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1.1 Introduction 

Enzymes are essential for many, if not all, biochemical processes in living organisms. Without them, all 

metabolic transformations would occur at a too low rate for life to be viable under the conditions found 

on earth. With the aid of these ubiquitously occurring natural catalysts, enormous rate accelerations can 

be achieved. Carbonic anhydrases, for example, speed up the decomposition of carbonic acid into a 

proton and bicarbonate by a factor of 107 compared to the uncatalyzed reaction, making it one of the 

fastest enzymes known.1 This degree of rate acceleration is astonishing and can be compared to a process 

normally taking almost four months to be completed in a single second. Next to the enormous rate 

accelerations, enzymes generally are highly specific in nature as they only catalyze the transformation of 

a single substrate or closely related substrates. 

Mankind has utilized the power of enzyme catalysis since thousands of years: the baking of bread and 

brewing of beer by the Egyptians were well established enzyme based-processes as early as in 4000 B.C. 

Enzymes are still commonly applied in the food industry, but in the past decades other important 

applications and industrial processes utilizing the power of enzymes have emerged. The main advantage 

of these enzyme-catalyzed processes is that they can be performed under mild conditions and are 

environmentally benign. Important technological applications of enzymes include enzyme-based 

detergents, textile and food processing, the personal care industry and the preparation of high-value 

intermediates for use in the fine chemicals industry.2 Especially the latter has received a lot of attention 

from industry and academia and has led to the availability of many new, optically pure chiral 

intermediates for the synthesis of amongst others pharmaceuticals and agrochemicals.3 

In this thesis the application of a lipase, which is an enzyme with the native function of hydrolyzing fatty 

acid esters, in organic, polymer and supramolecular chemistry will be the central theme. This chapter will 

focus on what enzymes are, how they work, and more specifically why some lipases can be used in 

anhydrous organic solvents and which chemical transformations they can catalyze. 

1.2 Enzymes 

Enzymes are polymers of the twenty naturally occurring amino acids connected via amide bonds. These 

polymers adopt a 3-dimensional structure resulting in a specific function. Four different levels of 

organization can be recognized in proteins. The sequence in which the amino acids are linked to one 

another is known as the primary structure (Figure 1.1a). Localized hydrogen-bonding interactions 

between amino acids that are close to one another in the linear structure give a higher degree of ordering, 

referred to as the secondary structure (Figure 1.1b). In some cases, these hydrogen-bonding interactions 

result in the formation of highly ordered structural elements, such as -helices and -sheets. 
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The tertiary structure comes from interactions between amino acids that are further apart in the amino 

acid sequence and spatially organizes the secondary structure elements (Figure 1.1c). Important factors in 

the generation of the tertiary structure are disulfide and hydrogen-bond formation, and electrostatic and 

hydrophobic interactions. The highest level of organization, the quaternary structure, arises when multiple 

polypeptide chains interact with each other (Figure 1.1d). 

 
Figure 1.1: Schematic representation of the different levels of protein structure: a) Primary structure; b) -Helix and 
-sheet as secondary structure elements; c) Tertiary structure of CALB (-helices are depicted as cylinders, -sheets as 
ribbons); d) Quaternary structure of hemoglobin (the four subunits are shown in a different color). (Color version at 
page 151). 

The high level of structural organization positions certain amino acid residues closely together in a fixed 

spatial arrangement around an empty space to create the enzyme active site. When one or multiple 

substrates bind to this region of the enzyme they can be transformed into products. The only function of 

the enzyme is to accelerate the reaction by lowering the activation energy compared to the non-catalyzed 

reaction. The lowering of the activation energy by enzymes is achieved by an intricate interplay of the 

catalytically important residues with the substrate. Especially hydrogen bonding and electrostatic 

interactions between the substrate and enzyme are of high importance4 and additionally, electronic 

stabilization of the transition state and destabilization of the reactant are considered to be driving forces in 

enzyme-catalyzed reactions.4b 

1.3 Lipases and their use in organic solvents 

All enzymes known to date have been classified into six main classes based on the type of reaction 

catalyzed and the substrates on which they act.5 Lipases (EC 3.1.1.3) have received considerable interest 

for application in organic synthesis as they do not require the regeneration of co-factors, accept a variety 

of substrates and are relatively stable.6 In their natural environment, lipases are only active on a water/oil 

interface. In an aqueous solution, the active site of the enzyme is screened from the solvent by a flexible 

part of the enzyme referred to as the lid.7 In contact with an oil phase, the lid moves away by a 

conformational change thereby allowing substrates to enter the active site. Many lipases have shown to be 

stable and catalytically active in anhydrous apolar solvents,7-8 which makes them potential catalysts for 

chemical transformations in organic solvents. 
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Although water is the ultimate green solvent for chemistry, in many cases organic solvents show better 

product and reactant solubility, they suppress side reactions and, often a more favorable equilibrium 

position is attained.8 For example, in the absence of water lipases only catalyze transesterification 

reactions and do not hydrolyze the substrates. One of the most-important factors for the observed enzyme 

stability in nearly anhydrous apolar organic solvents is rigidification of the enzyme structure.9 Ionic 

interactions and hydrogen bonds, which are crucial for the structural integrity, are not disturbed and the 

essential water molecules remain in place. On the other hand, relatively polar solvents generally result in 

low catalytic activity.10 Under these conditions, intramolecular hydrogen bonds are lost and essential 

water molecules are stripped from the enzyme resulting in extensive denaturation and dissolution of the 

enzyme. Enzymes are not soluble in organic solvents, but lyophilized enzymes can be suspended. Cross-

linked enzyme aggregates (CLEAs),11 cross-linked enzyme crystals (CLECs),12 and different types of 

otherwise immobilized enzymes have been used as well with the advantage of improved stability, activity 

and ease of recovery compared to the freely suspended enzyme.13 

1.4 Candida antarctica Lipase B 

One of the most frequently used lipases in organic synthesis is Candida antarctica Lipase B (CALB).14 

This extracellular enzyme was first mentioned in literature in 1989 by Heldt-Hansen et al.15 CALB 

consists of 317 amino acids and has a molecular weight of 33.5 kDa and its three-dimensional structure 

was elucidated by X-ray crystallography by Uppenberg et al. in 1994.16 To understand in detail the 

possibilities and limitations of CALB as a catalyst for chemical transformations, it is important to have a 

closer look at the structure and mechanism of this enzyme, which are discussed below. 

1.4.1 Structure and mechanism of CALB 

CALB belongs to the class of /-hydrolases, which all share a common enzyme fold that is 

characterized by mostly parallel -sheets surrounded by -helices.17 One of these -helices is connected 

with a sharp turn, referred to as the nucleophilic elbow, to the middle of the -sheet array. All  

/-hydrolases possess an identical catalytic mechanism and share a catalytic triad consisting of an 

aspartate or glutamate, a histidine and a nucleophilic serine residue.18 The serine residue is located at the 

nucleophilic elbow and is found in the middle of a highly conserved Gly-AA1-Ser-AA2-Gly sequence in 

which AA1 and AA2 may vary.18 The histidine residue is spatially located at one side of the serine 

residue, whereas at the opposite side a negative charge can be stabilized by a series of hydrogen-bond 

interactions in the so-called oxyanion hole. In CALB, the active site region is found approximately 12 Å 

remote from the enzyme surface, which is relatively deep compared to other lipases.7b,16 

The catalytic mechanism of serine hydrolases has been extensively modeled and is well understood.19 

Additional support for the proposed catalytic mechanism of CALB has been given by site-directed 

mutagenesis of the catalytically important residues18 and by determination of the enzyme kinetics.20 
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CALB displays ping-pong bi-bi type kinetic behavior (Scheme 1.1), meaning that two substrates and two 

products (bi-bi) are involved that are bound and released in a specific order (ping-pong). The first 

substrate binds to the empty enzyme (E) and forms a covalently modified enzyme species (E*,  

acyl-enzyme intermediate) with release of the first product (P). Then the second substrate (B) binds upon 

which the second product (Q) is released and the free enzyme species (E) is regenerated. 

E EE•QE•A E*

A P B Q

 
Scheme 1.1: Schematic representation of ping-pong bi-bi kinetic behavior showing the sequential order for binding of 
the two substrates (A, B) and the release of the two products (P,Q). The free enzyme species and the covalently 
modified enzyme species are indicated with E and E*, respectively. 

The catalytic triad of CALB consists of Asp187, His224, and Ser105 while the oxyanion hole is formed 

by the backbone amide protons of Thr40 and Gln106 and the side chain of Thr40.16 In the catalytic cycle, 

the first substrate is reversibly complexed to the free enzyme (Scheme 1.2 top) forming the so-called 

Michaelis-Menten complex. After correct positioning of the substrate, a nucleophilic attack of Ser105 

onto the substrate carbonyl group occurs and a first tetrahedral intermediate is formed (Scheme 1.2 top 

right). In this tetrahedral intermediate, the negative charge on the former substrate carbonyl oxygen is 

stabilized by threefold hydrogen bonding interaction with the oxyanion hole, whereas the positive charge 

on His224 is stabilized by interaction with Asp187. Subsequently the proton from His224 is transferred to 

the substrate alkyl oxygen and the alcohol part (Product P) of the residue is released from the enzyme. As 

a result, the covalently bound acyl enzyme intermediate is formed (E*) at the end of the acylation step 

(Scheme 1.2 bottom right). Then, the acyl enzyme intermediate is deacylated by an incoming nucleophilic 

substrate (R”NuH), which generally is water, an alcohol, or an amine. A second tetrahedral intermediate 

is formed by attack of the nucleophile onto the acyl enzyme carbonyl group (Scheme 1.2 bottom left).  

His224

N NH

Ser105
O
H

OAsp187

O

Free enzyme  E
His224

N NH

Ser105

H

OAsp187

O
+ O

R'O
O

R

oxyanion
hole

His224

N NH

Ser105OAsp187

O
O

R'

O

Acyl-enzyme
intermediate

Tetrahedral 
intermediate 1

Tetrahedral
intermediate 2

O

O

R'

OHR

OHR''

O

O

R'R''

Acylation

Deacylation

R

His224

N NH

Ser105

H

OAsp187

O
+ O

R'O
O

R''

A

B

Q

P

E*  
Scheme 1.2: Catalytic mechanism of CALB showing the existence an acylation and a deacylation step.21 The letters in 
the square boxes refer to the two substrates (A, B), the two reaction products (P,Q) and the free and covalently 
modified enzyme species (E and E*, respectively). 
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During this process, the proton is transferred from the nucleophile to the His224 residue and the positive 

and negative charges are again effectively stabilized. After that, the proton is transferred from the His224 

residue to the Ser105 alkyl oxygen while restoring the carbonyl bond of the bound substrate. As a result, a 

weakly bound enzyme-product complex is formed and the free enzyme species (E) (Scheme 1.2 top left) 

is regenerated after release of the reaction product, thereby closing the catalytic cycle.  

1.4.2 Selectivity of CALB 

Although the naturally occurring fatty acid ester substrates of lipases are not chiral, lipases can show 

excellent enantioselectivity in the reaction of non-natural substrates. The chirality present in the amino 

acids and the unique three-dimensional spatial organization of the catalytic residues in the active site can 

favor reaction of one substrate enantiomer over the other. The ratio of the specificity constants 

(ksp = Vmax/KM) for the (R)- and (S)-enantiomers (ksp,R/ksp,S) is generally referred to as the enantiomeric 

ratio or E-ratio.22 This parameter strongly depends on the enzyme, substrate, and applied reaction 

conditions. 

As a result of the relatively deep active site and the well-defined shape of the substrate binding pocket, 

CALB can display a very high degree of enantioselectivity. Enantioselective reaction of chiral substrates 

has been demonstrated for CALB in both the acylation and the deacylation step. Large E-ratios for CALB 

have frequently been observed in the deacylation step when the nucleophile is directly attached to the 

chiral centre.23 In this situation, the enantiopreference of lipases is well understood and depends on the 

relative size of the substituents (Figure 1.2),23-24 although other non-steric factors such as polarity also 

play an important role.23 Generally, good discrimination between enantiomers is observed if one of the 

non-hydrogen substituents at the chiral centre is larger and one is smaller than an n-propyl group. As a 

result of the relative priority of the substituents according to the Cahn-Ingold-Prelog rules,  

(R)-nucleophiles are generally preferred over (S)-nucleophiles.24 Serine proteases, which also possess an 

/-hydrolase fold, have a mirror image arrangement of the catalytic triad compared to lipases and 

therefore show an opposite enantiopreference.25 Substrates in which the centre of chirality is located more 

distant from the reactive site are recognized by lipases as well.26 However, the enantioselectivity is more 

difficult to predict a priori in this case. 

NuH

M L
Enzyme  

Figure 1.2: Schematic representation of Kazlauskas rule showing the general enantiopreference of lipases dominated 
by a medium (M) and large (L) substituent at the chiral centre.24 
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Next to excellent enantioselectivity, a high degree of regio- and chemoselectivity can be observed in 

CALB-catalyzed reactions. Sterically hindered nucleophiles, for example, do not react as a result of the 

spatially confined active site of CALB. This regioselectivity has been utilized in CALB-catalyzed 

reactions on amongst others sugars,27 nucleosides,28 and hydroxylated fatty acids.29 Moreover, the 

chemoselective synthesis of N-hydroxyalkyl-acrylamides,30 and end group functionalized polymers31 by 

enzyme catalysis have been demonstrated. 

1.5 Applications of CALB 

The generally high activity, selectivity, and stability combined with the acceptance of a wide range of 

different substrates makes CALB an important catalyst in organic and polymer chemistry. Moreover, the 

commercial availability of CALB immobilized on a cross-linked polyacrylic resin under the trade name 

Novozym 435 is responsible for its widespread use over the past years. The most-important applications 

of CALB will be briefly discussed in this section. 

1.5.1 Kinetic Resolution  

An ever increasing demand for new, optically pure building blocks exists as many of these compounds 

are valuable intermediates in the synthesis of, amongst others, drugs and agrochemicals.3a Traditional 

procedures for the preparation of these optically pure compounds rely on the isolation of single 

enantiomers from natural sources, often referred to as the chiral pool, the formation of diastereomeric 

salts or the kinetic resolution of racemic substrates. In the latter case, two substrate enantiomers (SR and 

SS) are separated based on reaction rate differences when using a chiral catalyst C* (Scheme 1.3a). The 

transition states between the substrate enantiomers and the chiral catalyst are diastereomeric and, 

therefore, have a different energy, leading to a faster reaction of one of the enantiomers (Scheme 1.3b). 

a) b)

SR

SS

C*

fast

C*

slow
PS

PR

O

OH

(R)
Vinyl acetate

E = 47

OH

(R)
Vinyl acetate

E > 1000

OH O

OEt

(R)
Vinyl acetate

E > 200

OH

C6H11(R)
Vinyl acetate

E ~ 150  
Scheme 1.3: a) Schematic representation of kinetic resolution of a racemic substrate S by a chiral catalyst C* resulting 
in the formation of an enantiomerically enriched product PR; b) Typical examples of substrates used for the CALB-
catalyzed kinetic resolution. The enantiopreference, acyl donor used, and E-ratio are shown below each substrate.33 

The relationship between the e.e. values of the remaining substrate and the formed reaction products, and 

the degree of conversion during the complete course of the kinetic resolution process is well understood 

and has been described by Chen et al.22,32 A major drawback of a kinetic resolution process, however, is 

that the yield is limited to 50% at most. The residual, non-favored substrate has to be separated and 

discarded, resulting in excessively large amounts of waste and the loss of valuable starting materials. 
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As described before, CALB and other lipases can enantioselectively transfer an acyl group to chiral 

nucleophiles. A wide variety of aliphatic, alicyclic, and heterocyclic secondary alcohols and amines have 

been subjected to CALB-catalyzed kinetic resolution.34 The industrial relevance of such processes is 

demonstrated by the kinetic resolution of amongst others various amine substrates, which has been 

performed on multi-ton scale at BASF.3a,35 

1.5.2 Dynamic kinetic resolution 

To overcome the disadvantages of kinetic resolution mentioned above, the remaining substrate can 

continuously be racemized during the resolution process. This process allows for the preparation of 

optically pure products in theoretically 100% yield starting from racemic substrates and is referred to as 

dynamic kinetic resolution (DKR) (Scheme 1.4). The DKR of substrates with a single chiral centre is one 

of the simplest examples of the general more class of dynamic kinetic asymmetric transformations 

(DYKAT).36  

Racemization of the residual substrate usually proceeds via an achiral intermediate [I] and should be 

sufficiently fast to ensure that the substrate stays racemic in order to obtain a maximal e.e. value of the 

product. The racemization method that can be applied depends on the chemical structure of the substrate 

and is often based on acid/base catalysis or on reversible oxidation/reduction chemistry.37 In some cases, 

enzymes can be applied for the racemization of substrates.38 The asymmetric transformation step in a 

DKR system needs to be irreversible and must have an E-ratio >20.39 Moreover, the chiral reaction 

product (P) must be inert towards the applied racemization conditions to avoid a decline in enantiomeric 

purity. A final, but important prerequisite for a DKR system is that the reaction conditions for the 

racemization and the kinetic resolution steps are compatible with one another.  

a) b)
SR

SS

C*

fast

C*

slow

PR

[ I ]

HN

R = H, p-Br, p-OMe
yield: 74 - 95%
e.e.: 93 - 99%

O

O Ph

R

yield: 97%
e.e.: 98%

Ph

Ph OAc

yield: 81%
e.e.: 95%

Ph

O

N
H

O

O
C4H9

Ph

 
Scheme 1.4: a) Schematic representation of a dynamic kinetic resolution process showing a kinetic resolution 
combined with continuous racemization of residual substrate S via an achiral intermediate [ I ]; b) Typical examples of 
products prepared by CALB-catalyzed dynamic kinetic resolution. 40 

Since the first chemo-enzymatic dynamic kinetic resolution of 1-phenylethanol by Dinh et al. in 1996,41 

many DKR processes for structurally diverse substrates have been investigated. Lipases, and CALB in 

particular, have been applied for the kinetic resolution step in many of DKR processes. A central theme in 

the development of DKR systems has been the screening for highly active and selective transition metal 

catalysts for the racemization of chiral amine and alcohol substrates utilizing redox chemistry.42  
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Extensive screening and optimization has led to the development of efficient DKR systems for amongst 

others, secondary alcohols, amines, and heterocyclic compounds.43 Some of these DKR systems have 

even been applied on a multi-ton scale in industry for the preparation of optically pure, high value 

chemical intermediates.44 

1.5.3 Desymmetrization of meso-compounds 

Substrates having two identical chiral centers of opposite configuration have an internal mirror plane and 

are not optically active. Enzymes, however, can recognize the difference between the two functional 

groups in these meso-compounds and selectively transform one of them, thereby generating two new 

chiral centres with a high degree of selectivity.45 Some examples of CALB-catalyzed desymmetrization 

reactions of meso-compounds are shown in Scheme 1.5. 

OH

OH

OAc

OH

H

H

H

Hyield: 85% 
e.e.: 98%

HO OH AcO OH

yield: 94% 
e.e.: 98%

 
Scheme 1.5: Examples of CALB-catalyzed desymmetrization of meso-compounds to give optically enriched products 
in high e.e. and yield.46 

1.5.4 CALB in polymer synthesis 

The ability of lipases to transfer an acyl group to a nucleophile in the absence of water has also been 

utilized for the preparation of polymers. Since the first, independent demonstrations of lipase-catalyzed 

polymerization by the groups of Kobayashi and Knani,47 a wide variety of polyesters, polycarbonates, 

poly(ester carbonates), and other copolymers have been prepared using this methodology.48 The main 

advantages of enzymatic polymerization over chemically catalyzed polymerization are the absence of 

toxic transition metal catalysts, the selective polymerization of functional or chiral monomers, and the 

mild reaction conditions. Enzymatic polymerizations can be performed both in bulk and solution and two 

important classes of enzyme-catalyzed polymerization reactions can be distinguished: i) condensation 

polymerization of bifunctional monomers and ii) ring-opening polymerization of cyclic monomers 

(Scheme 1.6). Both types of enzymatic polymerization have been demonstrated extensively. In the 

condensation polymerization of bifunctional monomers, both ‘AA-BB’ type monomers (Scheme 1.6a) 

and ‘AB’ type monomers can be utilized (Scheme 1.6b). In the former case, an exact 1:1 stoichiometry 

and high degree of conversion are required for the preparation of polymers with high molecular weight. In 

contrast, no potential stoichiometry problems exist for hetero bifunctional ‘AB’-type monomers or cyclic 

monomers. 
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The lipase-catalyzed ring-opening polymerization of lactone monomers has been evaluated in detail and 

interestingly, large lactones — which are notoriously difficult to polymerize chemically due to the 

absence of ring strain — could readily be polymerized using a lipase catalyst into high molecular weight 

polyesters, showing an additional advantage of enzymatic polymerization over chemical 

polymerization.49 

O

O

LipaseO

O

O

O

R R
x

OHHO
y

+ n

R = H, alkyl,          ,

O

O O

R
x OH

O y
n

a)

b)

c)

Lipase

Lipase

O

O

OHR
x

O

O
OH

R
x

n

O

O

R
x

nx

OH

n + (2n-1) ROH

n + (n-1) ROH

ROH + n

 
Scheme 1.6: Lipase-catalyzed polyester synthesis by: a) condensation polymerization of AA-BB type monomers; b) 
AB-type monomers; c) ring-opening polymerization of cyclic monomers. 

Enzymatic copolymerization of multiple monomers has been used to tune the properties of the formed 

polymers. By varying the monomer composition, parameters such as the hydrophilicity, degree of 

crystallinity, thermal behavior and degradation rate can be influenced.50 As a result of continuous 

transesterification by the lipase catalyst random copolymers are obtained when multiple monomers are 

used.49b 

The intrinsic enantioselectivity displayed by CALB has also been utilized for the preparation of optically 

enriched polymers.51 First, the kinetic resolution polymerization of racemic 4-methyl and 4-ethyl 

substituted caprolactone with CALB was demonstrated in bulk (Scheme 1.7).52 Depending on the reaction 

conditions, polymers with an Mn between 5.3 (PDI = 1.5, T = 45 °C) and 4.1 kg/mol (PDI = 1.4, 

T = 60 °C) were obtained.52a Later, the polymerization was extended towards the synthesis of block 

copolymers. A bifunctional initiator was used for the controlled polymerization of styrene from one side, 

and the enantioselective CALB-catalyzed polymerization of (S)-4-methyl caprolactone from the other 

side.53 

O

O

R

R = Me, Et

Novozym 435
bulk

45-60 oC
HO

O
H

O

R n
+

O

O

R

 
Scheme 1.7: Enantioselective kinetic resolution polymerization of 4-alkyl substituted caprolactone for the preparation 
of chiral polyesters.52 

The dynamic kinetic resolution of a secondary alcohol with an acyl donor is a condensation reaction and 

can in principle be extended to the synthesis of optically enriched polyesters. The condensation 



Introduction: CALB catalysis in organic, polymer and supramolecular chemistry 

11 

polymerization of diastereomeric mixtures of chiral diols with a diacyl donor under DKR conditions has 

been demonstrated to afford chiral polyesters with appreciable molecular weight (Mn > 10 kDa) and high 

e.e. of the incorporated monomers (>95%) (Scheme 1.8).54 Reduced pressure was applied to remove the 

condensation products and to drive the reaction to completion. Aliphatic diols with different spacer 

lengths were used in this dynamic kinetic resolution polymerization yielding polymers with a number 

average molecular weight of 3.4-3.7 kDa, although the degree of enantioselectivity of the incorporated 

monomers was relatively low (41-46% e.e.).54b 
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Scheme 1.8: Preparation of chiral polyesters under DKR conditions starting from a diastereomeric diol and a diacyl 
donor.54 

Linear ‘AB’-type monomers comprising an ester group and a secondary hydroxy group were 

enantioselectively polymerized under DKR conditions. Polymers with a peak molecular weight as high as 

16.3 kg/mol and an e.e. for the incorporated monomers of 92% were obtained in some cases (Scheme 

1.9).55 
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Scheme 1.9: Dynamic kinetic resolution polymerization of linear ‘AB’-type monomers.55 

A final example of dynamic kinetic resolution polymerization was shown by the ring-opening 

polymerization of 6-MeCL (Scheme 1.10). The ring opening of this monomer shows a small preference 

for the (S)-enantiomer, upon which a secondary alcohol is formed with the (S)-configuration. Since 

CALB strongly prefers (R)-nucleophiles over (S)-nucleophiles in the deacylation step of the acyl-enzyme 

intermediate, propagation of the polymerization reaction does not occur. Addition of a ruthenium based 

racemization catalyst for the secondary alcohol chain end solved this problem. Proof of principle for the 

formation of chiral oligomers was given in a stepwise, iterative approach56 and was later extended to the 

formation of chiral polyesters in a one-pot reaction.57 Peak molecular weights of the polymer strongly 

depended on the reaction conditions and varied between 6.4 and 20.8 kDa, whereas the e.e. amounted to 

76-96%. 
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Scheme 1.10: Synthesis of chiral polyesters by ring-opening polymerization of rac-6-MeCL in the presence of 
Novozym 435 and a racemization catalyst.57 

1.6 Enzymes in supramolecular chemistry 

The field of supramolecular chemistry focuses on chemical systems consisting of a discrete number of 

molecules. The spatial organization of these molecules is well-defined and influenced by a multitude of 

weak, non-covalent interactions such as metal coordination, hydrogen bond formation, - stacking, 

hydrophobic interactions, electrostatic effects, and van der Waals forces. Important subjects in 

supramolecular chemistry are molecular recognition, self-assembly processes, host-guest chemistry and 

the folding of molecules into well-defined architectures. Studying of these non-covalent interactions is 

crucial to a better understanding of many processes found in nature that are the basis of life, and which 

are governed by similar interactions. As a result, many supramolecular systems created up to now have 

been inspired by naturally occurring building blocks and concepts deduced from nature. 

Enzymes have been engaged in two different manners within the field of supramolecular chemistry:  

i) enzymes have been attached to supramolecular objects and their catalytic activity has been utilized, and 

ii) enzymes have been used to control the formation and behavior of the supramolecular building blocks 

and architectures. Some examples of how enzyme catalysis has been combined with supramolecular 

chemistry will be given below. 

1.6.1 Enzymes attached to supramolecular objects 

Compartmentalization of catalysts may control the catalytic behavior or bring multiple enzyme catalysts 

close together, thereby enabling multistep cascade reactions.58 Polystyrene-polyisocyanopeptide 

(PS-PIAT) block copolymers have been self-assembled into vesicular compartments, referred to as 

polymersomes, and utilized for the compartmentalization of CALB.59 The enzyme was either placed 

inside the polymersome or within the hydrophobic bilayer. In a fluorometric assay, no loss of activity was 
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observed when the enzyme was positioned inside the polymerosome nanoreactor, whereas a lower 

enzymatic activity was observed when the enzyme was located in the hydrophobic bilayer. Both types of 

CALB-containing polymersomes were used for the polymerization of octanolactone and dodecanolactone 

in aqueous medium. Low molecular weight polymers were formed, although similar results were obtained 

when CALB was suspended in water. The PS-PIAT block copolymer was combined with a different 

azide terminated block-copolymer and CALB was attached to the exterior of polymersomes by 

1,3-dipolar cycloaddition of an azide with an alkyne.60 

Polymersomes with three different, accurately positioned enzymes were prepared using the same strategy 

(Figure 1.3).61 Glucose oxidase was located at the inside, CALB in the hydrophobic bilayer and horse 

radish peroxidase at the outside of the polymersomes. In the cascade reaction, the acetylated glucose 

substrate was first hydrolyzed to glucose by CALB. The glucose was subsequently oxidized by glucose 

oxidase at the inside of the polymersome under the formation of hydrogen peroxide. In the final step of 

the cascade reaction, the hydrogen peroxide was quickly converted by horse radish peroxidase under the 

formation of a highly colored radical cation of a dye providing a readout mechanism. 
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Figure 1.3: Schematic representation of the cascade reaction by three different enzymes located at well-defined 
positions in a polymersome nanoreactor.61 

1.6.2 Enzyme-controlled formation and behavior of supramolecular structures 

Enzymes have also been used for the preparation or destruction of spontaneously self-assembling 

supramolecular building blocks. Some of these systems will be discussed in this section, although more 

examples exist.62 The self-assembly process and hydrogelation behavior of small, Fmoc-protected 

hydrophobic di- and tripeptides is well known from literature.63 Thermolysin-catalyzed peptide coupling 

has been utilized for the in-situ preparation of these hydrogelators starting from different Fmoc-protected 

amino acids and Phe-Phe dipeptide.64 After mixing of all components in a single vial, stable hydrogels 

were obtained in the presence of enzyme. Later, dynamic combinatorial libraries were prepared starting 

from different amino acid components with thermolysin as a catalyst.65 The reversibility of the peptide 
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bond formation finally resulted in the spontaneous formation of the thermodynamically most-stable 

hydrogelators. Enzyme-catalyzed covalent bond breaking has also been utilized for the in-situ preparation 

of hydrogelators. Xu and coworkers, for example, used phosphorylated Fmoc-tyrosine 1, which was 

dephosphorylated by an enzyme under the formation of a hydrogel (Scheme 1.11).66 The gelation 

behavior of 1 could also be controlled by adjusting the pH to 2.5. 
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Scheme 1.11: The pH and enzyme controlled hydrogel formation of phosphorylated Fmoc-protected amino acid 1.  
(i) 40 mM, pH = 2.5; (ii) Na2CO3, pH = 6.0; (iii) alkaline phosphatase in buffer, T = 37 °C.66 

Adopting a two-enzyme approach, Ehrbar et al. demonstrated the controlled formation and degradation of 

hydrogels.67 Multiarm PEG polymer chains were functionalized with two different transglutaminase 

peptide substrates. Upon addition of the enzyme, the two peptide fragments were coupled to one another, 

thereby causing crosslinking of the polymer and gelation of the aqueous solution. When a proteolytic 

enzyme was added, the peptide fragments were cleaved, resulting in disruption of the hydrogel. 

Enzyme-catalyzed reactions have been exploited to control the behavior of supramolecular materials.62a 

The swelling and collapse of hydrogels, and the release of covalently attached prodrugs were 

demonstrated.68 Moreover, the behavior of chemically prepared polymers has been controlled by 

enantioselective acylation with CALB as catalyst (Scheme 1.12).69 Both enantiomers of the monomeric 

alcohol were prepared by enantioselective reduction of p-vinylacetophenone using two different alcohol 

dehydrogenases. The two enantiomers were copolymerized in various ratios with styrene by free radical 

polymerization to give random copolymers with a molecular weight of 5.0-6.0 kg/mol. Subsequently, 

Novozym 435 was used for the enantioselective acylation of the hydroxy groups with the  

(R)-configuration. The thermal properties of the polymers were significantly altered as a result of the 

enzyme-catalyzed structural modification, providing a read out mechanism. 
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Scheme 1.12: (i) Preparation of random, styrene based copolymers with different composition by free radical 
polymerization followed by (ii) enantioselective Novozym 435-catalyzed acylation of the (R)-hydroxy groups.69 
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Chiral poly(phenylacetylene) polymers were prepared by CALB-catalyzed kinetic resolution of the 

monomer followed by chemical polymerization (Scheme 1.13).70 The kinetic resolution of the alcohol 

proceeded well and afforded both the alcohol and ester phenylacetylenes in high e.e.. Helical polymers 

were obtained and as a result of the different properties of the chiral ester and hydroxy groups, a preferred 

helicity was found by CD-spectroscopy. Moreover, the helical sense could be inverted by chemical post-

modification of the pendant hydroxy groups by reaction with acid chlorides or isocyanates.  

HO HO AcO
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e.e >99% e.e >99%

ii H

HO

H
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Scheme 1.13: Preparation of chiral poly(phenylenacetylene) adopting a single helicity by CALB-catalyzed kinetic 
resolution of the monomer followed by chemical polymerization. (i) Novozym 435, isopropenyl acetate, THF;  
(ii) Rh(COD)2BF4, Et2NH, H2O/MeOH (95:5 v/v).70 

1.7 Aim and outline of this thesis 

Enzyme catalysis is playing an increasingly important role in the synthesis of small, optically pure 

organic molecules over the past years, both on a lab scale and industrial scale. Exploiting the unique 

features and high catalytic efficiency of enzyme catalysts, new methods for the preparation of high value 

chemicals have been developed. Advantages of these methods are the often shorter and cleaner reaction 

routes and the access to new chemical entities. The aim of this thesis is to extend the use of CALB-

catalyzed reactions for the synthesis of new molecular entities, polymers and supramolecular 

architectures. The investigated systems were selected based on the mechanism of CALB, the known 

prerequisites for potential substrates while keeping the aim to prepare new (supramolecular) materials 

with a certain functionality in mind. The scope and limitations of these new CALB-catalyzed reactions 

will be investigated, while having a continuous watch on the potential benefits of enzyme catalysis over 

chemical catalysis in terms of chemo-, regio- and enantioselectivity. Additionally, we desire to gain a 

better theoretical understanding of the behavior of CALB as catalyst for the preparation of polyesters 

starting from lactones with varying ring size. 

The use of a dynamic kinetic resolution polymerization system for the preparation of chiral polyamides is 

investigated in Chapter 2. An optimization study on the Bäckvall amine DKR system is presented and 

the extension towards the DKR of bifunctional amines with and diacyldonors is made. The direct CALB-

catalyzed preparation of polyesters encompassing pendant functional groups without the requirement for 

a protection/deprotection strategy is the focus of Chapter 3. The selective homopolymerization of two 

new functional monomers is shown. Additionally, the copolymerization of one of these monomers with 

-caprolactone and the possibility to chemically postmodify the pendant functional groups is 

demonstrated. In Chapter 4, a better theoretical understanding of the influence of the lactone ring size on 
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the reaction rate in their CALB-catalyzed ring-opening polymerization is obtained by a combination of 

ring-opening kinetics measurements and theoretical docking and molecular dynamics studies. The 

possibility of enzyme-catalyzed amide bond formation for the preparation of benzene-1,3,5-

tricarboxamides (BTAs) is investigated in Chapter 5. Selective enzyme-catalyzed reactions could give a 

modular and fast approach towards synthesis of these supramolecular building blocks. Two different 

approaches, the thermolysin-catalyzed formation of dipeptides and the CALB-catalyzed DKR of oxazol-

5(4H)ones have been explored with this aim in mind. Chapter 6 focuses on the solid state properties and 

supramolecular self-assembly behavior of hydroxy-functional BTAs. The ability of these BTAs to form 

stable organogels in a variety of organic solvents at 1 wt% concentration and the potential to control this 

behavior by CALB-catalyzed structural modification are shown. In Chapter 7, the solid state properties 

and supramolecular self-assembly behavior of tris and mono phenylalanine octyl ester substituted BTAs 

are discussed. These BTAs were the target compounds for the CALB-catalyzed DKR of oxazol-5(4H)-

ones presented earlier, and possess intriguing properties themselves. 
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DKR of amines using isopropyl 

methoxyacetate as acyl donor 

Abstract 

With the synthesis of chiral polyamides by a dynamic kinetic resolution polymerization (DKRP) process 

in mind, we aimed for a fast DKR system for primary amines using only a single equivalent of acyl 

donor. Here the optimization of the Bäckvall system for the DKR of primary amines is presented to make 

it suitable for a DKRP process. First, the racemization process for optically pure 1-phenylethylamine was 

improved by increasing the temperature and by the addition of 2,4-dimethylpentan-3-ol as hydrogen 

donor. Subsequently, the DKR process for rac-1-phenylethylamine was optimized using 1.25 eq. of acyl 

donor. A comparison between isopropyl butyrate and isopropyl methoxyacetate as acyl donor revealed 

the superior performance of the latter, making it the acyl donor of choice. Using these conditions, the 

DKR process of rac-1-phenylethylamine was faster by almost a factor of three while keeping a high 

degree of chemoselectivity (90%) and enantioselectivity (97% e.e.). The wider applicability of the 

modified conditions was shown by the DKR of a range of primary amine substrates all yielding 

methoxyacetamides in high enantioselectivity (> 95% e.e.). Moreover, the first successful DKR of two 

diamine substrates was demonstrated. Finally, the dynamic kinetic resolution polymerization of these 

diamines with diacyl donors was performed. Although the DKR of diamines with diacyl donors appeared 

to proceed, the limited solubility of the reaction products hampered the isolation of chiral oligoamides. 

*Part of this work has been published: 

M.A.J. Veld, K. Hult, A.R.A. Palmans, E.W. Meijer Eur. J. Org. Chem. 2007, 32, 5416-5421. 
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2.1 Introduction 

Optically pure amines and amine derivatives are useful intermediates in the synthesis of biologically 

active fine-chemicals such as drugs and agrochemicals.1 For some primary,2 secondary,3 and tertiary 

amines,4 the enzyme-catalyzed asymmetric transformation to optically pure products has been 

accomplished with the advantage of mild reaction conditions and high selectivity. To be successful, such 

an approach requires extensive enzyme screening and active site engineering but it is never generally 

applicable because of its limited substrate scope. Therefore, a lot of effort has been put in the 

development of more generally applicable routes towards the synthesis of chiral amine derivatives in high 

yield and enantiomeric excess (e.e.). Amongst others, asymmetric transfer hydrogenation of ketimines5 

and the asymmetric reductive amination of aldehydes6 have shown to be successful methods for the 

preparation of optically pure amines. A different approach is the lipase-catalyzed kinetic resolution of 

chiral primary amines.7 This method is more generally applicable since lipases accept a broad range of 

substrates, are active in organic media, and often show excellent regio-, chemo- and enantioselectivity 

while not requiring the regeneration of co-factors. A variety of acyl donors have successfully been 

applied in the kinetic resolution of primary amine substrates.8 To overcome the limited yield of kinetic 

resolutions, chemo-enzymatic routes that combine an enzyme-catalyzed kinetic resolution with in situ 

racemization of the remaining substrate have been developed.9 These systems are known as dynamic 

kinetic resolution (DKR) systems. 

The racemization of amines is less straightforward than the racemization of alcohols.10 As a result, the 

racemization conditions for amines may be harsh and incompatible with the enzyme-catalyzed kinetic 

resolution step.11 Fortunately, amines can also be racemized under milder conditions via reversible 

oxidation/reduction chemistry10 or by Schiff-base formation.12 The success of amine racemization 

strongly depends on the structure of the substrate. Generally speaking, tertiary and secondary amines are 

less prone to side product formation than primary amines are, making especially racemization of the latter 

challenging. Recently, the mild racemization of primary aliphatic and benzylic amines through reversible 

hydrogen abstraction by thiyl radicals was introduced as a novel racemization method for primary 

amines.13 

Several DKR systems for amines have been developed that use homogeneous ruthenium,14 and iridium15 

complexes, Pd nanoparticles16, or heterogeneous catalysts with immobilized Ni,17 Co,17 or Pd18 for the 

racemization step. In all these cases, a lipase-catalyzed asymmetric acylation step was implemented. 

Many of these systems, however, suffered from limited chemoselectivity and required long reaction times 

to reach complete conversion. New developments in the field of amine DKR include the use of 

thermally19 or photochemically20 generated thiyl radicals for the racemization step and the use of 

proteases for the kinetic resolution step, allowing the preparation of amine derivatives with the  

(S)-configuration.21 
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One of the most-promising DKR systems for primary amines in terms of chemo- and enantioselectivity, 

and substrate scope is the system developed by Bäckvall and co-workers.14a In this system, Novozym 435, 

an immobilized form of Candida antarctica Lipase B (CALB), is used as enantioselective acylation 

catalyst for the amine (1a) in combination with a Shvo-type catalyst 3 for the continuous racemization of 

the remaining substrate (Scheme 2.1a).14a,22 This DKR system has been further optimized for use with 

other acyl donors8d and for application in a continuous process.23 
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Scheme 2.1: a) Bäckvall system for the DKR of primary benzylic amines (1-phenylethylamine (1a) is shown as model 
compound); b) Thermal dissociation of Shvo-type racemization catalyst 3 to form the catalytically active 16-electron 

(4) and 18-electron species (5); c) Amine racemization by reversible oxidation and reduction of the amine to an achiral 
imine intermediate. 

Racemization by Shvo-type catalysts requires high temperatures to thermally dissociate the catalytically 

inactive diruthenium species 3 into the catalytically active 16-electron and 18-electron complexes 4 and 5, 

respectively (Scheme 2.1b).24 The 16-electron species 4 oxidizes the amine to an achiral imine 

intermediate under the formation of complex 5. In the rate-determining step, the imine intermediate is 

reduced with equal probability from both sides by 5, thereby forming racemic amine and complex 4 

(Scheme 2.1c). The exact mechanism of imine reduction by Shvo-type catalysts has frequently been 

debated in literature.25 Nevertheless, the reduction of the imine (6) is generally accepted to be the rate-

limiting step.26 The stability of the imine intermediate is limited and condensation with free amine readily 

gives aminal (7) (Scheme 2.2).27 Spontaneous loss of ammonia renders this reaction irreversible and 

imines (8) and secondary amines (9) are frequently observed side products in the racemization of primary 

amines applying redox chemistry. To limit these side reactions, substrate concentrations are kept low and 

the net reduction rate of 6 must be sufficiently high. Structural modification of the racemization catalyst 

can enhance the reduction rate by increasing the electron density at the transition metal centre.14a 

Additionally, the redox equilibrium between the two catalytically active species 4 and 5 can be shifted 

towards 5 by the addition of a hydrogen donor, resulting in a faster reduction of the imine and resultantly 

reduced side product formation.28 
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Scheme 2.2: Side product formation in the racemization of 1-phenylethylamine by condensation of imine intermediate 
(6) with the free amine to give secondary imines (8) and amines (9).27  

Despite the high e.e. and chemoselectivity values attained with the Bäckvall system for the DKR of 

primary amines, a clear disadvantage is the long reaction time.14a The DKR process takes up to 72 hours 

as a result of the relatively slow acylation and racemization rates. In this chapter we show the 

development of a faster system for the DKR of primary amines by modification of the Bäckvall system. 

We focus on a DKR system that both shows an increased racemization and acylation rate and that is at 

least equally good in terms of chemo- and enantioselectivity. Moreover, we desire to develop a system 

that only requires a single equivalent of acyl donor, ultimately enabling the synthesis of chiral polyamides 

by dynamic kinetic resolution polymerization (DKRP). First, the racemization rate of the model 

compound (S)-1-phenylethylamine ((S)-1a) using p-MeO Shvo catalyst29 (3) is optimized with respect to 

the racemization rate and chemoselectivity. Subsequently, the DKR of rac-1a is optimized using as single 

equivalent of isopropyl butyrate or isopropyl methoxyacetate as acyl donor. A comparison between the 

two acyl donors is made and the applicability of the modified DKR conditions is shown for a range of 

other (di)amine substrates. Finally, the synthesis of chiral polyamides by polymerization of stoichiometric 

amounts of diamines with diacyl donors in a DKRP process is evaluated. 

2.2 Racemization of (S)-1-phenylethylamine by p-MeO Shvo catalyst 

To improve the rate for the DKR of amines we first focused on the racemization process. The results from 

Bäckvall et al.14a for the racemization of (S)-1-phenylethylamine ((S)-1a) with catalyst 3 were reproduced 

(Table 2.1, entries 1 and 2). In all cases the racemization rate was obtained from linear regression of 

ln(e.e.0/e.e.) versus time, assuming first order kinetics (see appendix for the validity of this approach). To 

study the influence of temperature on the racemization rate and selectivity, reactions were performed at 

90 and 100 °C using identical catalyst and substrate loading (Table 2.1, entries 2 and 3). The racemization 

rate (krac) increased from 0.020 h-1 at 90 °C to 0.062 h-1 at 100 °C, while the selectivity towards the 

substrate was similar (92% after both 20 and 24 h). However, at longer reaction times a further decrease 

in selectivity was found (86% after 47 h). Reducing the amount of racemization catalyst resulted in a 

lower racemization rate (Table 2.1, entry 4, krac 0.029 h-1), but no significant improvement in selectivity 

was observed (Table 2.1, entry 4). 1H-NMR analysis on the residue of a racemization experiment showed 

that the most-important side products were compounds 8 and 9.30  
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Table 2.1: Overview of racemization rates and selectivity for the racemization of 0.5 mmol  
(S)-1-phenylethylamine (96% e.e.) in toluene using 3 as racemization catalyst. 

Entry 
Eq. 3 

[mmol cat / mmol amine] 
[Amine] 

[mmol/mL] 
T 

[°C] 
krac 
[h-1] 

Selectivity[a] 
[%] / time [h] 

 1[b] 0.04 0.25 90 0.025  95 / 24 
2 0.04 0.25 90 0.020  92 / 20 

92 / 24 
3 0.04 0.25 100 0.062   

86 / 47 
94 / 24 

4 0.02 0.25 100 0.029   
74 / 47 
99 / 24 

 5[c] 0.02 0.25 100 0.022   
98 / 47 

[a] Remaining amount of substrate versus the internal standard. 
[b] Data calculated from literature.14a 
[c] 0.50 M 2,4-dimethylpentan-3-ol (DMP) was added as H2 donor. 

To enhance the selectivity towards the substrate, 0.50 M 2,4-dimethylpentan-3-ol (DMP) was added as 

hydrogen donor. This alcohol was chosen as it will interact with the racemization catalyst, but it is not 

accepted as substrate by CALB as a result of its steric hindrance.31 The addition of a hydrogen donor 

results in more effective reduction of the imine intermediate since the redox equilibrium between 4 and 5 

is shifted towards the latter species. The addition of DMP indeed gave an improvement in selectivity 

(99% after 24 h) accompanied with a small decrease in krac to 0.022 h-1 (Table 2.1, entries 4 and 5). 

2.3 Effect of the acyl donor on the acylation rate of amines 

Use of a more reactive acyl donor can strongly reduce the required reaction time for a DKR process by 

increasing the acylation rate. However, when increasing the chemical reactivity of the acyl donor, one 

should take care not to promote the spontaneous acylation of the substrate as this will result in lower e.e. 

values of the product.8b,8c As a result, highly activated acyl donors with electron withdrawing groups can 

not be used for the enantioselective enzyme-catalyzed acylation of amines. 

The influence of acyl donor structure on the acylation rate of primary amine substrates has extensively 

been studied.8 It is well known from literature that acyl donors with an oxygen atom at the -position 

relative to the carbonyl group show increased acylation rates in lipase-catalyzed reactions with amine 

substrates.16,32 In fact, a 200 times faster acylation of primary amines was observed with methoxyacetate 

esters compared to structurally similar butyrate esters using Burkholderia cepacia Lipase (BCL) as 

catalyst.32 No similar increase in acylation rate was observed for structurally similar alcohols, showing 

that the higher reactivity was not due to increased reactivity of the ester group. Modeling studies on BCL 

showed that the enhanced reactivity in the acylation of amines is the result of an additional H-bond in the 

transition state with the amine substrate.32 This fact makes methoxyacetate esters interesting to evaluate 

as potential acyl donors for the DKR of amines. 
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Figure 2.1: a) Overview of initial reaction rates (mol/min·g) for Burkholderia cepacia Lipase-catalyzed acylation of 
rac-1-phenylethanol and rac-1-phenylethylamine using methyl butyrate or methyl methoxyacetate as acyl donor. 
(Relative reaction rates are given between brackets); b) Schematic representation of the additional H-bond interaction 
between 1-phenylethylamine and isopropyl methoxyacetate as acyl donor, resulting in increased reactivity.32 

2.4 Optimization of the DKR of 1-phenylethylamine 

To improve on the overall rate of the Bäckvall DKR process, both the racemization rate and the acylation 

rate should be enhanced. The factors influencing the racemization process were systematically studied as 

described above. In this section, the role of the acyl donor and additives in the DKR of  

1-phenylethylamine is investigated (Scheme 2.3). In all experiments a racemization catalyst loading of 

0.04 mmol 3 / mmol amine substrate was selected in combination with a reaction temperature of 100 °C. 

Moreover, all reactions were run under a reduced pressure of 750 mbar to remove the released  

propan-2-ol from the reaction mixture and hence increase the chemoselectivity.33,34 
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Scheme 2.3: DKR of rac-1-phenylethylamine (rac-1a) using isopropyl butyrate (10) or isopropyl methoxyacetate (11) 
as acyl donor. (i) 1 mol eq. acyl donor 10 or 11, 0.02 mmol 3, 20 mg Novozym 435, 20 mg Na2CO3, 0.10 mol eq. 
1,3,5-tri-tert-butylbenzene (internal standard), 0.50 M 2,4-dimethylpentan-3-ol (DMP, hydrogen donor), toluene, argon 
750 mbar, 100 °C, 24 h. 

As a start, the DKR of 0.5 mmol of rac-1-phenylethylamine (rac-1a) was performed with a 7-fold excess 

of isopropyl butyrate (Table 2.2, entries 1-5). This acyl donor was chosen as it is structurally similar to 

isopropyl acetate, which was used in the original Bäckvall system.14a These reactions showed that the 

presence of both DMP and Na2CO3 are required for good chemoselectivity towards the amide (Table 2.2, 

entries 1-5). Especially the addition of DMP at a concentration of 0.5 mmol/mL resulted in a major 

improvement of the chemoselectivity (Table 2.2, entry 3). The observed conversion and enantioselectivity 

values (Table 2.2, entries 1-5) were similar to those reported in literature for use of 7 eq. isopropyl 

acetate.14a The higher reaction temperature, however, does not result in a faster DKR process and long 

reaction times of 72 h were still required to get high conversion. Since isopropyl methoxyacetate (11) is 

known to be a much more active acyl donor for amines, reactions using 1 eq. of this acyl donor were run 

in the presence of Na2CO3 and 0.50 M DMP (Table 2.2, entry 6). The influence of the additional oxygen 
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atom in 11 on the DKR process was investigated by comparison with a reaction using an equal amount of 

isopropyl butyrate (10) as acyl donor (Table 2.2, entry 7). The reaction with isopropyl methoxyacetate 

(11) showed nearly complete conversion after 24 h, whereas after the same time a low conversion of only 

24% was found when using isopropyl butyrate as acyl donor (Table 2.2, entries 6 and 7). In both cases, 

the degree of chemoselectivity was similar to the value obtained for 7 eq. of 10 (>99%) and the e.e. 

values of the products were high. A fourfold increase in both substrate and acyl donor concentration 

resulted in a slower DKR process (Table 2.2, entries 8 and 9). However, the degree of chemoselectivity 

was higher than for the reactions at lower concentration. A major disadvantage of the higher 

concentration is the spontaneous acylation of the substrate with the acyl donor, resulting in a lower e.e. of 

the products.35 

Table 2.2: Overview of optimization results for the DKR of 0.5 mmol 1a at 100 °C and 750 mbar using varying 
amounts of isopropyl butyrate (10) or isopropyl methoxyacetate (11). 

Entry 
[1a] 

[mmol/mL] 

Acyl 
donor / 

Eq. 

[DMP][a] 
[mmol/mL] 

Na2CO3

[mg] 
Time
[h] 

Conversion
[%] 

Selectivity 
 [%][b] 

e.e. 
[%] 

1 0.063 10 / 7 - - 70 95 40 >99 

2 0.063 10 / 7 0.25 20 70 96 61 >99 

3 0.063 10 / 7 0.50 20 70 97 90 >99 

4 0.063 10 / 7 - 20 72 100 50 >99 

5 0.063 10 / 7 0.50 - 72 90 86 >99 

6 0.063 11 / 1 0.50 20 24 97 90 97.2 

7 0.063 10 / 1 0.50 20 24 24 93 >99 

8 0.25 11 / 1 0.50 20 24 87 94 72.6 

9 0.25 10 / 1 0.50 20 24 81 97 96.9 

 All DKR optimization experiments were performed according to the described procedure using 
0.02 mmol 3, 20 mg Novozym 435 and 0.50 mmol 1a. 0.10 mol eq. 1,3,5-tri-tert-butylbenzene was added 
as internal standard for GC-analysis to determine the substrate conversion and selectivity. 

[a] DMP: 2,4-dimethylpentan-3-ol (hydrogen donor). 

[b] The selectivity was determined by chiral GC-FID and is defined as total product peak area divided by the 
total peak area of all products and side-products. 

The differences between isopropyl butyrate (10) and isopropyl methoxyacetate (11) as acyl donor were 

studied in more detail in a DKR reaction of 0.5 mmol 1a at a concentration of 0.0625 mmol/mL. A small 

excess of acyl donor (1.25 eq.) was used to see whether a further rate acceleration of the DKR process 

using acyl donor 11 was possible. Use of 11 resulted in a fast and complete acylation of  

(R)-1-phenylethylamine ((R)-1a) within 2 hours (Figure 2.2a). Due to the fast, initial consumption of  

(R)-1a, the amine concentration was reduced during the remainder of the reaction and the 

chemoselectivity was improved as condensation of the imine intermediate with the amine substrate was 

suppressed (Figure 2.2b). The fast, initial acylation of all (R)-1a was not observed when using isopropyl 

butyrate (10). The acylation rate was significantly decreased and substrate concentrations were higher, 

resulting in lower selectivity (Figure 2.2b). 
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Figure 2.2: DKR of rac-1-phenylethylamine (1a) using 1.25 eq. isopropyl butyrate (10; ) or isopropyl 
methoxyacetate (11; ) as acyl donor. Conditions as mentioned in Scheme 2.3.; a) Ratio between internal standard and 
product ratio as a measure of conversion; b) Selectivity towards the amide product; c) E.e. of the amide product; d) E.e. 
of the remaining amine substrate. 

The e.e. of both amide products starts at 100% for both acyl donors, displaying the intrinsic 

enantioselectivity of CALB. However, the e.e. of the product rapidly dropped to about 87% for the 

reaction with 11 as acyl donor (Figure 2.2c). This decrease can be explained by non-selective enzymatic 

acylation of the (S)-amine. When 11 was used, the e.e. of the remaining substrate remained high during 

the complete DKR process (Figure 2.2d), indicating that the racemization step was rate limiting. When 

using acyl donor 10, the e.e. of the residual amine substrate stayed relatively low (Figure 2.2d), meaning 

that acylation and racemization rates were more comparable to one another. In this case no adverse side-

effect of spontaneous was observed and the e.e. of the amide product stayed around 100% (Figure 2.2c). 

These experiments show that the DKR of model 1-phenylethylamine (1a) can be accomplished in 24 h 

using a single equivalent of acyl donor 11. The presence of DMP as hydrogen donor at concentration of 

0.5 mmol/mL and low substrate concentrations are required to obtain chemo- and enantioselectivity 

values comparable to the those of the original Bäckvall procedure. 
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2.5 DKR of other (di)amine substrates 

The optimized reaction conditions for the DKR of model compound 1a were then applied to the DKR of 

seven other (di)amine substrates 1a-h (Table 2.3). Both electron rich (1b) and electron poor (1c) benzylic 

amines, two benzylic diamines (1g and 1h)36, and an aliphatic amine (1f) were included in the substrate 

series. A small sample of each of the reaction mixtures was analyzed by 1H-NMR after 23.5 h. Nearly 

complete conversion of the amine groups was observed in all cases except for substrate 1e (63% 

conversion), which was also the slowest reacting substrate in the original series.14a To complete the 

reaction, another 0.1 mol eq. of acyl donor 11 was added and the reaction was continued for 2 more 

hours. All crude products were obtained in good yield and 1H-NMR analysis revealed a chemoselectivity 

of > 90% for all substrates. The isolated yields of the pure products, were approximately 10-20% lower 

than those reported by Bäckvall for the corresponding acetamides, which was mainly due to separation 

problems during column chromatography.14a Chiral GC or HPLC analysis of the isolated products showed 

e.e. values that were directly comparable to those reported for the original DKR system. 

