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ABSTRACT  

In recent years the selective inhibition of FKBP51 has emerged as a possible treatment for chronic 

pain, obesity-induced diabetes, or depression. All currently known advanced FKBP51-selective 

inhibitors, including the widely used SAFit2, contain a cyclohexyl residue as a key motif for 

enabling selectivity over the closest homolog and anti-target FKBP52. During a structure-based 

SAR exploration we surprisingly discovered thiophenes as highly efficient cyclohexyl replacement 

moieties that retain the strong selectivity of SAFit-type inhibitors for FKBP51 over FKBP52. 

Cocrystal structures revealed that the thiophene-containing moieties enable selectivity by 

stabilizing a flipped-out conformation of Phe67 of FKBP51. Our best compound 19b potently binds 

to FKBP51 biochemically as well as in mammalian cells, desensitize TRPV1 in primary sensory 

neurons, and has an acceptable PK profile in mice, suggesting its use as novel tool compound for 

studying FKBP51 in animal models of neuropathic pain. 
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INTRODUCTION 

The FK506-binding protein 51 (FKBP51, encoded by the FKBP 5 gene) is a cochaperone of the 

Hsp90 machinery and binds the natural products FK506 and Rapamycin.1 FKBP51 plays a 

prominent role in mammalian stress biology. Its expression is robustly induced by various stressful 

stimuli in cells, animals and humans.2–4 FKBP51 is a suppressor of stress hormone receptors, 

making FKBP51 the key factor in an ultrashort negative feedback loop positioned to fine-tune 

stress responses.5,6  In recent years it has become evident that dysregulation of FKBP51 is 

associated with the development of several stress-related diseases and mental disorders7–10, as well 

as being a risk factor for obesity11–13 and chronic pain.9,14–16 Therefore, inhibiting FKBP51 

represents a mechanistically novel approach for treating these diseases.17–19 

Selective inhibition of FKBP51 is challenging due to its close homolog FKBP52, which has a 

highly conserved binding site but opposite biological effects compared to FKBP51.20–22 FKBP51 

can be selectively addressed by targeting a transient binding pocket, defined by the Phe67out 

conformation, which is highly disfavored for FKBP52. All known advanced FKBP51-selective 

ligands, including the widely used SAFit2 and newly developed macrocycles, use a cyclohexyl 

group as the Phe67out-stabilyzing moiety (crucial for selectivity) and a D68/S118/K122-targeting 

trialkoxyaryl-moiety to achieve potency (Figure 1).23–26 Especially the cyclohexyl group was 

shown to be very sensitive to minor modifications and despite substantial efforts, all attempts to 

replace this group were not met with success.24,27,28 

Here, by a surprising flip of the D68/S118/K122-vs F67-targeting moieties, we identified 

chlorothiophens as the first useful cyclohexyl mimics that robustly enable highly potent and 

selective FKBP51 inhibitors based on a novel scaffold. 
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Figure 1: Chemical structures and binding affinities for FKBP51 of SAFit1/2, and the recently 

discovered macrocyclic inhibitors 1 and 2. The selectivity enabling cyclohexyl group is 

highlighted in red. 

 

RESULTS AND DISCUSSION 

 

Identification of a novel motif for the selective inhibition of FKBP51 

In this study, we initially aimed to find a suitable replacement for the 3,4,5-trimethoxyphenyl 

residue of SAFit1. This residue is beneficial for the high binding affinity towards FKBP51 but also 

contributes to the poor pharmacological properties due to its electron-rich nature (Figure 2).29 

In previous SAR studies, the methoxy groups of the 3,4,5-trimethoxyphenyl residue have been 

systematically removed, revealing a surprisingly strong effect of the three methoxy groups.25 

Furthermore, the phenyl moiety was substituted by smaller alkyl chains containing different 

functional groups, such as chiral alcohols, ethers, and ketones.25 Overall, however, none of those 

ligands rivalled the affinity of SAFit1. Therefore, we considered a bioisosteric replacement of the 

phenyl ring of compound 3 to replace the electron-rich 3,4,5-trimethoxyphenyl moiety. We opted 

for thiophenes and were delighted to see that the affinity for FKBP51 was retained for 4a and even 

increased for 4b compared to compound 3 (Figure 2). Moreover, the selectivity vs FKBP52 was 

retained for 4a and 4b (Ki
FKBP52>10µM). 
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Initially, compounds 4a and 4b were synthesized and tested as a diastereomeric mixture. For all 

SAFit analogs studied so far, affinity for FKBP51 was associated with the cyclohexyl-bearing 

carbon (Cα) being in the (S)-configuration. We therefore assumed the corresponding Cα-(S) 

diastereomers of 4a and 4b to account for the observed binding to FKBP51.  

 

 

Figure 2: Chemical structures of SAFit1, compounds 3*, 4a*,4b* and their binding affinities 

towards FKBP51. FKBP51 selective inhibitors contain a top group (orange), a pipecolic core 

(black) and bottom group. The bottom group is composed of a selectivity-inducing cyclohexyl 

residue (R2, red) and a trimethoxyaryl moiety (R1, blue). *measured as mixture of diastereomers 

(R/S at Cα). 

 

To investigate the molecular interactions of the newly introduced (5-chloro)thiophene group with 

FKBP51, we determined the cocrystal structures of (R/S)4a and (R/S)-4b in complex with 

FKBP51 (Figure 3B & C).30 For both compounds, the pipecolate and the attached ‘top’ group 

engaged FKBP51 in a SAFit-like manner, incl. the displacement of Phe67 to the out-conformation 

as the basis for selectivity vs FKBP52. To our great surprise, however, we only observed the Cα-

(R)-diastereomer of 4a and 4b in complex with FKBP51, although both diastereomers were present 

at equal concentrations in the crystallization mixture. In both crystal structures, the thienyl moieties 

of 4a and 4b are buried deep inside the transient hydrophobic pocket, which forms upon the 

outward flip of Phe67. The thienyl groups roughly adopt a position previously occupied by the 
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cyclohexyl group in SAFit-like compounds. Conversely, the cyclohexyl groups of 4a and 4b 

adopted positions previously occupied by the 3,4,5-trimethoxyaryl moiety. Overall, this 

observation led to the hypothesis that the thiophene residue is a promising cyclohexyl mimetic that 

can induce selectivity over FKBP52. 

 

 

Figure 3:  Co-crystal structure of SAFit- analogs (sticks) in complex with the FK1 domain of 

FKBP51 (grey surface, the displaced Phe67 highlighted in cyan). The cyclohexyl moiety is shown 

in red, the aryl moieties are shown in blue, and the rest of the ligand are shown in pale orange. (A) 

Co-cystal structure of SAFit1 (PDB: 8CCA). (B) Co-crystal structure of compound 4a (PDB: 

8CCH). (C) Co-crystal structure of compound 4b in complex with FKBP51 (PDB: 8CCB). 

 

We recently discovered SAFit-derived macrocycles as a promising scaffold to position side chains 

such as the cyclohexyl moiety poised for binding to FKBP51 (Figure 1, compound 1).28 To explore 

if the here discovered thiophene moiety would also work in a rigidified macrocyclic context, we 

synthesized compound 9, starting from building block 5 and Fmoc protected (2-thiophene)glycine 

(Scheme 1). The obtained pair of diastereomers was separated by preparative HPLC, yielding the 

diastereomeric pure compounds (S)-9 and (R)-9. Notable, during the determination of the binding 
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affinities for FKBP51 and FKBP52 by FP assay, only one of the obtained diastereomers showed a 

measurable binding affinity for FKBP51 (0.8 µM) and selectivity over FKBP52 (>50 µM). 

