) Fluoride. 

(b) Chloride, (c) Bromide, (d) Benzoate. (e) Dihydrogenphosphate. (f) Hydrogensulfate. 
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Appendix 2: H NMR Titration curves 

Figure A2.13: 'H NMR. titration curves of prodigiosin mimics with tetrabutyammonium chloride in 

acetronitrile-cfj at 25°C. (a) 52 2HPF<;. (b) 53 HPFg. (c) 55 HPFe. 

I 

0 0.01 0.02 0.03 

[Chloride 

0.01 0.02 0.03 0.04 

[Chloride 

(a) (b) 

z 
z 

0.01 0.02 0.03 0.04 

[CNorlde]̂  

(C) 

A-63 



Appendix 2: NMR Titration curves 

A3.4 H NMR Titration curves in chapter 5 

Figure A2.14; 'H NMR titration curves of dimers compounds with TBAF in DMSO-^^r 

0.5%water at 25°C. (a) 101. (b) 102. (c) 103. (d) 104. (e) 105. (f) 106. 
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Figure A2.1S: NMR. titration curves of trimers compounds with TBAF in DMSO-ty -̂

0.5%water at 25°C. (a) 107. (b) 108. 
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Appendix 3: HCl transport assay 

A3.1 Introduction 

The HCl transport properties investigation of the prodigiosin mimics shown 

in chapter 3 were carried out by Professor Bradley D. Smith and graduate student 

Beth McNally at the University of Notre Dame, Indiana. The methods of the studies 

are described in this appendix. 

A3.2 Experimental methods 

A3.2.1 Preparation of unilamellar vesicles 

l-Palmitoyl-2-oleoyl-^M-glycerol-3-phosphocholine and cholesterol dissolved 

in chloroform were combined in a 10 ml round bottom flask. The chloroform was 

removed using a rotary evaporator and the lipid/cholesterol film was placed on a 

high vacuum system for over one hour. A one milliliter volume of inside solution 

(500 mM NaCl or 500 mM NaCl and 5 mM citric acid, pH 4 or 7.2) and a glass bead 

were added to the flask which was vortexed to resolvate the lipid/cholesterol fihn. 

The solution was freeze thawed nine times and extruded twenty-nine times using a 

200 nm PC membrane. The vesicles were dialyzed against outside solution (500 mM 

NaNO] or 500 mM NaNOs and 5 mM citric acid, pH 4 or 7) for 10 hours. 
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Appendix 3: HCl transport assay 

A3.2.2 Chloride transport assay 

Unilamellar vesicles composed of POPC/cholesterol (70:30 

POPC:cholesterol), 200 nm mean diameter, and 500 mM NaCl at an initial 

concentration of 10 mM were diluted to a 5 ml final volume with 500 mM NaNO] to 

have a final concentration of 1 mM. 10 /il Of the 5 mM prodigiosan mimics were 

added to the 5 ml volume vesicle solution for a final 10 //M compound 

concentration. Chloride release was monitored using a chloride selective electrode 

for 20 minutes and lysed with polyoxyethylene 8 lauryl ether detergent. 

A3.2.3 pH 4 Chloride transport assay 

Similar to chloride transport assay except the inside solution was 500 mM 

NaCl, 5 mM citric acid, pH 4. The 10 mM vesicles are dialyzed against outside 

solution of 500 mM NaNOg, 5 mM citric acid, pH 4 solution. The dilution 

(dispersion of vesicles in 500 mM NaNOs, 5 mM citric acid, pH 7.2 solution) of 10 

mM to 1 mM vesicles occurred just prior to the addition of prodigiosin mimics. 

A3.2.4 pH 7.2 Chloride transport assay 

Similar to pH 4 transport assay except the inside solution was 500 mM NaCl, 

5 mM citric acid, pH 7.2. The 10 mM vesicles are dialyzed against outside solution 

of 500 mM NaNO], 5 mM citric acid, pH 7.2 solution. The dilution (dispersion of 

vesicles in 500 mM NaNOs, 5 mM citric acid, pH 7.2 solution) of 10 mM to 1 mM 

vesicles occurred just prior to the addition of prodigiosin mimics. 

A3.2.5 pH Gradient chloride transport assay 

Similar to pH 4 chloride transport assay except the inside solution was 500 

mM NaCl, 5 mM citric acid, pH 4. The 10 mM vesicles are dialyzed against outside 
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solution of 500 mM NaNO], 5 mM citric acid, pH 4 solution. The dilution 

(dispersion of vesicles in 500 mM NaNOs, 5 mM NazHPO^, pH 7.2 solution) of 10 

mM to 1 mM vesicles occurred just prior to the addition of prodigiosin mimics. 

The chloride transport results of 52 and 53, 54 and 55 and 56 and 57 are 

shown in Figure A3.1, Figure A3.2 and Figure A3.3 respectively. 
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(a) 56. (b) 57. 



Appendix 3: HCl transport assay 

A3.2.6 pH Control experiments 

Using 0, 1, 3, 5, 7, and 9 mM NaCl and 5 mM citric acid solutions, a standard 

curve at pH's 4, 5, and 7 was made using the chloride selective electrode. The pH 

change upon dilution of 30 mM and 10 mM to 1 mM vesicles was determined using 

the pH electrode and the inside and outside solutions. 

A3.2.7 pH Sensitive assay 

Unilamellar vesicles (10 mM) composed of POPC/cholesterol (70/30 

POPCicholesterol), 200 nm mean diameter, and one ml of 500 mM NaCl and 5 mM 

citric acid, pH 4. Vesicles containing 10 /zM Oregon green were prepared by adding 

40 /il of 250 /̂ M Oregon Green solution into 960 /il of 500 mM NaCl and 5 mM 

citric acid, pH 4. Vesicles containing 1.5 /xM Oregon green were prepared by adding 

6 /xl of 250 juM Oregon green solution into 994 [il of 500 mM NaCl and 5 mM citric 

acid, pH 4. Vesicles were dialyzed for three hours and then placed in new buffer for 

eleven hours. Vesicles were diluted to 550 fjM concentration by adding 165 jUl of 

vesicles into 2.835 ml of 500 mM NaNOs and 5 mM Na2HP04, pH 7.2. The Perkin 

Elmer luminescence spectrometer was used to measure the emission of Oregon green 

at 555 nm with an excitation of 510 nm. The intensity baseline was established for 

200 seconds whereupon 5.25 /xl of a 5 mM prodigiosin mimic was added into the 

cuvette. Intensity was measured until 500 or 1000 seconds depending on the Oregon 

Green concentration, whereupon the vesicles were lysed with the addition of 20 [xl of 

polyoxyethylene 8 lauryl ether detergent. The results are shown in Figure A3.4. 
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Appendix 3: HCl transport assay 
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Figure A3.4: Fluorescence Intensity of proton efflux with pH gradient upon addition of the 

prodigiosin mimic 52, 53 and 55 to unilamellar vesicles in pH 4 inside and pH 7.2 outside. 
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