More electron rich substrates give slightly higher isolated yields and higher e.e. values than the more 

electron poor substrates. Formation of meso-bis(methoxyacetamides) was observed for both diamine 

substrates 1g and 1h. Meso-product formation was more pronounced for 1,3-substituted diamine 1g, 

although the exact reason is unknown. Intramolecular acyl transfer37 from the amide to a free amine group 

is not considered to play an important role for steric reasons. For 1,4-substituted diamine 1h, an excellent 

e.e. (99%) and a low amount of the meso-product were observed as determined by chiral HPLC analysis 

after hydrolysis.38 
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Table 2.3: Results for the DKR of amine substrates 1a-1h using the optimized conditions for model compound 1a. 
Results obtained in the original Bäckvall system are given between brackets. 

Entry Substrate Product Yield[a] e.e.[b] 

1 

NH2

1a  

HN

O

O

13a  

68 
(90) 

98 
(98) 

2 

NH2

1b  

HN

O

O

13b  

73 99 

3 

NH2

Br 1c
 

HN

O

O

Br 13c  

59 
(78) 

97 
(99) 

4 

NH2

1d   

HN

O

O

13d  

80 
(92) 

96 
(95) 

 5[c] 

NH2

1e  

HN

O

O
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 DKR of amine substrates 1a-1h (0.50 mmol amine groups) using p-MeO Shvo catalyst (3) (26.5 mg, 0.02 
mmol), isopropyl methoxyacetate (11) (68 L, 1.0 eq.), Novozym 435 (20 mg), Na2CO3 (20.0 mg, 0.20 
mmol) in toluene (8 mL) containing 0.5 M DMP at 100 °C and 750 mbar for a total time of 26 h. After 24 
h an additional amount of isopropyl methoxyacetate (11) (7 L, 0.1 eq.) was added to complete the 
reaction. 

[a] Isolated yields with greater than 95% purity according to 1H-NMR. 
[b] E.e. of purified product determined by chiral GC unless otherwise stated. 
[c] Total reaction time 42.5 h instead of 26 h. 
[d] E.e. determined by chiral GC on corresponding acetamide after product hydrolysis and derivatization with 

Ac2O. 
[e] Purity over 90% according to 1H-NMR. 
[f] E.e. determined by chiral HPLC on hydrolyzed methoxyacetamides. 
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2.6 Towards the synthesis of chiral polyamides 

The successful enzymatic acylation of diamine substrates 1g and 1h prompted us to investigate the 

polymerization of these two substrates with a diacyl donor under DKR conditions. This condensation 

polymerization should result in the formation of chiral polyamides, in analogy with the system developed 

for the preparation of chiral polyesters.39 A diacyl donor with an oxygen atom at the -position next to the 

ester groups was selected to ensure a sufficient acylation rate. Diacyl donor 14 was synthesized by acid-

catalyzed esterification of the commercially available dicarboxylic acid with propan-2-ol. Reaction of 14 

with 2 mol eq. of rac-1-phenylethylamine (1a) under DKR conditions showed the formation of compound 

15, indicating that 14 acts on both sides as acyl donor in CALB-catalyzed reactions (Scheme 2.4a). Then, 

the polymerization of diamines 1g and 1h with an equimolar amount of diacyl donor 14 was performed 

(Scheme 2.4b). 1H-NMR analysis during the reaction showed disappearance of both the isopropyl ester 

( = 5.10 / 4.15 ppm) and the amine groups ( = 4.07 ppm) while new signals belonging to the amide 

were visible at  = 5.20 and 6.50 ppm. 
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Scheme 2.4: a) Reaction of diacyl donor 14 with 2 eq. rac-1-phenylethylamine (1a) under DKR conditions; b) 
Dynamic kinetic resolution polymerization of bis(ethylamine) 1g with diacyl donor 14 under DKR conditions. 
(Bis(ethylamine) 1h was subjected to identical conditions). (i) 0.50 mmol amine 1a, 0.25 mmol 14, 0.02 mmol 3, 20 
mg Novozym 435, 20 mg Na2CO3, 0.50 M 2,4-dimethylpentan-3-ol (DMP, hydrogen donor), toluene , argon 750 mbar, 
100 °C, 48 h; (ii) 0.25 mmol amine 1a, 0.25 mmol 14, 0.02 mmol 3, other conditions as in (i). 

However, already at low degrees of conversion a precipitate was formed, making further analysis of the 

reaction difficult. Filtration and concentration of the reaction mixture followed by precipitation in heptane 

did not result in the isolation of the desired product. No oligoamide could be identified in the filtration 

residue, the isolated precipitate, or the filtrate by 1H-NMR or MALDI-TOF-MS.  

Racemic polyamide 16 was chemically synthesized by reaction of the bis(acyl chloride) with racemic 1g. 

The isolated polymer (Mw = 7.4 kg/mol versus PMMA standards) was poorly soluble in apolar organic 

solvents due to hydrogen bonding between the amide groups. In order to solubilize the obtained polymer, 

approximately 30 vol% DMF needed to be added to the toluene. In order to evaluate whether adding 

DMF to the solvent in a DKRP reaction would lead to the formation of chiral polyamides, we first 

performed the racemization of (R)-1-phenylethylamine in a 2:1 mixture of toluene and DMF at 100 °C.40 

The racemization rate (krac = 0.027 h-1) was approximately half the value obtained for toluene as solvent 

(krac = 0.062 h-1, Table 2.1, entry 3). However, the racemization process shown to be much less selective 
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in the presence of DMF (10% selectivity after 48 h). The addition of both Na2CO3 and 0.5 M DMP 

resulted in an increase in selectivity (83% remaining substrate after 84 h) without changing the 

racemization rate. Unfortunately, the kinetic resolution in the solvent mixture of toluene and DMF was 

found to be impossible as CALB denatured rapidly by the polar cosolvent.41 To conclude, these 

experiments show that the challenges to synthesize chiral polyamides by enzyme-catalyzed reactions 

remain.13,19 

2.7 Conclusions 

The DKR procedure for primary amines as developed by Bäckvall was optimized for use with a single 

equivalent of acyl donor and short reaction times. The most-important differences with the original 

system are the increased reaction temperature of 100 °C, the reduced pressure, the addition of DMP as 

hydrogen donor, and the use of a stoichiometric amount of isopropyl methoxyacetate (11) as acyl donor. 

Complete conversion within 26 h and high chemoselectivity were observed for most of the tested 

substrates. The e.e. values for the methoxyacetamides were directly comparable to those described for the 

original system. Additionally, the first DKR of two phenylene bis(ethylamine) substrates (1g and 1h) was 

demonstrated. Especially the DKR of 1h showed excellent enantioselectivity for the enzymatic acylation 

step resulting in high e.e. values (99% e.e.) and limited amounts of meso product (9%). Reaction of 2 eq. 

rac-2-phenylethylamine with diacyl donor 14 under DKR conditions gave the expected bisamide 

products. However, reaction of the two diamines with the diacyl donor under DKR conditions did not 

give the desired chiral polyamides due to the poor solubility of the oligomeric reaction products. 

A more chemoselective DKR system for amines that allows for higher substrate concentrations needs to 

be developed for the preparation of chiral polyamides from racemic diamine substrates. Additionally, the 

structure of the polymer needs to be altered to improve the solubility in apolar organic solvents, which are 

compatible with enzyme-catalyzed synthesis. A possible approach towards the synthesis of chiral 

polyamides by DKRP is the use of more soluble aliphatic, chiral diamines combined and the application 

of thiyl radical based racemization as recently described in literature.13,19 
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2.8 Experimental section 

General methods 
1H-NMR and 13C-NMR spectra were recorded at a Varian Mercury 400 MHz spectrometer at 400 and 
100 MHz, respectively. When specifically noted, a Varian Gemini 300 MHz spectrometer (300 or 
75 MHz) or a Varian Innova 500 MHz spectrometer (at 500 and 125 MHz) was used. Peaks are noted as 
singlet (s), doublet (d), triplet (t), quartet (q), quintet (qui) or heptet (h), broadened peaks are noted as 
(br). Chemical shifts are reported in ppm and are relative to TMS for 1H-NMR spectra ( = 0 ppm) and 
the solvent peak for 13C-NMR spectra (CDCl3,  = 77.16±0.32 ppm; MeOD-d4,  = 49.00±0.01 ppm; 
DMSO-d6,  = 39.52±0.06 ppm).42 MALDI-TOF-MS spectra were recorded on a PerSeptive Biosystems 
Voyager DE PRO spectrometer using the acidic α-cyano-4-hydroxycinnamic acid (CHCA) or neutral 
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) matrix. FT-IR spectra 
were recorded on a Perkin Elmer Spectrum One spectrometer. Elemental analysis was carried out on a 
Perkin Elmer 2400 apparatus. Chiral GC analysis was performed on a Shimadzu GC-17A equipped with a 
FID, an AOC-20i autosampler and a CP-Chiralcel-Dex-CB column (25 m, id 0.25 mm) using helium as 
carrier gas. Unless otherwise stated, the following settings were used: Tinj = 250 °C, Tdet = 300 °C. The 
separation of the methoxyacetamides was optimized using the racemic compounds. Chiral HPLC 
measurements on the hydrolyzed bis(ethylamines) were performed at Syncom B.V. (Groningen, the 
Netherlands) using an Agilent 1100 HPLC system (G1322A degasser, G1311A Quatpump, G1313A 
Autosampler) equipped with a Daicel Crownpak CR(-) 150  4 mm column and using aqueous HClO4 
(pH = 1) as eluent. A G3115 DAD-detector at a wavelength of 208(±4) nm was used for detection. GPC 
using 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) was measured on a Shimadzu LC-10AD system with two 
PSS PFG-lin-XL (7 µm, 8 × 300 mm) columns in series at a flow rate of 0.8 mL/min. The column 
temperature was kept at 40°C using a Spark Holland, Mistral column oven. The system was equipped 
with a Waters 2487 dual wavelength UV detector in series with a Viscotek 270 light scattering 
(RALS/LALS) and viscometry detector followed with a Waters 2414 RI detector (35°C). Only the 
RI-detector was used during data acquisition. Relative calibration of the detectors was done by injection 
of PMMA standards. 

Materials 
1,3,5-Tri-tert-butylbenzene, 1-(1-naphthyl)ethylamine, 1-(4-tolyl)ethylamine, 2-octylamine, formamide 
(99%), 1,3-diacetylbenzene, and 1,4-diacetylbenzene were purchased from Sigma-Aldrich. 
4,4’-Dimethoxybenzil, 4-methoxyphenylacetic acid, isopropyl acetate, methoxyacetic acid,  
1-(4-bromophenyl)ethylamine, 1-aminoindan, formic acid (99%) were obtained from Acros.  
rac-1-Phenylethylamine was purchased from Merck, (R)- and (S)-1-phenylethylamine were obtained from 
Jansen Chimica. Novozym 435 was obtained from Novozymes. Triruthenium dodecacarbonyl was 
purchased from Strem. All used solvents were purchased from Biosolve (the Netherlands). 
rac-1-Phenylethylamine, (R)- and (S)-1-phenylethylamine and 2-octylamine were distilled over KOH and 
stored over 4 Å molecular sieves under an argon atmosphere. Toluene was stored over 4 Å molecular 
sieves. Na2CO3 for use in the DKR was dried under vacuum for 3 h at 300 °C and kept in a well closed 
vial afterwards. All other chemicals were used as received. The prepared racemization catalyst (3) was 
weighed out in the air and put under an argon atmosphere directly afterwards. Novozym 435 was used as 
received. Column chromatography was performed over flash silica gel (40-63 m; Grace Division).  

Synthesis of p-MeO Shvo catalyst (3) 
The p-MeO Shvo-type racemization catalyst 3 was prepared from commercially available triruthenium 
dodecacarbonyl (Ru3(CO)12) and ligand 21, which was prepared in 3 steps from commercially available 
compounds (Scheme 2.5). 
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Scheme 2.5: Synthesis of p-MeO Shvo racemization catalyst 3. (i) 1.75 eq. isopropyl magnesium bromide, Et2O, 12 h, 
r.t.; (ii) HCl/AcOH, 5 h, reflux; (iii) 0.7 eq. KOH, EtOH, 15 min, reflux; (iv) 0.33 mol eq. Ru3(CO)12, MeOH, 3 days, 
reflux. 

1,3-Bis(4-methoxyphenyl)-2-propanone (19)43 
A procedure from literature was followed to prepare compound 19 by Claisen condensation of 
commercially available ethyl p-methoxyphenylacetate (17) in a total yield of 64% over two steps.  
1H-NMR (CDCl3) 7.06 (d, 4H, J = 8.5 Hz, -ArH), 6.85 (d, 4H, J = 8.5 Hz, -ArH), 3.80 (s, 6H, -OCH3), 
3.64 (s, 4H, -CH2-) ppm. 13C-NMR (CDCl3) : 206.6, 158.8, 130.6, 126.2, 114.3, 55.4, 50.2, 48.2 ppm. 
FT-IR : 2935, 2841, 1699, 1607, 1581, 1509, 1456, 1444, 1435, 1305, 1280, 1242, 1180, 1162, 1025, 
820, 789, 669 cm-1. Elemental analysis: C17H18NO3 (270.32) Calcd: C: 75.53 H: 6.71 Obs: C: 75.40  
H: 6.47. 

2,3,4,5-Tetrakis(4-methoxyphenyl)-2,4-cyclopentadien-1-one (21)44 
1,3-Bis(4-methoxyphenyl)-2-propanone (19) (3.49 g, 12.9 mmol) and 4,4’-dimethoxybenzil (17) (3.49 g, 
12.9 mmol) were put in a 100 mL round bottomed flask and dissolved in EtOH (40 mL). The mixture was 
heated to reflux and freshly ground KOH (500 mg, 8.9 mmol) in EtOH (2 mL) was added portionwise 
over a 5 min interval. The mixture immediately turned black and was refluxed for 25 min. After cooling 
to 0 °C, the precipitate was filtered, washed with EtOH (3 × 10 mL) and recrystallized from 
EtOH/toluene (140 mL, 1:1) to give pure 21 (4.21 g, 65%). 1H-NMR (CDCl3) 7.19 (d, 4H, J = 9.0 Hz, 
-ArH), 6.86 (d, 4H, J = 8.9 Hz, -ArH), 6.79 (d, 4H, J = 9.0 Hz, -ArH), 6.71 (d, 4H, J = 8.9 Hz, -ArH), 
3.79 (s, 6H, -OCH3), 3.78 (s, 6H, -OCH3) ppm. 13C-NMR (CDCl3): 201.4, 159.7, 158.9, 152.9, 132.5, 
131.5, 131.2, 125.8, 124.1, 123.9, 113.7, 113.5, 55.3 (signals missing due to overlapping peaks) ppm. FT-
IR  1705, 1600, 1504, 1467, 1444, 1302, 1286, 1243, 1176, 1110, 1025, 845, 840, 775 cm-1. MALDI-
TOF-MS:  Calculated M = 504.19 g/mol, observed m/z = 543.15 [M + K]+, 504.19 [M]+. Elemental 
analysis: C33H28O5 (504.57) Calcd: C: 78.55 H: 5.59 Obs: C: 77.66 H: 5.21. 

p-MeO Shvo catalyst (3)25c 
Ru3(CO)12 (771 mg, 1.21 mmol) and ligand 21 (1825 mg, 3.62 mmol) were put in a dry 250 mL 3-necked 
flask equipped with a condenser. Dry methanol (150 mL) was added and the resulting mixture was 
degassed for 10 min by bubbling argon through. The mixture was refluxed under an argon atmosphere for 
4 days. Upon cooling to r.t. a yellow precipitate formed. The precipitate was filtered off under an argon 
atmosphere and washed with cold MeOH (2 × 10 mL). After drying under vacuum for 8 h, compound 3 
was obtained as a yellow powder (2.16 g, 90%). 1H-NMR (CDCl3) : 7.04 (d, 4H, J = 8.6 Hz, -ArH), 6.93 
(d, 4H, J = 9.0 Hz, -ArH), 6.56 (d, 4H, J = 8.6 Hz, -ArH), 6.53 (d, 4H, J = 9.0 Hz, -ArH), 3.78 (s, 6H, -
OCH3), 3.69 (s, 6H, -OCH3), –18.52 (s, 1H, -Ru-H-Ru-) ppm. 13C-NMR (CDCl3, 75 MHz) 201.3, 158.9, 
158.2, 153.8, 133.3, 132.9, 132.4, 123.0, 122.7, 113.5, 113.1, 102.2, 87.7, 76.7, 55.2, 55.1 (signals 
missing due to overlapping peaks) ppm. FT-IR : 1999, 2027, 1971, 1610, 1517, 1463, 1292, 1249, 1178, 
1032, 824, 733 cm. MALDI-TOF-MS (DCTB matrix): Calculated M = 1326.19 g/mol, observed m/z = 
1326.19 [M]+, 1270.23 [M - 2 CO]+, 1214.30 [M + H - 4 CO]+ + lower masses from fragmentation 
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products and matrix adducts; (CHCA matrix) observed m/z: 1213.39 [M - 4 CO]+ + lower masses from 
fragmentation products and matrix adducts. Elemental analysis: C72H64O14Ru2 (1355.41) Calcd: C: 63.80 
H: 4.76 Obs: C: 63.49 H: 4.21. 

Synthesis of substrates 

Phenylene bis(ethylamines) (1g-1h) 
Phenylene bis(ethylamines) 1g-1h were prepared via the Leuckart-Wallach reductive amination of the 
diacetyl benzenes 22a and 22b.38 Bis(ethylamine) 1g was prepared in good yield, whereas the synthesis of 
1h was lower yielding due to a more difficult hydrolysis of the diformamide precursor. 
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Scheme 2.6: Leuckart-Wallach reductive amination for the synthesis of bis(ethylamine) substrates 1g (a) and 1h (b). 
(i) 50 eq. formamide, 25 eq. formic acid, reflux, 17 h; (ii) 10 M HCl, 1 (23a) or 3 h (23b) reflux followed by 
neutralization with aq. NaOH. 

1,1'-(1,3-Phenylene)bis(N-formylethylamine) (23a) 
1,3-Diacetylbenzene (22a) (3.25 g, 20.0 mmol) was put in a 250 mL flask and dissolved in a mixture of 
formamide (80 mL, ±50 eq.) and formic acid (40 mL, ±25 eq.). The reaction mixture was refluxed for 
17 h and after cooling to r.t., all volatiles were removed under reduced pressure to give a colorless to light 
yellow sticky solid. The crude material was used without further purification (purity approximately 
80 mol% according to 1H-NMR). 1H-NMR (CDCl3) : 8.10, (d, 2H, J = 15.4 Hz, -NHC(O)H), 7.17-7.36 
(m, 4H, -ArH), 6.22 (br. d, 2H, J = 15.4 Hz, -NHC(O)H), 5.17 (qui, 1H, J = 7.0 Hz, -CH(CH3)-), 4.68 
(qui, 1H, J = 7.0 Hz, -CH(CH3)-), 1.55 (d, 3H, J = 6.9 Hz, -CH(CH3)-), 1.50 (d, 3H, J = 6.9 Hz, 
-CH(CH3)-) ppm. (Only signals from diformamide 23a are given). 

1,1’-(1,3-Phenylene)bis(ethylamine) (1g) 
Compound 23a (1.60 g, 7.26 mmol) was put in a 100 mL flask and concentrated HCl (37 wt%, 24 mL) 
and water (6 mL) were added. The mixture was heated to 110 °C for 1 h and after cooling to r.t., the pH 
was adjusted to 10 by addition of a 30 wt% NaOH solution while cooling in an ice bath. The aqueous 
layer was extracted with DCM (4  40 mL) until no more product was extracted according to TLC. The 
combined organic layers were washed with brine (50 mL) and dried over Na2SO4. Evaporation of the 
solvent gave a yellow oil containing a small amount of a white solid (1.20 g). The crude product was 
further purified by means of Kugelrohr distillation (6·10-2 mbar / 120 °C). Diamine 1g was obtained as a 
colorless liquid (913 mg, 77% based on the amount of 22a). 1H-NMR (CDCl3, 200 MHz) : 7.17-7.34 (m, 
4H, -ArH), 4.10 (q, 2H, J = 6.6 Hz, -CH(CH3)NH2), 1.63 (br. s, 4H, -NH2), 1.38 (d, 6H, J = 6.6 Hz, 
-CH(CH3)NH2) ppm. 13C-NMR (CDCl3, 50 MHz) : 148.1, 128.8, 124.3, 123.2, 51.5, 25.8 ppm. GC-MS 
(80-300 °C) tR = 5.75 min, m/z: 149, 132, 117, 105, 91, 77, 67, 44. 

1,1'-(1,4-Phenylene)bis(N-formylethylamine) (23b) 
1,4-Diacetylbenzene (22b) (3.25 g, 20 mmol) was subjected to a procedure identical as for the preparation 
of compound 23a. The crude diformamide was directly used without further purification (purity 
approximately 80 mol% according to 1H-NMR). 1H-NMR (CDCl3) : 8.20 (d, 2H, J = 13.5 Hz, 
-NHC(O)H), 7.29 (s, 4H, -ArH), 6.10-5.90 (br. d, 2H, -NH-), 5.17 (dq, 2H, J = 7.5 Hz, J = 7.0 Hz, 
-CH(CH3)-), 1.50 (d, 6H, J = 6.9 Hz, -CH(CH3)-) ppm. (Only signals from diformamide 23b are given). 
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1,1’-(1,4-Phenylene)bis(ethylamine) (1h) 
Compound 23b (5.9 g, 97 mmol) was subjected to identical hydrolysis and workup procedures as 
described for the synthesis of 1g. The total time required for hydrolysis was 3 h. The crude product was 
purified by Kugelrohr distillation (4·10-2 mbar / 100-104 °C) and isolated as a colorless liquid (1.53 g, 
47% based on the amount of 22b) 1H-NMR (CDCl3) 7.31 (s, 4H, -ArH), 4.11 (q, 2H, J = 6.6 Hz, 
-CH(CH3)-), 1.55-1.40 (m, 4H, -NH2), 1.38 (d, 6H, J = 6.63 Hz, -CH(CH3)-) ppm. 13C-NMR (CDCl3)  
146.5, 125.9, 51.2, 25.8 ppm. GC-MS: (80-300 °C) tR = 5.90 min, m/z: 163, 149, 134, 120, 106, 91, 79, 
77, 67, 44, 42. 

Isopropyl methoxyacetate (11) 
Methoxyacetic acid (9.01 g, 99.4 mmol) and p-TosOH·H2O (380 mg, 0.02 eq.) were dissolved in propan-
2-ol (195 mL). The reaction mixture was refluxed overnight after which the excess propan-2-ol was 
slowly distilled off at atmospheric pressure. More propan-2-ol (35 mL) was added and subsequently the 
remaining isopropyl alcohol was slowly distilled off. The desired product was directly distilled at 
atmospheric pressure using a short vigreux column (b.p. 149-151 °C). Isopropyl methoxyacetate (10.5 g, 
80%) was isolated as a clear, colorless liquid. 1H-NMR (CDCl3)  5.12 (sept., 1H, J = 6.3 Hz, 
-CH(CH3)2), 3.99 (s, 2H, -OCH2COO-), 3.45 (s, 3H, -OCH3), 1.27 (d, 6H, J = 6.3 Hz, -CH(CH3)2) ppm. 
13C-NMR (CDCl3) : 169.9, 70.2, 68.6, 59.4, 21.9 ppm. GC-MS (80-300 °C) tR = 1.96 min, m/z 117, 
102, 89, 73, 60, 45. 

Isopropyl 2,2'-oxydiacetate (14)  
2,2′-Oxydiacetic acid (26.8 g, 0.20 mol) and p-TosOH·H2O (764 mg, 4.0 mmol, 0.02 eq.) were dissolved 
in propan-2-ol (500 mL) and refluxed for 4.5 h, after which the excess propan-2-ol was slowly distilled 
off at atmospheric pressure using a Dean-Stark setup. Diester 14 was purified by means of vacuum 
distillation using a Vigreux column (b.p. 68-70 °C, 4 mbar) and isolated as a colorless liquid in good 
yield (36.0 g, 70%) 1H-NMR (CDCl3) : 5.12 (h, 2H, J = 6.3 Hz, -CH(CH3)2), 4.19 (s, 4H, -OCH2COO-), 
1.27 (d, 12H, J = 6.3 Hz, -CH(CH3)2) ppm. 13C-NMR (CDCl3)  : 169.3, 68.7, 68.3, 21.8 ppm. 

Synthesis of rac-methoxyacetamides 
Racemic methoxyacetamides for the optimization of the analytical procedures were prepared by reaction 
of freshly prepared methoxyacetyl chloride with the rac-amine substrates. 

Methoxyacetyl chloride (23) 
A 50 mL 2 necked flask was equipped with a stirring bar, a septum and an argon inlet. Methoxyacetic 
acid (459 mg, 5.1 mmol) was dissolved in dry DCM (10.0 mL) and two drops of dry DMF were added. 
Subsequently, oxalyl chloride (715 mg, 5.6 mmol) was added over a 10 min interval. After addition of all 
oxalyl chloride, the reaction mixture was stirred at r.t. for 90 min. The resulting solution of 23 was 
directly used for the preparation of 13a-13g. 1H-NMR data of a small sample of the crude product was in 
agreement with literature.45 

rac-2-Methoxyacetamides 13a-13g 
The desired amine (0.10 mmol) was put in a dry 5 mL vial equipped with a stirring bar and flushed with 
argon. A solution of DIPEA (0.15 mmol/mL) in dry dichloromethane (1.0 mL) was added to the vial, 
followed by the addition of freshly prepared methoxyacetyl chloride (23) (200 L, 0.51 mol/mL, 1 eq.). 
The vial was flushed with argon and stirred overnight at r.t. The contents of the vial were filtered over a 
pipette containing a piece of cotton and normal silica gel (ca. 2 cm) and subsequently rinsed with DCM (2 
 5 mL). The filtrates were concentrated under reduced pressure to give the racemic methoxyacetamides 
in sufficient purity (> 90%) according to 1H-NMR. These compounds were used without further 
purification to optimize the GC-FID temperature programs. 
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General methods for racemization and DKR experiments 
All glassware for the racemization and DKR experiments was dried for >2 h at 120 °C and put under an 
argon atmosphere afterwards. 

Racemization experiments and DKR optimization experiments 
A stock solution containing (S)-1-phenylethylamine ((S)-1a) (606 mg, 5.00 mmol) and  
1,3,5-tri-tert-butylbenzene (internal standard) (123 mg, 0.50 mmol) in dry toluene (10 mL) was prepared. 
Racemization catalyst (3) (26.5 mg, 0.020 mmol) and dry Na2CO3 (20 mg) were weighed into a Schlenk 
tube. The Schlenk tube was evacuated and backfilled with argon 3 times. Hydrogen donor 
(2,4-dimethylpentan-3-ol, DMP) (560 L, 4.0 mmol) and stock solution (1.0 mL) were added by syringe 
and the total volume was adjusted to 8.0 mL by addition of dry toluene. The Schlenk tube was evacuated 
to 200 mbar and backfilled with argon 3 times and subsequently placed in a preheated metal block. Small 
samples (0.05 mL) were withdrawn from the reaction mixture at regular time intervals, filtered over a 
piece of cotton in a pipette and diluted with DCM (~1.5 mL). The underivatized samples were directly 
analyzed by means of GC-FID for determination of the selectivity. To determine the e.e. of the remaining 
substrate, acetic anhydride (2-3 drops) was added to the sample and all volatiles were removed under 
reduced pressure, after which the residue was redissolved and analyzed by GC-FID. GC-FID temperature 
program: 105 °C | 9 min  180 °C, 40 °C/min | 10 min.  
For the optimization of the DKR of rac-1-phenylethylamine (1a), Novozym 435 (20 mg) was weighed 
into the Schlenk tube together with the racemization catalyst (26.5 mg, 0.020 mmol) and Na2CO3 
(20 mg). The acyl donor (typically 1 mol eq.) was added by syringe after addition of the stock solution. 
Then the default procedure was followed again and the reaction mixtures were heated to 100 °C under a 
pressure of 750 mbar. 

Table 2.4: Overview of retention times for the chiral GC-analysis of amines and amides in the racemization and DKR-
experiments using the default temperature program. 

Compound 
tR  

[min] 
(R)-1-phenylethylamine 8.08 
(S)-1-phenylethylamine 8.29 
1,3,5-tri-tert-butylbenzene 11.88 
(S)-N-(1-phenylethyl)acetamide 13.51 
(R)-N-(1-phenylethyl)acetamide 13.68 
(S)-N-(1-phenylethyl)-2-methoxyacetamide 14.70 
(R)-N-(1-phenylethyl)-2-methoxyacetamide 14.87 
(S)-N-(1-phenylethyl)butyramide 15.61 
(R)-N-(1-phenylethyl)butyramide 16.14 

 

In the racemization experiments, selectivity was defined as the residual substrate area divided by the 
initial substrate area (data normalized to internal standard area). For the DKR experiments, the amount of 
substrate conversion was determined with respect to the initial substrate area (data normalized to internal 
standard area) and the selectivity was defined as follows: 

 product

product + sideproduct

A
Selectivity

A
= å
å

 (2.1) 
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Dynamic kinetic resolution (DKR) of substrates 1a-h 

General procedure 
Novozym 435 (20.0 mg), Na2CO3 (20.0 mg, 0.20 mmol), racemization catalyst (26.5 mg, 0.020 mmol) 
were weighed into a dry Schlenk tube. The Schlenk tube was evacuated and backfilled with argon 3 
times. The amine substrates (0.50 mmol amine groups) were weighed into a sample vial and put under an 
argon atmosphere. Toluene (7.4 mL in total) was added portionwise to this vial and the amine was 
transferred quantitatively into the Schlenk tube after which 2,4-dimethylpentan-3-ol (560 L, 4.0 mmol) 
and isopropyl methoxyacetate (11) (68 L, 0.50 mmol, 1 eq.) were added. The Schlenk tube was 
evacuated to a pressure of 200 mbar and backfilled with argon to atmospheric pressure 3 times. After this 
procedure, the reaction vessels were immediately heated to 100 °C at a pressure of 750 mbar under an 
argon atmosphere. After 23 h, a sample (0.10 mL) was withdrawn, filtered over a piece of cotton in a 
pipette, the filtrate was diluted with CDCl3 and analyzed by 1H-NMR to check the conversion. 24 h after 
the start of the reaction more isopropyl methoxyacetate (7 L, 0.050 mmol, 0.1 eq.) was added and 
stirring was continued at 100 °C and 750 mbar for 2 h. After cooling to r.t., the reaction mixture was 
filtered over a paper filter and the Schlenk tube was rinsed with DCM (3  20 mL) after which all 
volatiles were removed in vacuo. The residue was co-evaporated with toluene (2  5 mL) to give crude 
methoxyacetamides that were purified by column chromatography over silica. 

(R)-N-(1-Phenylethyl)-2-methoxyacetamide (13a) 
Compound 13a was synthesized from 1-phenylethylamine (61.0 mg, 0.50 mmol) following the general 
procedure described above. After column chromatography (pentane/EtOAc 1:4, Rf = 0.30), 13a was 
isolated as a white solid (66 mg, 68%, 98% e.e.). 1H-NMR (CDCl3)  7.54-7.06 (m, 4H, -ArH), 6.88-6.60 
(br. s, 1H, -NH-), 5.18 (dq, 1H, J = 13.9 Hz, J = 6.9 Hz, -CH(CH3)-), 3.91 (d, 1H, J = 15.0 Hz, H 
-CH2OCH3), 3.88 (d, 1H, J = 15.0 Hz, H -CH2OCH3), 3.40 (s, 3H, -CH2OCH3), 1.52 (d, 3H, J = 6.9 Hz, 
-CH(CH3)-) ppm. 13C-NMR (CDCl3)  168.6, 143.1, 128.8, 127.5, 126.2, 72.07, 59.2, 48.1, 22.0 ppm. 
GC-FID temperature program: 105 °C | 9 min  180 °C, 40 °C/min | 10 min. tR(S): 14.43 min, tR(R): 
14.58 min. Elemental analysis: C11H15NO2 (193.24) Calcd: C: 68.37 H: 7.82 N: 7.25 Obs: C: 67.96  
H: 7.89 N: 7.05. 

(R)-N-(1-p-Tolylethyl)-2-methoxyacetamide (13b) 
Compound 13b was synthesized from 1-p-tolylethylamine (67.0 mg, 0.50 mmol) following the general 
procedure described above. After column chromatography (pentane/EtOAc 1:1, Rf = 0.30), 13b was 
isolated as a white solid (75 mg, 73%, 99% e.e.). 1H-NMR (CDCl3) : 7.22 (d, 2H, J = 8.1 Hz, -ArH), 
7.14 (d, 2H, J = 8.1 Hz, -ArH), (br. d, 1H, J = 5.8 Hz, -NH-), 5.15 (dq, 1H, J = 7.5 Hz, J = 7.0 Hz, 
-CH(CH3)-), 3.89 (d, 1H, J = 15.0 Hz, H -CH2OCH3), 3.86 (d, 1H, J = 15.0 Hz, H -CH2OCH3), 3.38 (s, 
3H, -CH2OCH3), 2.33 (s, 3H, -ArCH3), 1.50 (d, 3H, J = 6.9 Hz, -CH(CH3)-) ppm. 13C-NMR (CDCl3)  
168.5, 140.1, 137.1, 129.4, 126.1, 72.0, 59.1, 47.8, 21.9, 21.1 ppm. GC-FID temperature program: 120 °C 
| 5 min  180 °C, 10 °C/min | 5 min. tR(S): 14.71 min, tR(R): 14.92 min. Elemental analysis: C12H17NO2 
(207.27) Calcd: C: 69.54 H: 8.27 N: 6.76 Obs: C: 68.95 H: 8.02 N: 6.55. 

(R)-N-(1-(4-Bromophenyl)ethyl)-2-methoxyacetamide (13c) 
Compound 13c was synthesized from 1-(4-bromophenyl)ethylamine (100.0 mg, 0.50 mmol) following 
the general procedure described above. After column chromatography (pentane/EtOAc 1:4, Rf = 0.25), 
13c was isolated as a white solid (81 mg, 59%, 97% e.e.). 1H-NMR (CDCl3) : 7.46 (d, 2H, J = 8.5 Hz, 
ArH), 7.20 (d, 2H, J = 8.3 Hz, ArH), 6.73 (br. d, 1H, J = 6.4 Hz, -NH), 5.12 (dq, J = 8.2 Hz, J = 7.0 Hz, 
1H, -CHCH3), 3.90 (d, 1H, J = 15.0 Hz, H -CH2OCH3), 3.87 (d, 1H, J = 15.0 Hz, H -CH2OCH3), 3.41 
(s, 3H, -CH2OCH3), 1.49 (d, 3H, J = 7.0 Hz, -CHCH3) ppm. 13C-NMR (CDCl3) : 168.7, 142.3, 131.9, 
128.0, 121.3, 72.0, 59.25, 47.65, 21.89 ppm. GC-FID temperature program: 110 °C | 5 min  200 °C, 
5 °C/min | 20 min. tR(S): 24.61 min, tR(R): 24.80 min. Elemental analysis: C11H14NO2Br (272.14) Calcd: 
C: 48.55 H: 5.19 N: 5.15 Obs. C: 48.59 H: 5.09 N: 5.13. 
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(R)-N-(Indan-1-yl)-2-methoxyacetamide (13d) 
Compound 13d was synthesized from 1-aminoindan (66.7 mg, 0.50 mmol) following the general 
procedure described above. After column chromatography (pentane/EtOAc 1:4, Rf = 0.25), 13d was 
isolated as an off-white solid (82 mg, 80%, 96% e.e.). 1H-NMR (CDCl3)  7.34-7.14 (m, 4H, -ArH), 6.76 
(br. d, 1H, J = 6.8 Hz, -NH-), 5.53 (q, 1H, J = 7.8 Hz, -CH(NR)CH2CH2-), 3.94 (s, 2H, -CH2OCH3), 3.39 
(s, 3H, -CH2OCH3), 3.04-2.93 (m, 1H, H-CH(NR)CH2CH2-), 2.93-2.81 (m, 1H, H -CH(NR)CH2CH2-), 
2.68-2.52 (m, 1H, H -CH(NR)CH2CH2-), 1.90-1.76 (m, 1H, H -CH(NR)CH2CH2-) ppm. 13C-NMR 
(CDCl3) : 169.4, 143.5, 143.0, 128.1, 126.9, 124.9, 124.1, 72.1, 59.2, 54.0, 34.1, 30.3 ppm. GC-FID 
temperature program: 130 °C | 5 min  160 °C, 2 °C/min  190 °C, 1 °C/min | 10 min. tR(S): 29.00 min, 
tR(R): 29.34 min. Elemental analysis: C12H15NO2 (205.25) Calcd: C: 70.22 H: 7.37 N: 6.82 Obs: C: 69.56 
H: 7.31 N: 6.77. 

(R)-N-(1-(Naphthalen-1-yl)ethyl)-2-methoxyacetamide (13e) 
Compound 13e was synthesized from 1-(1-naphthyl)ethylamine (85.6 mg, 0.50 mmol) following the 
general procedure described above. After 23.5 h, incomplete conversion of the substrate was observed, 
for this reason the reaction mixture was stirred for a total time of 42.5 h. After column chromatography 
(pentane/EtOAc 1:4), 13e was isolated as a white solid (69 mg, 57%, 99% e.e.). 1H-NMR (CDCl3) : 8.12 
(d, 1H, J = 8.5 Hz, -ArH), 7.86 (dd, 1H, J = 8.4, 1.1 Hz, -ArH), 7.79 (d, 1H, J = 8.1 Hz, -ArH), 7.57-7.42 
(m, 4H, -ArH), 6.78 (br. d, 1H, J = 7.8 Hz, -NH-), (dq, 1H, J = 15.5 Hz, J = 6.8 Hz, -CH(CH3)-), 3.93 (d, 
1H, J = 15.2 Hz, H -CH2OCH3), 3.87 (d, 1H, J = 15.2 Hz, H -CH2OCH3), 3.31 (s, 3H, -CH2OCH3), 
1.68 (d, 3H, J = 6.8 Hz, -CH(CH3)-) ppm. 13C-NMR (CDCl3) : 168.5, 138.2, 134.0, 131.2, 128.9, 128.5, 
126.6, 125.9, 125.3, 123.5, 122.7, 72.0, 59.1, 44.0, 21.1 ppm. GC-FID analysis of compound 13e was not 
directly possible, this compound was hydrolyzed as described below for compounds 13g and 13h. The 
e.e. was determined by means of GC-FID after derivatization with acetic anhydride. GC-FID temperature 
program for N-(1-(naphthalene-1-yl)ethyl)acetamide: 140 °C | 1 min  200 °C 1 °C/min | 10 min. tR(S): 
45.26 min, tR(R): 45.86min. Elemental analysis: C15H17NO2 (243.3) Calcd: C: 74.05 H: 7.04 N: 5.76  
Obs: C: 73.71 H: 6.93 N: 5.77. 

(R)-N-(Octan-2-yl)-2-methoxyacetamide (13f) 
Compound 13f was synthesized from 2-octylamine (64.6 mg, 0.50 mmol) following the general 
procedure described above. After column chromatography (pentane/ EtOAc 1:1, Rf = 0.27), 13f was 
isolated as a white solid (66 mg, 66%, 94% e.e.). KMnO4 staining followed by gentle heating was 
required for analysis of the TLC plates. 1H-NMR (CDCl3)  6.29 (br. d, 1H, J = 6.8 Hz, -NH-), 4.08-3.95 
(m, 1H, -CH(CH3)), 3.87 (s, 2H, -CH2OCH3), 3.41 (s, 3H, -CH2OCH3), 1.50-1.40 (m, 2H, -CHCH2CH2-) 
1.37-1.20 (m, 6H, -CHCH2CH2CH2-), 1.15 (d, 3H, J = 6.6 Hz, -CHCH3), 0.88 (t, 3H, J = 6.8 Hz, 
-CH2CH3) ppm. 13C-NMR (CDCl3)  168.7, 72.1, 59.2, 44.7, 37.0, 31.8, 29.2, 26.0, 22.7, 21.0, 14.1 ppm. 
GC-FID temperature program: 150 °C | 5 min  180 °C, 10 °C/min. tR(S): 6.88 min, tR(R): 6.99 min. 
Elemental analysis: C11H23NO2 (201.31) Calcd: C: 65.63 H: 11.52 N: 6.96 Obs. C: 65.62 H: 11.55  
N: 6.91. 

(1R,1'R)-1,1'-(1,3-Phenylene)bis(N-(methoxymethylcarbonyl)ethylamine) (13g) 
Compound 13g was synthesized from 1,1’-(1,3-phenylene)bis(ethylamine) (1g) (41.0 mg, 0.25 mmol) 
following the general procedure described above. After column chromatography (pentane/EtOAc 1:4, 
Rf = 0.10), 13g was isolated as a light yellow solid (53 mg, 70%, 86% e.e., ratio chiral:meso = 1:0.21). 
According to 1H-NMR residues of the racemization catalyst were still present, resulting in a purity of 
approximately 90 mol%. 1H-NMR (CDCl3)  7.36-7.20 (m, 4H, -ArH), 6.76 (d, 2H, J = 7.3 Hz, -NH-), 
5.18 (dq, 2H, J = 7.3 Hz, J = 6.9 Hz, -CH(CH3)-), 3.91 (d, 2H, J = 15.0 Hz, H -CH2OCH3), 3.88 (d, 2H, 
J = 15.0 Hz, H -CH2OCH3), 3.41 (s, 6H, -CH2OCH3), 1.51 (d, 6H, J = 6.9 Hz, -CH(CH3)-) ppm. 
13C-NMR (CDCl3) :168.6, 143.5, 129.2, 125.2, 124.3, 72.0, 59.2, 48.1, 22.0 ppm. GC-FID analysis of 
compound 13g was not possible, this compound was hydrolyzed as described below and the e.e. was 
determined by means of chiral HPLC using the method described above. Racemic 1g was used as 
reference for the determination of the e.e., tR(R,R): 45.17 min, tR(meso): 63.13 min, tR(S,S): 71.74 min, 
ratio chiral:meso = 1:0.21, e.e.(chiral): 86%. Elemental analysis: C16H24N2O4 (308.37) Calcd: C: 62.32  
H: 7.84 N: 9.08 Obs: C: 62.43 H: 7.21 N: 7.16. 
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(1R,1'R)-1,1'-(1,4-Phenylene)bis(N-(methoxymethylcarbonyl)ethylamine) (13h) 
Compound 13h was synthesized from 1,1’-(1,4-phenylene)bis(ethylamine) (1h) (41.0 mg, 0.25 mmol) 
following the general procedure described above. After column chromatography (pentane/EtOAc 1:4, 
Rf = 0.10), 13h was isolated as a off-white solid (42 mg, 55%, 99% e.e., ratio chiral:meso = 1:0.09). 
1H-NMR (CDCl3)  7.30 (s, 4H, -ArH), 6.74 (br. d, 2H, -NH-), 5.15 (dq, 2H, J = 13.9 Hz, J = 7.0 Hz, 
-CHCH3), 3.90 (d, 2H, J = 15.0 Hz, H -CH2OCH3), 3.89 (d, 2H, J = 15.0 Hz, H -CH2OCH3), 3.40 (s, 
6H, -CH2OCH3), 1.50 (d, 6H, J = 6.9 Hz, -CHCH3) ppm. 13C-NMR (CDCl3) : 186.6, 142.3, 126.6, 72.1, 
59.2, 47.9, 21.9 ppmGC-FID analysis of compound 13h was not possible, this compound was 
hydrolyzed as described below and the e.e. was determined by means of chiral HPLC using the method 
described above. Racemic 1h was used as reference for the determination of the e.e., tR(R,R): 46.57 min, 
tR(meso): 76.34 min, tR(S,S): 93.46 min, ratio chiral:meso = 1:0.09, e.e.(chiral): 99%. 

Determination of e.e. for compounds 13e, 13g, and 13h 
No direct chiral GC analysis of racemic compounds 13e, 13g, and 13h was possible. These 
methoxyacetamides were hydrolyzed and the e.e. was determined by means of chiral HPLC (13g-13h) or 
by GC-FID after derivatization with Ac2O. 

General hydrolysis procedure for 2-methoxyacetamides 13a-13h 
Compounds 2g or 2h (typically 40 mg, 0.13 mmol) were put in a 25 mL flask and aqueous HCl was 
added (5 mL, 3 M). The resulting solution was refluxed under an argon atmosphere for a period of 4 h. 
After cooling to r.t., the reaction mixture was diluted with water (5 mL) and extracted with Et2O (2  5 
mL). The pH of the aqueous layer was adjusted to >10 by careful addition of concentrated NaOH (4 M), 
followed by extraction with Et2O (3  15 mL). The combined organic layers were washed with 4 M 
NaOH (5 mL) and dried over Na2SO4. After removal of the solvent under reduced pressure, the free 
amines were obtained as a yellow colored liquid in typically 50% yield. 1H-NMR showed a purity of 
>80% for hydrolyzed 2g and > 90% for hydrolyzed 2h.  

Derivatization of hydrolyzed 13e 
Ac2O (±10 mg) was added to 1 mL of the Et2O extract containing hydrolyzed 13e. All volatiles were 
evaporated under reduced pressure for 30 min at 50 °C. The obtained crude white solid was directly used 
for chiral GC analysis to determine the e.e. In a reference experiment in which 13e was hydrolyzed and 
subsequently derivatized with Ac2O under identical conditions, no significant amount of racemization 
was observed (97.4% e.e. after hydrolysis vs. 98.3% before). 

Dynamic kinetic resolution polymerization experiments 

DKR of rac-1-phenylethylamine (1a) with diacyl donor 14 (15) 
A stock solution of rac-1-phenylethylamine (1a) (605 mg, 5.0 mmol) and isopropyl 2,2'-oxydiacetate (14) 
(549 mg, 2.5 mmol) in dry toluene (10 mL) was prepared. Dry Novozym 435 (20 mg), dry Na2CO3 (20 
mg) and racemization catalyst 3 (26.5 mg, 20 mol) were weighed into a dry Schlenk tube. The Schlenk 
was evacuated and refilled with argon three times, after which dry toluene (6.5 mL), 2,4-dimethyl- 
pentan-3-ol (560 L), and stock solution (1.0 mL, 0.50 mmol amine) were added. The Schlenk was 
evacuated to 100 mbar and refilled with argon three times after which the reaction mixture was heated to 
100 °C at a pressure of 750 mbar for 48 h. After cooling to r.t., the reaction contents of the Schlenk were 
filtered over a filter paper and the Schlenk was rinsed with CHCl3 (2 × 4 mL). All volatiles were removed 
under reduced pressure after which the products were purified by column chromatography over silica gel 
(Heptane/EtOAc 1:1 Rf = 0.25). Diamide 15 was isolated as a brown sticky residue in > 99% purity 
(30 mg, 18%). 1H-NMR (CDCl3)  : 7.37-7.23 (m, 10H, ArH), 6.75 (d, 2H, J = 7.79 Hz, -CONH-), 5.16 
(dq, 2H, J = 14.0 , 7.0 Hz, -CHCH3), 4.0 (s, 4H, OCCH2OCH2CO), 1.49 (d, 6H, J = 6.93 Hz, -CHCH3) 
ppm. 13C-NMR (CDCl3) : 167.63, 142.80, 128.90, 127.69, 126.22, 71.33, 48.51, 21.86 ppm. FT-IR: 
 = 3281, 3002, 2975, 2931, 1647, 1536, 1494, 1449, 1377, 1249, 1209, 1126, 1021, 755, 697 cm-1. 
MALDI-TOF-MS: Calculated M = 340.18 g/mol, observed m/z = 363.25 [M + Na]+, 341.26 [M + H]+ 

g/mol. 
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DKRP of diamines 1g and 1h with diacyldonor 14 
A stock solution of bisethylamines 1g or 1h (545 mg, 2.5 mmol) and isopropyl 2,2'-oxydiacetate (14) 
(549 mg, 2.5 mmol) in dry toluene (10 mL) was prepared. A DKR experiment as described above for the 
synthesis of 15 was performed using identical amounts of Novozym 435, Na2CO3and p-MeO Shvo 
catalyst and H2 donor (2,4-dimethylpentan-3-ol). After 48 h, the hot reaction mixture was filtered over a 
P4 glass filter, washed with CHCl3 (3 × 5 mL), after which all volatiles were removed in vacuo. The 
residue was dissolved in CHCl3 (2 mL), precipitated in heptane (40 mL) and isolated by centrifugation 
(2 × 5 min 4300 rpm) as a solid residue (19 mg). No oligoamide could be identified in the precipitate or 
filtration residue by means of 1H-NMR or MALDI-TOF-MS.  

Chemical synthesis of racemic polymer 16 

2,2'-Oxydiacetyl chloride 
Under an argon atmosphere 2,2'-oxydiacetic acid (671 mg, 5.0 mmol) was suspended in a mixture of 
SOCl2 (3.0 mL, 41 mmol, 4.1 eq. per carboxylic acid) and dry CHCl3 (2.0 mL). The mixture was heated 
to 80 C for 2 h, after which all volatiles were removed under reduced pressure using an oil pump. Excess 
SOCl2 was completely removed by coevaporation with distilled toluene (2 mL) and the application of 
reduced pressure (5·10-2 mbar) at 50 °C for 1 h to give the diacyl chloride in moderate yield (491 mg, 
57%). 

Chemical synthesis of rac-16 
Under an argon atmosphere, crude 2,2'-oxydiacetic acid (491 mg, 2.87 mmol) was dissolved in dry CHCl3 
(20 mL). A solution of bis(ethylamine) 1g (471 mg, 2.87 mmol, 1.00 eq.) and Et3N (2.30 g, 22.7 mmol in 
dry CHCl3 (5 mL) was added dropwise in five min using a syringe. Residual diamine was added by 
rinsing the syringe with additional CHCl3 (2 mL). The reaction mixture was refluxed overnight, and after 
cooling to r.t. all volatiles were evaporated. The residue was redissolved in MeOH (8 mL) and 
precipitated in cold water (100 mL). The aqueous phase was carefully decanted and the residue was 
stirred at r.t. with 0.1 M HCl (100 mL) for 1 h to completely remove the Et3N-derived salts. The aqueous 
phase was decanted and the residue was dried overnight under reduced pressure to give racemic polymer 
16 as a light yellow, brittle material in moderate yield (328 mg, 44%). 1H-NMR (MeOD-d4) : 7.40-7.15 
(m, 4H, -ArH), 5.05 (br. s, 2H, -ArCH(CH3)R-), 4.05-3.95 (br.s, 4H, -HNOCCH2O-), 1.49-1.37 (br. s, 
6H, -ArC(CH3)R-) ppm. 13C-NMR (MeOD-d4) : 170.7, 145.1, 129.8, 125.9, 125.9, 125.3, 125.1, 71.6, 
22.3 ppm. GPC (HFIP, molecular weight versus PMMA standards): Mn 3.3 kg/mol, Mw 7.4 kg/mol, 
PDI 2.2. 
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2.9 Appendix: Racemization kinetics with an achiral intermediate 
The racemization of a substrate S through an achiral intermediate I can be represented as: 

 
No difference in reaction rate exists between the (R)- and (S)-enantiomers (SR and SS, respectively) when 
using a non-chiral racemization catalyst. Assume a constant total substrate concentration [Stot] and 
intermediate concentration [I] under steady state conditions: 

 [ ] [ ] [ ]tot S RS S S= +  (2.2) 
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the rate at [SR] changes is equal to: 
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the definition of the e.e. shows: 
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transformation of variables in equation (2.4) from [SR] into e.e. gives: 
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or in simplified form: 
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This differential equation is readily solved with the condition that at e.e. = e.e.0 at t = 0: 

 0 1. . . . exp( )= -e e e e k t  (2.8) 

Under the assumption of a selective racemization process at a fixed substrate concentration first order 
kinetics are observed. Accordingly, the racemization rate (k1) can be obtained from linear regression of 
ln(e.e.o/e.e.) versus time. 
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Novozym 435-catalyzed selective  

polymerization of functional monomers 

Abstract 

Two novel monomers with unprotected functional groups, ambrettolide epoxide and isopropyl aleuritate, 

were synthesized in a single step from commercially available materials. The Novozym 435-catalyzed 

ring-opening polymerization of ambrettolide epoxide furnished a polymer with an Mn of 9.7 kg/mol and a 

PDI of 1.89 while the epoxide groups remained unaffected during the polymerization. Regioselective 

homopolymerization of isopropyl aleuritate was feasible with the aid of Novozym 435 as catalyst and 

linear polymers with reasonable molecular weight (Mn: 5.6 kg/mol, PDI: 3.16) were obtained in moderate 

yield (43%). Subsequently, copolymerization of isopropyl aleuritate with -caprolactone was performed 

applying different monomer ratios. Readily soluble, hydroxy-functional polyesters with reasonable 

molecular weights (Mn: 10.4-27.2 kg/mol) were obtained in over 70% yield after precipitation. The 

pendant secondary hydroxy groups in the copolymer could easily be post-modified, demonstrating the 

potential of isopropyl aleuritate as comonomer for the preparation of functional polyesters. 

* Part of this work has been published:  

M.A.J. Veld, A.R.A. Palmans, E.W. Meijer  J. Polym. Sci., Part A: Polym. Chem. 2007, 45, 5968-5978. 
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3.1 Introduction 

In the past decades, an impressive number of polymers with functional groups attached to the polymer 

chain end or incorporated in the polymer backbone have been prepared.1 Notably, the synthesis of 

poly(carboxylate esters), polylactides and polycarbonates with pendant functional groups has received 

considerable interest as this class of polymers combines tunable mechanical properties with in vivo 

degradability.2 New materials have become available for use in, amongst others, drug-delivery systems 

and scaffold materials for tissue engineering. Incorporation of pendant functional groups in the polymer 

backbone allows for high degrees of functionalization that can easily be regulated by changing the feed 

ratio of the functional monomer and comonomer. As a result, material properties such as biocompatibility 

and biodegradability can be controlled. Moreover, post-modification of the polymer allows for the 

introduction of biologically active groups such as peptides3 and drugs4 or enables cross-linking of the 

polymer.5 

Important classes of biodegradable and biocompatible polymers for biomedical applications are the 

polyesters and polycarbonates with pendant hydroxy groups that allow for easy post-modification. 

However, direct, chemical polymerization of unprotected lactones with an additional hydroxy group6 and 

hydroxymethyl substituted 1,4-dioxan-2-ones7 gave rise to hyperbranched structures. 

Protection/deprotection strategies are thus required for the preparation of linear functional polymers. 