Therefore, we assumed that this diastereomer contains the correct (S)-configuration in the Cα-

position of the amide bond.  

Scheme 1: Synthesis of the thiophene-containing macrocycle (S)-9. 

 

Reagents and conditions: a) 1. 20 vol.-% 4-methylpiperidine in DMF, rt; 2. 6, HATU, HOAt, 

DIPEA, DMF, rt; b) 1. 20 vol.-% 4-methylpiperidine in DMF, 0°C; 2. Fmoc-Aib-OH, HATU, 

HOAt, DIPEA, DMF, rt; c) 1. 20 vol.-% HFIP in DCM, rt; 2. HATU, DIPEA, DMF, rt. 
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Figure 4: Comparison of the co-crystal structures of compounds 1 and (S)-9. The selectivity-

inducing cyclohexyl and 2-thienyl moiety is shown in red and the rest of the ligands is shown in 

pale orange. (A) Co-crystal structure of 1 in complex with the FK1 domain of FKBP51 (PDB: 

7AOU). (B) Co-crystal structure of (S)-9 in complex with the FK1 domain of FKBP51 (PDB: 

8CCG). 

To further validate this, we obtained the high-resolution co-crystal structure of compound (S)-9 in 

complex with the FK1 domain of FKBP51 (Figure 4B). The comparison of the co-crystal structure 

of compound 1 (Figure 4A) and (S)-9 indicates that the overall binding mode of both macrocyclic 

ligands is very similar. Furthermore, the thiophene group is located in the transient binding pocket, 

which is crucial for the selectivity towards FKBP51. 

 

Structure-affinity relationship (SAR) of chlorothiophene-containing moieties 

To understand the role of the cyclohexyl group in the new binding mode, we synthesized 

compounds 13a-c as pure (S)-configured diastereomers, where the size of the Cα-substituent was 

systematically reduced from allyl to methyl group. Towards this end, the racemic carboxylic acids 

12a-c were synthesized by alkylation of ester 10, followed by cleavage of the methyl ester 

(Scheme 2). Subsequent HATU coupling with the immobilized core-/top group 5 and subsequent 
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cleavage of the products from the solid support resulted in diastereomeric mixtures, which were 

separated via preparative HPLC, yielding the diastereomeric pure compounds (S)-13a-c and (R)-

13a-c. 
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Scheme 2: Synthesis of 5-chlorothiophene-containing compounds (S)-13a-c and (R)-13a-c. 

 

Reagents and conditions: a) LiHMDS, R1-X (for 11a: AllylBr, for 11b: EtI and for 11c: MeI), 

reTHF, -78°C – rt. b) LiOH, THF/MeOH/H2O (3:1:1), rt. c) 1. 5, 4-methylpiperidine, DMF, 0°C 

2. 12a–c, HATU, HOAt, DIPEA, DMF, rt. d) 20 vol.-% HFIP in DCM, rt.  

Table 1: Overview of binding affinities of the SAFit1 analogs (S)-13a-c. 

 

*Tested as a diastereomeric mixture. 
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Figure 5: Comparison of the co-crystal structures of compounds (S)-13a-c. (A) Co-crystal 

structure of the FK1 domain of FKBP51 in complex with (S)-13a (A, PDB: 8CCF), (S)-13b (B, 

PDB: 8CCE), and (S)-13c (C, PDB: 8CCC). 

 

The binding affinities of compounds (S)-13a-c and (R)-13a-c for FKBP51 and FKBP52 were 

determined by fluorescent polarization assay.31 For all diastereomeric pairs, only one compound 

bound to FKBP51 with high affinity (Table 1 and SI Table 1). These were tentatively assigned as 

the Cα-(S) diastereomers. Truncation of the cyclohexyl group in the context of a chlorothiophene 

group only marginally reduced affinity to FKBP51 and the smallest analog (S)-13c (R=Me) still 

retained appreciable binding (300nM). Notable, compounds (S)-13a-c all showed moderate 

binding affinities for FKBP51, while retaining high selectivity for FKBP51 over FKBP52. To 

confirm the binding mode of (S)-13a-c and to understand the interactions of the alkyl in R1 with 

FKBP51, we obtained the high-resolution co-crystal structures of compounds (S)-13a-c in 

complex with FKBP51 (Figure 5). The crystal structures clearly showed that (i) (S)-13a-c have 

the correct stereochemistry, (ii) the 5-chlorothiophenes bind to the transient binding pocket 

resulting from displacement of Phe67, (iii) the alkyl groups engage in hydrophobic interactions 

with Ile122 and are partially solvent-exposed. 
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Taken together, the cyclohexyl group is dispensable in the context of a 5-chlorothiophene group, 

and a simple methyl group seems sufficient to induce selective inhibition of FKBP51 with a 

moderate binding affinity. 

 

Exploration of the thiophene moiety 

Given that the 3,4,5-trimethoxyphenylacetic acids is a highly preferred subgroup in the context of 

cyclohexyl-containing SAFit analogs, we explored if this subgroup is compatible with the newly 

discovered thiophene moiety. Towards this goal, it was a new synthesis had to be established, 

which also allowed for a further exploration of the thiophene moiety itself (Scheme 3). 

The synthesis started form the α-ketoacid 14a or methyl-α-ketoacid ester 14b (Route A), which 

were reacted with different aryl-/ heteroaryl organolithium reagent or Grignard reagents to yield 

compounds 15a-d. After deoxygenation of the hydroxy group using triethylsilane and catalytical 

amounts of InCl3, followed by ester hydrolysis for the methyl ester analogs 15b-d, the 2-

substituted 3,4,5-trimethoxyphenylacetic acids 16a-d were obtained. Since not all formed 

organolithium reagents were stable at room temperature, we were forced to add the ester to the 

formed organolithium reagent. We further increased the bulk of the ester group by using the 

tertbutyl ester 14c to avoid side reactions at the methyl ester. This optimized procedure (Scheme 

3, Route B) provided the α-hydroxy esters 15e-i in good yields.  
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Scheme 3: Synthesis of 3,4,5-trimethoxyphenyl-containing thiophene analogs 17a-i. 

 

Reagents and conditions: a) for 15a, 15c: R2-Br, iPrMgCl LiCl, THF 0°C – rt; for 15b: PhLi, THF, 

-78°C; for 15d: R2-Br, tertBuLi, THF, -78°C; b) for 16a: InCl3, Et3SiH, DCM, rt; for 16b–d: 1. 

