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Abstract  

In this thesis, three different projects are presented: bottom group and cyclohexyl 

replacements for the SAFit scaffold, macrocyclic SAFit analogs, and a comparative study 

conducted to elucidate the effect of macrocyclization on physicochemical and selected ADME 

properties. 

In the first project, an established and published route was utilized to synthesize alpha-methyl 

thiophene acetic acid derivatives, which were used to determine the most suitable replacement 

of cyclohexyl in the SAFit scaffold. Aside from identifying chlorothiophene as the best 

cyclohexyl replacement, it was discovered that the respective transient binding pocket of 

FKBP51 is surprisingly compatible with a benzo[b]thiophene moiety. This finding marks a 

potential starting point for further developments of the SAFit scaffold since it became clear that 

even larger residues than cyclohexyl are tolerated by the protein. The alpha-methyl group of 

the chlorothiophene acetic acid was then replaced with different allyl containing moieties using 

the Ireland-Claisen rearrangement. The resulting double bond was then functionalized with 

different polar groups. The achieved binding affinities were comparable to the best-known 

bottom group replacement of Feng et al., but with reduced molecular weight and higher 

polarity. Unfortunately, further investigations were hampered by the epimerization of the 

stereocenter of the thiophene acetic acid. 

The second project focused on SAFit-based macrocycles. First, existing structure-activity 

relationships (SARs) were completed, and the published findings validated. Then, the smallest 

macrocyclic scaffold was determined, and two different linkages were investigated. The 

binding affinities and ADME properties of the amide linkage were so poor that further research 

was terminated. The 1,4-triazole linkage, investigated together with Vanessa Buffa, resulted in 

the development of a comprehensive strategy for macrocyclic linker design, to stabilize various 

conformations. 

The third project was a comparative study to elucidate the effect of macrocyclization on 

compounds concerning physicochemical and selected ADME properties. In cooperation with 

AbbVie Germany and together with Moritz Spiske, 15 macrocycles were selected, and 

respective matched molecular linear references were synthesized. The results of the 

measured assay panel revealed that for this series of compounds, macrocyclization 

significantly improves solubility without impairing the other measured properties.  
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Zusammenfassung  

In dieser Dissertation werden drei verschiedene Projekte vorgestellt: Bottom-Group- und 

Cyclohexyl-Replacement für das SAFit-Gerüst, makrozyklische SAFit-Analoga und eine 

vergleichende Studie zur Ermittlung der Auswirkungen der Makrozyklisierung auf 

physikochemische und ausgewählte ADME-Eigenschaften. 

Im ersten Projekt wurde eine etablierte und veröffentlichte Route genutzt, um Alpha-Methyl-

Thiophen Essigsäure-Derivate zu synthetisieren, die verwendet wurden, um den am besten 

geeigneten Ersatz für Cyclohexyl im SAFit-Gerüst zu bestimmen. Neben der Identifizierung 

von Chlorthiophen als dem besten Cyclohexyl-Ersatz wurde entdeckt, dass die entsprechende 

transiente Bindungstasche von FKBP51 überraschenderweise mit einem Benzo[b]thiophen-

Rest kompatibel ist. Diese Entdeckung stellt einen potenziellen Ausgangspunkt für die 

Weiterentwicklung des SAFit-Gerüsts dar, da klar wurde, dass sogar größere Reste als 

Cyclohexyl vom Protein toleriert werden. Die Alpha-Methylgruppe der 

Chlorthiophenessigsäure wurde dann durch verschiedene Allylenthaltende-Gruppen mittels 

der Ireland-Claisen-Umlagerung ersetzt. Die resultierende Doppelbindung wurde dann mit 

verschiedenen polaren Gruppen funktionalisiert. Die erzielten Bindungsaffinitäten waren 

vergleichbar mit dem besten bekannten Bottom-Group-Ersatz von Feng et al., jedoch mit 

reduzierter Molekularmasse und höherer Polarität. Weitere Untersuchungen wurden wegen 

der Epimerisierung des Stereozentrums der Thiophenessigsäure eingestellt. 

Das zweite Projekt konzentrierte sich auf SAFit-basierte Makrozyklen. Zunächst wurden 

bestehende Struktur-Aktivitäts-Beziehungen (SARs) vervollständigt und die veröffentlichten 

Ergebnisse validiert. Dann wurde das kleinste makrozyklische Gerüst bestimmt und zwei 

verschiedene Verknüpfungen untersucht. Die Bindungsaffinitäten und ADME-Eigenschaften 

der Amid-Verknüpfung waren so schlecht, dass weitere Forschungen eingestellt wurden. Die 

1,4-Triazol-Verknüpfung, die zusammen mit Vanessa Buffa untersucht wurde, führte zur 

Entwicklung einer umfassenden Strategie für das Design von makrozyklischen Linkern, die 

verschiedene Konfirmationen stabilisieren. 

Das dritte Projekt war eine vergleichende Studie zur Ermittlung der Auswirkungen der 

Makrozyklisierung von Verbindungen in Bezug auf physikochemische und ausgewählte 

ADME-Eigenschaften. In Zusammenarbeit mit AbbVie Deutschland und gemeinsam mit Moritz 

Spiske wurden 15 Makrozyklen ausgewählt und entsprechende lineare molekulare 

Referenzen synthetisiert. Die Ergebnisse des gemessenen Assay-Panels zeigten, dass für 

diese Serie von Verbindungen die Makrozyklisierung die Löslichkeit signifikant verbessert 

wurde, ohne die anderen gemessenen Eigenschaften zu beeinträchtigen.  
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1. Introduction  

1.1. FKBPs ï an Overview  

Immunophilins are a protein family binding immunosuppressive drugs such as FK506 and 

Rapamycin. FK506-binding proteins (FKBPs), a subfamily of immunophilins that bind to 

FK506, are categorized into two subclasses: large and small FKBPs. FKBP51, a well-studied 

member of the large FKBP51 was discovered in 1990[1]-[3]. This cochaperone consists of three 

domains: the peptidyl-prolyl cis-trans isomerase (PPIase) domain called FK1, the FKBP-like 

domain FK2 and the tetratricopeptide repeat (TPR) protein domain[1][2][4](Figure 1).  

 

 

Figure 1: Crystal Structure of FKBP51.  Crystal structure of FKBP51 (left) comprising three domains: FK1 domain 

(violet), FK2 domain (yellow) and TPR domain (blue) (PDB: 50MP) and its name-giving ligand FK506 (right). 

 

In addition to displaying enzymatic activity the N-terminal FK1 domain binds the 

immunosuppressant natural product FK506 (Tacrolimus)[5]. Although the role of the FK2 

domain is less well understood, it was suggested that it contributes to protein-protein 

interactions via a scaffolding function[1][2]. The C-terminal TPR domain most importantly 

mediates the binding of FKP51 to the C-terminal MEEVD motif of heat shock protein 90 

(Hsp90)[2][6][7]. The resulting FKBP51-Hsp90 complex can then bind to steroid hormone 

receptors such as the glucocorticoid receptor (GR). This binding generally results in a lowered 

sensitivity of the GR for glucocorticoids (for humans cortisol) reducing its translocation 
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efficacy[8][9]. FKBP51 expression, encoded by the FKBP5 gene, is activated by the active, 

translocated GR creating an ultra-short feedback loop for GR-sensitivity [8][10]. In general, this 

sensitivity plays an essential role in the hypothalamic-pituitary-adrenal (HPA) axis, one of the 

bodyôs stress response systems (Figure 2 ). In this context, FKBP52 represents the counterpart 

to FKBP51 in terms of Hsp90- and GR-binding. With ca. 70% sequence identity[11], it also 

represents the closest homolog to FKBP51. Similar to FKBP51, FKBP52 comprises a FK1, 

FK2 and TPR domain, the latter also binding to Hsp90. The binding of the respective complex 

to the GR results in a signaling potentiation making FKBP52 a GR modulator and counterplayer 

of FKBP51 by enhancing the sensitivity of the respective GR-complex[12]-[16]. Dysregulation or 

inappropriate termination of this hormonal cascade is an essential risk factor for stress-related 

diseases such as depression, obesity and chronic pain[8][17]-[24]. Therefore, the balance between 

the two counterplaying cochaperones FKBP51 and FKBP52 is essential for maintaining a 

functional HPA axis. Even though both homologs display comparable affinities for the GR, the 

FKBP51-Hsp90 complex can outcompete the FKBP52-Hsp90 complex in terms of binding to 

the GR[13][25][26]. This makes the inhibition of FKBP51 an attractive drug-target.  

 

 

Figure 2: Simplified Stress Response in Humans as an Interplay of Glucocorticoid Receptor and 

Hypothalamic -pituitary -adrenal (HPA) axis.  If external stress occurs the stress response system of humans is 

activated. First, the hypothalamus is triggered and corticotropin-releasing factor (CRF) is released. This activates 

the cyclic adenosine monophosphate (cAMP) pathway leading to an adrenocorticotropic hormone (ACTH) release. 

Lastly, cortisol is secreted activating the GR which in turn inhibits further HPA axis activation and ultimately the 

stress response. GR activation initiates the FKBP5 gene expression which encodes for FKBP51. The latter acts as 

a modulator for the GR and the HPA axis (reproduced from Smith et al.)[27][28]. 
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The anticipated potential of FKBP51 inhibition was proven by several animal studies with 

FKBP51 knockout mice[18]-[20]. However, in comparable studies the FKBP52-knockout led to 

defects in the reproductive organs of male mice and infertility in female mice[14][29]. Overall, 

FKBP51 is a promising drug target, but any potential drug candidate must demonstrate 

sufficient selectivity over its closest homolog FKBP52, and must not have immunosuppressive 

effects. 

 

1.2. Development of Selective FKBP51 Inhibitors  

The early ligand development for FKBPs started with the unselective natural products FK506 

and Rapamycin targeting the PPIase domain of FKBP12 (Figure 1 and 3)[30]. The natural 

products were reported to block the PPIase activity of FKBP12, and additional 

immunosuppressive effects were observed[31]. In 1997 Keenan et al. reported the first 

synthetic, sub-micromolar ligand for FKBP12 named SLF (Figure 3). Like the natural products 

FK506 and Rapamycin, SLF also comprises a pipecolic acid core (green) but in contrast to the 

natural product the ligand was reported to be non-immunosuppressive[32]-[34]. Besides the 

reported good binding affinity for FKBP12 (12 nM), selectivity over FKBP51 (3.1 µM) and 

FKBP52 (2.6 µM) was reported[30]. In the following years, several ligand series were published 

to increase the binding affinity for FKBP51, most of them bearing the pipecolic acid motif. For 

example the rigidification of said core led to the discovery of the [4.3.1] bicyclic scaffold in 2013 

which eventually enabled binding affinities in the low nanomolar range for FKBP51, FKBP52 

and FKBP12 [35]-[38].  

 

 

 
Figure 3: Selected FKBP ligand s comprising the pipecolic acid  core  (green) and analogs thereof . The natural 

product Rapamycin, the first non-immunosuppressive synthetic ligand SLF and the [4.3.1] bicyclic scaffold as one 

of the most potent, pan-selective, synthetic FKBP-binders.  
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The crucial selectivity against FKBP52 was finally achieved with the discovery of the SAFit-

scaffold in 2015[39]. The scaffold comprises a top group (violet) in two modifications (SAFit1 

and SAFit2), the Pipecolic acid core (green) and a trimethoxy aryl bottom group (blue) with a 

cyclohexyl moiety (red) in alpha position of the trimethoxy phenyl acetic acid moiety (Figure  4).  

 

 

 
Figure 4: SAFit  Scaffold and Selective Binding by Opening a Transient Binding Pocket.  (a) SAFit1 and SAFit2 

(depending on R) comprising a top group (violet), the pipecolic core (green), cyclohexyl residue (red) and a 

trimethoxy aryl bottom group (blue); (b) co-crystal structure (PDB: 8CCA) of SAFit1 (dark green) and the FK1 

domain of FKBP51 (grey), showing the crucial interactions (yellow) with Ile87 and Tyr113 and the selectivity inducing 

displacement of Phe67 (green) opening a transient binding pocket.  

 

Analysis of the crystal structure gave insight into the induced-fit mechanism upon binding of 

SAFit-analogs to the FK1 domain of FKBP51. Interactions of the pipecolic core with Ile87 and 

Tyr113 lead to low nanomolar binding affinities for the target protein. The cyclohexyl moiety of 

the SAFit bottom group displaces Phe67 (green, Figure 4) and opens a transient binding 

pocket. The respective displacement in the FK1 domain of FKBP52 is less favored since Thr58, 

Trp60, and Val129 hinder the required rearrangement and opening of the transient binding 

pocket. This results in the unprecedented selectivity of SAFit for FKBP51 over FKBP52[39]. The 

first compound of this series was named SAFit1 which was unfortunately not sufficiently cell 

permeable. The replacement of the carboxylic acid with a morpholine moiety yielded the cell-

permeable SAFit2 (Figure 4a), which is considered as the gold standard chemical probe for 

functional investigations of FKBP51 in vitro and in vivo. 

a b 
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1.3. Next -Generation Selective FKBP51 Inhibitors  

However, SAFit2 is still not suited as clinical candidate, especially when evaluated against the 

Lipinski Rule-of-five (Ro5)[40][41]. This rule-of-thumb is providing guidelines in drug discovery 

how to maximize the likelihood of an orally bioavailable compound based on physicochemical 

properties. It states that the respective molecule must not have more than 5 hydrogen bond 

donors (HD) or 10 hydrogen bond acceptors (HA), a molecular weight below 500 g/mol and a 

cLogP below 5. Even though SAFit2 is to a certain degree cell-permeable, leading to significant 

cellular activity (IC50 = 196 nM in NanoBRET assay[42]) and is even able to pass the blood-

brain barrier it still has the liabilities of being too large (MW = 803 g/mol) and too lipophilic 

(cLogP = 6.6). These liabilities in combination with lacking selectivity against FKBP12 and 

FKBP12.6 are the main drivers of the on-going ligand development. Gaali et al. for example 

explored the structure-activity relationship (SAR) of alternative top groups. By replacing the 

pipecolic ester with pipecolic acid amides binding affinities up to 100 nM for FKBP51 were 

reported[43] (Figure 5 ). While the replacement resulted in smaller molecules with lower cLogP, 

it was not possible to achieve the same binding affinities as for SAFit. The main reason for the 

difficulties in replacing the top group is probably the not yet understood role of the top group 

since co-crystal structures of SAFit1/2 with FKBP51 do only show limited interactions with this 

part of the protein. Similarly, the role of the bottom group of SAFit is not understood yet due to 

limited synthetic access to modify this part of the molecule. While investigating the SAR of 

alternative bottom groups, it was observed by Feng et al. that all three methoxy residues of the 

SAFit bottom group are crucial for the binding to FKPB51. The removal of one methoxy group 

results in a significant loss in binding affinity and indicates a cooperative contribution[44]. 

Therefore, Feng et al. attempted to replace the whole aromatic part of the bottom group with 

small alkyl moieties bearing chiral alcohols leading to affinities of up to 700 nM. The authors 

also found that a methyl group in combination with cyclohexyl suffices as the minimal 

selectivity-inducing moiety[44]. Based on these SARs and co-crystal structures of SAFit analogs 

in complex with FKBP51, a preorganization strategy was implemented. This involved 

rigidification using a decalin-scaffold, which retained selectivity against FKBP52. However, the 

binding affinities for FKBP51 were only up to 230 nM[45]. Only recently it was discovered by 

Knaup et al. that the cyclohexyl moiety of the SAFit analogs can be replaced by 

chlorothiophene[46]. The thiophene-SAFit analog retains the binding mode of SAFit and also 

the selectivity against FKBP52. The binding affinity for FKBP51 is comparable to SAFit1/2, 

making it the most successful SAFit analog so far. However, no replacement for the trimethoxy 

aryl part of the bottom group and the top group were found yet. Additionally, the selectivity 

problem of the SAFit analogs against FKBP12 and FKBP12.6 remains unsolved. 
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Figure 5: Recent developments  of the SAFit scaffold. Overview of recently published SAFit analogs either 

replacing the top group (violet), cyclohexyl (red) or the bottom group (blue), R = SAFit2 top group. 

 

1.4. Macrocyclization ï A Modality for Challenging Drug Targets  

To resolve the remaining selectivity issues and improve the physicochemical properties of the 

SAFit scaffold while maintaining sufficient target activity, new strategies were needed. In this 

regard, macrocyclization has become a widely used approach in medicinal chemistry 

especially for targeting proteins with shallow binding pockets, such as FKBP51[47]. Additionally, 

macrocycles are known for softening the limitations of classical Ro5-compliant ligands, 

generally enabling larger ligands to remain orally bioavailable [48]-[50]. Macrocycles, defined as 

molecules with at least one ring of 12 or more heavy atoms[48], are generally used by medicinal 

chemists when C- or U-shaped conformations of the respective linear ligands are observed 

(e.g. by co-crystal structures). Another reason for the success of macrocycles is that the careful 

design of linker length and composition can restrict the conformational ensemble of a 

macrocycle closer to the desired bioactive conformation resulting in increased binding 

affinities[48]. The conformational restriction is especially favorable if the conformation of the 

respective linear ligand in solution is much different to the protein-bound conformation. In these 

cases, the change from the low-energy conformation in solution to the high-energy bioactive 

conformation is energetically unfavored which leads to lower binding affinities. The 

conformational restriction via macrocyclization can also be favorable if several low energy 

conformations besides the bioactive conformation exist. In this case, the binding event lowers 
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the degrees of freedom, leading to an entropic penalty and ultimately a decrease in binding 

affinity. This is why macrocyclization is especially attractive for proteins with shallow binding 

pockets requiring large and often flexible ligands[51]. The ólockingô of desired conformations may 

also increase selectivity by excluding conformations binding to off-targets or inducing 

unprecedented conformations of the target protein[48]-[55]. Macrocycles, particularly those 

derived from natural products, are known for their surprising cell permeability and even oral 

bioavailability despite high molecular weight[48][53][56][57]. A prominent example is Cyclosporin A 

which is a peptidic macrocycle with several polar residues responsible for its good oral 

bioavailability. It was however found that when Cyclosporin A is exposed to an apolar 

environment, such as a cell membrane, it shields the polar residues by formation of 

intramolecular hydrogen bonds leading to the remarkable cell permeability. This adaptation of 

the molecule to its chemical environment is often called óchameleonicityô[58]-[60].  

 

 

Figure 6: Chameleonicity of Cyclosporin A.  Cyclosporin A displays remarkable cell-permeability and oral 

bioavailability by adapting to its chemical environment (Figure adapted from [51][58][59]).  

 

1.5. SAFit -Based Macrocycles  

These favorable attributes in combination with a macrocyclic, endogenous ligand of FKBP 

constituted the rational for designing macrocyclic FKBP51 inhibitors to overcome the liabilities 

of the SAFit scaffold. Bauder et al. justified the cyclization approach based on the U-shaped 

conformation of SAFit when bound to FKBP51. This conformation results in the spatial 

proximity of the top group (A) and bottom group (B), as observed in the co-crystal structure of 

SAFit with FKBP51. (Figure 7 )[61]. Allyl moieties were introduced to the top group and in the 

meta-/para-position of the bottom group of the SAFit scaffold. These were utilized for 

cyclization via ring-closing metathesis (RCM). Afterwards, the double bond was functionalized 
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leading to 33 macrocycles in total. All macrocycles retained selectivity against FKBP52 and 

binding activities up to 5 nM for FKBP51 were observed[61]. Gratifyingly, the best binding 

macrocycles also showed unprecedented cellular activity in a NanoBRET assay (IC50 = 

15 nM).  

 

 

Figure 7: Macrocyclization strategy based on co -crystal structure of SAFit1 and FKBP51. (a) Proximity 

between top group A and bottom group B of SAFit1 (dark green, PDB: 8CCA) in complex with FKBP51 (grey, 

displaced Ph67 in green) as rationals for macrocyclization strategy of Bauder et al. (b) Co-crystal structure of the 

macrocyclic SAFit analog (yellow) from Bauder et al. (PDB: 7B9Y) and FKBP51 (grey, displaced Ph67 in green)[61]. 

 

The selectivity issue of SAFit against FKBP12 and FKBP12.6, was unfortunately not resolved 

by these macrocycles. However, in the same year Voll et al. published another series of 

macrocycles based on the SAFit scaffold. In contrast to Bauder et al. in this series the bottom 

group was replaced with unnatural amino acids enabling solid-phase synthesis. Compared to 

Bauder et al. these macrocycles displayed weaker binding affinities for FKBP51 (up to 290 

nM), yet a novel binding mode in the co-crystal structure with FKBP51 was observed. The 

binding mode of the top group, pipecolic core, and cyclohexyl moiety of the macrocycle (grey, 

Figure 8a ) is highly conserved compared to SAFit1 (dark green, Figure 8a ). Consequently, 

the macrocycles displace Phe67 (green, Figure 8a ), maintaining selectivity against FKBP52. 

Additionally, an interaction with Tyr57 (green, Figure 8a ) and a displacement of the ɓ3b strand 

(indicated with arrows, Figure 8b ) were observed, resulting in a novel protein conformation of 

FKBP51 (dark red, Figure 8b ). The authors claimed that FKBP12 and FKBP12.6 cannot adopt 

this conformation and are thus not bound by the macrocycle.  

a b 
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Figure 8: Binding mode and novel conformation of FKPB51 upon binding macrocyclic FKBP -Inhibitor. (a) 

Co-crystal structure of a macrocyclic Inhibitor (grey, PDB: 7AOU) with FKBP51 (grey), overlayed with SAFit1 (dark 

green). Displacement of Phe67 (green) and novel interaction (dashed yellow line) with Tyr57 (green); (b) Comparison 

of protein conformations of FKBP51 upon binding of a macrocyclic inhibitor (macrocycle grey, protein dark red) and 

SAFit1 (pale green, SAFit1 has been omitted for clarity); displacement of ɓ3b strand indicated with arrows.  

