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COOPERATIVITY AND CHIRAL AMPLIFICATION  

 
 
 
 
 
Abstract. Cooperativity is widely observed in the self-assembled systems that are found in 

Nature. Biologically important self-assembled systems embody the principles of cooperative 
self-assembly i.e., repeating units that form these macromolecular structures are held 
together by cooperative, non-covalent interactions and they act harmoniously. In addition to 
cooperativity, chirality plays a dominant role in Nature. Biologically important molecules are 
homochiral i.e., they constitute a class of molecules with the same absolute configuration. 
Studying synthetic supramolecular polymers is academically and technologically important 
in order to gain insights into cooperative interactions and chirality that are observed in 
complex systems in biology. Owing to their cooperative self-assembly behaviour in dilute 
solutions, expression of supramolecular chirality and synthetic accessibility, benzene-1,3,5-
tricarboxamides (BTAs)  serve as a model system. This chapter gives a general overview on 
cooperativity and chiral amplification in biological and synthetic systems. Cooperativity is 
described based on the supramolecular polymerization mechanisms. Chiral amplification 
mechanisms are discussed at different molecular levels. Structural properties, synthesis, self-
assembly and chiral amplification behavior of the BTA molecules are described. The chapter 
is concluded with a summary of the aim and the outline of the thesis. 
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1.1 Cooperativity and chirality in biological systems 

 Cooperativity arises from the interplay of two or more interactions leading to collective 
forces that are negligible in the individual molecules.1,2 Cooperativity is widely observed in 
self-assembled systems that are found in Nature. The molecules of life3, for instance, proteins, 
DNA, RNA and starch (Figure 1.1) share the principles of cooperation, i.e., they are built by 
relatively small monomeric units that are held together by cooperative, noncovalent 
interactions. The monomeric units forming these macromolecules are prone to act 
harmoniously as a result of this cooperation. The interactions between monomers may also 
reflect to conformational changes such as protein folding or nucleic acid helix-coil 
transitions.4 The term cooperativity can also be used to define the thermodynamics of the 
formation mechanism of multi-component complexes.1 A cooperative polymerization is 
reversible and proceeds to thermodynamic equilibrium —a state determined by 
environmental conditions such as temperature, pH and the concentrations of monomers.5 At 
equilibrium, polymerization and depolymerization take place at the same rate; therefore, the 
structures of these polymers are dynamic in the sense that they are constantly fluctuating. 
Under appropriate conditions, these polymerizations are spontaneous, indicating that the 
polymeric structures are thermodynamically stable. A well-known example is the 
supramolecular polymerization of the tobacco mosaic virus (TMV), which can be 
reconstructed from dispersed protein molecules in the presence of nucleic acids at neutral 
pH. The self-assembly of TMV represents a ‘nucleated (cooperative)’ polymerization 
mechanism which requires the dimerization of protein monomers into two-layer discs 
representing a metastable state. This initial step is followed by the recognition of the virus 
RNA and further polymerization.6 Other examples of biological systems in which 
cooperative growth is observed are nucleated formation of actin7,8, tubulin9, and sickle cell 
hemoglobin.10,11 

 
Figure 1.1: Examples of biologically relevant supramolecular polymers that are found in 

Nature. A) Estrogen receptor beta (3OMO).12 B) Double-stranded DNA fragment.13 C) Left-
handed double helix of A-type and B-type starch.14 

10.4 Å

A B C 
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In addition to cooperativity, chirality plays a dominant role in Nature. Biologically 
important monomeric units forming the macromolecular structures such as amino acids, 
nucleic acids and sugars are chiral. (A chiral molecule is not superimposable with its mirror 
image.15 The two molecules with mirror image relationship are named enantiomers (Figure 
1.2)). Life is based on homochirality (i.e., a class of chiral compounds having the same 
absolute configuration dominates in Nature). Sugars such as deoxyribose that contain and 
transfer the genetic information in DNA have D-configuration and 20 amino acids in proteins 
(except for glycine) that are responsible for structure and chemical transformations in cells 
have L-configuration.16 The evolution of chiral molecules from a presumably racemic, 
prebiotic world has been a challenging yet invigorating research topic for many years. 
Several mechanisms have been proposed describing how an initial imbalance between 
enantiomers occurred, as well as the mechanisms for amplification of this imbalance. Most 
important among these are the far-from-equilibrium models that include stochastic 
symmetry breaking coupled with autocatalytic amplification.17-23 
 

 
Figure 1.2: Schematic representation of L- and D-amino acids. 

 
Studying synthetic supramolecular polymers which adopt comparable properties to the 

self-assembled systems that are found in Nature is important in order to gain fundamental 
knowledge and ultimately use this information to produce functional synthetic materials. 
Owing to their facile synthetic accessibility and versatility, benzene-1,3,5-tricarboxamide 
(BTA) molecules represent a model system in order to study cooperative self-assembly and 
chiral amplification at the supramolecular level. 