InCl3, Et3SiH, DCM, rt; 2. LiOH, THF/MeOH/H2O (3:1:1), rt; c) R2-Br, nBuLi, 

diethylether, -78°C; d) Trimethylsilylacetylene, Pd(dppf)Cl2, CuI, Et3N, 75°C; e) I2, 28 wt.-% 

NH3(aq.), THF, rt; f) Et3SiH, TFA/DCM, rt; for 16i: Ph2SiHCl, InCl3, DCM, rt; g) 

cyclopropylboronic acid, Pd(OAc)2, SPhos, K3PO4, toluene/H2O (20:1), 100°C. h) 1. 5, 4-

methylpiperidine, DMF, 0°C 2. for 17a, 17d, 17e : trichloracetonitrile, PPh3, DIPEA, DCM, rt; for 
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17b: COMU, pyridine, DMF, rt; for 17c: T3P, pyridine, DMF, rt; for 17f-h: oxalyl chloride, 

DIPEA, DCM, 0°C – rt; for 17i: TCFH, NMI, DCM/MeCN, rt. 3. 20 vol.-% HFIP in DCM, rt. 

After the deoxygenation of compounds 15e-i and deprotection of the tert butyl ester in one step, 

the carboxylic acids 16e-i were obtained and coupled to the immobilized SAFit1 core/top group 

5. Afterwards, the obtained diastereomeric mixtures were separated via preparative HPLC, and the 

binding affinity was determined by a fluorescence polarization assay. Gratifyingly, all analogs 

display medium to high affinity for FKBP51 (<150nM). Again, for all diastereomeric pairs, only 

one of the analogs was active, while the other diastereomer did not bind (>10µM, SI Table 1).  

Table 2: Overview of the binding affinities of SAFit1 and the analogs 17a-i. 

 
 

The 2- or 3-thiophenes (17a or 17c) themselves turned out to be moderate bioisosteric replacement 

for the cyclohexyl group in this series and where similar to a simple phenyl ring (17b) (Table 2). 

Encouraged by these findings we next explored different substituted 2-thienyl analogs further. 

Upon substitution in the 5-positon of the 2-thienyl moiety with a methyl group (17d), chlorine 

(17e), and bromine atom (17f), binding affinities improved dramatically to the single-digit 
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nanomolar range, representing a >25-fold improvement compared to compound 17a. Slightly 

larger substituents such as a nitrile, ethyl or cyclopropyl group in the 5-position of the 2-thiophene 

were also accepted, leading to affinities between 10-50nM. All thiophene analogs were selective 

vs FKBP52, binding approximately 100-fold better to FKBP51 compared to FKBP52. However, 

the selectivity slight decreased compared to SAFit1.  

To confirm the binding mode of this series, the active diastereomer of 17e as the best representative 

was co-crystallized in complex with FKBP51 (Figure 6A). The 5-chloro-2-thienyl moiety is again 

located in the transient sub-pocket created by the crucial outward flip of Phe67. The overlay with 

the SAFit1 cocrystal showed that both compounds bind nearly identical, the only substantial 

difference being the 5-chloro-2-thiophene vs the cyclohexyl moiety, with both moieties engaging 

in hydrophobic interactions with the protein (Figure 6B).  

 

 
Figure 6: Co-crystal structure of compound 17e (sticks) in complex with the FK1 domain of 

FKBP51 (grey surface, the displaced Phe67 highlighted in cyan). The (5-chloro)thien-2-yl moiety 

is shown in red, the aryl moiety is shown in blue, and the rest of the ligand are shown in pale 

orange. (A) Co-crystal structure of compound 17e in complex with the FK1 domain of FKBP51 

(PDB: 8CCD). (B) Superposition of compound 17e with SAFit1 (pale orange, from PDB: 8CCA). 



 16 

Synthesis of thiophene-containing SAFit2 analogs 

 

SAFit1 is the compound of choice for biochemical studies but it is poorly cell-permeable and lacks 

brain permeability. Its close analog SAFit2, however, has become the gold standard to 

pharmacologically interrogate FKBP51 in vivo. To explore, if this trend extended to the thiophene 

motif, we synthesized compounds 19a and 19b by amide coupling of the corresponding carboxylic 

acids 16d and 16e with the SAFit2 core/top group 18 (Scheme 4).  

 

Scheme 4: Synthesis of the SAFit2 analogs 19a - b. 

 
 

Reagents and conditions: a) for 19a: 16d, 18, TCFH, NMI, MeCN, rt; for 19b: 16e, 18, oxalyl 

chloride, DIPEA, DCM, 0°C – rt. 

 

After diastereomer separation, the active diastereomers of 19a and 19b were identified by affinity 

measurements, bound FKBP51 with high affinity. Moreover, these compounds were also tested in 

a nanoBRET assay32 to determine FKBP51 occupancy in intact cells (Table 3). 
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Table 3: Overview of the binding affinities, nano BRET data and determined in-vivo 

pharmacokinetic parameters of SAFit2 analogs 19a and 19b. 

 
 

 

Overall, compounds 19a and 19b had a similar profile to compared to SAFit2, albeit with a 3-fold 

offset in biochemical affinity as well as intracellular FKBP51 binding. This suggested the potential 

for in vivo studies.  To explore this further, a preliminary PK study was performed in mice in direct 

comparison with SAFit2 (Table 3 and SI Table 2). This demonstrated an acceptable PK profile for 

19b, with a longer half-life time, higher volume of distribution and shorter tmax in the blood plasma 

than SAFit2. Furthermore, compound 19b accumulated in gonadal white adipose tissue due to its 

high lipophilicity, and it also penetrated into the brain (SI Figure 4&5). This profile indicates that 

compound 19b has sufficient in vivo stability and can pass the blood-brain barrier, suggesting its 

applicability as a tool compound to interrogate the function of FKBP51 in animal models. 

 

Influence of the thiophene-containing SAFit analogs on TRPV1 desensitization 

 

Knockout, knockdown, and pharmacological studies using SAFit2 have clearly established 

FKBP51 as an important factor in chromic pain states in mice.14,15,33,34 Recently, we showed that 

SAFit2 could desensitize the transient receptor potential cation channel subfamily V member 1 

(TRPV1), which could contribute to the observed analgesic effects of SAFit2.16 Moreover, we 

showed that desensitization of TRPV1 channels occurred independent of FKBP51 inhibition. 

Since TRPV1 is a promising target for the treatment of chronic pain in itself, we explored if our 

novel SAFit2 analogs 19a and 19b could mimic the TRPV1-desensitzing effects of SAFit2. 

Therefore, we measured the effect on calcium influx of sensory neurons after stimulation with the 

TRPV1 agonist capsaicin before and after treatment with compounds 19a and 19b (Figure 7). 
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Figure 7: The influence of compounds 19a and 19b on TRPV1-mediated calcium influx in 

primary sensory neurons. (A, C) Representative graphs of TRPV1-mediated calcium responses 

from either vehicle or compound 19a (A)/ compound 19b (C) at a concentration of 1 µM treated 

primary sensory neurons. (B, D) Quantification and comparison of TRPV1-mediated calcium 

responses before and after compound 19a (B)/ compound 19b (D) treatment. The quantification 

displays the mean ± SEM from 25-42 measured primary sensory neurons per condition. * p < 0.05, 

** p < 0.01, *** p < 0.001 was assessed with a one-way ANOVA with Tukey's multiple 

comparisons post hoc test. Abbreviations: cap: capsaicin, KCl: potassium chloride, TRPV1: 

transient receptor potential cation channel subfamily V member 1 

 

Compounds 19a and 19b both showed about 50% reduction in calcium influx at a concentration 

of 1 µM. Furthermore, compound 19a seems slightly more potent at a lower concentration of 0.5 

µM. 