 

2. Summary and Aim  

Even though some milestones in the development of FKBP51 inhibitors were reached (e.g., 

cellular activity and selectivity), each approach still has several drawbacks: the Bauder 

macrocycles and Knaup replacements display good affinity and cell activity but the high 

molecular weight and lack of selectivity against FKBP12 and FKBP12.6 makes both scaffolds 

unsuitable for a potential selection as clinical candidates. The Voll macrocycles on the other 

hand display good selectivity against FKBP52, FKBP12 and FKBP12.6 but lack potency and 

cellular activity for FKBP51.  

This work aims to further investigate three scaffolds of FKBP51 inhibitors. First, the 

chlorothiophene replacement proposed by Knaup et al. is examined in combination with 

various bottom group replacements. Next, the previously published macrocyclic FKBP51 

inhibitors by Voll et al. and Bauder et al. are further explored. Afterwards, smaller ring sizes 

and linker compositions for SAFit-derived macrocycles are investigated. Finally, a comparative 

study of linear and macrocyclic matched molecular pairs is conducted to gain a deeper general 

understanding of the effects of macrocyclization on key physicochemical and ADME 

properties.  

a b 
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3. Results and Discussion  

3.1. Bottom Group and Cyclohexyl Replacements  

3.1.1. Methyl as Smallest Selectivity -Inducing Residue for SAFit -Thiophene Analogs  

Like Feng et al., Knaup et. al also identified methyl as the smallest selectivity-inducing residue 

in the context of the thiophene-containing SAFit scaffold. However, in combination with methyl, 

the chlorothiophene (4) had a 3-fold better binding affinity for FKBP51 compared to cyclohexyl 

(3), making it an interesting starting point for further investigations (Figure 9 ).  

 

 

 
Figure 9: Binding Affinities for selected SAFit  scaffolds and the respective smallest selectivity inducing 

motif . n.b. = not binding.[39][44][46] 

 

Since the scope of tested thiophene and cyclohexyl replacements in the SAFit scaffold is rather 

limited it was decided to investigate the transient binding pocket of FKBP51. It was furthermore 

intended to determine the maximum size of residues tolerated by this protein pocket of 

FKBP51.  

First, an immobilized SAFit1 top group with Fmoc-protected pipecolate was required which 

was synthesized according to previously reported protocols[55]. Aldehyde 5 was reacted with 

ketone 6 via Claisen-Schmidt reaction, followed by reduction of the double bond with Zn and 



 

  11 

NH4Cl. Subsequent stereo-selective reduction of ketone 8 with Nayori-catalyst (RuCl2[(S)-(DM-

SEGPHOS)][(S)-DAIPEN]) yielded the secondary alcohol 9 with the desired stereo 

configuration. In contrast to the published procedure only 1 bar Hydrogen was deployed due 

to the large scale and limited capacity of the autoclave. This led to longer reaction time and 

lower yield compared to literature. Next, the aromatic alcohol was alkylated with tert-Butyl 

bromoacetate, followed by coupling of 10 with (S)-Pipecolic acid to provide 11. Finally, 13 was 

obtained by tert-Butyl ester cleavage and immobilization on 2-Chlorotrityl resin (Figure 10 ).  

 

 

 

Figure 10: Synthesis of SAFit top group with Fmoc -protected pipecolic core and tert -Butyl ester or 

immobilized on CTC -resin.  

 

For the coupling to the immobilized top group 13, different thiophene derivatives were selected 

according to commercial availability and synthetic accessibility. The previously published 

route[46] generating alpha-hydroxy alcohols from alpha keto ester via a Grignard-type reaction 

was adapted accordingly. For this pyruvic ester 14 was obtained from pyruvic acid 15, using 

oxalychloride and tert-butanol (Figure 11a ). The respective thiophene bromides 18-22 were 

commercially available, and 17 was obtained from 16 via bromination with N-bromsuccinimide 



 

  12 

(NBS) (Figure 11 b). The respective alpha-hydroxy intermediates 23-28 were attained in 

generally low yield. Only in some cases, side products were observed by TLC, but it was 

unfortunately not possible to identify these side products. The highest yield was obtained for 

3-bromothiophene which might indicate that the position of lithiation plays a role. It is also 

known that the lithium-bromine exchange of aryl bromides can heavily depend on solvent 

composition and temperature, but an intensive screening of reaction conditions was not 

performed due to the clean conversion and convenient purification. In a final step the alpha-

hydroxy group was removed using triethylsilane (TES) and trifluoracetic acid (TFA) which also 

cleaved the tert-butyl ester. Building blocks 29-34 were obtained with medium to high yields. 

The sequence was adapted for the analog with ethyl (37). Here the Grignard-type reaction of 

15 and 2,5-dibromothiophene 20 was followed by a Sonogashira reaction with 

Ethynyltrimethylsilane yielding 39 (Figure 11 e). This was followed by simultaneous hydroxy 

removal, ester cleavage and reduction of the alkyne with TES and TFA giving 40. In order to 

get the respective building block with alkyne, another synthetic route was deployed starting 

with thiophene acetic acid 41 (Figure 11 f). The starting material was alkylated in alpha position 

using lithium diisopropylamide (LDA) and iodomethane giving 42, which was subsequently 

converted to methylester 43 using methanol and sulfuric acid. This sequence, in contrast to 

the alkylation of the respective ester, allowed the separation of mono- and double-alkylated 

compounds. 43 was then brominated with NBS to provide intermediate 44 for the following 

Sonogashira reaction. The cross coupling with ethynyltrimethylsilane yielded 45 which was 

converted to the desired building block 46 under basic conditions. Finally, the immobilized 

SAFit top group 13 was Fmoc deprotected using 4-methylpiperidine and then coupled to the 

thiophene derivatives (31-37,40,46) using HATU, HOAt and DIPEA according to the previously 

published protocol[46]. After cleavage with hexafluoroisopropanol (HFIP) the two formed 

diastereomers were separated via preparative HPLC to provide final compounds 49-57 

(Figure 11 g) in low to medium yields over three steps.   



 

  13 

 

 

 

 

 

 

 

 

 

Figure 11: Synthesis of thiophene building blocks and respective SAFit1 analogs. Building block generation 

using (a) Pyruvic ester, (b) bromination of 16 and commercially available derivatives in Grignard-type reactions 

(c)/(d). Adapted sequence for alkyl (e) and (f) alkyn derivatives via Sonogashira cross coupling; (g) solid-phase-

supported coupling of respective building blocks and SAFit1 top group. a: building block commercially available. 

 

a b 

c 

d 

e 

f 

g 
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The obtained SAFit1 analogs were then subjected to a FP Assay determining the Ki values for 

FKBP51 and FKBP52 (Figure 12 ). 

 

 

 

Figure 12: SAR of the methyl -thiophene SAFit1 derivatives compared to published dat a from Knaup et al . 

a: published data from Knaup et al.[62]. 

 

This SAR shows an approximately 2-fold loss in binding to FKBP51 when changing the 

connectivity of the thiophene from 2-position (49) to 3-position (50). A 2-fold gain of affinity can 

be observed if the chlorine is exchanged with bromine (52). This might arise from the more 

lipophilic character[63][64] of bromine compared to chlorine, which is probably favorable for 

binding to the lipophilic, transient binding pocket of FKBP51. However, this increase in affinity 

comes with the price of higher molecular weight and a decreased selectivity against FKBP52. 

Exchanging the chlorine with methyl (51) leads to a 4-fold loss in affinity for FKBP51. 

Introducing an additional methyl in 4-position (53) of the thiophene leads to 1.5-fold decrease 

in binding affinity. However, if a single ethyl is installed in 5-position (56) an increase in binding 

affinity compared to a single methyl can be observed. The comparatively small loss of binding 

affinity (circa 2-fold) compared to the chlorine (4) can probably be explained with the lipophilic 

character on the one hand but flexible nature of the ethyl residue on the other hand. The more 
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rigid ethylenyl (57) is not nearly as well tolerated as ethyl and leads to an almost 30-fold lower 

affinity for FKBP51 compared to the óparentalô chlorothiophene 4. It is likely that this low affinity 

arises from a steric clash of 57 with the protein considering the comparable Ki for the also rigid 

but larger phenyl (54). With the benzo[b]thiophene (55) residues an unexpected good binding 

affinity was observed suggesting that the transient binding pocket of FKBP51 can accomodate 

to a certain degree larger moiety than previously anticipated. This was further investigated with 

a co-crystal structure analysis with FKBP51 (Figure 13 ).  

 

 
 

Figure 13: Binding mode and co -crystal structures of selected SAFit thiophene derivatives with FKBP51.  

(a) Binding mode of benzo[b]thiophene derivative 55 (yellow) overlayed with compound 4, featuring a 

chlorothiophene and methyl instead of the bottom group (violet, PDB: 8CCC), and the SAFit1-chlorothiophene 

derivative (turquoise, PDB: 8CCD). This comparison illustrates the different orientations of the thiophene moieties 

when bound to FKBP51. (b) Co-crystal structure of 55 (yellow) in complex with FKBP51. The proximity of the ligand 

to amino acid residues are indicated with dashed lines and respective distances in Å, key residues Phe130, Phe67 

and Lys66 are depicted in green. 

 

The binding mode of the methyl-chlorothiophene 4 (violet, Figure 13a ) superimposed to the 

benzo[b]thiophene 55 (yellow, Figure 13a ) shows in general a good alignment. The major 

difference is the orientation of the thiophene, which is turned by circa 90°. The overlay with the 

SAFit1-chlorothiophene (turquoise, Figure 13a ) shows that its binding mode matches 55 better 

than the respective methyl-chlorothiophene. This orientation might be one reason for the 

surprisingly good binding affinity of 55. The co-crystal structure with FKBP51 reveals the spatial 

proximity of the benzo[b]thiophene moiety to Phe130 and Lys66 which could indicate contacts to 

these amino acid residues (Figure 13b ). This could explain the surprising binding affinity and 

b a 
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could be potential starting points for future ligand design. Beside this, the SAR shows that 

chlorothiophene is the best cyclohexyl replacement in combination with a methyl bottom group. 

The slightly better affinities with the bromine replacement yielded slightly better affinities, yet 

with the prize of undesirably high molecular weight, lipophilicity and compromised selectivity. 

 

3.2. Ireland -Claisen Building Blocks as B ottom Group Replacements  

Based on these findings chlorothiophene was selected as starting point for exploring possible 

bottom group replacements. It was intended to utilize the Ireland-Claisen reaction to install an 

allyl-containing moiety in the alpha position of the chloro-thiophene acetic acid. This synthetic 

strategy has two main advantages: the facile introduction of a stereocenter in beta-position 

and the allylic moiety as an attractive synthetic handle for diversification or macrocyclization 

(Figure 14 ). The sequence starts with the esterification of the thiophene acetic acid followed 

by the Ireland-Claisen rearrangement and, if possible, the separation of the syn- and anti-

isomers. This was intended to be followed by the coupling to the SAFit1 top-/core-group, which 

should, according to experience, yield two separable diastereomers. (Figure 14 ).  

 

 

Figure 14: Strategy for generating chlorothiophene building blocks as bottom group replacements via  

Ireland -Claisen rearrangement . Planned building block synthesis starts with an Ireland-Claisen rearrangement 

(ICR) of the allylic precursor (Th=Chlorothiophenyl) yielding two potentially separable pairs of syn- and anti-

diastereomers (dashed lines). Subsequent coupling to SAFit1 top-/core-group (=TG) generates another potentially 

separable pair of diastereomers yielding four compounds from one allylic precursor.  
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Figure 15: Synthesis of building blocks via  Ireland -Claisen reaction. Synthesis of starting materials (a) 

chlorothiophene acetic acid 58 and (b) alcohol 60; (c) Ireland-Claisen sequence comprising esterification of chloro-

thiophen acetic acid 58 with different allylic alcohols and subsequent Ireland-Claisen rearrangement; isomeric ratios 

of syn and anti (IRs) are indicated.  

 

The respective alcohols were selected according to commercial availability and synthetic 

accessibility. The allyl alcohol was selected first to establish the reaction conditions, especially 

for the double bond modifications. The chlorothiophene core 58 was obtained from chlorination 

b 

a 

c 
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of thiophene acetic acid 41 with NCS in acetic acid (Figure 15a ). The commercially available 

3-methyl-2-buten-1-ol and trans-2-penten-ol were chosen to compare one and two alkyl 

residues in beta position. Lastly, the choice of cyclohex-1-en-1-ylmethanol 60 was inspired by 

the work of Seizert et al. on sterically congested vicinal carbon centers[65]. The required alcohol 

was obtained from reduction of methyl cyclohex-1-ene-1-carboxylate 59 via DIBAL (Figure 

15b). The synthesis started with esterification of 58 and the respective allylic alcohols utilizing 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-hydrochloric acid (EDC-HCl) and dimethyl-

aminopyridine (DMAP) yielding the desired esters (61, 63, 65, 67) in good to excellent yields. 

This was followed by the Ireland-Claisen rearrangement using lithium bis(trimethylsilyl)amide 

(LiHMDS) for enolate-generation and trimethylsilylchloride (TMSCl) for its trapping. Upon 

warming to room temperature, the trapped enolates then converted to the desired alpha 

allylated compounds 62, 64, 66 and 68 in good to excellent yields. The obtained syn- and anti-

diastereomers were separated via column chromatography or preparative HPLC (Figure 15c ).  

For compound 66 and 68 the respective syn- and anti-isomers were observed forming in a 

ratio of 4:1 and 8:1 determined via UV/Vis-traces at 254 nm and LCMS. This ratio can be 

explained by the geometry of the transition state of the Ireland-Claisen rearrangement, 

exemplarily shown with the formation of compound 66 (Figure 16 ). This transition state mostly 

depends on the geometry of the enolate and on the alkene configuration. According to the 

commonly used Ireland-Model the enolate formation occurs via a six-membered, chair-like 

conformation transition state. Thus sterically demanding bases such as LiHMDS lead to the 

predominant formation of E-enolates (69, Figure 16 )[66]. The addition of TMSCl traps the 

enolates leading to two possible transition states 70-A/B which rearrange via a six-membered 

transition state to the desired products 66-A/B. According to this postulated mechanism 66 

and also 68 should primarily form the anti-isomers (Figure 16 )[66]-[68]. 

However, the selectivity of the enolate formation and the geometry of the transition state might 

also depend on the substrates. The postulated mechanism is mostly based on the simplified 

model, assuming that only a chair-like conformation of the transition state forms. More detailed 

studies of the transition state suggest that certain systems can also favor the boat 

conformation[69], leading to the formation of the opposite diastereomer[66]. This might be the 

reason why the obtained isomeric ratios for 66 and 68 are different and not exclusively the 

anticipated isomers formed. The resulting isolated yields were different to the observed ratios 

in the reaction control, which is probably due to the several purification steps or partial 

epimerization of the stereocenter next to the thiophene during work up and purification. 
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Figure 16: Postulated Mecha nism of the performed Ireland -Claisen Rearrangement. The enolate formation of 

65 with the sterically demanding base LiHMDS predominantly forms the E-enolate 69, which is then trapped via 

TMSCl leading to the two possible six-membered transition states 70-A/B (Th=Chlorothiophene). Finally, the 

Ireland-Claisen rearrangement occurs leading to the predominant formation of the anti-isomers 66-A and 66-B. 

Figure is reproduced from [66]-[68]. 

 

Each isolated isomer was then coupled to the SAFit1 top-/core-group 13 through amide 

coupling (Figure 17a ). First, the unmodified allyl-building block 62 was used to establish the 

conditions of the double bond modifications. 62 was coupled to the immobilized top group 13, 

and the resulting diastereomers were separated via prep HPLC to provide 71-A and 71-B in 

low yield. Afterwards, the ketone was introduced using Wacker oxidation to provide 72-A and 

72-B in also low yield. Since the obtained amount of compound was too low to further react 

the ketone, another synthesis sequence was used. For this the tert-butyl protected SAFit1 top-

/core-group 12 was coupled to building block 62 yielding 73 in good yield. 73 was then 

deployed to the Wacker oxidation, and the resulting diastereomers were separated to provide 

74-A and 74-B in overall medium yield.  
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Figure 17: Synthesis of SAFit1 -Derivatives with functionalized, allyl bottom group replacement . Synthesis 

using (a) solid support and (b) tert-butyl ester; a: yield over three steps, b: yield over two steps.1   

 
1Additional Top Group was kindly provided by Dr. Tim Heymann 

b 

a 
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The ketones were then reduced to alcohols via NaBH4, the top group ester was cleaved and 

the diastereomers 75-A, 75-B, 76-A and 76-B were isolated using preparative HPLC. 

Dihydroxylation of 73 with OsO4, N-methylmorpholine N-oxide (NMO) and lutidine in 

water/acetone was unsuccessful, probably due to poor solubility of 73. Therefore, the tert-butyl 

ester of 73 was cleaved using TFA, the diastereomers separated, and subsequently the double 

bond was dihydroxylated. The two obtained diastereomers 77-A and 77-B were separated 

using preparative HPLC. The resulting broad peaks in the LCMS-UV/Vis-spectra and NMR 

data suggest that most likely only the stereocenter next to the thiophene was resolved (Figure 

17b).  

Attempts to introduce hydroxyl groups enantioselectively via Sharpless-dihydroxylation were 

unsuccessful, both with the tert-butyl ester and the corresponding deprotected carboxylic acid. 

Attempts to introduce a terminal hydroxyl group with hydroboration was also attempted. With 

the top group installed and the respective methyl ester of 62 led in both cases to degradation 

to unknown side-products. Next 64 was coupled to the SAFit1 top-/core-group 12 and 

diversified accordingly. As previously reported by Knaup[62], it was not possible to separate the 

resulting diastereomers of 78. The diastereomeric mixture was obtained with 27% yield over 

three steps (Figure 18a ). Wacker oxidation of 78 resulted in no conversion even with 

prolonged reaction time and additional reagents. Likely, the bulky neighboring methyl groups 

prevent the reaction. Dihydroxylation yielded two separable diastereomers 79-A and 79-B with 

low yield. NMR data suggest that probably only the stereocenter next to the thiophene was 

resolved. Afterwards, 66-A was coupled to the immobilized SAFit1 top-/core-group with the 

expected formation of two diastereomers. Reaction control revealed the racemization of the 

stereo center in alpha position of the thiophene and resulting in four isomers, where only one 

was possible to be isolated (80-A). 80-A and the mixed fractions (80-B) were then both 

subjected to dihydroxylation via OsO4. For 80-A one pure diastereomer (81-A) and a mixed 

fraction was obtained (81-B) in medium yield. For 80-B two separable fractions (82-A/-B) and 

a mixed fraction (82-C) were isolated. For 82-A/-B NMR data suggest that only the 

stereocenter in alpha position of the thiophene is resolved (Figure 18b ).  
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l 

 

 

 

Figure 18: Synthesis of SAFit1 -Derivatives with functionalized, Ireland -Claisen bottom group replacement.  

Synthesis of SAFit1 derivatives with (a) dimethyl and (b) ethyl residue in ɓ-position of the chlorothiophene acetic 

acid; a: yield over three steps, b: one diastereomer, c: mixture of diastereomers. 

 

b 

a 
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The likeliest reason for the observed racemization is the acidity (due to the electron-

withdrawing effect of the chlorothiophene) of the alpha-hydrogen next to the chlorothiophene 

which leads to enolate formation and loss of stereo information (Figure  19a)[70]-[72].  

 

 

 

 

 

 

 

Figure 19: Potential pathway of racemization exemplary shown for syn -isomers and screened conditions 

for amide coupling.  (a) Potential pathway for the loss of stereo information due to deprotonation in alpha position 

either immediately after activation or after amide formation shown with syn-isomer (adapted from Liang et al.[70]). 

(b) Screened conditions for amide coupling of 10 and 66-B all conditions led to a high degree of epimerization which 

was impossible to determine due to the overlap of the four UV-signals each corresponding to one diastereomer; for 

clarity the activators are abbreviated with their commonly used acronyms (full names see list of abbreviations), for 

bases and additives the full names are indicated.  

b 

a 
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To overcome the racemization, different coupling conditions were tested with the SAFit1 tert-

Butyl ester 12 and 66-B. The screened conditions were tested in small scale and without 

purification. Since racemization was only analyzed by LCMS with the free carboxylic acid, the 

ester of the top-/core-group was cleaved in a subsequent step using TFA in DCM (Figure 19b ). 

The conditions were selected according to published procedures using weak bases, reportedly 

leading to less isomerization. Unfortunately, for all conditions significant epimerization was 

observed, which leads to the conclusion that the hydrogen in alpha position of the thiophene 

acetic acid is highly acidic independent of coupling conditions. 

It is likely that the observed epimerization also occurred for the previously modified allyl 

compounds, yet the respective isomers were separable by preparative HPLC (Figure 17 ). 

Unfortunately, the introduction of polar residues did not aid the separation of the diastereomers 

as previously observed. Therefore, the synthesized Ireland-Claisen building blocks 68-A/68-B 

were not coupled to the SAFit1 top-/core-group and the so far obtained compounds were 

subjected to the FP-assay determining their affinity for FKBP51 and FKBP52 (Figure 20 ).  