In the following parts, cooperative interactions within different synthetic macromolecular 
systems and general aspects of cooperative supramolecular polymerization mechanisms are 
discussed. Chiral amplification observed in different systems is described. The structural 
properties, self-assembly and chiral amplification behavior of BTA molecules are 
summarized. The chapter is concluded by summarizing the aim and outline of the thesis. 
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1.2 Cooperativity in synthetic macromolecular systems  

Poly(n-hexylisocyanate)s adopt a stiff helical conformation24 in solution, the character of 
which is highly dependent on solvent and temperature changes. Due to the absence of a 
stereogenic center in the isocyanate units, poly(n-hexylisocyanate) forms right-handed (P) 
and left-handed (M) helices in equal amounts (Figure 1.3A). Incorporation of stereocenters in 
the side chain of the polyisocyanates results in strong optical activity suggesting a preference 
for one helical sense over the other. A new class of polyisocyanates, poly((R)-1-deuterio-n-
hexylisocyanate), was synthesized from deuterated isocyanates which are optically active 
only by deuterium substitution (Figure 1.3B). The optical activity of these monomers was 
slightly larger than zero as a result of deuterium chirality ([α]D = +0.65° for (R)- and = −0.43° 
for (S)-enantiomer (neat)). Polymerization of these monomers to give deuterated-
poly(isocyanate)s resulted in much larger optical activities (([α]D = −444° and +302° in n-
hexane). These results suggested that deuterium substitution influences the relative 
stabilities of right- and left-handed helical conformations of a racemic polymer leading to an 
excess helix sense. Considering the small difference between a hydrogen and deuterium (in 
terms of size and electronic properties), preference for one helical sense only from deuterium 
substitution would not be possible without cooperation among many residues of the 
polymer chains.25-27 The effect of one deuterium per monomeric unit is relatively small but it 
is cumulative as a result of the cooperative nature of the polymer resulting in an increase of 
the optical activity going from monomer to polymer. X-ray diffraction analysis revealed that 
the poly(isocyanate) forms a 8/3 helix in the solid crystal and it was hypothesized that this 
helical conformation is preserved in the dissolved state. In such a model, several hundreds of 
residues follow each other in a single helical sequence i.e., helix reversals from one 
handedness to the other within the polymeric chain are not favored. By this amplification 
mechanism, small energy differences accumulate and nearly undetectable optical properties 
under normal circumstances become amplified and thus detectable.  

 
 

`

   
Figure 1.3: A) Right- and left-handed helical poly(isocyanate)s. B) Synthesis of poly((R)-1-

deuterio-n-hexylisocyanate) by polymerization of deuterated isocyanate monomer.25,26 

[α]D = +0.65° (neat) [α]D = −444° (n-hexane) 

A B 
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In addition to cooperative interactions among monomers within polymers, conformational 
changes in macromolecules can also be cooperative. An example for such cooperative 
transition is observed between two types of supramolecular polymers originating from bis-
ureas.28,29 Bis-urea based monomers (3) form hydrogen bonded self-assemblies in solution via 
a cooperative mechanism i.e., an unfavorable dimerization step is followed by subsequent 
favorable association steps. In toluene, these monomers form two types of supramolecular 
polymers the preference of which is dependent on temperature. At higher temperatures 
(above 45 °C), hydrogen bonded filaments (3a) are formed preferably whereas at lower 
temperatures (below 40 °C) bis-urea monomers reorganize into rigid tubes (3b) (Figure 1.4). 
This process was monitored by infrared spectroscopy (FT-IR), differential scanning 
calorimetry (DSC) and isothermal titration calorimetry (ITC). The experimental data fitted 
with the association model revealed that the transitions between the two states (i.e., between 
filaments and tubes) in toluene is remarkably sharp and concentration-independent. These 
results were attributed to the dynamic exchange of the tubes with the monomers and 
hydrogen-bonded filaments. Furthermore, the tubular structures are stabilized by the solvent 
molecules that are small enough to reside within the tubes leading to a sort of host-guest 
system.30,31   

 

 
Figure 1.4: Top: bis-urea monomer. Below: schematic representation of filament (3a) and 

tube (3b) formed by the monomers.29 
 

3a 3b

3
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Another type of cooperative transition was observed in supramolecular polymers 
originating from C3 symmetric discotic molecules.32 The self-assembly of bipyridyl 
substituted BTAs with chiral penta(ethylene oxide) side chains in polar medium proceeds via 
formation of disordered nonhelical intermediates. Monomers first aggregate into a 
disordered self-assembled state (coil), which is followed by the formation of ordered 1D 
helical aggregates (helix). Theory predicts that the helix-coil transition resembles a phase 
transition and is cooperative33,34 which is in good agreement with the experimental findings. 

 

1.3 Self-assembly mechanisms: cooperative vs isodesmic 

Nucleated (cooperative) and isodesmic are the two common self-assembly mechanisms. 
Cooperative self-assembly requires the formation of a nucleus initially with an equilibrium 
constant, Kn. The nucleation proceeds by subsequent elongation steps with an equilibrium 
constant of Ke, where Ke > Kn (Figure 1.5A). These two steps are absent in isodesmic self-
assembly and addition of monomer into the growing chain proceeds equally i.e., equilibrium 
constant of each step is identical, Kn = Ke (= K) (Figure 1.5B).35     

 

 
 
 

 
Figure 1.5: A) Schematic representation of A) cooperative, B) isodesmic self-assembly of a 

single type chiral monomer. 
 