Overall, the novel SAFit2 analogs 19a and 19b desensitize TRPV1 channel activity to almost the 

same extent as SAFit2. While the target underlying this effect is currently unknown, our results 

suggest that the cyclohexyl/thiophene moiety is not involved. Importantly, we previously showed 
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that the desensitization does not occur at the level of TRPV1 directly. Since direct inhibition of 

TRPV1 has been associated with undesired adverse effects, an indirect desensitization as effected 

by SAFit analogs might be more subtle way to manipulate TRPV1, which could exert analgesic 

effects via a dual mechanism (FKBP51 inhibition and TRPV1 desensitization). 

 

CONCLUSION 

Since the discovery of the first selective FKBP51 ligands SAFit1 and SAFit2, the cyclohexyl 

moiety has remained an indispensable structural motif for high affinity and selectivity over its 

closest homolog FKBP52. In this study, we serendipitously discovered 2-thienyl groups as 

functional cyclohexyl mimetics. We demonstrated that a methyl group in the C-α-position of the 

amide group is sufficient to induce selectivity over FKBP52. Structure-affinity relationship 

analysis revealed that the new motif is tolerant to substitutions in the 5-position of the thiophene 

group, resulting in cell-permeable compounds 19a and 19b, which maintained the TRPV1-

desensitizating effect of SAFit2. The discovery of 5-substituted thiophenes open a new dimension 

in the structure-based design of selective FKBP51 inhibitors. Furthermore, compound 19b 

qualifies as a novel tool compound for exploring the FKBP51 and in neuropathic pain states in 

mice. 

 

EXPERIMENTAL SECTION 

Primary sensory neuron cultures and calcium imaging 

Primary sensory neuron cultures were prepared as previously described in Wedel et al., 2022.16 

Briefly, dorsal root ganglia were collected from naïve mice with C57BL/NRj background. The 

tissue was enzymatically treated with collagenase, dispase and trypsin and afterwards 

mechanically dissociated, purified and primary sensory neurons were plated on poly-L-lysine 
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coated cover slips. The cells were incubated overnight sat 37 °C and were used for calcium 

imaging experiments the next day. Calcium imaging was performed in a live cell imaging setup 

and a recently published protocol, which was used to determine the influence of SAFit2 on 

TRPV1.16 Briefly, primary sensory neurons were stained with Fura-2-AM for at least one hour. 

For measuring the total TRPV1-mediated calcium flux, stained sensory neurons were stimulated 

with the TRPV1 agonist capsaicin (100 nM, 20s) during live cell imaging. Afterwards, the agonist 

capsaicin was washed out and primary sensory neurons were incubated for two minutes with either 

the respective compounds or vehicle (DMSO), diluted in freshly prepared Ringer's solution, that 

contained that contained in 1445mM NaCl, 1.25mM CaCl2, 1mM MgCl2, 5mM KCl, 10mM D-

glucose, and 10mM HEPES, adjusted to pH 7.3. In order to observe the influence of compound 

19a and 19b on TRPV1, the cells were again stimulated with capsaicin (100 nM, 20s) immediately 

after the pretreatment phase with the respective compounds. At the end of each protocol, the cells 

were treated with potassium chloride (50 mM, 45s) to trigger depolarization and to identify 

reacting cells as primary sensory neurons. 

Crystallization 

Complexes were prepared by mixing FKBP51FK1 A19T, C103A, C107I (14-140) 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 4a 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. 
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Structure solution and refinement 

The crystallographic experiments were performed on the BL14.1 beamline at the Helmholtz-

Zentrum BESSY II synchrotron, Berlin, Germany.35 Diffraction data were integrated with DIALS 

or XDS and further processed with the implemented programs of the CCP4i and CCP4i2 

interface.36–40 The data reduction was conducted with Aimless.39,41,42 Crystal structures were 

solved by molecular replacement using Phaser.43 Iterative model improvement and refinement 

were performed with Coot and Refmac5.44–49 The dictionaries for the compounds were generated 

wit PRODRG implemented in CCP4i.50 Residues facing solvent channels without detectable side 

chain density were truncated.  

 

General Information. Air and water-sensitive reactions were performed under argon atmosphere 

with commercially available dry solvents. All commercially available chemicals and solvents were 

used as received. Chromatographic separations were performed by manual flash chromatography 

on silica (SiO2) from Macherey−Nagel (particle size 0.04−0.063 mm). Reverse-phase purifications 

were performed with a 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 (eluent A) and 0.1% TFA in 

acetonitrile (eluent B). Thin-layer chromatography (TLC) was performed on precoated aluminum 

plates with a fluorescence indicator from Merck (silica gel 60 F254). 1H NMR spectra, 13C NMR 

spectra, 2D HSQC, HMBC, COSY, and NOESY were obtained from the NMR Department of the 

Technical University of Darmstadt, on a Bruker DRX 500 spectrometer at room temperature, 

unless stated otherwise. Proton chemical shifts are expressed as parts per million (ppm, δ scale) 

and are referenced to residual solvent (1H: CDCl3, δ = 7.26; DMSO-d6, δ = 2.50. 13C: CDCl3, δ = 

77.16; DMSO-d6, δ = 39.52). Coupling constants (J) are given in hertz (Hz). Analytical LC−MS 
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(liquid chromatography−mass 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, and a diode array detector connected to a 6125B MSD single quadrupole detector. 

Eluents were 0.1% formic acid in water (eluent A) and 0.1% formic acid in acetonitrile (eluent B). 

High-resolution mass spectra (HRMS) 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). Analytical HPLC analyses was performed on an Agilent 1260 Infinity 

II System consisting of a 1260 Infinity II flexible pump, a vialsampler, and a multicolumn 

thermostat fitted with a Poroshell 120 3 mm × 150 mm, 2.7 μm EC-C18 column or a Poroshell 

120 50 mm × 2.1 mm, 1.9 μm EC-C18, a diode array detector, and a 6125B MSD single quadrupole 

detector (eluent A, 0.1% formic acid in water; eluent B, 0.1% formic acid in acetonitrile). Detailed 

measurement parameters (e.g., used gradient) were specified in the analytical data of the 

compounds. The purity of all tested compounds was ≥95% based on reverse phase HPLC (λ = 220 

nm). 

General Experimental Procedures. 

General procedure A: 

A 10 mL filter syringe was charged with resin 5 and the resin was swelled for 10 min in DCM. 

After filtration, the resin was washed with DMF and treated three times with a pre-cooled solution 

of 20 vol.-% 4-methylpiperidine in DMF for 5 min. After complete Fmoc deprotection, the resin 

was filtered and washed twice with DMF. Then a solution containing the respective carboxylic 

acid, HATU, HOAt, and DIPEA in DMF was added. The resulting suspension was shaken at rt 

overnight. Then the resin was filtered and washed twice with DMF, followed by DCM. Finally, 

the product was cleaved off the resin by treating it with a solution of 20 vol.-% HFIP in DCM for 
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1 h. After removal of the solvent under reduced pressure and purification via preparative HPLC, 

the respective compounds were obtained as white solids. 

 

General procedure B. 

A 10 mL filter syringe was charged with resin 5, and the resin was swelled for 10 min in DCM. 

