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Chapter 8
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Chapter 8

The research described in this thesis covers the application of MCR methodologies aimed at expansion of the scaffold library and implementation of these
scaffolds for the development of pharmaceutical relevant, drug-like compounds
and diagnostic probes. Scaffold design was achieved either by clever application
of bifunctional MCR components, or implementation of underexplored starting
materials. Applicability of the scaffolds was found to be quite broad, covering
biological targets such as anti-cancer and kinases, application as a new class of
MRI contrast agents and peptidomimetics for yet to be discovered targets. Moreover, the thorough review of one the youngest MCRs, the GBB-3CR, revealed
affinity of the associated scaffold for a wide variety of biological targets. This
scaffold is still underexplored, thus exhibits high potential for drug discovery.
Improvement of IMCRs by addressing limitations in availability and/or problematic application of isocyanides was also shown. The praziquantel example covers
an important process of both an MCR approach to synthesize a marketed drug
in less steps into a more optimized reaction, as well as in situ formation of the
isocyanide compound through readily available formamides. Overall the MCR
scaffold design described in this thesis was successfully linked to new potential
targets and the resulting compounds were applied as drug-like compounds and
introduced beyond the scope of drug discovery.
In Chapter 2 the protein-protein interaction of p53 and Mdm2 was dissected
into anchor points and linked to chemical mimics of the corresponding amino
acid residues. Analysis of direct contacts between the protein binding site and
interacting ligand residues allowed us to develop small molecule inhibitors.1
The protein databank PDB is continuously updated with newly identified crystal structures.2 Apoprotein crystal structures are often a good starting point, but
co-crystal structures will deliver more information on how the ligand binds. A
useful tool assisting in finding good binders is AnchorQuery (anchorquery.ccbb.
pitt.edu/), recently published.3 By loading the receptor protein and defined pharmacophore points, a query can be run. The results are small molecule structures,
containing a narrow variation of the predefined pharmacophores, connected intramolecular by MCR scaffolds. By docking a hit set, more structural information
can be retrieved, and by removal of any structure either sticking out of the binding site, bearing structural features of PAINS or having ADMET compromising
features, the hit set is reduced to a small library of possible binders. Due to the
efficient and convergent nature of MCR chemistry, all synthesizable by a single
step. The Ugi 4-component reaction is used to synthesize in a single step selective
Mdm4 inhibitors. Although Mdm4 does not act as E3 ubiquitin ligase, the protein
inhibits p53 by binding to the proteins transcriptional activation domain.4 The
three anchor points for this interaction were Phe18, Trp23 and Leu26 and were
chemically mimicked by various benzyl amines, carboxylic acids and isocyanides
respectively. Paraformaldehyde, the fourth component serves as backbone of the
dipeptidic U-4CR scaffold. By using indole like carboxylic acids in combination
with bulky isocyanides and amines, many products precipitated from the reaction mixture in methanol. Therefore reactions were carried out in a 96-well filter
plate, allowing high throughput synthesis of peptidomimetic molecules, wherein
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the products were collected by filtration. The resulting compounds were found
to be pure enough to be screened without the use of the often required, time consuming column chromatography purification step. Screening was performed by
a fluorescence polarization assay, identifying hit compound B1 as a selective p53/
Mdm4 inhibitor (Ki = 5.5 µM). Exploration of structure-activity relationships was
performed on the basis of this hit compound and a second library of compounds
was synthesized. The structural features of B1; an indole and p-chlorobenzyl
moiety originating from the carboxylic acid and amine respectively were slightly
modified, while keeping the cyclohexyl group from the isocyanide intact. Despite
variations on the benzylamine component, introducing various halogens (p-fluoro-, p-CF3-, o,p-dichloro) and on the carboxylic acid component using substituted indoles and similar bicyclic heterocycle substitutions, no improvement on
the Mdm4 inhibitory activity was observed in this library. Either way a selective
Mdm4 inhibitor was developed, showing a 10-fold higher activity over Mdm2.
Where further optimization will be presented in due course.
Drugs going generic allows for innovation in the production process and once a
generic drug enters the market, competition on the market could reduce the price
significantly. It isn’t a surprise that praziquantel (PZQ), listed as essential medicine by the WHO, is affordable. The production of praziquantel is to date, however, unchanged since 1983. A process that is in current standards considered to
be an environmental burden. With the introduction of the MCR methodology for
preparing praziquantel in 2010, a big step was made towards a more green process, as the number of reaction steps was reduced from four to two, and no excess
of highly toxic potassium cyanide is required in the synthesis.5 The use of isocyanides in the U-4CR might have hampered the adaptation of this green method.