The two mechanisms are compared based on the fraction of the self-assembled material (Ф) 

as a function of total concentration of monomers (KCt). This is performed for different 
cooperativity parameters, σ = Ke / Kn, (σ = 1, 10-2, and 10-5) (Figure 1.6A). In isodesmic growth 
(i.e., σ = 1), the concentration of polymeric species increases gradually with increasing 

K K K 

K 

Kn Ke Ke 

A 

B 

K 
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monomer concentration (solid line). In contrast, no polymeric species are formed below a 
dimensionless concentration of 1 (i.e., critical concentration) in cooperative growth (dashed 
and dotted lines). Polymers are formed only after the critical concentration is reached. 
Furthermore, the decrease in the value of σ in the cooperative growth influences the growth 
profile of the polymeric species (i.e., the transition around the critical concentration is much 
sharper when σ = 10-5). Another comparison between the two self-assembly mechanisms is 
performed based on the equilibrium concentrations of the monomers (KeM1) and that of 
polymers (= M2 + M3 + .…) as a function of total concentration (KeCt) (Figure 1.6B). In 
isodesmic growth, the equilibrium concentrations of monomers (M) and polymers (P) 
increase simultaneously while in the cooperative growth the concentration of polymers 
increase only after the critical equilibrium monomer concentration is reached. The monomer 
concentration does not change anymore upon increasing the total concentration after the 
equilibrium concentration is reached. Adding more monomers (after the critical 
concentration is reached) leads to the formation of relatively long polymers in a cooperative 
system. In the isodesmic case, however, the length of the polymers is smaller due to the 
absence of the critical concentration regime as the theory predicts.  

 

 
Figure 1.6: A) Fraction of polymerized material, Ф, as a function of the dimensionless 

concentration, KCt for three different values of σ. B) Dimensionless concentration of 
monomers (M) (KM1) and polymers (defined as K(M2 + M3 + ... + Mi)) as a function of the 
dimensionless concentration KCt for three different values of σ.35  

 
The value of the equilibrium constants, K, Kn or Ke can be deduced experimentally by 

employing concentration-dependent or temperature-dependent measurements for the 
isodesmic or cooperative mechanisms, respectively. Analytical techniques include UV-vis36 
infrared37, fluorescence38, NMR39, circular dichroism40 spectroscopy, solution viscometry41 
and calorimetric measurements42. The thermodynamic parameters characterizing the 
supramolecular polymerizations are obtained by fitting the experimental data with suitable 
mathematical models.43-46 There are multiple factors determining the nature of the 
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noncovalent interactions and the polymerization mechanism that is followed. Electronic47,48, 
structural49,50 and hydrophobic effects51,52 contribute to the cooperative growth of a 
supramolecular polymer. For instance, perylene bisimides and apolar bipyridyl substituted 
BTAs53 self-assemble in an isodesmic fashion whereas the self-assembly of oligo(p-
phenylenevinylene)54 (Figure 1.7) exhibits a strongly cooperative behavior. Various C3-
symmetric and asymmetric BTA derivatives (Figure 1.11) self-assemble via a cooperative 
mechanism.55,56 
 

 
Figure 1.7: Molecular structure of oligo(p-phenylenevinylene).54 
 

1.4 Chiral amplification 
1.4.1 At the molecular level: Soai Reaction 

The formation of chiral molecules from achiral initial conditions requires an initial 
imbalance between the two enantiomers and an amplification mechanism. One possible 
method for this amplification mechanism was first rationalized with a mathematical model 
by Frank in 1953.57 This amplification mechanism is based on an autocatalytic system with 
competitive reactions of two enantiomers that are mutually inhibitory and form inactive 
products in a dynamic metastable system. The reactions of the two achiral compounds lead 
to two enantiomeric products that each catalyzes their own formation, thus autocatalysis 
occurs. Each enantiomer simultaneously reduces the activity of the other−leading to mutual 
inhibition−resulting in a strong asymmetric amplification.58 The first experimental evidence 
for such an autocatalytic reaction is the Soai reaction in which alkylation of pyrimidyl 
aldehyde 5 with diisopropyl zinc (i-Pr2Zn) gives a chiral alcohol 6 (Scheme 1.1).60-64 In this 
reaction, the chiral alcohol catalyzes its own production at a higher rate than that of its 
enantiomer leading to a very high e.e. (> 99.5%)60 from a prochiral compound. In catalytic 
asymmetric automultiplication, the product acts as a catalyst and produces itself with the 
same configuration.64,65 Thus, the reaction does not require any other chiral auxiliaries and 
the separation of the catalyst from the reaction mixture is not needed.  
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Scheme 1.1: Soai reaction: asymmetric autocatalysis of alcohol 6 by the reduction of 

aldehyde 5 with i-Pr2Zn.61,66 
 
Autocatalytic replications in enantioeselective syntheses of alcohol 6 that were induced by 