After filtration, the resin was washed with DMF and treated three times with a pre-cooled solution 

of 20 vol.-% 4-methylpiperidine in DMF for 5 min. After complete Fmoc deprotection, the resin 

was filtered and washed twice with DMF, followed by DCM. In a flask, the respective carboxylic 

acid was dissolved in DCM. Then PPh3 was added, followed by trichloroacetonitrile. The resulting 

solution was stirred for 1h at rt. After the complete formation of the acid chloride, the Fmoc 

deprotected resin was treated first with a solution of DIPEA in DCM, followed by the acid chloride 

solution. The resulting suspension was shaken for 1h at rt. Then the resin was filtered and washed 

twice with DCM. Finally, the product was 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 were obtained as white solids. 

General procedure C. 

A 10 mL filter syringe was charged with resin 5, and the resin was swelled for 10 min in DCM. 

After filtration, the resin was washed with DMF and treated three times with a pre-cooled solution 

of 20 vol.-% 4-methylpiperidine in DMF for 5 min. After complete Fmoc deprotection, the resin 

was filtered and washed twice with DMF, followed by DCM. In a flask, the respective carboxylic 

acid was dissolved in DCM and cooled to 0°C. Then oxalyl chloride was added, and the resulting 

solution was stirred at rt for 1h. After the complete formation of the acid chloride, the solvent was 

removed under reduced pressure, and the obtained acid chloride was redissolved in DCM. The 
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Fmoc deprotected resin was treated first with a solution of DIPEA in DCM, followed by the 

addition of the acid chloride solution. The resulting suspension was shaken for 1h at rt. Then the 

resin was filtered and washed twice with DCM. Finally, the product was 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 were obtained 

as white solids. 

(2R,5S,12S)-12-(2-thienyl)-2-[2-(3,4-dimethoxyphenyl)ethyl]-15,15-dimethyl-3,19-dioxa-

10,13,16-triazatricyclo[18.3.1.0⁵,¹⁰]tetracosa-1(24),20,22-triene-4,11,14,17-tetrone ((S)-9) 

A 10 mL filter syringe was charged with resin 5 (180 mg, 0.10 mmol, 1.00 eq., loading: 0.56 

mmol/g), and the resin was swelled for 10 min in DCM. After filtration, the resin was washed with 

DMF and treated three times with a solution of 20 vol.-% 4-methylpiperidine in DMF for 5 min. 

After complete Fmoc deprotection, the resin was filtered and washed twice with DMF. The 

obtained resin was then treated with a solution containing Fmoc-2-thienylglycine (6, 117 mg, 

0.31mmol, 3.00 eq.), HATU (117 mg, 0.31 mmol, 3.00 eq.), HOAt (42 mg, 0.31 mmol, 3.00 eq.) 

and DIPEA (106 µL, 0.61 mmol, 6.00 eq.) in 1mL DMF for 2 h at rt. Next, the resin was filtered 

and washed three times with DMF, followed by THF (3x) and DCM (3x). Then the Fmoc 

protection group was removed by treating resin 7 with a pre-cooled solution of 20 vol.-% 4-

methylpiperidine in DMF for 5 min (0°C), filtering, and washing with DMF. This step was 

repeated three times to ensure full Fmoc deprotection. Afterward, the obtained resin was treated 

with a solution of Fmoc-Aib-OH (66 mg, 0.20 mmol, 1.95 eq.), HATU (77 mg, 0.20 mmol, 1.95 

eq.), and DIPEA (70 µL, 0.40 mmol, 3.90 eq.) in 1 mL DMF at rt under shaking overnight. The 

resin was then washed with DMF three times, and the Fmoc protection group was removed as 

previously described by the treatment with a pre-cooled solution of 20 vol.-% 4-methylpiperidine 
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in DMF. Next, the resin was washed with DMF, followed by DCM, and the product was cleaved 

of the resin by treating it with a 20 vol.-% solution of HFIP in DCM for 1 h. After filtration of the 

resin, the solution was concentrated under reduced pressure and was dissolved in 10 mL DMF. 

Then HATU (117 mg, 0.31 mmol, 3.00 eq.) was added, followed by DIPEA (88 µL, 0.51 mmol, 

5.00 eq.), and the resulting solution was stirred at rt overnight. After the complete 

macrocyclization, the solvent was removed, and the crude was purified by preparative HPLC 

(5 - 100%, solvent B). The diastereomer (S)-9 (7 mg, 10.54 µmol, 11%) was obtained as a solid 

after the removal of the solvent. HPLC (5 – 100 % solvent B, 3 min) Rt = 2.125min, purity (220 

nm): 99%. HRMS (ESI+): m/z: calculated 664.26802 [M+H]+, found 664.26878 [M+H]+. 1H NMR 

(500 MHz, Chloroform-d) δ 7.25 – 7.18 (m, 1H), 7.05 – 7.00 (m, 2H), 6.98 – 6.93 (m, 2H), 6.90 

(dd, J = 5.1, 3.6 Hz, 1H), 6.84 (dd, J = 8.3, 2.6 Hz, 1H), 6.79 (dd, J = 7.9, 2.5 Hz, 1H), 6.72 – 6.68 

(m, 2H), 5.86 (d, J = 7.3 Hz, 1H), 5.79 (dd, J = 9.0, 4.3 Hz, 1H), 4.60 (d, J = 2.6 Hz, 1H), 4.54 (d, 

J = 7.5 Hz, 1H), 4.09 (dd, J = 8.8, 4.6 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 3.55 – 3.46 (m, 1H), 3.24 

– 3.12 (m, 1H), 2.67 – 2.53 (m, 2H), 2.41 – 2.30 (m, 1H), 2.29 – 2.20 (m, 1H), 2.13 – 2.07 (m, 

2H), 1.97 – 1.90 (m, 2H), 1.85 – 1.76 (m, 2H), 1.74 – 1.69 (m, 1H), 1.66 – 1.60 (m, 1H), 1.57 (s, 

3H), 1.51 (s, 3H). 

2-(3-((1R)-1-(((2S)-1-(2-Cyclohexyl-2-(thiophen-2-yl)acetyl)piperidine-2-carbonyl)oxy)-3-

(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid (4a) 

Following the general procedure A compound 4a was synthesized using resin 5 (107 mg, 0.08 

mmol, 1.00 eq, loading: 0.73 mmol/g), I (35 mg, 0.16 mmol, 2.00 eq.), HATU (59 mg, 0.16 mmol, 

2.00 eq.), HOAt (21 mg, 0.16 mmol, 2.00 eq.) DIPEA (70 µL, 0.39 mmol, 5.00 eq.) and 1.60 mL 

DMF. After purification via preparative HPLC (50 - 100%, solvent B), compound 4a (28 mg, 

42.18 µmol, 54%) was obtained as a white solid. HPLC (50 – 100 % solvent B, 3 min) Rt = 1.737 

min, purity (220 nm): 97%. HRMS (ESI+): m/z: 664.29386 calculated [M+H]+, found 664.29417 

[M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.26 – 7.21 (m, 1H), 7.19 – 7.15 (m, 1H), 6.93 – 6.90 (m, 
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1H), 6.89 – 6.86 (m, 2H), 6.84 – 6.81 (m, 1H), 6.80 – 6.76 (m, 1H), 6.71 – 6.64 (m, 3H), 5.73 – 

5.59 (m, 1H), 5.54 – 5.48 (m, 1H), 4.72 – 4.58 (m, 2H), 4.07 – 3.99 (m, 1H), 3.86 (s, 3H), 3.85 (s, 

3H), 3.40 – 2.95 (m, 1H), 2.70 – 2.51 (m, 2H), 2.35 – 2.18 (m, 2H), 2.10 – 1.99 (m, 2H), 1.91 – 

1.75 (m, 1H), 1.71 – 1.49 (m, 5H), 1.49 – 1.32 (m, 3H), 1.20 – 1.03 (m, 4H), 0.92 – 0.66 (m, 3H). 