Chapter 3 introduced a way to circumvent the requirement of handling isocyanides by in situ formation of this reactant.6 With a variety of pre-existing work on
the use of isocyanide precursors with in situ conversion in a one pot reaction, the
isocyanide is only shortly present in the reaction mixture. Such methods are conversion of halides, using AgCN, from epoxides and formamide conversion with
diphosgene. None of these methods were found to be broadly applicable with
random starting materials and a method allowing more diverse product types
was developed. The basis of this method is the dehydration of formamides. Although formamides are readily available, synthesis from aldehydes and amines
by reductive amidation and formylation respectively, adds up to the diversity
at lower costs. The methodology of in situ formation of phenethylisocyanide, required for the U-4CR was accomplished by using phenethylformamide dissolved
in dichloromethane, in the presence of 2,4 equivalents of trimethylamine and
slow addition of 0,4 equivalents of triphosgene at -10 °C. This temperature was
later found to be stretched to even lower temperatures, enabling faster addition
of triphosgene, without formation of unwanted side products. Subsequent dilution of methanol is needed for the U-4CR and by the addition of paraformaldehyde, aminoacetaldehyde dimethyl acetal and cyclohexanecarboxylic acid, this
reaction is run at room temperature for 48 hours. For the scale the reaction was
performed on, we focused on application of only simple purification methods
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as crystallization and trituration. This approach gave a yield of 40% at 50 mmol
scale for the Ugi reaction, yields are expected to increase at larger scale reactions.
The Pictet Spengler reaction was unaltered from previously described methods
and resulted in praziquantel in 50% yield. The challenge in this step, that should
be noted, is the unreactive unsubstituted phenyl, taking part in this intramolecular cyclisation reaction. Where the reaction would readily run under mild acidic conditions, usually with indoles or methoxy- substituted phenyl rings, harsh
conditions, using anhydrous methane sulfonic acid neat and heating at 70 °C was
needed to accomplish the Pictet Spengler reaction for praziquantel. The next step
in improvement in the production of praziquantel should be directed towards
the enantioselective synthesis of the drug. Currently the racemic mixture is used
to treat patients, in which the inactive enantiomer adds up to the dose size (30-60
mg/kg) for average adult of a staggering 2,400 mg, furthermore the bitter taste
of the (S)-PZQ enantiomer hinders administration to infants.7-8 Asymmetric synthesis of the active (R)-PZQ would overcome these issues. A major challenge is
maintaining the low cost of praziquantel production and is not possible with
known resolution methods.9
Synthesis of amino tetrazoles as amino acid bio-isosteres has been developed
using the Ugi azide 4-CR, using trityl amine as convertible amine component.10
Cleaving the trityl moiety yields a primary amine, which was found to open opportunities such as secondary modifications. Additionally, the use of bifunctional
starting materials allows for post modifications too and by aligning reactivity of
a bifunctional reactant with a functional group in the same molecule, rearrangements or intramolecular transformations could take place. In this respect amines
and esters would react to lactams. The combination of a tetrazole and a lactam
connected to the same α-carbon would introduce a cis amide bond, of interest
in biological systems as this type of bond is responsible for introduction of loop
structures in proteins frequently through proline and glycine residues. In Chapter 4 the synthesis of 1,5 disubstituted tetrazolo lactam peptidomimetics was accomplished by reacting trityl amine, TMS azide, various isocyanides with linear
aliphatic ester aldehydes.11 The trityl group on the UT-4CR was cleaved using
TFA and subsequent cyclization was performed using sodium hydride. Through
this procedure γ- and δ-lactams were synthesized with yields between 32-99%. Synthesis of compounds with longer chain length for the ε-lactam and aliphatic rings
in the chain did yield the expected UT-4CR products. Nonetheless, cyclisation
conditions as used for the γ- and δ-lactams was unsuccessful and rather yielded carboxylic acids as saponification products. Both X-ray structure analysis of
some of the obtained products and analysis of the lactam moiety in the protein
databank confirmed the importance of the N-unsubstituted lactam ring towards
biological interactions. The key feature is the intermolecular hydrogen bond network the lactam-NH could undergo, manifesting in a bifurcated or trifurcated
hydrogen bonding pattern with neighboring residues and/or water molecules,
which is otherwise impossible with previous reported methods yielding exclusively N-substituted lactams.