The SAR of the Ireland-Claisen bottom group replacements (Figure 20 ) was completed with 

reference compounds from previous works such as 83 (with a decalin-based bottom group) 

and 4 (as the smallest selectivity-inducing motif the thiophene acetic acid with a methyl group 

in alpha position). 83 represents the so far best binding, linear SAFit analog without the 

trimethoxy aryl moiety. With the unmodified allyl residue (71-B), a gain in affinity for FKBP51 

compared to 4 was observed. This gain can probably be explained with the additional 

lipophilicity of the alkene. The introduction of polarity via a ketone leads to a 3-fold loss in 

affinity for FKBP51. The respective alcohol 75-A displayed affinities similar to the unmodified 

allyl (71-B). However, the respective diastereomer 75-B displayed very low binding to FKBP51, 

indicating a strong dependency on the stereochemistry of this alcohol. From this it can be 

concluded that, despite the lipophilic environment of the protein, polarity is tolerated in form of 

alcohols with the right stereochemistry, with one strongly favored orientation. The 

dihydroxylated compound 77-B shows that polarity is also tolerated at the terminal position, 

even though this brings no gain or loss in binding affinity. The observed binding affinities might 

be explained partially by the increased aqueous solubility of the compounds due to the 

introduced polarity which could prevent the otherwise lipophilic molecule from sticking to 

surfaces. The observation that terminal alcohol does not lead to an increased affinity despite 

increased polarity might point towards other factors such as pre-organization or new 

interactions with the protein which will be discussed later in this section. The di-methylation in 

ɓ-position (78) leads to a decrease of ca. 30% in binding affinity compared to the unmodified 

allyl (71-B). An ethyl moiety (80-A) in the same position leads to an increase in binding affinity 

to FKBP51 of circa 15%.  
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Figure 20: SAR of Ireland -Claisen bottom group replacements.  Published data is from Feng et al. and Knaup 

et al. respectively[45][46][62]; a: with SAFit2 top-/core-group; b: FP-assay data published by Feng et al.; c: FP-assay 

data published by Knaup et al. d: stereochemistry assigned according to co-crystal structure (Figure 21 b); e: the 

broad HPLC peak suggests the presence of a diastereomeric mixture of the secondary alcohol.   
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The obtained affinities for 80-A indicate that the discussed alkyl chains, need a certain 

configuration for optimal binding. The combination of alkyl modifications in ɓ-position and polar 

functionalization of the alkene lead in general to a loss in binding affinity. Due to the previously 

described complex separation and unknown stereochemistry it is impossible to draw clear 

conclusion from this SAR.  

 

 

Figure 21: Co-crystal structure of n ovel thiophene -based ligands  with FKBP51.  (a) General structure of 75-A 

and 77-B, co-crystal structure of (b) 75-A (dark blue sticks) indicating a new interaction (yellow dashed lines) with 

a water molecule (red sphere), the secondary alcohol, Tyr57 and Ser69. (c) co-crystal structure of 77-B (cyan sticks) 

reveals no new interactions, the molecule was crystallized as a racemic mixture but within the resolution only one 

diastereomer was observed; (d) overlay of co-crystal structures of 75-A and 77-B. 

 

Since the introduction of polar residues with certain stereochemistry led to surprisingly good 

binding affinities, co-crystal structures of compounds 75-A and 77-B in complex with the FK1 

domain of FKBP51 were determined. It was found that a water molecule (red sphere, Figure 

21b) was detected for 75-A, which is usually not present in co-crystal structures of SAFit 

a b

 

c d 
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analogs binding FKBP51. This water molecule forms a bridge between Tyr57 and Ser69 and the 

secondary alcohol in (R)-conformation of the ligand (75-A). This new interaction could be the 

reason for the surprisingly good binding affinity of this ligand for FKBP51. 77-B on the other 

hand shows no new interactions, and even though a racemic mixture was crystallized, only the 

secondary alcohol in (R)-conformation was observed. The terminal alcohol points towards the 

solvent, possibly explaining why it barely affects the binding affinity (Figure 21 c). 

When looking at the selectivities against FKBP12 (7- and 13-fold) and FKBP12.6 (2- and 5-

fold), the measured selectivities were not as good as benchmarked by the macrocycles of by 

Voll et al. (e.g. 84)[55]. For 75-A even the selectivity against FKBP52 seems to be compromised 

(Table 1 ). 

 

Table 1: (a) FP Assay results and (b) fold-selectivity against FKBP52, 12 and 12.6 compared to Voll macrocycle 

84. 

 

 

 

In conclusion a possibly new conformation of FKBP51 was observed upon binding of ligands 

75-A and 77-B. Combined with a bridging water molecule, this likely resulted in the surprisingly 

good binding affinities observed for these ligands. 75-A displayed even slightly better binding 

to FKBP51 compared to the best bottom group replacement from Feng et al. while possessing 

a significantly lower molecular weight[44][45]. The tolerance of polar groups while retaining good 

binding to FKBP51 could potentially positively influence the physicochemical profile of the 

compounds. The increased polarity could lead to an increased solubility and lowers the risk for 

unspecific binding. However, the achieved affinities are still too low compared to SAFit1 and 

SAFit2 to seriously consider these moieties as competitive bottom group replacements. The 

racemization issues make this synthesis strategy and ultimately these ligands unsuitable for 

further investigations.   

b 
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3.3.  Macrocyclic FKBP51 Inhibitors  

3.3.1. Validation and Further Development of  Existing  Macrocyclic FKBP51 Inhibitors  

Therefore, a different approach for the further FKBP51 ligand development was pursued, by 

retaining the SAFit scaffold and generating macrocycles. First, the findings from Bauder et 

al.[61] and Voll et al.[55] were validated and the approaches expanded by synthesizing more 

analogs. It was intended to first complete the published SAR of the SAFit-based para-

macrocycles from Bauder and then investigate the cyclohexyl replacement with thiophene for 

the macrocycles developed by Voll et al. 

 

3.3.2. Synthesis of SAFit -Based Macrocycles  

The macrocycles by Bauder et al. were synthesized according to the published sequence[61] 

which started with the installation of an allyl residue at the SAFit top group to provide 85 in 

excellent yield. This was followed by coupling with Fmoc-protected (S)-pipecolic acid yielding 

86 which was subsequently deprotected to provide 87 in excellent yield (Figure 22).  

 

 

Figure 22: Synthesis of the modified SAFit top group for macrocyclization.  

 

Afterwards, the SAFit bottom group with silyl-protected alcohol in para-position was 

synthesized according to the published route[61] (Figure 23 ). The sequence started with 

TBDPS protection of 88, comprising a protection step followed by ester cleavage. 89 was 
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obtained in good yield over two steps and was transformed to pentafluorophenol ester 90 in 

excellent yield. Then (S)-phenyloxazolidin-2-one was installed with good yield (91). The 

following alkylation using 3-bromocyclohexen yielded predominantly the desired diastereomer 

92 which was purified via FCC resulting in an isolated yield of 66%. The double bond of the 

cyclohexenyl moiety was then reduced via H2 and Pd/C yielding 93 in excellent yield. Finally, 

the Evans-Auxiliary was cleaved with H2O2/LiOH yielding the desired bottom group building 

block 94 in only 12% yield. Unfortunately, the cleavage mostly yielded side product 95 which 

is also described in literature[73]. Therefore, the auxiliary fragment was cleaved using sulfuric 

acid, also removing the silyl protecting group. Finally, the silyl protecting group was reinstalled 

and the resulting silyl ester cleaved yielding the desired bottom group building block 96 in 

moderate yield over three steps. 

 

 

 
Figure 23: Synthesis of para-bottom group building blocks for SAFit based macrocycles.  a:CH/EA/MeOH = 

cyclohexane, ethyl acetate and methanol.  
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Top group 87 and bottom group 942 were then coupled using HATU, HOAt and DIPEA to 

provide 97 in excellent yield, which was then deprotected with HFIP yielding 98 in good yield. 

The alkylation with allylbromide yielded 99, which was cyclized via ring-closing metathesis 

(RCM) using Grubbs II catalyst. The resulting diastereomeric ratio E/Z was circa 2:1 and the 

isomers 100 and 101 were separated via FCC. The overall yield for the cyclization step was 

moderate with 44% isolated yield for the E- and 25% for the Z-macrocycle (Figure 24 ).  

 

 

 

Figure 24: Coupling of top - and bottom -group building blocks and subsequent macrocyclization.  

 

The double bonds of macrocycles 100 and 101 were then derivatized using dihydroxylation, 

Wacker Oxidation and subsequent reduction as previously reported (Figure 25a )[61]. The 

dihydroxylation of 100 yielded both diastereomers, yet it was only possible to isolate isomer 

102. The low yield of 102 is due to the difficult separation and long reaction time of 7 days 

which could have led to decomposition. The Wacker Oxidation of 100 yielded 103 in low yield, 

probably also due to the long reaction time of multiple days, degradation and side reactions. 

The subsequent reduction with NaBH4 yielded the two separable isomers 104 (50%) and 105 

 
2Additional material was kindly provided by Dr. Michael Bauder 
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(43%) in excellent overall yield. Only one derivatization of 101 was feasible due to low yield in 

the previous cyclization step. The dihydroxylation yielded two isomers. It was however only 

possible to isolate 106 in low yield (14%). The respective binding affinities (Ki) and selectivities 

were then determined via FP Assay and the cellular activity (IC50) was measured in a 

NanoBRET assay (Figure 25b).  

 

   

 

 

 
Figure 25: Linker -derivatization of SAFit -based macrocycles and resulting SAR. (a) Linker derivatization of 

obtained E- and Z-isomers (100 and 101), stereochemistry arbitrarily (arb.) assigned; (b) SAR of synthesized 

macrocycles in vitro (Ki, FP Assay) and cellular activity (IC50, NanoBRET-Assay) for selected FKBPs; n.b.: not 

binding; a: already published by Bauder et al. published values indicated in bracket[61]; b: values are adapted from 

[39][42]  

 

The FP Assay results (Figure 25b) confirmed the previous observation that introducing polarity 

to the linker favors the binding of the macrocycles to FKBP51. The best compounds were 

dihydroxylated macrocycle 102 and ketone 103. The observed binding affinities are hard to 

explain since the published co-crystal structures indicate that the polar residues of the linker 

point towards the solvent when bound to the protein. Therefore, the observed affinity cannot 

be explained with additional interactions. It is possible that the added polarity in the linker 

enhances aqueous solubility, which could result in a higher measured affinity in the FP Assay, 

as this assay is conducted in an aqueous solution. Another hypothesis is that the polar residues 

a 

b 
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are favorable for the preorganization of the compounds before they bind the protein. The 

selectivity against FKBP52 is in all cases retained, except for macrocycle 103. However, the 

published binding affinity for this compound to FKBP52 is 10-fold higher, which might indicate 

an incorrect assay result for the resynthesized macrocycle.  

Interestingly, the compounds that perform best in vitro also display superior binding in the 

cellular context of the NanoBRET assay (Figure 25b ). These observations are also difficult to 

explain because, typically, polarity disfavors cell permeability[74]. One possibility is 

chameleonicity, the formation of intramolecular hydrogen bonds depending on the chemical 

environment, which is an observed phenomenon for large natural product macrocycles[58]-[60]. 

For dihydroxylated macrocycle 102 hydrogen bonds to the carbonyls of the core- and bottom-

group are conceivable. For ketone 103 it could have happened that the oxygen in the linker is 

flipping inwards, shielding the polarity when passing through the lipophilic cell membrane. Both 

scenarios could lead to an increased cell permeability and explain the surprising NanoBRET 

results. In conclusion, the additionally synthesized compounds confirm the previous findings.  

 

3.3.3. Thiophene as cyclohexyl substitution in the context of macrocycles  

As mentioned before, besides the macrocycles by Bauder et al., Voll et al. also published 

promising macrocyclic FKBP51 inhibitors inducing a novel binding mode leading to 

unprecedented selectivity over FKBP12 and FKBP12.6[55]. After the identification of the 

chlorothiophene as a cyclohexyl replacement in SAFit[46], the question arose if this was also 

transferable to the semirigid scaffold of macrocycles. To answer this question, it was intended 

to synthesize the macrocyclic analog 107 with thiophene instead of the published cyclohexyl 

(84) (Figure 26a). Thiophene was selected instead of chlorothiophene since the respective 

amino acid 108 is commercially available. For this 109 was Fmoc-protected to afford the 

required building block 110 in good yield (Figure 26b). The following synthesis sequence then 

started with the Fmoc deprotection of 13 using 4-Methylpiperidine and coupling of 110 to the 

resulting amine 46 using HATU, HOAt and DIPEA to provide 111. This deprotection and 

coupling sequence was repeated with Fmoc-Aib-OH yielding 112. Lastly, the terminal amine 

was Fmoc-deprotected, the linear precursor was cleaved off the resin with HFIP and then 

cyclized in DMF using HATU and DIPEA. The resulting diastereomers were separated 

affording the desired macrocycle 107 (Figure 26b, stereochemistry was assigned according 

to FP-assay results).  
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Figure 26: Replacement of cyclohexyl of Voll macrocycle with thiophene and s ynthesis of respective 

macrocycle.  (a) Replacement strategy and (b) synthesis of novel macrocycle 107 according to previously published 

sequence[55].  

a 

b 
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The resulting binding mode of 107 was analyzed with a co-crystal structure in complex with 

FKBP51 (violet, Figure 27a) overlayed with the co-crystal structure of the parental version with 

cyclohexyl 84 (grey, Figure 27a). The measured binding affinities of 107 by a FP Assay were 

then compared to the published data of 84 (Figure 27b ). 

 

 

 

 

 

Figure 27: Comparison of novel macrocycle 107 with published macrocycle 84. (a) Overlay of co-crystal 

structures of novel macrocycle 107 (violet, PDB) and parental macrocycle 84 (grey) when bound to FKBP51 (b) 

results from FP- and NanoBRET-assay. 

 

The co-crystal structure with FKBP51 confirms that the pipecolic core and linker of 107 (violet, 

Figure 27a) bind similarly compared to parental compound 84 (grey, Figure 27a). The main 

difference is the twist of the thiophene compared to the cyclohexyl in the transient binding 

pocket. This might be the reason for the 3-fold loss in binding affinity for FKBP51 upon the 

introduction of the thiophene and the impaired selectivity against FKBP12.6. Chlorination in 5-

position of the thiophene might have led to a better Ki as observed for linear SAFit analogs, 

but this was not performed. Altogether, these results did not encourage to further pursue this 

approach especially since NanoBRET experiments showed that the novel macrocycle did not 

display cellular activity.  

 

a 

b 
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3.3.4. Conclusion  

The better binding macrocycles from Bauder et al. used the SAFit-scaffold with top- and 

bottom-group, Voll et al. truncated the scaffold and cyclized directly from the top group. 

Therefore, it can be deduced that in the macrocyclic context, the bottom group also plays a 

central role for the binding to FKBP51 and the top group alone cannot compensate for the loss 

in binding.  

 

3.4. Next Generation Macrocyclic Inhibitors  

3.4.1. Determination of the smallest possible macrocyclic scaffold  

Therefore, it was deemed logical to investigate macrocyclic scaffolds with truncated top group 

and retained bottom group. It was hypothesized that the correct preorganization of the scaffold 

would aid the binding to the target protein making the SAFit top group obsolete. This 

hypothesis was initially tested by Dr. Michael Bauder who was able to show that the truncation 

in combination with macrocyclization can still lead to relatively good binding (exemplarily 

shown with 114) to FKBP51 (Figure 28). The question arose if this preorganization would also 

allow to not only get rid of the top group but also other liabilities such as the methoxy groups 

of the aryl bottom group. To answer this question students3 synthesized respective analogs 

during a practical course. As a starting point and reference, easily accessible macrocycle 115 

was synthesized with the usual bottom group and para-connectivity. Then different substitution 

patterns of phenylacetic acids derivatives were introduced as bottom group replacements. The 

respective macrocycles were then tested in an FP-assay to determine affinities for FKBP51 

(Figure 28).  

As expected, the synthesized reference macrocycle 115 displayed a binding affinity 

comparable to 114. The removal of one methoxy group in meta position led to a 5-fold loss in 

binding affinity for macrocycle 116. When both methoxy groups were removed, a ca. 20-fold 

loss in binding affinity was observed for meta- (117) and para-linkage (118). From these results 

it can be concluded that the smaller macrocycles can tolerate the missing top group to a certain 

degree, but the preorganization cannot compensate for missing methoxy ethers in the bottom 

group. It can be speculated that the two methoxy groups are involved in the preorganization of 

the macrocyclic scaffold when binding to the protein. Therefore, the smallest, SAFit-based 

scaffold for the small macrocycles was determined as the pipecolic core and the bottom group 

with two methoxy groups.  

 

 
3Supervised together with Moritz Spiske 
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Figure 28: Determination of the smallest possible macrocyclic scaffold.  a: FP-assay values are the means of 

two independent FP-assay measurements conducted by two students respectively. 

 

3.4.2. Choice of Lin ker 

With this in hand the question came up how to further improve the binding affinities of the small 

macrocyclic FKBP51 inhibitors. Inspired by the highly chemically functionalized linker of the 

endogenous ligand FK506 it was aimed to investigate the influence of the linker composition 

on the binding affinities of the macrocycles. The linkages were chosen by analyzing the current 

literature. It became apparent that one field with many macrocyclic inhibitors is the field of 

kinase inhibitors. The most prominent example might be the macrocycle Lorlatinib (Lorbrena) 

from Pfizer which was approved in 2018 by the FDA[75]. Amrhein et al. published an overview[76] 

over the most commonly used ring-closing reactions in this field which we took as a guideline 

choosing the macrocyclic linkages (Figure 29a). The analysis showed that RCM is by far the 

most common reaction, followed by nucleophilic substitution, C-C bond formation and 

palladium-catalyzed reactions. The 5th place belongs to the amide coupling followed by 
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lactonization and C-O/C-N bond formation. Therefore, it seemed reasonable to select RCM 

and nucleophilic substitution with ether units as previously published by Bauder et al.[61] and 

amide coupling for the new, small macrocycles. The amide coupling was chosen over Pd-

catalyzed reactions and C-C bond formation due to its previously shown synthetic compatibility 

with the SAFit scaffold[39][43][46]. In addition, the click reaction was chosen due to the synthetic 

and commercial availability of the respective building blocks and reliability of the reaction. 

Furthermore, several examples in literature exist where 1,4-triazole were used to 

bioisosterically replace several functional groups of natural-product-derived macrocycles[77]. 

Each cyclization method was assigned to one or two PhD students, aiming to understand the 

effects of linkage, linker modifications and meta- and para-connectivity on binding affinity and 

selectivity of the macrocycles. This work focusses on the amide-coupled and 1,4-triazole-

bridged macrocycles (Figure 29b).  

 

 

Figure 29: Overview over frequently used  cyclization methods for cyclic kinase inhibitors and select ed 

methods  for the next generation SAFit macrocycles.  (a) Overview over the used cyclization methods for 

macrocyclic kinase inhibitors (reproduced from Amrhein et al.[76]); (b) selected cyclization methods for the next 

generation SAFit macrocycles: RCM, nucleophilic substitution with ethers, amide coupling and triazoles via click 

chemistry. 

 

3.4.3. Amide -based macrocycles  

In order to establish the synthesis for the amide-based macrocycles, the two commercially 

available starting materials 119 and 120 were selected. The sequence started with the 

esterification of the starting materials with (S)-Fmoc-pipecolic acid. The respective products 

121 and 122 were obtained with good yields and were subsequently Fmoc deprotected using 

4-methylpiperidine giving 123 and 124 respectively in good to excellent yield. The resulting 

amines were then coupled to bottom group 94 via amide coupling providing intermediates 125 

and 126 in medium yield, respectively. Afterwards, the TBDPS protecting group was removed 

a b 
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using TBAF to provide 127 and 128 in good yield. The following alkylation with commercially 

available building block 129 gave 130 and 131 in good yield. 

 

 

 

 

 
 

 

Figure 30:Synthesis and assay results of initial amide -based macrocycles.  (a) Synthesis and (b) assay results 

of initial amide-based macrocycles, assays performed by AbbVie QSAT Division, AbbVie Germany, Ludwigshafen; 

bMeasured with MDCK Cells.  

a 

b 
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The Boc-protected amine and tert-Butyl ester were cleaved off simultaneously using 4 M HCl 

in dioxane and the desired macrocycles 132 and 133 were obtained in low yield via 

macrolactamization using HATU and DIPEA (Figure 30a ). The synthesized macrocycles were 

then tested in an FP assay and were submitted to a panel of ADME assays to assess the effect 

of the amide in the linker on selected physicochemical and ADME properties (Figure 30b ). 

The results of the FP assay show that the amide-linkage with these linker lengths lead to 

binding affinities weaker than 1 µM for FKBP51. A possible reason might be the unfavorable 

positioning of the HA/HD of the introduced amide bonds. The results of the ADME assays show 

a low microsomal stability of compounds 132 and 133. Positive are the high permeability of the 

macrocycles and the solubility of 132. Unfortunately, it was not possible to obtain results from 

the solubility assay for 133. The high permeability paired with the good solubility could arise 

from the formation of intramolecular hydrogen bonds depending on the chemical environment 

which was previously introduced as chameleonicity[58]-[60]. The favorable permeability and 

solubility are unfortunately paired with a high efflux ratio, which could come from the additional 

hydrogen bond donors[78][79]. The tedious and inefficient synthesis paired with the bad binding 

affinities led to the conclusion that the other linkages might be more promising. 
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3.5. 1,4-Triazole  Macrocycles  

3.5.1. Previous Work  

For the 1,4-triazole-bridged macrocycles the synthetic route was established by Vanessa 

Buffa4. In a first SAR series it was found that, the meta-linkage is favored over the para-linkage 

in this context. It was also discovered that a favored 1,4-triazole orientation (C/N) exists and 

an ideal linker length (n = 9 - 10 atoms) was determined (Figure 31a).  

 

 

 
Figure 31: Summary of first SAR series of 1,4 -triazole bridged SAFit macrocycles. (a) Results of the first SAR 

study; (b) overlay of co-crystal structure of azide macrocycle (134, dark blue) and SAFit2 (turquoise) indicating a 

similar binding mode, key interactions with Ile87 and Tyr113 are indicated in yellow; (c) overlay of co-crystal structures 

of underivatized para- (blue) and meta-macrocycle (green) indicating a closer and potentially favorable proximity to 

the protein surface and Phe77 (green) with the meta-linkage. 

In order to explain this, several co-crystal structures of the macrocycles with FKBP51 were 

solved. The first observation was that the binding mode of the pipecolic core and the cyclohexyl 

of 134 is highly conserved and similar to SAFit2 (Figure 31b ). The co-crystal structures also 

 
4The previous work is adapted from private communications with Vanessa Buffa, PhD thesis from Vanessa Buffa[80] 

and from Buffa and Walz et al., submitted 2024. 

a 

b c 
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show that the meta-linkage (green, Figure 31c ) allows the linker to be in closer proximity of 

the protein compared to the para series (blue, Figure 31c ). Moreover, the 1,4-triazole seems 

to make a contact with Phe77. 