Therefore, hydroxy groups are generally introduced by polymerization of protected monomers4,8 or by 

multistep post-modification procedures starting from protected ketones.9 Vicinal diols can readily be 

introduced by chemical copolymerization of acetal protected monomers followed by deprotection.10 The 

introduction of pendant allylic groups allows for a wider range of functional group transformations.11 

Amongst others, carboxylic acids,1c,8f halogens,12 primary8c,13 and secondary8f amines, methyl ethers,12a,12b 

and quarternary ammonium salts12c have been introduced as well. 

In contrast to chemical catalysts, enzymes often show excellent regio-, chemo- and enantioselectivity and 

can readily be applied under mild reaction conditions with a large variety of monomers. Novozym 435, 

which consists of Candida antarctica Lipase B immobilized on a polyacrylic resin, has frequently been 

used for the enzyme-catalyzed polymerization of functional monomers. Doing so, monomers with 

unprotected functional groups can directly be selectively polymerized to give functional polymers without 

the need for protecting group and post-modification strategies.  

Glycerol, the simplest triol with both primary and secondary hydroxy groups, has frequently been used as 

a comonomer in the Novozym 435-catalyzed polymerization reaction with dicarboxylic acids.5c,14 The 

observed regioselectivity towards acylation of the less sterically hindered primary hydroxy group for this 

monomer was at best 75%.14b Larger triols were also polymerized with activated dicarboxylic diacid 

derivatives to directly give polymers with pendant hydroxy groups.14b,15 Preferential acylation of the 

primary hydroxy groups was found, although no extensive studies on the selectivity were performed.16 



Novozym 435-catalyzed selective polymerization of functional monomers 

45 

Novozym 435-catalyzed polymerization of linear polyols with octanediol and sebacic acid17 showed 

preferred reaction of the primary hydroxy groups.18 Although, prolonged reaction times led to the 

formation of hyperbranched polymers as a result of competing transesterification reactions. In the 

enzyme-catalyzed polymerization of sorbitol with divinyl sebacate, acylation of the primary hydroxy 

groups was exclusively observed showing that the nature of the acyl donor can be of great importance.19 

In this chapter, the synthesis of two new monomers and their use in Novozym 435-catalyzed 

polymerization reactions is described. Important factors for the monomer choice are good synthetic 

accessibility, biocompatibility, and the presence of functional groups that are not reactive in the 

enzymatic polymerization process, allowing for the direct preparation of functional polymers. First, an 

epoxide containing macrocyclic lactone, ambrettolide epoxide, was synthesized and polymerized. 

Secondly, a tri-hydroxy fatty acid ester, isopropyl aleuritate, was synthesized. The specificity of 

Novozym 435 with respect to the three hydroxy groups was determined and the selective polymerization 

into linear polymers was achieved. Moreover, copolymers of isopropyl aleuritate and -caprolactone were 

prepared and the post-modification of the pendant hydroxy groups in these polymers was demonstrated. 

3.2 Poly(ambrettolide epoxide) 

Poly(ambrettolide epoxide) (P1-P2) is an appealing polymer as it is relatively hydrophobic and contains 

an epoxide functional group in the polymer backbone enabling, in principle, post-modification of the 

polymer. Moreover, the epoxide hinders the otherwise tight packing of the long aliphatic backbone and 

should therefore improve the solubility of the polymer compared to similar polymers prepared from non-

substituted macrocyclic lactones. The monomer ambrettolide epoxide 2 was readily prepared from 

ambrettolide (1) by reaction with m-CPBA (Scheme 3.1).20 The presence of the epoxide group was 

confirmed by means of 1H-NMR, which clearly showed the presence of four multiplets at 2.68, 2.60, 

2.33, and 2.06 ppm corresponding to the protons in the direct vicinity of the epoxide. Additional evidence 

for the formation of the epoxide was based on the presence of two signals in the 13C-NMR spectrum at 

59.11 and 58.94 ppm, the lack of signals around  = 130 ppm and the disappearance of the FT-IR band 

from the alkene at = 967 cm-1. 
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Scheme 3.1: Synthesis of ambrettolide epoxide (2) by epoxidation of ambrettolide (1). (i) m-CPBA, DCM/aq. 
NaHCO3, 1 h, 0 °C to r.t. 
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Ambrettolide epoxide (2) was polymerized in toluene under two different conditions, affording polymers 

P1 and P2 (Scheme 3.2). First, P1 was prepared using 4 mol% benzyl alcohol as initiator and dry 

Novozym 435 (10 mg/mmol monomer) as catalyst. A reaction temperature of 90 °C was chosen to ensure 

good solubility and the reaction was stopped after 18 h when monomer conversion was complete 

according to 1H-NMR analysis. The polymer was isolated in 61% yield after precipitation in MeOH. 

Polymer P2 was synthesized by polymerization of 2 using non-dried Novozym 435 and a temperature of 

60 °C. After 6 h, 90% monomer conversion was observed and the reaction was stopped to give P2 in 40% 

yield after precipitation in methanol. In both cases, the synthesized poly(ambrettolide epoxide) was 

readily soluble in common organic solvents. 
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Scheme 3.2: Novozym 435-catalyzed polymerization of ambrettolide epoxide (2) polymers P1 and P2. (i) Polymer P1: 
4 mol% benzyl alcohol, 10 mg dry Novozym 435/mmol 2, toluene, 18 h, 90 °C; Polymer P2: 10 mg wet Novozym 
435/mmol 2, toluene, 6 h, 60 °C. 

The epoxide was unaffected after polymerization according to 1H-NMR and 13C-NMR measurements. 

Comparison of the integral values of the methylene protons at the hydroxy end group ( = 3.65 ppm)  with 

those of the methylene protons next to the ester group ( = 4.05 ppm) gave a number average molecular 

weight (Mn) of 8.2 kg/mol for P1. These values are in good correspondence with GPC analysis data using 

THF as eluent that showed an unimodal molecular weight distribution (Mn 9.7 kg/mol and PDI 1.89). P2 

had a slightly lower molecular weight and a broader molecular weight distribution according to GPC 

(Mn: 7.1 kg/mol and PDI: 2.60). DSC analysis of P1 revealed two melting transitions in the second 

heating run at 58 and 72 °C (Hm = 7.0 J/g and Hm = 98 J/g, respectively) and a single crystallization 

transition at 56 °C (Hm = 99 J/g). Sterically unhindered epoxides readily form ring-opening products 

after reaction with nucleophiles. However, attempts to post-modify the sterically hindered epoxide in 

poly(ambrettolide epoxide) polymer P1 by nucleophilic attack with primary amines failed. In fact we 

found that the reactivity of the ester group towards the added amine nucleophiles was larger than that of 

the epoxide. Therefore, post-modification of this polymer was impossible under the investigated 

conditions. 
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3.3 Poly(isopropyl aleuritate) 

Aleuritic acid (3), a racemic compound with a erythro placement of the two secondary hydroxy groups,21 

is a commercially available fatty acid with three hydroxy groups. Although this compound could be 

polymerized directly, water is more difficult to remove than other condensation products such as small 

alcohols, and as a result the equilibrium position for polymer synthesis from the free acid is less 

favorable. Moreover, the highly polar carboxylic acid groups can negatively influence the enzymatic 

activity. For these reasons, an isopropyl ester was introduced by refluxing 3 in excess propan-2-ol 

containing a catalytic amount of sulfuric acid (Scheme 3.3). Isopropyl aleuritate (4) was isolated in 87% 

yield and its structure was confirmed by 1H-NMR and 13C-NMR measurements. 

O
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43 (+ ent-3)  

Scheme 3.3: Synthesis of racemic isopropyl aleuritate (4) by esterification of aleuritic acid (3) with propan-2-ol (one 
of the two diastereomers shown). (i) H2SO4, 75 mol eq. propan-2-ol, 12 h, reflux. 

3.3.1 Chemical homopolymerization of isopropyl aleuritate (P3) 

Isopropyl aleuritate (4) contains three hydroxy groups and an ester group that could react in a 

polymerization reaction. The sterically less hindered primary hydroxy group is expected to possess a 

larger reactivity compared to the two secondary hydroxy groups, although a high degree of selectivity is 

seldom observed for transition metal-catalyzed polymerizations.22 The Ti(IV) n-butoxide-catalyzed bulk 

polymerization of isopropyl aleuritate (4) was performed in the melt at 200 °C and 5.0·10-2 mbar (Scheme 

3.4) to give polymer P3. When using only 1 mol% of catalyst at a reaction temperature of 165 °C, only 

20% monomer conversion was observed after 6 h, indicating that harsh conditions are required for the 

chemical polymerization of 4. 

Cross-linked polymer
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Scheme 3.4: Chemically catalyzed bulk polymerization of isopropyl aleuritate (4) giving cross-linked polymer P3. (i) 
5 mol% Ti(IV) n-butoxide, bulk, 5·10-2 mbar, 6 h, 200 °C. 

After 6 h and cooling to r.t., a yellow and sparingly soluble material was obtained. The crude product was 

extracted with hot DMSO-d6 and the solute was analyzed by 1H-NMR, showing no selective reaction of 

the primary hydroxy groups. GPC analysis of this polymer was not performed due to the limited 

solubility. DSC analysis of the crude material only displayed a glass transition temperature at –20 °C, 

which is indicative of the cross-linked nature of the polymer due to reaction of both the primary and 

secondary hydroxy groups. 
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3.3.2 Selectivity in the Novozym 435-catalyzed acylation of isopropyl aleuritate 

Chemically catalyzed polymerization of 4 does not offer sufficient selectivity for the preparation of linear 

polyesters with pendant hydroxy groups. Lipases, on the other hand, are known to show excellent 

regioselectivity for substrates with multiple functional groups.23 Therefore, the selectivity of Novozym 

435 for the acylation of isopropyl aleuritate (4) was investigated (Scheme 3.5a). A five-fold excess vinyl 

acetate was used as acyl donor to ensures irreversible acylation of 4 by release of acetaldehyde.24 
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Scheme 3.5: a) Selective Novozym 435-catalyzed acylation of the primary hydroxy group of isopropyl aleuritate (4); 
b) Transesterification of -acylated isopropyl aleuritate (5) using benzyl alcohol as nucleophile. (i) 5 mol eq. vinyl 
acetate, 34 mg Novozym 435/mmol 4, toluene, 115 h, 90 °C; (ii) 3 mol eq. benzyl alcohol, 31 mg Novozym 435/mmol 
5, toluene, 2 h, 90 °C. 

The reaction was monitored by means of 1H-NMR spectroscopy and the observed fractions of acylated 

primary and secondary hydroxy groups are shown in Figure 3.1a. Upon acylation of the primary hydroxy 

group, the position of the attached methylene group shifts in 1H-NMR from 3.65 ppm to 4.05 

ppm. Acylation of a secondary hydroxy group results in new 1H-NMR signals at  = 4.84 ppm 

(methylidene proton attached to the acylated secondary hydroxy group) and  = 3.56 ppm (methylidene 

proton attached to the non-acylated secondary hydroxy group). At 90 °C, complete acylation of the 

primary hydroxy groups was observed within 15 minutes, whereas only 10-12% of the secondary hydroxy 

groups were acylated after 24 h. The degree of secondary hydroxy group acylation did not increase upon 

prolonged heating. A reference experiment under identical conditions lacking the enzyme, showed some 

spontaneous acylation of the primary hydroxy groups of 4 (approximately 5% after 99 h). No acylation of 

the secondary hydroxy groups was observed in this case, suggesting that the observed reaction is indeed 

enzyme-catalyzed. Moreover, no information on the enantioselectivity of the secondary hydroxy group 

acylation was obtained. 
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Figure 3.1: a) Selectivity in the Novozym 435-catalyzed acylation of the primary () and secondary hydroxy groups 
() of isopropyl aleuritate (4); b) Transesterification of -acylated isopropyl aleuritate (5) with 3 mol eq. benzyl 
alcohol showing the fraction of remaining isopropyl ester groups () and formed primary alcohol groups (). 

For efficient polymerization of monomer 4, both the isopropyl ester and the terminal hydroxy group need 

to be reactive. To investigate the reactivity of the isopropyl ester, -acylated isopropyl aleuritate (5) was 

isolated and subjected to Novozym 435-catalyzed transesterification with 3 eq. benzyl alcohol at 90 °C in 

dry toluene (Scheme 3.5b). Transesterification of the isopropyl ester gave a benzyl ester and the release of 

propan-2-ol, while deacylation of the acetate ester results in the formation of benzyl acetate and a free, 

primary hydroxy group. The disappearance of the isopropyl ester groups ( = 5.00 ppm) and the 

formation of free primary hydroxy groups ( = 3.65 ppm) were monitored by means of 1H-NMR (Figure 

3.1b). The formation of two different benzyl esters (two singlets at  = 5.07 and  = 5.08 ppm) and the 

release of propan-2-ol (heptet at  = 4.05 ppm) were also observed, but were more difficult to quantify. 

As shown in Figure 3.1b, the rates at which the isopropyl ester disappears and the free primary alcohol 

groups are formed are of the same order of magnitude, showing similar reactivity of both groups. After 

19 h, all isopropyl ester groups had disappeared, whereas only 40% of the acetate esters were deacylated. 

Addition of more benzyl alcohol (7 eq.) did not result in a further decrease of the number of acylated end 

groups, indicating possible enzyme deactivation. More Novozym 435 (16 mg) was added, and a further 

increase to 67% in the number of non-acylated primary alcohol groups was observed after an additional 

3 h. The exact reason for the relatively difficult transesterification of the acetate ester is not known. These 

observations indicate that isopropyl aleuritate (4) is accepted as a substrate by Novozym 435 and that 

both the primary hydroxy group and the isopropyl ester can react. The high regiospecificity is in direct 

agreement with results obtained for the Novozym 435-catalyzed esterification of 12-hydroxystearic 

acid.23 The observed reactivity reveals that this combination of monomer and catalyst can be directly used 

for the preparation of hydroxy functional polymers by selective polymerization. 
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3.3.3 Enzyme-catalyzed homopolymerization of isopropyl aleuritate (P4-P5) 

Regioselective solution polymerization of 4 was performed using Novozym 435 as catalyst and toluene as 

solvent (Scheme 3.6). The large preference for acylation of the primary over the secondary hydroxy 

groups is expected to lead to the formation of linear polymers. 
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Scheme 3.6: Selective enzymatic polymerization of isopropyl aleuritate (4) giving well defined linear polymers P4 and 
P5 with pendant hydroxy groups. (i) 25 mg Novozym 435, toluene containing 0.50 M 2,4-dimethylpentan-3-ol (DMP), 
21 h, 90 °C, 550 mbar. 

First, the polymerization of 4 in toluene at a concentration of 0.50 mmol/mL and 60 °C was conducted. 

Reduced pressure (270 mbar) was applied to remove the released propan-2-ol from the system and drive 

the reaction to completion. The relatively high polarity of the monomer and oligomeric products resulted 

in phase separation and the reaction stopped at approximately 50% monomer conversion. To suppress 

phase separation, the reaction temperature was increased to 90 °C (pressure 550 mbar), and the sterically 

hindered alcohol 2,4-dimethylpentan-3-ol (DMP) was added as a cosolvent at a concentration of 

0.50 mmol/mL.25 The overall increased solvent polarity helped to solubilize the monomer and reaction 

products but slowed down the enzymatic reaction. Using the two-solvent system, monomer 4 was 

enzymatically polymerized at concentrations of 0.10 and 0.50 mmol/mL, yielding poly(isopropyl 

aleuritate) polymers P4 and P5 (Table 3.1). 1H-NMR analysis showed the formation of polymer 

(appearance of ester group at  = 4.05 ppm) and a decreased intensity of both the isopropyl ester and 

hydroxymethylene endgroups of monomer 4 ( = 5.00 and 3.65 ppm, respectively). The polymerization 

reactions were stopped after 21 h, at which time the degree of monomer conversion was shown to be 

>97%. 

Table 3.1: GPC and DSC characterization results for enzymatically synthesized poly(isopropyl aleuritate) P4 and P5 
after precipitation in pentane. 

Polymer 
Cmonomer  

[mmol/mL] 
Yield  
[%] 

Mn
[a] 

[kg/mol] 
PDI[a] 

[-] 
Tm

[c] 
[°C] 

Hm
[c] 

[J/g] 
P4 0.10 29 2.0 4.71 n.d. n.d. 
P5 0.50 43 5.6 / 5.9[b] 3.16 / 2.70[b] 65.0 / 90.2 30.9 / 29.5 

 Polymerizations were performed in toluene containing 0.50 mmol/mL 2,4-dimethylpentan-3-ol 
at 90 °C, 550 mbar for 21 h; n.d. = not determined. 

[a] GPC measured on THF system, molecular weights are relative to PS standards. 
[b] GPC measured on HFIP system, molecular weights are relative to PMMA standards. 
[c] Data from DSC based on the second heating run at 10 K/min. 

Low isolated polymer yields, between 29 and 43% by weight, were obtained after precipitation in 

n-pentane. 1H-NMR analysis of the pentane fraction after precipitation of P4 mainly showed cyclized 

monomer as evidenced by the 1H-NMR signal at  = 4.13 ppm and the absence of the isopropyl ester and 

hydroxymethylene end groups. The two isolated polymers P4 and P5 were characterized by 1H-NMR, 

MALDI-TOF-MS, GPC and DSC. 1H-NMR showed the absence of cyclized monomer and the selective 
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acylation of the primary hydroxy groups of the monomer (data for P5 are shown in Figure 3.2a), which is 

in agreement with the selectivity studies. No peaks from the acylated secondary hydroxy groups were 

observed between  = 4.70 and  = 5.00 ppm. The average number of repeat units as determined by end 

group analysis in the 1H-NMR spectrum was 12. This value, however, may be overestimated due to the 

presence of cyclic oligomers that cannot be distinguished from the linear polymer. MALDI-TOF-MS 

analysis clearly showed the existence of cyclic oligomers in both polymers P4 and P5 (data for P5 in 

Figure 3.2b).The fraction of cyclic species in the polymer is unknown as MALDI-TOF-MS tends to 

overestimate the amount of these species.26 Evidently, intramolecular reactions are in competition with 

intermolecular reactions at the used monomer concentrations and result in the formation of cyclic 

monomer and oligomeric species instead of linear polymers.27  

a) b)

5 4 3 2 1 0
 [ppm]�

O

O

OH

OH

OH

n

a
bc c

de P4

a

b

b*
c

e
d

-CH2-

600 800 1000 1200 1400 1600 1800 2000

m/z [amu]

C2

C3

C4

C5

C6
L3 L4 L5

L2

 
Figure 3.2: Characterization of polymer P5 after precipitation in n-pentane a) 1H-NMR showing the selective 
polymerization of monomer 4. The isopropyl ester and hydroxymethylene chain ends are indicated with a and b*, 
respectively; b) MALDI-TOF-MS spectrum, observed masses correspond to Na+ adducts of cyclic (Cn) and linear (Ln) 
isopropyl ester terminated oligomers with size ranging from n = 2 to 6 units. 

GPC was measured using THF as eluent and showed a higher molecular weight for P5 (Table 3.1). 

Because of the separately identifiable oligomeric species in the GPC trace of P4, good determination of 

the molecular weight was difficult and as a result a relatively high polydispersity (PDI = 4.70) (Figure 

3.3a) was obtained. GPC analysis of P5 showed a smaller amount of oligomeric species, but still had a 

relatively high PDI of 3.16. P5 was also analyzed by GPC using HFIP as the eluent and the obtained 

molecular weights in HFIP were in good agreement with the data obtained in THF (Table 3.1). 

Differential scanning calorimetry (DSC) analysis of P5 showed two melting transitions of similar 

intensity (Tm = 65.0 °C/Hm = 30.9 J/g and Tm = 90.2 °C/Hm = 29.5 J/g) in the second heating run (Table 

3.1), whereas a single crystallization peak was found (Tc = 43.7 °C/Hc = 34.4 J/g). 
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Figure 3.3: GPC traces using THF as eluent for: a) Polymer P4 showing the presence of separately identifiable 
oligomers and b) Polymer P5 showing an almost monomodal molecular weight distribution (integration limits are 
given by the line below the GPC traces). 

3.3.4 Enzymatic copolymerization of isopropyl aleuritate with -caprolactone 

The possibility of Novozym 435-catalyzed homopolymerization of isopropyl aleuritate was hampered by 

the high polarity and limited solubility of the monomer and the polymer. Therefore, copolymers of 

-caprolactone (-CL) and isopropyl aleuritate (4) were prepared in order to obtain hydroxy-functional 

polymers with improved solubility. Copolymerization of these two monomers will result in the formation 

of random copolymers as Novozym 435 catalyzes both the ring-opening polymerization of -CL and the 

continuous transesterification of the formed polymer and isopropyl aleuritate.28 

The molar ratio of -CL:isopropyl aleuritate was varied between x-CL = 0.910 to x-CL = 0.975. A high 

molar fraction of -CL was selected since poly(-caprolactone) is a well known biomaterial and 

incorporation of small amounts of hydroxy-functional monomer will allow us to obtain a functional 

poly(-caprolactone) analogue without compromising on the material properties (melting point, 

mechanical properties). All polymerizations (Scheme 3.7) were performed in toluene at 90 °C at a total 

monomer concentration of 2.0 mmol/mL. The reaction time was chosen such that > 95% total monomer 

conversion was achieved according to 1H-NMR. 
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Scheme 3.7: Novozym 435-catalyzed copolymerization of isopropyl aleuritate (4) and -caprolactone giving random 
copolymers P6-P9. (i) 7 mg dry Novozym 435/mmol total monomer, toluene, 48 h, 90 °C, 520 mbar. 
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Polymers P6-P9 (Table 3.2) were isolated in 70-80% yield after precipitation in heptane. The 

composition of the copolymers was determined by 1H-NMR from the integral ratios of the protons next to 

the secondary hydroxy groups ( = 3.39 ppm) and the methyleneoxy protons of the ester groups 

( = 4.06 ppm). 

Table 3.2: 1H-NMR, GPC and DSC analysis of poly(isopropyl aleuritate-co--caprolactone) polymers P6-P9 after 
precipitation in heptane. All reactions were performed at a total monomer concentration of 2.0 mmol/mL. 

Polymer x-CL  
(feed) 

x-CL
[a] 

(obs.) 
Yield 
[%] 

Mn
[b] 

[kg/mol] 
Mn

[c] 
[kg/mol] 

PDI[c] 

[-] 
Tm

[d] 

[°C] 
Hm

[d] 

[J/g] 
P6 0.910 0.915 71 10.6 27.2 2.56 46.2 63.2 
P7 0.953 0.959 74 5.0 10.4 2.20 47.5 74.3 
P8 0.968 0.973 76 5.7 14.7 2.69 50.0 67.7 
P9 0.975 0.980 78 7.3 21.1 2.41 51.5 65.6 

[a] Observed molar fraction -CL based on 1H-NMR measurements, defined as: 1-(I= 3.35/I= 4.06). 
[b] Number average molecular weight as observed by 1H-NMR, defined as:  

(average monomer mass)×(I= 4.06/I= 3.65). 
[c] Data from GPC measured on a CHCl3 system, molecular weights relative to PS standards. 
[d] DSC data from the second heating run at 10 K/min. 

All synthesized copolymers showed good agreement between the monomer feed ratios and the observed 

ratios (Table 3.2). For polymers P7-P9 no secondary hydroxy group acylation was observed. In case of 

P6, approximately 3-4% of all secondary hydroxy groups were acylated as evidenced by two small peaks 

observed in 1H-NMR at  = 4.80 ppm (-CH(OH)CH(OR)-) and  = 3.58 ppm (-CH(OH)CH(OR)-) 

(Figure 3.4 signals z and y respectively). Molecular weights of P6-P9 were between 10 and 27 kg/mol 

relative to PS standards as determined by GPC using CHCl3 as eluent (Table 3.2). These values are 

significantly higher than the molecular weights found for the poly(isopropyl aleuritate) homopolymers P4 

and P5. 
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Figure 3.4: 1H-NMR of precipitated polymer P6 (x-CL = 0.915) showing selective acylation of the primary hydroxy 
groups of the isopropyl aleuritate comonomer. End groups are indicated by a, h (isopropyl ester) and b* 
(hydroxymethylene end group). Only a small amount of secondary hydroxy group acylation was observed (indicated 
with y and z in the inset).  
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Molecular weights as determined by GPC and 1H-NMR follow the same trend for the complete series of 

polymers. The number average molecular weight increases from 5.0 kg/mol for P7 (x-CL = 0.959) to 

7.3 kg/mol for P9 (x-CL = 0.980) with decreasing amounts of isopropyl aleuritate comonomer. 

Incorporation of the comonomer in the middle of the polymer chain could not be proven for these 

polymers since on average 1 - 2 aleuritate repeat unit were present in each polymer chain. However, the 

copolymer with the highest comonomer (P6) content also shows the highest molecular weight based on 

GPC (27.2 kg/mol) and 1H-NMR (10.6 kg/mol). The 1H-NMR data show that on average 80 -CL repeat 

units and 8 aleuritate repeat units are present and suggest incorporation of isopropyl aleuritate in the 

polymer backbone. This result is in line with the observed reactivity of the isopropyl ester of the 

monomer and the assumption of continuous transesterification by Novozym 435. 

The melting temperatures and corresponding melting enthalpies of P6-P9 were determined by DSC 

(Table 3.2 and Figure 3.5). Upon increasing the amount of isopropyl aleuritate in the copolymer, the 

melting point slightly decreased as expected.17b The corresponding melting enthalpies did not show a 

clear correlation with the amount of isopropyl aleuritate, but were all in the order of 65 J/g. In fact, Figure 

3.5 shows that the melting temperatures and crystallinity of the copolymers are not dramatically different 

from those of poly(-caprolactone). The presence of small amounts of isopropyl aleuritate does not 

significantly alter the thermal properties of poly(-caprolactone), which is in line with the low degree of 

comonomer. 
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Figure 3.5: Overview of melting points () and melting enthalpies () of polymers P5-P9 and enzymatically 
synthesized poly(-caprolactone) (A and B indicate the two phase transitions of P5).29 

3.3.5 Post-modification of polymer P6 

The possibility of chemical post-modification of the secondary hydroxy groups in polymer P6 was shown 

by reaction with 1.5 eq. hexyl isocyanate in the presence of dibutyltin dilaurate (DBTDL) as catalyst 

(Scheme 3.8) to give polymer P10. The reaction was stopped after 2 hours, after which the modified 

polymer was isolated by precipitation in heptane. 1H-NMR analysis showed a downfield to  = 4.63 ppm 

of the protons next to the secondary hydroxy groups and a new signal belonging to the methylene group 

next to the carbamate nitrogen appeared simultaneously at  = 3.15 ppm.  
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Scheme 3.8: Post-modification of polymer P6 (x-CL =0.915) by reaction with hexylisocyanate.  
(i) 1.5 mol eq. hexylisocyanate, 0.06 mol eq. DBTDL, CHCl3, reflux, 2 h. 

Carbamate formation was also observed by FT-IR: a new broad, low intensity band was visible at 

3385 cm-1 and the characteristic amide II band appeared at 1523 cm-1. Simultaneously, the low 

intensity band absorptions between 3525 and 3750 cm-1 from the vicinal diol disappeared.30 To 

conclude, the secondary hydroxy groups present in polymer P6 show reactivity towards isocyanates, 

indicating the possibility of polymer post-modification. 

3.4 Conclusions 

The direct, selective Novozym 435-catalyzed polymerization of monomers with unprotected functional 

groups was achieved. First, the synthesis and polymerization of ambrettolide epoxide, an epoxy-

functional macrocyclic lactone, was performed. A polymer with good molecular weight (Mn 9.7 kg/mol, 

PDI 1.89) was obtained in a 61% yield while the epoxide groups stayed intact during polymerization. 

Unfortunately, post-modification of the epoxide was impossible. Secondly, isopropyl aleuritate was 

synthesized and subjected to Novozym 435-catalyzed acylation with excess vinyl acetate, showing the 

rapid and selective acylation of only the primary hydroxy groups. Enzymatic homopolymerization of 

isopropyl aleuritate showed good selectivity as well, in contrast to chemical polymerization that gave ill-

defined, cross-linked polymers. However, isolated polymer yields and molecular weights were limited 

due to the high hydrophilicity of the monomer and oligomeric reaction products, resulting in phase 

separation. 

To assess the potential of isopropyl aleuritate as a comonomer for tuning polyester hydrophilicity and 

biocompatibility, a range of isopropyl aleuritate/-CL copolymers was synthesized. High selectivity 

towards the primary hydroxy group was observed and the composition of all copolymers was in good 

agreement with the feed ratio. The obtained molecular weights suggested the incorporation of isopropyl 

aleuritate unit into the polymer backbone. Later, the secondary hydroxy groups in the polymer backbone 

were successfully reacted with hexyl isocyanate showing the potential of polymer post-modification. 

Evidently, direct Novozym 435-catalyzed copolymerization of isopropyl aleuritate and  

-CL is a promising route towards functional (co)polymers without the use of protection/deprotection 

chemistry. Cyclization of isopropyl aleuritate to the corresponding macrocyclic lactone prior to 

polymerization should result in even higher molecular weight polymers since no condensation products 

need to be removed during the polymerization process. 
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3.5 Experimental section 

General methods 
See general methods Chapter 2. Differential scanning calorimetry (DSC) was measured on a Perkin Elmer 
Pyris 1 DSC. Data are reported for the second heating and cooling run at 10 K/min, unless otherwise 
stated. Gel permeation chromatography (GPC) with CHCl3 as eluent was measured on a Shimadzu 
LC-10DVP system with a Shimadzu RID-10A detector and a Resipore column at a flow rate of 1.0 
mL/min. Relative calibration of the detectors has been done by injection of PS standards with a narrow 
molecular weight distribution. GPC with THF as eluent was measured on a Shimadzu LC-10DVP system 
with a Shimadzu RID-10A detector and a PLGel 5 m Mixed-C column in series with a PLGel 5 m 
Mixed-D column at a flow rate of 1.0 mL/min. Gas chromatography mass spectrometry (GC-MS) spectra 
were measured on a Shimadzu GC-17A employing a Zebron-ZB-5 column with a temperature program 
from 80-300 °C.  

Materials 
 (±)-Erythro-aleuritic acid was purchased from Acros. Ambrettolide was a gift from Haarmann and 
Reimer. -Caprolactone was purchased from Fluka and stored over 4 Å molecular sieves. All solvents 
were purchased from Biosolve (The Netherlands). Toluene was distilled over sodium/acetophenone and 
subsequently stored over 4 Å molecular sieves before use in the enzymatic polymerizations. Immobilized 
Candida antarctica Lipase B in the form of Novozym 435 was obtained from Novozymes A/S. All other 
reagents employed were used as received unless otherwise stated. 

General polymerization procedure 
All Schlenk tubes used for polymerization reactions were dried for at least 2 h at 120 °C. Solid monomers 
and Novozym 435 were weighed into a Schlenk tube and dried overnight at 50 °C under vacuum over 
P2O5. After drying, the Schlenk tubes were immediately filled with N2. Stock solutions containing the 
monomer were dried overnight over 4 Å activated molecular sieves under an argon atmosphere at 45 °C, 
unless otherwise stated. All polymerization reactions were performed under an argon atmosphere and if 
applicable, the pressure was reduced to the desired value by use of a needle valve in combination with a 
membrane pump. 

Poly(ambrettolide epoxide) 

Ambrettolide epoxide (2) 
Ambrettolide (2.60 g, 10.30 mmol) was dissolved at 0 °C in dichloromethane (50 mL) and aqueous 
NaHCO3 (0.30 M, 50 mL) was added. Subsequently, m-CPBA (2.42 g, 14.05 mmol, 77 wt%) was added 
portionwise over a 10 min interval. After 30 min, the icebath was removed and stirring was continued at 
r.t. for 3 h. Brine (30 mL) was added and the separated organic phase was washed with sat. Na2S2O3 
solution (50 mL), water (2 × 50 mL), aq. NaOH (1.0 M, 40 mL) and brine (50 mL). After drying of the 
organic phase over Na2SO4, all volatiles were removed under reduced pressure to give 2 as a colorless oil 
(2.64 g, 95%). 1H-NMR (CDCl3) : 4.14 (m, 2H, -CH2OOC-), 2.68 (m, 1H, -CH(O)HC-), 2.60 (m, 1H, 
-CH(O)HC-), 2.33 (m, 2H, -CH2COO-), 2.06 (m, 2H,-CH2-), 1.89 (m, 2H,-CH2-), 1.62 (m, 4H, -CH2-), 
1.41 (br. m, 14H, -CH2-), 1.06 (m, 2H, -CH2-) ppm. 13C-NMR (CDCl3) : 173.9, 63.9, 59.1, 59.0, 34.9, 
31.6, 31.4, 29.0, 28.9, 28.6, 28.6, 28.5, 26.3, 26.00, 25.60, 25.4 ppm. GC-MS (80-300 °C): tR = 9.2 min 
(C16H28O3): 268.4 g/mol, obs: 253. 

Enzymatic polymerization of ambrettolide epoxide (P1-P2) 
A solution of ambrettolide epoxide (2) (672 mg, 2.50 mmol) and benzyl alcohol (10.4 L, 0.100 mmol) in 
toluene (5.0 mL) was dried according to the default procedure. The stock solution was transferred into a 
Schlenk tube containing dried Novozym 435 (25 mg) and was heated to 90 °C under an argon atmosphere 
for 18 h. After cooling to r.t., the enzyme was filtered off over a glass funnel with a piece of cotton and 
the Schlenk tube was rinsed with CHCl3 (3 × 7.5 mL). All volatiles were evaporated under reduced 
pressure and the residue was redissolved in CHCl3 (5 mL), followed by precipitation in cold MeOH 
(50 mL). The precipitate was isolated by centrifugation (5 min at 4300 rpm), washed with MeOH and 
centrifuged again. The MeOH was decanted off and the residue was dried overnight under vacuum at 
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50 °C to yield poly(ambrettolide epoxide) polymer P1 as a white powder. (410 mg, 61%) 1H-NMR 
(CDCl3) : 7.35 (m, 5H, -ArH), 5.11 (s, -CH2Ph), 4.05 (t, -CH2OOC-), 3.64 (t, -CH2OH end group), 2.65 
(t, -CH(O)CH-), 2.35 (t, -CH2COO- end group), 2.28 (t, -CH2COO-), 1.61 (m, -CH2-), 1.50 (m, -CH2-), 
1.36-1.31 (m, -CH2-) ppm. 13C-NMR (CDCl3)  174.0, 64.4, 58.9, 58.9, 34.5, 32.2, 32.2, 29.4, 29.3, 29.2, 
28.7, 26.2, 26.1, 26.0, 25.1 ppm. Polymer P2 was prepared in a similar way without the addition of 
benzyl alcohol, the use of wet Novozym, a temperature of 60 °C and a reaction time of 6h.  

Poly(isopropyl aleuritate) 

Isopropyl aleuritate (4) 
Aleuritic acid (10.04 g, 33.0 mmol) and propan-2-ol (300 mL, 3.91 mol) were put in a 500 mL flask 
equipped with a condenser. The solution was heated to 90 °C and after all starting material had dissolved, 
concentrated H2SO4 (0.75 mL) was added dropwise. The clear reaction mixture was refluxed overnight. 
After cooling to r.t., the reaction mixture was neutralized by addition of K2CO3 (~40 mL, 5 wt%) and all 
volatiles were evaporated under reduced pressure. Cold water (200 mL) was added to the yellow/brown 
residue while cooling in an ice bath. The solution containing a light yellow precipitate was stirred for 5 h 
while cooling. The precipitate was filtered over a Buchner funnel with a double paper filter and washed 
with cold water (2 × 15 mL). The residue was dried in an oven under vacuum (48 h, 40 °C) followed by 
drying at a high vacuum line (r.t, 8 h) to give a light yellow/white solid (9.98 g, 87%). 1H-NMR (CDCl3) 
: 5.00 (h, 1H, J = 6.3 Hz, -CH(CH3)2), 3.56 (t, 2H, J = 6.6 Hz, -CH2OH), 3.39 (m, 2H, 
-CH(OH)CH(OH)-), 2.40 (br. s, -OH), 2.26 (t, 2H, J = 6.4 Hz, -CH2COO-), 1.60-1.30 (br. m, 22H, 
-CH2-), 1.23 (d, 6H, J = 6.3 Hz, -CH(CH3)2) ppm. 13C-NMR (CDCl3)  173.7, 74.5, 74.5, 67.5, 62.8, 
34.8, 33.6, 33.5, 32.7, 29.5, 29.5, 29.3, 29.1, 25.8, 25.7, 25.1, 21.9 ppm. Elemental analysis C19H38O5 
(346.50): Calcd: C 65.85, H 11.05 Obs: C 65.63, H 10.90. 

Chemical polymerization of isopropyl aleuritate (P3) 
Isopropyl aleuritate (1.04 g, 3.00 mmol) and Ti(IV) n-butoxide (50.0 mg, 0.15 mmol) were placed in a 
distillation setup. The mixture was heated to 200 °C at a pressure of 5.10-2 mbar for 6 h, after which the 
mixture was cooled to r.t. Polymer P3 was isolated as a barely soluble, brittle, light yellow solid (515 mg, 
56% by weight). 1H-NMR (DMSO-d6) : 4.91 (br. m, -CH(CH3)2), 4.70-4.60 (br. m), 4.31 (br. m), 4.17 
(br. m), 4.12 (br. m), 3.37 (br. m), 3.32 (br. m), 3.20 (br. m), 3.14 (br. m), 2.26-2.21 (br. m, -CH2COO-), 
1.58-1.45 (br. m, -CH2-), 1.45-1.35 (br. m, -CH2-), 1.25-1.19 (br. m, -CH2-), 1.17 (d, -CH(CH3)2) ppm. 

Selectivity determination in the Novozym 435-catalyzed acylation of isopropyl aleuritate  
Solid 4 (263 mg, 0.76 mmol) and Novozym 435 (25.7 mg) were put in a Schlenk tube and dried overnight 
under vacuum at 50 °C over P2O5. After the Schlenk tube was placed under inert atmosphere, dry toluene 
(3.0 mL) and vinyl acetate (350 L, 3.80 mmol, 5.0 eq.) were added and the reaction mixture was placed 
in a pre-heated metal block at 90 °C. Small samples (100 L) were withdrawn from the reaction mixture, 
filtered over a piece of cotton in a pipette, washed with CDCl3 (0.5 mL) and directly analyzed by 
1H-NMR. Stirring was continued for a total time of 115 h, after which the reaction mixture was filtered 
over a P3 glass filter, washed with CHCl3 (2 × 5 mL) and all volatiles were evaporated. Crude, 
-acetylated isopropyl aleuritate (5) was isolated as a pale yellow oil that solidified upon standing 
(190 mg, 64%) 1H-NMR (CDCl3) : 5.00 (h, 1H, J = 6.3 Hz, -CH(CH3)2), 4.06 (t, 2H, J = 6.7 Hz, 
-CH2COOCH3), 3.40 (br. s, 2H, -CH(OH)CH(OH)-), 2.70 (br. s, 2 H, -OH), 2.26 (t, 2H, J = 7.5 Hz, 
-CH2COOCH(CH3)2), 2.05 (s, 3H, -OOCCH3), 1.68-1.55 (m, 4H, -CH2-), 1.55-1.25 (m, 18H -CH2-), 1.23 
(d, 6H, J = 6.3 Hz, -COOCH(CH3)2) ppm. 13C-NMR (CDCl3) : 173.5, 171.4, 74.5, 74.4, 67.4, 64.6, 34.7, 
33.6, 33.5, 29.5, 29.3, 29.2, 29.0, 28.6, 25.9, 25.6, 25.6, 25.0, 21.9, 21.1 ppm. 

Transesterification of -acetylated isopropyl aleuritate (5) with benzyl alcohol 
Under an argon atmosphere, crude 5 (99 mg, 0.26 mmol) was put in a dry Schlenk tube and dissolved in 
dry toluene (1.0 mL). Benzyl alcohol (80 L, 0.78 mmol, 3 eq.) and Novozym 435 (7.9 mg) were added 
and the reaction mixture was stirred at 90 °C. Small samples (100 L) were withdrawn from the reaction 
mixture, filtered over a piece of cotton in a pipette, washed with CDCl3 (0.5 mL) and directly analyzed by 
1H-NMR. After 20 h, more benzyl alcohol (185 L, 1.8 mmol, 7 eq.) was added and stirring was 
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continued at 90 °C. After another 20 h, more Novozym 435 (15.7 mg) was added. The transesterification 
process was monitored by 1H-NMR analysis (For analysis data see main text). 

Enzymatic homopolymerization of isopropyl aleuritate (Polymers P4-P5) 
A stock solution of isopropyl aleuritate (867mg, 2.50 mmol) in a mixture of toluene (4.65 mL) and  
2,4-dimethylpentan-3-ol (DMP) (350 L, 0.5 mmol/mL) was dried according to the default procedure. 
The stock solution was transferred into the Schlenk containing dried Novozym 435 (25 mg) and heated to 
90 °C at a pressure of 550 mbar. After 21 h, the enzyme was filtered off over a glass funnel with a piece 
of cotton and the Schlenk tube was washed with warm CHCl3 (2 × 10 mL). All volatiles of the combined 
filtrates were removed in vacuo. The residues were redissolved in CHCl3 (25 mL), followed by 
precipitation in pentane (100 mL). The precipitates were isolated by repeated centrifugation (4200 rpm, 
2 × 5 min) and the solvent was decanted. The white residue was dried overnight under vacuum at 50 °C 
(369 mg, 43%). 1H-NMR (CDCl3)  5.00 (h, 1H, J = 6.2 Hz, -CH(CH3)2 end group), 4.10-4.05 (m, 
-CH2OOC-), 3.64 (br. t, -CH2OH end group), 3.39 (br. s, -CH(OH)CH(OH)-), 2.30-2.25 (m, -CH2COO-), 
1.70-1.28 (br. m, -CH2-), 1.23 (d, -CH(CH3)2 end group) ppm. 13C-NMR (CDCl3)  174.2, 74.6, 74.5, 
64.5, 64.3, 34.8, 34.6, 34.5, 33.7, 33.7, 29.6, 29.5, 29.3, 29.2, 29.1, 28.9, 28.8, 28.7, 26.1, 25.8, 25.8, 25.1, 
22.0 ppm. 

Enzymatic copolymerization of isopropyl aleuritate with -CL (P6-P9) 
Solid isopropyl aleuritate (250.4-68.7 mg, 0.723-0.198 mmol) and Novozym 435 (56 ± 2 mg) were dried 
in a Schlenk tube according to the default procedure. Appropriate volumes of a 2.00 M (3.6-3.9 mL) stock 
solution of -caprolactone in toluene were added such that the mole fraction -CL varied from 
x-CL  = 0.910 (1:10 monomer ratio) to x-CL = 0.975 (1:40 monomer ratio). The total monomer 
concentration was adjusted to 2.00 M by addition of dry toluene (0.10-0.40 mL). The reaction mixtures 
were heated to 90 °C for 48 h under a pressure of 520 mbar. After cooling to approximately 60 °C, the 
enzyme was filtered off over a glass filter and the Schlenk tubes and the residue were washed with CHCl3 
(2 × 4 mL). From the combined filtrates all volatiles were evaporated and the polymer was redissolved in 
CHCl3 (6 mL) followed by precipitation in heptane (100 mL). Polymer P6 was redissolved in more 
CHCl3 (12 mL) and precipitated in cold heptane (100 mL) while cooling in an ice-salt bath. The 
precipitates were filtered off over a glass filter and washed with heptane (2 × 2 mL) and dried overnight at 
50 °C under vacuum to give polymers P6-P9 in good yield (0.73-0.74 g, 71-78%). 1H-NMR (data for 
polymer P6; x-CL = 0.915) (CDCl3) : 5.00 (h, 1H, J = 6.2 Hz, -CH(CH3)2 end group), 4.84 (br. m, 1H, -
CH(OOCR)CH(OH)-), 4.06 (t, 2H, -CH2OOC-, J = 6.7 Hz), 3.65 (t, 2H, J = 6.5 Hz, -CH2OH end group), 
3.56 (br. m, 1H, -CH(OOCR)CH(OH)-), 3.39 (br. d, 2H, J = 5.4 Hz, -CH(OH)CH(OH)-), 2.31 (t, 2H, J = 
7.5 Hz, -CH2COO-), 1.70-1.60 (br. m, -CH2-), 1.55-1.45 (br. s, -CH2-), 1.45-1.30 (br. m, -CH2-), 1.23 (d, 
6H, J = 6.2 Hz, -CH(CH3)2) ppm. 13C-NMR (x-CL= 0.910) (CDCl3)  174.0, 174.0, 173.7, 173.7, 74.6, 
74.5, 64.5, 64.3, 64.2, 64.2, 34.4, 34.3, 34.3, 34.2, 33.8, 33.7, 29.6, 29.4, 29.2, 28.7, 28.5, 26.0, 25.8, 25.7, 
25.6 (2 signals), 25.1, 24.7 (3 signals) ppm. 

Post-modification of polymer P6 with hexyl isocyanates (P10) 
Poly(isopropyl aleuritate-co--caprolactone) polymer P6 (200.0 mg, x-CL = 0.915, ~0.284 mmol 
secondary hydroxy groups) was put in a dried 10 mL 2-necked flask equipped with a condenser and a 
septum. Dibutyltin dilaurate (DBTDL) (10.0 mg, 15.8 mol, 0.06 eq.) in dry CHCl3 (2 mL) was added. 
The mixture was gently heated until refluxing and hexyl isocyanate (62 L, 0.426 mmol, 1.5 eq.) was 
added at once using a microliter syringe. The reaction mixture was gently refluxed for 2 h, cooled to r.t. 
and diluted with CHCl3 (2 mL). The polymer was directly precipitated in cold heptane (35 mL, 0 °C). The 
precipitate was filtered off over a P4 glass filter and washed with cold heptane (2 × 2 mL), after which it 
was dried overnight under vacuum at 40°C. Modified polymer P10 was isolated as a colorless to white 
sticky material (53 mg, 25%). 1H-NMR (CDCl3) : 5.0 (m, -CH(CH3)2), 4.84 (br. m, 
-CH(OOCR)CH(OH)-), 4.65 (br. m, -CH(OOCNHR)-), 4.05 (t, -CH2OOC-), 3.55 (br. m, 
-CH(OOCR)CH(OH)-), 3.17 (q, -CH2NHCOO-), 2.31 (t, -CH2COO-), 1.81 (br. s, -OH), 1.65 (br. m, 
-CH2-), 1.40-1.25 (br. m, -CH2-), 1.23 (d, -CH(CH3)2), 0.92 (br. m,-CH3) ppm. 13C-NMR (CHCl3) : 
173.7, 64.5, 64.2, 64.1, 50.9, 34.4, 34.2, 31.6, 30.0, 29.5, 29.3, 29.2, 28.7, 28.5, 26.5, 26.0, 25.6, 25.5, 
25.0, 25.0, 24.7, 22.7, 14.1 ppm. 
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Lactone size-dependent reactivity in CALB 

Abstract 

The Candida antarctica Lipase B (CALB) catalyzed ring-opening polymerization of unsubstituted 

lactones reveals an intriguing dependence of the reaction rate on the lactone ring size. Small lactones with 

a cisoid ester bond show an unexpectedly low reactivity, whereas larger lactones with a transoid ester 

bond readily react. These results are in sharp contrast with the intrinsic chemical reactivity of the same 

lactones as determined from chemical hydrolysis experiments. First, a qualitative comparison between 

chemically and enzymatically catalyzed lactone ring opening was made. Then, the relative ring-opening 

rates for a series of lactones with a cisoid or transoid ester bond was accurately determined from a series 

of competition experiments using CALB as catalyst. Subsequently, docking and molecular dynamics 

studies were performed to elucidate the anomalous lactone reactivity pattern. The molecular dynamics 

studies showed no differences in the geometry of the first tetrahedral intermediates for small and large 

lactones, thereby excluding large reactivity differences. Interestingly, the docking studies showed 

unproductive binding of the small, cisoid lactone conformations in combination with productive binding 

of some of the transoid lactone conformations. These results support the hypothesis that the diminished 

reactivity of the small lactones in CALB-catalyzed reactions is due to the preferred cisoid conformation 

of the ester bond. 

*Part of this work has been published:  

M.A.J. Veld, L. Fransson, A.R.A. Palmans, K. Hult, E.W. Meijer, ChemBioChem 2009, 10, 1330-1334. 
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4.1 Introduction 

The enzymatic ring-opening polymerization (eROP) of cyclic esters, better known as lactones, was first 

demonstrated in 1993 by two independent groups.1 Since then, ring-opening polymerization using lipases 

from different sources as a catalyst has been used to prepare a wide variety of both functionalized and 

non-functionalized polyesters.2 Homo- and copolymerization of lactones by enzyme catalysts has led to 

new polymer architectures with a broad range of new material properties. Most importantly, macrolides 

(lactones with a ring size ≥ 12 atoms) — which are notoriously difficult to polymerize chemically — 

were readily converted into polyesters of high molecular weight by lipase catalysis, showing a benefit of 

lipase over chemo-catalyzed polymerization.3 

When using mechanistically dissimilar catalysts for the polymerization of lactones, differences in 

reactivity can be anticipated. In the chemo-catalyzed polymerization of lactones using transition metal 

catalysts an activated chain end mechanism (Figure 4.1a) is operational, whereas lipase-catalyzed 

polymerization proceeds via an activated monomer mechanism (Figure 4.1b). 
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Figure 4.1: Common scheme for polymerization of a lactone monomer (M) by a chemo catalyst (C) or enzyme to give 
a polymer (P)n via: a) An activated chain end mechanism; b) An activated monomer mechanism. 

Chemo-catalyzed ring-opening polymerization rates highly depend on the intrinsic monomer 

reactivity.2g,2h In the initiation step, the catalyst (C) reacts with the monomer (M) to give a monomer 

species with the catalytically active species attached to the chain end (Figure 4.1a, (P)1-C). The structure 

of the catalytically active species obtained from the ring opening of lactones with different size is 

identical and as a result no large differences in reactivity between them exists.4 In the propagation step, 

the catalytically active species reacts with a non-activated monomer molecule and the only important 

driving force for polymerization is release of entropy and enthalpy from the monomer.5 On the other 

hand, the lipase-catalyzed ring-opening polymerization of lactones proceeds via an activated monomer 

complex (Figure 4.1b, Enzyme-O-M*). Nucleophilic attack onto this acyl-enzyme intermediate results 

either in initiation or propagation. Initiation takes place by attack of an added nucleophile (Nu) while 

propagation occurs by nucleophilic attack of the chain end of a polymer chain. This proposed mechanism 

is in analogy with the well-known and commonly accepted catalytic mechanism for lipases as discussed 

in Chapter 1.6  
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The ring-opening rates for unsubstituted lactones in chemo and enzyme-catalyzed reactions show large 

differences (Scheme 4.1). Generally speaking, the chemo-catalyzed ring opening of lactones in a 

hydrolysis or polymerization process is fastest for the small, highly strained lactones (Scheme 4.1, top 

left). Enzymatic ring opening of the very same lactones shows smaller differences in reaction rate and, 

interestingly, the larger lactones react fastest (Scheme 4.1, bottom right). The differences in lactone 

reactivity will be discussed in more detail below. 
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Scheme 4.1: Generalized overview of lactone reactivity in chemical hydrolysis (left) and enzyme-catalyzed ring 
opening (right). The small, cisoid lactones (n ≤ 4) show high chemical reactivity, whereas the large, transoid lactones 
(n ≥ 5) are preferred in enzyme-catalyzed reactions. 

The dependence of the chemical reactivity on the lactone ring size is well known from the studies by 

Huisgen and co-workers.7 They determined the alkaline hydrolysis rates in dioxane/water mixtures for the 

series of lactones with a ring size from 5 to 16 atoms. Extremely large differences of four orders of 

magnitude were found after extrapolation of all data to 0 °C. The small lactones -valerolactone (VL) and 

-caprolactone (CL) were hydrolyzed fastest whereas, large lactones with a ring size over 13 atoms all 

showed comparable, low reaction rates that were similar to the values observed for open chain esters such 

as n-butyl caproate (Table 4.1).7a 

Table 4.1: Overview of lactone names, abbreviations, ring size, ester conformation in the ground state, dipole moment 
and alkaline hydrolysis second order rate constants. Data for an open-chain ester (n-butyl caproate) are shown for 
comparison.7a 

Lactone 
ring size 
[atoms] 

Preferred 
conformation[a] 

 [b]
[D] 

104 · k2 
[c] 

[L/(mol·s)] 
-Valerolactone (VL) 6 Cisoid 4.22 55000 
-Caprolactone (CL) 7 Cisoid 4.45 2550 
Heptanolactone (HL) 8 Cisoid + Transoid 3.70 3530 
Octanolactone (OL) 9 Transoid 2.25 116 
Nonanolactone (NL) 10 Transoid 2.01 0.22 
Decanolactone (DL) 11 Transoid 1.88 0.55 
Undecanolactone (UDL) 12 Transoid 1.86 3.3 
Dodecanolactone (DDL) 13 Transoid 1.86 6.0 
Pentadecanolactone (PDL) 16 Transoid 1.86 6.5 
n-Butyl caproate - Transoid 1.79 8.4 
[a] Ground state conformation(s) of the ester bond in the lactone 
[b] Dipole moment measured at 25 °C in benzene 
[c] Second order rate constant for alkaline hydrolysis in dioxane/water (60/40) extrapolated to 0 °C 
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The large chemical reactivity of the small lactones VL and CL was attributed to the high degree of ring 

strain in combination with a low activation enthalpy for ring opening.5 The large ring strain is mainly 

caused by the unfavorable, cisoid ester bond conformation due to the limited ring size of these lactones. 

Additionally, other forms of ring strain, such as the Baeyer (angular) and Pitzer (torsional) strain, are also 

noticeable.8 A large dipole moment of 4.22 and 4.45 D is experimentally observed for VL and CL, 

respectively, which is the direct result of the cisoid ester conformation (Table 4.1). Moreover, the cisoid 

ester conformation destabilizes the ground state by approximately 3.8 kcal/mol, resulting in increased 

reactivity.7a HL has a slightly smaller dipole moment of 3.70 D, which is an indication for the importance 

of both transoid and cisoid ester bond conformations in this lactone. However, the Baeyer and Pitzer 

strain are still considerable for this lactone, which results in a higher chemical reactivity than CL.8 The 

chemical reactivity and the degree of ring strain are significantly lower for the large lactones with a ring 

size over 11 atoms. In these lactones the ester bond is in a low energy, transoid conformation, as deduced 

from the small dipole moment of 1.86 D. The value for the dipole moment and the chemical reactivity are 

directly comparable to those for transoid open chain esters (Table 4.1). 

The Candida antarctica Lipase B-catalyzed enzymatic ring-opening polymerization rates for all 6 to 16 

membered lactones were determined previously by others and us.2e,2f Surprisingly, reaction rate 

differences of only one order of magnitude were found between the completely cisoid (VL, CL) and the 

faster reaction completely transoid lactones (DDL, PDL).2e The difference in chemical and enzymatic 

reactivity for the small, cisoid lactones was intriguing and poorly understood. Often, the diminished 

reactivity of the small lactones has been attributed to differences in hydrophobicity2h,5,9 and substrate 

affinity of the enzyme.3a However, largest differences were observed for the apparent kcat values of the 

various lactones and not for the apparent KM values, which can be taken as a measure of substrate 

affinity.2e This suggests that the influence of substrate affinity and hydrophobicity is of minor importance 

and that another factor causes the relatively low reactivity of the small lactones. 