Exchange of the carboxylate with a bioisostere, by a 1H-tetrazole, on gadoter-
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ic acid, it is believed that the stability of the compound would improve. This
compound is used for MRI contrast enhancement and the gadolinium containing
Dotarem agent, although being one of the best chelators of lanthanide metals,
slowly releases the metal in the body. Normally fast clearance by the kidneys
would remove the complex efficiently, and the concentration of free gadolinium
would remain below toxic levels. Renal failure disrupts the fast clearance and
consequently nephron- and neurotoxic effects will have a severe effect on the patients’ health. Attempts to functionalize the EDTA like macrocycles showed multistep routes and never a 3- or 4-fold substitution of the carboxylic acid with tetrazoles. Retrosynthetic analysis of the desired tetra tetrazole substitution indicated
the UT-4CR as a suitable way to synthesize the tetra tetrazole compound and was
described in Chapter 5.12 In this MCR, isocyanides will introduce a substituent
incorporated on the tetrazole ring, thus the use of a convertible isocyanide is required to obtain the 1H-tetrazole after cleavage of the substituent. Usually t-butyl, t-octyl or benzylisocyanides are used due to their proven ease of removal by
either acidic treatment or hydrogenation for the aliphatic or benzyl substituents
respectively. During initial experiments however, the use of Walborsky’s reagent
(t-octylisocyanide) resulted in formation of many sideproducts which were difficult to separate. Benzylisocyanide in the UT-4CR with cyclen and formaldehyde
did yield the desired product and was subsequently subjected to hydrogenation
conditions, using H2 (3 bar) and 40 mol-% Pd/C catalyst. Product was found in
trace amounts and it was speculated that either the intermediate or deprotected
product would form a complex with the catalyst, resulting in catalyst poisoning.
Addition of a stoichiometric amount of catalyst, relative to the envisioned quadruple deprotection gave a better conversion, visualized by 1H-NMR, but still
incomplete and therefore difficult to purify, as the mono-, di- and tri-deprotected
products exhibit a similar elution profile as compared to the fully deprotected
compound in column chromatography. Aime et al. demonstrated in similar compounds that the β-cyanoethyl protecting group, often used as phosphotriester
protecting group in solid-phase oligonucleotide synthesis, could efficiently be
cleaved from tetrazoles under mildly basic conditions.13-14 This led to the development and application of the corresponding cleavable β‑cyanoethyl isocyanide.15
The reaction of this isocyanide resulted in quantitative conversion to the UT-4CR
product, forming a sticky precipitate. Decanting the solvent together with unreacted TMSN3 and isocyanide, followed by dissolving the precipitate in ACN
allowed us to remove the unreacted paraformaldehyde by filtration. Removal
of the β-cyanoethyl protecting group went smooth within 2 hours in quantitative yields. Initially the deprotected product was purified by ion exchange chromatography, however by adjusting the pH of the compound in aqueous media
to the isoelectric point (pH = 7,75) precipitated the neutral 1,4,7,10-tetrakis((1Htetrazol-5-yl)methyl)-1,4,7,10-tetraazacyclododecane (TEMDO). A key benefit in
this method is the elimination of counter ions that otherwise would have been
introduced by ion exchange chromatography. Preparation of the gadolinium
complex did not pose any difficulties. Determination of the stability constant
was, however, not that straightforward. Conventional titration methods such as
ITC and NMR rely on short equilibrium times and could not be used as the Kon
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kinetics of Gd3+-TEMDO were rather slow. Therefore a colorimetric method was
used, with individual titrations of Gd-Arsenazo III (a color complex) with addition of TEMDO chelator aliquots. The series of individual mixtures in sealed
vials were incubated for 6 weeks at 65 °C and from the absorbances measured
by UV-VIS spectroscopy, the kinetics were determined. Although the stability
constant was relatively high and in the range of other known contrast agents
(Omniscan), the identical core structure to Dotarem reveals that tetrazoles are
not the best ligands for lanthanide metal binding, supported by the seven orders
of magnitude better stability constant of this marketed contrast agent. Stability
parameters are generally performed under controlled conditions, nevertheless
the high stability constant of Dotarem does not prevent Gd3+ leakage upon in
vivo exposure, more specifically by degradation factors such as metabolism and
transmetalation by endogenous metal ions, e.g. Cu(II), Ca(II) and Zn(II). Proof
of concept was demonstrated by the delayed contrast-enhanced MRI application
of Gd-TEMDO in vivo. Myocardial tissue damage, induced by occlusion of the
left coronary artery, was studied in an animal model and by our contrast agent
successfully visualized. The current applied gadolinium based contrast agents
are based on chelators having appendant carboxylate ligand sites. Introduction
of unprecedented tetrazoles as bioisosteric carboxylate replacements has proven
to form a highly stable gadolinium complex, applicable as MRI contrast agent
and the complex is suspected to exhibit improved stability in vivo. Such studies as
well as introduction of functionalized TEMDO chelators are anticipated.