Afterwards, a second series of macrocycles was synthesized by Vanessa Buffa were the azido-

linkers were derivatized (Figure 32). This resulted in several macrocycles with binding affinities 

below 100 nM for FKBP51, while retaining selectivity over FKBP52. The best compound was 

135 with a Ki(FKBP51) = 23 nM. As a possible reason for the good binding of the macrocycles 

it was hypothesized that the methyl of 135 (dark blue, Figure 32 a) displaces a water (red 

sphere, Figure  32a) located between Asp68 and Tyr57 in FKBP51. This hypothesis was based 

on the observation of the water molecule in close proximity (indicated in Figure32a ) to the 

macrocycle in the co-crystal structure of the unmodified 134 (cyan, Figure32a ) but not for 135. 

The displacement could contribute beneficially to ligand binding since it potentially strengthens 

the interaction between the two amino acids and is also entropically favorable (Figure 32b).  

 

 

 

 

Figure 32: Results of second SAR with 1,4-triazole -bridged macrocycles  from previous work . (a) possible 

explanation for the binding affinities of 135 (dark blue, right) is the displacement of the water (red) observed in the 

co-crystal structure of unmodified macrocycle 134 (cyan, left), distances are indicated (yellow dashed lines); (b) FP 

assay results for macrocycles originating from modified azido building blocks. Ki values are indicated in [nM], data 

represent 2 (a) or 3 (b) independent measurements, each comprising two technical replicates.[80]  

a 
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3.5.2. Resynthesis of meta  bottom group  

In order to continue the previous work, the key meta bottom group was synthesized. The 

synthesis5 started with a homologization sequence of aldehyde 148 (Figure 33).  

 

Figure 33: Synthesis of the  meta  bottom group.  

 
5Private communication Moritz Spikse.  
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The aromatic alcohol was benzyl protected, yielding 149 in excellent yield (97%). The following 

Wittig reaction with 150 provided vinyl ether 151 with 94% yield, which was subsequently 

hydrolyzed to the respective aldehyde 152 using oxalyl chloride. Due to the instability of 153, 

no purification was attempted. The subsequent Pinnick-Oxidation with NaClO2 and NaH2PO4 

yielded carboxylic acid 154 with 66% yield over two steps. The second part of the sequence is 

similar to the para-bottom group synthesis (Figure 23 ), starting with the formation of the 

pentafluorophenol ester 154, in excellent yield (99%), followed by the installation of the Evans-

auxilary in good yield (81%). This is followed by alkylation with 3-bromocyclohexene and 

separation of the isomers, yielding desired diastereomer 156 with 61% yield. The reduction 

and benzyl-deprotection of 156 with H2 and Pd/C gave 157 in excellent yield (86%), which was 

then converted to the free carboxylic acid 158 in 97% yield. Finally, the aromatic alcohol was 

silyl-protected with TBDPS and the desired meta bottom group 159 was obtained with 37% 

yield over two steps. 

 

3.5.3. Synthesis of Alkyne Building Blocks   

As for the respective azido building blocks it was aimed to synthesize the 6 enantiomers from 

the three possible C-3 scaffolds A-C. Building block based on scaffold C were not synthesized 

due to lack of time (Figure 34a). For the synthesis of building block, A, both enantiomers of 

methyl-3-hydroxybutanoate were TBDPS protected yielding 162 and 163 respectively in 

excellent yield (Figure 34b ). Subsequently, the esters were reduced to alcohols 164 and 165 

in good yield. Some product may have been lost due to problems with the used DIBAL solution 

which led to incomplete conversion. The main side products were the respective aldehydes 

which were isolated and reduced with DIBAL to provide the desired alcohols. The reduction 

was followed by an Appel reaction using Triphenylphosphine, Imidazole and Iodine yielding 

the iodides 166 and 167 in good yields. In the next step the alkyne was installed by using 

Lithium acetylide ethylenediamine complex, giving 168 and 169 in good yield. Finally, the 

TBDPS group was removed using TBAF and due to the volatility of the building blocks, the 

alcohols were directly esterified with the (S)-Boc pipecolic acid to provide 170 and 171 in 

medium yield over two steps.  

For scaffold B, the sequence published by Watanabe et al.[81] was deployed, starting with the 

alkylation of the commercially available building blocks 172 and 175 respectively, yielding 173 

and 176 respectively in medium yield respectively. Afterwards the Auxiliaries were cleaved 

using lithium borohydride and due to the volatility of the building blocks the alcohols were 

directly esterified with the (S)-Boc pipecolic acid to provide 174 and 177 in low yield over two 

steps (Figure 35 ). 
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Figure 34: Synthesis of Alkyne Building Block A . (a) Conceivable C-3 alkyne building block scaffolds A-C; (b) 

synthesis of building blocks for scaffold A. 

 

 

 

 

Figure 35: Synthesis of Alkyne Building  Block s for  scaffold  B.  

 

The obtained building blocks were then Boc-deprotected using TFA in DCM yielding amines 

178/179/184/185 in good to excellent yield (Figure 36 ).  

 

a 

b 

a 
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Figure 36: Synthesis of Intermediates before diversification with building block  scaffold A  and B. Synthesis 

of building blocks based on (a) scaffold A and (b) scaffold B. 

 

The following coupling to the bottom group 1596 yielded the desired amides 180/181/186/187 

in medium to good yield. Finally, the TBDPS group was removed with TBAF, giving alcohols 

182/183/188/189 in medium to good yield (Figure 37 ).  

In order to diversify the obtained intermediates, several tosylates (192, 193, 196, 197 and 2007) 

were used. 192, 193, 196 and 197 were synthesized from alcohols 190,191,194 and 1958 with 

yields ranging from excellent to medium. The synthesis of 199 started with the tosylation of the 

primary alcohol of (R)-butane-1,3-diol yielding 198 with 52% yield. The installation of the azide 

moiety using sodium azide was directly followed by the tosylation of the secondary alcohol 

 
6Additional material was kindly provided by Vanessa Buffa.  

7kindly provided by Dr. Min Zheng. 

8Alcohols were kindly provided by Matijas Cica, see also Master thesis Matijas Cica. 

b 
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yielding 199 with 41% yield over two steps (Figure 38 ). The respective enantiomer of 199 was 

not synthesized due to the results of the previous SAR (Figure 32 ).  

 

 

 

Figure 37: Overview and synthesis of utilized a zide building blocks.  

 

The tosylates were then reacted with 182, 183, 188 and 189 to obtain ethers 201-224 in 

medium to excellent yield using Cs2CO3 in DMF (Figure 32a ). Unfortunately, some of the 

alkylations yielded inseparable mixtures of desired product and an unknown side product 

(respective compounds are marked in Figure32 b). The obtained azido-alkyne precursors were 

then cyclized to macrocycles 225-248 using CuSO4 Ͻ 5 H2O and sodium ascorbate in tert-

Butanol and water in generally low yields (Figure 32b ). The macrocycles were purified with 

preparative HPLC and the previously observed side product was successfully removed. It was 

observed that the cyclization did not progress sufficiently fast at room temperature and was 

thus heated to 60 °C. A possible reason might be the insufficient solubility of the lipophilic 

precursors.  
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Figure 38: Overview of last steps two steps of macrocycle synthesis . (a) Reaction conditions for alkylation and 

macrocyclization; (b) yields for alkylation of bottom group building blocks with previously synthesized azido building 

blocks; (c) yields for macrocyclization step, respective alkyne- and azido-residues are indicated; a: Not completely 

clean after column due to inseparable side product, b: final stereochemistry depicted, inversion of stereocenter after 

alkylation.   

a 

b 

c 
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3.5.4. Synthesis matched linear Analogs   

Finally, it was intended to synthesize matched linear references for selected macrocycles to 

better understand the effect of the macrocyclization.  

 

 
 

Figure 39: Synthesis of matched linear references for selected macrocycles . Synthesis of matched linear 

analogs for C/N-Macrocycles from previous work. 

 

The matched linear references were designed to be as similar as possible to the respective 

macrocycles in regard of physicochemical properties. The required alkyne but-1-yne, resulting 
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in a matched linear reference for the best binding macrocycle 134 from previous work, could 

not be used due to its low boiling point and gaseous appearance. The one carbon unit longer 

pent-1-yne 256 was used instead which resulted in linear references 249 and 250. The 

molecules were synthesized similarly to the previously described sequence (Figure 40 ). 

 

3.5.5. FP Assay  of synthesized c ompounds  

The newly synthesized macrocycles 225 ï 248 and the linear references 249 and 250 were 

then subjected to the FP Assay determining the binding affinities for FKBP51 and compared 

the macrocycles from the previous work (underlined, Table 2-4).  

 

Table 2: Binding affinities for FKBP51 of macrocycles from previous work compared to new series of 

macrocycles and linear references. Affinities for FKBP51 of newly synthesized macrocycles and linear references 

(gray background) compared to previous work from V. Buffa[80] (underlined), Ki values determined by FP Assay are 

indicated in [nM]], (a) data represent 2 independent measurements, each comprising two technical replicates. 

 

 

 

The obtained binding affinities for the installation of a methyl group next to the ester (column 

2 and 3, Table 2 ) generally led to a significant loss in binding affinity compared to the 

corresponding non-derivatized analogs. When modeling the methyl group into the co-crystal 
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structure of the non-derivatized macrocycle with the same linker length, the R-configuration of 

the methyl group appears to potentially clash with the protein. However, the modeling also 

indicates that the respective S-configuration of the methyl group should not clash with the 

protein, yet it still shows similarly poor binding affinity as the R-configuration. Consequently, 

the low binding affinities might also result from the ensemble of conformations adopted by the 

macrocycles, which could disrupt the critical interactions of the nearby pipecolic ester with Ile87 

and Tyr113 (Figure  42a). The methyl group in the middle of the C-3 alkyne linker was generally 

much better tolerated by the scaffold. Overall, the S-configuration appears to be better 

tolerated, possibly because the respective R-methyl faces inwards the macrocycle and 

possibly interferes with the aromatic moiety of the scaffold (Figure 42b).  

 

 

 

 

 

 

 

 

 

 

Figure 40: Co-crystal structures of newly synthesized macrocycles.  Modelled co-crystal structures based on 

the co-crystal structure of 134 reveal (a) a potential clash (indicated with red dashed line) of the R-methyl next to 

the pipecolic ester with the protein (grey surface), (b) potential unfavorable intramolecular proximity (indicated with 

red dashed line) of R-methyl with aromatic part of the bottom group; (c) Overlay of resolved crystal structures with 

colored linker: 225 (green), 226 (orange), 242 (yellow) and 246 (cyan), indicating different conformations depending 

on the linker; (d) overlay of meta-macrocycles, with colored linkers: 225 (green), 226 (orange) and para-macrocycle 

258 (pale red) from previous work, illustrating the conformational variety resulting from the systematic linker design.   

a b 

c d 
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The affinity boost previously observed with the methyl at position next to the aromatic moiety 

was also observed for this series indicating a similar binding mode as described in the previous 

work. The best binding macrocycles were 242 (Ki(FKBP51) = 44 nM) and 246 (Ki(FKBP51) = 

56 nM) with comparable binding affinities as 135, the overall best 1,4-Triazole macrocycle. 

Overall, the investigated linker derivatization yielded several macrocycles with binding affinities 

for FKBP51 in the low nanomolar range, with retained selectivity over FKBP52 while the 

molecular weight was reduced compared to SAFit1/2.  

The four best binding macrocycles were subsequently selected for co-crystallization with 

FKBP51. Structural overlays indicated that the key interactions were conserved and consistent 

with those observed in previous macrocycles and SAFit 1/2. Moreover, the linker in three of 

the four macrocycles adopted a nearly identical conformation (Figure 42c ). The exception was 

225, where the bottom group was "turned" and the linker oriented oppositely compared to the 

other macrocycles. An overlay with the para-connected 258 (from previous work, linker in pale 

red) and meta-connected 226 (linker in orange) illustrate the meaning of this finding (Figure 

42d). While the critical interactions remained conserved, the different linker derivatizations and 

connectivity resulted in significantly varied conformations. This finding suggests broader 

implications beyond the development of FKBP51 inhibitors, demonstrating the potential to fine-

tune macrocycle conformation through systematic linker design. Consequently, this approach 

could serve as a blueprint for future drug discovery efforts. 

 

3.5.6. Matched linear references  

Next, the binding affinities of the linear references for FKBP51 were determined with 674 nM 

for 249 and 413 nM for 250.  

 

Table 3: Comparison of calculated physicochemical parameters for the matched pairs and binding affinities 

for FKBP51.  Compared macrocycles are from previous work (underlined), cLogP and PSA were calculated with 

DataWarrior. 
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Interestingly, the previously observed favorable effect of the methyl for 135 or 246, appears to 

be unfavorable for the respective linear analog. Given the similar clogP, MW, and PSA of the 

matched molecules, the differences in binding affinities are likely due to the conformations of 

the molecules (Table 3). This supports the hypothesis that the deployed macrocyclization 

places the linker, particularly the methyl groups, in favorable cases in positions that cannot be 

achieved in a linear context aiding the binding to FKBP51. In other words, in this case 

macrocyclization may have produced an ensemble of conformations, including those essential 

for binding, which are less attainable in the linear context. 

 

3.5.7. Results of NanoBRET and Solubility  Assay  

Next, the best binding macrocycles and the linear references were subjected to a NanoBRET 

assay to determine the cellular activity of the macrocycles. The obtained IC50 are compared to 

the results from the previous work (Table 2). Generally, the cellular activity is at least 10 times 

worse than the in vitro results, with the exception of 135 (from previous work), which shows 

only a 5-fold loss in the cellular binding. As for the in vitro measurements, 135 (IC50 = 251 nM) 

is the best-performing compound in cellulo. The lower intracellular apparent activity is likely 

partially caused by the competitive nature of the FKBP51 NanoBRET assay. The NanoBRET 

values have an assay specific off set due to the technical set up. Given the lack of metabolic 

enzymes or efflux pumps in HEK293T cells, the most likely reason for relative changes in the 

NanoBRET results are the change of cell permeability. The introduced methyl group in the 

newly synthesized macrocycles neither improved nor worsened cellular activity. The matched 

linear references did not show cellular activity in this assay which is probably due to more 

rotatable bonds compared to the semi-rigid macrocycles. Interestingly, the matched linear 

analogs also displayed lower solubility compared to the respective macrocyclic analogs, which 

could arise from the previously discussed chameleoncity.  
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Table 4: Results from NanoBRET assay and solubility measurement.  Obtained IC50 from (a) NanoBRET assay, 

IC50 values determined by NanoBRET are indicated in [nM] ], (a) data represent 2 (b) 3 independent measurements, 

each comprising two technical replicates; (b) Solubility determination (Nephelometry)9; results from previous work 

(Vanessa Buffa) are underlined[80].  

 

 

 

 
9The solubility assays were carried externally out by Cyprotex/Evotec; results represent the calculated mid-range.  

a 

b 
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3.5.8. Conclusion  

In summary, this pilot study identified several macrocycles with binding affinities in the low 

nanomolar range for FKBP51, while maintaining selectivity against FKBP52. The achieved 

conformational diversity, resulting from systematic linker variation, broadly applicable to future 

drug discovery programs. The observed discrepancy between in vitro FP-assay results and in 

cellulo NanoBRET assays was greater compared to the macrocycles by Bauder et al. One 

possible explanation might be the high overall lipophilicity and consequent low solubility of the 

macrocycles. Comparison with matched linear references revealed significantly lower binding 

to FKBP51 for the acyclic analogs, indicating that the macrocycles adopt a uniquely, beneficial 

conformation for binding. To address the discrepancy between in vitro and cellular systems, a 

potential next step could be the introduction of polar residues, as was done with the 

macrocycles by Bauder et al.  
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3.6. Comparing macrocycles with matched linear references 10 

3.6.1. Study Desi gn  

Encouraged by the comparison of the matched molecular pairs for the understanding of the 

effects of macrocyclization on binding to FKBP51 we were interested if and to what extent 

macrocyclization impacts other physicochemical and ADME properties. Following a review of 

the existing literature, it was found that, to the best of our knowledge, no systematic 

comparison between non- or low-peptidic macrocycles and their comparable linear analogs 

has been conducted yet.  

 

 
Figure 41: Study design for the systematic comparison of matched molecular pairs. In order to compare 

macrocycles with matched molecular linear references, three structural series (M1-3) were selected from the 

MacroEvoLution library[82]. From each of these series macrocycles with the same sidechains (a-e) were chosen 

leading to a total of 15 macrocycles (M1-3a-e). For each of these compounds, respective linear references (L1-3a-

e) with the same number of HA and HD were designed, resulting in a total of 15 matched molecular pairs. For L2a-

e the resulting diastereomers were separated and the stereochemistry was arbitrarily assigned. Both isomers 1 and 

2 were submitted to the assay panel.   

 
10If not indicated differently text and figures are adapted from Manuscript (Walz and Spiske et al. submitted 2024) 

authored by C.Walz and M.Spiske (both authors contributed equally to this project) in collaboration with AbbVie 

Germany in Ludwigshafen, Departments of Small Molecule Therapeutics and Platform Technology and 

Quantitative, Translational and ADME Sciences (QTAS).  
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In collaboration with the medicinal chemistry division at AbbVie Germany in Ludwigshafen, we 

aimed to bridge this gap by conducting a pilot study to systematically compare linear and 

macrocyclic compounds using a standard set of assays commonly used in medicinal chemistry 

including: LogD, experimental polar surface area (EPSA), solubility, fraction unbound 

microsomal (fu,mic), permeability, efflux ratio (ER) and microsomal stability (Figure 43 ). We 

selected the MacroEvoLution[82] library from Analyticon, and selected macrocycles with 

physicochemical properties close to the Lipinski-Rule-of-Five space (cLogD = 1-4, TPSA < 90 

A², MW < 500 g/mol)[40][41]. This "drug-likeness" criterion was important due to concerns that 

compounds significantly deviating from the Rule of Five might not be suitable for high-

throughput assays. Within the preselected macrocycles, we identified nine structural 

subclasses. As for the SAFit-derived triazole-bridged macrocycles, we designed matched 

linear references with the same number of hydrogen bond donors and acceptors for each 

subclass. Besides comparability, synthetic accessibility and the commercial availability of 

building blocks were the main design rationales. We selected five macrocycles, from three 

subclasses (1ï3), each with identical side chains (aïe). For each of the macrocycles (M1ï3aï

e), corresponding linear references (L1ï3aïe) were synthesized, resulting in a total of 15 

matched molecular pairs. These were subjected to an assay-panel covering a range of relevant 

parameters. After the assay panel it was also intended to investigate the differences of linear 

analogs and matched macrocycles in an animal study (Figure 43 ). 

 

3.6.2. Synthesis of Linear References  

The synthesis of each linear reference involved a five- to six-step sequence of established 

transformations. For all amide formations, HATU/HOAt/DIPEA in DMF was used. The final 

derivatization was done by silica-supported cyanoborohydride (Si-BH3CN). For series 1, the 

sequence began with the coupling of 259 and tert-butyl [2-(piperidin-4-yl)ethyl]carbamate 260 

to yield 261. This intermediate was then Fmoc deprotected and coupled to 2-methoxynicotinic 

acid 263 yielding 264. Following the removal of the Boc group, the resulting primary amine 265 

was alkylated with bromoethylmethyl ether 266 using CsOH-H2O. Reductive amination was 

then employed to introduce side chains a-e, resulting in L1a-e. For series 2, the starting 

material 268 was Fmoc protected with 269 to yield 270, which was coupled to racemic 

tetrahydro-2H-pyran-methanamine 271 to provide 272. After the Boc group removal, amide 

coupling of 273 and 2-ethoxybenzoic acid 274 yielded 275. Subsequently, the Boc group was 

removed and 276 was converted to L2a-e through reductive amination, with diastereomers 1 

and 2 being separated with chiral preparative HPLC. The synthesis of series 3 started with the 

coupling of cyclopropylamine 277 to 278, yielding 279. After Boc group removal, the resulting 

amine 280 was coupled to Boc-glycine (281) to provide 282. The Boc group of the primary 
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amine was removed, and reductive amination with 2-(allyloxy)benzaldehyde (283) and 

picoline-BH3 produced 284. Finally, the secondary amine was converted to the linear 

references L3a-e (Figure 44 ). 

Series 1  

 

 

Series 2 
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Series 3 

 

 

Figure 42: Synthesis of matched linear analogues for Series 1 ï3. Reagents and conditions: a) 4-

methylpiperidine, DCM, rt; b) TFA, DCM, rt; c) aldehyde (for L1d, L2d-1, L2d-2, L3d: benzaldehyde; for L1e, L2e-1, 

L2e-2, L3e: nicotinaldehyde) or ketone (for L1a, L2a-1, L2a-2, L3a: acetone; for L1b, L2b-1, L2b-2, L3b: 

cyclopentanone; for L1c, L2c-1, L2c-2, L3c: 1-methylpiperidin-4-one)), Si-CNBH3, Et3N, THF, rt. 

 

3.6.3. Assay Results  

We then compared all properties of the macrocycles in each series to their respective linear 

references (Figure 45a -c). All assays were conducted by the AbbVie Quantitative, 

Translational and ADME Sciences department (QTAS) under supervision of Dr. Carolin Hoft 

(CH) and Dr. Mario Mezler (MM). First, we investigated the physicochemical properties, here 

the EPSA median either increased or remained unchanged upon macrocyclization, while the 

LogD median decreased with macrocyclization. Notably, only two matched molecular pairs 

deviated from this trend (EPSA: L1a/M1a, L3b /M3b; LogD: L1c /M1c, L1d /M1d) (Figure 45a -

b). The increase in EPSA and decrease in LogD suggested better solubility and reduced 

permeability for the macrocycles[83]-[83]. Surprisingly, the increase in solubility was greater than 

anticipated based on the LogD data (Figure 45c ). Since the solubility assay often hit its limit 

(300 µM), the actual increase in solubility is likely larger than depicted in Figure 45c . 