chiral quartz67, d- or l-crystals of sodium chlorate68 and helicenes69 have been reported. 
Furthermore, hydrogen70,71 and carbon isotope72 chirality were used to afford highly 
enantioenriched alcohol 6. The application of isotopically chiral amino acids as chiral triggers 
in the reduction reaction of aldehyde 5 yielded alcohols with e.e. > 95% (Scheme 1.2). The 
isotopically chiral amino acid may induce a slight enantiomeric imbalance during the 
addition of i-Pr2Zn to 5. The resulting isopropylzinc alkoxide 5a displays a small e.e. and 
possesses the same absolute configuration as the isotopically chiral amino acid. This e.e. is 
enhanced through the subsequent asymmetric autocatalysis followed by hydrolysis affording 
the alkanol, (S)- or (R)-6 with e.e . > 95%.  

 

 
 

Scheme 1.2: Isotopically chiral amino acid induced asymmetric autocatalysis of 5-
pyrimidyl alkanol 6 in the addition of i-Pr2Zn to aldehyde 5.71  

 
Since Soai reaction is a remarkable example for autocatalytic reactions, there is a 

considerable amount of research elucidating the mechanism of this reaction.74-77 Blackmond 
and coworkers demonstrated that the Soai reaction is catalyzed by a dimeric species formed 
by Zn coordination into two molecules of alcohol (derivative of 5a), the Zn alkoxide.73,74 
Studies showed that there is no difference in the stability between hetero- and homochiral 
dimers; however, the asymmetric amplification is originated from relative inactivity of the 
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heterochiral species as a catalyst.75 Moreover, computational methods in the gas phase were 
used to unravel the Soai reaction.77 The calculations demonstrate that the relative orientation 
of isopropyl groups and γ-pyrimidyl nitrogen atoms plays a critical role. The anti 
arrangement of the molecules allows zinc-bound isopropyl groups to attack the Re face of the 
aldehyde, reproducing the chiral information of the catalyst acting as a template. In contrast, 
the isopropyl attack on the Si face is forbidden due the steric repulsion between isopropyl 
groups. 

Amplification of the e.e. has been observed in other types of enantioselective reactions such 
as the Sharpless expoxidation78, the alkylation of aldehydes79,80 and many others.81,82 In these 
reactions the e.e. values of the products are higher than those of the asymmetric catalysts 
used; however, these reactions are not autocatalytic and the e.e. of the product cannot be 
increased by repeating the reaction. 

 
1.4.2 Chiral amplification at the macromolecular level 

In the 1960s, stereoregular vinyl polymers with chiral, nonracemic pendant groups (e.g., 
(R)- or (S)-3-methyl-1-pentene) were prepared.83,84 The optical activities of such polymers in 
solution exhibited nonlinear relationships between the configurational enantiomeric 
characteristics of the monomeric units and the perceived optical activity of the derived 
polymer. This nonlinear optical activity suggested that the chiral monomeric units affect the 
chain conformation of the polymers. A full understanding of this phenomenon required an 
accessible chromophore for a direct observation by circular dichroism as the source of the 
chiral optical observations. Poly(n-hexylisocyanate) −as described in Section 1.2− adopts a 
stiff helical conformation24 in solution and forms right-handed (P) and left-handed (M) 
helices in equal amounts since there is no stereocenter in the side alkyl groups of the 
polymer. The copolymer (7, Figure 1.8A) was prepared by the copolymerization of 2,6-
dimethylheptylisocyanate and n-hexylisocyanate (mol%, x:y = 4:96).85 Incorporation of chiral 
monomeric units into achiral polyisocyanates resulted in the induction of remarkable optical 
activity in the copolymers, which changes nonlinearly with the mole fraction of chiral 
monomers (Figure 1.8A). Moreover, circular dichroism (CD) spectrum of this compound 
demonstrated that a few units of chiral monomers (sergeants) in the polymer chain are able 
to disrupt the equal distribution of P and M among achiral n-hexylisocyanate units (soldiers). 
The term ‘sergeants-and-soldiers’ was used for the first time to express this nonlinear 
behavior in covalent polymers. Furthermore, similar nonlinear dependence was observed for 
the copolymers comprising enantiomeric monomeric units in different ratios. Copolymers 
with pendant groups, (R)- or (S)-2,6,-dimethylheptylisocyanate (8, Figure 1.8B) form opposite 
helical senses, as evidenced by the mirror image CD spectra. CD curves reflect the 
orientation of the helical conformation and demonstrate that the copolymer with an e.e. of 
12% ((R):(S) = 56:44) displays the same CD spectrum as the (R)-homopolymer.86 Furthermore, 
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the optical rotation (measured at the sodium D-line, [α]D) changes nonlinearly with the 
increasing amount of one enantiomer (Figure 1.8B). These results show that the excess of one 
enantiomeric unit biases the total helix sense in the polymer; this phenomenon was termed 
‘majority rules’. Different than in asymmetric synthesis, in a majority rules experiment, the 
e.e. of the monomeric units does not change; however, the observed chirality of the polymer 
changes.  