Table 4.2: Apparent Michaelis-Menten constants kcat and KM and substrate specificity (kcat/KM) values obtained for the 
CALB-catalyzed ring-opening polymerization of lactones in toluene at 45 °C.2e 

Lactone 
Vmax 

[mol/(L·h)] 
kcat

[a] 
[1/s] 

KM 
[L/mol] 

kcat/KM 
[L/(mol·s)] 

R2[b] 

-Valerolactone (VL) 0.95 35 0.73 48 0.95 
-Caprolactone (CL) 1.97 73 0.72 101 0.91 
Heptanolactone (HL) 6.10 226 0.09 2510 0.72 
Octanolactone (OL) 1.29 48 0.16 299 0.99 
Nonanolactone (NL) 0.07 3 0.11 24 0.97 
Decanolactone (DL) 0.11 4 0.40 10 0.88 
Undecanolactone (UDL) 0.37 14 0.33 42 0.99 
Dodecanolactone (DDL) 2.80 104 0.42 247 0.99 
Pentadecanolactone (PDL)[c] 5.51 204 0.31 659 0.98 
[a] [CALB]total = 7.5·10-6 mol/L. 
[b] Correlation coefficient for the linear fit of the Hanes-Woolf plot used to determine the apparent kcat and 

KM values as a measure of the error on these data. 
[c] Data measured at 60 °C. 
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Rate differences for the lipase-catalyzed ring-opening reactions between the small, cisoid and the large, 

transoid lactones should originate from the rate-determining step, i.e. the formation of the acyl-enzyme 

intermediate in the catalytic mechanism.2h,6 The observed lactone reactivity is thus directly dependent on 

the reactivity of the lipase towards the monomer and not dependent on the intrinsic monomer reactivity. 

After formation of the first tetrahedral intermediate in the rate-determining step, the distinction between a 

cisoid or transoid ester group conformation is lost. As a result, reactivity differences cannot arise from a 

stage later than tetrahedral intermediate formation and any differences between cisoid and transoid 

lactones should originate from the stage before reaching the acyl-enzyme intermediate. Native substrates 

for lipases are open chain esters with a transoid ester conformation. The catalytically important residues 

are oriented such that these transoid esters can be positioned optimally for formation of the acyl-enzyme 

intermediate. It was hypothesized that the low reactivity of the small, cisoid lactones in lipase-catalyzed 

reactions might be due to unfavorable substrate positioning in the enzyme.10 Likely, these substrates are 

wrongly positioned with respect to the catalytic triad and the rate-determining step is slowed down as a 

productive tetrahedral cannot be formed readily. 

In this chapter, our hypothesis for the apparently low reactivity of small, cisoid lactones in lipase-

catalyzed reactions is verified. First, true reactivity differences between lactones are determined, after 

which theoretical molecular dynamics (MD) and docking studies are performed. Based on these results, 

the relatively low enzymatic reactivity of the cisoid lactones -valerolactone (VL) and -caprolactone 

(CL) in CALB-catalyzed reactions will be rationalized, showing that the diminished reactivity is a direct 

result of poor substrate recognition by the enzyme due to the cisoid ester bond. 

4.2 Relative substrate specificity constants of CALB for lactones 

Determination of specificity constants (kcat/KM) from multiple experiments on individual substrates is less 

accurate due to the possibly different reaction conditions between the experiments, as observed from the 

large uncertainty in data previously reported in literature.2e One-pot competition experiments between 

multiple substrates, however, allow for the direct and accurate determination of relative specificity 

constants (kcat/KM) as such experiments eliminate differences in reaction conditions and directly show 

intrinsic reactivity differences between competing substrates.11  

4.2.1 Method for the accurate determination of substrate specificity constants 

Reaction rates of enzyme-catalyzed reactions can often, in first approximation, be described by 

Michaelis-Menten type kinetic behavior. In the most simplified form, binding of substrate (S) to the free 

enzyme (E) gives an enzyme-substrate complex (ES) that undergoes reaction to give the free enzyme and 

product (P).  

 1 2

-1

k k

k
E+S  ES  E+P  (4.1) 



Chapter 4  

66 

The reaction rate (v) is given by the Michaelis-Menten rate equation (Equation (4.2)) and is dependent on 

the total enzyme concentration ([E]0), the substrate concentration ([S]), and two kinetic parameters kcat 

and KM. The value for kcat can be interpreted as a first order rate constant that refers to the reactivity of the 

enzyme-substrate complex and KM is defined as the substrate concentration at which the observed 

reaction rate is exactly half of the maximal rate. 

 0[ ] [ ]

[ ]
cat

M

E S k
v

K S



 (4.2) 

From the Michaelis-Menten rate equation it can be derived that the observed reaction rate is a function of 

the free enzyme concentration [E], the substrate concentration [S] and the substrate specificity value 

(kcat/KM) at all substrate concentrations:12 

 [ ][ ] cat

M

k
v E S

K
  (4.3) 

This relation is especially useful as it is related to the free enzyme concentration and not to the total 

enzyme concentration. The situation for two alternate substrates, labeled A and B, competing for the same 

free enzyme species can schematically be depicted as: 

   (4.4) 

It directly follows from formula (4.3) that the relative reaction rate (vA/vB) of substrates A and B is related 

to the enzyme specificity (kcat/KM) values for A and B and the substrate concentrations: 
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This example can be extended to more than two substrates. Since all substrates compete for the same 

amount of free enzyme, the relative substrate specificity (kcat/KM) values can thus directly be obtained 

from the relative ring reaction rates in competition experiments. 
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4.2.2 Measurement of relative specificity constants of CALB for lactones 

Ring-opening competition experiments using a two-fold excess of propan-1-ol as nucleophile were 

performed to determine the intrinsic substrate specificity values (kcat/KM) of CALB towards various 

lactones (Figure 4.2). Lactones encompassing a purely (VL, CL) or partially cisoid (heptanolactone, 

HL)13 or fully transoid (dodecanolactone and pentadecanolactone, DDL and PDL, respectively) ester 

bond conformation were selected. Two separate one-pot competition experiments were performed as rate 

differences between the fastest (PDL) and slowest (CL) lactones were too large to determine from a 

single experiment (Figure 4.2b and c and Table 4.3). 
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Figure 4.2: a) General description of one-pot ring-opening competition experiments of lactones with varying ring size. 
(i) Clactone = 0.10 mmol/mL per lactone, 2 mol eq. propan-1-ol, 0.10 mol eq. 1,3,5-tri-tert-butylbenzene (internal 
standard), 10 mg dry Novozym 435/mmol total lactone, toluene, 45 °C; b) A ln(1-X) plot for ring-opening competition 
experiment A showing first order kinetics; c) Idem for competition experiment B (note the different scale on both axes 
in the two experiments). 

The substrate specificity (kcat/KM) values of CALB are larger for the lactones with important transoid 

conformations (HL, DDL and PDL) than for the purely cisoid lactones VL and CL (Table 4.3 and Figure 

4.2b and c). The obtained specificity data are in general agreement with the previously determined kinetic 

data for the CALB-catalyzed ring-opening polymerization (Table 4.3).2e 

The larger reactivity of HL compared to DDL can be explained by lowering of the transannular 

interactions in HL and the introduction of ring strain in DDL upon formation of the tetrahedral 

intermediate centre.7a In fact, a factor of 16 in difference was observed for lactones with either a 

completely transoid (PDL) or cisoid (CL and VL) ester conformation, which is notably smaller than the 

factor of 9000 difference between VL and PDL found for the alkaline hydrolysis (Table 4.1). 
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Table 4.3: Relative reaction rates obtained from two competition experiments (A/B) for the CALB-catalyzed ring 
opening of lactones in toluene at 45 °C. 

Lactone 
ring size
[atoms] 

Conformation[a] Exp[b] 
( / )

( / )
cat M lactone

cat M DDL

k K

k K

[c] 

Valerolactone (VL) 6 Cisoid A 0.61±0.01 
Caprolactone (CL) 7 Cisoid A 0.57±0.02 
Heptanolactone (HL) 8 Cisoid + Transoid B 1.8±0.01 
Dodecanolactone (DDL) 12 Transoid A/B 1 
Pentadecanolactone (PDL) 16 Transoid B 9.8±0.34 
[a] Ground state conformation(s) of the ester bond in the lactone 
[b] Two sets of experiments (A/B) with three lactones each were performed. Solvent: 

toluene, Vtot: 8.0 mL, Clactone: 0.10 mol/L per lactone, 0.10 mol eq. 1,3,5-tri-tert-
butylbenzene), Cpropan-1-ol: 0.60 mol/L, 25 mg dry Novozym 435, 45 °C 

[c] Substrate specificity data obtained by linear regression of initial ring-opening rates in 
competition experiments and normalized with respect to DDL. 

4.3 Docking studies 

In order to elucidate the observed reactivity differences, theoretical studies into binding of the lactone 

substrates in the CALB active site were performed and combined with molecular dynamics studies to 

show that reactivity differences truly originate from the stage of substrate binding. The energetically 

most-favorable enzyme-substrate complexes for VL, CL and HL were determined using docking studies 

with AutoDock 4.0.14 This program has been used widely in the docking of peptides into protein targets15 

and for the screening of inhibitors.16 This program performs well compared to other docking programs in 

the prediction of the correct binding mode for a broad range of systems. The general trends in interaction 

energy between protein and ligand can be used for a series of comparable substrates, although absolute 

values of this parameter are often poorly predicted.17  

All known low energy, MM2-energy-minimized conformations of VL, CL and HL18 were docked as rigid 

entities into an energy-minimized rigid CALB structure (Table 4.4). All conceivable conformations were 

taken into account, as the lowest energy lactone conformation is not per se the catalytically important 

one. With increasing lactone ring size, the number of transoid low energy conformations rapidly 

increases.7a Due to program limitations AutoDock can not change the conformation of cyclic ligands such 

as lactones. Attempts to simulate substrate flexibility during the docking studies for the macrolides DDL 

and PDL in analogy with literature were unsuccessful.19 In this approach, the lactone backbone was 

disconnected and two dummy atoms with an attractive Lennard-Jones potential were introduced at the 

two newly created ends. During the docking studies, no convergence to a global minimum was observed, 

which is probably due to the relatively low interaction energy between ligand and enzyme. Due to the 

large number of possible conformations and the impossibility to change the lactone conformation, DDL 

and PDL had to be omitted from the docking studies. The Lamarckian genetic algorithm (LGA) present in 

AutoDock 4.0 was chosen as optimization method, since it is known to give fast convergence towards the 

global optimum.20 Each lactone conformation was docked 256 times into the active site region. After 

docking, cluster analysis was performed and only docking positions with a root mean square deviation 
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(RMSD) of ≤ 0.50 Å from the lowest energy solution were taken into account during further analysis. 

Docking of HL conformations 2 and 3, gave a large, second cluster of solutions having almost identical 

energy but with a larger RMSD value. These two additional clusters were taken into account during 

analysis. By performing cluster analysis, the influence of outliers on the final docking results was 

avoided. In most cases, the number of docked lactone conformations in the cluster containing the global 

optimum solution was close to 256 (Table 4.4), showing good convergence of the LGA towards a single 

solution. 

4.3.1 Energy-based docking results analysis 

First, docking results for VL, CL, and HL were analyzed based on interaction energies (Einter) between the 

bound lactone and the enzyme active site (Table 4.4). In this table all lactone conformations are numbered 

in order of increasing ground state energy (Eintra). For each different substrate, the internal energy of the 

conformation with lowest ground state energy was set to 0 kcal/mol in order to compare the results with 

one another. To estimate the total free energy Etotal of a docked state, Eintra and Einter were summed.21 

Observed interaction energies (Einter) of the investigated lactone conformations with the CALB active site 

were not significantly different: all values were between –4.3 and –3.3 kcal/mol (Table 4.4). Therefore, 

no preferential interaction of any of the lactone conformations with the enzyme active site is present. As a 

result, Etotal was largely determined by the ground state energy (Eintra) of the lactone. The data from Table 

4.4 for the relative energy levels are schematically depicted in Figure 4.3.  

The several bound substrate states are in thermal equilibrium with each other, and the relative importance 

of each of the states is governed by the Boltzmann distribution. States with a total energy of up to 

2.7 kcal/mol, corresponding to 1% existence at thermal equilibrium at 298 K, can be considered as 

possibly catalytically contributing. Inspection of the data shows that both VL, the first CL, and all HL 

conformations meet this criterion (Figure 4.3). 
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Figure 4.3: Schematic overview of docking energies for all VL, CL and HL lactone conformations (numbering in 
accordance with Table 4.4, the results for the second cluster are shown in gray). The lowest ground state energy (Eintra) 
was set to 0 kcal/mol for each lactone. The dashed line indicates a 2.7 kcal/mol offset from the lowest total energy, 
corresponding with 1% existence at thermal equilibrium at 298 K. 
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Table 4.4: Overview of docking results for rigid lactone conformations into an energy-minimized CALB structure. 
Only docked positions with a RMSD value ≤ 0.50 Å from the lowest energy solution were taken into account during 
analysis. 

Confor-
mation[a] 

Eintra
[b] 

[kcal/mol] 
Dihedral 
angle[c] 

#struct.[d] 
<Einter>

[e] 
[kcal/mol] 

<Etotal>
[f] 

[kcal/mol] 
Docking  
score[g] 

VL1 0.0  3 / C 220 –3.9 –3.9 0.00 
VL2 1.2  –17 / C 182 –3.9 –2.6 0.00 
       
CL1 0.0  8 / C 226 –4.0 –4.0 0.00 
CL2 2.6  3 / C 256 –3.4 –0.8 0.00 
CL3 4.3  16 / C 256 –4.3  0.0 0.00 
CL4 5.0 108 / T 249 –3.3  1.7 0.00 
       
HL1 0.0 –137 / T 255 –3.5 –3.5 0.32 
HL2 129 –3.4 –2.6 0.49 
HL2[h] 

0.8 –138 / T 
127 –3.4 –2.6 0.21 

HL3 150 –3.6 –2.7 0.06 
HL3[h] 

0.9  128 / T 
106 –3.5 –2.5 0.00 

HL4 1.3  10 / C 256 –3.5 –2.2 0.00 
[a] Lactone conformations were numbered according to increasing ground state energy (Eintra). 
[b] Relative energy of the lactone ground state conformation after MM2 energy minim ization. 
[c] Dihedral angle of C-OAlkyl-CCarbonyl-C1 as an indication for the degree in which the ester bond 

conformation is cisoid (C) or transoid (T). 
[d] Number of docked substrate positions out of 256 docking runs taken into account during analysis. 

RMSD values are ≤ 0.5 Å with respect to the solution with the lowest energy. 
[e] Average docking energy as determined by Autodock 4.0. 
[f] Average total energies. <Etotal> = Eintra + <Einter>. 
[g] Geometry-based scoring function (Section 4.3.2).  
[h] Results for second cluster of docked positions with RMSD > 0.50 Å. 

4.3.2 Geometry-based docking results analysis  

Secondly, the docking results were analyzed based on geometrical constraints. To form a productively 

bound first tetrahedral intermediate from the enzyme-substrate (Michaelis-Menten) complex, the position 

of the substrate in the active site needs to be such that:  

1) The critical hydrogen bonds (Figure 4.4a, I and II) can be formed 
2) Nucleophilic attack of Ser105 onto the lactone carbonyl carbon atom can occur (Figure 4.4b,c 

and a III) 

If these two conditions are completely fulfilled, one can speak of an ideal near attack conformation 

(NAC).22 To compare the correctness of a docked position with respect to the ideal NAC, a normalized, 

geometry based scoring function was set up. The higher the docking score (Table 4.4), the closer the 

resemblance with the ideal NAC and the better the substrate is positioned with respect to the catalytically 

active residues. The following five parameters were taken into account to calculate a docking score 

(details in appendix A): 

1) Distance between the oxyanion hole and substrate OCarbonyl atom should be within ≤ 3.5 Å for at 
least two out of three future H-bonds (Figure 4.4a, I). In case of a single hydrogen-bond 
interaction a score of 0 was assigned. 

2) Distance between His224 and substrate OAlkyl should be within ≤ 3.5 Å (Figure 4.4a, II) 
3) Distance between substrate CCarbonyl and OSer105 should be within ≤ 3.5 Å (Figure 4.4a, III) 
4) Dihedral angle between the Ser105 -OH group and the CCarbonyl-OAlkyl bond should be 0±45 ° to 

facilitate proton transfer via His224 (Figure 4.4b) 
5) Attack angle from Ser105 onto the substrate CCarbonyl should be 109±20 ° (Figure 4.4c) 
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A normalized, individual sub score was assigned to each of these five factors. For distances below 2.5 Å a 

sub score of 1 was assigned and a linearly decreasing, partial score was given between 2.5 Å and 3.5 Å. 

The sub score for the dihedral angle (Figure 4.4b) and attack angle (Figure 4.4c) depended quadratically 

on the deviation from their optimal values of 0 and 109 °, respectively. Finally, the individual sub scores 

were multiplied with one another to give the docking score. A zero docking score means that at least one 

of the five aforementioned criteria is not met and that the substrate is non-productively bound. 

 
Figure 4.4: Graphical representation of the geometry based scoring function: a) Distance requirements between 
substrate (only partially shown for clarity) and active site residues; b) Planarity of the substrate with the Ser105 -OH 
group to facilitate proton transfer via His224; c) Angle of attack of Ser105 Oxygen onto the Ccarbonyl of the substrate. 
(Color version at page 151). 

The docking scores of zero (Table 4.4) found for all VL and CL conformations are indicative of 

unfavorable positioning of these lactones with respect to the enzyme active site. Generally, hydrogen-

bonding interaction of the substrate carbonyl oxygen with the oxyanion hole was present and attack of the 

Ser105 nucleophile onto the substrate carbonyl group was possible. However, the alkyl oxygen of these 

substrates was positioned wrongly with respect to the His224 residue. Due to the partial lack of all 

important hydrogen bonds, successful formation of the acyl enzyme intermediate does not occur. Two out 

of three transoid HL conformations (HL1, Figure 4.5a, and HL2) showed higher docking scores of 0.32 

and 0.49 respectively, indicating favorable positioning with respect to the active site. The substrates were 

oriented such that they quickly can be transformed into an acyl-enzyme complex. Additionally, the 

average docking score for the second cluster of solutions for HL conformation 2 was relatively high as 

well (0.21). The cisoid HL conformation (HL4, Figure 4.5b) poorly fitted in the active site as indicated by 

the 0 docking score. 
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Figure 4.5: Docking results for: a) Productively bound transoid HL conformation 1 (average docking score = 0.32, 
255 structures); b) Unproductively bound cisoid HL conformation 4 (average docking score = 0.00, 256 structures). 
The substrate carbonyl and alkyl oxygen atoms are indicated with a yellow and purple sphere respectively. Dotted lines 
for the hydrogen-bond interactions were drawn to guide the eye. (Color version at page 152). 

The docking results clearly showed the requirement for a large, negative dihedral angle around the 

substrate ester bond (Figure 4.6), corresponding to a transoid lactone conformation. The cisoid lactones 

with a dihedral angle around 0 ° all showed a zero docking score and did not properly fit with respect to 

the enzyme active site, resulting in non-productive substrate binding. 
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Figure 4.6: Dependence of the docking score on the dihedral angle around the ester bond for all docked VL, CL and 
HL conformations showing the necessity of a large, negative dihedral angle. 
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4.4 Molecular dynamics studies 

Molecular dynamics (MD) simulations were performed to demonstrate that an identical, productively 

bound, first tetrahedral intermediate structure for VL, CL, HL, DDL and PDL exists. If such an 

identically bound first tetrahedral intermediate exists, reactivity differences from a later stage can be 

excluded. Tetrahedral intermediate structures of all five lactones were manually positioned in the active 

site of an energy-minimized CALB structure. Positioning was such that all catalytically required 

hydrogen bonds, i.e. the three hydrogen bonds in the oxyanion hole and the two hydrogen bonds towards 

the His224 residue (Figure 4.7a I and II), were present.23 Ring conformations of the substrate were 

adapted to rule out steric clashes with the enzyme or highly unfavorable dihedral angles in the substrate 

backbone. After stepwise energy minimization, the structures were subjected to 1 ns MD simulations in 

vacuum using the AMBER 96 force field implementation of Yasara (details in experimental section).24 

Since no reliable energies could be extracted from the MD simulations, the geometry of the tetrahedral 

intermediates was analyzed from snapshots taken at 200 fs intervals for all simulations. The lengths of the 

five critical hydrogen bonds (Figure 4.7a) were identical for all simulated lactone tetrahedral 

intermediates. In all cases, the oxyanion was tightly kept in place by three strong hydrogen bonds (Figure 

4.7b, bonds a-c), while the hydrogen bonds towards the His224 residue showed slightly more variation 

(Figure 4.7b, bonds d-e). 
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Figure 4.7: a) Schematic representation of the first tetrahedral intermediate showing the numbering of the catalytically 
required hydrogen bond towards the oxyanion hole (bonds a-c) and His224 (bonds d-e); b) Overview of average  
H-bond distances from the 1 ns MD simulations on the first tetrahedral intermediate from various lactone substrates 
(error bars show 1 standard deviation). 

The conformational stability of the tetrahedral intermediates was monitored by evaluating the dihedral 

angles around the substrate backbone. Most flexibility was observed for the backbone of the macrolides 

DDL and PDL, showing some small conformational changes. In all cases the tetrahedral carbon centre 

was highly rigid on the 1 ns time scale of the simulations. To conclude, the MD simulations showed the 

existence of a similar and productively bound tetrahedral intermediate in the CALB active site for all 

lactones. Large reactivity differences can thus be excluded to arise from this or a later stage. 
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4.5 Explanation for the low reactivity of the cisoid lactones 

The docking studies showed that the lowest energy binding modes for all cisoid lactone conformations 

were unproductively bound (  complex, zero docking score). Only the transoid conformations with a 

large, negative dihedral angle could be productively bound (  complex, non-zero docking score). A 

schematic representation of this situation is given by the energy diagrams given in Figure 4.8. The zero 

energy level is arbitrarily set to the sum of the energy of the free enzyme and the ground state of the 

lactone conformation. 
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Figure 4.8: Schematic energy profiles for the enzyme-catalyzed ring opening of CL, VL and HL. a) VL and CL 
predominantly bind unproductively ( ), resulting in a low catalytic activity; b) HL preferentially binds in a 
productive way ( ), resulting in high catalytic activity. 

The situation for the cisoid lactones VL and CL is depicted in Figure 4.8a. The preferential formation of 

unproductively bound  complexes was observed for these lactones. Since cisoid lactones do show 

reactivity in CALB, a non-identified, correctly bound complex that is higher in energy must exist. Thus, a 

direct competition exists between correctly ( ) and incorrectly ( ) bound enzyme-substrate 

complexes. This corresponds to competitive inhibition of the enzyme by unproductively bound substrate 

and can explain the significantly lower specificity constants for these substrates (0.6 relative to DDL) as 

determined from the competition experiments. Figure 4.8b shows the situation for the transoid 

conformations HL1 and HL2: the preferred binding mode is productively bound and the unproductively 

bound states are higher in energy in this case. As a result, the bound substrate can readily be converted 

into a catalytically productive first tetrahedral intermediate and competitive inhibition by the substrate 

only plays a minor role. The importance of the low energy transoid conformations existing for HL is 

directly observed from the high specificity value of 1.8 relative to DDL. The macrolides DDL and PDL 

possess a large number of highly flexible, preferentially transoid lactone conformations that can be 

quickly interconverted. These macrolides readily fit with respect to the active site as observed from the 

high specificity values. This is in direct correspondence with the shape of the active site regions, which 

has naturally evolved to accept substrates with a low energy, transoid ester conformation. In analogy with 

the situation for HL, competitive inhibition by wrongly bound substrate is not thought to have a major 

impact on lactone reactivity in this situation. 
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4.6 Conclusions 

In conclusion, with the powerful combination of docking and MD studies a better understanding of the 

apparently low reactivity of the cisoid lactones VL and CL in CALB-catalyzed reactions was obtained. 

Docking studies revealed competitive substrate inhibition by wrongly bound substrate for the cisoid 

lactones. Other possible sources for the lower reactivity of the small lactones were excluded using MD 

studies as an identical, catalytically productive first tetrahedral intermediate was observed by MD for all 

five investigated lactones. The ring size, varying between 6 and 15 atoms did not have any influence on 

the geometry of the tetrahedral intermediate. 

Hence, the reactivity of lactones in CALB-catalyzed reactions is governed by the cisoid or transoid nature 

of the ester bond in the lactone substrate and can, therefore, not entirely be attributed to hydrophobicity 

differences as suggested in literature.2h,5,9 The clear preference of CALB for lactone substrates with a 

transoid ester bond might explain the remarkable switch in enantioselectivity for the ring opening of  

-methylated lactones. Here a sudden change in enantiospecificity from the (S)-configuration to the  

(R)-configuration was observed when going from a cisoid, 7-membered to a transoid, 8-membered 

lactone ring.10 

4.7 Experimental section 

Ring-opening competition experiments 

Materials 
-Valerolactone, -caprolactone, cycloheptanone, cyclododecanone, m-chloroperbenzoic acid (m-CPBA), 
PDL were purchased from Sigma-Aldrich and used as received unless otherwise stated. All solvents were 
obtained from Biosolve (The Netherlands). Novozym 435, immobilized Candida antarctica Lipase B 
(CALB) on a polyacrylic resin, was obtained from Novozymes A/S. 
Toluene was distilled over Na and stored over 4 Å molecular sieves under an argon atmosphere. 
Novozym 435 was dried overnight at 50 °C under vacuum over P2O5 according to a literature procedure.25 
The vacuum was released by backfilling the oven with nitrogen. All glassware for the competition 
experiments was dried before use at 120 °C for at least 2 h and directly put under an argon atmosphere 
afterwards. HL and DDL were synthesized according to a literature procedure.2e VL, CL, and HL were 
purified by distillation over CaH2 and subsequently stored under inert atmosphere. Freshly distilled VL 
was stored in the refrigerator to avoid spontaneous polymerization. The synthesized HL contained some 
residual cycloheptanone, which could not be removed. A correction for the presence of cycloheptanone 
(11 mol% according to 1H-NMR analysis based on the integral values at = 4.40 ppm and = 2.60 ppm) 
was made during stock solution preparation. The influence of the presence of cycloheptanone on the 
enzyme kinetics was assumed to be negligible. 

Equipment 
GC-FID analysis was performed on a Shimadzu GC-17A equipped with a FID, an AOC-20i autosampler 
and a Zebron ZB-5MS column (30 m, id 0.25 mm, 0.25 m film thickness) using helium as carrier gas. 
The following settings were used: Tinj = 300 °C, Tdet = 300 °C, column velocity = 30 cm/s, Vinj = 1 L). 
Temperature program: 100 °C | 2 min  260 °C 20 °C/min | 4 min. An overview of the retention times is 
given in Table 4.5. Data analysis of the GC-traces was performed using DAX 8.0 data acquisition and 
data analysis software.  
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Lactone conversion (X) was calculated from the relative peak areas with respect to the internal standard 
and the initial relative peak areas. Apparent reaction rates for the individual components were obtained by 
linear least squares regression of ln(1-X) versus time plots assuming first order reaction kinetics. During 
linear regression the slope was changed and the intercept was fixed to 0. 

Table 4.5: Overview of retention times for the GC-FID analysis.  

Component[a] 
tR  

lactone  
[min] 

tR  
n-propyl ester

[min] 

tR  
other  
[min] 

VL (A) 3.89 5.71 - 
CL (A) 4.75 6.60 - 
HL (B) 4.15 7.41 - 
DDL (A/B) 8.15 10.78 - 
PDL (B) 10.11 13.11 - 
1,3,5-tri-tert-butylbenzene (IS) - - 7.05 
Cycloheptanone - - 3.56 
[a] (A): lactones used for one-pot experiment A; 
 (B): lactones used for one-pot experiment B;  
 (IS) internal standard. 

Ring-opening kinetics measurement 
Stock solutions were prepared by weighing the desired amounts of the three lactones (2.5 mmol, see 
experiments A and B in Table 4.5), 1,3,5-tri-tert-butylbenzene (0.75 mmol, 0.10 eq, internal standard) 
and propan-1-ol (15.0 mmol) into a 25 mL volumetric flask after which the volume was adjusted by 
addition of dry toluene. Stock solution (8.0 mL) was transferred by syringe into a dried Schlenk tube and 
placed under an argon atmosphere. After stirring for 15 min at 60 °C, dried Novozym 435 (25 mg) was 
added. Small samples of the reaction mixture (~0.1 mL) were taken at regular intervals for a period of 3 h 
(experiment A) or 90 min (experiment B) and directly filtered over a piece of cotton in a pipette to 
remove the enzyme from the sample. The pipette was carefully rinsed with DCM (1.5 mL) and the 
samples were subsequently analyzed by GC-FID. 

Docking studies 

General information 
Preparation of the CALB receptor structure was performed on a SGI-IRIX workstation using Sybyl 7.2.26 
All energy calculations were performed using a distance dependent dielectric constant and a non-bonding 
(NB) cutoff of 8 Å using Kollman All atom type definitions. All MD calculations for structure 
optimization were performed using random initial velocity (Boltzmann distributed), a temperature of 300 
K, a step size of 1 fs, non-bonded update every 25 fs, and a coupling factor of 100 fs. All energy 
minimizations were done using an initial Simplex optimization when required, followed by a Powell 
minimization with a termination gradient of 0.05 kcal/mol. 
The docking calculations were performed on a UNIX cluster with 32 nodes (Dual 2.8 GHz Intel XEON 
processors, 2 GB internal memory, 1 main node) using a precompiled version Linux version of Autodock 
4.0 and Autogrid 4.0. Docking runs were run in parallel and submitted using the Portable Batch Scheduler 
(PBS) system. Preparation of the 3D input files and data analysis were performed using a desktop PC 
running under windows XP SP2. 

Receptor preparation  
CALB X-ray structure with PDB-code 1TCA was obtained from the RCSB Protein Databank and used as 
a starting structure.27,28 The NAG401/NAG402 sugar groups were removed from the protein structure 
after which the chain ends were fixed to charged residues. Randomly oriented hydrogen atoms were 
added to the enzyme and water molecules and residue Asp134 was protonated. Subsequently, Kollmann 
All atom type definitions were assigned to the complete structure. 
The position of the protons was optimized using a stepwise procedure consisting of short (1.2 ps) MD 
simulations followed by energy minimization. First, the position of the protons on the water molecules 
were optimized, followed by the protons on the enzyme structure. This series of steps was repeated until 
the energy was stable. Four water residues (HOH130, HOH149, HOH238, and HOH285) were removed 
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from the active site to make space for the substrate intermediates. Finally, the whole system including 
heavy atoms was energy minimized. RMSD value of backbone heavy atoms: 0.439 Å compared with the 
starting structure in PDB file 1TCA. 
Blocking groups at the chain ends from the completely energy-minimized empty enzyme structure were 
removed. The enzyme structure was transferred to AutoDocktools (ADT) 1.3.429 and the present Kollman 
All atom charges were kept. Non-polar hydrogen atoms in the enzyme structure were merged into the 
connected heavy atoms.  
The energy grid (60  60  60 grid points, 0.375 Å spacing) was centered over the active site of the 
enzyme to cover the complete active site, neighboring residues and active site entrance. Calculations were 
performed for the A C H HD N NA OA SA receptor atom types and the C OA H ligand atom types using 
a smoothing factor of 0.5 and a default value of –0.1456 for the distance dependent dielectric constant. 
The default grid parameter file for Autogrid4 is given in Appendix C. 

Preparation of ligand files with lactone conformations 
The low energy lactone conformations of VL, CL and HL were built using Cambridgesoft Chem3D 11.0 
according to the structures described in literature.18,30 Protons were added automatically after which the 
structures were minimized in a stepwise manner using the MM2 force field. Default energy minimization 
settings (gradient limit: 0.100) were used during all steps. First all protons were minimized in energy, 
followed by minimization of all protons and the carbonyl group and a final minimization of the complete 
structure. Structures were centered on the origin and saved in the .pdb fileformat. After minimization all 
CL and HL conformations were in good agreement with the described structures (maximal deviations in 
bond length ~0.018 Å, bond angle 0.5°, and dihedral angle 3.0°).18 Small differences in energy with the 
published data were observed (Appendix B), which is most likely the result of the slightly different 
parameters in the two versions of the MM2 force field. Ligand files for docking were prepared using the 
prepare_ligandv4.py script from the ADT 1.3.4 package using the previously made MM2-energy-
minimized ligand conformations. Non-polar hydrogen atoms were kept and Gasteiger charges were 
assigned to the ligand files. 

Docking process 
The preparation of the receptor structure and the subsequent calculation of the affinity grids and the 
preparation of the used ligand files are described above. The built in Lamarckian Genetic Algorithm 
present in Autodock 4.0 was used for the actual docking process. 
Optimization of the parameters for the genetic algorithm lead to the following parameters that have been 
used for all 256 docking runs per conformation: initial population size 150, maximal number of energy 
evaluations: 5·106, maximal number of generations: 27·103. Parameters for the Solis and Wets local 
search algorithm were set to their default values. The default docking parameter (.dpf) files is given in 
appendix C. 

Results analysis 
Log files with docking results were processed using self-written Unix shell scripts. Results were 
automatically clustered using a 0.5 Å RMSD cutoff. Desired information such as ligand coordinates, 
energy and orientation was extracted to generate multi-model .pdb-files for further analysis with VMD 
1.8.6.31 Information on atom distances, angles and dihedral angles between the enzyme and the docked 
substrate were exported using a custom TCL-script in VMD. These exported data were used to calculate 
the fitness of a docked position for the first cluster of results. The results for the large second clusters 
obtained by docking of HL conformations 2 and 3 were also analyzed. 

MD simulations 

General information 
All molecular dynamics (MD) simulations were performed using Yasara 8.12.924a on a Linux-based 
computer cluster using 4 CPUs and 1.0 Gb internal memory per run. All energy calculations were 
performed using the AMBER 96 force field24b using a 7.86 Å cutoff and the Particle Mesh Ewald 
algorithm32 was used to treat longrange electrostatic interactions. A time step of 1 fs for intramolecular 
and 2 fs for intermolecular interactions was used and the temperature was set to 300 K during the 
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simulations unless otherwise noted. No explicit solvent was used during the simulations. An automated 
assignment of atom types and charges was used for the complete structure.  

Preparation of free CALB structure 
Candida antarctica Lipase B X-ray structure27 with PDB code 1TCA was used as a starting structure and 
was obtained from the RCSB Protein Databank.28 An N-terminal acetyl and a C-terminal N-methyl group 
were added to the chain end and hydrogen atoms were added to the complete structure using the add 
hydrogens command in Yasara.  
The complete enzyme structure was optimized in a stepwise manner using a series of energy 
minimization experiments. To remove possible bumps in the covalent geometry each minimization step 
was started with a steepest descent minimization, followed by a simulated annealing (time step 2 fs, atom 
velocities scaled down by 0.9 every 10th step) until convergence was reached, i.e. the energy improved by 
less than 0.1% during 200 steps. 
First, the position of the protons on the water molecules were optimized, followed by the protons on the 
enzyme structure. Then the position of the water oxygen atoms was optimized followed by minimization 
of the complete water molecules. Subsequently the position of all hydrogen atoms in the structure was 
optimized. Finally, the position of the side chains was optimized followed by a minimization of the 
complete structure including the enzyme backbone. RMSD value of backbone atoms: 0.444 Å compared 
with the starting structure in PDB file 1TCA. This energy-minimized structure was used as a starting 
point for the preparation of the tetrahedral intermediate structures. 

Preparation of enzyme with tetrahedral intermediates structures 
Four water residues (HOH130, HOH149, HOH238, and HOH285) were removed from the active site to 
make space for the lactone tetrahedral intermediates. Protons were added to residues Asp134 (0 net 
charge on residue) and His224 (+1 net charge on residue). The tetrahedral intermediates were made by 
manual addition of heavy atoms to the Ser105 O atom. The alkyl backbone of the lactone substrate was 
positioned such that anti or gauche conformations were obtained as much as possible. The tetrahedral 
center had an R-configuration. Positioning was such that distances between the oxyanion of the substrate 
and the oxyanion hole (consisting of atoms Gln106.H, Thr40.H, and Thr40.HG1) were < 3 Å. Distances 
between His224.HE2 and the alkyl oxygen atom of the tetrahedral intermediate and the Ser104.OG atom 
were also < 3 Å in order to have the possibility of hydrogen bonding. After addition of the tetrahedral 
intermediate heavy atoms, hydrogen atoms were added. The hydrogen atom at the oxyanion was 
removed, which resulted in a –1 net charge on the complete residue (–0.79 charge on the oxyanion atom). 
The geometry of the structure was optimized in a stepwise analogous to the procedure described for 
optimization of the free enzyme structure. First the newly generated tetrahedral carbon atom was energy-
minimized, followed by energy minimization of the complete tetrahedral centre (1 C and 3 O atoms). 
Then, the position of the hydrogen atoms on the tetrahedral intermediate was optimized. Subsequently, 
the complete side chain of residue 105 was energy minimized followed by a minimization including the 
side chains of residues Thr40 and His224. In a final step, the complete enzyme structure was energy 
minimized. RMSD values for the backbone atoms between the empty enzyme structure and the 
tetrahedral intermediate structures were less than 0.11 Å for all structures. 

Molecular dynamics simulations 
The completely energy-minimized enzyme tetrahedral intermediate structures were used in the MD 
simulations. Parameters were set to their default values as described in the general information section. 
The simulation was started using a predefined Yasara macro, in which the enzyme structure was slowly 
heated from 0 K to 300 K in 10 K increments by rescaling of the temperature over a total time of 15 fs. 
Then, the actual 1 ns MD simulation was run and structural information was saved every 200 fs (total of 
5000 structures per MD run). Energies, RMSD values, and hydrogen-bond distances between the 
tetrahedral intermediate and the enzyme were exported using a self-written script for further data analysis.  
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4.8 Appendices 

Appendix A - Calculation of docking score 
The docking score (Stotal) and individual sub scores S1 to S5 as described in section 4.3.2 and shown in 
Figure 4.4 were calculated for each of the docked lactone conformations using the criteria in Table 4.6. 

Table 4.6: Overview of sub score (S1 to S5) and total docking score (Stotal) calculation for docked ligand positions. 

Condition Description[a] Requirement Formula 

1[b] H-bonding in oxyanion hole 
at least two out of 
three possible H-

bonds present 

3

1 ( )
1

1

3 hb i
i

S S
=

= å  

1.1[c] 
Distance (d) L.Ocarbonyl - 
THR40.H 

0 < d < 3.5 Å 
1

1

 < 2.5 Å  = 1

2.5 Å <  < 3.5 Å   = (3.5 - )

ìïïíïïî

hb

hb

d S

d S d




 

1.2[c] 
Distance (d) L.Ocarbonyl - 
THR40.HG1 

0 < d < 3.5 Å 
2

2

 < 2.5 Å  = 1

2.5 Å <  < 3.5 Å   = (3.5 - )

ìïïíïïî

hb

hb

d S

d S d




 

1.3[c] 
Distance (d) L.Ocarbonyl - 
GLN106.H 

0 < d < 3.5 Å 
3

3

 < 2.5 Å  = 1

2.5 Å <  < 3.5 Å   = (3.5 - )

ìïïíïïî

hb

hb

d S
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2 
Distance (d) L.Oalkyl - 
HIS224.NE2 

0 < d < 3.5 Å 
3

3

 < 2.5 Å  = 1

2.5 Å <  < 3.5 Å   = (3.5 - )

ìïïíïïî

d S

d S d




 

3 
Distance (d) L.Ccarbonyl - 
SER105.OG 

0 < d < 3.5 Å 
2

2

 < 2.5 Å  = 1

2.5 Å <  < 3.5 Å   = (3.5 - )

ìïïíïïî

d S
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4 
Dihedral (d) L.Oalkyl - 
L.Ccarbonyl - SER105.OG - 
SER105.HG 

–45 < d < 45 ° 
2

4 1
45

æ ö÷ç= - ÷ç ÷÷çè ø
d

S  

5 
Angle (a) SER105.CB - 
SER105.OG - L.Ocarbonyl 

89 < a < 129 ° 
2

5
109

1
20

a
S

æ ö- ÷ç= - ÷ç ÷÷çè ø
 

 Overall score  
5

1
total i

i

S S
=

=  

[a] Atoms are indicated as follows: RESIDUE.ATOM with the atom numbering following the Yasara defnitions. 
Amide protons in the backbone are indicated by H and atoms in the residue side chain have a two-letter 
abbreviation (A=Alpha, B=beta, C=gamma etc). Atoms in the ligand are indicated by L.* 

[b] At least two possible H-bond distances need to be less than 3 Å 
[c] Score per H-bond, normalized over all three possible hydrogen bonds 
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Appendix B - Overview of lactone conformations 
Relative ground state energies in the gas phase for the most-important lactone conformations of VL, CL, 
and HL are given in Table 4.7. Most of the small lactone conformations are cisoid in nature as indicated 
by the small dihedral angles around atoms CN-Oalkyl-C1-C2 (Table 4.7). For HL three transoid lactone 
conformations were observed together with a single cisoid conformation (HL4) which is highest in 
energy. However, in polar environments this more cisoid conformation may become more stable due to 
stronger salvation (see Table 4.1).13 

Table 4.7: Overview of energies for the MM2-minimized lactone conformations of VL, CL, and HL. 

Lactone 
conformation[a] 

Relative Energy 
MM2/literature 

[ kcal/mol][b] 

Dihedral 
angle 
[°][c] 

Ester bond 
conformation 

VL1 +0.00 / +0.00 +3.5 cisoid 
VL2 +1.23 / +0.50 –16.6 cisoid 
CL1 +0.00 / +0.00 +8.0 cisoid 
CL2 +2.57 / +2.72 +3.2 cisoid 
CL3 +4.28 / +4.24 +16.0 cisoid 
CL4  +4.98 / +5.32 +107.8 transoid 
HL1 +0.00 / +0.00 –136.8 transoid 
HL2 +0.81 / +1.06 –137.5 transoid 
HL3 +0.91 / +1.02 +127.5 transoid 
HL4 +1.27 / +1.31 +9.7 cisoid 

[a] Conformations are numbered in increasing order of relative ground state energy as 
determined after MM2 energy minimization in the gas phase. 

[b] Energies were obtained using the Cambridgesoft Chem3D MM2 force field using 
a minimum RMS gradient of 0.01. Calculated data correspond to literature data.18 

[c] Dihedral angle CN-Oalkyl-C1-C2. Carbon atoms are numbered starting from the 
carbonyl carbon atom (C1). The terminal carbon atom is indicated with CN. 

Appendix C - Used default docking parameter files 

Grid parameter file (.gpf) 

npts 60 60 60  # num.grid points in xyz 
gridfld <<GRIDFILE>>.maps.fld  # grid_data_file 
spacing 0.375  # spacing(A) 
receptor_types A C H HD N NA OA SA  # receptor atom types 
ligand_types C OA H  # ligand atom types 
receptor <<RECEPTOR_FILE>>.pdbqt  # macromolecule 
gridcenter 8.203 2.306 7.383  # xyz-coordinates or auto 
smooth 0.5  # store minimum energy w/in rad(A) 
map <<GRIDFILE>>.C.map  # atom-specific affinity map 
map <<GRIDFILE>>.OA.map  # atom-specific affinity map 
map <<GRIDFILE>>.H.map  # atom-specific affinity map 
elecmap <<GRIDFILE>>.e.map  # electrostatic potential map 
dsolvmap <<GRIDFILE>>.d.map  # desolvation potential map 
dielectric –0.1465  # <0, AD4 distance-dep.diel;>0, constant 
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Default docking parameter file (.dpf) 

outlev 1  # diagnostic output level 
intelec  # calculate internal electrostatics 
seed pid time  # seeds for random generator 
ligand_types C H OA  # atoms types in ligand 
fld <<GRIDFILE>>.maps.fld  # grid_data_file 
map <<GRIDFILE>>.C.map  # atom-specific affinity map 
map <<GRIDFILE>>.H.map  # atom-specific affinity map 
map <<GRIDFILE>>.OA.map  # atom-specific affinity map 
elecmap <<GRIDFILE>>.e.map  # electrostatics map 
desolvmap <<GRIDFILE>>.d.map  # desolvation map 
move <<LIGANDFILENAME>>  # small molecule 
tran0 random  # initial coordinates/A or random 
about 0.0 0.0 0.0  # small molecule center 
quat0 random  # initial quaternion 
ndihe 0  # number of active torsions 
dihe0 random  # initial dihedrals (relative) or random 
tstep 2.0  # translation step/A 
qstep 50.0  # quaternion step/deg 
dstep 50.0  # torsion step/deg 
torsdof 0 0.274000  # torsional degrees of freedom  
  and coefficient 
rmstol 0.5  # cluster_tolerance/A 
extnrg 1000.0  # external grid energy 
e0max 0.0 10000  # max initial energy; max number of retries 
ga_pop_size 150  # number of individuals in population 
ga_num_evals 5000000  # maximum number of energy evaluations 
ga_num_generations 27000  # maximum number of generations 
ga_elitism 1  # number of top individuals to survive  
  to next generation 
ga_mutation_rate 0.02  # rate of gene mutation 
ga_crossover_rate 0.8  # rate of crossover 
ga_window_size 10  #  
ga_cauchy_alpha 0.0  # Alpha parameter of Cauchy distribution 
ga_cauchy_beta 1.0  # Beta parameter Cauchy distribution 
set_ga  # set the above parameters for GA or LGA 
sw_max_its 300  # iterations of Solis & Wets local search 
sw_max_succ 4  # consecutive successes before changing 
  rho 
sw_max_fail 4  # consecutive failures before changing  
  rho 
sw_rho 1.0  # size of local search space to sample 
sw_lb_rho 0.01  # lower bound on rho 
ls_search_freq. 0.06  # probability of performing local search 
  on individual 
set_sw1  # set the above Solis & Wets parameters 
compute_unbound_extended  # compute extended ligand energy 
ga_run 256  # do this many hybrid GA-LS runs 
analysis  # perform a ranked cluster analysis 

<<GRIDFILE>>, <<RECEPTORFILENAME>> and <<LIGANDFILENAME>> were replaced by the 
corresponding filenames. 
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Enzyme-catalyzed synthesis of  

benzene-1,3,5-tricarboxamides 

Abstract 

Enzyme-catalyzed processes have been investigated for the preparation of functional benzene-1,3,5-

tricarboxamide (BTA) derivatives from readily available building blocks. In a first approach, the 

thermolysin-catalyzed peptide synthesis of dipeptide-based BTAs was explored. A monosubstituted acyl 

donor efficiently gave a Phe-Phe dipeptide in 80% isolated yield. However, use of a triacyl donor gave no 

dipeptide products under otherwise identical conditions. In a second approach, the CALB-catalyzed 

dynamic kinetic resolution (DKR) of oxazol-5(4H)-one derivatives was investigated. Optimization of the 

reaction conditions for 2-phenyl-4-benzyloxazol-5(4H)-one as model compound showed the necessity of 

Et3N in the DKR process. Good isolated yields and excellent e.e. values of up to 93% were obtained. In 

addition, the CALB-catalyzed ring opening of this model compound with hydroxy functional BTAs was 

demonstrated. Preparation, however, of a phenylalanine-based tri-oxazolone revealed an unexpectedly 

low substrate stability. Kinetic resolution of this compound did not result in the formation of ring-opening 

products, proving the too large steric demands with respect to the CALB active site. Then, three BTA 

precursors having two octylaminocarbonyl substituents and a single oxazol-5(4H)-one moiety with 

different substituents were synthesized. The CALB-catalyzed ring opening of these mono-oxazolones 

with octan-1-ol as nucleophile was studied. Some ring opening of these oxazol-5(4H)-ones to the desired 

amide ester products was observed. However, these reactions proceeded slowly and competitive substrate 

hydrolysis was present. These results show the yet limited applicability of the investigated reactions for 

the enzyme-catalyzed synthesis BTAs. 
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5.1 Introduction 

Supramolecular assemblies based on the benzene-1,3,5-tricarboxamide (BTA, Figure 5.1a) scaffold have 

been extensively studied in the past decade.1 Key to many BTA aggregates is the presence of helical,  

one-dimensional aggregates that are closely held together by - interactions and strong, threefold 

intermolecular hydrogen bonding between the amide groups, which are rotated out of the plane with 

respect to the benzene core.2 These structural features observed the first BTA crystal structure as 

elucidated by Lightfoot and co-workers (Figure 5.1b).2a Similar structural features were later observed in 

the liquid crystalline state of some BTAs.3 
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Figure 5.1: a) Common structure of benzene-1,3,5-tricarboxamides (BTAs) (R1, R2, R3 can be identical or different 
substituents); b) Schematic depiction of the helical organization present in BTA aggregates of the Lightfoot crystal 
structure showing the three-fold intermolecular hydrogen bonding.2a 

The self-assembly behavior of BTAs can be tuned precisely by altering the substituents at the periphery. 

Introduction of one or more chiral substituents, which can be as small as a deuterium atom4 or methyl 

group,5 can result in the formation of aggregates with a preferred helicity. For some BTAs, strong 

amplification of chirality has been observed in majority rules6 and sergeants and soldiers 

experiments.5a,5b,7 These effects as observed in simple, alkyl substituted BTAs have been extensively 

modeled and are well understood nowadays.5b,7b Other important parameters to control the self-assembly 

behavior are the size and hydrophobicity of the substituents at the periphery. Amongst others simple alkyl 

chains,5a,5c,7b,7c oligoethyleneglycol fragments,3 peptides,8 and bipyridine9 or dendritic peptide wedges10 

have been attached to the BTA scaffold. Various BTA derivatives have been investigated as 

supramolecular MRI-contrast agents,11 organogelators,6a,12 liquid crystals,8-9 and nanostructured 

materials.13 

The synthesis of structurally more complicated BTA derivatives, however, requires long synthetic routes 

and extensive purification steps. Therefore, we are interested in the application of selective, enzyme-

catalyzed reactions for the preparation of BTAs that do not require protecting group strategies and the 

extensive purification of intermediates. In this chapter, the possibility of a modular approach for the 
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enzyme-catalyzed synthesis of functional BTAs is investigated. Using such an approach, the synthesis of 

BTAs can possibly be monitored by following the in situ self-assembly of the reaction products (Figure 

5.2). New BTAs can possibly be synthesized with ease from a few, readily accessible building blocks 

without the need for long synthetic routes and extensive purification of the intermediates. Here we discuss 

the thermolysin-catalyzed peptide coupling and the CALB-catalyzed dynamic kinetic resolution (DKR) of 

oxazol-5(4H)-ones (further denoted as oxazolones) for the synthesis of BTAs. 

Enzyme

Building 
blocks BTA

+

3  
Figure 5.2: Cartoon representation for the enzyme-catalyzed synthesis of BTAs (middle) and the in situ self-assembly 
process into helical aggregates (right) starting from simple building blocks (left). 

5.2 BTAs by thermolysin-catalyzed peptide coupling 

5.2.1 Background 

Most important for the preparation of functional BTAs by enzyme catalysis is the formation of new amide 

bonds. One approach is based on the peptidase-catalyzed peptide bond formation between two amino 

acids (Figure 5.3a). The natural function of peptidases (EC 3.4) is the hydrolysis of peptide bonds, but the 

principle of microscopic reversibility dictates that these enzymes also catalyze the reverse process of 

peptide bond formation. Peptidase-catalyzed peptide bond formation was first demonstrated as early as in 

1937 by Bergmann.14 Since then, many examples have appeared in literature and this method has played 

an important role in the synthesis of aspartame15 and other biologically active peptides.16 More recently, 

the in situ preparation of peptide-based hydrogels from Fmoc-protected amino acids and amino acid 

esters by thermolysin catalysis was demonstrated.17 

Peptidases are classified both on the location of their preferred scission site (exo or endo) and on their 

catalytic mechanism.18 Each peptidase has its own, distinct substrate specificity, requiring different 

enzymes for the synthesis of different peptide products.19 The most important subclasses of peptidases 

that have been applied as catalyst for peptide coupling are the endo serine- and endo metallopeptidases. 

The first subclass can be used under kinetically controlled reaction conditions in which an activated acyl 

donor is transferred to a nucleophile (amino acid or peptide).16b,19 However, concomitant hydrolysis of the 

product and acyl donor compete with the peptide coupling process and limit the maximal yield.16b,19 

Enzyme-catalyzed peptide bond formation can also be effectuated under thermodynamic control, which is 

the case when metallopeptidases are used. It is important to notice that the equilibrium position is not 

affected by the peptidase, but only the rate at which equilibrium is reached.  
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Normally, peptide bond hydrolysis is favorable in aqueous media by approximately 4.0 kcal/mol (25 °C, 

pH 7).17a However, the thermodynamic equilibrium can be shifted towards peptide bond formation by 

precipitation20 or continuous extraction of the product in a biphasic system (Figure 5.3b).21 
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Figure 5.3: a) Generalized scheme for protease-catalyzed peptide bond formation showing the common numbering 
scheme for amino acids at the N-terminal (S1, S2) and C-terminal side (S1', S2') (Amino acid side chains are indicated 
with P)22; b) Schematic depiction of the energetics for protease-catalyzed peptide formation using precipitation of the 
product as driving force. 

A frequently used, metallopeptidase is the commercially available and thermostable enzyme 

thermolysin.23 This enzyme has a broad substrate specificity and only requires a large, hydrophobic 

amino acid (phenylalanine, leucine, isoleucine) at the S1' position (Figure 5.3a).16a,24 Free thermolysin,25 

cross-linked thermolysin aggregates26 and immobilized thermolysin27 have successfully been used as 

catalyst for peptide coupling. As a result of the well-known substrate specificity, use of non-activated acyl 

donors, good enzyme stability and common availability, we would like to focus on the possibility of 

thermolysin-catalyzed peptide bond formation for the preparation of dipeptide-based BTAs. 

5.2.2 Thermolysin-catalyzed peptide coupling 

The potential of thermolysin-catalyzed peptide coupling for the preparation of BTA derivatives was 

investigated. First, phenylalanine derivatives 1 and 3 were synthesized (Scheme 5.1) to act as mono- and 

triacyl donor in the thermolysin-catalyzed peptide bond formation with L-phenylalanine methyl ester  

(L-PheOMe) (Scheme 5.2). The synthesis of 1 is straightforward and involves reaction between benzoyl 

chloride and L-phenylalanine (L-Phe).28 Reaction of 1,3,5-benzenetricarbonyl trichloride with L-Phe 

under similar conditions resulted in competing hydrolysis of the acid chloride. Therefore, 3 was 

synthesized by amide coupling with L-PheOMe in DCM/Et3N, followed by alkaline hydrolysis of the 

methyl ester (Scheme 5.1b). 
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Scheme 5.1: Synthesis of phenylalanine-based a) Monoacyl donor and b) Triacyl donors 1 and 3, respectively. 
(i) 2.2 mol eq. NaOH, H2O, 2 h, 0 °C; (ii) 3.2 mol eq. L-PheOMe·HCl, 14 mol eq. Et3N, DCM, 0 °C; (iii) 1) 3.25 mol 
eq. LiOH, MeOH/H2O, 60 h, r.t.; 2) Aq. HCl. 