Importantly, this increased solubility did not correspond with the expected decrease in 

permeability for the macrocycles (Figure 46a ). In fact, the macrocycles showed a slightly 

higher permeability median than their linear analogues. This unusual behavior could be due to 

the previously discussed ability of macrocycles' to adapt to the polarity of their environment[85]. 
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The efflux ratio (ER) of our test set mostly fell below 20, which we consider the maximum for 

oral absorption (Figure 46b ). The overall ER median was slightly higher for the macrocyclic 

compounds, with the most significant change observed for the L3e/M3e pair (ERL3e = 

66.0/ERM3e = 15.4). It is hypothesized that the basic nitrogen of the pyridinyl side chain is 

positioned unfavorably in the linear molecule but is shielded within the macrocycle[78][79]. 

Another significant change in ER was observed in the L2c-1/M2c pair (ERL2c-1 = 21.7/ERM2c = 

69.2). The lower ER in the linear diastereomer L2c-2 (ERL2c-2 = 11.4) suggests that the 

stereochemistry at the tetrahydropyran stereocenter affects the higher efflux, possibly 

influencing the binding affinity to the P-gp efflux transporter. Next, we investigated fu,mic 

(Figure 46c ). Given the higher lipophilicity indicated by LogD data for the linear molecules, 

they were expected to show a lower fu,mic compared to their macrocyclic counterparts[86]. 

Although the median fu,mic for the macrocyclic compounds was slightly higher than their linear 

analogues, the difference was not as pronounced as the solubility difference. Generally, all 

fu,mic values were above 0.5, except for one macrocyclic outlier (Figure 16c , M3c). series 1 

fu,mic results were omitted since 60% of those experiments failed. Finally, the half-life in 

mouse microsomes was examined (Figure 46d ). All compounds exhibited high clearance, with 

the macrocycles having a slightly lower half-life median. However, substantial changes in half-

life upon cyclization were only observed in a few matched pairs (series 2). In three of five 

matched pairs, the linear reference had a longer half-life, but the opposite was true in two pairs. 

Therefore, no general effect of cyclization on microsomal stability can be concluded. As with 

ER, the stereocenter at the THP ring may influence binding affinity to metabolizing microsomal 

enzymes. In summary, macrocyclization improved solubility in our test set without significantly 

altering other investigated physicochemical and ADME properties. 
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Figure 43: Box -Whisker plots comparing physicochemical properties of matched molecular pairs.  

Comparing physicochemical properties (a) EPSA, (b) LogD, (c) solubility of matched molecular pairs of series 1 

(pink), series 2 (green), series 3 (orange). Each column contains data for macrocycles (M1ï3) or linear analogs (L1ï

3). The upper graphs show box plots (median indicated with black line) including a comparison of the total quantity 

(Mtot/Ltot, blue). The lower graphs show the direct comparison of matched molecular pairs (dashed line). Residues 

a-e are indicated accordingly. Assays conducted by QTAS (AbbVie), supervision: MM/CH. 

a 

c 
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Figure 44: Box -Whisker plots comparing ADME properties of matched molecular pairs.  Comparing ADME 

properties (a) Cellular permeability in MDCK assay, (b) MDR1 efflux ratio in MDCK assay, (c) microsomal fraction 

unbound (fu,mic), (d) t1/2 mouse microsomes) of matched molecular pairs of series 1 (pink), series 2 (green), series 

3 (orange). Each column contains data for macrocycles (M1ï3) or linear analogs (L1ï3). The upper graphs show box 

plots (median indicated with black line) including a comparison of the total quantity (Mtot/Ltot, blue). The lower graphs 

show the direct comparison of matched molecular pairs (dashed line). Residues a-e are indicated accordingly, 

general chemical structures are shown in Figure 45 . Assays conducted by QTAS (AbbVie), supervision: MM/CH. 
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3.6.4. In vivo  Pharmacokinetic Studies in mice  and Conclusion  

To gain a deeper understanding of the differences between macrocycles and their linear 

references we conducted an animal study in mice. Matched pair 1e was selected due to the 

clear discrepancy in solubility between the macrocycle (303 µM) and the linear analogue (107 

µM), as well as their good permeability (both approximately 40 x 10ϖ  cm/s). It was aimed to 

determine if the in vitro trends would translate to in vivo, particularly in terms of metabolic 

stability and bioavailability. The resulting data showed that, following intravenous (IV) 

administration, the compounds disappeared from the blood very quickly, with levels falling 

below detection limits within 1-2 hours post-dosing. Due to this sparse dataset, the calculated 

pharmacokinetic parameters are not reliable, and the absolute values should be interpreted 

with caution. Nevertheless, both compounds exhibited very high clearance, with the 

macrocycle showing even higher clearance than the linear analogue, contradicting the in vitro 

trend (see Figure 47a , fu,mic). The macrocycle's clearance value exceeded hepatic blood flow 

(ca. 5.4 L/h/kg)[87], suggesting that factors other than hepatic metabolic stability likely influence 

blood levels of the compound. Both compounds were also tested for pharmacokinetics 

following oral dosing (PO) to assess oral bioavailability. Despite good in vitro permeability and 

solubility, compound levels were below the limit of detection, likely due to extensive first-pass 

metabolism. Therefore, a comparison of bioavailability for the matched pair was inconclusive. 

Additionally, we selected a different set of compounds from series 2 (M2a, M2b, and M2d) for 

a second round of animal study, chosen for their good in vitro permeability and solubility. We 

excluded macrocycles with piperidinyl and pyridinyl side chains due to their high efflux ratios 

observed in vitro. For IV administration, M2b and M2d exhibited the highest clearance, while 

M2a showed lower clearance, aligning with the in vitro data. All macrocycles were detectable 

after oral administration at the first time point (t=0.33 h). However, oral bioavailability could 

only be determined for M2a and M2d. High inter-animal variability made it difficult to detect 

differences between these two compounds. In conclusion, the first detailed side-by-side 

comparison of Ro5-compliant macrocycles and closely matched linear analogs across a range 

of physicochemical and ADME assays was performed. Overall, macrocyclization in this test 

set led to significantly better solubility without substantially affecting other measured ADME 

properties. This trend was consistent across various side chain functionalities. Thus, 

macrocyclization can enhance the aqueous solubility of drug-like compounds without 

introducing additional polar residues or compromising cell permeability, confirming the 

observation for the two matched pairs of the 1,4-Triazole macrocycles. This finding supports 

the growing notion that macrocyclization can improve the overall pharmacokinetic profile of 

small molecules. Further investigation of the in vivo pharmacokinetic properties on a larger set 

of matched pairs is needed to draw more definitive conclusions on the impact of 

macrocyclization on pharmacokinetic properties.  
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Figure 45: Comparison of the pharmacokinetic profiles in mice.  (a) structures of tested compounds (b) in vitro 

clearance and selected in vivo data; whole-blood concentrations over time following 2 mg/kg iv application of (c) 

Matched pair 1e and selected macrocycles of Series 2 with (d) IV and (e) PO administration.  

a 

b 

c 

d e 
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4. Experimental  

4.1.  General information  

Solvents and reagents 

All reagents were purchased from abcr, Sigma Aldrich, Novabiochem, Carl Roth, Fluorochem, 

BLD Pharm, TCI and were used without further purification. Dry solvents have been purchased 

from Acros Organics and Sigma Aldrich and were used without further purification.  

 

Reactions 

All reactions have been conducted under an argon atmosphere and with dry solvents unless 

water was present in the reaction mixture. If not indicated differently the reactions were 

conducted with a concentration of 0.1 mol/L in regard of the limiting reagent(s).  

 

Thin-layer chromatography (TLC) 

Aluminum plates coated with silica 60 F254nm were used for analytical chromatography (Merck). 

The compound spots were visualized by UV light and/or by staining the TLC plate with 

Hanessian (12 g ammonium molybdate, 0.5 g ceric ammonium molybdate, 15 mL conc. H2SO4 

in 240 mL water), Ninhydrin (1.5 g Ninhydrine and 3 mL acetic acid in 100 mL n-butanol), or 

Permanganate (1.5 g KMnO4, 10 g K2CO3, 1.3 mL 10% NaOH in 200 mL water) stain. The 

calculated Rf values and used eluents were described in every procedure. 

 

Column chromatography 

Normal phase column chromatography was performed either by manual flash chromatography 

on silica (SiO2 from MachereyīNagel, particle size 0.04ī0.063 mm) or by automated flash 

chromatography on a Biotage Isolera (with Sfär cartridges, from Biotage, 10 g ï 200 g, particle 

size 0.06 mm, flowrate 5 mL/min ï 300 mL/min). 

 

Preparative HPLC  

Reverse-phase purifications were performed with an Interchim puriFlash 5.250 system fitted 

with a Luna® 5 µm C18(2) 100 Å, LC column (250 x 21.2 mm). Eluents were 0.1% TFA in 

water (solvent A) and 0.1% TFA in acetonitrile (solvent B). The method used is described in 

the procedure of the specific compound. The detailed measurement parameters were outlined 
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in the analytical section of every compound. If not stated differently, all compounds purified by 

preparative HPLC have a purity >95%.   

 

Nuclear magnetic resonance spectroscopy (NMR)  

All 1H and 13C-NMR spectra have been measured at the NMR facility at the department of 

chemistry at Technische Universität Darmstadt (TUD) on a Bruker AC 300, AR300 or DRX500. 

Chemical shifts for 1H and 13C are given in ppm (ŭ). Deuterated chloroform (CDCl3), dimethyl 

sulfoxide (DMSO-d6), and methanol (MeOD) were used as solvents, and the spectra were 

calibrated according to their corresponding peak. The multiplicities were abbreviated as 

follows: singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublets (dd), doublet of 

doublets (ddd), doublet of triplets (dt), multiplet (m). All peaks and integrals were reported in 

the case of rotamers. 

 

Analytical HPLC/MS  

Analytical LCīMS (liquid chromatographyīmass spectrometry) measurements were 

performed on an Agilent 1260 Infinity II System consisting of a 1260 Infinity II flexible pump, a 

vial sampler, a multicolumn thermostat fitted with a Poroshell 120 3 mm × 150 mm, 2.7 ɛm 

EC-C18 column or a Poroshell 120 50 mm Ĭ 2.1 mm, 1.9 ɛm EC-C18, and a diode array 

detector connected to a 6125B MSD single quadrupole detector. Eluents were 0.1% formic 

acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). The detailed 

measurement parameters were outlined in the analytical section of every compound. 

 

High -resolution mass spectra (HRMS)  

HRMS measurements were obtained by the Mass Spectrometry Department of the Technical 

University of Darmstadt using a Bruker Daltonics Impact II mass spectrometer (quadrupole 

time-of-flight). 

 

Fluorescence polarization assay (FP assay)  

The competitive fluorescence polarization assay was performed by Wisley Oki Sugiarto, Dr. 

Christian Meyners and Hanaa Archaq according to Kozany et al.[45] All tested compounds had 

a purity of >95% at 220 nm. The data was analyzed by Prism 6.0 (GraphPad Softwwere), and 

the Ki values were calculated by fitting to the equation provided by Kozany et al.[30] 
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NanoBRET assay  

The NanoBRET assay was performed by Dr. Thomas Geiger, Max Repity and Hanaa Archaq 

to a procedure developed by Gnatzy et al.[71] All tested compounds had a purity of >95% at 220 

nm. The data was analyzed by Prism 6.0 (GraphPad Softwwere), and the IC50 values were 

calculated by fitting to the equation provided by Gnatzy et al.[42] 

 

Crystallization  

Complexes were prepared by Dr. Christian Meyners by mixing FKBP51FK1 (14-140; A19T, 

C103A, and C107I) at 10-20 mg/ml with a slight molar excess of ligand previously dissolved at 

20 mM in DMSO. Crystallization was performed at room temperature using the hanging drop 

vapor-diffusion method, equilibrating mixtures of 1 µl protein complex and 1 µl reservoir against 

500 µl reservoir solution. Crystals were obtained from reservoir solutions containing 16-32% 

PEG-3350, 0.2 M NH4-acetate, 0.1 M HEPES-NaOH pH 7.5, and for 32a, additionally 10% 

ethylene glycol. Crystals were fished, cryoprotected with 30% PEG-3350, 0.2 M NH4-acetate, 

0.1 M HEPES-NaOH pH 7.5, and 10% ethylene glycol, and flash frozen in liquid nitrogen. 

 

Structure solution and refinement  

The crystallographic experiments were performed on the BL14.1 beamline at the Helmholtz-

Zentrum BESSY II synchrotron in Berlin, Germany[88]. Diffraction data were integrated with 

DIALS or XDS and further processed with the implemented programs of the CCP4i and 

CCP4i2 interface[88]ï[92]. The data reduction was conducted by Dr. Christian Meyners with 

AimlessCrystal[91][93][94] structures were solved by molecular replacement using Phaser[95]. 

Iterative model improvement and refinement were performed with Coot and Refmac5[96]ï[100]. 

The dictionaries for the compounds were generated wit PRODRG implemented in CCP4i[101]. 

Residues facing solvent channels without detectable side chain density were truncated.  
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Refinement tables of the high -resolution co -crystal structures  

PDB entry  9GPW 9GPX 9GPZ 

Ligand name  226 242 246 

Data collection     

 Beamline  BESSY II (BL14.1) BESSY II (BL14.1) BESSY II (BL14.1) 

 Wavelength  ɚ = 0.9184 ¡ ɚ = 0.9184 ¡ ɚ = 0.9184 ¡ 

 Space group  P3221 P3221 P3221 

 Cell dimensions     

  a, b, c (Å)  49.03, 49.03, 195.66 49.19, 49.19, 196.44 49.03, 49.03, 195.66 

  Ŭ, ɓ, ɔ (Á) 90, 90, 120 90, 90, 120 90, 90, 120 

Resolution (Å)  
48.92-1.74 (1.77-

1.74) 

49.11-1.80 (1.84-

1.80) 

48.92-1.80 (1.84-

1.80) 

Rmerge  0.055 (1.476) 0.061 (1.431) 0.054 (1.186) 

Rpim  0.024 (0.696) 0.026 (0.6.07) 0.021 (0.438) 

I/ů(I) 19.5 (1.5) 20.8 (1.8) 23.1 (2.5) 

CC1/2 1 (0.635) 1 (0.642) 0.999 (0.784) 

Completeness (%)  100 (99.7) 100 (100) 100 (99.9) 

Redundancy  11.7 (10.2) 11.7 (12.2) 14.8 (15.7) 

Refinement     

Resolution (Å)  42.49-1.74 35.73-1.80 41.53-1.80 

No. of reflections  29094 26645 26359 

Rwork/Rfree (%)  22.2/25.7 22.3/26.1 23.0/27.6 

No. of atoms     

Protein  3614 3650 3645 

Ligand  170 176 176 

Water 100 109 71 

B-factors     

Protein  38.7/42.5 40.7/42.0 41.4/43.1 

Ligand  32.8/42.1 32.5/39.9 36.3/38.5 

Water 41.4 40.1 41.4 
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R.m.s. deviations     

Bond lengths (Å)  0.0139 0.0148 0.0144 

Bond angles (°)  2.104 2.336 2.217 

Ramachandran 

plot  
 

  

Favoured (%)     

Allowed (%)     

Outlier (%)     
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PDB entry  9GPY 

Ligand name  225 

Data collection  BESSY II (BL14.1) 

 Beamline  ɚ = 0.9184 Å 

 Wavelength  C 121 

 Space group   

 Cell dimensions  84.59, 48.80, 99.90 

  a, b, c (Å)  90, 111.26, 90 

  Ŭ, ɓ, ɔ (Á) 
46.55-1.50 (1.53-

1.50) 

Resolution (Å)  0.052 (1.573) 

Rmerge  0.038 (1.119) 

Rpim  12.9 (1.1) 

I/ů(I) 0.999 (0.666) 

CC1/2 98.5 (96.8) 

Completeness (%)  5.3 (5.5) 

Redundancy   

Refinement  46.00-1.50 

Resolution (Å)  60088 

No. of reflections  17.5/22.0 

Rwork/Rfree (%)   

No. of atoms  5639 

Protein  255 

Ligand  295 

Water  

B-factors  20.5/21.0/21.7 

Protein  15.4/18.2/14.2 

Ligand  32.7 

Water  

R.m.s. deviations  0.0107 



 

  70 

Bond lengths (Å)  1.658 

Bond angles (°)   

Ramachandran 

plot  
 

Favoured (%)   

Allowed (%)   

Outlier (%)   
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4.2. General Procedure s 

General Procedure  A: Grignard -type reaction of 14 with thiop hene bromides  

A round bottom flask is heated out, flushed with argon, and the respective bromothiophene 

(1.50 eq.). The starting material is dissolved in dry diethyl ether and is cooled to ï78 °C. 

Afterwards n-butyllithium is added dropwise, the solution is stirred for 10 min, and subsequently 

14 (1.00 eq.) dissolved in 8 mL dry diethyl ether is added dropwise. After completion (usually 

after 30 min) the reaction is quenched with sat. aq. NH4Cl solution and extracted with ethyl 

acetate. The combined organic phases are then washed with brine, dried over MgSO4 and the 

solvent is removed under reduced pressure. Finally, the crude product is purified via FCC to 

provide the desired product.  

 

General Procedure  B: Dehydroxylation and tert -butyl ester cleavage  

A round bottom flask is heated out, flushed with argon, and charged with the respective alpha 

hydroxy-tert-butyl ester. The starting material is dissolved in DCM (2 mL), the triethyl silane 

(3.00 eq.) and finally TFA (2 mL) is added dropwise. The reaction is stirred until completion, is 

then quenched with water and the aqueous phase is extracted with DCM. Afterwards the 

combined organic phases are dried over MgSO4 and the crude product is purified via FCC to 

provide the desired product.  

 

General Procedure  C: (R)-3-(3,4-Dimethoxyphenyl) -1-(3-(2-methoxy -2-oxoethoxy)phe -

nyl)propyl ( S)-piperidine -2-carboxylate  

 

 

 

The resin 13 is weight into a syringe equipped with a filter and is swelled for 10 min with DCM. 

The resin is washed twice with DMF (dry) and then treated with a cold (0ᴈ) solution of 4-methyl 

piperidine (20 vol.-% in DMF) for 5 min. The resin is washed twice with DMF, and the Fmoc 
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deprotection is repeated three times. In the end, the resin is washed twice with DCM and is 

followed by the amide coupling. 

 

General Procedure D: HATU coupling of bottom groups with the immobilized, Fmoc -

deprotected SAFit1 core -/top group  

A 10 mL filter syringe with the Fmoc deprotected SAFit1 core-/top group from general 

Procedure C is treated with a preactivated solution of the respective carboxylic acid, HATU, 

HOAt, and DIPEA in DMF (dry). The resulting suspension is shaken at rt overnight. Then the 

resin is filtered and washed twice with DMF (dry), followed by DCM (dry). Finally, the product 

is cleaved off the resin by treating it with a solution of 20 vol.-% HFIP in DCM for 1 h. After 

removal of the solvent under reduced pressure and purification via preparative HPLC, the 

respective compounds are obtained as colorless solids. 

 

General Procedure E: Alkylation of the bottom group with azide building block  

The tosylate and the bottom group building blocks are dissolved in DMF, Cs2CO3 is added and 

the reaction is stirred at 60 °C overnight. Afterwards, the solvent is removed and the crude is 

purified via FCC to provide the desired products.  

 

General Procedure F: Macrocy clization via Click Chemistry  

The starting material is dissolved in tert-butanol/water (2:1) and CuSO4 · 5 H2O and sodium 

ascorbate are added. The reaction is stirred at 60 °C overnight, quenched with brine and the 

aqueous phase is extracted with DCM. The combined organic phases are dried over MgSO4, 

the solvent removed under reduced pressure and the crude is purified via preparative HPLC 

to provide the desired compounds as colorless solids.  

 

General Procedure G: Amide Coupling  

The respective carboxylic acid (1.3 eq.), HATU (1.3 eq.), HOAt (1.3 eq.) and DIPEA (3.0 eq.) 

are dissolved in DMF (0.1 M, dry) at rt and stirred for 5 min. Afterwards, the amine (1.1 eq.) 

dissolved in a minimal amount of DMF (dry) is added dropwise and the reaction stirred until 

completion. The reaction mixture is diluted with brine, extracted with DCM (3x) and dried over 
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Na2SO4. After the solvent is removed under reduced pressure the crude product is purified via 

Flash Column Chromatography. 

 

General Procedure H:  The Fmoc-protected amine is dissolved in 20 v% 4-methylpiperidine 

in DCM at room temperature. After completion of the reaction the solvent is removed by 

reduced pressure and the crude product is purified via Flash Column Chromatography. 

 

General Procedure I : The Boc-protected amine is dissolved in 20 eq. of HCl in 

dioxane/isopropanol and the mixture is stirred until completion of the reaction. Afterwards, the 

solvent is removed and if required the crude product is purified via Flash Column 

Chromatography. 

 

General Procedure  J: Under an atmosphere of argon the respective amine (1.0 eq.) and 

aldehyde/ketone (8.0 eq.) are dissolved in THF (0.1 M). Then Si-cyanoborhydride (6.0 eq.) and 

optionally triethylamine (2.0 eq.) is added to the mixture. After completion the mixture is filtered, 

the residue is washed with MeOH, and the volatile components are removed under reduced 

pressure. The desired product is obtained after purification via preparative-HPLC  
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4.3. Synthesis  

4.3.1. Top/Core-Group Synthesis  

(E)-3-(3,4-Dimethoxyphenyl) -1-(3-hydroxyphenyl)prop -2-en-1-one (7)  

 

 

 

3-Hydroxyacetophenon (40.80 g, 0.30 mol, 1.00 eq) and 3,4-dimethoxybenzaldehyde (50.00 

g, 0.60 mol, 1.00 eq) are dissolved in ethanol (400 mL). The mixture is cooled to 0 °C for 30 

min, then cooled potassium hydroxide (67.25 g, 1.2 mol, 4.00 eq) dissolved in 250 mL water 

(250 mL) is added dropwise over 1 h. The reaction mixture is allowed to warm up to room 

temperature overnight and is then cooled again by adding 500 g ice and is subsequently 

acidified with 6 M HCl (300 mL). Then water (125 mL) is added dropwise to precipitate the 

product. After stirring overnight, the precipitate is filtered, washed with water and dried under 

reduced pressure to provide 7 as a yellow-beige solid. 