 
     Figure 1.8: Optical rotation at the sodium D-line as a function of A) percentage of the chiral 
n-hexylisocyanate monomer in the polymer chain, sergeants-and-soldiers experiment.85 B) 
enantiomeric excess, majority rules experiment.86  

 
The two effects observed in covalent polymers, namely the ‘sergeants-and-soldiers’ and the 

‘majority rules’ phenomena, are applicable to supramolecular systems as well. The very first 
example was observed in 3,3’-diamino-2,2’-bipyridyl-substituted BTA-based supramolecular 
polymers (9) (Figure 1.9). The sergeants-and-soldiers experiment87 was performed by mixing 
achiral BTA 9a (soldier) with chiral BTA analogue (S)-9b (sergeant) and the majority-rules 
experiment88 was performed by mixing of two enantiomeric BTAs (S)-9b and (R)-9c. Both 
experiments resulted in a strong nonlinear relationship between observed net helicity and 
both the fraction of chiral sergeant and the e.e. indicating a strong amplification of 
supramolecular chirality. As a result of the dynamic character of BTA self-assembly (e.g., co-
assembled structures are formed within a few seconds), chiral amplification experiments are 
easily performed in a reasonable time-frame. Despite the differences in the formation 
mechanisms between a covalent and a noncovalent polymer, the two show remarkable 
similarities in chiral amplification at the macro- or supramolecular level.  
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Figure 1.9: Chemical structure of (a)chiral 3,3’-diamino-2,2’-bipyridyl-substituted benzene-

1,3,5-tricarboxamides.32,87-89  
 
Chiral amplification behavior has been observed in many other supramolecular systems.90 

Amphiphilic hexa-peri-hexabenzocoronene (HBC) derivatives assembling into nanotubes in 
polar organic solvents exhibit majority rules behavior when enantiomeric HBCs are mixed in 
varying ratios. The mixing experiment resulted in a nonlinear change in CD effect as a 
function of e.e. suggesting that chiral amplification is operative in the co-assembly of the 
enantiomeric HBCs.91  

 
1.4.3 Chiral amplification at solid surfaces 

Transfer of chiral information is particularly selective at ordered interfaces owing to the 
geometrical restrictions introduced by two-dimensional (2D) confinement. As a result, 
macroscopic chirality can be obtained within self-assemblies of achiral molecules on achiral 
surfaces by the application of chiral solvent.92 Molecular homochirality is observed at the 
interface between a chiral solvent and the surface of highly oriented pyrolytic graphite as a 
result of the 2D packing of the hydrogen bonded achiral oligo-(p-phenylenevinylene) 
molecules. The results indicate that chiral information of the solvent can be amplified on a 
larger scale of surface-confined hierarchical supramolecular self-assembly. The sergeants-
and-soldiers principle was observed on crystalline surfaces. Achiral meso-tartaric acid 
molecules form 2D enantiomorphous structures on the copper surface as a result of 
adsorption-induced chirality in the molecular frame combined with a lateral separation of 
the resulting two enantiomers. The formation of one enantiomorphous domain, however, can 
be suppressed by co-adsorption of enantiomeric (S,S)- or (R,R)-tartaric acid, driving the 
entire monolayer into homochirality.93  
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1.4.4 Chiral amplification in crystals: chiral symmetry-breaking by enantiomerization 

Besides the fundamental importance of understanding the origin of homochirality in 
Nature, producing enantiopure compounds from achiral or racemic species on the laboratory 
scale is important for pharmaceutical applications. First example of producing enantiomeric 
compounds by separating the crystals was demonstrated by Pasteur 150 years ago.94 Pasteur 
separated two types of crystals of the sodium ammonium salts of tartaric acid with a mirror 
image shape (based on their dissymmetric facets inclined to the right or left) by means of a 
pair of tweezers. He then observed that one type of crystals rotate the polarized light 
clockwise while the other one rotate the light counterclockwise.  He realized that the 
difference in the rotation of polarized light was a result of dissymmetry in the two crystal 
types. It is noteworthy to mention that Pasteur made these observations decades before the 
concepts ‘chirality’ and ‘enantiomerism’ were known. After resolution of two enantiomeric 
crystals of ammonium salts of tartaric acids by Pasteur, crystallization appeared to be a 
promising method for chiral resolution. For example, achiral NaClO3 molecules crystallize in 
enantiomerically pure chiral crystals under certain conditions.95 Viedma recently 
demonstrated the transformation of these enantiomorphic but intrinsically achiral NaClO3 

molecules into a single chirality (i.e., e.e. = 100%) by grinding the crystals in a saturated 
solution.96,97 Viedma’s grinding method was extended to deracemization of biologically 
relevant enantiomeric molecules such as phenylglycine substituted imine 10 in the presence 
of organic base, 1,8-diazabicycloundec-7-ene (DBU) (Figure 1.10A).98 The enantiomeric 
excesses of the crystals were determined by dissolution and then high performance liquid 
chromatography (HPLC) and highly enantioenriched compounds were attained over time 
(e.e. = 100%) (Figure 1.10B, left). Similar experiments performed by adding chiral seed, 
phenylglycine, to the racemizing mixture led to high e.e. values over time (Figure 1.10B, 
right). The driving mechanism in this process is Ostwald ripening, which states that large 
crystals with the same configuration grow preferentially, while smaller crystals are further 
ground and eventually disappear under stirring-grinding conditions.99,100 
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 Figure 1.10: A) Chemical and physical equilibria in the racemization and 

crystallization/dissolution processes for phenylglycine-substituted imine (10). B) The change 
in e.e. of 10 over time under racemization and stirring conditions (left). Phenylglycine was 
used as chiral seed to catalyze the process (right).98  