Subsequently, the preparation of L,L-PhePhe dipeptides (4 and 5, respectively) was attempted using 

thermolysin-catalyzed peptide coupling of 1 and 3 with 3 eq. L-PheOMe. The reaction of mono-

phenylalanine derivative 1 proceeded smoothly and readily gave large amounts of a precipitate, being the 

expected dipeptide 4 as identified by 1H-NMR, 13C-NMR and MALDI-TOF-MS. However, no significant 

amounts of peptide coupling product were formed in the reaction between 3 and L-PheOMe as proven by 

LC-MS measurements. After 3 weeks of reaction using a double amount of thermolysin, only a few 

percent of the mono- (~10%) and disubstituted (~5%) 3 could be identified next to the starting materials. 
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Scheme 5.2: Thermolysin-catalyzed peptide coupling with a) Monoacyl donor and b) Triacyl donor to give dipeptides 
4 and 5, respectively. (i) 3.1 mol eq. L-PheOMe, H2O (pH 7.0), thermolysin, 24 h, r.t.; (ii) 9.3 mol eq. L-PheOMe, H2O 
(pH 7.0), thermolysin, 3 weeks, r.t. 

These results clearly show that the phenylalanine carboxylic acid groups of 3 are accepted as substrate by 

thermolysin. However, either the reaction proceeds slowly or the equilibrium position of the reaction is 

unfavorable under the given reaction conditions. Possibly, the use of heterogeneous conditions and higher 

substrate concentrations can be used to overcome the currently observed limitations. 
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5.3 BTAs by CALB-catalyzed DKR of oxazolones  

5.3.1 Background 

A second method for the preparation of BTAs by enzyme catalysis is the enantioselective ring opening of 

oxazolones. These compounds, also known as azlactones, are readily accessible by the dehydration of  

N-acylated amino acids.29 Moreover, oxazolones display a broad chemical reactivity,30 and are well-

known intermediates in organic chemistry.31 Both lipases32 and various organocatalysts33 are known to 

catalyze the enantioselective ring opening of oxazolones to give N-acylated amino acid derivatives 

(Scheme 5.3a). To obtain good enantioselectivity for this ring-opening process, a bulky substituent is 

preferred at the 4-position of the oxazolone.32a The highly acidic nature of the proton at the 4-position 

(pKa ~9),32d results in rapid racemization via the enolate anion in the presence of weak bases such as Et3N 

(Scheme 5.3b). The presence of a benzyl group at the 4-position enhances the racemization compared to 

electron donating alkyl substituents, while electron-accepting substituents at the 2-position result in an 

approximately two orders of magnitude faster racemization.34 As a result, the racemization of 2-phenyl-4-

benzyloxazolone has been shown to be instantaneous.34 
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Scheme 5.3: a) Synthesis of N-acyl amino acid derivatives by enantioselective ring opening of oxazolones (atom 
numbering shown); b) Oxazolone racemization by reversible proton abstraction at the 4-position resulting in the 
formation of an achiral enolate anion. 

The combination of a readily racemizable stereocentre with the possibility of enantioselective ring 

opening is attractive as it allows for the preparation of optically pure ring-opening products in 100% yield 

by means of a DKR process. Correspondingly, the DKR of oxazolones has been established for the 

synthesis of a wide variety of non-natural amino acid derivatives.32b,32c,32e,35 

5.3.2 Synthesis and DKR of 2-phenyl-4-benzyloxazolone 

To investigate whether the DKR of oxazolones is suitable for the preparation of functional BTA 

derivatives, the DKR of 2-phenyl-4-benzyl oxazolone (6) as model compound was studied first. This 

compound was selected as it rapidly racemizes34 and is known to show good enantioselectivity in the 

CALB-catalyzed ring opening with nucleophiles.32a,35c The synthesis of oxazolone 6 is straightforward 

and involves dehydration of N-benzoyl-L-phenylalanine (1) (Scheme 5.4a). Dehydration was performed 

using EDC as it gave good yield in combination with a straightforward workup procedure.36 
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Scheme 5.4: a) Synthesis and b) DKR of 2-phenyl-4-benzyloxazolone (6). (i) 1.5 mol eq. EDC, 5 h, 0 °C; (ii) 2 mol 
eq. octan-1-ol, (Et3N), toluene or MCH, 0.6-1.0 mass eq. dry Novozym 435, argon, 5 h, 37 °C. 

The CALB-catalyzed ring opening of 6 was performed using octan-1-ol as nucleophile and 

methylcyclohexane (MCH) or toluene as solvent. Both reactions in the absence and presence of Et3N 

were performed resulting in kinetic resolution and dynamic kinetic resolution, respectively (Scheme 

5.4b). Comparison with separately prepared samples of optically pure (R)-7 and (S)-7 showed that the 

ring-opening products possessed the (S)-chirality in all four cases, which is in accordance with 

literature.32a,37 Moderate to good e.e. values were obtained (Table 5.1), which were similar to the values 

reported in literature.32a,37 No ring opening was observed for reference experiments in which no enzyme 

was added, showing that the ring opening is truly enzyme-catalyzed. The reaction rates for the ring 

opening were determined from the degree of conversion versus time and corrected for variations in the 

amount of used enzyme in the several experiments (Table 5.1). 

Table 5.1: Influence of solvent and presence of Et3N on the ring-opening rate and enantioselectivity of the CALB-
catalyzed (D)KR of oxazolone 6 (conditions as in Scheme 5.4b). 

Entry Experiment[a] Solvent 
N435 

[mass eq] 
Et3N 

[mol eq] 
X[b] 
[%] 

e.e.[c] 

[%] 
kapp

[d] 
1/(s·mg) 

1 DKR Toluene 0.97 0.25  99 92 10.5·10-5 
2 DKR MCH 0.96 0.25 96 85 7.8·10-5 
3 KR Toluene 0.55 - 11 81 1.2·10-5 
4 KR MCH 0.65 - 14 67 1.4·10-5 

[a] DKR: Dynamic kinetic resolution; KR: Kinetic resolution. 
[d] Observed conversion according to HPLC analysis after 5 h. 
[c] Determined e.e. of ring-opening product 7 after 5 h.. 
[d] Apparent ring-opening rate for oxazolone 6 per mg of immobilized enzyme obtained 

by linear regression of ln(1-X) versus time assuming first order kinetics. 

The data in Table 5.1 show that toluene is the solvent of choice for the DKR of oxazolone 6 as higher e.e. 

values and reaction rates are observed compared to the reactions in MCH as solvent. Moreover, these 

experiments indicate that the presence of a weak organic base, such as Et3N, is required for the successful 

DKR of oxazolone 6 for two reasons. First, the degree of conversion and reaction rates are approximately 

9-fold higher in the presence of a weak organic base such as Et3N (Table 5.1, entries 1-2). The large 

difference in reaction rate can be explained by inhibition of CALB by N-benzoylphenylalanine, which is 

formed upon hydrolysis of 6.37-38 The addition of a weak organic base results in salt formation with the 
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acid, making enzyme inhibition less pronounced.37 Secondly, the e.e. values for the ring-opening products 

are higher, which is indicative of more effective racemization of the remaining oxazolone substrate. 

5.3.3 DKR of 2-phenyl-4-benzyloxazolone using hydroxy functional BTAs 

The promising initial results on the DKR of 6 using octan-1-ol encouraged us to use a more challenging 

nucleophile for the ring opening of 6. Therefore, benzene-1,3,5-tricarboxamides (BTAs)39 having a single 

primary alcohol group were chosen and two different alkyl spacer lengths of 2 and 6 carbon atoms were 

selected (BTAs 8 and 9, respectively). All reactions were run at 70 °C to avoid gelation of the reaction 

mixture by the hydroxy functional BTAs.40 Small aliquots of the reaction mixture were taken and 

analyzed by 1H-NMR after removal of the solvent. The oxazolone conversion was monitored in time by 

the integral of the typical oxazolone signal at  = 4.65 ppm relative to total integral for the proton at the 

chiral centre in the ring-opening products. These protons were visible in the region between  = 4.8 and 

5.1 ppm and could be attributed to hydrolyzed oxazolone ( = 4.97 ppm) and products 10 ( = 4.91 ppm) 

and 11 ( = 5.05 ppm). The methylene protons of the new ester were visible as two separate, 

diastereotopic protons around  = 4.40 and  = 4.10 ppm for products 10 and 11, respectively. 
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Scheme 5.5: (D)KR of oxazolone 6 using hydroxy functional BTAs 8 and 9 as nucleophile. (i) 0.6 mass eq. dry 
Novozym 435 with respect to 6, 1 mol eq. nucleophile, (0.25 mol eq. Et3N), toluene, argon, 102 h, 70 °C. 

High oxazolone conversion (96%) was observed after 96 h for the reaction with BTA 8 in the presence of 

Et3N. Especially in the presence of Et3N, oxazolone hydrolysis is an important side reaction (Table 5.2). 

After 102 h, all reactions were worked up and the ring-opening products (10 and 11) were isolated in  

30-37% yield after column chromatography. Analyses by 1H-NMR, 13C-NMR and MALDI-TOF-MS 

were in correspondence with the proposed structures of products 10 and 11. The e.e. of the ring-opening 

products was determined by chiral HPLC after methanolysis of the esters and purification by column 

chromatography. In all cases, the isolated N-benzoylphenylalanine methyl ester possessed the (S)-chirality 

as expected, albeit with significantly lower e.e. values (Table 5.2) than observed for the DKR reactions 

with octan-1-ol. 
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Table 5.2: Overview of (D)KR of oxazolones using hydroxy functional BTAs as nucleophile for the ring-opening. 
(Conditions as in Scheme 5.5) 

Entry BTA 
Et3N 

[mol eq] 
Product 

 X[a] 
[%] 

 Hydrolysis[b] 
[%] 

 Yield[c] 
[%] 

 e.e.[d] 
[%] 

1 8 0.25 10a 97 41 30 51 
2 8 - 10b 38 11 33 26 
3 9 0.25 11a 68 26 37 42 
4 9  - 11b 44 14 33 30 
[a] Total oxazolone conversion after 96 h as determined by 1H-NMR (Integral at  = 4.65 

ppm versus the total integral for all signals in the region of  = 5.10-4.50 ppm). 
[b] Amount of hydrolyzed oxazolone after 96 h as determined by 1H-NMR. 
[c] Isolated yield of the ring-opening products 10 and 11 after column chromatography. 
[d] E.e of ring-opening products 10 and 11 as determined by chiral HPLC after 

methanolysis. ((S)-enantiomer in all cases). 

The variations in the e.e. of the ring-opening products for the different BTA nucleophiles suggest that 

CALB plays a role in the formation of ring-opening products 10 and 11. However, this is no direct proof 

for CALB catalysis as alternative routes consisting of enzymatic hydrolysis of oxazolone 6 in 

combination with acid catalysis can be envisioned (Scheme 5.6).41 A series of reference reactions was 

performed to investigate to what extent CALB catalysis is truly responsible for the formation of ring-

opening products 10 and 11. 

N

O O

Ph

6

Ph

CALB
H2O

Ph N
H

OH
O

Ph

O
rac -1

OHn CALB

10: n = 2
11: n = 6

O H
N Ph

O
Ph

On
OHn =

OHn

(+/- CALB)

OHn

1OHn

A

D

B

C

+

+

N
H

O

N
H

O
C8H17H17C8

N
H

O OHn8: n = 2
9: n = 6

 
Scheme 5.6: Possible pathways, indicated with letters A-D, for the formation of amide ester products 10 and 11 in the 
DKR of oxazolone 6 with hydroxy functional BTAs 8 and 9. Reference reactions showed that paths C and D were of 
minor importance. 

Heating of the reaction mixture used for the DKR experiments without enzyme showed no oxazolone ring 

opening at all, excluding spontaneous ring-opening reaction according to path C in Scheme 5.6. Only in 

the presence of both BTA 8 and Et3N, approximately 11% oxazolone ring opening was observed after 

72 h, being far less than the 70% conversion after 69 h in the reaction with CALB. As hydrolyzed 

oxazolone might also act as catalyst, 0.3 mol eq. N-benzoyl-L-phenylalanine was added to each of the 

reference reactions and heating was continued. In all cases significant amounts of oxazolone ring opening 

were found after 65 h, showing the possibility of path B in Scheme 5.6. This alternative path might 

explain the lower e.e. for the DKR of oxazolone 6 using hydroxy functional BTAs as nucleophile. 

Highest oxazolone conversions were observed with BTA 8 (58 and 62%, without and with 0.25 mol eq. 
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Et3N, respectively) while BTA 9 showed 47 and 28% oxazolone conversion, respectively. In a separate 

experiment, the spontaneous or CALB-catalyzed esterification of the hydroxy functional BTAs with  

N-benzoyl-L-phenylalanine according to path D was proven to be of minor importance: only for reactions 

without Et3N, approximately 10 percent of ester formation was observed after 160 h. 

To conclude, acid-catalyzed oxazolone ring opening and CALB-catalyzed ring opening have been shown 

to occur at similar reaction rates. Competition between these two pathways most likely accounts for the 

relatively low e.e. values as determined after methanolysis of ring-opening products 10 and 11. 

5.3.4 Synthesis and DKR of a phenylalanine-derived tri-oxazolone 

The promising results for the CALB-catalyzed DKR on model compound 6 stimulated us to synthesize 

phenylalanine-based tri-oxazolone 12. Dehydration with EDC in DCM or dioxane failed due to solubility 

and isolation issues, but dehydration of 3 in a mixture of Ac2O/dioxane (Scheme 5.7b) was successful.35c 

The formation of 12 was confirmed by 1H-NMR ( = 4.74 ppm), 13C-NMR ( =176.7, 160.0 ppm), 

MALDI-TOF-MS and FT-IR ( = 1825, 1654 cm-1). 
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Scheme 5.7: a) Synthesis and b) DKR of phenylalanine-based tri-oxazolone 12. (i) Ac2O/dioxane (1:1 v/v), 24 h, 
argon, r.t.; (ii) 6 mol eq. octan-1-ol, (0.76 mol eq. Et3N), toluene, 1.0 mass eq. dry Novozym 435, argon, 24 h, 37 °C. 

The DKR of tri-oxazolone 12 with octan-1-ol was performed using the optimized reaction conditions for 

model compound 6. However, no successful CALB catalyzed ring-opening reaction to the corresponding 

amino acid ester was observed. Instead, complete, base induced decomposition of 12 was observed within 

a few minutes. An insoluble precipitate was formed and its 1H-NMR spectrum in DMSO-d6 showed many 

ill-defined peaks that could not be attributed to a specific molecular structure. The process was shown to 

be irreversible and independent of the solvent or the nature of the base used.38 The base induced 

dimerization of oxazolones by nucleophilic attack of the enolate anion and formation of different 

heterocyclic products is known from literature.42  

In the specific case of tri-oxazolone 12 the decomposition seems to be highly accelerated. Most likely, the 

presence of the three oxazolone groups on a central phenyl results in the loss of stabilization of the 

oxazolone groups. The characteristic carbonyl absorption of tri-oxazolone 12 was found around the 
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expected value of 1825 cm-1, while the C=N band ( = 1654 cm-1) is found around the normal 

position.42b,43 The reactivity of the carbonyl groups in 12 is thus not expected to be very different from 

that of other oxazolones. 

CALB-catalyzed kinetic resolution of 12 using 3.3 mol eq. octan-1-ol as nucleophile was performed as 

well. No amide ester formation was observed after 24 h, while the oxazolone moiety was still intact 

according to 1H-NMR analysis. This is an indication that the substrate is not accepted by CALB, probably 

as a result of the large steric demands with respect to the narrow active site. Use of other lipases with a 

less narrow active site region was not attempted for ring opening of 12 due to the low inherent stability of 

this substrate. 

5.3.5 Synthesis and DKR of mono-oxazolone derivatives 

To further study the scope of oxazolone DKR for the preparation of BTA derivatives, mono-oxazolone 

derivatives 19a-c were synthesized. These BTA precursors consist of a central benzene core with two 

octylaminocarbonyl substituents at the 3- and 5-position and a single 4-substituted (5-oxooxazolin-2-yl) 

substituent at the 1-position. Ring opening of these oxazolones with alcohol nucleophiles would directly 

give asymmetrically substituted BTAs with two aliphatic substituents and one amino acid ester. 

The synthesis of the mono-oxazolone derivatives (Scheme 5.8) starts with a modified literature procedure 

for the preparation of bis(octylaminocarbonyl)benzoic acid (14),13a which was used as a common building 

block (details in experimental section). 
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Scheme 5.8: Synthesis of mono-oxazolone derivatives 19a-c. (i) 1.5 eq. N,N,2-trimethyl-1-chloropropenylamine, 
DCM, argon, 1 h, 0 °C; (ii) 1.2 mol eq. amino acid esters 16a-c, DCM/Et3N, 0 °C to r.t., overnight; (iii) 1) 1.0 eq. 
LiOH MeOH/H2O, 48 h, r.t.; 2) Aq. HCl; (iv) 1.6 eq. EDC, DCM, 1 h, 0 °C. 
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The carboxylic acid was converted into acid chloride 15 using 1-chloro-2,N,N-trimethylpropenylamine 

and subsequently coupled with the three different amino acid esters (16a-c) to give intermediates 17a-c. 

Alkaline hydrolysis of the amino acid ester group followed by dehydration with EDC gave mono-

oxazolones 19a-c in 64-94% isolated yield. In all three cases, oxazolone formation was confirmed by  

FT-IR ( = 1830-1836 cm-1 and  = 1640-1656 cm-1), 1H-NMR ( = 4.47-4.73 ppm), and 13C-NMR 

( = 175-178 and 165-166 ppm) analyses. 

The 4-benzyl substituted oxazolone 19a was more stable towards the presence of a stoichiometric amount 

of DIPEA in toluene-d8 than compound 12: no instantaneous oxazolone degradation in the presence of a 

weak organic base was observed. The other two oxazolones 19b and 19c turned out to be insufficiently 

soluble in toluene. Therefore, the CALB-catalyzed ring opening of these two compounds was studied in 

CDCl3 using octan-1-ol as nucleophile (Scheme 5.9). 

Substrate Ester Hydrolysis

19b 17% 23%

19c 41% 55%O
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Scheme 5.9: a) Ring opening of compounds 19b and 19c. (i) 15 mM oxazolone, 4 mol eq. octan-1-ol, CDCl3, 1 mass 
eq. Novozym 435, 7.5 days.; b) Degree of ester formation and oxazolone hydrolysis after 7.5 days as determined by 
1H-NMR. 

The conversion was determined from the integral values of the amide protons of the two 

octylaminocarbonyl substituents which are at clearly distinct positions in the oxazolone ( ~6.5 ppm), the 

desired amide ester ( ~6.7 ppm) and the hydrolyzed oxazolone (~6.8 ppm). These integral values 

nicely corresponded with the signals for the new octyl ester ( ~4.1 ppm) and the amount of reacted 

oxazolone. After 1 week, almost complete ring opening (~96% conversion) was observed for oxazolone 

19c, whereas only 40% conversion was observed for the 4-methyl substituted 19b. Competing hydrolysis 

was observed next to the formation of the desired amide-ester products for both oxazolones. The presence 

of a methyl group at the 4-position of the oxazolone significantly slows down the ring-opening process of 

the oxazolone by CALB. Therefore, the enzymatic ring opening of the even more sterically hindered and 

synthetically less easily accessible oxazolone 19a was not performed. 

In a reference experiment it was demonstrated that the ring opening of oxazolone 19c was catalyzed by 

CALB. Compound 19c was dissolved at higher (60 mM) concentration in CDCl3 and 2 eq. of octan-1-ol 

were added. The mixture was stored at room temperature for 24 h, after which 1H-NMR analysis showed 

~5% oxazolone conversion. Subsequent addition of 1 mass equivalent Novozym 435 to the reaction 

mixture resulted in 76% ring opening of the oxazolone in 19 h. The ring opening reactions were not 
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further optimized to suppress substrate hydrolysis as the process was demonstrated to be too slow to be of 

practical use. Moreover, the poor availability of large quantities of the mono-oxazolones as a result of the 

tedious synthetic procedures limited the further study of the ring-opening process. 

5.4 Conclusions 

The preparation of BTAs based on amino acids by enzyme catalysis has been investigated using two 

different approaches. First, the preparation of Phe-Phe dipeptide substituted BTAs by thermolysin-

catalyzed peptide coupling was used. Secondly, the CALB-catalyzed DKR of oxazolones in organic 

solvents was examined for the synthesis of amino acid ester substituted BTAs. 

For both methods, the power of enzyme catalysis to create a new amide bond was demonstrated in a 

series of reference reactions. The thermolysin-catalyzed peptide coupling of N-benzoyl-L-phenylalanine 

and L-phenylalanine methyl ester at neutral pH gave the corresponding dipeptide in good yield and purity. 

Similarly promising results were obtained for the Novozym 435-catalyzed DKR of 2-phenyl-

4-benzyloxazol-5(4H)-one (6) as model compound using octan-1-ol as nucleophile. In toluene nearly 

complete conversion was observed within 5 h, while the e.e. of the ring-opening products was 92%. The 

presence a weak base in this DKR process was shown to be crucial. Additionally, the Novozym 435-

catalyzed ring opening of 6 using sterically more demanding nucleophiles was demonstrated by replacing 

the octan-1-ol with two different hydroxy functional BTAs. These reactions, proceeded much more 

slowly and competing hydrolysis of the oxazolone substrate was observed. Different e.e. values and 

degrees of conversion were observed for the two BTA nucleophiles, suggesting a role of the enzyme in 

the ring-opening process. Although, acid-catalyzed activation of the oxazolone followed by nucleophilic 

attack of the hydroxy functional BTAs could not be excluded completely. 

Extension to the preparation of amino acid-derived BTAs by threefold reaction on a central  

1,3,5-phenylene scaffold was less straightforward than might be expected from the well-working 

reference reactions. The thermolysin-catalyzed peptide coupling of phenylalanine methyl ester onto a 

threefold substituted BTA scaffold only generated small amounts of once and twice reacted starting 

material, which might be an indication for an unfavorable equilibrium position under the chosen reaction 

conditions. The DKR of the phenylalanine-based tri-oxazolone showed unexpected results as well: the 

compound was successfully prepared, but rapidly degraded under the influence of small amount of a 

weak organic base. In the absence of base no ring opening was found, showing that the steric demands are 

likely too large for the narrow active site of CALB. Improved substrate stability was found for the three 

synthesized 2-[1-phenylene-3,5-bis(octylaminocarbonyl)]oxazol-5(4H)-one derivatives, and the CALB-

catalyzed kinetic resolution of these oxazolones in CDCl3 was shown. However, this ring-opening process 

was slow and competing side reactions were significant. 

To summarize, developing a system with multiple enzyme-catalyzed reactions at the periphery of a 

relatively small, rigid central core has shown to be extremely challenging. A fast and modular approach 
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for the synthesis of non-natural compounds with multiple, identical groups relying on enzyme catalysis is 

at least not trivial. The steric demands of the substrates rapidly increase, resulting in poor acceptance by 

the enzyme catalyst. Moreover, the presence of multiple reactive sites on a single molecule requires 

highly selective reactions that readily go to full conversion. This criterion was surely not met for the 

oxazolone DKR studied here, since side reactions, such as hydrolysis and base induced degradation 

occurred. Moreover, physical and chemical parameters, such as solubility and reactivity, are strongly 

affected by the structure of the complete molecule. The presence of one or two non-reacted substituents at 

the periphery will have a strong influence on the properties of the substrate, thereby possibly affecting the 

equilibrium positions. In the threefold thermolysin-catalyzed dipeptide formation, for example, the 

solubility of the once or twice reacted core might still be too large, and therefore an appropriate driving 

force as was the case in the model reaction was lacking. 

5.5 Experimental section 

General methods 
See general methods Chapter 2. Chiral HPLC was measured on a Daicel Chiracel-OD column using  
n-hexane/propan-2-ol (95:5) as eluent at a flow rate of 1.0 mL/min and a UV-detector at 225 nm. The 
analyte was dissolved in n-hexane/propan-2-ol (90:10) and a volume of 20 L was injected using an 
autosampler. Liquid chromatography mass spectrometry (LCMS) was performed using a LCQ Deca XP 
MAX (Thermo Finnigan, USA), equipped with a Surveyor autosampler, a RP-HPLC Polaris C18-A 
column and a Surveyor PDA detector connected to an ESI-ion trap mass spectrometer. Two LC-10AD 
VP pumps (Shimadzu, Kyoto, Japan) were also connected, one pump for ultrapure water and one for 
HPLC grade acetonitrile (Biosolve, Valkenswaard, The Netherlands), which both contained 0.1% (v/v) 
formic acid. Elution was started with H2O/MeCN (95:5) for 2 min followed by a gradual increase to 
H2O/MeCN (50:50) over 8 min. Optical rotations were measured on a Jasco DIP-370 digital polarimeter 
at a wavelength of 589 nm (NaD line) and a temperature of 25 °C. 

Materials 
All chemicals were purchased from Sigma-Aldrich or Acros and used as received, unless otherwise noted. 
Thermolysin from Bacillus thermoproteolyticus rokko (Type X, lyophilized powder, 50-100 units/mg 
protein) was purchased from Sigma-Aldrich and used as received.  
The glassware for all (D)KR experiments was dried for > 2 h at 120 °C before use. Novozym 435 was 
dried overnight under vacuum over P2O5 at 50 °C,44 unless otherwise stated. 

Thermolysin-catalyzed BTA synthesis 

N-Benzoyl-L-phenylalanine (1)28 
A 100 mL three-necked flask was equipped with an addition funnel, septum, and stirring bar. 
L-Phenylalanine (4.13 g, 27.1 mmol) was dissolved in 2 M NaOH (38 mL) and cooled to 0 °C. While 
vigorously stirring at 0 °C, benzoyl chloride (3.53 g, 25.1 mmol, 0.9 eq.) was added using a syringe over 
a 25 min time interval. Simultaneously, 2 M NaOH (15 mL, 30 mmol NaOH, 1.1 eq.) was added over the 
same time interval to keep the solution alkaline. The reaction mixture was stirred for another 90 min at 
r.t., cooled to 0 °C and subsequently acidified to pH 1 by slow addition of 37 wt% HCl (9 mL). The 
product was extracted with EtOAc (3 × 75 mL) and the combined organic layers were washed with H2O 
(2 × 50 mL). After drying over Na2SO4 and filtration, the solvent was removed in vacuo. The crude 
product was recrystallized from water (~550 mL), filtered over a Büchner funnel and washed with cold 
water (2 × 15 mL). The residue was dried overnight under vacuum at 50 °C to give 1 as a fine, white 
powder (4.44 g, 117.3 mmol, 66%). 1H-NMR (CDCl3) : 10.90 (br. s, 1H, -COOH), 7.70 (d, 2H, 
J = 7.2 Hz, -ArH), 7.54 (t, 1H, J = 7.4 Hz, -ArH), 7.44 (t, 2H, J = 7.6 Hz, -ArH), 7.37-7.28 (m, 3H, 
-ArH), 7.24 (d, 2H, J = 7.0 Hz, -ArH), 6.52 (d, 1H, J = 7.2 Hz, -CONH-), 5.08 (ddd, 1H, J = 7.2, 6.0, 5.6 



Enzyme-catalyzed synthesis of benzene-1,3,5-tricarboxamides 

99 

Hz, -CONHCHRR-), 3.40 (dd, 1H, J = 14.1, 5.6 Hz, H-CH2Ph), 3.30 (dd, 1H, J = 14.1, 6.0 Hz, 
H-CH2Ph) ppm. 13C-NMR (CDCl3) : 174.8, 168.0, 135.7, 133.4, 132.1, 129.5, 128.7, 128.7, 127.3, 
127.2, 53.7, 37.3 ppm. FT-IR:  = 3290, 3061, 3031, 2930, 1708, 1646, 1635, 1604, 1525, 1490, 1441, 
1421, 1322, 1294, 1268, 1242, 1191, 1154, 938, 914, 753, 727, 691 cm-1. Elemental analysis:  C16H15NO3 
(269.30) Calcd: C: 71.36 H: 5.61 N: 5.20 Obs: C: 71.33 H: 5.30 N: 5.13. 

N,N',N''-Tris[((S)-benzyl)methoxycarbonylmethyl]benzene-1,3,5-tricarboxamide (2) 
A 100 mL three necked flask was equipped with a gas inlet, addition funnel and stirring bar and the setup 
was thoroughly dried. Under an inert atmosphere, 1,3,5-benzenetricarbonyl chloride (609 mg, 2.29 mmol) 
was dissolved in dry DCM (10 mL) and cooled to 0 °C. A mixture of L-phenylalanine methyl ester 
hydrochloride (1.58 g, 7.33 mmol, 3.2 eq.) and Et3N (1.42 g, 14 mmol) in DCM (50 mL) was slowly 
added over 30 min. The ice bath was removed and stirring was continued overnight at r.t. The reaction 
mixture was washed with H2O (2  20 mL), 1 M HCl (2 × 30 mL) and H2O (35 mL). The organic layer 
was dried over Na2SO4 and the solvent was removed in vacuo. The residue was dissolved in EtOAc 
(80 mL) and filtered over a plug of silica followed by elution with EtOAc (100 mL). Removal of the 
solvent in vacuo gave 2 as a white powder (1.45 g, 2.11 mmol, 92%). 1H-NMR (CDCl3) : 8.17 (s, 3H, 
-ArH (core)), 7.33-7.22 (m, 9H, -CH2Ph), 7.20-7.15 (m, 6H, -CH2Ph), 6.96 (d, 3H, J = 7.7 Hz, -CONH-), 
5.06 (dt, 3H, J = 7.7, 6.3 Hz, -CHCH2Ph), 3.76 (s, 9H, -COOCH3), 3.29 (dd, 3H, J = 13.9, 5.9 Hz, 
H-CHCH2Ph), 3.20 (dd, 3H, J = 13.9, 6.6 Hz, H-CHCH2Ph) ppm. 13C-NMR (CDCl3) : 172.6, 165.4, 
136.2, 134.7, 129.3, 128.8, 128.7, 127.3, 54.4, 52.7, 38.0 ppm. FT-IR:  = 3219, 3057, 3030, 2951, 1746, 
1634, 1557, 1544, 1496, 1454, 1432, 1331, 1311, 1218, 1168, 1100, 1045, 978 cm-1. MALDI-TOF-MS: 
Calculated M = 693.27 g/mol, observed m/z = 716.23 [M + Na]+, 694.21 [M + H]+. Elemental Analysis: 
C39H39N3O9 (693.74) calcd. C: 67.52, H: 5.67, N: 6.06, O: 20.76; Obs: C: 66.24, H: 5.66, N: 5.57. 

N,N',N''-Tris[((S)-benzyl)carboxymethyl]benzene-1,3,5-tricarboxamide (3) 
Compound 2 (4.90 g, 7.1 mmol) was dissolved in MeOH (140 mL) and a solution of 4.0 M LiOH 
(5.7 mL, 22.8 mmol) was added while stirring at 0 °C. A color change to pale yellow and the formation of 
a white precipitate were observed. Stirring was continued at r.t and after a few h, a clear, colorless 
solution was obtained again. The conversion was followed by means of 1H-NMR and after complete 
conversion (60 h required), the reaction mixture was concentrated to half of the original volume and 
poured into H2O (300 mL). The pH was adjusted to 2 by careful addition of 37 wt% HCl. The precipitate 
was dissolved in EtOAc (125 mL) and the aqueous phase was extracted with EtOAc (2 × 125 mL). The 
combined organic phases were washed with 1 M HCl (125 mL) and dried over Na2SO4. After filtration, 
the solvent was removed in vacuo and the isolated product was dried overnight at 60 °C under vacuum to 
give 3 as a white powder in quantitative yield (4.75 g, 3 wt% residual EtOAc). 1H-NMR (DMSO-d6)  : 
12.82 (s, 3H, -COOH), 8.96 (d, 3H, J = 8.2 Hz, -NHCO-), 8.33 (d, 3H, J = 6.6 Hz, -ArH (core)), 
7.33-7.15 (m, 15H, -CH2Ph), 4.67 (m, 3H, -CHCH2Ph), 3.20 (dd, 3H, J = 13.5, 4.0 Hz, H-CHCH2Ar), 
3.20 (dd, 3H, J = 13.5, 10.7 Hz, H-CHCH2Ar) ppm. 13C-NMR (CDCl3) : 173.0, 165.6, 165.5, 138.0, 
134.4, 134.4, 129.1, 129.0, 128.3, 128.2, 126.4, 54.3, 36.2 ppm. FT-IR:  = 3335, 3063, 3029, 173, 1635, 
1521, 1410, 1265, 122, 1100, 736, 698 cm-1. MALDI-TOF-MS: Calculated M = 651.22, observed 
m/z = 690.32 [M + K]+, 674.33 [M + Na]+, 652.30 [M + H]+. Elemental analysis:  C36H33N3O9 (651.66) 
Calcd: C: 66.35 H: 5.10 N: 6.45 Obs: C: 65.17 H: 5.19 N: 6.04. 

Thermolysin-catalyzed synthesis of dipeptide 4 
Compound 1 (13.7 mg, 50.9 mol) and L-PheOMe·HCl (32.9 mg, 153 mol, 3.0 eq.) were suspended in 
H2O (0.5 mL). The starting materials were completely dissolved by adjustment of the pH to 7.0 by 
addition of 0.500 M NaOH and 0.100 M HCl. A solution of thermolysin in H2O (1.00 mg/mL, 0.52 mL) 
was added and the contents were well mixed and the total volume was adjusted to 2.5 mL. The reaction 
mixture was stored overnight at r.t., after which the reaction mixture had solidified. The reaction mixture 
was diluted with H2O (3 mL) and extracted with EtOAc (3 × 2 mL). The combined organic layers were 
dried over Na2SO4 and the solvent was removed in vacuo to give crude dipeptide 4, which was purified 
by column chromatography over SiO2 (Heptane/EtOAc 1:1, Rf = 0.25) (22.0 mg, 100%). 1H-NMR 
(CDCl3) : ppm 7.76-7.60 (m, 2H, -Ph), 7.51 (tt, 1H, J = 7.4, 2.0 Hz, -Ph), 7.43 (tt, 2H, J = 7.4, 2.0 Hz, 
-Ph), 7.32-7.20 (m, 5H, -Ph), 7.17-7.11 (m, 3H, -Ph), 7.01-6.92 (m, 2H, -Ph), 6.72 (d, 1H, J = 7.5 Hz, 
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-CONH-), 6.32 (d, 1H, J = 7.6 Hz, -CONH-), 4.83 (ddd, 1H, J = 7.5, 7.5, 6.2 Hz, -CH-), 4.76 (ddd, 1H, 
J = 7.6, 6.7, 5.6 Hz, -CH-), 3.70 (s, 3H, -COOCH3), 3.21 (dd, 1H, J = 13.8, 6.2 Hz, H-CH2Ph), 3.12 (dd, 
1H, J = 13.8, 7.5 Hz, H-CH2Ph), 3.08 (dd, 1H, J = 13.8, 5.6 Hz, H-CH2Ph), 2.98 (dd, 1H, J = 13.8, 6.7 
Hz, H-CH2Ph) ppm. 13C-NMR (CDCl3) : 171.4, 170.5, 167.2, 136.5, 135.6, 133.8, 132.0, 129.6, 129.3, 
128.8, 128.7, 128.7, 127.2 (2 signals), 54.7, 53.6, 52.51, 38.2, 38.0 ppm. FT-IR:  = 3298, 3060, 3029, 
2950, 2928, 2858, 1737, 1631, 1603, 1526, 1490, 1447, 1436, 1275, 1241, 1029, 749, 667, 691 cm-1. 
MALDI-TOF-MS Calculated M = 430.19 g/mol, observed m/z = 453.19 [M + Na]+, 431.20 [M + H]+ 
g/mol. 

Thermolysin-catalyzed synthesis of dipeptide 5 
The procedure as described above for the preparation of 4 was followed using: 3 (9.9 mg, 15.2 mol), 
L-PheOMe·HCl (30.0 mg, 139 mol, 3.1 eq.) and thermolysin (1.00 mg) in a total volume of 2.3 mL. No 
precipitate formation was observed within 21 days and no significant amounts of peptide coupling 
products could be identified by LC-MS analysis of an aliquot of the reaction mixture (<10% of mono- and 
<5% of disubstituted 3, m/z = 812.92 and 973.83, respectively). 

Synthesis and DKR of 2-phenyl-4-benzyloxazol-5(4H)-one (6) 

2-Phenyl-4-benzyloxazol-5(4H)-one (6)29c 
Under an argon atmosphere, N-benzoyl-L-phenylalanine (8.0 g, 29.7 mmol) was suspended in dry DCM 
(150 mL) at 0 °C and EDC (5.6 g, 29.7 mmol, 1 eq.) was added at once. Stirring was continued at 0 °C 
for 3 h, after which the reaction mixture was extracted with cold H2O (2 × 80 mL), sat. NaHCO3 (3 × 80 
mL), H2O (80 mL) and brine (80 mL). The organic phase was dried over MgSO4, filtered and the solvent 
was removed in vacuo to give crude 6 (4.4 g, 18.5 mmol, 62%). The product was recrystallized from 
Et2O/n-hexane (1:1, 50 mL), filtered over a Büchner funnel, and dried to the air under suction to give pure 
6 (3.96 g, 15.8 mmol, 53%). The product was stored under argon at -20 °C. 1H-NMR (CDCl3)  : 7.93 (d, 
2H, J = 7.9 Hz, -Ph), 7.55 (t, 1H, J = 7.3 Hz, -Ph), 7.45 (t, 2H, J = 7.7 Hz, -Ph), 7.30-7.18 (m, 5H, -Ph), 
4.69 (dd, 1H, J = 6.7, 5.3 Hz, -NCHR-), 3.38 (dd, 1H, J = 14.0, 5.3 Hz, H-CH2Ph), 3.19 (dd, 1H, 
J = 14.0, 6.7 Hz, H-CH2Ph) ppm. 13C-NMR (CDCl3) : 177.2, 161.8, 135.4, 129.7, 128.9, 128.5, 128.0, 
127.3, 125.9, 66.7, 37.5 ppm. FT-IR:  = 1825, 1812, 1800, 1646, 1295, 1079, 1047, 1022, 999, 922, 901, 
880, 780, 756, 691 cm-1. Elemental analysis: C16H13NO2 (251.28) Calcd: C: 76.48 H: 5.21 N: 5.57 Obs: 
C: 76.39 H: 4.88 N: 5.52. 

(R)- and (S)-N-Benzoylphenylalanine octyl ester (R)-7 and (S)-7 
Under an argon atmosphere, (R)- or (S)-phenylalanine octyl ester12d (1.10 g, 4.18 mmol) and Et3N (0.42 g, 
4.18 mmol) were dissolved in dry DCM (50 mL) and cooled to 0 °C. A solution of benzoyl chloride 
(0.76 g, 5.43 mmol) in dry DCM (5.0 mL) was added dropwise over a 20 min interval. The reaction 
mixture was allowed to warm to r.t. and stirring was continued overnight. The reaction mixture was 
diluted with CHCl3 (30 mL) and washed with 1.0 M HCl (3 × 50 mL), H2O (50 mL), 10 wt% Na2CO3 
solution (3 × 50 mL), H2O (2 × 50 mL) and brine (50 mL). The organic layer was dried over MgSO4, 
filtered and the solvent was removed in vacuo to give crude 7 (0.78 g, 48%). Part of the crude product 
was purified by column chromatography over silica gel (EtOAc/heptane 2:1, Rf = 0.25). 1H-NMR 
(CDCl3) : 7.73 (d, 2H, J = 7.4 Hz, -Ph), 7.58-7.45 (m, 1H, -Ph), 7.45-7.39 (m, 2H, -Ph), 7.33-7.20 (m, 
3H, -Ph), 7.14 (d, 2H, J = 6.4 Hz, -Ph), 6.59 (d, 1H, J = 7.4 Hz, -CONH-), 5.08 (dt, 1H, J = 7.4, 5.7 Hz, 
-CHCH2Ph), 4.15 (dt, 1H, J =10.7, 6.7 Hz, H-COOCH2-4.12 (dt, 1H, J = 10.7, 6.7 Hz, 
H-COOCH2-), 3.28 (dd, J = 13.8, 6.0 Hz, H-CHCH2Ph), 3.28 (dd, J = 13.8, 5.3 Hz, H-CHCH2Ph), 
1.67-1.52 (m, 2H, -COOCH2CH2-), 1.35-1.23 (m, 10H, -CH2-), 0.88 (t, 3H, J = 7.0 Hz, -CH3) ppm. 
13C-NMR (CDCl3)  171.8, 166.9, 136.1, 134.1, 131.8, 129.5, 128.7, 128.7, 127.2, 127.1, 65.9, 53.7, 
38.1, 31.9, 29.3 (2 signals), 28.6, 26.0, 22.8, 14.2 ppm. FT-IR :  = 3303, 2954, 2921, 2851, 1734, 1642, 
1532, 1275, 1220, 1179, 772, 751, 693 cm-1. 
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(D)KR of 2-phenyl-4-benzyloxazol-5(4H)-one (6) with octan-1-ol 
Under an argon atmosphere, oxazolone 6 (typically 50 mg, 0.20 mmol) was weighed into a Schlenk tube. 
A stock solution of toluene or MCH (4.0 mL) containing octan-1-ol (0.100 mmol/mL) and, in case of the 
DKR experiments, Et3N (0.0125 mmol/mL) was added. The reaction mixture was heated to 37 °C using a 
pre-heated hotplate for 10 min, after which Novozym 435 was added (0.6-1.0 mass eq. with respect to 6). 
During the reaction, 50 L aliquots were taken from the reaction mixture and dissolved in 
n-hexane/propan-2-ol (9:1, 1.0 mL) for chiral HPLC analysis (90:10 n-hexane/propan-2-ol,  = 225 nm). 
The retention times matched the values for separately prepared optically pure samples (synthesis 
described below) of (R)-7 (tR = 7.54 min) and (S)-7 (tR = 8.33 min). The degree of conversion was 
estimated from the peak ratio of the starting material and product, assuming that oxazolone/product = 0.20.45 
The two DKR reactions were worked up after 5 h by filtration of the enzyme, washing of the enzyme 
resin with CHCl3 (2 × 2 mL) and removal of combined filtrates to give crude (S)-7 as a solid residue 
(65-80 mg) in > 90% purity according to 1H-NMR. A small amount of hydrolyzed oxazolone (5 mol%) 
was observed. 1H-NMR data of the crude product were in correspondence with the data for separately 
prepared samples of optically pure 7. No further purification or analyses were performed on the isolated 
materials. 

(D)KR of 2-phenyl-4-benzyloxazol-5(4H)-one (6) with BTA 8 as nucleophile (10) 
All glassware was dried before use and all reactions were performed under an argon atmosphere. 
Oxazolone 6 (75.9 mg, 0.30 mmol) and hydroxy functional BTA 8 (145.3 mg, 0.30 mmol) were weighed 
into a Schlenk tube and dissolved in dry toluene (10 mL). The mixture was heated to 70 °C to completely 
dissolve the BTA, after which the hot solution was divided over two Schlenk tubes. Toluene containing 
Et3N (37.5 mmol/mL, 1.0 mL) or pure toluene (1.0 mL) was added in the DKR and KR experiments, 
respectively. Heating was continued for 90 min prior to the addition of dry Novozym 435 (typically 
25 mg), after which the reaction mixtures were stirred at 70 °C. The degree of oxazolone conversion was 
monitored in time by 1H-NMR analysis of 100 L aliquots of the reaction mixture. After 102 h, the 
reaction mixture was filtered over a piece of cotton in a pipette and the residue was washed with CHCl3 

(2 × 2 mL). All volatiles were removed in vacuo to give the crude products in 84 and 95% (KR and DKR, 
respectively) yield as a white, solid residue. The products were purified by means of column 
chromatography over silica gel using EtOAc/n-heptane (1:1) to EtOAc as eluent (Rf = 0.25 and 0.50, 
respectively) and isolated as a glassy, transparent solid. (Analysis data for 10 prepared by KR) 1H-NMR 
(CDCl3)  : 8.45 (s, 3H, -ArH (core)), 7.54 (dd, 2H, J = 8.4, 1.1 Hz, -Ph), 7.48 (tt, 1H, J = 7.5, 1.2 Hz, 
-Ph), 7.38-7.31 (m, 4H, -Ph), 7.30-7.22 (m, 3H, -Ph), 7.16 (t, 1H, J = 5.7 Hz, -CONHCH2CH2O-), 6.82 (t, 
2H, J = 5.6 Hz, -CONHC8H17), 6.72 (d, 1H, J = 6.8 Hz, PhCONH-), 4.83 (ddd, 1H, J = 7.3, 6.8, 6.6 Hz, 
-CHCH2Ph), 4.46-4.38 (m, 1H, H-COOCH2-- (m, 1H, H-COOCH2-), 3.86-3.77 (m, 1H, 
H-CHCH2Ph 3.69-3.58 (m, 1H, H-CHCH2Ph), 3.45-3.20 (m, 6H, -CONHCH2-), 1.50 (m, 4H, 
-CONHCH2CH2-), 1.38-1.22 (m, 20H, -CH2-), 0.88 (t, 6H, J = 7.0 Hz, -CH3) ppm. 13C-NMR (CDCl3) : 
171.4, 169.0, 166.1, 165.8, 135.8, 135.6, 134.6, 133.1, 132.4, 129.2, 129.1, 128.9, 128.1, 127.7, 126.9, 
64.3, 54.8, 40.4, 38.8, 37.1, 31.9, 29.6, 29.3, 29.1, 27.1, 22.7, 14.2 ppm. MALDI-TOF-MS: Calculated M 
= 726.44 g/mol, observed m/z = 749.35 [M + Na]+, 727.34 [M + H]+ g/mol. 

(D)KR of 2-phenyl-4-benzyloxazol-5(4H)-one (6) with BTA 9 as nucleophile (11) 
The procedure was identical as for the DKR with BTA 8 as nucleophile. Used quantities: oxazolone 6 
(77.1 mg, 0.30 mmol), BTA 9 (159.4 mg, 0.30 mmol). The crude product was isolated in 70 and 87% 
yield (KR and DKR, respectively). The crude products were purified by means of column 
chromatography over silica gel using EtOAc/n-heptane (1:1) to EtOAc as eluent (Rf = 0.15 and 0.60, 
respectively) and isolated as a glassy, transparent solid. (Analysis data for 11 prepared by KR) 1H-NMR 
(CDCl3)  : 8.35 (d, 2H, J = 1.4 Hz, -ArH (core)), 8.33 (d, 1H, J = 1.4 Hz, -ArH (core)), 7.69 (d, 2H, 
J = 7.2 Hz, -Ph (benzoyl group)), 7.45-7.38 (t, 1H, J = 7.5 Hz, -Ph (benzoyl group)), 7.35-7.20 (m, 7H, 
-Ph), 7.18 (d, 1H, J = 7.6 Hz, PhCONH-), 6.86 (t, 1H, J = 5.8 Hz, -CONHCH2-), 6.57 (t, 2H, J = 5.6 Hz, 
-CONHC8H17), 5.03 (ddd, 1H, J = 7.6, 6.9, 6.6 Hz, -CHCH2Ph), 4.39-4.31 (m, 1H, H -COOCH2-), 
4.09-4.01 (m, 1H, H-COOCH2-), 3.57-3.43 (m, 6H, -CONHCH2-), 3.27 (dd¸ 1H, J = 13.9, 6.0 Hz, 
H-CH2Ph), 3.23 (dd¸ 1H, J = 13.9, 6.9 Hz, H-CH2Ph), 1.67-1.54 (m, 8H, -CONHCH2CH2- + 
-COOCH2CH2-), 1.40-1.22 (m, 24H, -CH2-), 0.88 (t, 6H , J = 7 Hz, -CH3) ppm. 13C-NMR (CDCl3) : 
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172.7, 167.4, 165.9, 165.8, 136.3, 135.3, 135.1, 133.7, 131.8, 129.4, 128.7, 128.5, 128.2, 128.1, 127.2, 
127.1, 65.0, 54.2, 40.5, 39.4, 37.8, 31.9, 29.6, 29.4, 29.3, 29.2, 28.6, 27.1, 25.6, 24.7, 22.7, 14.2 ppm. 
MALDI-TOF-MS: Calculated M = 782.50 g/mol, observed m/z = 805.21 [M + Na]+, 783.21 [M + H]+ 
g/mol. 

Determination of the enantiomeric excess of compounds 10 and 11 
The desired compound (~15 mg, ~23 mol) was dissolved in MeOH containing p-TosOH·H2O 
(50 mol/mL) to have a final concentration of 50 mol/mL. The mixtures were carefully heated in a 
closed vial to 65 °C for 44 h. Racemic N-benzoyl phenylalanine methyl ester was prepared by heating a 
solution of oxazolone 6 under identical conditions. No racemization of N-benzoyl-L-phenylalanine was 
observed under these conditions. All volatiles were removed in vacuo and the crude N-benzoyl 
phenylalanine methyl ester was purified by means of column chromatography over a small amount of 
silica gel using EtOAc as eluent (Rf = 0.7). After removal of the solvent, part of the material was 
dissolved in n-hexane/propan-2-ol (90:10) and analyzed by chiral HPLC (95:5 n-hexane/propan-2-ol,  = 
225 nm), (R)-N-benzoyl-L-phenyalanine tR = 16.40 min, (S)-N-benzoyl-L-phenyalanine tR = 25.14 min.  

Synthesis and DKR of 1,3,5-tris(4-benzyl-5-oxooxazolin-2-yl)benzene (12) 

1,3,5-Tris(4-benzyl-5-oxooxazolin-2-yl)benzene (12) 
Under an argon atmosphere, triacid 3 (537 mg, 0.82 mmol) was suspended in dioxane (5 mL). Ac2O 
(5 mL) was added and the mixture was stirred at r.t. for 24 h. All volatiles were removed in vacuo using 
an oil pump, while keeping the temperature as low as possible (maximum 30 °C). The residue was 
coevaporated with toluene (2 × 10 mL) and dried under reduced pressure at r.t. to give the product as a 
brittle, off-white foam (522 mg, 97%, containing ~8 wt% residual toluene). An unidentifiable side 
product was present as well. No attempts were undertaken to further purify the crude product. 1H-NMR 
(CDCl3) : 8.59 (m, 3H, -ArH (core)), 7.35-7.15 (m, 15H, -Ph), 4.74 (dd, 3H, J = 6.5, 4.9 Hz, -NCHR-), 
3.40 (dd, 3H, J = 14.0, 4.9 Hz, H-CH2Ph), 3.22 (ddt, 3H, J = 14.0, 6.5, 1.7 Hz, H-CH2Ph) ppm. 
13C-NMR (CDCl3) : 176.7, 160.0, 135.0, 130.6, 129.7, 129.1, 128.6, 127.5, 66.8, 37.3 ppm. 
FT-IR: = 1825, 1654, 1597, 1496, 1555, 1284, 1253, 1139, 1080, 1045, 897, 690. MALDI-TOF-MS: 
(Mono-acetylated 12 and the loss of CO46 are observed next to the expected product mass.) Calculated M 
= 597.12 g/mol, observed m/z = 640.27 [M + AcOH -H2O]+, 598.28 [M]+, 570.33 [M -CO]+, 542.36  
[M -2 CO]+ g/mol. 

DKR of 1,3,5-tris(4-benzyl-5-oxooxazolin-2-yl)benzene (12) with octan-1-ol as nucleophile 
A procedure identical to the DKR of compound 6 was used using the following quantities: 12 (48.9 mg, 
65 mol), dry toluene (4.0 mL) containing octan-1-ol (100 mol/mL) and Et3N (12.5 mol/mL), dry 
Novozym 435 (45 mg). No formation of the expected amide ester was observed by means of 1H-NMR, 
instead the typical oxazolone signal at  = 4.74 ppm completely disappeared and peaks in the aromatic 
region originating from the central benzene core of 12 were significantly broadened. Replacement of Et3N 
by DIPEA induced slower degradation. No ring opening was observed within 24 h in a kinetic resolution 
experiment, when no base was added. 

Synthesis and DKR of mono-oxazolone compounds (19a-c) 
For the preparation of the mono-oxazolone compounds, 3,5-bis(octylaminocarbonyl)benzoic acid (14) 
was used as a common building block. This compound was prepared according to a modified literature 
procedure13a for the desymmetrization of commercially available trimethyl benzene-1,3,5-tricarboxylate 
(Scheme 5.10).  
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Scheme 5.10: Synthesis of 3,5-bis(octylaminocarbonyl)benzoic acid (14). (i) 1) 2.2 mol eq. NaOH, MeOH, 12 h, 
reflux; 2) Aq. HCl; (ii) 2.8 mol eq. oxalyl chloride, THF, argon, 1 h, 0 °C to r.t.; (iii) 2.5 mol eq. n-octylamine, 4.5 mol 
eq. Et3N, DCM, argon, 12h, 0 °C to r.t.; (iv) 1) LiOH, MeOH/H2O, 40 h, r.t.; 2) Aq. HCl.  

5-Methoxycarbonylbenzene-1,3-dicarboxylic acid (22) 
A 1000 mL flask was equipped with a cooler and charged with MeOH (500 mL) and NaOH pellets 
(8.84 g, 221 mmol). After complete dissolution of the NaOH, a suspension of trimethyl benzene-1,3,5-
tricarboxylate (25.25 g, 100 mmol, 0.45 eq.) in MeOH (250 mL) was added. The clear solution was 
refluxed for 12 h and cooled to r.t. Half of the solvent was removed in vacuo, and the reaction mixture 
was poured into 1 M HCl (1300 mL). The aqueous solution was extracted with Et2O (4 × 250 mL) and 
the combined organic layers were washed with 1 M HCl (150 mL) and subsequently dried over MgSO4. 
After filtration, the solvent was removed in vacuo to give a white solid in quantitative yield (23.83 g). To 
remove mono- and triacid side products, the crude product was finely ground, suspended in a mixture of 
CHCl3 (575 mL) and EtOH (5.5 mL) and refluxed for 15 min. The hot solution was filtered over a 
Büchner funnel, after which the grinding and filtration procedure was repeated another five times until no 
side products were present according to LC-MS analysis. The product was dried overnight under reduced 
pressure at 50 °C and obtained as a fine white powder (17.14 g, 76.5 mmol, 76%). 1H-NMR (DMSO-d6) 
: 13.6 (br. s, 2H, -COOH), 8.65 (s, 1H, -ArH), 8.62 (s, 2H, -ArH), 3.94 (s, 3H, -COOCH3) ppm. 
13C-NMR (DMSO-d6)  : 165.7, 164.8, 133.9, 133.4, 132.1, 130.7, 52.7 ppm. FT-IR:  = 1714, 1702, 
1410, 1267 cm-1. Elemental analysis:  C10H8O6 (224.17) Calcd: C: 53.58 H: 3.60 Obs: C: 49.38 H: 3.85. 
(The observed elemental analysis data are in better correspondence with the monohydrate of 22 
C10H8O6·H2O (242.18) Calcd: C: 49.59 H: 4.16). 