One of the youngest MCRs, the Groebke-Blackburn-Bienaymè reaction is continuously explored and new amidines, aldehydes and isocyanides are tested for
their scope and limitations in this reaction. The developments, highlights, scope
and limitations of this reaction and expert opinion were discussed in Chapter 6.
Based on the statement of the possibilities arising by introduction of bifunctional
starting materials, the underexplored heterocyclic bis-amidine was investigated
in Chapter 7. Bis-amidines can be arranged in symmetric and asymmetric pyrazines, pyrimidines and pyridazines. In the experimental design, these amidines
were selected upon commercial availability and by this pyridazine-3,6-diamine,
pyrazine-2,3-diamine and pyrimidine-4,6-diamine were subjected to typical
GBB-3CR conditions using benzaldehyde, 2,6-dimethylphenylisocyande, with
scandium triflate as catalyst. Reactions with pyridazine-3,6-diamine and pyrimidine-4,6-diamine both gave yield to the mono and bis GBB-3CR products, however found to degrade quickly when exposed to air. Unlike the aforementioned
amidines, pyrazine-2,3-diamine exclusively yield the mono GBB-3CR product
and does not exhibit stability issues. The imidazo[1,2-a]pyrazin-8-amine motif
from this product was found to resemble an important part of the features responsible for binding of adenine/adenosine containing ligands. Moreover, the
majority of small molecule kinase inhibitor drugs mimic the hydrogen bonds interactions formed through the adenosine part of ATP.16 This key feature of GBB3CR compounds as adenine mimics is a promising starting point, thus scope and
limitations were explored for this reaction. First this one step procedure was optimized by variations in temperature, catalysts, solvents and catalyst load. Al-
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though elevated temperature indicated a faster reaction course, the completeness
was lacking as compared to the room temperature reaction. Heating of MCR reactions is often accompanied by formation of side products and could explain
the observation of lower conversion, ultimately reducing yields. The least side
products were observed in methanol as solvent, 10 mol-% Sc(OTf)3 while stirring
at room temperature for 24 hours. The subsequent synthesized library of 22 compounds is a result of in total 22 performed reactions, although not every combination of isocyanide and aldehyde was high yielding, not a single reaction failed
and an average yield of 70% was observed. Imidazo[1,2-a]pyrazin-8-amines were
previously described in multistep reactions and involve an aromatic nucleophilic substitution from a halide to amine by treatment with ammonia, for the
introduction of the amino group on the 8-position. This conversion is described
to require harsh conditions, thus significantly reducing the substituent scope in
regard to delicate substituents. In the synthesized library esters, Boc PGs, boronic
acids and the associated pinacol esters were well tolerated, proving the mildness
of this reaction. Application of synthesized adenine mimics and their biological
activities will be investigated, where inhibition of Epac1/2, a protein involved in
cAMP signaling, would be a good starting point.

Conclusion
Scaffold design is more relevant than ever as the lack of novel druglike structures
hampers the development of drugs for newly discovered biological targets. The
MCR methodologies included in this thesis have proven to efficiently introduce
features such as selective high affinity binders and mimics of otherwise metabolic
unstable moieties. Moreover, shortening the reaction routes of multiple existing
preparations of drug and druglike compounds was successfully demonstrated.
The Ugi 4-CR was used to combine the Leu-Trp-Phe pharmacophore features towards selective p53/Mdm4 inhibitor. This approach, resulted in a Mdm4 inhibitor, an anti-cancer target, exhibiting a 10-fold selectivity over Mdm2. Synthesis of
amino acid derived tetrazole analogues has proven to be a valuable step towards
discovery of new applications. Tetrazolo lactams as cis amido bond peptidomimetics and tetrazole based chelators for MRI application have been developed
using the Ugi Tetrazole 4-CR. Exploration of applicability of bis-amidines in the
Groebke-Blackburn-Bienaymè 3-CR led to the discovery of a one-step procedure
for the preparation of imidazo[1,2-a]pyrazin-8-amines. Analysis of the PDB revealed interesting binding possibilities of this scaffold, as adenine mimetic is useful for targeting a wide variety of kinase/phosphorylation related pathways. The
GBB-3CR scaffold is still underexplored, thus exhibits high potential for drug
discovery. Improvement of IMCRs by addressing limitations in availability and/
or problematic application of isocyanides was also shown. The importance of
such an improvement, complemented by the developed scaffolds and mimics
paved the way for broader application of in general IMCRs and therefore easy
access to complex structures in a single reaction step.
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