Yield: 17 g (60 mmol, 45%) 

TLC (CH/EtOAc, 1:1): Rf = 0.34 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.791 min 

Mass  (ESI+): m/z: calculated 228.99 [M-OH]+, found 229.34 [M-OH]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.77 (dd, J = 15.7, 1.4 Hz, 1H), 7.67 (dt, J = 2.9, 1.5 Hz, 1H), 

7.56 (ddd, J = 7.7, 1.6, 1.0 Hz, 1H), 7.39 ï 7.34 (m, 2H), 7.21 (dd, J = 8.4, 2.0 Hz, 1H), 7.14 ï 

7.11 (m, 1H), 7.01 (s, 1H), 6.87 (dd, J = 8.4, 1.3 Hz, 1H), 3.93 (s, 3H), 3.92 (s, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 191.10, 156.74, 151.73, 149.35, 145.87, 139.83, 129.96, 127.85, 

123.52, 120.90, 120.46, 119.96, 115.41, 111.28, 110.38, 56.13, 56.12.  
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3-(3,4-Dimethoxyphenyl) -1-(3-hydroxyphenyl)propan -1-one (8) 

 

 

 

Zn powder (59.0 g, 902.9 mmol, 10.00 eq.) and NH4Cl (48.0 g, 902.9 mmol, 10.00 eq.) are 

added to a round bottom flask and suspended in MeOH (250 mL). 7 (25.6 g, 89.6 mmol, 1.00 

eq.) dissolved in MeOH (125 mL) and THF (90 mL) and is added dropwise to the vigorously 

stirring suspension over 3 h. After the reaction is completed, the mixture is filtered, washed 

with MeOH, and water (750 mL) is added slowly to the filtrate under stirring to precipitate the 

product. The mixture is stirred overnight to facilitate full precipitation. After filtration the solid is 

washed with water and dried under reduced pressure to provide 8 as a beige-white solid. 

Yield: 18.2 g (63.6 mmol, 70%) 

TLC (CH/EtOAc, 1:1): Rf = 0.46 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.584 min 

Mass  (ESI+): m/z: calculated 287.1 [M+H]+, found 287.2 [M+H]+ 

1H NMR (300 MHz, DMSO) ŭ 9.77 ï 9.71 (m, 1H), 7.43 (dt, J = 7.7, 1.2 Hz, 1H), 7.36 ï 7.25 

(m, 2H), 7.01 (ddd, J = 8.0, 2.5, 1.1 Hz, 1H), 6.93 ï 6.69 (m, 3H), 3.71 (d, J = 8.3 Hz, 7H), 3.27 

(t, J = 7.5 Hz, 2H), 2.85 (t, J = 7.5 Hz, 2H). 

13C NMR (75 MHz, DMSO) ŭ 199.2, 157.6, 148.6, 147.1, 138.1, 133.7, 129.8, 120.2, 120.1, 

118.9, 114.1, 112.5, 111.9, 55.6, 55.4, 29.3.   
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(R)-3-(3-(3,4-Dimethoxyphenyl) -1-hydroxypropyl)phenol ( 9)  

 

 

 

In a 3-necked flask 8 (18.2 g, 63.6 mmol, 1.00 eq.) is suspended in iPrOH (1200 mL) and 

RuCl2[(S)-(DM-SEGPHOS)][(S)-DAIPEN] (1.10 g, 0.90 mmol 14 mol%) is added. The mixture 

is sparged with argon for 15 min, then KOt-Bu (127 mL, 127.1 mmol, 2.00 eq., 1 M in t-BuOH) 

is added and the mixture is sparged with argon. Then with hydrogen for 10 min each. After 

stirring overnight, the solvent is removed under reduced pressure and the crude product is 

purified by FCC to provide 9 obtained as a colorless solid.  

Yield: 6.0 g (21.0 mmol, 33%) 

TLC (CH/EtOAc, 1:1): Rf = 0.39 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.707 min 

Mass  (ESI+): m/z: calculated 306.1 [M+NH4]+, found 306.2 [M+NH4]+ 

1H NMR (300 MHz, CDCl3) ŭ 7.17 (t, J = 7.8 Hz, 1H), 6.91 ï 6.62 (m, 6H), 4.61 (dd, J = 7.7, 

5.4 Hz, 1H), 3.82 (d, J = 3.2 Hz, 6H), 2.61 (tdd, J = 14.2, 11.3, 7.5 Hz, 2H), 2.16 ï 1.88 (m, 

3H). 

13C NMR (75 MHz, CDCl3) ŭ 156.3, 148.9, 147.3, 146.4, 134.5, 129.8, 120.4, 118.3, 114.9, 

113.0, 112.0, 111.5, 74.0, 56.1, 56.0, 40.5, 31.7. 
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tert -Butyl ( R)-2-(3-(3-(3,4-dimethoxyphenyl) -1-hydroxypropyl)phenoxy)acetate ( 10)  

 

 

 

9 (520 mg, 1.80 mmol, 1.00 eq.) is dissolved in acetone (3.1 mL) and is treated with K2CO3 

(499 mg, 3.60 mmol, 2.00 eq.) and tert-butyl bromoacetate (387 mg, 1.98 mmol, 1.10 eq.) and 

stirred at room temperature overnight. Afterwards the reaction mixture is filtered, concentrated 

under reduced pressure and purified via FCC to provide 10 as a colorless oil. 

Yield: 475 mg (1.18 mmol, 65%) 

TLC (CH/EtOAc, 1:1): Rf = 0.55 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.061 min 

Mass  (ESI+): m/z: calculated 425.2 [M+Na]+, found 425.2 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.25 (d, J = 7.7 Hz, 1H), 6.98 ï 6.90 (m, 2H), 6.85 ï 6.76 (m, 2H), 

6.75 ï 6.68 (m, 2H), 4.66 (dd, J = 7.8, 5.2 Hz, 1H), 4.52 (s, 2H), 3.86 (d, J = 3.4 Hz, 6H), 2.74 

ï 2.56 (m, 2H), 2.13 ï 2.05 (m, 1H), 2.03 ï 1.94 (m, 1H), 1.48 (s, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 168.1, 158.3, 149.0, 147.3, 146.6, 134.5, 129.7, 120.3, 119.2, 

113.7, 112.3, 111.9, 111.4, 82.5, 73.8, 65.8, 56.1, 56.0, 40.7, 31.7, 28.2. 
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1-((9H-Fluoren -9-yl)methyl) 2 -((R)-1-(3-(2-(tert -butoxy) -2-oxoethoxy)phenyl) -3-(3,4-

dimethoxyphenyl)propyl) ( S)-piperidine -1,2-dicarboxylate (11)  

 

 

 

A round bottom flask is flushed with argon, charged with 10 (2.17 g, 5.40 mmol, 1.00 eq.) and 

(S)-Fmoc-pipecolate (2.09 g, 5.94 mmol, 1.10 eq.), and the starting materials are dissolved in 

DCM (27 mL) and cooled to 0 °C. Afterwards DMAP (66 mg, 0.54 mmol, 0.10 eq.) and EDC-

HCl (1.24 g, 6.48 mmol, 1.20 eq.) are added portion wise and the ice bath is removed after 30 

mins. After completion of the reaction, the reaction mixture is quenched by addition of sat. aq. 

NH4Cl solution, extracted with DCM (3x) and dried over MgSO4. The solvent is removed under 

reduced pressure, and the crude product is purified via FCC to provide 11 as a colorless foam.  

Yield: 2.57 g (3.49 mmol, 65%) 

TLC (CH/EtOAc, 1:1): Rf = 0.29 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.646 min 

Mass  (ESI+): m/z: calculated 758.3 [M+Na]+, found 758.2 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.79 ï 7.68 (m, 2H), 7.59 (dd, J = 10.5, 7.5 Hz, 1H), 7.50 ï 7.15 

(m, 6H), 6.94 (t, J = 5.6 Hz, 1H), 6.89 (d, J = 2.6 Hz, 1H), 6.80 (dd, J = 8.3, 2.5 Hz, 1H), 6.73 

(d, J = 8.2 Hz, 1H), 6.66 ï 6.56 (m, 2H), 5.80 ï 5.72 (m, 1H), 5.07 ï 4.81 (m, 1H), 4.51 ï 4.42 

(m, 2H), 4.42 ï 4.25 (m, 2H), 4.11 (td, J = 15.2, 9.8 Hz, 1H), 3.87 ï 3.77 (m, 6H), 3.14 (td, J = 

13.1, 2.9 Hz, 1H), 2.99 (td, J = 13.3, 3.0 Hz, 0H), 2.60 ï 2.40 (m, 1H), 2.36 ï 2.28 (m, 1H), 

2.19 (ddd, J = 14.6, 9.8, 5.8 Hz, 1H), 2.09 ï 1.93 (m, 1H), 1.78 ï 1.66 (m, 3H), 1.45 (d, J = 

17.1 Hz, 20H), 1.33 ï 1.19 (m, 2H). 

13C NMR (126 MHz, CDCl3) ŭ 171.1, 168.0, 167.9, 158.2, 156.5, 156.1, 149.0, 147.4, 144.3, 

144.2, 144.0, 141.8, 141.6, 141.4, 133.6, 133.5, 129.8, 127.8, 127.8, 127.2, 127.2, 125.2, 

125.1, 120.2, 120.1, 119.9, 119.8, 114.1, 113.5, 113.4, 111.8, 111.7, 111.4, 82.5, 76.6, 76.3, 

67.9, 65.9, 65.7, 56.0, 55.9, 55.0, 54.7, 47.4, 42.2, 42.0, 38.2, 31.3, 29.8, 28.2, 27.2, 27.1, 

27.0, 24.9, 24.7, 21.0, 20.9.
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(R)-1-(3-(2-(tert -Butoxy) -2-oxoethoxy)phenyl) -3-(3,4-dimethoxyphenyl)propyl ( S)-piperi -

dine -2-carboxylate (12)  

 

 

 

A round bottom flask is evacuated flushed with argon and charged with 11 (769 mg, 1.05 mmol, 

1.00 eq.). The starting material is dissolved in dry DCM and 4-methylpiperidine (20 v%) is 

added. After completion of the reaction, the solvent is removed and purified via FCC to provide 

12 as a colorless oil.  

Yield: 423.9 mg (0.83 mmol, 79%) 

TLC (CH/EtOAc, 1:1 + 1% NEt3): Rf = 0.29 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.758 min 

Mass  (ESI+): m/z: calculated 514.3 [M+H]+, found 514.2 [M+H]+ 
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2-(3-((R)-1-(((S)-1-(((9H-fluoren -9-yl)methoxy)carbonyl)piperidine -2-carbonyl)oxy) -3-

(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid (12)  

 

 

 

11 (2.57 g, 3.49 mmol, 1.00 eq.) is dissolved in DCM (18 mL), cooled to 0 °C and TFA (5.20 

mL) is added dropwise. After completion of the reaction the solvent is removed under reduced 

pressure and the crude product is purified via FCC to provide 11 as a colorless solid  

Yield: 2.03 g (2.98 mmol, 85%) 

TLC (CH/EtOAc, 1:1 + 1% TFA): Rf = 0.50 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.487 min 

Mass  (ESI+): m/z: calculated 702.3 [M+Na]+, found 702.2 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.81 ï 7.66 (m, 3H), 7.58 ï 7.16 (m, 11H), 6.97 ï 6.71 (m, 6H), 

6.71 ï 6.64 (m, 2H), 6.63 ï 6.55 (m, 1H), 5.78 (t, J = 6.9 Hz, 0H), 5.68 (dd, J = 8.7, 4.9 Hz, 

1H), 5.05 ï 4.99 (m, 1H), 4.86 (d, J = 5.4 Hz, 0H), 4.64 (q, J = 16.5 Hz, 2H), 4.54 (s, 1H), 

4.46 ï 4.32 (m, 2H), 4.24 (t, J = 7.1 Hz, 1H), 4.16 ï 4.01 (m, 4H), 3.84 (d, J = 7.5 Hz, 7H), 

3.79 (s, 1H), 3.19 (td, J = 13.2, 3.2 Hz, 1H), 2.93 (ddd, J = 15.8, 9.0, 3.7 Hz, 0H), 2.88 ï 2.79 

(m, 0H), 2.70 ï 2.46 (m, 2H), 2.45 (dd, J = 9.5, 5.9 Hz, 0H), 2.39 ï 2.26 (m, 1H), 2.22 (dtt, J 

= 12.7, 8.9, 4.5 Hz, 1H), 2.05 (s, 4H), 1.79 (ddt, J = 15.3, 9.5, 3.6 Hz, 2H), 1.73 ï 1.67 (m, 

2H), 1.53 ï 1.40 (m, 2H), 1.36 ï 1.28 (m, 0H). 

13C NMR (126 MHz, CDCl3) ŭ 172.0, 171.5, 170.9, 170.7, 164.0, 158.0, 157.8, 156.8, 156.4, 

149.0, 147.5, 144.0, 143.8, 142.3, 141.6, 141.4, 141.4, 133.5, 133.4, 129.9, 127.9, 127.2, 

127.2, 125.2, 125.0, 120.6, 120.3, 120.3, 120.1, 120.1, 119.8, 115.5, 114.7, 112.8, 111.8, 

111.8, 111.5, 110.5, 76.6, 68.3, 68.2, 65.4, 65.0, 60.6, 57.2, 56.1, 56.0, 55.0, 54.7, 47.3, 47.2, 

42.1, 42.0, 40.6, 38.3, 38.0, 31.5, 31.3, 27.3, 27.2, 27.0, 24.9, 24.6, 24.2, 22.4, 21.2, 20.9, 

20.7, 14.3.  
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Immobilized  2-(3-((R)-1-(((S)-1-(((9H-fluoren -9-yl)methoxy)carbonyl)piperidine -2-carbo -

nyl)oxy) -3-(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid (13)  

 

 

 

A 250 mL dried flask is charged with 2-chlorotrityl resin (3.19 g, 5.46 mmol, 2.00 eq., loading 

= 1.71 mmol/g) and 96 mL dry DCM. The resin is allowed to swell for 10 min before compound 

12 (1.85 g, 2.73, 1.00 eq.) is added dropwise in 15 mL dry DCM. Finally, 1.9 mL DIPEA (1.90 

mL, 10.92 mmol, 4 eq.) is added, and the resulting slurry is stirred at rt overnight. After 

complete immobilization of the starting material, 0.5 mL of dry methanol is added, and the 

solution is stirred for 1 h to cap the resin. Then the resin is filtered through a silica frit and is 

washed three times with DCM and DMF. The obtained resin is dried under vacuum, and the 

resulting loading (0.51 mmol/g) of 13 is calculated according to the following formula: 

 

ά ά Ͻρπ

ὓὡ σφȢτφϽά
ὰέὥὨὭὲὫ 

άάέὰ

Ὣ
 

 

For conducting LCMS quality control of the immobilized the top-/core-group a minimal amount 

of the product is cleaved off the resin by treating it with a solution of 20 vol.-% HFIP in DCM. 

After 1 h the solvent is removed under reduced pressure and the residue analyzed.   

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.513 min, purity (220 nm): 99% 

Mass (ESI+): m/z: calculated 702.3 [M+Na]+, found 702.2 [M+Na]+ 

  



 

  82 

4.3.2. Thiophene Acetic Acid Derivatives  

tert -Butyl 2 -oxopropanoate (15)  

 

 

 

A round bottom flask is heated out, flushed with argon and charged with pyruvic acid (3.95 mL, 

56.78 mmol, 1.00 eq.). The starting material is dissolved in dry DCM (284 mL) and cooled to 0 

°C. Then DMF (0.2 mL) and Oxalyl chloride (6.3 mL, 78.81 mmol, 1.30 eq.) are added dropwise 

and the reaction mixture is allowed to slowly reach room temperature (caution: heavy gas 

formation). After the gas formation stopped, the reaction mixture is cooled to 0 °C and Pyridine 

(22.9 mL, 284.00 mmol, 5.00 eq.), followed by t-BuOH (25.3 mL, 340.48 mmol, 6.00 eq.) are 

added dropwise. The reaction mixture is allowed to reach room temperature and is stirred 

overnight. Afterwards, the reaction is quenched by addition of sat. aq. NaHCO3 solution and is 

extracted with diethyl ether. The combined organic phases are dried over MgSO4 and the 

solvent is reduced under reduced pressure. The crude product is purified via FCC yielding 15 

as a colorless oil.  

Yield: 2.87 g (19.89 mmol, 35%) 

TLC (CH/EtOAc, 3:1): Rf = 0.58 

1H NMR (500 MHz, CDCl3) ŭ 2.44 (d, J = 1.7 Hz, 1H), 1.57 (d, J = 1.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 193.2, 160.3, 83.9, 27.8, 26.5 
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5-Bromo -2,3-dimethylthiophene  (21)  

 

 

 

A round bottom flask is evacuated, flushed with argon and charged with 2,3-dimethylthiophene 

(1.00 g, 8.91 mmol, 1.00 eq.). The starting material is dissolved in acetic acid (18 mL) and 

lastly N-bromsuccinimide (1.67 g, 9.36 mmol, 1.05 eq.) is added and stirred until completion 

of the reaction. Afterwards, the reaction mixture is diluted with water and EtOAc and the phases 

are separated. The aqueous phase is extracted with EtOAc and the combined organic phases 

are washed with brine, dried over MgSO4, and the crude product is purified via FCC to provide 

the desired product 21 as a colorless oil. 

Yield: 1.06 g (5.54 mmol, 62%) 

TLC (CH/EtOAc, 3:1): Rf = 0.82 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.227 min 

Mass  (ESI+): no ionization  

1H NMR (500 MHz, CDCl3) ŭ 6.74 (s, 1H), 2.29 (s, 3H), 2.10 (s, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 134.3, 133.7, 132.5, 106.5, 13.4, 13.0. 
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tert -Butyl 2-hydroxy -2-(thiophen -2-yl)propanoate (24)  

 

 

 

Following General Procedure  A, 24 is synthesized using 15 (250 mg, 2.84 mmol, 1.00 eq.), 

2-bromothiophene (0.4 mL, 4.26 mmol, 1.50 eq.), and n-butyllithium (2.5 M in hexane, 1.9 mL, 

4.68 mmol, 1.65 eq.) in 20 mL dry diethyl ether. After purification via FCC 24 is obtained as 

yellow oil.  

Yield: 260 mg (1.14 mmol, 33%) 

TLC (CH/EtOAc, 5:1): Rf = 0.58 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.900 min 

Mass  (ESI+): m/z: calculated 251.1 [M+Na]+, found 251.0 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.24 (dt, J = 5.1, 1.4 Hz, 1H), 7.09 (dt, J = 3.5, 1.4 Hz, 1H), 6.98 

(ddd, J = 5.1, 3.8, 1.7 Hz, 1H), 4.13 (s, 1H), 1.80 (d, J = 1.8 Hz, 3H), 1.50 (t, J = 1.9 Hz, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.8, 148.1, 126.8, 124.7, 123.8, 83.5, 74.4, 28.1, 27.7. 
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tert -Butyl 2-hydroxy -2-(thiophen -3-yl)propanoate (25)  

 

 

 

Following General Procedure  A, 25 is synthesized using 15 (300 mg, 3.41 mmol, 1.00 eq.), 

3-bromothiophene (0.5 mL, 5.11 mmol, 1.50 eq.), and n-butyllithium (2.5 M in hexane, 2.3 mL, 

5.61 mmol, 1.65 eq.) in 25 mL dry diethyl ether. After purification via FCC 25 is obtained as 

yellow oil.  

Yield: 422 mg (1.85 mmol, 54%) 

TLC (CH/EtOAc, 5:1): Rf = 0.46 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.872 min 

Mass  (ESI+): m/z: calculated 251.1 [M+Na]+, found 251.2 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.34 (dt, J = 3.0, 1.5 Hz, 1H), 7.28 (q, J = 2.5 Hz, 1H), 7.16 (dt, 

J = 5.1, 1.4 Hz, 1H), 3.91 (s, 1H), 1.73 (d, J = 1.7 Hz, 3H), 1.48 (d, J = 1.8 Hz, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 174.5, 144.9, 125.9, 125.6, 121.0, 83.1, 74.4, 27.8, 27.1. 
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tert -Butyl 2-hydroxy -2-(5-methylthiophen -2-yl)propanoate  (26)  

 

 

 

Following General Procedure  A, 26 is synthesized using 15 (300 mg, 3.41 mmol, 1.00 eq.), 

2-bromo-5-methylthiophene (0.6 mL, 5.11 mmol, 1.50 eq.), and n-butyllithium (2.5 M in 

hexane, 2.3 mL, 5.61 mmol, 1.65 eq.) in 25 mL dry diethyl ether. After purification via FCC 26 

is obtained as yellow oil.  