 
Deracemization in crystalline state is a useful technique for obtaining enantioenriched 

compounds; however, it has a number of requirements; the enantiomers must crystallize as 
conglomerates and they should be racemizable in solution.98,98 Tsogoeva and coworkers 
demonstrated that enantioenriched products can be obtained in a reversible Mannich 
reaction by enantiomerization through the reverse reaction in combination with stirring 
(with or without grinding) where labile stereocenter is not a prerequisite in the system.101,102 
Tsunoda et al. showed that racemic mixtures of several cyclohexanones can be deracemized 
in basic suspension by using an optically active host. The formation of more stable inclusion 
complex between optically active host and one enantiomer of the guest molecule leads to 
enantioenrichment of racemic guest in quantitative yields.103  

 

1.5 BTAs: a model system for studying cooperativity and chiral amplification  

Benzene-1,3,5-tricarboxamides (BTAs) are easily accessible small organic molecules that 
form helical supramolecular polymers by means of threefold intermolecular hydrogen 
bonding in dilute solutions. These synthetic supramolecular polymers show remarkable 
similarities to covalent polymers and supramolecular polymers found in Nature (in terms of 
cooperativity and chiral amplification) despite differing formation mechanisms. Therefore, 
BTA molecules represent an ideal system for studying complex interactions in 
supramolecular polymers. Such studies are of great importance for the rational design of 
molecules that self-assemble into nano-objects of defined structure, stability and shape by the 
molecular information stored in the chemical structure.  
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1.5.1 Structural properties and synthesis of BTAs 

Structurally, BTA molecules consist of a benzene core and three amide moieties connected 
to the benzene ring. Amide groups can be readily functionalized with either chiral or achiral 
units. When the functional groups connected to the amides are the same, BTA molecules are 
referred to as C3 symmetric. Furthermore, BTAs can be desymmetrized by introducing 
different substituents. Although most common BTA structures are carbonyl (C)-centred 
where carbonyl groups are attached directly to the benzene ring, various types of nitrogen 
(N)-centred BTAs in which carbonyl and NH groups are replaced, have been reported.104,105 

The most common synthetic strategy for the preparation of the BTA molecules is the 
reaction of benzene-1,3,5-tricarbonyl trichloride (trimesic chloride) with the appropriate 
amine in the presence of base.55 The trimesic chloride is obtained from benzene-1,3,5-
tricarboxylic acid, whereas BTAs can also be prepared via direct functionalization of the 
carboxylic acid with the appropriate amine by using suitable coupling agents.106 Over the 
past decades, a broad range of N- and C-centred BTA molecules has been synthesized and 
analyzed in detail. BTA structures derivatised with R-groups such as alkyl,55,107 aryl,105,108,109 
pyridyl,110 bipyridyl,32,89 porphyryl,111 triphenylenyl,112 oligo(p-phenylenevinylene),113 amino 
acid,107,115-119 dipeptide,119 oligopeptide,120 oligo(ethyleneoxy),121,122 and benzocrown ethers123 
have been reported. The BTA derivatives have been investigated for a variety of applications 
such as organogels,124 hydrogels,109,124,125 liquid crystals,107 nanostructured materials,126 MRI 
contrast agents,127 nucleating agents for polymers,128 metal complexing reagents,117 and 
microcapsules for for drug delivery.129 Figure 1.11 depicts an overview of the selected 
(a)symmetric, (a)chiral C-centred BTA structures. 
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Figure 1.11: The structures of various symmetric and asymmetric (a)chiral C-centred 

BTAs.55,32 ,113,122,130,131 
    
 1.5.2 Self-assembly behavior and chiral amplification in BTAs 

Alkyl substituted BTAs self-assemble upon increasing the concentration c or decreasing the 
temperature T into helical supramolecular polymers, which are stabilized by threefold 
hydrogen bonding between the amides of consecutive discs. The presence of directional 
intermolecular hydrogen bonding leads to the formation of two different helical senses, P 
and M. In the absence of chiral information, these two helical senses have equal stabilities, 
thus they are formed in equal amounts (Figure 1.12). The introduction of one stereogenic 
centre into one alkyl side chain of the BTAs suffices to fully bias one helical sense. 
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Figure 1.12: Self-assembly of BTAs into right- (P) and left-handed (M) supramolecular 

polymers. 
  