13C NMR (125 MHz, CDCl3) δ 173.32, 172.56, 171.69, 171.49, 170.54, 170.25, 158.08, 157.81, 

149.04, 148.96, 147.53, 147.43, 142.23, 142.20, 141.06, 140.36, 133.67, 133.53, 129.83, 129.80, 

126.50, 126.47, 125.95, 125.75, 124.81, 124.78, 120.38, 120.32, 119.94, 119.82, 115.53, 115.06, 

111.96, 111.83, 111.55, 111.48, 111.42, 110.69, 76.45, 76.12, 65.47, 65.37, 56.07, 56.02, 52.75, 

52.58, 49.72, 49.66, 44.14, 44.11, 42.69, 42.58, 38.23, 37.99, 32.43, 32.24, 31.56, 31.37, 30.69, 

29.84, 27.14, 26.84, 26.53, 26.50, 26.15, 26.06, 25.65, 25.22, 21.12, 21.03. 

2-(3-((R)-1-(((S)-1-(2-(5-Chlorothiophen-2-yl)-2-cyclohexylacetyl)piperidine-2-carbonyl)-

oxy)-3-(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid (4b) 

Following the general procedure A compound 4b was synthesized using: Resin 5 (99 mg, 0.04 

mmol, 1.00 eq, loading: 0.39 mmol/g), II (20 mg, 0.08 mmol, 2.00 eq.), HATU (29 mg, 0.08 mmol, 

2.00 eq.), HOAt (11 mg, 0.08 mmol, 2.00 eq.) DIPEA (34 µL, 0.19 mmol, 5.00 eq.) and 1.00 mL 

DMF. After purification via column chromatography (CH/EtOAc + 1% FA, 2:1), compound 4b 

(18 mg, 25.78 µmol, 99%) was obtained as a white solid. HPLC (50 – 100 % solvent B, 3 min) Rt 

= 1.563 min, purity (220 nm): 95%. HRMS (ESI+): m/z: 698.2552 calculated [M+H]+, found 

698.2552 [M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.26 – 7.17 (m, 1H), 6.93 – 6.86 (m, 1H), 6.85 

– 6.82 (m, 1H), 6.78 (t, J = 3.9 Hz, 1H), 6.74 – 6.70 (m, 1H), 6.69 – 6.67 (m, 1H), 6.65 (s, 1H), 

6.64 – 6.60 (m, 1H), 5.72 – 5.62 (m, 1H), 5.49 (t, J = 7.5 Hz, 1H), 4.71 – 4.62 (m, 2H), 4.00 – 3.91 

(m, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 3.81 – 3.74 (m, 1H), 3.32 (td, J = 13.1, 3.0 Hz, 1H), 2.68 – 2.60 

(m, 1H), 2.60 – 2.52 (m, 1H), 2.37 – 2.26 (m, 1H), 2.25 – 2.17 (m, 1H), 2.12 – 2.02 (m, 1H), 2.00 

– 1.90 (m, 0H), 1.82 – 1.72 (m, 1H), 1.71 – 1.57 (m, 6H), 1.54 – 1.41 (m, 2H), 1.37 – 1.21 (m, 

4H), 1.20 – 1.06 (m, 2H), 0.96 – 0.73 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 172.82, 172.05, 

171.54, 171.35, 170.28, 170.02, 157.94, 157.71, 148.95, 148.88, 147.44, 147.35, 142.03, 141.99, 

139.90, 139.19, 133.39, 129.71, 125.24, 125.18, 125.03, 124.98, 120.26, 120.21, 119.82, 119.74, 

115.34, 114.87, 111.85, 111.77, 111.42, 111.39, 110.77, 76.37, 76.12, 65.32, 55.96, 55.90, 52.68, 

52.51, 50.18, 44.11, 44.07, 42.83, 42.56, 38.05, 37.84, 32.12, 31.84, 31.40, 31.22, 30.49, 26.96, 

26.71, 26.29, 26.27, 25.97, 25.89, 25.50, 25.23, 20.92, 20.88. 
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2-(3-((R)-1-(((S)-1-((S)-2-(5-Chlorothiophen-2-yl)pent-4-enoyl)piperidine-2-carbonyl)oxy)-

3-(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid ((S)-13a) 

Following the general procedure A compound (S)-13a was synthesized using: Resin 5 (201 mg, 

0.08 mmol, 1.00 eq, loading: 0.39 mmol/g), 12a (34 mg, 0.16 mmol, 2.00 eq.), HATU (60 mg, 

0.16 mmol, 2.00 eq.), HOAt (21 mg, 0.16 mmol, 2.00 eq.) DIPEA (68 µL, 0.39 mmol, 5.00 eq.) 

and 1.57 mL DMF. After purification via preparative HPLC (50 - 80%, solvent B) (S)-13a (20 mg, 

30.48 µmol, 39%) was obtained as a white solid. HPLC (50 – 100 % solvent B, 3 min) Rt = 1.606 

min, purity (220 nm): 99%. HRMS (ESI+): m/z: calculated 656.20794 [M+H]+, found 656.20771 

[M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.27 (m, 2H), 6.91 (dt, J = 7.7, 2.2 Hz, 2H), 6.83 – 

6.78 (m, 2H), 6.75 (d, J = 3.7 Hz, 1H), 6.72 (d, J = 1.9 Hz, 1H), 6.70 (t, J = 2.9 Hz, 1H), 6.67 (d, J 

= 3.8 Hz, 1H), 5.67 (ddd, J = 17.2, 9.3, 3.9 Hz, 2H), 5.50 (d, J = 5.5 Hz, 1H), 5.05 – 4.93 (m, 2H), 

4.76 – 4.62 (m, 2H), 4.07 (t, J = 7.3 Hz, 1H), 3.89 (s, 3H), 3.88 (s, 3H), 3.39 (td, J = 13.2, 3.0 Hz, 

1H), 2.80 – 2.65 (m, 2H), 2.66 – 2.55 (m, 1H), 2.53 – 2.44 (m, 1H), 2.35 (d, J = 13.8 Hz, 1H), 2.31 

– 2.20 (m, 1H), 2.16 – 1.97 (m, 1H), 1.78 – 1.67 (m, 2H), 1.63 (d, J = 13.6 Hz, 1H), 1.45 – 1.29 

(m, 1H), 1.24 – 1.11 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 172.21, 171.30, 170.22, 158.13, 

149.09, 147.59, 142.24, 140.36, 134.77, 133.45, 129.90, 129.28, 125.57, 124.81, 120.33, 119.73, 

117.81, 115.94, 111.82, 111.51, 109.93, 65.52, 56.09, 56.05, 52.92, 44.29, 43.92, 39.51, 38.25, 

31.64, 27.02, 25.14, 21.00. 