Yield: 283 mg (1.24 mmol, 36%) 

TLC (CH/EtOAc, 5:1): Rf = 0.50 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.694 min 

Mass  (ESI+): m/z: calculated 265.1 [M+Na]+, found 265.0 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.85 (d, J = 3.5 Hz, 1H), 6.62 (dt, J = 3.5, 1.2 Hz, 1H), 4.01 (s, 

1H), 2.46 (d, J = 1.1 Hz, 4H), 1.76 (s, 3H), 1.51 (s, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.9, 145.4, 139.2, 124.8, 123.6, 83.3, 74.3, 27.9, 27.9, 27.8, 

15.3. 
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tert -Butyl 2 -(5-bromothiophen -2-yl) -2-hydroxypropanoate (27)  

 

 

 

Following General Procedure  A, 27 is synthesized using 15 (300 mg, 3.41 mmol, 1.00 eq.), 

2,5-dibromothiophene (0.5 mL, 4.43 mmol, 1.30 eq.), and n-butyllithium (2.5 M in hexane, 2.0 

mL, 5.61 mmol, 1.40 eq.) in 25 mL dry diethyl ether. After purification via FCC 27 is obtained 

as a purple solid  

Yield: 250 mg (0.81 mmol, 24%) 

TLC (CH/EtOAc, 5:1): Rf = 0.53 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.121 min 

Mass  (ESI+): m/z: calculated 330.99 [M+Na]+, found 331.00 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.93 (d, J = 3.8 Hz, 1H), 6.85 (d, J = 3.8 Hz, 1H), 4.12 (s, 1H), 

1.74 (s, 3H), 1.51 (s, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.2, 149.4, 129.7, 124.1, 111.5, 84.0, 74.4, 28.2, 27.7. 
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tert -Butyl 2 -(4,5-dimethylthiophen -2-yl) -2-hydroxypropanoate (28)  

 

 

 

Following General Procedure  A, 28 is synthesized using 15 (300 mg, 3.41 mmol, 1.00 eq.), 

21 (0.4 mL, 4.43 mmol, 1.30 eq.), and n-butyllithium (2.5 M in hexane, 2.0 mL, 5.61 mmol, 1.40 

eq.) in 25 mL dry diethyl ether. After purification via FCC 28 is obtained as a yellow oil.  

Yield: 242 mg (0.95 mmol, 28%) 

TLC (CH/EtOAc, 5:1): Rf = 0.52 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.972 min 

Mass  (ESI+): m/z: calculated 279.1 [M+Na]+, found 279.0 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.75 (s, 1H), 3.95 (s, 1H), 2.31 (s, 3H), 2.10 (s, 3H), 1.74 (s, 3H), 

1.51 (s, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.9, 142.5, 132.6, 132.2, 126.7, 83.3, 74.2, 27.8, 27.8, 13.7, 

13.0. 
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tert -Butyl 2-hydroxy -2-(5-phenylthiophen -2-yl)propanoate (29)  

 

 

 

Following General Procedure  A, 29 is synthesized using 15 (245 mg, 2.78 mmol, 1.00 eq.), 

2-Bromo-5-phenylthiophene (0.6 mL, 4.17 mmol, 1.30 eq.), and n-butyllithium (2.5 M in 

hexane, 1.8 mL, 4.59 mmol, 1.40 eq.) in 25 mL dry diethyl ether. After purification via FCC 29 

is obtained as a green oil.  

Yield: 283 mg (1.09 mmol, 39%) 

TLC (CH/EtOAc, 5:1): Rf = 0.51 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.288 min 

Mass  (ESI+): m/z: calculated 327.1 [M+Na]+, found 327.2 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.64 ï 7.57 (m, 3H), 7.39 (t, J = 7.6 Hz, 3H), 7.32 ï 7.29 (m, 1H), 

7.20 ï 7.16 (m, 1H), 7.05 (d, J = 3.8 Hz, 1H), 4.13 (s, 1H), 1.82 (s, 3H), 1.53 (s, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.7, 147.4, 143.6, 134.4, 128.8, 127.4, 125.8, 125.7, 124.7, 

122.8, 83.6, 74.4, 27.9, 27.8. 
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tert -Butyl 2 -(benzo[b]thiophen -2-yl) -2-hydroxypropanoate (30) 

 

 

 

Following General Procedure  A, 30 is synthesized using 15 (230 mg, 2.61 mmol, 1.00 eq.), 

2-Bromo-benzothiophene (0.5 mL, 3.92 mmol, 1.50 eq.), and n-butyllithium (2.5 M in hexane, 

1.7 mL, 4.31 mmol, 1.65 eq.) in 25 mL dry diethyl ether. After purification via FCC 30 is obtained 

as a yellow oil.  

Yield: 201 mg (0.72 mmol, 28%) 

TLC (CH/EtOAc, 5:1): Rf = 0.35 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.203 min 

Mass  (ESI+): m/z: calculated 301.1 [M+Na]+, found 301.0 [M+Na]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.82 (d, J = 7.8 Hz, 1H), 7.75 (d, J = 7.7 Hz, 1H), 7.41 ï 7.29 (m, 

3H), 4.20 (s, 1H), 1.86 (s, 3H), 1.52 (d, J = 1.1 Hz, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.4, 148.6, 139.7, 124.2, 124.2, 123.6, 122.2, 120.5, 83.9, 

74.7, 27.9, 27.8. 
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2-(thiophen -2-yl)propanoic acid  (31)  

 

 

 

Following General Procedure  B, 31 is synthesized using 24 (260 mg, 1.14 mmol, 1.00 eq.), 

triethyl silane (0.5 mL, 3.41 mmol, 3.00 eq.) and TFA (2 mL) in 2 mL dry DCM. After purification 

via FCC 31 is obtained as a yellow oil.  

Yield: 97 mg (0.62 mmol, 54%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.33 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.566 min 

Mass  (ESI+): m/z: calculated 157.1 [M+H]+, found 157.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.25 (dd, J = 5.0, 1.3 Hz, 1H), 7.03 ï 7.00 (m, 1H), 6.99 (dd, J = 

5.1, 3.5 Hz, 1H), 4.06 (q, J = 7.2 Hz, 1H), 1.64 (d, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 179.3, 142.0, 126.7, 125.2, 124.6, 40.6, 19.1. 
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2-(Thiophen -3-yl)propanoic acid (32)  

 

 

 

Following General Procedure  B, 32 is synthesized using 25 (422 mg, 1.85 mmol, 1.00 eq.), 

triethyl silane (0.9 mL, 5.54 mmol, 3.00 eq.) and TFA (4 mL) in 4 mL dry DCM. After purification 

via FCC 32 is obtained as a yellow oil.  

Yield: 65 mg (0.45 mmol, 24%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.24 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.555 min 

Mass  (ESI+): m/z: calculated 157.1 [M+H]+, found 157.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.32 (dd, J = 5.0, 3.0 Hz, 1H), 7.21 ï 7.17 (m, 1H), 7.11 (dd, J = 

5.0, 1.3 Hz, 1H), 3.89 (q, J = 7.2 Hz, 1H), 1.56 (d, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 180.0, 139.7, 127.1, 125.9, 121.6, 40.8, 17.9. 
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2-(5-Methylthiophen -2-yl)propanoic acid  (33)  

 

 

 

Following General Procedure  B, 33 is synthesized using 26 (235 mg, 0.97 mmol, 1.00 eq.), 

triethyl silane (0.5 mL, 2.91 mmol, 3.00 eq.) and TFA (2 mL) in 2 mL dry DCM. After purification 

via FCC 33 is obtained as a yellow oil.  

Yield: 150 mg (0.88 mmol, 91%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.27 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.702 min 

Mass  (ESI+): m/z: calculated 171.1 [M+H]+, found 171.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.78 (d, J = 3.4 Hz, 1H), 6.62 (dd, J = 3.4, 1.3 Hz, 1H), 3.96 (q, 

J = 7.1 Hz, 1H), 2.47 (d, J = 1.1 Hz, 3H), 1.59 (d, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 179.2, 139.5, 139.1, 125.0, 124.7, 40.7, 18.9, 15.3. 
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2-(5-Bromothiophen -2-yl)propanoic acid (34)   

 

 

 

Following General Procedure B , 34 is synthesized using 27 (240 mg, 0.78 mmol, 1.00 eq.), 

triethyl silane (0.4 mL, 2.34 mmol, 3.00 eq.) and TFA (2 mL) in 2 mL dry DCM. After purification 

via FCC 34 is obtained as a yellow oil.  

Yield: 101 mg (0.43 mmol, 55%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.42 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.804 min 

Mass  (ESI+): m/z: calculated 235.0 [M+H]+, found 235.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.93 (d, J = 3.7 Hz, 1H), 6.76 (d, J = 3.7 Hz, 1H), 3.97 (q, J = 7.2 

Hz, 1H), 1.60 (d, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 178.5, 143.4, 129.4, 125.6, 111.3, 41.0, 18.9. 
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2-(5-Bromothiophen -2-yl)propanoic acid (35)  

 

 

 

Following General Procedure B , 35 is synthesized using 28 (236 mg, 0.92 mmol, 1.00 eq.), 

triethyl silane (0.4 mL, 2.76 mmol, 3.00 eq.) and TFA (2 mL) in 2 mL dry DCM. After purification 

via FCC 35 is obtained as a yellow oil.  

Yield: 84 mg (0.46 mmol, 49%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.40 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.833 min 

Mass  (ESI+): m/z: calculated 185.1 [M+H]+, found 185.4 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.68 (s, 1H), 3.91 (q, J = 7.2 Hz, 1H), 2.31 (s, 3H), 2.10 (s, 3H), 

1.57 (d, J = 7.3 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 178.4, 136.9, 132.7, 132.0, 128.1, 40.4, 18.8, 13.5, 13.0. 
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2-(5-phenylthiophen -2-yl)propanoic acid (36)  

 

 

 

Following General Procedure B , 36 is synthesized using 29 (267 mg, 0.88 mmol, 1.00 eq.), 

triethyl silane (0.4 mL, 2.63 mmol, 3.00 eq.) and TFA (2 mL) in 2 mL dry DCM. After purification 

via FCC 36 is obtained as a yellow oil.  

Yield: 163 mg (0.70 mmol, 80%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.15 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.972 min 

Mass  (ESI+): m/z: calculated 233.1 [M+H]+, found 233.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.58 (d, J = 7.6 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.30 (s, 1H), 

7.18 (d, J = 3.6 Hz, 1H), 6.98 (d, J = 3.6 Hz, 1H), 4.05 (q, J = 7.2 Hz, 1H), 1.66 (d, J = 7.2 Hz, 

3H). 

13C NMR (126 MHz, CDCl3) ŭ 178.0, 143.6, 141.4, 134.3, 128.8, 127.5, 126.2, 125.8, 125.7, 

122.7, 40.8, 19.0. 
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2-(benzo[b]thiophen -2-yl)propanoic acid (37)  

 

 

 

Following General Procedure B , 37 is synthesized using 30 (196 mg, 0.71 mmol, 1.00 eq.), 

triethyl silane (0.3 mL, 212 mmol, 3.00 eq.) and TFA (2 mL) in 2 mL dry DCM. After purification 

via FCC 37 is obtained as a yellow oil.  

Yield: 65 mg (0.32 mmol, 45%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.38 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.878 min 

Mass  (ESI+): m/z: calculated 207.1 [M+H]+, found 207.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.80 (d, J = 7.8 Hz, 1H), 7.38 ï 7.26 (m, 3H), 4.12 (q, J = 7.2 Hz, 

1H), 1.69 (dd, J = 7.1, 1.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 178.4, 142.7, 139.4, 139.4, 124.3, 124.2, 123.4, 122.2, 121.9, 

41.3, 18.8. 
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Methyl 2 -hydroxy -2-(5-((trimethylsilyl)ethynyl)thiophen -2-yl)propanoate  (39)  

 

 

 

A round bottom flask equipped with reflux condenser is heat dried, flushed with argon, and 

charged with Pd(PPh3)2Cl2 (13 mg, 0.02 mmol, 5 mol%) and CuI (6 mg, 0.03 mmol, 10 mol%). 

Then freshly degassed triethylamine (1.6 mL) is added, followed by 38 (100 mg, 0.33 mmol, 

1.00 eq.) and trimethylsilyl acetylene (0.1 mL, 0.39 mmol, 1.20 eq.). The reaction mixture is 

heated to 75 °C and stirred until completion of the reaction. Afterwards, the solvent is removed 

under reduced pressure, the mixture is filtered through a plug of silica with EtOAc, and purified 

via FCC to provide the desired product 39 as a purple oil.  

Yield: 150 mg (0.46 mmol, 71%) 

TLC (CH/EtOAc, 5:1): Rf = 0.52 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.519 min 

Mass  (ESI+): m/z: calculated 325.1 [M+H]+, found 325.8 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.09 (d, J = 3.8 Hz, 1H), 6.93 (d, J = 3.8 Hz, 1H), 4.14 (d, J = 6.2 

Hz, 1H), 1.75 (s, 3H), 1.49 (d, J = 1.9 Hz, 9H), 0.25 (s, 9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.3, 149.7, 132.6, 126.8, 124.7, 123.8, 123.7, 122.5, 98.8, 

97.6, 83.9, 74.5, 28.1, 27.7, 27.7. 
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2-(5-Ethylthiophen -2-yl)propanoic acid (40)  

 

 

 

Following General Procedure  B, 40 is synthesized using 39 (150 mg, 0.46 mmol, 1.00 eq.), 

triethyl silane (0.2 mL, 1.39 mmol, 3.00 eq.) and TFA (1 mL) in 1 mL dry DCM. After purification 

via FCC 40 is obtained as a yellow oil.  

Yield: 67 mg (0.36 mmol, 78%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.38 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.842 min 

Mass  (ESI+): m/z: calculated 185.1 [M+H]+, found 185.0 [M+H]+ 

NMR: decomposition in NMR tube probably due to acidity of CDCl3; LCMS check of tested 

stock revealed no decomposition in DMSO. 
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2-(Thiophen -2-yl)propanoic acid (42)  

 

 

 

A round bottom flask is heated out, flushed with argon and charged with diisopropylamine (2.2 

mL, 15.47 mmol, 2.20 eq.) and dry THF (26 mL). The mixture is cooled to ï78 °C and n-butyl 

lithium (2.5 M in hexanes, 6.2 mL, 15.47 mmol, 2.20 eq.) is added dropwise. After stirring for 

30 min at ï 78 °C, thiophene acetic acid (1.57 g, 7.03 mmol, 1.00 eq.) in dry THF (11.5 mL) is 

added dropwise. The reaction mixture is allowed to slowly warm to 0 °C and is stirred at this 

temperature for 1 h. The mixture is then cooled back to ï78 °C and iodomethane (0.7 mL, 

10.55 mmol, 1.50 eq.) is added dropwise. The mixture is allowed to reach rt and is stirred 

overnight. The reaction is then quenched with aq. 1 M HCl, the phases are separated, and the 

aqueous layer is washed with diethyl ether. The combined organic phases are dried over 

MgSO4, and the solvent is removed under reduced pressure. The crude product is then 

purified using FCC to provide 42 as a yellow-red oil.  

Yield: 757 mg (4.84 mmol, 69%) 

TLC (CH/EtOAc, 5:1 + 1% FA): Rf = 0.55 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.519 min 

Mass  (ESI+): m/z: calculated 156.0 [M+H]+, found 157.4 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.24 (d, J = 5.0 Hz, 1H), 7.01 (d, J = 3.4 Hz, 1H), 7.00 ï 6.97 (m, 

1H), 4.06 (q, J = 7.2 Hz, 1H), 1.63 (dd, J = 7.2, 1.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 179.0, 142.0, 126.7, 125.2, 124.6, 40.6, 19.1. 
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Methyl 2 -(thiophen -2-yl)propanoate (43)  

 

 

 

A round-bottom flask equipped with reflux condenser is charged with 42 (747 mg, 4.78 mmol, 

1.00 eq.), sulfuric acid (0.3 mL, 4.78 mmol, 1.00 eq.) and MeOH (23 mL). The resulting mixture 

is refluxed overnight, cooled to temperature and concentrated in vacuo. The resulting residue 

is carefully quenched by sat. aqueous Na2CO3 solution and extracted with DCM. The combined 

organic phases are washed with brine, dried over MgSO4 and the solvents are removed under 

reduced pressure to provide the desired product 43 as a yellow oil. 

Yield: 806 mg (4.73 mmol, 99%) 

TLC (CH/EtOAc, 3:1): Rf = 0.73 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.887 min 

Mass  (ESI+): m/z: calculated 171.2 [M+H]+, found 171.6 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.22 (dd, J = 5.1, 2.2 Hz, 1H), 7.00 ï 6.94 (m, 2H), 4.04 (q, J = 

7.2 Hz, 1H), 3.73 (d, J = 1.2 Hz, 3H), 1.61 (dd, J = 7.2, 1.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 174.0, 142.9, 126.7, 124.7, 124.3, 52.3, 40.8, 19.4. 
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Methyl 2 -(5-bromothiophen -2-yl)propanoate (44)  

 

 

 

A round bottom flask is charged with 43 (500 mg, 3.20 mmol, 1.00 eq.), AcOH (6.4 mL) and 

lastly NBS (598.2 mg, 3.36 mmol, 1.05 eq.). The reaction mixture is then stirred under argon 

until completion at rt. The reaction is diluted with water and EtOAc and the phases are 

separated. The aqueous phase is extraxted with EtOAc and the combined organic phases are 

washed with brine, dried over MgSO4 and the solvent is removed under reduced pressure. 

The crude product is purified via FCC to provide 44 as a yellow oil. 

Yield: 552 mg (2.35 mmol, 73%) 

TLC (CH/EtOAc, 3:1): Rf = 0.56 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.979 min 

Mass  (ESI+): m/z: calculated 234.9 [M+H]+, found 236.8 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.92 (d, J = 3.7 Hz, 1H), 6.71 (dt, J = 3.7, 1.0 Hz, 1H), 3.79 (d, J 

= 1.0 Hz, 2H), 3.76 (s, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 170.3, 136.6, 129.5, 127.2, 111.4, 52.4, 35.6.  
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Methyl 2 -(5-((trimethylsilyl)ethynyl)thiophen -2-yl)propanoate (45)  

 

 

 

A round bottom flask equipped with reflux condenser is heat dried, flushed with argon and 

charged with Pd(PPh3)2Cl2 (28 mg, 0.034 mmol, 5 mol%) and CuI (13 mg, 0.068 mmol, 10 

mol%). Then freshly degassed triethylamine (3.4 mL) is added, followed by 44 (170 mg, 0.68 

mmol, 1.00 eq.) and trimethylsilyl acetylene (0.1 mL, 0.82 mmol, 1.20 eq.). The reaction 

mixture is heated to 75 °C and stirred until completion of the reaction. Afterwards, the solvent 

is removed under reduced pressure, filtered through a plug of silica with EtOAc, and purified 

via FCC to provide the desired product 45 as a yellow oil.  

Yield: 163 mg (0.61 mmol, 90%) 

TLC (CH/EtOAc, 5:1): Rf = 0.58 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.450 min 

Mass  (ESI+): m/z: calculated 267.1 [M+H]+, found 267.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.08 (dd, J = 3.6, 1.2 Hz, 1H), 6.80 (d, J = 3.7 Hz, 1H), 3.96 (q, 

J = 7.2 Hz, 1H), 3.72 (d, J = 1.3 Hz, 3H), 1.58 (dd, J = 7.2, 1.3 Hz, 4H), 0.25 (d, J = 1.3 Hz, 

9H). 

13C NMR (126 MHz, CDCl3) ŭ 173.4, 144.7, 132.3, 124.7, 122.2, 98.7, 97.5, 52.4, 41.1, 19.2, 

-0.1. 
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2-(5-Ethynylthiophen -2-yl)propanoic acid (46)  

 

 

 

To a solution of 45 (193 mg, 0.73 mmol, 1.00 eq.) in MeOH (1.9 mL) is added 2 N aqueous 

NaOH at 0 °C. The reaction mixture is stirred allowed to slowly warm to rt and is stirred for 

additional 5 h. The mixture is acidified with 2 N aqueous HCl and concentrated in vacuo. The 

residue is diluted with EtOAc, the phases are separated and the combined organic phases are 

washed with brine, and dried over MgSO4, and the solvent is removed under reduced pressure 

to provide 46 as a brown oil. 

Yield: 101 mg (0.56 mmol, 77%) 

TLC (CH/EtOAc, 5:1 + 1% FA): Rf = 0.58 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.674 min 

Mass  (ESI+): m/z: calculated 181.0 [M+H]+, found 181.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.15 (dd, J = 7.1, 3.7 Hz, 1H), 6.88 (dd, J = 12.6, 3.8 Hz, 1H), 

5.75 ï 5.29 (m, 1H), 4.00 (q, J = 6.3 Hz, 1H), 3.33 (s, 1H), 1.62 (d, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 178.6, 144.0, 132.9, 126.6, 125.7, 125.1, 110.9, 81.3, 40.9, 19.0. 
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4.3.3. Synthesis of Thiophene Acetic Acid SAFit1 Derivatives  

2-(3-((R)-3-(3,4-Dimethoxyphenyl) -1-(((S)-1-((S)-2-(thiophen -2-yl)propanoyl)piperidine -2-

carbonyl)oxy)propyl)phenoxy)acetic acid (49)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (195 mg, 0.10 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 31 (47 mg, 

0.30 mmol, 3.00 eq.) according to General Procedure  D using HATU (114 mg, 0.30 mmol, 

3.00 eq.), HOAt (41 mg, 0.30 mmol, 3.00 eq.), DIPEA (0.15 mL, 0.60 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 49 is obtained 

as a colorless solid.  

Yield: 23 mg (0.03 mmol, 28%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.148 min 

Mass  (ESI+): m/z: calculated 595.2 [M+H]+, found 595.4 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.29 ï 7.24 (m, 2H), 7.20 (d, J = 5.1 Hz, 1H), 6.91 (s, 0H), 6.91 

ï 6.87 (m, 2H), 6.84 ï 6.76 (m, 2H), 6.76 ï 6.69 (m, 2H), 5.66 (dd, J = 8.9, 4.8 Hz, 1H), 5.53 

(d, J = 5.5 Hz, 1H), 4.89 ï 4.44 (m, 2H), 4.25 (q, J = 6.8 Hz, 1H), 3.89 (d, J = 6.3 Hz, 8H), 3.41 

(td, J = 13.2, 3.1 Hz, 1H), 2.71 (ddd, J = 14.6, 9.7, 5.3 Hz, 1H), 2.61 (ddd, J = 14.4, 9.4, 6.7 

Hz, 1H), 2.34 (d, J = 13.4 Hz, 1H), 2.26 (dtd, J = 14.4, 9.2, 5.4 Hz, 1H), 2.09 (ddq, J = 14.5, 

9.6, 5.2 Hz, 1H), 1.77 ï 1.66 (m, 2H), 1.60 ï 1.52 (m, 1H), 1.49 (d, J = 6.8 Hz, 3H), 1.35 (dddd, 

J = 18.0, 14.4, 7.5, 3.6 Hz, 2H), 1.08 (qt, J = 13.4, 4.2 Hz, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 173.6, 171.0, 170.3, 158.1, 149.0, 147.4, 144.0, 142.2, 133.3, 

129.7, 126.7, 124.4, 124.3, 120.2, 119.4, 116.2, 111.7, 111.4, 109.2, 65.5, 55.9, 55.9, 52.7, 

43.6, 38.1, 31.6, 27.0, 24.8, 21.0, 20.9.  