 The self-assembly of BTAs equipped with achiral and chiral aliphatic side chains, has been 

studied using a wide variety of different spectroscopic techniques in dilute apolar solvents 
such as methylcyclohexane (MCH) and heptane. For example, helical supramolecular 
polymers formed by chiral symmetric BTA, (R)-12, are analyzed by temperature-dependent 
UV-vis and circular dichroism (CD) spectroscopy.56 The UV-vis spectrum of (R)-12 in 
heptane (c = 1.4×10-5 M) revealed a hypsochromic shift in the absorption maximum. 
According to the exciton theory, a relatively blue shifted curve (λ = 193 nm) in comparison to 
the monomer peak (λ = 207 nm) is commonly assigned to H-type aggregates (Figure 1.13A). 
Furthermore, the CD spectrum exhibited a bisignated Cotton effect (Δε ≈ 40 L mol-1 cm-1 at λ 
= 223 nm where Δε is molar ellipticity and = CD maximum/32980 c l where c = concentration 
in M and l = path length in cm) arising from π-π* (λ = 193 nm) and n-π* transition (λ = 223 
nm) upon cooling (Figure 1.13B). The CD effect monitored at λ = 223 nm as a function of 
temperature showed a strong non-sigmoidal shape (Figure 1.13C) and a clear elongation 
temperature (Te), reflecting the cooperative nature of the self-assembly process.35 
Furthermore, the degree of aggregation, probed by UV-vis spectroscopy, coincides with the 
net helicity, probed by CD spectroscopy, suggesting that aggregation and expression of one 
helical sense are coupled processes.  

P M
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Figure 1.13: A) UV-vis, B) CD spectra of (R)-12 in heptane (c = 1.45×10–5 M) between 363 

and 293 K measured at intervals of 10 °C. Arrow shows the decrease in the temperature. C) 
Molar ellipticity (Δε = CD maximum/32980 c l where c = concentration in M (mol L-1) and l = 
path length in cm) as a function of temperature monitored at λ = 223 nm at a cooling rate of 1 
K min-1 for (R)-12 in heptane; c = 4×10–5 M.56   

 
The cooperative self-assembly of BTAs can be described quantitatively by a nucleation-

growth model.54 Temperature dependent UV-vis or CD measurements performed for 
different concentrations revealed that the self-assembly of BTAs proceeds via two regimes; 
nucleation and elongation. At elevated temperatures, BTA monomers are at molecularly 
dissolved state. Upon cooling, an unfavored nucleation takes place which is followed by a 
favored elongation giving rise to a non-sigmoidal cooling curve (Figure 1.13C). A detailed 
study on dilute solutions of chiral BTA 12 employing a combination of vibrational circular 
dichroism (VCD)132 and CD56, supported by DFT calculations133 confirms the correspondence 
between the reported134 crystal structure and the structure of the helical aggregates formed in 
dilute, apolar solutions. Importantly, VCD experiments performed in solution and density 
functional theory (DFT) calculations are in good agreement and clearly provide evidence for 
a nonzero twist angle between the amide plane and the benzene plane for BTA monomers 
present in the helical aggregate. As intermolecular hydrogen bonding is the dominant 
interaction responsible for BTA self-assembly, addition of competing solvents such as 
acetonitrile results in complete depolymerization of the helical aggregates.56 Interestingly, 
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side-chains that can compete with the threefold hydrogen bonding of the BTA core (e.g., in 
24 and 25) via intramolecular back-folding cause a diminished degree of aggregation as 
evidenced by UV-Vis and CD studies.126,135  

Furthermore, the effect of the position of the stereocenter in the side alkyl chains of BTAs 
on the self-assembly behavior was investigated.55 BTAs comprising two n-octyl and one 
chiral methyl-alkyl side chain in which the position (methyl at either α, β-, γ- or δ position) 
and the absolute configuration (R or S) of the stereogenic centre were systematically varied. 
Mirror image CD spectra of the enantiomeric BTAs revealed that these enantiomers self-
assemble in opposite helical senses. In addition, a positive Cotton effect resulting from (R)-
methyl substituent at the α- or γ-position and a negative Cotton effect arising from the (R)-
methyl substituent at the β- and δ-position revealed the presence of a pronounced odd-even 
effect in the sign of the Cotton effect. This remarkable result indicates that the helical sense 
preference changes upon moving the methyl from an odd to an even position. The stability of 
the aggregates increases when the methyl group is closer to the amide function.  