2-(3-((R)-1-(((S)-1-((S)-2-(5-Chlorothiophen-2-yl)butanoyl)piperidine-2-carbonyl)-oxy)-3-

(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid ((S)-13b) 

Following the general procedure A compound (S)-13b was synthesized using: Resin 5 (129 mg, 

0.07 mmol, 1.00 eq, loading: 0.56 mmol/g), 12b (30 mg, 0.15 mmol, 2.00 eq.), HATU (56 mg, 

0.15 mmol, 2.00 eq.), HOAt (20 mg, 0.15 mmol, 2.00 eq.), DIPEA (64 µL, 0.37 mmol, 5.00 eq.) 

and 1.47 mL DMF. After purification via preparative HPLC (50 - 80%, solvent B), compound (S)-

13b (10 mg, 15.06 µmol, 21%) was obtained as a white solid. HPLC (50 – 100 % solvent B, 3 

min) Rt = 1.600 min, purity (220 nm): 99%. HRMS (ESI+): m/z: calculated 644.20794 [M+H]+, 

found 644.20792 [M+H]+. 1H NMR (500 MHz, CDCl3) δ  7.23 (s, 1H), 6.87 (d, J = 7.7 Hz, 1H), 

6.85 – 6.82 (m, 1H), 6.79 (d, J = 8.1 Hz, 1H), 6.77 (s, 1H), 6.74 (d, J = 3.7 Hz, 1H), 6.71 – 6.65 

(m, 3H), 5.66 (dd, J = 8.8, 5.0 Hz, 1H), 5.52 – 5.44 (m, 1H), 4.76 – 4.61 (m, 2H), 3.92 – 3.88 (m, 

1H), 3.87 (s, 3H), 3.86 (s, 3H), 3.41 – 3.31 (m, 1H), 2.71 – 2.65 (m, 1H), 2.63 – 2.54 (m, 1H), 2.35 
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(d, J = 14.3 Hz, 1H), 2.27 – 2.19 (m, 1H), 2.10 – 2.04 (m, 1H), 1.98 – 1.90 (m, 1H), 1.82 – 1.55 

(m, 5H), 1.40 – 1.29 (m, 1H), 1.23 – 1.11 (m, 1H), 0.79 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 172.93, 170.14, 158.21, 149.09, 147.58, 142.23, 140.79, 133.46, 129.85, 129.01, 125.63, 

124.74, 120.33, 119.70, 116.13, 111.81, 111.51, 109.73, 76.81, 65.60, 56.09, 56.04, 53.04, 45.83, 

43.99, 38.27, 31.67, 28.61, 26.94, 25.17, 21.07, 11.97. 

2-(3-((R)-1-(((S)-1-((S)-2-(5-Chlorothiophen-2-yl)propanoyl)piperidine-2-carbonyl)oxy)-3-

(3,4-dimethoxyphenyl)propyl)phenoxy)acetic acid ((S)-13c) 

Following the general procedure A compound (S)-13c was synthesized using: Resin 5 (282 mg, 

0.11 mmol, 1.00 eq, loading: 0.56 mmol/g), 12c (21 mg, 0.11 mmol, 1.00 eq.), HATU (42 mg, 

0.11 mmol, 1.00 eq.), HOAt (15 mg, 0.11 mmol, 1.00 eq.), DIPEA (48 µL, 0.28 mmol, 2.50 eq.) 

and 1.10 mL DMF. After purification via preparative HPLC (70 - 100%, solvent B), compound 

(S)-13c (14 mg, 22.21 µmol, 20%) was obtained as a white solid. HPLC (50 – 100 % solvent B, 

3 min) Rt = 2.239 min, purity (220 nm): 98%. HRMS (ESI+): m/z: calculated 630.1923 [M+H]+, 

found 630.1924 [M+H]+. 1H NMR (500 MHz, CDCl3) δ  7.25 – 7.21 (m, 1H), 6.92 – 6.85 (m, 2H), 

6.82 – 6.77 (m, 2H), 6.75 – 6.68 (m, 3H), 6.64 (d, J = 3.8 Hz, 1H), 5.65 (dd, J = 8.8, 4.9 Hz, 1H), 

5.53 – 5.42 (m, 1H), 4.73 – 4.59 (m, 2H), 3.87 (s, 3H), 3.86 (s, 3H), 3.85 – 3.84 (m, 1H), 3.39 (td, 

J = 13.2, 3.1 Hz, 1H), 2.70 – 2.64 (m, 1H), 2.62 – 2.56 (m, 1H), 2.38 – 2.30 (m, 1H), 2.28 – 2.19 

(m, 1H), 2.11 – 2.02 (m, 1H), 1.76 – 1.66 (m, 2H), 1.62 (d, J = 13.8 Hz, 1H), 1.43 (d, J = 6.8 Hz, 

3H), 1.39 – 1.30 (m, 1H), 1.26 – 1.15 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 173.27, 171.36, 

170.31, 158.22, 149.16, 147.66, 142.79, 142.30, 133.50, 129.92, 128.89, 125.68, 123.94, 120.38, 

119.69, 116.15, 111.92, 111.61, 109.79, 76.90, 65.65, 56.12, 52.97, 43.85, 38.65, 38.24, 31.66, 

27.09, 25.11, 20.99. 

 

2-(3-((R)-3-(3,4-Dimethoxyphenyl)-1-(((S)-1-((S)-2-(thiophen-2-yl)-2-(3,4,5-tri-methoxy-

phenyl)acetyl)piperidine-2-carbonyl)oxy)propyl)phenoxy)acetic acid (17a) 

Following the general procedure B compound 17a was synthesized using: Resin 5 (200 mg, 0.08 

mmol, 1.00 eq, loading: 0.39 mmol/g), 16a (24 mg, 0.08 mmol, 1.00 eq.), PPh3 (41 mg, 0.16 mmol, 

2.00 eq.), trichloroacetonitrile (16 µL, 0.16 mmol, 2.00 eq.), DIPEA (68 µL, 0.39 mmol, 5.00 eq.) 

and 1 mL DCM. After purification via preparative HPLC (50 - 70%, solvent B), compound 17a 
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(10 mg, 13.37 µmol, 17%) was obtained as a white solid. HPLC (70 – 100 % solvent B, 3 min) Rt 

= 2.145 min, purity (220 nm): 99%. HRMS (ESI+): m/z: calculated 748.2786 [M+H]+, found 

748.2788 [M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.16 – 7.14 (m, 1H), 7.13 (d, J = 7.8 Hz, 1H), 

6.84 (dd, J = 5.1, 3.5 Hz, 1H), 6.80 – 6.75 (m, 2H), 6.74 – 6.69 (m, 2H), 6.66 – 6.65 (m, 1H), 6.62 

– 6.58 (m, 2H), 6.26 (s, 2H), 5.45 (dd, J = 9.0, 4.7 Hz, 1H), 5.41 – 5.39 (m, 1H), 5.32 (s, 1H), 4.71 

– 4.45 (m, 2H), 3.78 (s, 3H), 3.77 (s, 3H), 3.76 – 3.74 (m, 1H), 3.70 (s, 3H), 3.46 (s, 6H), 3.08 (td, 

J = 13.3, 3.2 Hz, 1H), 2.66 – 2.56 (m, 1H), 2.54 – 2.44 (m, 1H), 2.29 – 2.22 (m, 1H), 2.18 – 2.08 

(m, 1H), 1.99 – 1.90 (m, 1H), 1.80 – 1.67 (m, 2H), 1.63 – 1.56 (m, 1H), 1.42 – 1.31 (m, 1H), 1.31 

– 1.19 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 172.03, 170.80, 170.39, 158.30, 153.47, 149.18, 

147.65, 142.68, 142.37, 137.15, 133.64, 133.46, 129.70, 126.65, 126.36, 125.92, 120.38, 119.52, 

116.06, 111.88, 111.59, 108.82, 105.37, 77.05, 65.53, 60.92, 56.11, 56.07, 56.02, 52.92, 50.28, 

44.18, 38.59, 31.72, 27.23, 25.20, 20.75. 