Methyl 3,5-dichlorocarbonylbenzoate (23) 
Under an argon atmosphere, 5-methoxycarbonyl-benzene-1,3,-dicarboxylic acid (22) (3.12 g, 13.9 mmol) 
was dissolved in dry THF (15 mL) and DMF (2 drops) was added. Oxalyl chloride (5.01 g, 39.5 mmol, 
2.8 eq.) was dissolved in dry THF (15 mL) and slowly added over a 25 min interval while stirring at 0 °C. 
The reaction mixture was stirred at r.t. for another 30 min after which all volatiles were removed under 
reduced pressure. Compound 23 was obtained as a light yellow solid in quantitative yield (3.97 g) and 
directly used without further workup. 1H-NMR (CDCl3) : 9.03 (d, 1H, J = 1.6 Hz, -ArH), 8.98 (m, 2H, 
J = 1.6 Hz, -ArH), 4.04 (s, 3H, -COOMe) ppm. 13C-NMR (CDCl3) : 166.8, 164.2, 137.6, 136.8, 135.1, 
132.8, 53.4 ppm. FT-IR:  = 1757, 1729, 1600, 1446, 1431, 1307, 1210, 1143 cm-1. According to 
1H-NMR and 13C-NMR measurements, approximately 10% of 1,3,5-benzenetricarbonyl trichloride was 
present as contamination from the starting material, although no trimesic acid was visible during LC-MS 
analysis. 

Methyl 3,5-bis(octylaminocarbonyl)benzoate (24) 
Under an argon atmosphere, methyl 3,5-bis-chlorocarbonyl-benzoate (23) (3.97 g, 12.4 mmol) was 
dissolved in dry DCM (50 mL). While stirring at 0 °C, a solution of n-octylamine (3.97 g, 30.7 mmol, 2.5 
eq.) and Et3N (5.65 g, 55.9 mmol, 4.5 eq.) in dry DCM (50 mL) was added over a 30 min interval. 
Stirring was continued overnight while allowing the solution to warm to r.t. The clear, yellow reaction 
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mixture was diluted with DCM (30 mL) and washed with 0.1 M HCl (3 × 50 mL) and brine (70 mL). 
When required, more DCM and water were added to improve the phase separation. The combined organic 
layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo to give a yellow oil that 
slowly crystallized. The crude product was recrystallized from EtOAc (25 mL) and placed at –20 °C to 
induce crystallization. Filtration over a Hirsch funnel and washing with cold EtOAc (3 × 5 mL) gave 
compound 24 as an off-white powder. (3.72 g, 8.3 mmol, 67% combined yield from three crops). 
1H-NMR (CDCl3) : 8.52 (d, 2H, J = 1.6 Hz, -ArH), 8.41 (t, 1H, J = 1.6 Hz, -ArH), 6.36 (t, 2H, J = 4.9 
Hz, -CONH-), 3.97 (s, 3H, -COOCH3), 3.47 (dt, 4H, J = 7.1, 6.7 Hz, -CONHCH2-), 1.77-1.52 (m, 4H, 
-CONHCH2CH2-), 1.46-1.19 (m, 20H, -CH2-), 0.88 (t, 6H, J = 6.7 Hz, -CH3) ppm. 13C-NMR (CDCl3) : 
165.9, 165.8, 135.7, 131.1, 130.48, 129.9, 52.8, 40.6, 31.9, 29.7, 29.4, 29.3, 27.1, 22.8, 14.2 ppm. FT-IR: 
 = 3261, 3089, 2956, 2921, 2852, 1730, 1661, 1633, 1598, 1561, 1466, 1439, 1388, 1324, 1268, 1259, 
1199, 1179, 990, 916, 710, 700 cm-1. MALDI-TOF-MS: Calculated M = 446.31 g/mol, observed 
m/z = 469.15 [M + Na]+, 447.18 [M + H]+ g/mol. 

3,5-Bis(octylaminocarbonyl)benzoic acid (14) 
A 100 mL flask was equipped with a stirring bar and methyl ester 24 (2.31 g, 5.18 mmol) was dissolved 
in MeOH (50 mL). Solid LiOH·H2O (325.8 mg, 7.77 mmol, 1.5 eq.) was added, after which a white 
precipitate formed. After addition of H2O (2.6 mL), the precipitate slowly redissolved and a clear solution 
was obtained. The reaction mixture was stirred at r.t. until all methyl ester was hydrolyzed according to 
1H-NMR analysis (complete conversion after 40 h). The product was precipitated in 1 M HCl (400 mL), 
filtered over a Büchner funnel, washed with 1 M HCl (3 × 10 mL) and dried overnight under vacuum at 
50 °C. Compound 14 was isolated as a fine white powder (1.98 g, 4.59 mmol, 89%). 1H-NMR 
(CDCl3:MeOD-d4 98:2 v/v) : 8.50 (s, 2H, -ArH), 8.38 (s, 1H, -ArH), 7.06-6.82 (br. s., 2H, -CONH-), 
3.43 (t, 4H, J = 7.1 Hz, -CONHCH2-), 1.66-1.56 (m, 4H, -CONHCH2CH2-), 1.44-1.17 (m, 20H, -CH2-), 
0.86 (t, 6H, J = 6.2 Hz, -CH3) ppm. 13C-NMR (DMSO-d6) : 166.5, 164.9, 135.3, 131.2 130.3, 130.1 39.4 
31.24, 28.9, 28.7, 28.6, 26.5, 22.1, 13.9 ppm. FT-IR:  = 3323, 3075, 2956, 2923, 2854, 1702, 1642, 
1596, 1538, 1450, 1288, 1235, 1182 cm-1. MALDI-TOF-MS:  Calculated M = 432.30 g/mol, observed 
m/z = 455.18 [M + Na]+, 433.20 [M + H]+. Elemental analysis: C25H40N2O4 (432.60) Calcd: C: 69.41 
H: 9.32 N: 6.48 Obs: C: 69.49 H: 9.20 N: 6.48. 

3,5-Bis(octylaminocarbonyl)benzoyl chloride (15) 
Under an argon atmosphere, 1-chloro-N,N,2-trimethylpropenylamine (194 mg, 1.45 mmol, 200 L, 
1.45 eq.) was dissolved in dry DCM (10 mL). Compound 14 (431 mg, 1.00 mmol) was added divided 
over 3 portions. New carboxylic acid was added as soon as a clear solution was obtained. After complete 
addition of 14, stirring was continued for 1 h at r.t. All volatiles were removed in vacuo and crude 15 was 
quantitatively obtained as a off-white solid together with N,N-dimethylisobutyramide (total mass: 
575 mg). The product was directly used without any further purification. 1H-NMR (CDCl3) : 8.59 (s, 2H, 
-ArH), 8.51 (s, 1H, -ArH), 6.39 (s, 1H, -CONH-), 3.58-3.39 (dt, 4H, J = 6.8, 6.4 Hz, -CONHCH2-), 
1.71-1.59 (m, 4H, -CONHCH2CH2-), 1.45-1.21 (m, 20H, -CH2-), 0.89 (t, 6H, J = 6.6 Hz, -CH3) ppm. 
13C-NMR (CDCl3) : 167.7, 165.4, 136.0, 134.0, 132.4, 132.0, 40.7, 31.9, 29.6, 29.4, 29.3, 27.2, 22.7, 
14.2 ppm. FT-IR (crude product):  = 3289, 3075, 2956, 2926, 2855, 1761, 1640, 1543, 1466, 1437, 
1292, 1216, 1130, 977, 910, 732 cm-1. Additional peaks from the N,N-dimethylisobutyramide side 
product are also visible in the 1H-NMR (CDCl3) : 3.00 (s, 6H, -N(CH3)2) 2.83 (h, 1H, J = 6.9 Hz, 
-CH(CH3)2), 1.13 (d, 6H, J = 6.7 Hz, -CH(CH3)2) and 13C-NMR (CDCl3)  177.5, 30.3, 29.5, 19.3 ppm. 

General procedure for the synthesis of compounds 17a-c 

Methyl (S)-2-benzyl-N-(3,5-bis[octylaminocarbonyl]phenylcarbonyl)-2-aminoacetate (17a) 
A 3-necked 50 mL flask was equipped with a rubber septum, stirring bar, addition funnel, and gas inlet 
and the setup was thoroughly dried. Under an argon atmosphere, acid chloride 15 (595 mg, 1.00 mmol) 
was dissolved in a dry DCM (4.0 mL) and cooled to 0 °C. A solution of L-phenylalanine methylester 
hydrochloride (226 mg, 1.2 mmol) and Et3N (275 mg, 2.7 mmol) in DCM (16 mL) was added dropwise 
over 30 min. Stirring was continued for 24 h while allowing the solution to warm to r.t. The reaction 
mixture was diluted with DCM (10 mL), washed with 1 M HCl (3 × 25 mL), and brine (25 mL). After 
each of the extraction steps, the aqueous phase was back-extracted with DCM (5 mL). The combined 
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organic layers were dried over Na2SO4, filtered and the solvent was removed in vacuo to give crude 17a 
as a sticky solid (isolated mass: 632.2 mg). The product was purified by column chromatography over 
flash silica gel using EtOAc/heptane (1:1 v/v) as eluent (Rf = 0.15) and isolated as a white solid/foam 
(297 mg, 50%). An additional amount of 17a was isolated as a mixture with ~23 mol%  
N,N',N''-trioctylbenzene-1,3,5-tricarboxamide (Rf = 0.20), which was present as a contamination in the 
starting material (total isolated mass of mixed fraction: 229 mg). 1H-NMR (CDCl3) : 8.30 (t, 1H, 
J = 1.6 Hz, -ArH (core)), 8.22 (d, 2H, J = 1.3 Hz, -ArH (core)) 7.34-7.23 (m, 3H, -Ph), 7.20-7.16 (d, 2H, 
J = 7.1 Hz, -Ph), 6.94 (d, 1H, J = 7.8 Hz, -CONHCH-), 6.43 (t, 2H, J = 5.5 Hz, -CONHCH2-), 5.07 (dd, 
1H, J = 6.3, 6.2 Hz, -CHCH2Ph), 3.78 (s, 3H, -COOCH3), 3.46 (dt, 4H, J = 6.9, 6.8 Hz, -CONHCH2-), 
3.30 (dd, 1H, J = 13.9, 6.4 Hz, H-CHCH2Ar ), 3.22 (dd, 1H, J = 13.9, 6.4 Hz, H-CHCH2Ar), 
1.69-1.55 (m, 4H, -NHCH2CH2-), 1.49-1.11 (m, 20H, -CH2-), 0.88 (t, 6H, J = 6.7 Hz, -CH3) ppm. 
13C-NMR (CDCl3) : 172.0, 165.7, 165.6, 135.9, 135.7, 134.6, 129.4, 128.9, 128.6, 128.1, 127.5, 54.2, 
52.7, 40.6, 38.1, 32.0, 29.7, 29.4, 29.3, 27.2, 22.8, 14.2 ppm. FT-IR:  = 3239, 3064, 2954, 2925, 2855, 
1751, 1635, 1555, 1498, 1456, 1435, 1297, 1215, 1204, 1179, 1102, 991, 908, 711, 723, 693 cm-1. 
MALDI-TOF-MS (DCTB): Calculated M = 593.38 g/mol, observed m/z = 632.18 [M + K]+, 616.23  
[M + Na]+, 594.23 [M + H]+. Elemental analysis: C35H51N3O5 (593.80) Calcd: C: 70.79 H: 8.66 N: 7.08 
Obs: C: 70.56 H: 8.40 N: 6.31. 

rac-N-[3,5-Bis(octylaminocarbonyl)benzoyl]-2-aminopropanoate (17b) 
Compound 17b was synthesized according to the procedure for 17a from acid chloride 15 (288 mg, 
0.5 mmol) and DL-alanine ethyl ester hydrochloride (94 mg, 0.61 mmol, 1.2 eq.). More DCM (12.5 mL) 
and Et3N (202 mg, 2.0 mmol, 4 eq.) were needed to dissolve all alanine ethyl ester hydrochloride. The 
crude product was purified by column chromatography over flash silica gel using EtOAc heptane 
(1:2 v/v) as eluent (Rf = 0.25). Pure 17b was isolated as a white sticky solid in moderate yield (169 mg, 
64%). 1H-NMR (CDCl3) : 8.26 (s, 3H, -ArH), 7.21 (d, 1H, J = 7.2 Hz, -CONHCH-), 6.50 (t, 2H,  
J = 5.4 Hz, -CONHCH2-), 4.76 (p, 1H, J = 7.4 Hz, -CONHCH-), 4.26 (q, 2H, J = 6.9 Hz, -COOCH2CH3), 
3.46 (dt, 4H, J = 6.6, 6.5 Hz, -CONHCH2-), 1.69-1.58 (m, 4H, -CONHCH2CH2-), 1.56 (d, 3H, J = 7.1 Hz, 
-NHCH(R)CH3-), 1.45-1.19 (m, 20H, -CH2-), 0.89 (t, 6H, J = 6.1 Hz, -CH3) ppm. 13C-NMR (CDCl3) : 
173.4, 166.0 (2 signals), 135.6, 134.7, 128.4, 128.1, 61.9, 49.1, 40.6, 32.0, 29.7, 29.4 (2 signals), 27.2, 
22.8, 18.0, 14.3, 14.2 ppm. FT-IR:  = 3238, 3070, 2958, 2925, 2855, 1747, 1630, 1553, 1457, 1379, 
1297, 1261, 1195, 1158, 1133, 1097, 1053, 1024, 907, 800, 704, 690 cm-1. MALDI-TOF-MS: Calculated 
M = 531.37 g/mol, observed m/z = 570.26 [M + K+]+, 554.28 [M + Na+]+, 532.30 [M + H+]+. Elemental 
analysis: C30H49N3O5 (531.73) Calcd: C: 67.76 H: 9.29 N: 7.90 Obs: C: 67.54 H: 9.21 N: 7.65. 

Ethyl N-[3,5-bis(octylaminocarbonyl)benzoyl]-2-aminoacetate (17c) 
Compound 17c was synthesized according to the procedure for 17a from acid chloride 15 (288 mg, 
0.5 mmol) and glycine ethyl ester hydrochloride (85 mg, 0.61 mmol, 1.2 eq.). More DCM (12.5 mL) and 
Et3N (202 mg, 2.0 mmol, 4 eq.) were needed to dissolve all glycine ethyl ester hydrochloride. The crude 
product was purified by column chromatography over flash silica gel using EtOAc/heptane (1:2 v/v) as 
eluent (Rf = 0.20). Pure 17c was isolated as a white sticky solid in good yield (215 mg, 83%). 1H-NMR 
(CDCl3) : 8.24 (s, 3H, -ArH), 7.33 (t, 1H, J = 5.2 Hz, -CONHCH2-), 6.52 (t, 2H, J = 5.0 Hz, 
-CONHCH2-), 4.28 (q, 2H, J = 6.0 Hz, -COOCH2CH3), 4.26 (d, 2H, J = 5.2 Hz, -CONHCH2-), 1.72-1.59 
(m, 4H, -CONHCH2CH2-), 1.44-1.21 (m, 20H, -CH2-), 0.88 (t, 6H, J = 6.1 Hz, -CH3) ppm. 13C-NMR 
(CDCl3) : 170.5, 166.7, 166.0, 135.6, 134.6, 128.4, 128.1, 61.9, 42.1, 40.6, 32.0, 29.7, 29.5, 29.4, 27.2, 
22.8, 14.3, 14.2 ppm. FT-IR:  = 3301, 3074. 29656, 2925, 2855, 1753, 1641, 1596, 1533, 1466, 1436, 
1373, 1352, 1329, 1293, 1188, 1082, 1028, 916, 803, 694 cm-1. MALDI-TOF-MS: Calculated  
M = 517.35 g/mol, observed m/z = 540.29 [M + Na]+, 518.31 [M + H]+. Elemental analysis: C29H47N3O5 
(517.70) Calcd: C: 67.28 H: 9.15 N: 8.12 Obs: C: 67.01 H: 9.15 N: 7.85. 

General procedure for the synthesis of compounds 18a-c 

(S)-2-Benzyl-N-[3,5-bis(octylaminocarbonyl)benzoyl]-2-aminoacetic acid (18a) 
Methyl ester 17a (84 mg, 0.14 mmol) was dissolved in MeOH (4.5 mL) after which LiOH·H2O (10 mg, 
0.23 mmol, 1.7 eq.) and H2O (1 mL) were added. The reaction mixture was stirred at r.t. until all methyl 
ester was hydrolyzed according to 1H-NMR analysis. The product was precipitated in 1 M HCl (20 mL), 
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filtered over a Büchner funnel and washed with 1 M HCl (2 × 1.5 mL). Compound 18a was dried 
overnight under vacuum at 50 °C and isolated as a white powder (57 mg, 70%). 1H-NMR (CDCl3) : 8.49 
(s, 2H, -ArH (core)), 8.39 (s, 1H, -ArH (core)), 7.92 (d, 1H, J = 8.0 Hz, -CONHCH-), 7.31-7.14 (m, 5H, 
-Ph), 6.67 (t, 2H, J = 5.5 Hz, -CONHCH2-), 5.17 (dd, 1H, J = 7.4, 7.2 Hz, -CONHCH-), 3.44 (m, 4H, 
-CONHCH2-), 3.52-3.35 (m, 4H, CONHCH2-), 3.26 (dd, 1H, J = 13.9, 5.2 Hz, H-CH2Ph), 3.27 (dd, 1H, 
J = 13.9, 7.0 Hz, H-CH2Ph), 1.67-1.49 (m, 4H, -CONHCH2CH2-), 1.42-1.20 (m, 20H, -CH2-), 0.88  
(t, 6H, J = 6.5 Hz, -CH3) ppm. 13C-NMR (CDCl3)  : 173.5, 166.7, 165.7, 136.5, 135.1, 134.4, 129.7, 
129.6, 128.6, 127.1, 53.8, 40.7, 39.1, 31.9, 29.5, 29.4, 29.3, 27.1, 22.7, 14.2 ppm. FT-IR:   = 3262, 3064, 
2955, 2925, 2855, 1723, 1637, 1592, 1537,1499,1455, 1441, 1377, 1295, 1214, 1100, 1031, 910, 723. 
697cm-1. MALDI-TOF-MS: Calculated M= 579.37 g/mol, observed m/z = 1197.55 [2M + K]+, 602.23 
[M + Na]+, 580.24 [M + H]+. Elemental analysis:  C34H49N3O5 (579.77) Calcd: C: 70.44 H: 8.52 N: 7.25 
Obs: C: 70.45 H: 8.46 N: 7.25. 

N-[3,5-Bis(octylaminocarbonyl)benzoyl]-2-aminopropanoic acid (18b) 
Compound 18b was synthesized according to the procedure for 18a by hydrolysis of ethyl ester 17b 
(153 mg, 0.29 mmol) using LiOH·H2O (19.2 mg, 0.46 mmol, 1.6 eq.) in MeOH/H2O (6.0 and 2.5 mL, 
respectively). Carboxylic acid 18b was isolated as a white powder (123 mg, 85%). 1H-NMR (DMSO-d6) 
: 12.67 (br. s, 1H, -COOH), 8.90, (d, 1H, J = 7.2 Hz, -CONHCH-), 8.66 (t, 2H, J = 5.5 Hz, 
-CONHCH2-), 8.41 (br. d, 2H, J = 1.1 Hz, -ArH (core)), 8.38 (s, 1H, -ArH (core)), 4.45 (dq, 1H, J = 7.3, 
7.2 Hz, -CONHCH-), 3.28 (dt, 4H, J = 6.7, 5.5 Hz, -CONHCH2-), 1.67-1.52 (m, 4H, -CONHCH2CH2-), 
1.47 (d, 3H, J = 7.3 Hz, -CHCH3-), 1.43-1.23 (m, 20H, -CH2-), 0.91 (t, 6H, J = 6.6 Hz, -CH3) ppm. 
13C-NMR (DMSO-d6) : 174.1, 165.5, 165.4, 135.2, 134.3, 128.6, 48.3, 39.4, 31.3, 29.1, 28.8, 28.7, 26.5, 
22.1, 16.9, 14.0 ppm. FT-IR:  = 3239, 3072, 2955, 2925, 2855, 1730, 1633, 1590, 1549, 1457, 1377, 
1295, 1277, 1221, 1164, 1098, 1041, 936, 912, 841, 801, 694 cm-1. MALDI-TOF-MS:  Calculated  
M = 503.34 g/mol, observed m/z = 542.22 [M + K]+, 526.24 [M + Na]+, 504.25 [M + H]+. Elemental 
analysis: C28H45N3O5 (503.67) Calcd: C: 66.77 H: 9.01 N: 8.34 Obs: C: 65.97 H: 8.68 N: 8.08. 

N-[3,5-bis(octylaminocarbonyl)phenylcarbonyl]-2-aminoacetic acid (18c) 
Compound 18c was synthesized according to the procedure for 18a by hydrolysis of ethyl ester 17c 
(198 mg, 0.38 mmol) using LiOH·H2O (24.3 mg, 0.58 mmol, 1.5 eq.) in a MeOH/H2O mixture (6.5 and 
2.0 mL, respectively). Carboxylic acid 18c was isolated as a white powder (167 mg, 89%). 1H-NMR 
(DMSO-d6) : 8.98 (br. t, 1H, J = 5.2 Hz, -CONHCH2COOH), 8.67 (t, 2H, J = 5.2 Hz, -CONHCH2-), 
8.40 (s, 2H, -ArH (core)), 8.39 (s, 1H, -ArH (core)), 5.65 (d, 2H, J = 5.7 Hz, -CONHCH2COO-), 3.26 (dd, 
4H, J = 6.6, 6.5 Hz, -CONHCH2-), 1.60-1.47 (m, 4H, -CONHCH2CH2-), 1.37-1.20 (m, 20H, -CH2-), 0.85 
(t, 6H, J = 6.5 Hz, -CH3) ppm. 13C-NMR (DMSO-d6) : 171.1, 165.8, 165.3, 135.3, 134.2, 128.6, 128.4, 
41.4, 31.3, 29.0, 28.8, 28.7, 26.5, 22.1, 14.0 ppm (1 signal missing due to overlap with solvent peak). 
FT-IR:  = 3251, 3074, 2956, 2924, 2855, 1742, 1642, 1623, 1546, 1466, 1434, 1407, 1377, 1298, 1256, 
1191, 1079, 1019, 911,722, 690 cm-1. MALDI-TOF-MS: Calculated M= 489.32 g/mol, observed 
m/z = 528.22 [M + K+]+, 512.25 [M + Na]+, 490.27 [M + H]+. Elemental analysis: C27H43N3O5 (489.65) 
Calcd: C: 66.23 H: 8.85 N: 8.58 Obs: C: 64.58 H: 8.62 N: 7.77. 

General procedure for the synthesis of 19a-c 

2-[3,5-Bis(octylaminocarbonyl)phenyl]-4-benzyloxazol-5(4H)-one (19a) 
Under an argon atmosphere, carboxylic acid 18a (29.7 mg, 0.051 mmol) was suspended in dry DCM 
(1.0 mL) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (16.1 mg, 0.084 
mmol) was added at once while stirring at 0 °C. After 1 h a clear, light yellow colored solution was 
obtained. The reaction mixture was diluted with DCM (2 mL), extracted with H2O (2 × 3 mL), and sat. 
NaHCO3 (2 × 3 mL). After each extraction, the aqueous layer was back-extracted with DCM (1 mL). The 
combined organic layers were dried over Na2SO4, filtered and the solvent was removed in vacuo to give 
the desired oxazolone as a yellow solid (18.4 mg, 64%). 1H-NMR (CDCl3) : 8.36 (s, 3H, -ArH (core)), 
7.29-7.19 (m, 5H, -Ph), 6.42 (br. t, 2H, J = 7.1 Hz, -CONHCH2-), 4.73 (t, 1H, J = 5.6 Hz, 
-OCOCH(Bn)N-), 3.39 (dd, 1H, J =14.0, 4.2 Hz, H-CH2Ph), 3.19 (dd, 1H, J = 14.0, 6.8 Hz, 
H-CH2Ph), 1.70-1.53 (m, 4H, -CONHCH2CH2-), 1.45-1.20 (m, 20H, -CH2-), 0.88 (t, 6H, J = 6.1 Hz, -
CH3) ppm. 13C-NMR (CDCl3) :176.9, 165.6, 160.4, 135.9, 135.1, 129.6, 129.5, 128.6, 128.5, 127.3, 
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126.5, 66.70, 40.54, 37.23, 31.88, 29.60, 29.37, 29.30, 27.12, 22.72, 14.17. ppm. FT-IR:  = 3280, 3073, 
2955, 2925, 2855, 1831, 1639, 1597, 1538, 1455, 1285, 1175, 1138, 1081, 1049, 909 cm-1. MALDI-TOF-
MS:  Calculated M = 561.36 g/mol, observed m/z = 584.29 [M + Na]+, 562.32 [M + H]+, 534.33 [M + H -
CO]+. 

2-[3,5-Bis(octylaminocarbonyl)phenyl]-4-methyloxazolin-5-one (19b) 
Compound 19b was synthesized according to the procedure for 19b by dehydration of carboxylic acid 
18b (47.4 mg, 0.097 mmol) using EDC (29.0 mg, 0.151 mmol) in dry DCM (2.0 mL). Oxazolone 19b 
was isolated as a brown/red solid (43.1 mg, 94%). 1H-NMR (CDCl3) : 8.46 (br. d, 2H, J = 1.1 Hz, ArH), 
8.41 (s, 1H, ArH), 6.37 (br. t, 2H, J = 4.8 Hz), 4.50 (q, 4H, J = 7.5 Hz, -OCOCH(CH3)N-), 3.48 (dd, 
J = 6.8, 6.7 Hz, -CONHCH2-), 1.70-1.60 (m, 4H, -CONHCH2CH2-), 1.61 (d, 3H, J = 7.5 Hz, 
-OCOCH(CH3)N-), 1.48-1.16 (m, 20H, -CH2-), 0.88 (t, 6H, J = 6.5 Hz, -CH3) ppm. 13C-NMR (CDCl3) : 
178.1, 165.3, 160.4, 136.0, 129.6, 128.4, 126.7, 61.1, 40.4, 31.7, 29.5, 29.2, 29.1, 26.9, 22.6, 16.8, 14.0 
ppm. FT-IR:   = 3289, 3075, 2956, 2925, 2855, 1830, 1640, 1538, 1445, 1289, 1148, 1110, 1006, 900, 
807, 718 cm-1. MALDI-TOF-MS:  Calculated M= 485.33 g/mol, observed m/z = 971.58 [2M + H]+, 
508.22 [M + Na]+, 486.23 [M + H]+, 458.28, [M + H -CO]+. Elemental analysis:  C28H43N3O4 (485.66) 
Calcd: C: 69.25 H: 8.92 N: 8.65 Obs: C: 68.11 H: 8.89 N: 8.28. 

2-[3,5-Bis(octylaminocarbonyl)phenyl]-oxazolin-5-one (19c) 
Compound 19c was synthesized according to the procedure for 19a by dehydration of carboxylic acid 18c 
(50.9 mg, 0.101 mmol) using EDC (30.0 mg, 0.151 mmol) in dry DCM (2.0 mL). Oxazolone 18c was 
isolated as a yellow residue (45.7 mg, 93%) 1H-NMR (CDCl3) : 8.45 (br. d, 2H, J = 0.9 Hz, -ArH 
(core)), 8.40 (s, 1H, -ArH (core)), 6.38 (t, 2H, J = 5.0 Hz, -CONHCH2-), 4.47 (s, 2H, -NCH2COO-), 3.48 
(dd, 4H, J = 6.8, 6.8 Hz, -CONHCH2-), 1.70-1.57 (m, 4H, -CONHCH2CH2-), 1.45-1.21 (m, 20H, -CH2-), 
0.88 (t, 1H, J = 6.6 Hz, -CH3) ppm. 13C-NMR (CDCl3) :175.2, 165.8, 162.4, 136.2, 129.8, 128.6, 126.8, 
55.2, 40.6, 31.9, 29.7, 29.4, 29.3, 27.2, 22.8, 14.2 ppm. FT-IR:   = 3261, 3089, 2958, 2922, 2853, 1836, 
1656, 1627, 1558, 1467, 1293, 1178, 1133, 1020, 911, 855, 718, 707 cm-1. MALDI-TOF-MS: Calculated 
M = 471.31 g/mol, observed m/z = 494.20 [M + Na]+, 472.22 [M + H]+ Elemental analysis: C27H41N3O4 
(471.63) Calcd: C: 68.76 H: 8.76 N: 8.91 Obs: C: 64.26 H: 7.94 N: 7.97. 

CALB-catalyzed ring-opening experiments of oxazolones 19b and 19c 
In an NMR-tube, oxazolone 19b (3.50 mg, 7.4 mol) was dissolved in CDCl3 (500 L) after which 
octan-1-ol (5 L, 4.3 eq.) was added. Novozym 435 (3.0 mg) was added after which the NMR tube was 
stored at r.t. for 1 week. The reaction mixtures were directly analyzed by means of 1H-NMR to determine 
the degree of ring opening to the amide ester ring-opening products and hydrolyzed oxazolone. The  
ring-opening products were not isolated or further characterized. 

5.6 References and notes 
[1] A.R.A. Palmans, E.W. Meijer, Angew. Chem. Int. Ed. 2007, 46, 8948-8968. 
[2] a) M.P. Lightfoot, F.S. Mair, R.G. Pritchard, J.E. Warren, Chem. Commun. 1999, 1945-1946; b) P.P. 

Bose, M.G.B. Drew, A.K. Das, A. Banerjee, Chem. Commun. 2006, 3196-3198. 
[3] P.J.M. Stals, J.F. Haveman, R. Martín-Rapún, C.F.C. Fitié, A.R.A. Palmans, E.W. Meijer, J. Mater. 

Chem. 2009, 19, 124-130. 
[4] S. Cantekin, D. Balkenende, unpublished results. 
[5] a) L. Brunsveld, A.P.H.J. Schenning, M.A.C. Broeren, H.M. Janssen, J.A.J.M. Vekemans, E.W. Meijer, 

Chem. Lett. 2000, 292-293; b) M.M.J. Smulders, A.P.H.J. Schenning, E.W. Meijer, J. Am. Chem. Soc. 
2008, 130, 606-611; c) P.J.M. Stals, M.M.J. Smulders, R. Martín-Rapún, A.R.A. Palmans, E.W. Meijer, 
Chem. Eur. J. 2009, 15, 2071-2080. 

[6] a) D. Ogata, T. Shikata, K. Hanabusa, J. Phys. Chem. B 2004, 108, 15503-15510; b) J. van Gestel, A.R.A. 
Palmans, B. Titulaer, J.A.J.M. Vekemans, E.W. Meijer, J. Am. Chem. Soc. 2005, 127, 5490-5494. 

[7] a) L. Brunsveld, B.G.G. Lohmeijer, J. Vekemans, E.W. Meijer, Chem. Commun. 2000, 2305-2306; b) 
M.M.J. Smulders, P.J.M. Stals, T. Mes, T.E. Paffen, A.P.H.J. Schenning, A.R.A. Palmans, E.W. Meijer, 
J. Am. Chem. Soc. 2009, Accepted; c) A.J. Wilson, J. van Gestel, R.P. Sijbesma, E.W. Meijer, Chem. 
Commun. 2006, 4404-4406. 



Chapter 5 

108 

[8] K.P. van den Hout, R. Martín-Rapún, J.A.J.M. Vekemans, E.W. Meijer, Chem. Eur. J. 2007, 13, 8111-
8123. 

[9] a) A.R.A. Palmans, J.A.J.M. Vekemans, H. Fischer, R.A. Hikmet, E.W. Meijer, Chem. Eur. J. 1997, 3, 
300-307; b) J.J. van Gorp, J.A.J.M. Vekemans, E.W. Meijer, J. Am. Chem. Soc. 2002, 124, 14759-14769; 
c) L. Brunsveld, H. Zhang, M. Glasbeek, J.A.J.M. Vekemans, E.W. Meijer, J. Am. Chem. Soc. 2000, 122, 
6175-6182. 

[10] D. Ranganathan, S. Kurur, R. Gilardi, I.L. Karle, Biopolymers 2000, 54, 289-295. 
[11] Thesis K.P.J. van den Hout, Peptide discotics: Synthesis, self-assembly and application, Department of 

Chemical Engineering and Chemistry, Eindhoven University of Technology (Eindhoven), 2007. 
[12] a) S. Watanabe, T. Fujita, M. Sakamoto, H. Hamano, T. Kitazume, T. Yamazaki, J. Fluorine Chem. 1997, 

83, 15-19; b) T. Shikata, D. Ogata, K. Hanabusa, J. Phys. Chem. B 2004, 108, 508-514; c) A.R.A. 
Palmans, J.A.J.M. Vekemans, R.A. Hikmet, H. Fischer, E.W. Meijer, Adv. Mater. 1998, 10, 873-876; d) 
M. de Loos, J.H. van Esch, R.M. Kellogg, B.L. Feringa, Tetrahedron 2007, 63, 7285-7301. 

[13] a) J. Roosma, T. Mes, P. Leclère, A.R.A. Palmans, E.W. Meijer, J. Am. Chem. Soc. 2008, 130, 1120-
1121; b) C.F.C. Fitié, I. Tomatsu, D. Byelov, W.H. de Jeu, R.P. Sijbesma, Chem. Mater. 2008, 20, 2394-
2404. 

[14] a) M. Bergmann, H. Fraenkel-Conrat, J. Biol. Chem. 1937, 119, 707-720; b) M. Bergmann, J.S. Fruton, J. 
Biol. Chem. 1938, 124, 321-329. 

[15] a) Y. Isowa, M. Ohmori, T. Ichikawa, K. Mori, Y. Nonaka, K.-I. Kihara, K. Oyama, H. Satoh, S. 
Nishimura, Tetrahedron Lett. 1979, 20, 2611-2612; b) T. Harada, S. Irino, Y. Kunisawa, K. Oyama, 
Patent application, 1997, 96-202653 768384; c) A. Tokuda, S. Nakamura, N. Yamamoto, P.J.L.M. 
Quaedflieg, Patent application, 2002, 2001-202172 1264896. 

[16] a) D. Kumar, T.C. Bhalla, Appl. Microbiol. Biotechnol. 2005, 68, 726-736; b) V. Kasche, Enzyme 
Microb. Technol. 1986, 8, 4-16. 

[17] a) R.J. Williams, A.M. Smith, R. Collins, N. Hodson, A.K. Das, R.V. Ulijn, Nature Nanotech. 2009, 4, 
19-24; b) S. Toledano, R.J. Williams, V. Jayawarna, R.V. Ulijn, J. Am. Chem. Soc. 2006, 128, 1070-1071. 

[18] For a complete classification of peptidases see introduction IUBMB nomenclature section EC3.4 
(http://www.chem.qmul.ac.uk/iubmb/enzyme/EC3/intro.html) (24-04-2009). 

[19] A brief overview of peptidase specificity data is given in: V. Kasche, Chapter 11: Proteases in peptide 
synthesis, in: Proteolytic Enzymes, (Benyon, R; Bond, J.S. eds), 2nd ed., Oxford University Press, New 
York, 2001, 265-293. 

[20] R. Saltman, D. Vlach, P.L. Luisi, Biopolymers 1977, 16, 631-638. 
[21] a) Y. Murakami, T. Yoshida, S. Hayashi, A. Hirata, Biotechnol. Bioeng. 2000, 69, 57-65; b) A. Trusek-

Holownia, J. Biotechnol. 2003, 102, 153-163. 
[22] V. Kasche, Proteases in Peptide Chemistry in Proteolytic Enzymes, 2nd ed., Oxford University Press, 

New York, 2001, 265-293. 
[23] S. Endo, J. Ferment. Tech. 1962, 40, 346. 
[24] a) K. Morihara, H. Tsuzuki, Eur. J. Biochem. 1970, 15, 374-380; b) H. Matsubara, R. Sasaki, A. Singer, 

T.H. Jukes, Arch. Biochem. Biophys. 1966, 115, 324-331; c) K. Morihara, H. Tsuzuki, T. Oka, Arch. 
Biochem. Biophys. 1968, 123, 572-588; d) H. Matsubara, A. Singer, R. Sasaki, T.H. Jukes, Biochem. 
Biophys. Res. Commun. 1965, 21, 242-247; e) H. Matsubara, Biochem. Biophys. Res. Commun. 1966, 24, 
427-430. 

[25] a) K. Sakina, K. Kawazura, K. Morihara, H. Yajima, Chem. Pharm. Bull. 1988, 36, 4345-4354; b) J. 
Feder, J.M. Schuck, Biochemistry 1970, 9, 2784-2791. 

[26] R.A. Persichetti, N.L. StClair, J.P. Griffith, M.A. Navia, A.L. Margolin, J. Am. Chem. Soc. 1995, 117, 
2732-2737. 

[27] M. Miyanaga, T. Tanaka, T. Sakiyama, K. Nakanishi, Biotechnol. Bioeng. 1995, 46, 631-635. 
[28] P. Franchi, M. Lucarini, E. Mezzina, G.F. Pedulli, J. Am. Chem. Soc. 2004, 126, 4343-4354. 
[29] a) M. Goodman, C.B. Glaser, J. Org. Chem. 1970, 35, 1954-1962; b) F.M.F. Chen, K. Kuroda, N.L. 

Benoiton, Synthesis 1979, 230-232; c) S. Peddibhotla, J.J. Tepe, Synthesis 2003, 1433-1440. 
[30] a) J.F. Fisk, R.A. Mosey, J.J. Tepe, Chem. Soc. Rev. 2007, 36, 1432-1440; b) J.J. Li, Oxazoles and 

Isoxazoles in Name reactions in heterocyclic chemistry, 2004, 219-260. 



Enzyme-catalyzed synthesis of benzene-1,3,5-tricarboxamides 

109 

[31] a) A.-N. Balaguer, X. Companyó, T. Calvet, M. Font-Bardía, A. Moyano, R. Rios, Eur. J. Org. Chem. 
2009, 199-203; b) J.E. Thomson, C.D. Campbell, C. Concellon, N. Duguet, K. Rix, A.M.Z. Slawin, A.D. 
Smith, J. Org. Chem. 2008, 73, 2784-2791; c) M. Kolb, B. Neises, Tetrahedron Lett. 1986, 27, 4437-
4440; d) P. Frangopol, A.T. Balaban, L. Barladeanu, E. Cioranescu, Tetrahedron 1961, 16, 59-67; e) M. 
Keni, J.J. Tepe, J. Org. Chem. 2005, 70, 4211-4213; f) S. Peddibhotla, J.J. Tepe, J. Am. Chem. Soc. 2004, 
126, 12776-12777. 

[32] a) S.A. Brown, M.-C. Parker, N.J. Turner, Tetrahedron: Asymmetry 2000, 11, 1687-1690; b) R.L. Gu, I.S. 
Lee, C.J. Sih, Tetrahedron Lett. 1992, 33, 1953-1956; c) H.S. Bevinakatti, A.A. Banerji, R.V. Newadkar, 
A.A. Mokashi, Tetrahedron: Asymmetry 1992, 3, 1505-1508; d) J. de Jersey, B. Zerner, Biochemistry 
1969, 8, 1967-1974; e) J.Z. Crich, R. Brieva, P. Marquart, R.L. Gu, S. Flemming, C.J. Sih, J. Org. Chem. 
1993, 58, 3252-3258. 

[33] a) A. Berkessel, F. Cleemann, S. Mukherjee, T.N. Muller, J. Lex, Angew. Chem. Int. Ed. 2005, 44, 807-
811; b) A. Berkessel, S. Mukherjee, F. Cleemann, T.N. Muller, J. Lex, Chem. Commun. 2005, 1898-1900; 
c) A. Berkessel, S. Mukherjee, T.N. Muller, F. Cleemann, K. Roland, M. Brandenburg, J.M. Neudorfl, J. 
Lex, Org. Biomol. Chem. 2006, 4, 4319-4330; d) J. Liang, J.C. Ruble, G.C. Fu, J. Org. Chem. 1998, 63, 
3154-3155; e) L.J. Xie, W.T. Hua, A.S.C. Chan, Y.C. Leung, Tetrahedron: Asymmetry 1999, 10, 4715-
4728; f) V. Daffe, J. Fastrez, J. Am. Chem. Soc. 1980, 102, 3601-3605. 

[34] L.F. Godunova, E.S. Levitina, E.I. Karpeiskaya, E.I. Klabunovskii, E.D. Lubuzh, Bull. Acad. Sci. USSR 
Div. Chem. Sci. 1983, 32, 1570-1575. 

[35] a) R.A. Mosey, J.S. Fisk, J.J. Tepe, Tetrahedron: Asymmetry 2008, 19, 2755-2762; b) E.M. Beccalli, F. 
Clerici, M.L. Gelmi, Tetrahedron 1999, 55, 781-786; c) M. Goodman, L. Levine, J. Am. Chem. Soc. 
1964, 86, 2918-2922; d) S.A. Brown, M.C. Parker, N.J. Turner, Tetrahedron: Asymmetry 2000, 11, 1687-
1690. 

[36] The oxazolone products can be isolation by extractive workup when using carbodiimides for the 
dehydration step. Dehydration using the Ac2O / dioxane method requires removal of excess reagents 
under reduced pressure. 

[37] M. Quiros, M.C. Parker, N.J. Turner, J. Org. Chem. 2001, 66, 5074-5079. 
[38] In a series of reference reactions the CALB-catalyzed esterification of hexan-1-ol with isopropenyl 

acetate was performed. In the presence of 0.1 mol eq. N-benzoylphenylalanine, the reaction rate was 50 % 
lower. When 0.1 mol eq. N-benzoylphenylalanine and 0.2 mol eq. Et3N were added, a three fold increase 
in reaction rate was observed compared to the reaction without additives. These observations show that 
CALB is inhibited by both hydrolyzed acyl donor and N-benzoylphenylalanine and that this can be 
overcome by addition of a weak organic base. 

[39] The synthesis of these compounds is described in Chapter 6. 
[40] The unexpected self-assembly behavior of these functional BTAs will be further discussed in Chapter 6. 
[41] Lewis acid catalyzed activation of oxazolones is known in literature, see: a) M. Keni, J. J. Tepe, J. Org. 

Chem. 2005, 70, 4211-4213; b) S. Peddibhotla, J. J. Tepe, J. Am. Chem. Soc. 2004, 126, 12776-12777. 
[42] a) L.D. Taylor, T.E. Platt, M.H. Mach, Polym. Lett. 1970, 8, 537-540; b) S. Kobayashi, L.L. Bryant, Y. 

Tsukamoto, T. Saegusa, Macromolecules 1986, 19, 1547-1551. 
[43] J.C. Ruble, G.C. Fu, J. Am. Chem. Soc. 1998, 120, 11532-11533. 
[44] M. de Geus, J. Peeters, M. Wolffs, T. Hermans, A.R.A. Palmans, C.E. Koning, A. Heise, Macromolecules 

2005, 38, 4220-4225. 
[45] The ratio was estimated from the total oxazolone peak area at t = 0 h and the sample showing almost 

complete conversion, assuming an equal concentration in all samples. 
[46] The loss of CO from oxazolonium cations is known from literature: a) T. Yalcin, C. Khouw, I. G. 

Csizmadia, M. R. Peterson, A. G. Harrison, J. Am. Soc. Mass. Spectrom. 1995, 6, 1165-1174; b) X. H. 
Chen, F. Turecek, J. Am. Soc. Mass. Spectrom. 2005, 16, 1941-1956. 



Chapter 5 

110 

 

 



6 

 Hydroxy-functional BTAs as organogelators 

Abstract 

Benzene-1,3,5-tricarboxamides (BTAs) comprising two N-alkyl substituents and one N-alkyl substituent 

comprising a terminal primary hydroxy group were synthesized in a single step using a statistical 

approach in yields varying from 24 to 33%. Three different alkyl spacer lengths (2, 4, and 6 methylene 

groups) between the amide group and the primary hydroxy group were selected. The solid state properties 

of the hydroxy-functional BTAs were investigated using DSC, POM, and FT-IR spectroscopy and 

compared to that of (octyl)3 BTA. The thermal behavior of the hydroxy-functional BTAs differed strongly 

from that of (octyl)3 BTA. While (octyl)3 BTA is liquid crystalline between 18 and 210 °C, no evidence 

for the existence of a mesophase was observed for the hydroxy-functional BTAs. Moreover, the transition 

temperatures to the isotropic state (97-129 °C) are significantly lower for the hydroxy-functional BTAs 

than for (octyl)3 BTA (210 °C). The self-assembly behavior of the hydroxy-functional BTAs in dilute 

MCH solution was investigated, and especially the hydroxy-functional BTAs with an ethylene and 

butylene spacer, tended to aggregate more strongly than the (octyl)3 BTA as seen from the 10 °C higher 

Te for the functional BTAs. Upon increasing the concentration, the hydroxy-functional BTAs formed 

organogels in apolar organic solvents starting from 1 wt% concentration. Especially cyclic and branched 

hydrocarbon solvents were effectively gelated. Finally, the possibility to control the organogelation 

behavior by CALB-catalyzed acylation of the primary hydroxy group was demonstrated. 
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6.1 Introduction 

Gels are well-known in every day life as they appear in many applications such as cosmetics, 

biomaterials, food and medicines.1 The exact definition of a gel is difficult to give, but all gels consist of 

two components: a solvent and a gelator. The most important property of a gel is that, at low stress-rates, 

it displays solid-like behavior. This results from the fact that the two components of a gel are present in 

two separate, interpenetrating phases throughout the complete sample. The 3-dimensional network of the 

gelator effectively immobilizes the liquid phase and prevents its macroscopic movement, although the 

liquid phase is still mobile on a microscopic scale. Both water and organic solvents can be transformed 

into a gel, referred to as hydrogel and organogel, respectively. Each of the two types of gels requires their 

own specific type of gelator, although some compounds form gels in both types of solvents.2  

Two important types of gels can be distinguished: chemical and physical gels. In the first type of gel, the 

3-dimensional network of the gelator is held together by covalent bonds. As a result, chemical gels are 

very robust and their formation is irreversible. Chemical gels are formed by cross-linked polymers. 

Physical gels, on the other hand, consist of smaller entities that are held together by multiple, weak non-

covalent interactions, such as hydrogen bonding, - stacking, electrostatic interactions, and van der 

Waals interactions.3 Due to the lower energy involved in these interactions, the formation of physical gels 

is reversible and can be controlled by adjusting the temperature, concentration or composition. Physical 

gels can be formed by polymers that still are of relatively large size and display many non-specific 

interactions. The formation of physical gels is not limited to covalent polymers only, but has also been 

described for small, self-assembling organic molecules, referred to as low molecular weight gelators 

(LMGs). The basic principles for the formation of a physical gel by LMGs is given in Figure 6.1.4  

Monomer 1D-aggregates Entanglements

Gel

Fibre formation

≡

 
Figure 6.1: Principle of physical gel formation by low molecular weight gelators: consecutive formation of 
1-dimensional aggregates, their organization into fibrils and the final entanglement to give a continuous 3-dimensional 
network.4 
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Upon cooling a solution of the molecularly dissolved gelator in a suitable solvent, 1-dimensional 

aggregates are initially formed as a result of relatively strong, directed interactions between the 

molecules. At higher concentration or lower temperature, these aggregates bundle into fibers that have a 

high aspect ratio and show branching and/or entanglements with one another. When the number of 

entanglements and branching points becomes sufficiently large, a continuous 3-dimensional network of 

the LMG is obtained and a physical gel is formed. 

A wide variety of structurally diverse low molecular weight hydro-5 and organogelators6 is known. Many 

of these gelators, however, were serendipitously found. To understand the origin of the gelation behavior 

better and to improve the gelation properties, the chemical structures of new classes of gelators have been 

altered in a systematic way.7 Key factors in the optimization process of the organogelator structure are:  

i) the presence of strong, self-complementary directional interactions that result in 1-dimensional 

aggregation, ii) control over aggregate and fiber solubility in order to prevent crystallization, and iii) the 

presence of fiber-fiber interactions to achieve cross-linking and 3-dimensional network formation.6a 

As introduced in the previous chapter, benzene-1,3,5-tricarboxamides (BTAs) form long, one dimensional 

aggregates that are held together by - interactions and an intermolecular, threefold hydrogen bonding 

array.8 Based on the general mechanism of gel formation by LMGs as discussed above, BTAs are 

possible organogelators. The organogelation behavior of BTAs substituted with long octadecyl,9 

3,7-dimethyloctyl,10 and bipyridine groups11 was indeed shown. Concentrations at which the gels were 

formed, however, were typically in the order of 5 wt%, which is relatively high. In the quest for more 

efficient BTA based organogelators, a variety of amino acid ester substituted BTAs was studied.12 

In this chapter, benzene-1,3,5-tricarboxamides (BTAs) comprising two N-octyl substituents and one  

N-(-hydroxyalkyl) subtituent of variable length are described. The presence of the hydroxy groups 

might result in additional lateral interaction between BTA aggregates and, therefore, result in more 

efficient organogelation behavior. First, the synthesis starting from commercially available starting 

materials in a single step reaction employing a statistical approach is described. Subsequently, the solid 

state properties of the series of hydroxy-functional BTAs are discussed, followed by the supramolecular 

aggregation behavior in dilute solution. A comparison is made with the behavior of non-functionalized 

(octyl)3 BTA. Then, the ability of the hydroxy-functional BTAs to form organogels at 1 wt% 

concentrations in apolar organic solvents is demonstrated and finally, control over the organogelation 

behavior by Novozym 435-catalyzed structural modification is shown. 
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6.2 Mono-hydroxy-functional BTAs 

6.2.1 Synthesis of BTAs incorporating a single primary hydroxy group 

Hydroxy-functional BTAs (3a-c) containing two N-octyl substituents and a single N--hydroxyalkyl 

substituent were synthesized using a statistical approach. Commercially available ,-amino alcohols 

with lengths between two and six carbon atoms were reacted with benzene-1,3,5-tricarbonyl trichloride 

(2) in the presence of a two-fold excess n-octylamine compared to the aminoalcohols (1a-c). The acid 

chloride was added slowly to the dilute amine solution to avoid reaction of the less nucleophilic hydroxy 

group with the acid chloride. In case of amino alcohols 1b and 1c, the composition of the crude product 

mixture was according to 1H-NMR identical to the statistically expected composition, which is indicative 

of an identical reactivity of the amino alcohol and the n-octylamine. Only for amino alcohol 1a, a lower 

reactivity of the amine group compared to n-octylamine was observed due to the vicinity of the electron 

withdrawing hydroxy group relative to the nucleophilic amine. In all syntheses, only trace amounts of 

ester were observed by 1H-NMR analysis. Column chromatography of the crude reaction mixtures was 

easily performed and gave the desired mono-hydroxy functional BTAs in high purity and good yield 

(24-33%) compared to the maximal yield that could be obtained via a statistical approach (44%). 
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Scheme 6.1: Synthesis of hydroxy-functional BTAs 3a-c using a statistical approach. Yields of the isolated mono-
hydroxy-functional BTAs are given with respect to the amount of 2; (i) 2.4 eq. Et3N, DCM, overnight, 0 °C to r.t. 

6.2.2 Solid state properties of hydroxy-functional BTAs 

The solid state properties of tris(alkyl) substituted BTAs have been extensively studied.13 Especially 

FT-IR is a valuable technique to study the solid state properties of BTAs as it is very sensitive in 

monitoring intermolecular hydrogen bond formation. In a strongly hydrogen bonded BTA system the 

NH-stretch vibration is visible around  = 3240 cm-1, while this vibration is observed around 

 = 3300 cm-1 when no hydrogen bonding is present. Additionally, the difference in wavenumber between 

the amide-I (C=O stretch, around 1640 cm-1) and the amide-II vibrations (around 1540 cm-1) is a second 

measure for the degree of hydrogen bonding. Upon stronger hydrogen bond formation, the difference in 

wavenumber becomes smaller.9,13-14 (Octyl)3 BTA is known to have two crystal forms. The metastable 

crystal form, which displays the threefold hydrogen bonding pattern according to FT-IR (Table 6.1 entry 

4), can be reached via melting of the sample followed by cooling. In time this metastable crystal form is 

transformed into the thermodynamically most stable state, which lacks the threefold hydrogen bonding 

pattern of the trisamide moiety (Figure 6.2 and Table 6.1 entry 3).13 
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Solid samples of the three hydroxy-functional BTAs 3a-c were analyzed by FT-IR. Analysis of the 

NH-stretch region (Figure 6.2a) and the amide-I and amide-II region (Figure 6.2b) displayed some 

differences depending on the spacer length between the amide and the primary hydroxy group. Only BTA 

3b displayed the typical threefold intermolecular hydrogen bonding pattern in the solid state, as was 

visible from the N-H stretch vibration at  = 3238 cm-1 and the small difference between the amide-I and 

amide-II bands of 77 cm-1 (Table 6.1 entry 2). The other two hydroxy-functional BTAs more closely 

resembled the (octyl)3 BTA and lacked the intermolecular H-bonding pattern in the solid state at room 

temperature. No absorption band was observed for the hydroxy-functional BTAs around  = 3650 to 

3590 cm-1, which is an indication that the primary hydroxy group is hydrogen bonded in the solid state in 

all these compounds.15  
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Figure 6.2: Partial FT-IR spectra indicative of hydrogen bonding for hydroxy-functional BTAs 3a-c and (octyl)3 BTA 
showing: a) NH-stretch region; b) Amide-I and amide-II bands (wavenumbers are summarized in Table 6.1). 

Table 6.1: Overview of characteristic FT-IR wavenumbers for solid samples of hydroxy-functional BTAs 3a-c and 
(octyl)3 BTA at 25 °C (partial FT-IR spectra can be found in Figure 6.2). 

Entry BTA 
NH stretch 

[cm-1] 

Amide-I 
stretch 
[cm-1] 

Amide-II 
stretch 
[cm-1] 

(Amide-I - Amide-II)
[cm-1] 

1 3a 3261 1645 1538 107 
2 3b 3238 1634 1557 77 
3 3c 3288 1640 1536 104 
4 (octyl)3  3308 1643 1531 112 
5    (octyl)3

[a] 3236 1640 1557 83 
[a] Data for the metastable crystal form obtained directly after melting and cooling of the sample.13 

Differential scanning calorimetry (DSC) and polarization optical microscopy (POM) measurements were 

used to characterize the temperature-dependent phase behavior of solid samples of 3a-c and (octyl)3 BTA 

(Table 6.2). The latter is known to exhibit liquid crystalline behavior over a large temperature regime.13  

DSC data for the first heating run strongly depend on the history of the sample. Therefore, data for the 

second cooling and heating runs at 10 K/min are discussed to minimize possible artefacts due to a largely 

different history of the samples. Thermal characterization of (octyl)3 by DSC showed two phase 

transitions at 18 °C and 209 °C having an almost equal enthalpy change (Table 6.2 entry 4). 
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The temperature and enthalpy change for the transition to the isotropic phase were different from those 

reported in literature (T = 198 °C, H = 8 kJ/mol).13 Characterization of the hydroxy-functional BTAs 3a 

and 3c showed a single melting transition from a crystalline (K) to an isotropic phase (I). Upon cooling, 

no crystallization event was visible for 3a and an amorphous phase with a Tg of 45 °C was obtained. 