Chiral amplification behavior in BTA-based supramolecular polymers has been 
investigated for more than a decade. The first example of supramolecular polymer showing 
chiral amplification behavior is bipyridyl substituted BTAs (9) as mentioned in the previous 
section.87 After that, chiral amplification was analyzed in great detail for various BTA 
molecules and the effect was quantified by using mathematical models.  The sergeants-and-
soldiers experiment was performed by mixing achiral BTA 11 (soldier) with chiral BTA 
analogue (S)-12 (sergeant)56 and majority-rules experiment136 was performed by mixing of 
two enantiomeric BTAs (S)-12 and (R)-12. Both experiments result in a strong nonlinear 
relationship between observed net helicity and both the fraction of chiral sergeant and the e.e. 
indicating a strong amplification of supramolecular chirality (Figure 1.14A-B). In 
supramolecular chemistry the term ‘amplification of chirality’ implies full expression of a 
chiral superstructure at the supramolecular level, regardless of the e.e. of the monomers used. 
In contrast, in asymmetric synthesis, amplification of chirality implies the increase of the e.e 
of the reaction product relative to the substrate or catalyst used. Chiral amplification in BTAs 
is quantified by using the model developed by van Gestel88,137 and is described in terms of 
two (free) energy penalties (i.e., the helix reversal penalty, HRP) that reflects the barrier to 
helix reversal within a stack and the mismatch penalty (MMP) which represents a mismatch 
energy when a chiral monomer is introduced into a stack of its unpreferred helicity (Figure 
1.14C). The HRP value determined for methyl substituted BTAs is approximately 12 kJ mol-1 
whereas the MMP value typically lies in the range of 1–2 kJ mol–1.136  
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Figure 1.14: A) CD effect (at λ = 223 nm) as a function of sergeant fraction, data based on 

the sergeants-and-soldiers experiment performed by using achiral BTA 11 and (R)-12, c = 
1.4×10–5 M in heptane.56 The line is to guide the eye. B) CD effect as a function of enantiomeric 
excess, data extracted from majority-rules experiment by using various ratios of (R)-12 and 
(S)-12.137 C) Schematic representation of helix reversal and mismatch penalties in BTA-based 
supramolecular polymers.   

 
1.6 Aim and outline of the thesis 

Considering the profound importance of cooperativity and chirality observed in biological 
systems, it is both scientifically fascinating and technologically relevant to study synthetic 
supramolecular polymers in order to gain insights into the fundamentals of complex 
molecular systems. Furthermore, unraveling complexity in multi-component systems 
provides valuable information for the rational design of molecules that assemble into nano-
objects of defined structure, stability and shape. Benzene-1,3,5-tricarboxamide (BTA) 
molecules are particularly appealing building blocks owing to their cooperative self-
assembly behavior in dilute solutions, expression of supramolecular chirality and synthetic 
accessibility. The self-assembly mechanism of BTAs has been studied for more than a decade 
both experimentally and theoretically. Studies revealed that BTA monomers self-assemble via 
a cooperative mechanism by means of intermolecular hydrogen bonding, and they display 
chiral amplification behavior which implies a full expression of a chiral superstructure at the 
supramolecular level, regardless of the enantiomeric excess of the monomers used. In this 
dissertation, the limits of supramolecular chirality in BTA-based supramolecular polymers 
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are targeted. Moreover, the research aims at combining covalent chemistry with noncovalent 
interactions to enter the intriguing area of complex molecular systems. Therefore, the 
influence of subtle structural changes in BTA monomers on the cooperative self-assembly 
and chiral amplification behaviour are analyzed. The introduction of chirality inducing 
isotopes into BTAs, solvent effects on BTA self-assembly and the consequences of 
introducing a racemization reaction in a self-assembled BTA system are investigated. Studies 
reveal that cooperative interactions may be responsible for magnified effects at the 
supramolecular level which are almost negligible at the molecular level.  

Chapter 2 describes a synthetic approach towards isotopically chiral BTAs. The 
enantioselective synthesis of chiral deuterated octyl alcohols and amines by making use of 
enzymatic asymmetric reduction is depicted. Two enzymatic reduction methods for the 
synthesis of chiral, mono-deuterated octyl alcohols are applied and the efficiencies of the two 
are compared. The enantiomeric excesses of the compounds formed are accurately 
determined by using Mosher’s acid method. Chiral alcohols are converted to the 
corresponding chiral amines which are subsequently used for the synthesis of BTA 
molecules. Chapter 3 addresses the questions ‘how far can we push the supramolecular 
chirality?’ ‘how does isotope chirality reflect at the supramolecular level?’ ‘how do these 
systems compare to the covalent analogues?’. A detailed analysis on the α-deuterated-BTA 
self-assembly carried out in dodecane solvent reveals that the result of isotopic substitution is 
remarkably similar in noncovalent and covalent polymers despite the differences in the 
formation mechanisms of the two. Chapter 4 describes an unprecedented solvent effect on 
self-assembly. The α-deuterated-BTA motif is used to demonstrate that relatively small 
structural differences in the alkane solvents result in remarkable changes in the expression of 
supramolecular chirality and the preferred conformation of the supramolecular polymer. The 
observed effects are attributed to the active participation of the solvent molecules in the self-
assembly process. Chapter 5 describes the racemization reaction in a cooperative self-
assembled system and investigates the kinetics of racemization and the nature of the final 
state of a racemizing supramolecular system in the presence of a chiral auxiliary. Chapter 6 
gives an outlook on increasing complexity in self-assembled systems by combining covalent 
synthesis with noncovalent synthesis in supramolecular polymerizations. Abstraction of an 
amide hydrogen in a BTA derivative in the presence of an organic base results in partial 
depolymerization and leads to oscillatory optical properties when combined with sudden 
temperature changes in the system. This chapter summarizes the preliminary observations 
and discusses what the combination of covalent and noncovalent chemistry brings to the 
field of supramolecular chemistry in the future. 
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