 

  106 

2-(3-((R)-3-(3,4-Dimethoxyphenyl) -1-(((S)-1-((R)-2-(thi ophen -3-yl)propanoyl)piperidine -

2-carbonyl)oxy)propyl)phenoxy)acetic acid  (50)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (195 mg, 0.10 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 32 (47 mg, 

0.30 mmol, 3.00 eq.) according to General Procedure  D using HATU (114 mg, 0.30 mmol, 

3.00 eq.), HOAt (41 mg, 0.30 mmol, 3.00 eq.), DIPEA (0.2 mL, 0.60 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 50 is obtained 

as a colorless solid.  

Yield: 27 mg (0.05 mmol, 45%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.127 min 

Mass  (ESI+): m/z: calculated 595.2 [M+H]+, found 595.2 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.32 ï 7.23 (m, 3H), 7.09 ï 7.05 (m, 1H), 7.01 (d, J = 5.0 Hz, 1H), 

6.95 ï 6.87 (m, 2H), 6.87 ï 6.77 (m, 2H), 6.75 ï 6.68 (m, 2H), 5.65 (dd, J = 9.0, 4.7 Hz, 1H), 

5.53 (d, J = 5.5 Hz, 1H), 4.88 ï 4.54 (m, 2H), 4.05 (q, J = 6.8 Hz, 1H), 3.89 (d, J = 6.1 Hz, 6H), 

3.35 (td, J = 13.2, 3.0 Hz, 1H), 2.72 (ddd, J = 14.6, 9.7, 5.3 Hz, 1H), 2.61 (ddd, J = 14.4, 9.3, 

6.7 Hz, 1H), 2.40 ï 2.20 (m, 2H), 2.09 (ddt, J = 14.7, 10.5, 5.7 Hz, 1H), 1.68 (tq, J = 13.8, 4.3 

Hz, 2H), 1.52 ï 1.44 (m, 1H), 1.40 (d, J = 6.8 Hz, 3H), 1.38 ï 1.26 (m, 1H), 0.91 (dddd, J = 

17.6, 13.4, 9.1, 4.1 Hz, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 174.3, 171.1, 170.3, 158.1, 149.0, 147.4, 142.3, 141.6, 133.3, 

129.7, 126.8, 126.2, 120.8, 120.2, 119.4, 116.3, 111.7, 111.4, 109.0, 65.5, 55.9, 55.9, 52.6, 

43.4, 38.7, 38.1, 31.6, 27.1, 24.7, 20.9, 19.6.  



 

  107 

2-(3-((R)-3-(3,4-Dimethoxyphenyl) -1-(((S)-1-((S)-2-(5-methylthiophen -2-yl)propanoyl)pip -

eridine -2-carbonyl)oxy)propyl)phenoxy)acetic acid (51)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (170 mg, 0.09 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 33 (45 mg, 

0.26 mmol, 3.00 eq.) according to General Procedure  D using HATU (101 mg, 0.26 mmol, 

3.00 eq.), HOAt (36 mg, 0.26 mmol, 3.00 eq.), DIPEA (0.1 mL, 0.52 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 51 is obtained 

as a colorless solid.  

Yield: 20 mg (0.03 mmol, 39%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.236 min 

Mass  (ESI+): m/z: calculated 610.2 [M+H]+, found 610.4 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.29 ï 7.23 (m, 2H), 6.87 ï 6.78 (m, 2H), 6.75 ï 6.69 (m, 2H), 

6.65 (d, J = 3.4 Hz, 1H), 6.57 (d, J = 3.3 Hz, 1H), 5.74 ï 5.62 (m, 1H), 5.52 (d, J = 5.5 Hz, 1H), 

4.87 ï 4.59 (m, 2H), 4.15 (q, J = 6.8 Hz, 1H), 3.89 (d, J = 6.3 Hz, 7H), 3.39 (td, J = 13.1, 3.0 

Hz, 1H), 2.71 (ddd, J = 14.6, 9.5, 5.3 Hz, 1H), 2.61 (ddd, J = 14.7, 9.5, 6.9 Hz, 1H), 2.45 (s, 

3H), 2.34 (d, J = 13.3 Hz, 1H), 2.30 ï 2.20 (m, 1H), 2.09 (ddt, J = 14.6, 10.2, 5.7 Hz, 1H), 1.73 

(td, J = 10.8, 5.1 Hz, 2H), 1.61 ï 1.51 (m, 1H), 1.45 (d, J = 6.6 Hz, 3H), 1.42 ï 1.26 (m, 1H), 

1.21 ï 1.09 (m, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 173.8, 171.1, 170.3, 158.1, 149.0, 147.4, 142.2, 141.4, 138.7, 

133.4, 129.7, 124.7, 124.2, 120.2, 119.5, 116.1, 111.7, 111.4, 109.3, 65.5, 56.0, 55.9, 52.7, 

43.6, 38.3, 38.1, 31.5, 27.0, 24.8, 20.9, 20.8, 15.3.  
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2-(3-((R)-1-(((S)-1-((S)-2-(5-bromothiophen -2-yl)propanoyl )piperidine -2-carbonyl)oxy) -3-

(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid (52)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (251 mg, 0.13 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 34 (91 mg, 

0.39 mmol, 3.00 eq.) according to General Procedure  D using HATU (147 mg, 0.39 mmol, 

3.00 eq.), HOAt (53 mg, 0.39 mmol, 3.00 eq.), DIPEA (0.1 mL, 0.77 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 52 is obtained 

as a colorless solid.  

Yield: 15 mg (0.02 mmol, 18%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.264 min 

Mass  (ESI+): m/z: calculated 673.1 [M+H]+, found 674.0 and 676.2 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 6.94 ï 6.87 (m, 3H), 6.86 ï 6.68 (m, 4H), 6.66 (d, J = 3.8 Hz, 1H), 

5.68 (dd, J = 8.8, 4.9 Hz, 1H), 5.50 (d, J = 5.7 Hz, 1H), 4.75 ï 4.59 (m, 2H), 4.19 (p, J = 6.9 

Hz, 1H), 3.89 (d, J = 6.0 Hz, 8H), 3.41 (td, J = 13.2, 3.1 Hz, 1H), 2.71 (ddd, J = 14.7, 9.7, 5.4 

Hz, 1H), 2.61 (ddd, J = 14.3, 9.3, 6.7 Hz, 1H), 2.40 ï 2.20 (m, 2H), 2.10 (ddt, J = 14.6, 9.6, 5.8 

Hz, 1H), 1.74 (tdd, J = 13.7, 6.2, 3.6 Hz, 2H), 1.64 (d, J = 13.6 Hz, 1H), 1.46 (d, J = 6.8 Hz, 

3H), 1.37 (qt, J = 14.2, 3.7 Hz, 1H), 1.32 ï 1.15 (m, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 173.0, 171.0, 170.2, 158.1, 149.0, 147.5, 145.6, 142.1, 133.3, 

129.7, 129.3, 124.8, 120.2, 119.5, 116.0, 111.8, 111.5, 110.9, 109.6, 65.5, 56.0, 55.9, 52.8, 

43.7, 38.5, 38.1, 31.5, 26.9, 25.0, 20.9, 20.9. 
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2-(3-((R)-3-(3,4-Dimethoxyphenyl) -1-(((S)-1-((S)-2-(4,5-dimethylthiophen -2-yl)propano -

yl)piperi -dine -2-carbonyl)oxy)propyl)phenoxy)acetic acid (53)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (174 mg, 0.09 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 35 (50 mg, 

0.27 mmol, 3.00 eq.) according to General Procedure  D using HATU (103 mg, 0.27 mmol, 

3.00 eq.), HOAt (37 mg, 0.27 mmol, 3.00 eq.), DIPEA (0.1 mL, 0.54 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 53 is obtained 

as a colorless solid.  

Yield: 22 mg (0.04 mmol, 40%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.280 min 

Mass  (ESI+): m/z: calculated 624.3 [M+H]+, found 624.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.24 (d, J = 7.9 Hz, 1H), 6.97 ï 6.84 (m, 2H), 6.84 ï 6.73 (m, 2H), 

6.73 ï 6.67 (m, 2H), 6.53 (s, 1H), 5.63 (dd, J = 9.0, 4.7 Hz, 1H), 5.50 (d, J = 5.6 Hz, 1H), 4.75 

ï 4.60 (m, 7H), 4.07 (q, J = 6.8 Hz, 1H), 3.87 (d, J = 6.0 Hz, 6H), 3.38 (td, J = 13.1, 3.1 Hz, 

1H), 2.70 (ddd, J = 14.6, 9.7, 5.3 Hz, 1H), 2.59 (ddd, J = 14.5, 9.3, 6.7 Hz, 1H), 2.28 (s, 4H), 

2.23 (tt, J = 9.2, 5.3 Hz, 1H), 2.05 (s, 3H), 1.71 (ddt, J = 14.8, 9.9, 5.0 Hz, 2H), 1.58 (d, J = 

13.5 Hz, 1H), 1.42 (d, J = 6.7 Hz, 3H), 1.33 (dd, J = 15.7, 12.2 Hz, 1H), 1.17 (tdd, J = 13.2, 

9.3, 3.9 Hz, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 174.2, 171.2, 170.5, 158.2, 149.1, 147.6, 142.4, 138.7, 133.5, 

132.7, 131.6, 129.9, 127.5, 120.4, 119.6, 116.4, 111.8, 111.5, 109.2, 65.7, 56.1, 56.1, 52.9, 

43.7, 38.3, 38.1, 31.7, 27.2, 25.0, 21.0, 20.8, 13.7, 13.1. 
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2-(3-((R)-3-(3,4-dimethoxyphenyl) -1-(((S)-1-((S)-2-(5-phenylthiophen -2-yl)propan -

oyl)piperidine -2-carbonyl)oxy)propyl)phenoxy)acetic acid (54)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (180 mg, 0.09 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 36 (65 mg, 

0.28 mmol, 3.00 eq.) according to General Procedure  D using HATU (106 mg, 0.28 mmol, 

3.00 eq.), HOAt (38 mg, 0.28 mmol, 3.00 eq.), DIPEA (0.1 mL, 0.55 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 54 is obtained 

as a colorless solid.  

Yield: 22 mg (0.03 mmol, 37%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.356 min 

Mass  (ESI+): m/z: calculated 672.3 [M+H]+, found 672.2 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.58 (d, J = 7.7 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.34 ï 7.20 (m, 

3H), 7.15 (d, J = 3.6 Hz, 1H), 6.98 ï 6.79 (m, 5H), 6.77 ï 6.67 (m, 2H), 5.67 (dd, J = 8.8, 5.0 

Hz, 1H), 5.54 (d, J = 5.5 Hz, 1H), 4.83 ï 4.60 (m, 2H), 4.24 (q, J = 6.8 Hz, 1H), 3.95 (d, J = 

14.0 Hz, 1H), 3.89 (d, J = 6.3 Hz, 5H), 3.42 (td, J = 13.1, 3.0 Hz, 1H), 2.72 (ddd, J = 14.7, 11.7, 

6.9 Hz, 1H), 2.61 (ddd, J = 14.4, 9.3, 6.7 Hz, 1H), 2.35 (d, J = 13.2 Hz, 1H), 2.26 (dtd, J = 14.4, 

9.1, 5.4 Hz, 1H), 2.10 (ddt, J = 14.4, 10.3, 5.9 Hz, 1H), 1.78 ï 1.68 (m, 2H), 1.59 (d, J = 13.1 

Hz, 1H), 1.52 (d, J = 6.7 Hz, 3H), 1.43 ï 1.26 (m, 1H), 1.17 (qt, J = 13.3, 4.0 Hz, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 173.5, 171.3, 170.3, 158.1, 148.9, 147.4, 143.3, 143.3, 142.2, 

134.2, 133.3, 129.8, 128.9, 127.5, 125.6, 125.5, 122.6, 120.2, 119.5, 116.1, 111.7, 111.4, 

109.4, 65.4, 56.0, 55.9, 52.8, 43.7, 38.4, 38.1, 31.5, 27.0, 24.9, 20.9, 20.8.  



 

  111 

2-(3-((R)-1-(((S)-1-((S)-2-(Benzo[b]thiophen -2-yl)propanoyl)piperidine -2-carbonyl)oxy) -

3-(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid (55)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (187 mg, 0.09 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 37 (60 mg, 

0.29 mmol, 3.00 eq.) according to General Procedure  D using HATU (111 mg, 0.29 mmol, 

3.00 eq.), HOAt (40 mg, 0.29 mmol, 3.00 eq.), DIPEA (0.1 mL, 0.58 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 55 is obtained 

as a colorless solid.  

Yield: 12 mg (0.02 mmol, 20%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.314 min 

Mass  (ESI+): m/z: calculated 646.2 [M+H]+, found 646.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.78 (d, J = 7.8 Hz, 1H), 7.69 (d, J = 7.7 Hz, 1H), 7.35 ï 7.30 (m, 

1H), 7.11 (s, 1H), 6.88 (d, J = 7.5 Hz, 2H), 6.82 ï 6.76 (m, 2H), 6.70 (dd, J = 11.5, 3.4 Hz, 2H), 

5.64 (dd, J = 9.0, 4.8 Hz, 1H), 5.54 (d, J = 5.7 Hz, 1H), 4.73 (d, J = 16.4 Hz, 1H), 4.65 (d, J = 

16.4 Hz, 1H), 4.26 (q, J = 6.8 Hz, 1H), 3.92 (d, J = 13.3 Hz, 1H), 3.87 (d, J = 6.0 Hz, 6H), 3.41 

(td, J = 13.2, 3.0 Hz, 1H), 2.69 (ddd, J = 14.6, 9.5, 5.3 Hz, 1H), 2.59 (ddd, J = 14.4, 9.2, 6.7 

Hz, 1H), 2.34 (d, J = 13.7 Hz, 1H), 2.25 (dtd, J = 14.5, 9.0, 5.3 Hz, 1H), 2.17 ï 1.98 (m, 1H), 

1.80 ï 1.65 (m, 2H), 1.53 (d, J = 7.1 Hz, 5H), 1.39 ï 1.24 (m, 1H), 1.15 ï 1.03 (m, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 173.4, 170.4, 158.2, 149.1, 147.6, 144.8, 142.4, 139.7, 139.5, 

133.5, 129.9, 124.5, 124.3, 123.4, 122.4, 121.2, 120.4, 119.6, 116.3, 111.8, 111.5, 109.4, 65.6, 

56.1, 56.0, 53.0, 43.9, 39.0, 38.3, 31.7, 27.2, 25.0, 20.9, 20.6. 

  



 

  112 

2-(3-((R)-3-(3,4-Dimethoxyp henyl) -1-(((S)-1-((S)-2-(5-ethylthiophen -2-yl)propanoyl) -

piperidine -2-carbonyl)oxy)propyl)phenoxy)acetic acid (56)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (174 mg, 0.09 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 40 (50 mg, 

0.27 mmol, 3.00 eq.) according to General Procedure  D using HATU (103 mg, 0.27 mmol, 

3.00 eq.), HOAt (37 mg, 0.27 mmol, 3.00 eq.), DIPEA (0.1 mL, 0.54 mmol, 6.00 eq.) in DMF. 

After cleavage with 20% HFIP in DCM and purification via preparative HPLC, 56 is obtained 

as a colorless solid.  

Yield: 7 mg (0.01 mmol, 14%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.290 min 

Mass  (ESI+): m/z: calculated 624.3 [M+H]+, found 624.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.24 (d, J = 8.1 Hz, 1H), 6.94 ï 6.88 (m, 1H), 6.86 (d, J = 7.6 Hz, 

1H), 6.82 ï 6.74 (m, 2H), 6.74 ï 6.66 (m, 2H), 6.65 (d, J = 3.5 Hz, 1H), 6.58 (d, J = 3.4 Hz, 

1H), 5.61 (dd, J = 9.1, 4.6 Hz, 1H), 5.51 (d, J = 5.6 Hz, 1H), 4.72 (d, J = 16.4 Hz, 1H), 4.63 (d, 

J = 16.4 Hz, 1H), 4.12 (q, J = 6.8 Hz, 1H), 3.87 (d, J = 6.5 Hz, 7H), 3.40 (td, J = 13.1, 3.0 Hz, 

1H), 2.78 (q, J = 7.6 Hz, 2H), 2.71 (ddd, J = 14.6, 9.6, 5.4 Hz, 1H), 2.60 (dq, J = 14.0, 7.4 Hz, 

1H), 2.32 (d, J = 13.2 Hz, 1H), 2.23 (ddt, J = 14.5, 9.2, 4.7 Hz, 1H), 2.07 (ddt, J = 14.2, 10.1, 

6.2 Hz, 1H), 1.72 (q, J = 5.2 Hz, 2H), 1.56 (d, J = 13.6 Hz, 1H), 1.44 (d, J = 6.8 Hz, 3H), 1.34 

(d, J = 13.4 Hz, 0H), 1.27 (t, J = 7.6 Hz, 3H), 1.18 ï 1.07 (m, 1H). 

13C NMR (126 MHz, CDCl3) ŭ 175.7, 173.8, 170.3, 158.2, 147.5, 141.0, 133.3, 129.7, 124.0, 

122.7, 120.2, 119.3, 116.4, 111.7, 111.4, 108.7, 65.6, 56.0, 55.9, 52.7, 43.6, 38.3, 38.1, 31.6, 

27.1, 24.8, 23.4, 20.8, 15.8. Due to small amounts of NMR sample not all 13C signals are 

resolved  
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2-(3-((R)-3-(3,4-Dimethoxyphenyl) -1-(((S)-1-((S)-2-(5-ethynylthiophen -2-yl)propanoyl) -

piperidine -2-carbonyl)oxy)propyl)phenoxy)acetic acid (57)  

 

 

 

The immobilized SAFit1 top-/core-group 13 (167 mg, 0.09 mmol, 1.00 eq.) is Fmoc-

deprotected according to General Procedure  C. The resulting amine is coupled to 46 (47 mg, 

0.26 mmol, 3.00 eq.) according to General Procedure  D using HATU (99 mg, 0.26 mmol, 3.00 

eq.), HOAt (35 mg, 0.26 mmol, 3.00 eq.), DIPEA (0.1 mL, 0.52 mmol, 6.00 eq.) in DMF. After 

cleavage with 20% HFIP in DCM and purification via preparative HPLC, 57 is obtained as a 

colorless solid.  

Yield: 7 mg (0.01 mmol, 14%) 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 2.290 min 

Mass  (ESI+): m/z: calculated 620.2 [M+H]+, found 620.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 7.47 ï 7.41 (m, 1H), 7.06 ï 7.01 (m, 0H), 6.90 (dd, J = 11.7, 4.4 

Hz, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.77 ï 6.64 (m, 4H), 5.75 ï 5.62 (m, 1H), 5.46 (s, 1H), 5.26 

(d, J = 2.0 Hz, 0H), 4.74 ï 4.50 (m, 3H), 4.30 ï 4.21 (m, 0H), 4.17 (q, J = 6.9 Hz, 0H), 3.88 ï 

3.77 (m, 9H), 3.16 ï 2.99 (m, 1H), 2.67 ï 2.62 (m, 1H), 2.54 (d, J = 14.5 Hz, 1H), 2.47 (s, 0H), 

2.37 (t, J = 15.0 Hz, 1H), 2.20 (dd, J = 14.1, 7.7 Hz, 1H), 2.04 (s, 1H), 1.76 ï 1.65 (m, 0H), 

1.61 ï 1.44 (m, 3H), 1.36 ï 1.24 (m, 2H). 

13C NMR (126 MHz, CDCl3) ŭ 170.5, 158.2, 151.9, 149.1, 147.6, 142.3, 133.5, 129.9, 126.4, 

125.3, 121.3, 120.4, 119.7, 116.3, 111.8, 111.5, 109.4, 88.4, 65.6, 56.1, 53.0, 43.9, 38.2, 31.7, 

25.1, 21.0. Due to small amounts of NMR sample not all 13C signals are resolved  



 

  114 

4.3.4. Ireland -Claisen Building Blocks  

2-(5-Chlorothiophen -2-yl)acetic acid  (58)  

 

 

 

A round bottom flask is charged with 2-thiopheneacetic acid (10.0 g, 70.34 mmol, 1.00 eq.), 

acetic acid (140 mL) and lastly NCS (1.96 g, 73.85 mmol, 1.05 eq.). The reaction mixture is 

then stirred under argon until completion of the reaction at rt. The reaction is diluted with brine 

and EtOAc and the phases are separated. The aqueous phase is extracted with EtOAc (2x) 

and the combined organic phases are washed with brine, dried over MgSO4. The crude product 

is purified via FCC and 58 is obtained as a yellow solid.  

Yield: 9.08 g (51.46 mmol, 73%) 

TLC (CH/EtOAc, 3:1 + 1% FA): Rf = 0.62 

HPLC (5 ï 100 % solvent B, 3 min) Rt = 1.647 min 

Mass  (ESI+): m/z: calculated: 177.0 [M+H]+, found 177.0 [M+H]+ 

1H NMR (500 MHz, CDCl3) ŭ 10.73 (s, 1H), 6.80 (d, J = 3.8 Hz, 1H), 6.75 (dd, J = 3.8, 1.0 Hz, 

1H), 3.81 (d, J = 1.3 Hz, 2H). 

13C NMR (126 MHz, CDCl3) ŭ 176.6, 132.8, 129.7, 125.9, 35.2.  




























































































































































































































































































































































