Temperature modulated DSC, in which an additional sinusoidal temperature modulation is applied to the 

temperature gradient, was applied to verify the origin of the transition at 45 °C. The changes in both the 

reversing and non-reversing heat flow were indeed indicative of a glass transition event.16 The DSC 

thermogram of 3b showed two crystallization events with a small enthalpy change (Table 6.2 entry 2), 

which might be an indication for a liquid crystalline mesophase. Additionally, two stepwise changes in 

the baseline were observed around 11 and 67 °C, showing the complex phase behavior of 3b. BTA 3c, 

showed a single crystallization event and stepwise changes in the baseline in the third heating and cooling 

cycle (Table 6.2 entry 3). 

The enthalpy changes for the crystallization events of BTAs 3b-c (Table 6.2, entries 2 and 3) were 

remarkably low compared to those of the (octyl)3 reference BTA and 3a. Moreover, the phase transition 

to the isotropic phase occurred at much lower temperatures (97-129 °C) for 3a-c than for the reference 

(octyl)3 BTA (209 °C). Interestingly, the longer the spacer between the BTA core and the primary 

hydroxy groups becomes, the lower the transition temperature into the isotropic phase is. The presence of 

the primary hydroxy groups has a pronounced effect on the thermal solid state behavior. Most likely, 

hydrogen bonding of the primary hydroxy groups with the amide partially disrupts the tightly packed 

crystal structure found for (octyl)3 BTA and thereby significantly lowers both the melting point and the 

enthalpy of the phase transition. 

Table 6.2: Thermodynamic data for the phase transitions of hydroxy-functional BTAs 3b-c and (octyl)3 BTA as 
determined by DSC. 

Entry BTA Tg Tg (K)[a] T (H) (M)[a] T (H) (I)[a] 
1 3a 45  –  –   128 (33.7)[b]  
2 3b 11 67  89 (0.3) – 102 (0.7)   
3 3c  (60)[c]    – 97 (2.5)  
4 (octyl)3    18 (17.2)  209 (15.0)  
: phase observed –: phase not observed. Data are for the third heating run at 40 K/min. 
Temperatures correspond to peak maxima (crystallization) or inflection points (Tg) and are given 
in °C; H values are given in kJ/mol. 

[a] (K): crystalline phase; (M): mesophase; (I): isotropic phase. 
[b] Only observed in the first heating run. 
[c] A stepwise change in the baseline was only observed in the third heating run at 40 K/min, which 

might be an indication for a glass transition. 

POM measurements were performed on the hydroxy-functional BTAs and (octyl)3 BTA to further 

characterize the temperature-dependent phase behavior. As already suggested from the DSC 

measurements, no crystallization event was observed for BTA 3a and an isotropic phase was obtained 

when cooling from the isotropic state (Figure 6.3a). The other two hydroxy-functional BTAs (3b and 3c) 

crystallized when cooling from the isotropic phase. For BTA 3b, large plate like crystals were formed 



 Hydroxy-functional BTAs as organogelators 

117 

initially and smaller crystals appeared later on (Figure 6.3b). No mesophase was formed for 3b, despite 

the presence of two phase transitions in DSC. Directly below the melting point, the textures did not move 

freely when pressing the sample indicating the absence of a mesophase. Cooling BTA 3c from the 

isotropic state directly resulted in a transition into the crystalline phase as observed from the crystals 

observed by POM (Figure 6.3c). Small crystals were formed uniformly throughout the sample. The 

thermal behavior of the three hydroxy-functional BTAs significantly differs from (octyl)3 BTA (Figure 

6.3d). The latter BTA is known to posses a hexagonally-ordered, discotic mesophase between 19 and 

198 °C.13 

 
Figure 6.3: Polarization optical microscopy images using crossed polarizers for: a) 3a (100 °C, parallel polarizers);  
b) 3b (107 °C); c) 3c (97 °C); d) (octyl)3 BTA (200 °C) (All images have an identical magnification).17 (Color version 
at page 152.) 

6.2.3 Self-assembly behavior of hydroxy-functional BTAs in dilute solution 

The solid state phase behavior of the hydroxy-functional BTAs is very complex as shown above. More 

information on the relation between BTA structure and properties might be gathered from temperature-

dependent measurements on dilute solutions of these BTAs. The self-assembly process of 3a-c and the 

(octyl)3 BTA in methylcyclohexane (MCH) was monitored using temperature-dependent UV-vis 

spectroscopy (Figure 6.4). Full wavelength scans were made at 10 °C intervals while heating from 20 to 

90 °C (Figure 6.4a-d). BTAs 3b-c (Figure 6.4b-c) and (octyl)3 BTA (Figure 6.4d) behaved similarly, and 

at elevated temperatures a new absorption band around  = 205 nm was seen. This band is characteristic 

for the molecularly dissolved state and is also observed in acetonitrile. BTA 3a, on the other hand, 

showed limited solubility in MCH at c = 1·10-5 M and the recorded UV-vis spectra were unreliable due to 

scattering by precipitated BTA (Figure 6.4a). Moreover, the molecularly dissolved state was not reached 

upon heating solutions of 3a in MCH as judged from the absence of the absorption band around 205 nm 

(inset Figure 6.4a). 
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Figure 6.4: Full UV-vis wavelength scans at 10 °C intervals for: a) 3a (the inset shows the molecularly dissolved state 
in MeCN); b) 3b; c) 3c; d) (octyl)3 BTA showing the absorption band of the molecularly dissolved state around 
205 nm at elevated temperatures (MCH, c = 1·10-5 M). 

To characterize the aggregation process of BTAs 3b-c and (octyl)3 in more detail, the absorbance 

at = 220 nm was monitored while cooling at a rate of 2 K/min (Figure 6.5). The three BTAs showed 

similar, gradual spectral changes upon cooling (Figure 6.5). At identical concentration, the hydroxy-

functional BTAs started to aggregate earlier than (octyl)3 BTA. Especially, the BTA with a spacer length 

of 4 carbon atoms showed a significantly higher Te . 
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Figure 6.5: Normalized temperature-dependent wavelength monitoring at  = 220 nm for: a) 3b; b) 3c (black line), 
and (octyl)3 BTA (gray line). (All measurements: c = 1·10-5 M, MCH, cooling rate: 2 K/min). 
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The normalized cooling curves were used in a non-linear least squares curve fitting procedure using the 

nucleation-elongation model to obtain the thermodynamic parameters that described the aggregation 

process.18 Data were fitted at the temperature interval at which the degree of aggregation () varied 

between 0.10 and 1.0. Further details on the followed procedure can be found in the experimental section 

at the end of this chapter. 

The enthalpy of elongation was larger for the hydroxy-functional BTAs 3b and 3c than for the (octyl)3 

BTA (Table 6.3), showing that the aggregation process of the hydroxy-functional BTAs is more 

beneficial. The deviating baseline directly before Te made it impossible to obtain a value for the degree of 

cooperativity (Ka) of BTAs 3b-c. The enthalpy change found for (octyl)3 BTA is similar to values found 

in literature (he = -69.8 kJ/mol, c = 1.8·10-5 M, heptane).18 

Table 6.3: Thermodynamic parameters obtained from curve fitting of the temperature-dependent aggregation data for 
BTAs 3a-c and (octyl)3 BTA according to the nucleation-elongation model (c = 1·10-5 M, MCH,  = 220 nm, cooling 
rate 2 K/min).18 

Entry BTA 
sat

[a]
 

[-] 
Te 

[°C] 
he

[b] 

[kJ/mol] 
1 3b 1.06 63.5 -75.4±0.3 
2 3c 1.11 53.3 -84.8±0.3 
3 (octyl)3 1.05 51.8 -70.7±0.2 

6.3 Organogelation behavior of hydroxy-functional BTAs 

The hydroxy-functional BTAs were found to give organogels or highly viscous solutions when they were 

suspended at high temperature in apolar organic solvents and subsequently cooled to room temperature. 

The ability of BTAs 3a-c to form a gel in a variety of solvents at 1 wt% concentration was tested (Table 

6.4) and compared with (octyl)3 BTA. Samples of solid BTAs suspended in the desired solvent were 

heated until a clear solution was obtained, cooled to the air at room temperature and characterized after 

1 h. A sample was identified as a gel when the contents of the sample vial did not move when turning the 

sample vial upside down (Figure 6.6).  

 
Figure 6.6: Organogels obtained for hydroxy-functional BTAs 3a-c in cyclohexane at 1 wt% concentration. The 
(octyl)3 BTA did not give an organogel as can be seen in the rightmost sample. (Picture taken 24 h after sample 
preparation). 



Chapter 6 

120 

The hydroxy-functional BTAs, and 3c in particular, formed organogels in a wider variety of solvents at 

1 wt% concentration than (octyl)3 BTA, showing the superior gelation behavior as a result of the 

additional hydroxy group. All organogels obtained from 3b-c were transparent, whereas in some cases 3a 

gave turbid gels or tended to partially precipitate due to its lower solubility as was earlier seen in the 

temperature-dependent UV-vis measurements in dilute solution. Gels from 3a and 3c seemed to be most 

stable, whereas for BTA 3b, the complete contents of the sample vial sometimes tended to move as a 

single piece indicative of a situation somewhere in between a gel and a viscous solution (noted as vs / g). 

The gels were stable for at least 1 day at room temperature, and especially the gels in cyclic and branched 

apolar organic solvents, such as decahydronaphthalene, MCH and cyclohexane, were stable also when 

mechanically distorting the sample. No gels or viscous solutions were formed at the same concentration 

in more polar organic solvents such as t-butyl methyl ether, dichloromethane, and ethanol. Other polar 

organic solvents such as methanol, propan-2-ol, chloroform and acetonitrile could also not be used. These 

findings for the hydroxy-functional BTAs are in direct correspondence with the gelation properties of 

non-functionalized BTAs at a concentration of 50 mg/mL (~ 4.5 wt%), which tended to effectively gel 

apolar branched and cyclic organic solvents.19 

Table 6.4: Overview of organogelation behavior of hydroxy-functional BTAs 3a-c and (octyl)3 BTA at 1 wt% 
concentration in organic solvents (data for 1 h after sample preparation). 

Solvent 3a 3b 3c (octyl)3 
n-Heptane p / vs p / vs p / vs vs 
Cyclohexane g vs / g g vs 
Methylcyclohexane g vs / g g vs 
Decahydronaphthalene[a] g vs g g 
Methyl-t-butyl ether p s s s 
Toluene g (turbid) vs g vs 
Dichloromethane p s s s 
Ethanol s s s s 
Abbreviations used: g: gel, vs: viscous solution, s: soluble, p: precipitation. 
[a] Mixture of cis- and trans-decahydronaphthalene. 

Investigation of 2.5 wt% organogels by FT-IR spectroscopy showed no large differences between the 

three hydroxy-functional BTAs (Table 6.5). In all cases the absorption bands were indicative of 

intermolecular triple hydrogen bond formation as indicated by the small difference between the amide-I 

and amide-II bands (~80 cm-1) and the position of the NH-stretch vibration around  = 3260 cm-1. The 

position of the amide-II stretch vibrations was significantly shifted (21-26 cm-1) towards higher 

wavenumbers in the gel state of BTAs 3a and 3c compared to the solid state, while it stayed similar for 

3b. Smaller changes of approximately 5 cm-1 were observed for the amide-I bands of 3b and 3c and the 

amide-II band of 3b. Upon gel formation the NH-stretch vibration of 3b shifted to a higher wavenumber 

( = 3261 cm-1), while it displayed a shift in opposite direction for the two other BTAs. These FT-IR 

results indicate that the molecular packing in the solid state and the gel state are different. 
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Table 6.5: Overview of characteristic FT-IR absorptions for 2.5 wt% organogels of hydroxy-functional BTAs in 
cis-decahydronaphthalene. 

BTA 
NH stretch 

[cm-1] 
Amide-I stretch 

[cm-1] 
Amide-II stretch 

[cm-1] 
(Amide-I - Amide-II)

[cm-1] 
3a 3257 1645 1559 86 
3b 3261 1641 1562 79 
3c 3260 1646 1562 80 

6.4 Novozym 435-controlled organogelation behavior 

The results above show that the presence of the primary hydroxy group is crucial for the organogelation 

behavior at 1 wt% concentration. Therefore, it might be possible to control the gelation behavior by 

enzyme-catalyzed acylation of the hydroxy group. In Chapter 5 we already demonstrated the acylation of 

these BTAs when applying Novozym 435 as catalyst and 2-phenyl-4-benzyloxazol-5(4H)-one as acyl 

donor. To determine the relative acylation rates of 3a-c with a small acyl donor, the Novozym 

435-catalyzed acylation with isopropenyl acetate was investigated (Scheme 6.2). The hydroxy-functional 

BTAs were dissolved at high temperature in toluene containing the acyl donor.20 No spontaneous 

acylation was observed in the absence of enzyme, proving that the acylation of the hydroxy group was 

indeed enzyme-catalyzed.  
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Scheme 6.2: Novozym 435-catalyzed acylation of hydroxy-functional BTAs. (i) Dry toluene, 5.9 mol eq. isopropenyl 
acetate, 2 mass eq. Novozym 435, 70 °C. 

The gels were disrupted by heating to 70 °C for 10 min, after which Novozym 435 was added and the 

degree of conversion was followed in time by thin layer chromatography (TLC). Complete acylation was 

observed within 30 min for all three primary hydroxy-functional BTAs. The primary hydroxy group 

attached via the hexylene spacer was acylated fastest (within 15 min complete conversion for 3c was 

observed), while BTA 3a having the shortest alkylene spacer reacted slowest and was completely 

acylated within 30 min. 

Following the kinetics of the acylation by 1H-NMR turned out to be impossible due to the strong 

aggregation of the hydroxy-functional BTAs in toluene. At 25 °C in toluene-d8, no peaks belonging to the 

BTA were observed, whereas at 80 °C only very broad peaks were visible. Accurate integration of the 
1H-NMR signals to estimate the degree of conversion was impossible. Attempts to perform the enzymatic 

acylation in CDCl3 and follow the conversion during the reaction failed due to enzyme deactivation. 

After enzymatic acylation and subsequent workup, clear changes were visible in the 1H-NMR spectra in 

CDCl3 (Figure 6.7). The methylene group next to the primary hydroxy group shifted from approximately 

 = 3.77 to 4.05 ppm, while at  = 2.05 ppm a new signal belonging to the acetate ester appeared. 
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Additionally, small spectral changes were visible in the NH-region between  = 6.50 and  = 6.70 ppm 

and in the aromatic region of the BTA core. 

Upon cooling the reaction mixtures containing the acylated BTAs, no gelation of the sample was 

observed at room temperature. To exclude disruption of the organogelation behavior by the presence of 

residual acyl donor or acetone, acylated BTAs 4a-c were isolated and redissolved in toluene. Again, no 

gelation was observed, showing that esterification of the free primary hydroxy group disrupts the 

organogelation process. These results show that finetuning of the enzymatic acylation process can be used 

to control the gelation behavior of the hydroxy-functional BTAs. 
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Figure 6.7: Partial 1H-NMR spectra of BTA 3b before (bottom) and after (top) Novozym 435-catalyzed acylation of 
the primary hydroxy group (solvent: CDCl3). 

Novozym 435-catalyzed deacylation of BTAs 4a-c by the addition of ethanol in order to obtain an 

organogel was only partially successful. Deacylation was indeed observed by 1H-NMR, but in order to 

shift the equilibrium towards the hydroxy-functional BTAs 3a-c, a significant amount of ethanol 

(>10 mol eq) had to be added. As a result of the relatively large amount of ethanol under these conditions, 

no gels could be obtained anymore. 
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6.5 Conclusions 

Three mono hydroxy-functional BTAs having spacer lengths between two and six methylene groups were 

synthesized in a single step procedure via a statistical approach. The solid state properties were 

investigated by FT-IR and no threefold hydrogen bonding pattern was observed for the BTAs with an 

ethylene or hexylene spacer. Only the BTA with the butylene spacer showed absorption bands indicative 

of the strong threefold hydrogen bonding pattern. Both DSC and POM showed that the three hydroxy-

functional BTAs were crystalline compounds and that their thermal behavior differed completely from 

tris(alkyl) substituted BTAs. Moreover, the melting points of the hydroxy-functional BTAs were 

significantly lower (97-129 °C) than the isotropisation temperature of (octyl)3 BTA (210 °C). The 

presence of the hydroxy groups thus has a direct influence on the solid state behavior of the BTAs as the 

energetically most favorable packing in the solid state is controlled by a variety of weak, competing 

factors, such as hydrogen bonding, - interactions, and minimizing the amount of empty space. The 

presence of the hydroxy groups is shown to have a rather unpredictable influence on these parameters, 

making predictions on the solid state behavior as a function of structure impossible. 

The self-assembly process in dilute MCH solution was studied by means of temperature-dependent 

UV-vis spectroscopy. The BTA with the ethylene spacer (3a) showed limited solubility and could not be 

molecularly dissolved in MCH at 1·10-5 M concentration at 90 °C. As a result, this BTA was excluded 

from further temperature-dependent studies. The other two hydroxy-functional BTAs had a Te that was 

higher than that of (octyl)3 BTA. Additionally, the enthalpy release upon aggregation was higher for the 

hydroxy-functional BTAs (75.4-84.8 kJ/mol) than for the (octyl)3 BTA (70.7 kJ/mol), showing that the 

polar hydroxy group provides an additional energy gain upon aggregation of these BTAs in apolar 

solvents. 

When investigating more concentrated samples of the hydroxy-functional BTAs, these compounds turned 

out to be efficient organogelators for a wide variety of apolar organic solvents. Especially branched and 

cyclic apolar solvents turned out to be gelled at a concentration of 1 wt%. Stable gels were obtained in 

cyclohexane, methylcyclohexane, n-heptane, toluene and decahydronaphthalene. At the same 

concentration, (octyl)3 BTA only gave highly viscous solutions, showing that the hydroxy groups play an 

important role in the gelation behavior at this concentration. Presumably, the hydroxy groups result in 

additional lateral interactions and stabilization of the supramolecular 3-dimensional network that 

immobilizes the solvent. The addition of small amounts of polar co-solvents interfered with the stability 

of the gel, suggesting a weakened interaction between the hydroxy groups. No gels could be formed in 

more polar solvents, probably as a result of the enhanced solubility of the BTAs and breakdown of the 

strong threefold hydrogen bonding pattern. 

Novozym 435 could be used as catalyst for the acylation of the primary hydroxy-functional BTAs. Only 

small differences in reaction rate between BTAs with varying spacer length were observed, but the longer 



Chapter 6 

124 

the alkyl spacer, the faster the BTAs seemed to be acylated. After acylation, no organogels were formed 

anymore in toluene, showing once more the importance of the hydroxy groups for the gelation behavior. 

Further fine tuning of reaction conditions for the Novozym 435-catalyzed BTA acylation might be useful 

as a tool to control the organogelation behavior of apolar organic solvents. The enantioselective 

enzymatic acylation of BTAs containing secondary hydroxy groups might be worthwhile to investigate in 

the future in order to gain more control over the organogelation and supramolecular self-assembly 

behavior of BTAs. 

6.6 Experimental section 

General methods 
See general methods chapter 2. Unless otherwise stated, column chromatography was performed on a 
Biotage SP1 automatic column chromatography system using SNAP silica gel cartridges of varying size. 
The crude product was impregnated on an appropriate amount of normal silica gel. The UV absorbance at 
225 nm was monitored for automatic fraction collection. UV-vis spectra were recorded on a 
Perkin-Elmer Lambda 40 spectrometer using a 1 cm quartz cuvette. The temperature of the sample was 
controlled using a PFD-425S/15 Peltier-type temperature controller with a temperature range of 
263-383 K and adjustable temperature slope. DSC was measured on a TA instruments DSC Q2000 
calorimeter using T-zero hermetic pans and a sample size between 3 and 5 mg. Unless otherwise stated, 
data are reported for the second heating cycle at 10 K/min. Modulated DSC was run by applying a 
sinusoidal temperature modulation of ±1.272 K every 60 s while heating at a rate of 2 K/min from –80 °C 
to +150 °C. Polarization optical microscopy with crossed polarizers was performed on a Jenaval 
polarization microscope equipped with a Linkham THMS 600 heating device. 

Characterization of the self-assembly behavior in dilute MCH solution 
Samples for the (temperature-dependent) UV-vis measurements were prepared by weighing in the desired 
amount of BTA (typically 1.2 mg) into a volumetric flask followed by the addition of the appropriate 
amount of solvent (typically 25 mL). The solutions were carefully heated, allowed to cool to r.t. and 
sonicated for at least 15 min, heated again and cooled to r.t. The heating and sonication procedure was 
performed each time an earlier prepared solution was used.  
Full spectra from 300 to 190 nm were recorded at 10 °C increments while heating from 20 to 90 °C. The 
sample was equilibrated for at least 3 min after each temperature adjustment. Then, the temperature 
dependence of the BTA aggregation was monitored at = 225 nm while cooling at a rate of 2 K/min by 
performing a time dependent measurement while monitoring the temperature. The temperature at each 
point in time was estimated from a least squares linear curve fitting procedure and the time dependent 
data were subsequently transformed into temperature-dependent data. The temperature-dependent data 
were corrected for differences in solvent absorption as a result of a temperature change. Subsequently, the 
data for the degree of aggregation () were normalized based on the datapoints directly before Te (value 
0) and the datapoints at the lowest measured temperature (value 1). Then, a non-linear least squares curve 
fitting procedure using the nucleation elongation model was performed to the normalized data to extract 
the thermodynamic parameters describing the aggregation process.18 Formula 6.1 was used to describe the 
data in the elongation regime between the temperature at which  = 0.15 and  = 1.0. 
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The normalized data were subsequently divided by sat and then the nucleation regime was fitted 
according to formula 6.2 to obtain a value for the nucleation constant Ka.

18 Data were fitted for the 
temperature regime between Te and Te + 10 °C, while keeping the values for Te and he at the previously 
determined values. 
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The obtained values for he are significantly different in the two different regions. When keeping both the 
values for he and Te at their values as determined from the elongation regime as suggested in literature,18 
large deviations between the fitted curve and experimental data were found.  

Synthesis of hydroxy-functional BTAs 

General procedure for the preparation of hydroxy-functional BTAs ( 3a-c) 

N',N''-Dioctyl-N-(2-hydroxyethyl)benzene-1,3,5-tricarboxamide (3a) 
A 100 mL three-necked flask was equipped with a septum, stirring bar and argon inlet after which the 
setup was thoroughly dried. Under an argon atmosphere, 2-aminoethanol (576 mg, 9.4 mmol), 
n-octylamine (2.42 g, 18.7 mmol, 2.0 eq), and Et3N (2.29 g, 22.6 mmol, 2.4 eq) were dissolved in dry 
DCM (50 mL). The solution was cooled to 0 °C for 15 min, after which a solution of benzene-1,3,5-
tricarbonyl trichloride (2.04 g, 7.7 mmol, 0.8 mol eq. per total amount of primary amine) in CHCl3 
(10 mL) was added dropwise by syringe over a 60 min interval while stirring vigorously. After all acid 
chloride was added, the syringe was rinsed with dry DCM (5 mL) and stirring was continued overnight 
while allowing the solution to warm to r.t. The reaction mixture was diluted with DCM (100 mL) and 
washed with 1.0 M aq. HCl (3 × 100 mL) and brine (125 mL). A small amount of 2-propanol (5 mL) was 
added during each of the extractions to improve phase separation. The organic layer was dried over 
Na2SO4, filtered over a glass filter and the solvent was removed in vacuo to give a statistical mixture of 
various BTAs (3.51 g), which was purified by column chromatography (100 g SNAP column, flowrate 
40 mL/min, Rf = 0.15 in 100% EtOAc) eluent heptane / EtOAc (10:90) to 100% EtOAc in 8 CV followed 
by a gradient to EtOAc / MeOH (95:5 in 3 CV). BTA 3a was isolated as a fine white powder (876 mg, 
24%). 1H-NMR (DMSO-d6) : 8.64 (t, 2H, J = 5.5 Hz, -CONHC8H17), 8.61 (t, 1H, J = 5.7 Hz, 
-CONH(CH2)2OH), 8.39 (s, 2H, -ArH), 8.37 (s, 1H, -ArH), 4.76 (t, 1H, J = 5.6 Hz, -OH), 3.54 (dt, 2H, 
J = 5.9, 5.6 Hz, -CH2OH), 3.37 (dt, 2H, J = 5.9, 5.7 Hz, -CH2CH2OH), 3.28 (dt, 4H, J = 6.8, 5.5 Hz, 
-CH2C7 H17), 1.58-1.48 (m, 4H, -CONHCH2CH2C6H13), 1.34-1.20 (m, 20H, -CH2-), 0.85 (t, 6H, 
J = 6.9 Hz, -CH3) ppm. 13C-NMR (DMSO-d6) : 165.6, 165.4, 135.1, 134.9, 128.4, 128.3, 59.7, 42.3, 
31.3, 29.0, 28.8, 28.7, 26.5, 22.1, 13.9 ppm. FT-IR:  = 3261, 3085, 2953, 2923, 2854, 1662, 1645, 1466, 
1457, 1436, 1282, 1207, 1056, 1038, 918, 702, 660 cm-1. MALDI-TOF-MS: Calculated  
M = 475.34 g/mol, observed m/z = 973.67 [2M + Na]+, 951.68 [2M + H]+, 498.30 [M + Na]+, 476.30  
[M + H]+g/mol. Elemental analysis: C27H45N3O4 (475.66) Calcd: C: 68.18 H: 9.54 N: 8.83 Obs: C: 68.21  
H: 9.67 N: 8.82.  

N',N''-Dioctyl-N-(4-hydroxybutyl)benzene-1,3,5-tricarboxamide (3b) 
The procedure as described for compound 3a was followed using 4-aminobutan-1-ol (1.11 g, 12.5 mmol), 
n-octylamine (3.26 g, 25.2 mmol), Et3N (3.05 g, 30.1 mmol) and benzene-1,3,5-tricarbonyl trichloride 
(2.66 g, 10.0 mmol) and a total volume of 75 mL dry DCM. The crude product was isolated after 
extraction in good yield (5.03 g) and was purified by manual column chromatography over normal flash 
silica gel using EtOAc and EtOAc / MeOH (95:5) as eluent (Rf = 0.20, EtOAc). BTA 3b was isolated as a 
sticky white foam (1.67 g, 33%). 1H-NMR (DMSO-d6) : 8.65 (t, 1H, J = 5.7 Hz, -CONH(CH2)4OH), 
8.64 (t, 2H, J = 5.7 Hz, -CONHC8H17), 8.36 (s, 3H, ArH), 4.41 (t, 1H, J = 5.1 Hz, -OH), 3.43 (dt, 2H,  
J = 7.5, 5.1 Hz, -CH2OH-), 3.32-3.24 (m, 6H, -CONHCH2-), 1.62-1.43 (m, 8H, -CONHCH2CH2R + 
-CH2CH2OH), 1.38-1.18 (m, 20H, -CH2-), 0.86 (t, 6H, J = 7.0 Hz, -CH3) ppm. 13C-NMR (CDCl3) : 
165.4, 135.1, 128.3, 60.5, 31.3, 30.0, 29.0, 28.8 28.7, 26.50, 25.8, 22.1, 13.9 ppm. FT-IR:  = 3238, 3073, 
2955, 2924, 2855, 1634, 1557, 1439, 1296, 1057, 909, 798, 723, 690 cm-1. MALDI-TOF-MS: Calculated 
M = 503.37 g/mol, observed m/z =1029.73 [2M + Na]+, [2M + H]+, 542.29 [M + K]+, 526.32 [M + Na]+, 
504.33 [M + H]+g/mol. Elemental analysis: C29H49N3O4 (503.72) Calcd: C: 69.15 H: 9.80 N: 8.34  
Obs: C: 68.97 H: 9.91 N: 8.28. 
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N',N''-Dioctyl-N-(6-hydroxyhexyl)benzene-1,3,5-tricarboxamide (3c) 
The procedure as described for compound 3a was followed using 6-aminohexan-1-ol (1.15 g, 9.8 mmol), 
n-octylamine (2.53 g, 19.6 mmol), Et3N (2.25 g, 22.2 mmol) and benzene-1,3,5-tricarbonyl trichloride 
(1.95 g, 7.35 mmol) and a total volume of 75 mL dry DCM. The crude product was isolated after 
extraction in good yield (3.59 g, 98%) and was purified by column chromatography (100 g SNAP 
column, flowrate 40 mL/min, Rf = 0.33 in 100% EtOAc) eluent heptane / EtOAc (12:88) to 100% EtOAc 
in 7 CV followed by a gradient to EtOAc / MeOH (95:5 in 3 CV). BTA 3c was isolated as a white sticky 
solid (1180 mg, 30%) 1H-NMR (CDCl3): 8.64 (t, 3H, J = 5.5 Hz, -CONH-), 8.36 (s, 3H, ArH), 4.34 (t, 
1H, 4.9 Hz, -OH), 3.39 (dt, 2H, J = 7.5, 5.1 Hz, -CH2OH), 3.32-3.23 (m, 6H, -CONHCH2-), 1.58-1.48 (m, 
6H, -CONHCH2CH2-), 1.47-1.37 (m, 2H, -CH2CH2OH), 1.37-1.17 (m, 24H, -CH2-), 0.86 (t, 6H, 
J = 7.0 Hz, -CH3) ppm. 13C-NMR (DMSO-d6) : 165.4, 135.1, 128.3, 60.7, 39.4, 32.5, 31.3, 29.1, 29.0, 
28.8, 28.7, 26.5, 26.4, 25.3, 22.1, 13.9 ppm. FT-IR:  = 3288, 3075, 2925, 2855, 1640, 1596, 1537, 1464, 
1436, 1376, 1290, 1056, 915, 704 cm-1. MALDI-TOF-MS: Calculated M = 531.40 g/mol, observed m/z 
=1085.71 [2M + Na]+, 554.31 [M + Na]+, 532.32 [M + H]+g/mol. Elemental analysis: C31H53N3O4 
(531.77) Calcd: C: 70.02 H: 10.05 N: 7.90 Obs: C: 69.78 H: 10.29 N: 7.85. 

Gelation experiments 
Appropriate amounts of BTAs (typically 2-3 mg) were weighed into a 1.5 mL sample vial. Then the 
solvent was added (typically 250 L) after which the flask was closed. The contents of the flask were 
carefully heated until a clear solution was obtained. The samples were allowed to cool to r.t. and were left 
undisturbed while cooling. After 1 h, the gelation of the samples was checked by slowly turning the 
samples upside down. Samples were denoted as being an organogel when no gravitational flow or large 
distortion of the contents were observed. For the FT-IR analyses, more concentrated gels containing 
2.5 wt% of the BTA gelators were used. A small amount of the gels was analyzed at r.t. using the FT-IR 
setup for solid samples. 

Novozym 435-catalyzed acylation experiments (4a-c) 
BTAs 3a-c (5.0 mg, 9.8-10.5 mol) were weighed directly into a 1.5 mL sample vial with screw cap and 
a small stirring bar. A solution of isopropenyl acetate (44.5 L) in dry toluene (4.0 mL, 
c = 0.10 mmol/mL) was prepared and 580 L of this solution was added to sample vials containing the 
BTAs (approximately 5.9 fold excess of acyl donor). The sample vials were closed and carefully heated 
to dissolve the BTAs completely. The samples were subsequently equilibrated at 70 °C for 10 min, after 
which wet Novozym 435 (10.0±1 mg) was added and small samples were withdrawn at 15 min time 
intervals and spotted on a TLC plate. After 1 h, the TLC plates were analyzed using EtOAc as eluent and 
the degree of conversion was estimated from the ratio of the two spots for the acylated (Rf 0.10-0.20) and 
non-acylated BTAs (Rf ~ 0.55-0.66). 
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Self-assembly behavior of  

phenylalanine octyl ester  

containing BTAs 

Abstract 

Benzene-1,3,5-tricarboxamides (BTAs) incorporating one or three phenylalanine octyl ester (PheOct) 

moieties were synthesized with the aim to study the influence of bulky groups on BTA aggregation. 

When a single PheOct and two N-octyl moieties were present, the temperature-dependent self-assembly 

process was isodesmic, which is in contrast with N,N',N''-tris(alkyl) substituted BTAs that show a strongly 

cooperative self-assembly process. Moreover, a weak majority rules effect was found, while mixing 

experiments with achiral (octyl)3 BTA showed a very strong sergeants and soldiers effect having maximal 

chiral amplification at 5% sergeant. Temperature-dependent CD measurements on (PheOct)3 BTA 

showed significant, but weakly sigmoidal spectral changes. No majority rules effect was observed, 

suggesting the formation of separate aggregates of the two enantiomers. No sergeants and soldiers effect 

was observed upon mixing with (octyl)3 BTA. Instead, the data suggest formation of a heterocomplex 

with 1:1 stoichiometry. Although the self-assembly process of (PheOct)3 BTA deviates strongly from that 

of (alkyl)3 BTAs, some similarities were found in bulk. FT-IR showed the typical threefold hydrogen 

bonding pattern for (PheOct)3 BTA, while DSC analysis showed the crystalline nature of this compound. 

Interestingly, the melting point of a racemic mixture of solid (PheOct)3 BTA was 22 °C lower than that of 

the optically pure BTA samples. In addition, the FT-IR spectra of optically pure (PheOct)3 BTA samples 

and the corresponding racemate were identical, showing that no differences in molecular organization 

exist.  
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7.1 Introduction 

The benzene-1,3,5-tricarboxamide (BTA) motif is appealing from a supramolecular point of view. Both 

C3-symmetric BTAs having three identical substituents and desymmetrized BTAs are synthetically well 

accessible. Next to linear or (optically pure) branched alkyl chains, other substituents can be attached to 

the central BTA core by reaction of a (tri)acyl (tri)chloride with an amine. The introduction of amino acid 

(derivatives) at the periphery of BTAs is interesting as these compounds may show a wide variety in 

properties depending on the structure of the amino acid (Figure 7.1). Additionally, the carboxylic acid 

terminus of amino acids is readily transformed into other functional groups such as amides or esters, 

allowing for the introduction of various substituents at the periphery. Moreover, both amino acid 

enantiomers are often commercially available in excellent optical purity thereby facilitating the synthesis 

of both BTA enantiomers, which is of interest for chiral amplification studies. 

BTA core

Amino acid(s)

PeripheryX

HN

O

NHO

H
N

O

AA

AA

AA

X

X

 
Figure 7.1: Common structure of BTAs with amino acid derived substituents. 

BTAs with amino acid derived substituents have been described in literature. Banerjee et al. showed by 

means of transmission electron microscopy (TEM) the formation of long, helical aggregates of BTAs 

based on leucine methyl ester and valine methyl ester.1 They also demonstrated the possibility to induce a 

preferred helicity in aggregates of an achiral BTA by the addition of a small amount of a chiral BTA. 

More recently, leucine octyl ester (LeuOct) and phenylalanine octyl ester (PheOct) derived BTAs and 

cis,cis-cyclohexane-1,3,5-tricarboxamides were synthesized and investigated as potential organogelators, 

although no studies on the supramolecular self-assembly behavior were performed.2 These amino acid 

ester substituted BTAs were shown to be rather poor organogelators for a series of organic solvents as 

their solubility was generally speaking too high. The poor gelation properties, however, do not exclude 

one dimensional self-assembly of the BTAs, but only indicate that no interpenetrating network of fibers is 

present. Finally, a series of BTAs with dipeptide moieties decorated with solubilizing gallic wedges were 

prepared.3 The dipeptide consisted of different combinations of L-phenylalanine, D-phenylalanine, and 

glycine, which was shown to have a direct influence on the aggregate stability and solid state properties. 

The self-assembly behavior in dilute alkane solution of both tris(alkyl) substituted BTAs4 and dipeptide 

substituted BTAs is well known from literature.3 Both classes of compounds display a completely 
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different type of self-assembly behavior in dilute solution: the tris(alkyl) substituted BTAs generally 

showed a highly cooperative aggregation process, whereas the tris(dipeptide) substituted BTAs possessed 

an isodesmic type of growth. To better understand the self-assembly behavior of BTAs, it is interesting to 

investigate BTAs with a periphery based on a single amino acid. Moreover, desymmetrized BTAs with 

both alkyl substituents and a single amino acid derived substituent are expected to show influence of both 

types of substituents and will probably show an intriguing supramolecular organization behavior. 
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Figure 7.2: Molecular structure of mono- and tris(PheOct) substituted BTAs discussed in this chapter: a) (PheOct)3 
BTA; b) (PheOct)(octyl)2 BTA; c) (octyl)3BTA. 

In this chapter, the self-assembly behavior of BTAs derived from phenylalanine octyl ester (PheOct) is 

described (Figure 7.2). These BTAs were the target compounds for the CALB catalyzed dynamic kinetic 

resolution of oxazol-5(4H)-ones as described in Chapter 5. First BTAs with a single PheOct moiety and 

two N-octyl substituents (Figure 7.2b) will be described, followed by the C3-symmetrically substituted 

(PheOct)3 BTA (Figure 7.2a). The influence of the sterically demanding PheOct moiety on the 

self-assembly behavior of these BTAs in dilute solution is explored by temperature-dependent CD and 

UV-vis spectroscopy. Additionally, the possibility of chiral amplification by the mono- and tris(PheOct) 

substituted BTAs is investigated in majority rules experiments and sergeants and soldiers experiments 

with the achiral (octyl)3 BTA (Figure 7.2c). 

7.2 (PheOct)(octyl)2 BTA 

7.2.1 Synthesis of (PheOct)(octyl)2 BTA 

To study the influence of the PheOct moiety on the aggregation behavior, BTA 3 composed of a single 

PheOct moiety and N-octyl substituents was synthesized. The synthesis started with the esterification of 

(R)- or (S)-phenylalanine with 1 eq. octan-1-ol in the presence of 1.1 eq. p-TosOH,2 followed by amide 

coupling with 3,5-bis(octylaminocarbonyl)benzoyl chloride (2).5 Both enantiomers of BTA 3 were 

obtained as white solids after purification by column chromatography in 50-60% yield. 
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Scheme 7.1: a) Synthesis of phenylalanine octyl ester (1); b) Synthesis of ((S)-PheOct)(octyl)2 BTA (S)-3. The 
(R)-enantiomer was synthesized in an identical procedure in 60% yield; (i) 1.1 eq. p-TosOH, toluene, 20 h, reflux;  
(ii) 3 eq. Et3N, DCM, overnight, r.t. 

7.2.2 Self-assembly behavior of (PheOct)(octyl)2 BTA in dilute solution 

The CD effect of ((S)-PheOct)(octyl)2 BTA ((S)-3) in methylcyclohexane (MCH) consisted of a single, 

positive band between 205 and 275 nm (Figure 7.3a). The CD spectrum closely resembled that of alkyl 

substituted BTAs and indicates the helical organization of the benzene-1,3,5-tricarboxamide 

chromophores.4a Moreover, the size of the CD effect (= 30 L/mol·cm at 220 nm) is similar to the value 

observed for tris(alkyl) substituted BTAs (= 40 L/mol·cm at 220 nm, g = 1.6·10-3).4b In contrast, in 

acetonitrile, a solvent in which 3 is molecularly dissolved, a weakly negative CD effect of 3 mdeg at 

 = 225 nm was found (Figure 7.3a, gray line). This small residual CD effect most likely originates from 

the chiral arrangement around the phenyl group of the amino acid. Additionally, the UV-vis spectrum of 

the molecularly dissolved state in acetonitrile was clearly different from the aggregated state in MCH and 

displayed an onset of the absorption around  = 270 nm and a max at 205 nm (Figure 7.3b, gray line). 
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Figure 7.3: a) CD spectra for (PheOct)(octyl)2 BTAs (S)-3 (solid black line) and (R)-3 (dashed black line). The 
molecularly dissolved state of (S)-3 in acetonitrile is shown as well (solid gray line); b) UV-vis spectra for (S)-3 in 
MCH (black line) and acetonitrile (gray line) (all measurements: c = 4.6·10-5 M, 20°C). 
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To obtain information on the nature of the self-assembly process, the temperature dependence of the CD 

effect and the UV-vis absorption for a 4.6·10-5 M solution of (S)-3 in MCH was monitored at 225 nm 

(Figure 7.4). The UV-vis spectra of (S)-3 in MCH at elevated temperatures looked similar to those of 

(S)-3 in acetonitrile, although a small shift in max to 210 nm was observed (Figure 7.4b). At temperatures 

between 90 and 60 °C, a small residual CD effect (Figure 7.4a, +8 mdeg,  = 225 nm) was visible, which 

was different from the molecularly dissolved state as measured in acetonitrile at the same concentration. 

Interestingly, the spectral features of the molecularly dissolved state at high temperature in MCH and 

acetonitrile are different, which may be related to the largely different polarity of the solvents (r = 2.02 

and 37.5, respectively). 
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Figure 7.4: a) Full CD spectra and b) full UV-vis spectra for (S)-3 at temperatures between 90 and 20 °C (10 °C 
increments, c = 5·10-5 M, MCH); c) Normalized data for cooling curves as determined by CD and d) UV-vis 
spectroscopy c = 4.6·10-5 M,  = 225 nm, 2 K/min). 

The temperature-dependent cooling curves of BTA (S)-3 as measured by CD and UV vis spectroscopy 

at = 225 nm (Figure 7.4c and d, respectively) showed a sigmoidal shape. Therefore, the self-assembly 

process of this BTA can be characterized as isodesmic, meaning that all association constants are 

comparable.6 The temperature-dependent CD and UV-vis cooling curves of (S)-3 were fitted with an 

isodesmic self-assembly model to obtain the thermodynamic parameters that describe the aggregation 

behavior. The values obtained are summarized in Table 7.1. 
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Table 7.1: Thermodynamic parameters characterizing the isodesmic self-assembly process of BTA (S)-3 according to 
CD and UV-vis spectroscopy (c = 4.6·10-5 M, MCH, 90 to 0 °C, 2 K/min). 

Data 
Tm 

[°C] 
He 

[kJ/mol] 
10-4·K (25 °C) 

[M-1] 
UV-vis 37.5 98.8±0.4 11.4±0.16  
CD 33.3 107.4±1.1 8.2±0.25 

 

The Tm and H values obtained from simultaneous UV-vis and CD measurements are in reasonable 

correspondence. The minor discrepancy may arise from small, intrinsic changes in the UV-vis spectra 

with temperature, or, alternatively, different processes are probed by the two experimental techniques. 

Probably, UV-vis spectroscopy probes the initial formation of more disordered aggregates, while at a later 

stage the helical organization of the chromophores is observed by CD spectroscopy. This may explain the 

difference in observed Te. 

Even at a high fraction of aggregated monomer (), the number average degree of polymerization (DPN) 

is still relatively small due to the isodesmic self-assembly behavior. For example, at a 5·10-5 M 

concentration in MCH and a K of 105 M-1, 88% of BTA (S)-3 is aggregated at 20 °C corresponding to a 

average DPN of 2.9. Importantly, the thermodynamic parameters show that the molecularly dissolved 

state can be reached at 90 °C, as was already suggested from the temperature-dependent UV-vis 

measurements. At a concentration of 1·10-5 M, the onset of the aggregation process was observed around 

35 °C. Correspondingly only a very limited part of the BTA was aggregated, making characterization of 

the complete aggregation process at this concentration impossible. 

7.2.3 Majority rules experiments of (PheOct)(octyl)2 BTAs 

For covalent, chiral polymers, a small enantiomeric excess (e.e.) of the monomeric units is sufficient to 

induce a single preferred helicity.7 This effect is known as the majority rules effect. Similar effects have 

been observed for supramolecular aggregates of chiral BTAs8 and has been theoretically described in 

detail.9 One might wonder how steric bulk around the chiral centre influences this majority rules effect. 

Therefore, the net helicity of solutions of BTA 3 with different e.e. was measured in MCH at a total 

concentration of 5·10-5 M and a temperature of 20 °C (Figure 7.5). A weak majority rules effect was 

observed, showing that enantiomers of 3 could be incorporated into aggregates of non-preferred helicity. 

The theoretical model as developed by van Gestel et al.9b to quantify majority rules data in terms of a 

mismatch penalty and helix reversal penalty was successfully applied to majority rules data of alkyl10 and 

bipyridine substituted BTAs.8c This model, however, is only valid in the long chain regime, and trying to 

fit the data of this system did not result in a reliable solution for the mismatch penalty and helix reversal 

penalty as the number average degree of polymerization is insufficient under the given conditions. 

Therefore, no quantitative data could be extracted from the majority rules curve, and only the qualitative 

conclusion of the existence of a weak majority rules effect of BTA 3 can be made. 
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Figure 7.5: Majority rules experiment for BTA 3 showing: a) Full CD spectra as function of e.e. (10% increments);  
b) Net helicity as a function of e.e. ( = 225 nm). The solid line represents the situation where no amplification of 
chirality is observed (c = 5·10-5 M, MCH, 20 °C). 

7.2.4 Sergeants and soldiers experiment of (PheOct)(octyl)2 and (octyl)3 BTAs 

The induction of a single handedness in aggregates of achiral BTAs by addition of small amounts of 

chiral BTAs is known from literature8b,11 and theoretically well understood.9b,12 To see whether BTA 3 

could direct the helicity of achiral BTAs into a single direction, a sergeants and soldiers experiment 

between (S)-3 and (octyl)3 BTA was performed at a total concentration of 5·10-5 M (Figure 7.6). The 

(octyl)3 BTA and (S)-3 showed a clear interaction with one another and were readily incorporated into 

mixed aggregates. As a result, chiral BTA 3 could control the helicity of an aggregate that mainly 

consisted of achiral (octyl)3 BTA. A strong amplification of chirality having a maximal value for a 

fraction of sergeant as low as 5% was observed. Using the model from van Gestel et al., no single 

combination of parameters could be found that accurately described the data and hence no values for the 

mismatch penalty and helix reversal penalty were obtained to describe the sergeants and soldiers data.  
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Figure 7.6: Sergeants and soldiers experiment between BTAs (S)-3 and (octyl)3 (ctotal = 5·10-5 M, MCH, 20 °C); a) Full 
CD spectra between for 0 < xsergeant ≤ 0.10; b) Net helicity as function of composition, showing that maximal 
amplification of chirality is reached at xsergeant = 0.05 ( = 225 nm, data normalized maximal value). The solid line 
represents the situation without amplification of chirality. 
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The fraction of BTA 3 required for maximal chiral amplification is surprisingly low: sergeants and 

soldiers experiments with other chiral BTAs having a single additional substituent at the 1-, 2-, or 

3-position required larger fractions of sergeant to obtain maximal amplification. For example, when using 

(R)-1-methyl substituted BTA (R)-4 (Figure 7.7a), maximal amplification of chirality was only observed 

for a fraction of sergeant of 15% (Figure 7.7b, open circles), showing the superior performance of (S)-3 in 

controlling the chirality of (octyl)3 BTA aggregates at low fractions of chiral sergeant.4a,10 The stronger 

induction of chirality at low fractions of sergeant by (S)-3 compared to 4 might be qualitatively explained 

by a larger mismatch penalty in combination with a similar value for the helix reversal penalty. This trend 

is logical as the helix reversal penalty will mostly be influenced by the achiral (octyl)3 BTA, whereas 

incorporation of the sterically demanding PheOct moiety in an aggregate of non-preferred helicity is more 

difficult, which will have an influence on the mismatch penalty.  
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Figure 7.7: a) Structure of 1-methyl substituted BTA; b) Comparison between sergeants and soldiers experiments 
using (S)-3 (; ctotal = 5·10-5 M,  = 225 nm, MCH, 20 °C) or (R)-4 (; ctotal = 3·10-5 M,  = 223 nm, MCH, 20 °C) 
with achiral (octyl)3 BTA (data normalized to xsergeant = 0.20).10 

As observed from the temperature-dependent CD and UV-vis measurements, the aggregation of (octyl)3 

BTA (Figure 7.8a) is strongly cooperative, whereas (S)-3 (Figure 7.8a gray circles) shows isodesmic self-

assembly behavior. The composition of the sample can be expected to have a strong influence on the 

aggregate stability and the average degree of polymerization. At small fractions of sergeant, behavior 

more similar to that of pure (octyl)3 BTA is expected and vice versa. Indeed, from Figure 7.6b we can 

deduce that the intensity of the CD effect gradually dropped to the value for pure 3. To investigate the 

transition from a highly cooperative to an isodesmic type of self-assembly behavior in more detail, the 

thermal stability for a sample with maximal amplification of chirality (xsergeant = 0.20) was determined. As 

directly can be seen from the normalized UV-vis absorbance data at 225 nm, the self-assembly behavior 

in the sample with 20% (S)-3 (Figure 7.8a white squares) displayed similar characteristics as pure (octyl)3 

BTA (Figure 7.8 black squares). At the same total concentration of 5·10-5 M, the value of Te is 3.5 °C 

higher for the pure (octyl)3 BTA (74.4 °C) than for the mixture (70.9 °C). The enthalpy of elongation (he) 

obtained after curve fitting using the nucleation elongation model showed a more negative value for pure 

(octyl)3 BTA (he = -71.6±0.3 kJ/mol) than for the BTA mixture (he = 64.6±0.3 kJ/mol).13 The difference 
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in Ka between the pure (octyl)3 BTA (1.9·10-4) and the mixture containing (S)-3 (5.4·10-4) is relatively 

small, meaning that the nucleation step was not strongly affected by the presence of (S)-3. These 

thermodynamic parameters suggest that the formation of pure (octyl)3 BTA aggregates is energetically 

more favorable. However, over the whole temperature regime at which (octyl)3 BTA was aggregated, 

(S)-3 was clearly incorporated into mixed aggregates (Figure 7.8b). The incorporation of (S)-3 into mixed 

aggregates, at cost of some of the stability of the pure (octyl)3 aggregates, is thus the energetically more 

favorable situation. The gain in energy comes from the additional interactions between the two different 

BTAs and results in a situation in which (S)-3 is no longer in the molecularly dissolved state.14 
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Figure 7.8: a) Normalized temperature-dependent UV-vis absorbance of (octyl)3 BTA (), a mixture of (octyl)3 and 
(S)-3 (; xsergeant = 0.20), and (S)-3 BTA () ( = 225 nm, cooling rate 2 °C/min, data normalized to absorbance 
values at 90 °C and 10 °C); b) Full CD spectra and c) UV-vis spectra at 10 °C increments for mixture of (octyl)3 and 
(S)-3 with xsergeant = 0.20 (all measurements ctotal = 5·10-5 M). 

To conclude, while pure BTA 3 shows an isodesmic type of self-assembly behavior and only forms 

relatively small aggregates, long, mixed aggregates were readily obtained in the presence of (octyl)3 BTA. 

The formation of the mixed aggregates is driven by the cooperative self-assembly of the achiral BTA 

while a preferred helicity is induced by the chiral information present in the PheOct moiety. 

a) b)

 
Figure 7.9: Schematic representation of: a) Isodesmic aggregation of (S)-3 (gray rectangles) into small aggregates with 
a preferred helicity and b) Sergeants and soldiers experiments of (S)-3 with (octyl)3 BTA (white rectangles) to give 
large aggregates with a preferred helicity by a more cooperative self-assembly process. 
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7.3 (PheOct)3 BTA 

The introduction of a single PheOct moiety into a BTA has a clear influence on the supramolecular 

self-assembly properties as demonstrated above. Therefore, it is interesting to study whether the 

aggregation behavior and the induction of chirality are further affected by addition of two more PheOct 

moieties. Below these properties of a the C3 symmetric tris(PheOct) containing BTAs are discussed. 

7.3.1 Synthesis and characterization of (PheOct)3 BTAs 

Both enantiomers of the C3-symmetric BTA with three PheOct moieties were synthesized according to a 

literature procedure (Scheme 7.2).2 Optically pure phenylalanine octyl ester (1) was reacted with benzene-

1,3,5-tricarbonyl trichloride to give the desired ((S,S,S)-PheOct)3 and ((R,R,R)-PheOct)3 BTAs (S,S,S)-6 

and (R,R,R)-6), respectively. The crude BTAs were purified by column chromatography and isolated as 

white, sticky solids. 
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Scheme 7.2: Synthesis of ((S)-PheOct)3 BTA (S,S,S)-6. The (R)-enantiomer was synthesized in an identical procedure 
in 83% yield. (i) 3.5 eq. Et3N, DCM, 3 h, 0 °C to r.t. 

Previously it was observed that FT-IR analysis of BTAs is a very powerful technique to reveal a threefold 

intermolecular hydrogen bonding pattern.4b,8a,11,15 The characteristic amide bands in FT-IR spectrum of 

solid (S,S,S)-6 (Table 7.2, entry 1) are similar to those reported in literature for leucine octyl ester 

containing BTA (Table 7.2, entry 3), which is known to possess the threefold hydrogen bonding pattern.2 

Additionally, FT-IR of BTA (S,S,S)-6 in decahydronaphthalene was measured at 5 wt% concentration. A 

gel was formed after suspension of the BTA at elevated temperature and subsequent cooling to room 

temperature. FT-IR data on the gel state of (S,S,S)-6 (Table 7.2, entry 2) were very similar to those of the 

solid state.  

Table 7.2: Overview of characteristic FT-IR bands indicative of a threefold intermolecular hydrogen bonding pattern 
in BTAs. 

Entry BTA 
NH stretch 

[cm-1] 
Amide-I stretch

[cm-1] 

Amide-II 
stretch 
[cm-1] 

(Amide-I -Amide-II)
[cm-1] 

1 (S,S,S)-6[a] 3231 1638 1558 80 
2 (S,S,S)-6[b] 3220 1634 1555 79 
3 (LeuOct) BTA[c] 3226 1640 1555 85 

[a] Solid state. 
[b] 5wt% gel in decahydronaphthalene. 
[c] Data from reference 2. 
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The FT-IR data and the gelation are indicative for the aggregation of (S,S,S)-6 into long 1-dimensional 

aggregates that are held together by threefold intermolecular hydrogen bonding. Further evidence for 

aggregation of BTA 6 was obtained from NMR measurements in CDCl3 and cyclohexane-d12. At a 

concentration of 1·10-3 M, sharp peaks were observed for the CDCl3 solution whereas no peaks from the 

BTA were seen in cyclohexane-d12. These observations are indicative for the existence of the molecularly 

dissolved state in the relatively polar CDCl3 and an aggregated state in the apolar cyclohexane. 

7.3.2 Self-assembly behavior of (PheOct)3 BTA in dilute solution 

The initial results on the characterization of BTA 6 presented above clearly demonstrate that long, 

1-dimensional aggregates can be formed. To further study the self-assembly behavior of this BTA, 

measurements in dilute MCH solution were performed using CD and UV-vis spectroscopy. The two 

BTAs (R,R,R)-6 and (S,S,S)-6 displayed mirror-shaped CD spectra as expected for a pair of enantiomers. 

Interestingly, the shape of the CD spectrum of BTA 6 was completely different from the shape observed 

for mono-PheOct containing BTA 3. A bisignate Cotton effect (Figure 7.10a) was observed in the 

wavelength region between 200 nm and 270 nm. In addition, the value of  at = 225 nm (76 L/mol·cm; 

g = 2.8·10-3) is around 2.5 times higher than for BTA 3. The molecularly dissolved state was measured at 

the same concentration using acetonitrile as solvent and no significant CD effect was present (Figure 

7.10a, gray line). The UV-vis spectra at 1·10-5 M concentration of the aggregated state in MCH and the 

molecularly dissolved state in acetonitrile only showed minor differences (Figure 7.10b), making UV-vis 

spectroscopy unsuitable to study the aggregation behavior of 6. 
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Figure 7.10: a) CD spectra for (PheOct)3 BTAs (S,S,S)-6 (solid black line) and (R,R,R)-6 (dashed black line) in MCH. 
The molecularly dissolved state of (S,S,S)-6 in acetonitrile is also shown (solid gray line); b) UV-vis spectra for 
(S,S,S)-6 in MCH (black line) and acetonitrile (gray line) only showing minor differences between the aggregated and 
molecularly dissolved state (All measurements c = 1·10-5 M, 20 °C). 

Temperature-dependent wavelength monitoring at  = 225 or 245 nm of a dilute solution of BTA 

(S,S,S)-6 did not show any evidence for a cooperative aggregation process. Instead, a very weakly 

sigmoidal dependence of the CD intensity on the temperature was found (Figure 7.11b). Measurements 

using a twofold lower or fivefold higher concentration of (S,S,S)-6 in MCH showed the same 
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characteristics. As can be seen from Figure 7.11, the shape of the CD effect changed with temperature, 

indicating that the state at high temperature displays a residual CD effect. This is different from the 

observations for BTA 3 that only differed in the intensity of the CD effect upon a change in temperature. 

The differences in the shape of the CD effect were the same over the complete concentration regime 

investigated (5·10-5 to 2·10-6 M). At 90 °C a residual CD effect was observed between  = 210 and 

245 nm, while at 20 °C an additional band with opposite sign and lower intensity became visible between 

 = 245 and 270 nm (Figure 7.11a). The CD spectra showed the existence of two isosbestic points at 

219 and 245 nm, meaning that two species are in equilibrium with each other. Clearly, the second species 

has a small, non-zero CD effect as the shape of the CD spectra changes with temperature and does not 

simply decrease in intensity. Most likely, the most abundant species at high temperature is the 

molecularly dissolved monomer, but no proof can be given. Due to the very shallow spectral changes 

with temperature, the relative amounts of the two species could not be determined for any of the applied 

concentrations. Therefore, normalization of the data was impossible and no reliable thermodynamic 

parameters could be calculated from the temperature-dependent cooling curves.  
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Figure 7.11: a) Full CD spectra for (S,S,S)-6 at temperatures between 90 and 20 °C (10 °C increments, c = 1·10-5 M, 
MCH, cooling rate: 1 K/min); b-d) Temperature dependence of the CD effect at (S,S,S)-6 for c = 5·10-5 (b), 1·10-5 (c) 
and 5·10-6 M (d) in MCH showing an almost linear dependence of the spectral changes on the temperature. 
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7.3.3 Majority rules experiment of (PheOct)3 BTA 

A majority rules experiment between (S,S,S)-6 and (R,R,R)-6 was performed at a concentration of 

1·10-5 M in MCH. No amplification of chirality was observed as shown by the linear dependence of the 

net helicity as a function of the e.e. of compound 6 (Figure 7.12b). This might imply slow exchange 

kinetics between the aggregated state and free monomer. To exclude slow kinetics, a solution with 58% 

e.e. was annealed for 3 h at 90 °C and cooled again to 20 °C. No differences in the magnitude or shape of 

the CD effect were observed before and after annealing of the solution, thereby excluding slow exchange 

kinetics. Otherwise, the absence of chiral amplification behavior in the majority rules experiment means 

that the mismatch penalty is zero or extremely high. In the first case, enantiomers are as easily 

incorporated into an aggregate with P helicity as in one with the M helicity, whereas in the latter case 

separate aggregates are formed for the two enantiomers. The sterically demanding structure of BTA 6 

suggests that monomers can not be incorporated into aggregates of the wrong helicity and therefore 

separate aggregates for the two enantiomers are formed. 
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Figure 7.12: Majority rules experiment for 6 showing: a) Full CD spectra as function of e.e. (10% increments); b) Net 
helicity as a function of e.e. ( = 225 nm). The solid line represents the situation where no amplification of chirality is 
observed. (c = 1·10-5 M, MCH, 20 °C). 

7.3.4 Sergeants and soldiers experiment between ((S,S,S)-PheOct)3 and (octyl)3 BTAs 

To further study the possibility of amplification of chirality by (S,S,S)-6, a sergeants and soldiers 

experiment with achiral (octyl)3 BTA was performed at a total BTA concentration of 1·10-5 M. Full CD 

spectra of various compositions were measured directly after mixing of the two components. No 

difference was observed in the CD spectra before and after heating of a mixture with 55% (S,S,S)-6 to 

90 °C. Exchange between the aggregated state and free monomer was assumed to be sufficiently fast at 

20 °C, allowing for the direct recording of CD spectra after mixing of the two components. Although no 

amplification of chirality was found, a clear interaction between the two BTAs was observed (Figure 

7.13). 
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Figure 7.13: Sergeants and soldiers experiment between (S,S,S)-6 and (octyl)3 BTA (ctotal = 1·10-5 M, MCH, 20 °C);  
a) Full CD spectra at various fractions of sergeant (10% increments); b) Net helicity as function of composition, 
showing the existence of two separate regimes (data for  = 225 nm). 

The titration curve (Figure 7.13b) clearly displayed two separate regimes. The first part with excess 

(octyl)3 BTA (0 ≤ xsergeant < 0.50), showed a linear relationship between the amount of (S,S,S)-6 and the 

intensity of the CD spectrum. The shape of the CD spectrum does not change depending on the amount of 

(octyl)3 BTA. Moreover, the observed shape is not the result of dilution of the sergeant as is directly 

visible from Figure 7.14b, which shows the CD spectra of the 1:1 mixture of (S,S,S)-6 and (octyl)3 BTA 

(black line) and a 5·10-6 M solution of pure (S,S,S)-6 (gray line) obtained after dilution. The concentration 

of (S,S,S)-6 is equal in both solutions, however, the CD spectrum of the mixture clearly has a different 

shape and a lower intensity. Two additional bands were observed around 245 nm and 260 nm (Figure 

7.14). These results suggest that a heterocomplex between (S,S,S)-6 and (octyl)3 BTA is preferably 

formed, while the excess of (octyl)3 BTA seems to be present in separate aggregates. The exact structure 

of the heterocomplex is unknown. A schematic representation for the self-assembly process in regime I 

depicted at the top of Figure 7.15b. 
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Figure 7.14: a) Full CD spectra for sergeants and soldiers experiment for 0 < xsergeant < 0.50 showing the gradual 
increase in intensity with xsergeant (10% increments, c = 1·10-5 M, MCH, 20 °C); b) Comparison between the sample 
with xsergeant = 0.50 and c = 1·10-5 M (black line) and a solution of pure (S,S,S)-6 and c = 5·10-6 M (gray line). 
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The second part of the titration curve for which the (S,S,S)-6 is present in excess (0.5 < xsergeant ≤ 1.0) 

displays a gradual change from the CD spectrum of the 1:1 complex to the CD effect for the pure 

sergeant. Therefore, we propose that for all compositions in this range, the more stable 1:1 complex is 

preferably formed until all (octyl)3 BTA has been consumed, whereas the excess (S,S,S)-6 is present in 

separate aggregates. The situation for regime II is schematically depicted at the bottom of Figure 7.15b. 
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Figure 7.15: a) Full CD spectra for sergeants and soldiers experiment showing data for 0.5 < xsergeant < 1.0 having a 
gradual shift from the 1:1 complex to aggregates of pure (S,S,S)-6; b) Cartoon representation for the sergeants and 
soldiers experiment showing the preferred formation of a 1:1 complex next to separate aggregates of the BTA present 
in excess. 

Studying the thermal stability of BTA mixtures with compositions in regime II was impossible as a result 

of the gradual spectral changes with temperature as was also observed for the pure (PheOct)3 BTA. The 

stability of part of the aggregates in regime I, however, can be measured since the excess of (octyl)3 BTA 

is expected to be in separate aggregates. Therefore, the temperature dependence of the CD and UV-vis 

spectra of solutions of (S,S,S)-6 and (octyl)3 BTA with a total concentration of 1·10-5 M and different 

compositions was determined (Figure 7.16). A solution containing equal amounts of (S,S,S)-6 and (octyl)3 

(xsergeant = 0.50), which is expected to give 100% of the heterocomplex, did not show any large spectral 

changes at 225 nm when cooling from 90 to 20 °C (Figure 7.16a, gray line). This result is similar to the 

cooling curve obtained for pure (S,S,S)-6 (Figure 7.16a, black line) and indicates that no separate 

aggregates of (octyl)3 were present. At the given composition, the (octyl)3 BTA is thus completely 

incorporated into the aggregates of the more stable heterocomplex. Secondly, a 1·10-5 M solution 

containing 25% (S,S,S)-6 and 75% (octyl)3 was prepared (Figure 7.16b, gray line). Both the 

heterocomplex and separate aggregates of the (octyl)3 BTA were expected to be present at low 

temperature, whereas at elevated temperature the heterocomplex and molecularly dissolved (octyl)3 BTA 

will be the dominant species. A residual CD effect from the heterocomplex was observed at 90 °C (Figure 

7.16c), showing its large stability. Upon cooling, a clear change in the UV-vis absorbance at  = 225 nm 

was observed, which is indicative of formation of separate (octyl)3 aggregates. The shape of the cooling 

curve and the temperature of elongation (Te = 43 °C) were nearly identical to the results found for a 

5·10-6 M solution of only (octyl)3 BTA (Te = 44 °C). Moreover, normalized data for the aggregation 
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process of the two solutions showed excellent correspondence with one another. These observations are a 

strong indication towards the formation of a heterocomplex with 1:1 stoichiometry next to aggregates of 

the BTA that is present in excess. 
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Figure 7.16: a) Temperature-dependent wavelength monitoring at  = 225 nm for mixtures of (S,S,S)-6 and (octyl)3 
BTA in MCH with varying compositions: xsergeant= 1.0 (black line top), xsergeant = 0.50 (gray line top), xsergeant = 0.25 
(gray line bottom), and xsergeant = 0.0 (c = 5·10-6 M, black line bottom) (All measurements: ctotal = 1·10-5 M, unless 
otherwise stated).; b) Full CD spectra at increments of 10 °C for xsergeant = 0.25 showing a residual CD effect at 90 °C 
(c = 1·10-5 M). 

7.3.5 Thermal characterization of (PheOct)3 BTA 

The absence of a majority rules effect for (PheOct)3 BTA indicates the formation of separate stacks with 

opposite helicity for both enantiomers of BTA 6. To investigate if this could be the case in the solid state 

as well, FT-IR and thermal characterization of samples of optically pure and racemic BTA 6 were 

performed. 

During the crystallization of a racemic compound two situations can arise.16 In the first case an 

energetically more favorable crystal packing is obtained by incorporation of equal amounts of both 

enantiomers in the same crystal lattice. In this commonly observed case, the interaction energy in the 

solid state is lower for R-S heterocomplexes of the two enantiomers than for the R-R and S-S 

homocomplexes. As a result, the melting point of the racemate can be higher than that of the optically 

pure compound. In some cases however, the interaction energy in the solid state is more favorable for 

homocomplexes of the two enantiomers. Different, homochiral crystals are formed in this case for each of 

the enantiomers. This situation is referred to as conglomerate formation, and no difference in crystal 

packing is macroscopically observed for optically pure and racemic samples.16 

The solid state FT-IR spectra of optically pure samples of (S,S,S)-6 or (R,R,R)-6 and a racemic mixture 

were identical (Figure 7.17a) showing that the molecular packing is identical, which can be a first 

indication towards conglomerate formation. To further investigate the possibility of conglomerate 

formation, thermal characterization techniques such as differential scanning calorimetry (DSC) was used. 

It is well known that the formation of conglomerates always results in a lower melting point for the 

racemate than for the optically pure compound due to the existence of an eutectic point.16b Additionally, 
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the temperature at which this eutectic point exists can be predicted using the Schröder-van Laar equation 

when the melting point and enthalpy from the optically pure sample are known.16b,17  

DSC measurements between –80 and 210 °C revealed two phase transitions for optically pure BTAs 

(S,S,S)-6 and (R,R,R)-6 (Figure 7.17b, top). A minor transition of unknown origin was observed at 85 °C 

(H = 0.8 kJ/mol), while the transition to the isotropic phase was found at 174 °C (H = 29.6 kJ/mol) and 

crystallization from the isotropic state was observed at 167 °C (H = 29.0 kJ/mol). A racemic mixture of 

BTA (S,S,S)-6 and (R,R,R)-6 (Figure 7.17b, bottom) showed a single phase transition to the isotropic 

phase at 152 °C (H = 24.8 kJ/mol). However, based on the predictions by the Schröder-van Laar 

equation a temperature of 138 °C is expected for the eutectic point if a conglomerate is formed by BTA 6. 

The 14 °C higher melting point of the racemic mixture indicates that formation of a "classical" 

conglomerate is unlikely. To further study the phase behavior of BTA 6 as a function of optical purity, 

DSC analysis of a sample containing 77 mol% (R,R,R)-6 and 23 mol% (S,S,S)-6 was performed. Two 

melting transitions were observed around 143 and 167 °C. The enthalpy changes of these transitions 

could not accurately be determined due to overlapping peaks. This finding highlights the complex phase 

behavior of BTA 6 and the necessity for more detailed studies using additional techniques to fully 

understand its phase diagram as a function of optical purity. A possible explanation for the FT-IR and 

DSC results is that initially homochiral, one-dimensional aggregates domains with opposite helicities are 

formed, followed by their co-crystallization into one macroscopic crystal structure. This would mean that 

classic descriptions of conglomerates and racemates are insufficient to describe the solid state behavior of 

this type of compounds. 
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Figure 7.17: a) FT-IR characterization of solid samples of optically pure (S,S,S)-6 and a mixture containing equal 
amounts of (S,S,S)-6  and (R,R,R)-6 showing no differences; b) DSC characterization of the same samples showing a 
large depression of the melting point in the racemic mixture (DSC data for second heating run at 10K/min, endo up). 

DSC measurements on samples of an equimolar mixture of (R,R,R)-6 and (octyl)3 BTA showed that the 

BTAs were present as a single phase in the solid state. The phase transitions as observed for pure (octyl)3 

or (R,R,R)-6 BTA were absent in the mixture and a single phase transition was found at 175 °C with a  

smaller enthalpy change (H = 15.2 kJ/mol). These results point towards the formation of a mixed type of 

aggregate in a self-assembled system as earlier suggested from the sergeants and soldiers experiments. 
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7.4 Discussion 

The self-assembly behavior of the mono- and tris(PheOct) substituted BTAs 3 and 6, respectively, 

strongly deviates from the previously studied alkyl substituted BTAs. Substitution of a single 

octylaminocarbonyl group of the (octyl)3 BTA by a PheOct moiety already resulted in large differences in 

the aggregation process in MCH. At c = 1·10-5 M, (octyl)3 BTA was fully aggregated at room 

temperature, while (PheOct)(octyl)2 BTA 3 was molecularly dissolved to a large extent under otherwise 

identical conditions. Most importantly, the temperature-dependent measurements of BTA 3 at 

c = 5·10-5 M were indicative of an isodesmic type of self-assembly behavior, which means that all 

association constants for dimerization and further aggregation are comparable to one another. 

The self-assembly behavior of (PheOct)3 BTA 6 was not cooperative as well. Due to the weakly 

sigmoidal changes of the spectral data with temperature, no reliable thermodynamic parameters could be 

obtained as data normalization was impossible. Assuming an isodesmic type of self-assembly behavior, a 

relatively small value of H compared to RTm
2 is expected as observed from the small slope of the 

cooling curve.18 As a result, the degree of aggregation only depends to a minor extent on the temperature 

and it is impossible to fully aggregate or molecularly dissolve the compound at a fixed concentration over 

a temperature window of 100 °C. 

The isodesmic self-assembly behavior of the PheOct substituted BTAs is clearly different from that of the 

tris(alkyl) substituted BTAs, which are known to obey a nucleation-elongation type of self-assembly 

mechanism. Recent studies have shown that the cooperative growth of these tris(alkyl) BTAs is the result 

of the formation of a macrodipole upon aggregation.19 The introduction of the sterically demanding 

phenylalanine and the additional ester group at the periphery have an influence on the aggregation 

behavior. The ester group might have a destabilizing influence on aggregate formation by additional 

hydrogen bonding interactions.2 Moreover, the phenylalanine moiety itself will have an influence as 

additional - interactions are introduced and the sterically demanding benzyl groups have to be 

incorporated into the aggregates. The large steric demands of the phenylalanine moieties at the periphery 

are shown in Figure 7.18.  

 
Figure 7.18: 3D-representation showing the increasing steric demands by introduction of the PheOct substituent 
a) (octyl)3 BTA; b) (PheOct)(octyl)2 BTA (3) and; c) (PheOct)3 BTA (6). (Color version at page 153.) 
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The steric demands of the phenylalanine and additional - interactions clearly compete with the triple 

hydrogen bond formation of the central BTA core. However, the sergeants and soldiers experiments 

between the (octyl)3 BTA and the two PheOct BTAs clearly showed that interactions between the two 

different BTAs were present. These experiments, however, have also shown that the outcome of such 

mixing experiments between multiple components cannot be predicted beforehand. 

7.5 Conclusions 

Benzene-1,3,5-tricarboxamide derivatives with one or three Phenylalanine octyl ester (PheOct) moieties 

were synthesized and their supramolecular self-assembly process was studied. The shape and size of the 

CD spectra for (PheOct)(octyl)2 BTA 3 are similar to those of chiral, methyl substituted tri-alkyl BTAs, 

suggesting a similar type of supramolecular ordering. Temperature and concentration dependent 

measurements on BTA 3 revealed an isodesmic type of self-assembly behavior, which is different from 

the observations of normal tris(alkyl) BTAs. The weak majority rules effect of 3 is indicative for the 

formation of small aggregates and a limited incorporation of monomers into aggregates of non-preferred 

helicity as a result of the sterically demanding PheOct moiety. In a sergeants and soldiers experiment with 

(octyl)3 BTA, maximal amplification of chirality was observed at a fraction as low as 5% of 

(PheOct)(octyl)2 BTA, indicative of the formation of mixed aggregates of the two different BTAs. 

Temperature-dependent measurements on mixtures of (PheOct)(octyl)2 and (octyl)3 BTA showed that the 

self-assembly process of the mixed aggregates was less cooperative than that of pure (octyl)3 BTA. 

Introduction of three (PheOct) moieties at the periphery of a BTA resulted in a strong (76 L/mol·cm 

at = 225 nm) bisignate Cotton effect between 215 and 275 nm. Temperature-dependent CD 

measurements at concentrations between 5·10-5 and 5·10-6 M showed a very weakly sigmoidal 

dependence of the absorbance on the temperature, which is indicative of an isodesmic type of aggregation 

process. No majority rules effect was observed for mixtures of (PheOct)3 BTA with e.e. values varying 

between 0 and 100%, suggesting the formation of separate aggregates for the two enantiomers as a result 

of the steric demands. A sergeants and soldiers experiment between (PheOct)3 and (octyl)3 BTA did not 

result in an amplification of chirality. However, clear evidence for interaction between the two BTAs was 

observed from the CD spectra that showed a different shape for mixtures up to 50% (PheOct)3 BTA. 

Additional temperature-dependent CD and UV-vis measurements on BTA mixtures with varying 

composition gave evidence towards the preferential formation of a heterocomplex with 1:1 stoichiometry, 

next to separate aggregates of the BTA that was present in excess. 

The self-assembly and chiral amplification studies on the PheOct derived BTAs show a highly interesting 

and sometimes surprising self-assembly behavior. Clearly, the class of amino acid ester substituted BTAs 

is attractive enough to be examined in more detail in the future to get a better insight into the behavior of 

supramolecular BTA aggregates. The results from future studies on the self-assembly behavior and chiral 

amplification behavior of these compounds, may help to understand the basic principles of the 

supramolecular interactions in BTAs better. 
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7.6 Experimental section 

General methods 
See general methods Chapter 2. UV-vis and CD measurements were performed on a Jasco J-815 
spectropolarimeter. The sensitivity, time constant and scan rate were chosen appropriately. Temperature-
dependent measurements were performed with a PFD-425S/15 Peltier-type temperature controller and an 
adjustable temperature slope. Unless otherwise stated, a temperature gradient of 2 K/min was used. In all 
other measurements the temperature was set at 20 °C. DSC was measured on a TA instruments DSC 
Q2000 calorimeter using T-zero hermetic pans and a sample size between 3 and 5 mg. Unless otherwise 
stated, data are reported for the second heating cycle at 10 K/min.  

Procedure for UV-vis and CD measurements 
The desired amount of compound was weighed out and dissolved in the appropriate amount of solvent to 
directly reach the desired concentration, unless otherwise stated. The solutions were carefully heated, 
allowed to cool to r.t. and sonicated for at least 10 min, heated again and cooled to r.t. The heating and 
sonication procedure was performed each time an old solution was used. In the majority rules and 
sergeants and soldiers experiments, at least 2500 L of solution containing the first component was put 
into a 1 cm cuvette. Appropriate amounts of solutions with the second component were added using a 
microliter syringe, after which the cuvette was closed and mixed well by shaking. The sample was put 
back into the spectrometer which was kept at the desired temperature (20 °C) and equilibrated for 1 min 
after which the spectrum was recorded.  

Sample preparation for DSC measurements 
The desired of compound was weighed into a sample vial and DCM was added to give a concentration of 
10 wt%. The closed vials were gently heated to dissolve all material. Appropriate amounts of the different 
compounds were put together in a sample vial, after which the solvent was slowly evaporated under a 
stream of pressurized nitrogen. The samples were dried overnight under vacuum at 50 °C, after which the 
solids were analyzed by DSC. 

Fitting of temperature-dependent measurement data 
To obtain the thermodynamic parameters Tm and and K(T) characteristic for an isodesmic self-
assembly process a procedure from literature20 was used. Data were fitted according to the described 
procedure using a user-defined fitting function in Origin 8.0.21 
 
Spectral data were normalized between 0 and 1 to give the fraction of aggregated monomer () at 
temperature T. These data were fitted using a sigmoidal relationship in equation (7.1) in which Tm is the 
temperature at which  = 0.5 and T* is a characteristic temperature. 
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The following relationship between T* and H was used to calculate H: 
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The number average degree of polymerization DPN(T) was subsequently determined from the fitted data 
of (T) using equation (7.3)
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The association constant K(T) at a total monomer concentration cT was calculated from the obtained 
expression for DPN shown in equation (7.4).20 
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Synthesis of phenylalanine octyl ester containing BTAs 
The synthesis of 3,5-bis(octylaminocarbonyl)benzoyl chloride has been described in Chapter 5 of this 
thesis. Since phenylalanine octyl ester turned out to be unstable upon storage, a twofold excess of this 
compound was used in the amide coupling in the syntheses of (S)-3 and (R)-3.  

(R)- and (S)-Phenylalanine octyl ester (1)2 
A 500 mL flask was equipped with a Dean-Stark setup and a stirring bar. L-Phenylalanine (5.0 g, 
30 mmol), p-TosOH·H2O (6.3 g, 33 mmol, 1.1 eq.) and 1-octanol (3.9 g, 30 mmol) were dissolved in 
toluene (200 mL) and refluxed for 20 h. After cooling to r.t., the solvent was removed in vacuo, the 
residue was redissolved in CHCl3 (150 mL) and washed with 10 wt% Na2CO3 solution (3 × 100 mL), 
H2O (3 × 80 mL) and brine (50 mL). After drying of the combined organic layers over MgSO4, filtration 
and removal of the solvent in vacuo, the desired product was isolated in good yield as a light yellow oil 
(6.58 g, 83%). 

N',N''-Dioctyl-N-[(S)-(benzyl)octyloxycarbonylmethyl]benzene-1,3,5-tricarboxamide ((S)-3) 
Under an argon atmosphere, a solution of 3,5-bis(N-octylaminocarbonyl)benzoyl chloride (170 mg, 
0.31 mmol) in dry DCM (2 mL) was prepared. A solution of L-phenylalanine octyl ester (182 mg, 
0.65 mmol, 2.1 eq.) and Et3N (140 L, 1.0 mmol, 3.3 eq.) in dry DCM (4 mL) was added by syringe over 
a 10 min interval while stirring at r.t. Stirring was continued overnight, after which the reaction mixture 
was diluted with DCM (10 mL) and washed with 1 M HCl (2 × 15 mL). During extraction, propan-2-ol 
(4 mL) was added to improve phase separation. The organic layer was dried over Na2SO4, filtered and 
concentrated in vacuo to give the crude product, which was purified by manual column chromatography 
over normal silica gel (heptane / EtOAc 2:1, Rf = 0.15). BTA (S)-3 was isolated as a sticky white solid 
(108 mg, 0.15 mmol, 50%). 1H-NMR (CDCl3) : 8.24 (s, 1H, -ArH (core)), 8.16 (s, 2H, -ArH (core)), 
7.34-7.18 (m, 5H, -Ph (Phe)), 7.16 (d, 1H, J = 7.7 Hz, -CONH- (Phe)), 6.55 (t, 2H, J = 5.3 Hz, -CONH- 
(octyl)), 5.02 (ddd, 1H, J = 7.7, 6.7, 6.0 Hz, -CONHCHRR'-), 4.16-4.10 (m, 2H, -COOCH2-), 3.44 (dt, 
4H, J = 5.3, 5.2 Hz, -CONHCH2-), 3.28 (dd, 1H, J = 13.7, 6.0 Hz, H -CH2Ph), 3.22 (dd, 1H, J = 13.7, 
6.7 Hz, H-CH2Ph), 1.71-1.53 (m, 6H, -COOCH2CH2- + -CONHCH2CH2-), 1.44-1.19 (m, 30 H, -CH2-), 
0.88 (t, 9H, J = 5.5 Hz, -CH3) ppm. 13C-NMR (CDCl3)   171.6, 165.7, 165.5, 135.9, 135.7, 134.6, 129.4, 
128.9, 128.6, 128.0, 127.5, 66.1, 54.2, 40.6, 38.2, 32.0, 31.9, 29.7, 29.4, 29.3, 29.3, 29.3, 28.6, 27.2, 26.0, 
22.8, 14.2 ppm. (Signals missing due to overlapping peaks.) FT-IR:  = 3234, 3064, 2956, 2924, 2855, 
1746, 1636, 1556, 1498, 1466, 1456, 1440, 1366, 1303, 1198, 1171, 739, 723, 699 cm-1. 
MALDI-TOF-MS: Calculated M = 691.49 g/mol, observed m/z = 1405.78 [2M + Na]+, 1383.78  
[2M + H]+, 714.41 [M + Na]+, 692.38 [M + H]+ g/mol. Elemental analysis: C42H65N3O5 (691.98) Calcd: 
C: 72.90 H: 9.47 N: 6.07 Obs: C: 73.19 H: 9.57 N: 5.97. 

N',N''-Dioctyl-N-[(R)-(benzyl)octyloxycarbonylmethyl]benzene-1,3,5-tricarboxamide ((R)-3) 
BTA (R)-3 was synthesized according to the procedure for the enantiomer using equal amounts of 
reactants. Pure BTA (R)-3 was isolated as a sticky white solid (128 mg, 0.18 mmol, 60%). Analytical data 
were in good agreement with those of (S)-3. 

N,N',N''-Tris[(S)-(benzyl)octyloxycarbonylmethyl]benzene-1,3,5-tricarboxamide ((S,S,S)-6) 
BTA (S,S,S)-6 was prepared according to a literature procedure2 using freshly prepared (S)-phenylalanine 
octyl ester and benzene-1,3,5-tricarbonyl trichloride to give the product in 70% yield. 1H-NMR 
(DMSO-d6) : 9.13 (d, 3H, J = 7.6 Hz, -CONH-), 8.40 (s, 3H, -ArH (core)), 7.32-7.22 (m, 12H, -Ph 
(Phe)), 7.22-7.16 (m, 3H, -Ph (Phe)), 4.68 (ddd, H, J = 7.6, 6.0, 6.0 Hz, -CONHCHRR'-), 4.02 (t, 6H, 
J = 6.4 Hz, -COOCH2-), 3.16-3.10 (m, 6H, -CH2Ph), 1.5-1.42 (m, 6H, -COOCH2CH2-), 1.26-1.12 (m, 
30H¸-CH2-), 0.82 (t, 9H, J = 6.7 Hz, -CH3) ppm. 13C-NMR (DMSO-d6) : 171.5, 165.5, 137.5, 134.1, 
129.2, 129.0, 128.2, 126.5, 64.5, 54.5, 36.3, 31.1, 28.5, 28.0, 25.2, 22.0, 13.9 ppm. FT-IR:  = 3231, 
3063, 3030, 2954, 2926, 2856, 1742, 1638, 1558, 1497, 1456, 1363, 1325, 1197, 1168, 1109, 739, 698 
cm-1.  
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MALDI-TOF-MS: Calculated M = 987.60 g/mol, observed m/z = 1010.55 [M + Na]+, 988.55  
[M + H]+ g/mol. Elemental analysis: C60H81N3O9 (988.30) Calcd: C: 72.92 H:8.26 N: 4.25 Obs: C: 72.68 
H: 8.35 N: 4.17. 

N,N',N''-Tris[(R)-(benzyl)octyloxycarbonylmethyl]benzene-1,3,5-tricarboxamide ((R,R,R)-6) 
BTA (R,R,R)-6 was synthesized according to the procedure for the enantiomer using equal amounts of 
reactants. Pure BTA (R,R,R)-6 was obtained as a sticky white solid (1.80 g, 83%). Analytical data were in 
agreement with those of (S,S,S)-6. 
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Figure 1.1: (Page 3) Schematic representation of the different levels of protein structure. a) Primary structure; b)  
-Helix and -sheet as secondary structure elements; c) Tertiary structure of CALB (-helices are depicted as 
cylinders, -sheets as ribbons); d) Quaternary structure of hemoglobin (the four subunits are shown in a different 
color). 

 

 
Figure 4.4: (Page 71) Graphical representation of the geometry based scoring function: a) Distance requirements 
between substrate (only partially shown for clarity) and active site residues; b) Planarity of the substrate with the 
Ser105 -OH group to facilitate proton transfer via His224; c) Angle of attack of Ser105 oxygen onto the Ccarbonyl of the 
substrate. 
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Figure 4.5: (Page 72) Docking results for: a) Productively bound transoid HL conformation 1 (average docking  
score = 0.32, 255 structures); b) Unproductively bound cisoid HL conformation 4 (average docking score = 0.00, 256 
structures). The substrate carbonyl and alkyl oxygen atoms are indicated with a yellow and purple sphere respectively. 
Dotted lines for the hydrogen bond interactions were drawn to guide the eye. 

 

 
Figure 6.3: (Page 117) Polarization optical microscopy images using crossed polarizers for: a) 3a (100 °C,  
parallel polarizers); b) 3b (107 °C); c) 3c (97 °C); d) (octyl)3 BTA (200 °C) (All images have the same magnification). 
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Figure 7.17: (Page 146) 3D-representation showing the increasing steric demands by introduction of the PheOct 
substituent a) (octyl)3 BTA; b) (PheOct)(octyl)2 BTA (3) and; c) (PheOct)3 BTA (6). 
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Summary 
- 

Candida antarctica Lipase B catalysis in organic, 
polymer and supramolecular chemistry 

The use of enzyme-catalyzed chemical reactions for the synthesis of polymers and the preparation of 

high-grade, enantiomerically pure chemical intermediates has received considerable attention in academia 

and industry over the past decades. These enzyme-catalyzed reactions on non-natural substrates generally 

proceed under mild conditions and with an excellent degree of selectivity. In this thesis, the suitability of 

Candida antarctica Lipase B (CALB) as catalyst in the preparation of optically pure small organic 

molecules, functional polymer architectures and amino acid based supramolecular building blocks is 

explored. Additionally, we are eager to gain a better theoretical insight in the use of CALB for the 

enzymatic ring opening polymerization (eROP) of lactones. Finally, the aggregation behavior of the 

supramolecular benzene-1,3,5-tricarboxamide (BTA) building blocks described in this thesis has been 

investigated in detail. 

In Chapter 2, the Bäckvall system for the dynamic kinetic resolution (DKR) of 1-phenylethylamine was 

optimized for use with a single equivalent of acyl donor and shorter reaction times. The aim was to 

develop a dynamic kinetic resolution polymerization (DKRP) system for the preparation of chiral 

polyamides. By the use of a single equivalent of isopropyl methoxyacetate as acyl donor, the reaction 

time was decreased from 72 to 26 h, without having a negative influence on the chemo- or 

enantioselectivity (90 and 97%, respectively) of the DKR process. The wider applicability of the modified 

DKR procedure was demonstrated for 7 other (di)amine substrates. Polymerization of the two diamine 

substrates with an activated diacyl donor showed conversion of both the amine and the acyl donor, but 

suffered from the poor solubility of the reaction products. 

The direct synthesis of polyesters with pendant functional groups by chemo- and regioselective 

polymerization is described in Chapter 3. Novozym 435, a commercially available and immobilized form 

of CALB, was used as catalyst. First, an epoxide functionalized polymer with a Mn of 9.7 kg/mol and a 

PDI of 1.9 was prepared by the enzymatic ring-opening polymerization of ambrettolide epoxide. In 

addition, isopropyl aleuritate, a monomer comprising two secondary and one primary hydroxy group, was 

synthesized. The Novozym 435-catalyzed acylation of this monomer appeared to be highly selective 

towards the primary hydroxy group. Enzyme-catalyzed homopolymerization gave well-defined polymers 

with a reasonable molecular weight (Mn: 5.6 kg/mol, PDI: 3.2). In contrast, the chemically catalyzed 

polymerization resulted in the formation of cross-linked polymers. Co-polymers of -caprolactone and 

isopropyl aleuritate of varying composition were prepared via enzyme-catalyzed polymerization and the 

possibility of post-modification of these polymers was shown. 

In Chapter 4, theoretical molecular dynamics and docking studies were performed to gain insight into the 

relationship between the lactone ring size and eROP rate. The docking studies directly showed the 



Summary 

156 

importance of a transoid ester bond for good substrate recognition by the enzyme catalyst, thereby giving 

an explanation for the seemingly low eROP rates of the small, purely cisoid lactones. 

The possibility of enzyme-catalyzed peptide bond formation for the synthesis of BTAs comprising amino 

acid derived substituents was explored in Chapter 5. Both the Thermolysin-based peptide bond formation 

and the Novozym 435-catalyzed DKR of oxazol-5(4H)-ones with alcohol nucleophiles were investigated. 

Reactions on model compounds that required the transformation of a single functional group proceeded 

readily in both approaches, while similar transformations on a triply substituted central benzene core were 

less successful. The influence of the increased steric demands and the altered equilibrium by introduction 

of the tri-substitution pattern were directly noticeable. Moreover, stability problems were unexpectedly 

encountered for a phenylalanine derived tris(oxazol-5(4H)-one). On the other hand, structurally more 

simple BTA precursors comprising a single 5-oxo-4,5-dihydrooxazolin-2-yl substituent did show a slow, 

CALB-catalyzed ring opening process. 

In Chapter 6, N',N''-bis(octyl)-N-(-hydroxyalkyl) BTAs with an ethylene, butylene, and hexylene spacer 

were synthesized and their solid state and self-assembly behavior were studied. The introduction of a 

single hydroxy group in the BTA structure had a distinct influence on the solid state properties. The 

temperatures for the transition to the isotropic state were significantly lower compared to non-

functionalized BTAs. In addition, in dilute methylcyclohexane solution the hydroxy functional BTAs 

showed a stronger tendency to aggregate than the (octyl)3 BTA. Moreover, the three hydroxy functional 

BTAs turned out to be excellent organogelators for apolar cyclic and branched organic solvents at a 

concentration of 1 wt%. Novozym 435-catalyzed acylation of the primary hydroxy groups of these BTAs 

was applied to control the organogelation behavior. 

Chapter 7 discusses the influence of the sterically demanding phenylalanineoctyl ester (PheOct) moiety 

on the supramolecular self-assembly behavior of BTAs in dilute solution. These BTAs with one or three 

PheOct moieties were the target compounds for the DKR of oxazol-5(4H)-ones described in Chapter 5. 

Introduction of the PheOct moiety led to an isodesmic classification of the aggregation behavior. A weak 

majority rules effect was observed for the mono PheOct substituted BTA, whereas no effect was found 

for (PheOct)3 BTA. Mixing experiments with (octyl)3 BTA revealed a strong induction of a preferred 

helicity for the mono PheOct BTA, while (PheOct)3 BTA preferentially gave a more stable 1:1 

heterocomplex. 
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Samenvatting 
- 

Candida antarctica Lipase B katalyse in organische, polymeer 
en supramoleculaire chemie 

Het gebruik van enzym gekatalyseerde chemische reacties voor de synthese van polymeren en 

hoogwaardige, enantiomeer zuivere chemische tussenproducten heeft de afgelopen tientallen jaren veel 

belangstelling ontvangen vanuit zowel de academische wereld als de industrie. Deze enzym 

gekatalyseerde reacties op niet-natuurlijke substraten verlopen over het algemeen onder milde condities 

en met een uitstekende selectiviteit. In dit proefschrift wordt de geschiktheid van Candida antarctica 

Lipase B (CALB) als katalysator voor de bereiding van kleine, optisch zuivere organische moleculen, 

functionele polymeer structuren en amino zuur gebaseerde supramoleculaire bouwstenen verkend. 

Daarnaast willen we een beter theoretisch inzicht krijgen in het gebruik van CALB voor de enzymatische 

ring opening polymerisatie (eROP) van lactonen. Als laatste is het aggregatie gedrag van de in dit 

proefschrift beschreven supramoleculaire benzeen-1,3,5-tricarboxamide (BTA) bouwstenen in detail 

onderzocht.  

In Hoofdstuk 2 is het Bäckvall systeem voor de dynamisch kinetische resolutie (DKR) van  

1-fenylethylamine geoptimaliseerd voor gebruik met 1 equivalent acyl donor en kortere reactietijden. Het 

doel hiervan was de ontwikkeling van een dynamisch kinetische resolutie polymerisatie (DKRP) systeem 

voor de bereiding van chirale polyamides. Het gebruik van 1 equivalent isopropyl methoxyacetaat leidde 

tot een afname van de reactietijd van 72 tot 26 uur, zonder een negatieve invloed te hebben op de chemo- 

en enantioselectiviteit (90 en 97%, respectievelijk) van het DKR proces. De bredere toepasbaarheid van 

de aangepaste DKR procedure werd gedemonstreerd voor zeven andere (di)amine substraten. 

Polymerisatie van de twee diamine substraten met een geactiveerde diacyl donor liet de omzetting van 

zowel het amine als van de acyl donor zien, maar had te lijden onder de slechte oplosbaarheid van de 

reactie producten. 

De directe synthese van polyesters met functionele groepen bevestigd aan de hoofdketen door middel van 

chemo- en regioselectieve polymerisatie staat beschreven in Hoofdstuk 3. Als katalysator is hiervoor 

Novozym 435, een commercieel verkrijgbare geïmmobiliseerde vorm van CALB toegepast. Allereerst 

werd een epoxide gefunctionaliseerd polymeer met een Mn van 9.7 kg/mol en een PDI van 1.9 bereid 

middels de eROP van ambrettolide epoxide. Daarnaast werd isopropyl aleuritaat, een monomeer met twee 

secundaire en één primaire hydroxy groep, gesynthetiseerd. De Novozym 435 gekatalyseerde acylering 

van dit monomeer was selectief voor reactie van de primaire hydroxy groep. De enzymatische 

homopolymerisatie gaf goed gedefinieerde polymeren met een redelijk molecuul gewicht  

(Mn: 1.9 kg/mol, PDI: 3.2); de chemische polymerisatie daarentegen gaf alleen gecrosslinkte polymeren. 

Copolymeren van -caprolacton en isopropyl aleuritaat werden bereid door enzymatische polymerisatie 

en de post-functionalisering van deze polymeren werd gedemonstreerd. 
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In Hoofdstuk 4 zijn theoretische moleculaire dynamica en docking studies uitgevoerd om inzicht te 

krijgen in het verband tussen lacton grootte en de invloed op de eROP snelheid. De docking studies lieten 

het belang zien van een transoide ester binding voor een goede herkenning van het substraat door het 

enzym en gaven zodoende een plausibele verklaring voor de ogenschijnlijk lage eROP snelheid van de 

kleine, puur cisoide lactonen. 

De mogelijkheid van enzym gekatalyseerde vorming van peptide bindingen voor de bereiding van amino 

zuur gebaseerde BTAs werd verkend in Hoofdstuk 5. Zowel de Thermolysine gebaseerde vorming van 

peptide bindingen als de Novozym 435 gekatalyseerde DKR van oxazol-5(4H)-onen met alcohol 

nucleofielen zijn hiervoor onderzocht. Reacties van model verbindingen die de omzetting van één enkele 

functionele groep vereisten werkten goed in beide gevallen, terwijl soortgelijke omzettingen op een 

drievoudig gesubstitueerde centrale benzeen kern minder succesvol waren. De invloed van de 

toegenomen sterische vereisten en de gewijzigde evenwichtsligging door het drievoudige 

substitutiepatroon waren direct merkbaar. Daarnaast werden onverwachte stabiliteitsproblemen ervaren 

voor een phenylalanine gebaseerd tris(oxazol-5(4H)-on). Aan de andere kant, eenvoudigere BTA 

precursoren met een enkele 5-oxo-4,5-dihydrooxazolin-2-yl substituent lieten een langzaam, CALB 

gekatalyseerd ring openingsproces zien. 

In hoofdstuk 6 staan de synthese en de karakterisering van het vaste fase en supramoleculair aggregatie 

gedrag van N',N''-bis(octyl)-N-(-hydroxyalkyl) BTAs met een ethyleen, butyleen en hexyleen spacer 

beschreven. De introductie van een enkele hydroxy groep in de BTA heeft een duidelijke invloed op de 

eigenschappen in de vaste fase. De temperaturen voor overgang naar de isotrope toestand zijn significant 

lager in vergelijking met niet gefunctionaliseerde BTAs. Daarnaast hebben de hydroxy functionele BTAs 

in een verdunde methylcyclohexaan oplossing een sterkere neiging om te aggregeren dan (octyl)3 BTA. 

Verder bleken de drie hydroxy functionele BTAs uitstekende organogelatoren te zijn voor apolaire, 

cyclische en vertakte organische oplosmiddelen bij een concentratie van 1 massa%. Novozym 435 

gekatalyseerde acylering van de primaire hydroxy groepen van de BTA werd toegepast om het 

organogelatie gedrag te controleren. 

In Hoofdstuk 7 wordt de invloed van de sterisch veeleisende phenylalanine octyl ester (PheOct) groep op 

het zelf-assemblage gedrag van BTAs in verdunde oplossing bediscussieerd. Deze BTAs met één of drie 

PheOct groepen waren de gewenste eindverbindingen voor de DKR van oxazol-5(4H)-onen zoals 

beschreven in Hoofdstuk 5. Introductie van de PheOct groep leidde tot een isodesmische aggregatie 

gedrag. Een zwak 'majority rules' effect werd waargenomen voor de mono PheOct gesubstitueerde BTA, 

terwijl geen effect waarneembaar was voor de (PheOct)3 BTA. Mengexperimenten met (octyl)3 BTA 

onthulden een sterke inductie van een voorkeursheliciteit voor de mono PheOct BTA, terwijl de 

(PheOct)3 BTA bij voorkeur een stabieler 1:1 heterocomplex vormde. 
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Dankwoord 

Na ruim tien jaar op de TU/e, waarvan ruim vier jaar tijdens mijn promotie binnen SMO, komt het einde 

dan echt in zicht. Daarom is dit het moment om de vele promovendi, post-docs, UDs, UHDs en andere 

mensen die het mogelijk hebben gemaakt mij thuis te voelen binnen de vakgroep en in Eindhoven in het 

algemeen hier te bedanken. Gedurende de laatste jaren heb ik met veel plezier gewerkt binnen SMO waar 

een goede sfeer en hoogstaand wetenschappelijk onderzoek hand in hand samen gaan. Toch wil ik een 

aantal mensen wil hier graag in het bijzonder noemen. 

Allereerst Bert, graag wil ik je bedanken voor je begeleiding door de jaren heen. Zonder jouw input en 

feedback zou dit proefschrift er absoluut anders uit hebben gezien. Tijdens de bespreking van de 

verschillende manuscripten van papers en hoofdstukken was je altijd kritisch en direct. Soms, als er weer 

hele stukken herschreven moesten worden, dan baalde ik soms wel, maar als het eenmaal klaar was, dan 

was het vaak toch een duidelijke verbetering. Onze verschillende gesprekken hebben mij doen realiseren 

wat er werkelijk van belang is bij het doen van onderzoek: het hebben van een duidelijk doel en het 

kunnen communiceren van de behaalde resultaten. Hartelijk dank voor alles. 

Anja, vanaf de eerste dag van je terugkeer naar de TU/e hebben we met elkaar te maken gehad. In het 

begin als een van je eerste studenten binnen het Spinoza instituut en in een later stadium als copromotor. 

Gedurende die tijd heb ik veel van je mogen leren, ook al waren we het af en toe niet met elkaar eens en 

hadden soms behoorlijke discussies over de interpretatie van resultaten en het wel of niet doen van 

bepaalde experimenten. Graag wil ik je bedanken voor de vele uren waarin we manuscripten hebben 

doorgesproken, hebben gebrainstormd over van alles en nog wat of dat we gewoon met elkaar hebben 

gepraat over de belangrijke dingen in het leven. 

The help from Prof. K. Hult from the KTH in Stockholm has been as important as the support from within 

SMO. A first visit to your group finally resulted in a long-term project and stay in Stockholm. I have had 

a wonderful time during the four months I stayed in your group and sincerely would like to thank you for 

your hospitality, all help, ideas and your participation in my PhD defense committee. In my best Swedish: 

'Tack för allt'. 

Verder wil ik de Prof. Dr. J. v. Hest (RUN) bedanken voor het doorlezen van het mansucript, het geven 

van suggesties en zijn deelname in de kerncommissie. Daarnaast wil ik Prof. Dr. L. Brunsveld en Prof. 

Dr. E.M. Meijer bedanken voor hun deelname in de verdedigingscommissie en de laatste in het bijzonder 

voor de vele helpvolle discussies tijdens zijn bezoeken aan de TU/e. 

Ook wil ik Jef Vekemans bedanken voor zijn grote hoeveelheid kennis op het gebied van de organische 

chemie en zijn bereidheid om deze met mij en anderen te delen. Als er weer eens een onverwacht 

resultaat gevonden werd op het lab kwamen we vaak samen met een mogelijke verklaring, al was dat 

vaak pas na flink wat gezamenlijk puzzelwerk. Daarnaast hartelijk dank voor je deelname in de 

kerncommissie en het uitgebreid doorlezen van mijn proefschrift, en laat de beruchte c.q. beroemde 

transparant nu maar komen… 

Zonder samenwerking met vele (oud-)collega's was het niet mogelijk geweest de verschillende projecten 

binnen mijn promotie tot een succesvol einde te brengen. Voor hun hulp in het amine DKR project ben ik 

de volgende mensen speciale dank verschuldigd: Bart, Jeroen, Marloes (voor de synthese van de 
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diamines), en Suvarna. In die tijd heb ik verder op een prettige wijze samengewerkt aan soortgelijke 

projecten met Lars, Jorg en Ümit waarvoor dank. De theoretische studie naar de invloed lacton grootte op 

de reactiviteit was niet mogelijk geweest zonder de hulp van Floris, Lars R. (voor zijn hulp met Yasara) 

en niet te vergeten Linda Fransson en de rest van mijn tijdelijke collega's aan de KTH. Linda, many 

thanks for your kind help with the MD studies using Sybyl. I learned a lot from our discussions and really 

enjoyed my stay at KTH. Voor de vele nuttige discussies over het naar het aggregatie gedrag van de 

diverse BTAs in dit proefschrift wil ik graag Tristan, Seda, Maarten (voor zijn hulp bij het analyseren van 

de data), Henk J (Symochem, voor zijn bijdrage aan het hydroxy functionele BTA project), Ivo, en Marko 

(vloeistof IR) bedanken. Special thanks to Pol, who carefully read the largest part of the initial manuscript 

and gave some usefull suggestions and for his attempts on the TEM measurements of the hydroxy 

functional BTA gels. 

Daarnaast heb ik het genoegen gehad een aantal studenten te mogen begeleiden aan uiteenlopende, en 

uitdagende projecten. Graag wil ik dan ook Kars en Tim bedanken voor hun inzet en getoonde interesse 

bij de DKRP van amines en de synthese en karakterisering van optisch zuivere, hydroxy functionele 

BTAs. De projecten waren zeker niet makkelijk, maar jullie werk heeft zeker bijgedragen tot nieuwe 

inzichten waarvan ik dankbaar gebruik heb gemaakt tijdens mijn promotie. 

Zonder de uitstekende ondersteuning van het analytische team zou het werk binnen SMO een stuk 

lastiger, zo niet onmogelijk zijn. De expertise en bereidheid om te helpen van Joost, Mr. Lou, en Ralf 

hebben dan ook in grote mate bijgedragen aan het succesvol uitvoeren van de verschillende projecten, 

waarvoor veel dank. Daarnaast zijn er een heel aantal mensen meer op de achtergrond aanwezig binnen 

SMO om de goed geoliede machine op soepele wijze draaiende te houden. Daarom veel dank voor de 

uitstekende secretariële ondersteuning door de jaren van: Angela, Carine, Hanneke, Ingrid, Jana, en Joke. 

Hans, bedankt voor het bestellen van de verschillende chemicaliën, glaswerk en andere zaken en je hulp 

bij de diverse reparaties op het lab. Verder veel dank aan Henk E. die altijd klaar stond voor een praatje 

met een (zeer) stevige kop koffie uit een van de vijf (!) koffieapparaten in zijn domein.  

Met veel plezier kijk ik terug naar de vele uren die ik op Lab 4 heb doorgebracht samen met (in 

alfabetische volgorde): Arjan, Axel, Bart, Ewelina, Faysal, Janus, Johan, Karthik, Linda, Maarten, Mark, 

Martin, Martijn, Michel, Nicole, Oren, Peter, Rachid, Rob, Robert (ook voor het zijn van een prettige 

huisgenoot en een van mijn twee paranimfen), Stephanie, Suvarna, Tobias, en Wencke. Ieder van jullie 

wist zijn/haar persoonlijke steentje bij te dragen aan de goede sfeer, netheid en gezelligheid op het lab 

door de jaren heen. 

Naast de tijd op het lab heb ik ook veel tijd doorgebracht met mijn kamergenoten op STO 4.31. Rene, we 

hebben maar een korte tijd samen doorgebracht, maar ik weet nu uit eigen ervaring hoe frustrerend het 

kan zijn als je je moleculen met geen mogelijkheid meer opgelost krijgt. Meer tijd heb ik doorgebracht 

samen met Ingrid en Patrick die altijd wel iets te vertellen had. (Patrick: hopelijk is de bullshit button die 

je van ons gekregen hebt bij je eigen promotie niet al te vaak tegen je gebruikt…) Daarnaast kijk ik met 

veel plezier terug op de dagen samen met Thomas, Jan G. en Maartje. Ook al werkten we aan compleet 

verschillende onderwerpen, we hebben denk ik veel van elkaar kunnen leren en ik zelf heb in ieder geval 
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prettig en in een ontspannen sfeer met jullie samengewerkt. Succes met de verdere afronding van jullie 

eigen promotie onderzoek en het schrijven van jullie proefschrift. Daarnaast wil ik mijn verdere collega's 

bedanken voor de gezellige koffie- en lunchpauzes in de koffiekamer: er was altijd wel iets om over te 

praten, en het was er dus nooit stil.  

Naast het werk heb ik de afgelopen jaren voldoende afleiding en ontspanning kunnen vinden binnen de 

fotoclub, de speelavonden bij Gameforce en de diverse activiteiten binnen Aluvea. Graag wil ik dan ook 

alle (oud) clubleden van FC Rapenland bedanken voor de clubavonden, de bijbehorende fotobesprekingen 

en andere activiteiten. Mede door jullie inbreng ben ik in staat geweest tijdens mijn promotie aan een 

hobby te beginnen en deze op een geheel eigen wijze en stijl uit te werken. Met plezier en genoegdoening 

kijk ik verder terug op de twee jaar als penningmeester binnen het bestuur samen met Ad, Ferdinand, 

Gerrit, en Truus. Patrick: dat we de komende jaren nog vaak even op vrijdag een kroeg binnen mogen 

stappen om wat te gaan drinken. Naast fotograferen heb ik de laatste vier jaar nog een tweede hobby 

regelmatig en met veel plezier mogen uitoefenen: voor hun aanwezigheid tijdens de speelavonden bij 

Gameforce en het spelen van menig bordspel wil ik dan ook Astrid, Diederick, Hanneke en Remco, 

Hanneke en Jeroen, Henri, Joran, Paul, Remco N, Roald, en Rob bedanken. Ondanks dat ik niet altijd 

alles heb weten te winnen en soms al binnen een paar minuten geheel uitgeschakeld was (dank je Remco 

v. P.) heb ik altijd met veel plezier samen met jullie een avond, of soms een hele dag, gevuld. Hopelijk 

kunnen we deze traditie dan ook in de toekomst voortzetten. Daarnaast kijk ik met veel plezier terug op 

de verschillende activiteiten die ik samen met de mensen die ik vanuit Aluvea heb ondernomen. De 

stapavonden, sinterklaasfeesten, klimavonturen bij Neoliet, MTB tochten, etentjes, festival bezoeken en 

andere activiteiten samen met jullie waren altijd gezellig. Een bijzondere blijk van dank voor Yuri voor 

de samenwerking binnen de activiteiten commissie jongeren en het willen zijn van een van mijn twee 

paranimfen. 

Bijna aan het einde van dit dankwoord ben ik misschien wel bij de moeilijkste regels aangekomen. Mama 

en papa, zonder jullie steun van jongs af aan en interesse in de dingen die mij bezig houden had ik in mijn 

leven nooit zo ver kunnen komen. Mama, helaas heb je het begin en einde van mijn promotie nooit mee 

mogen maken, maar toch wil ik je samen met papa diep vanuit mijn hart bedanken voor jullie 

aanwezigheid, wijze lessen en liefde die mij altijd bij zullen blijven. Daarnaast mag ik mijn overige 

familie, en mijn zus Monique in het bijzonder, niet vergeten voor hun altijd aanwezige interesse en 

aanwezigheid wanneer het nodig was. Monique, veel succes met de verder afronding van je eigen 

promotie in Rotterdam en je carrière voor de periode erna. De laatste regels van dit dankwoord zijn 

gereserveerd voor jou Karina. Het afgelopen jaar zijn we allebei druk hebben geweest met onze eigen 

promotie, maar ondanks dat hebben we gelukkig genoeg tijd weten te vinden voor elkaar. Jouw liefde en 

steun tijdens deze periode zijn me dan ook bijzonder waardevol geweest en hebben mij eens te meer doen 

realiseren dat je niet alleen promoveert, maar met z'n tweeën. Lieve Karina, dat we samen nog een mooie 

toekomst voor ons mogen hebben. 

 

Martijn 
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