 

2-(3-((R)-3-(3,4-Dimethoxyphenyl)-1-(((S)-1-((S)-2-phenyl-2-(3,4,5-trimethoxy-phenyl)-

acetyl)piperidine-2-carbonyl)oxy)propyl)phenoxy)acetic acid (17b) 

A 10 mL filter syringe was charged with resin 5 (150 mg, 0.10 mmol, 1.00 eq., loading: 0.45 

mmol/g), and the resin was swelled for 10 min in DCM. After filtration, the resin was washed with 

DMF and treated three times with a pre-cooled solution of 20 vol.-% 4-methylpiperidine in DMF 

for 5 min. After complete Fmoc deprotection, the resin was filtered and washed twice with DMF. 

The resin was then treated with a solution of 16b (31 mg, 0.07 mmol, 1.50 eq.), COMU (43 mg, 

0.10 mmol, 1.50 eq.), pyridine (16 µL, 0.20 mmol, 3.00 eq.) in 0.68 mL DMF. The reaction 

mixture was then stirred at rt overnight. After complete conversion, the resin was filtered and 

washed twice with 3 mL DMF and 3 mL DCM. Finally, the product was cleaved off the resin by 

treating it with a solution of 20 vol.-% HFIP in DCM for 1 h. After purification via preparative 

HPLC (50 – 70%, solvent B) compound 17b (17 mg, 22.92 µmol, 34%) was obtained as a white 

solid. HPLC (50 – 100 % solvent B, 3 min) Rt = 1.399 min, purity (220 nm): 96%. HRMS (ESI+): 

m/z: calculated 742.32219 [M+H]+, found 742.32158 [M+H]+. 1H NMR (500 MHz, CDCl3) δ  7.37 

– 7.27 (m, 5H), 7.21 (d, J = 7.5 Hz, 2H), 6.94 – 6.90 (m, 1H), 6.86 (dd, J = 16.3, 7.7 Hz, 2H), 6.81 

– 6.79 (m, 1H), 6.74 (d, J = 9.9 Hz, 2H), 6.33 (s, 2H), 5.59 (dd, J = 9.1, 4.7 Hz, 1H), 5.54 (d, J = 

5.9 Hz, 1H), 5.21 (s, 1H), 4.67 (q, J = 16.2 Hz, 2H), 3.91 (s, 3H), 3.91 (s, 3H), 3.84 (s, 3H), 3.59 



 30 

(s, 6H), 3.26 (t, J = 11.7 Hz, 1H), 2.79 – 2.71 (m, 1H), 2.68 – 2.59 (m, 1H), 2.43 – 2.34 (m, 1H), 

2.31 – 2.23 (m, 1H), 2.12 – 2.04 (m, 1H), 1.89 – 1.77 (m, 2H), 1.70 (d, J = 10.4 Hz, 1H), 1.47 – 

1.36 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 173.09, 171.09, 170.49, 158.24, 153.33, 149.09, 

147.57, 142.69, 139.33, 136.74, 133.65, 133.42, 129.69, 129.48, 128.49, 127.35, 120.34, 119.45, 

116.02, 111.77, 111.49, 108.75, 105.87, 77.07, 65.41, 60.90, 56.07, 56.03, 55.92, 55.43, 52.80, 

44.09, 38.59, 31.71, 27.31, 25.18, 20.78. 

2-(3-((R)-3-(3,4-Dimethoxyphenyl)-1-(((S)-1-((R)-2-(thiophen-3-yl)-2-(3,4,5-tri-methoxy-

phenyl)acetyl)piperidine-2-carbonyl)oxy)propyl)phenoxy)acetic acid (17c) 

A 10 mL filter syringe was charged with resin 5 (150 mg, 0.07 mmol, 1.00 eq., loading: 0.45 

mmol/g), and the resin was swelled for 10 min in DCM. After filtration, the resin was washed with 

DMF and treated three times with a pre-cooled solution of 20 vol.-% 4-methylpiperidine in DMF 

for 5 min. After complete Fmoc deprotection, the resin was filtered and washed twice with DMF. 

The obtained resin was then treated with a solution containing 16c (29 mg, 0.08 mmol, 1.00 eq.), 

T3P (80 µL, 0.14 mmol, 2.00 eq.), and pyridine (16 µL, 0.20 mmol, 3.00 eq.) in 0.68 mL DMF 

overnight. After the complete conversion of the starting material, the resin was filtered and washed 

twice with DMF, followed by DCM. Finally, the product was 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 were obtained as white 

solids. After purification via preparative HPLC (50 - 70%, solvent B), compound 17c (8 mg, 10.69 

µmol, 16%) was obtained as a white solid. HPLC (30 – 100 % solvent B, 3 min) Rt = 1.818 min, 

purity (220 nm): 99%. HRMS (ESI+): m/z: calculated 748.27861 [M+H]+, found 748.27844 

[M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.28 (s, 1H), 7.26 – 7.21 (m, 1H), 7.03 – 6.96 (m, 2H), 

6.93 – 6.87 (m, 1H), 6.82 (t, J = 7.9 Hz, 2H), 6.77 – 6.74 (m, 1H), 6.71 (d, J = 8.8 Hz, 2H), 6.31 

(s, 2H), 5.53 (dt, J = 15.6, 5.2 Hz, 2H), 5.24 (s, 1H), 4.71 – 4.58 (m, 2H), 3.88 (s, 3H), 3.88 (s, 

3H), 3.86 – 3.84 (m, 1H), 3.80 (s, 3H), 3.55 (s, 6H), 3.19 (td, J = 13.1, 3.0 Hz, 1H), 2.76 – 2.67 

(m, 1H), 2.65 – 2.54 (m, 1H), 2.35 (d, J = 14.1 Hz, 1H), 2.29 – 2.16 (m, 1H), 2.08 – 2.01 (m, 1H), 

1.87 – 1.72 (m, 2H), 1.72 – 1.60 (m, 1H), 1.49 – 1.32 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 

172.74, 170.84, 170.44, 158.28, 153.41, 149.12, 147.59, 142.74, 139.92, 136.82, 133.50, 133.41, 

129.68, 128.81, 125.67, 123.09, 120.35, 119.44, 116.20, 111.77, 111.49, 108.45, 65.49, 60.91, 

56.09, 56.04, 55.95, 52.76, 50.80, 44.12, 38.64, 31.75, 27.33, 25.21, 20.74. 
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2-(3-((R)-3-(3,4-Dimethoxyphenyl)-1-(((S)-1-((S)-2-(5-methylthiophen-2-yl)-2-(3,4,5-tri-

methoxyphenyl)acetyl)piperidine-2-carbonyl)oxy)propyl)phenoxy)-acetic acid (17d) 

Following the general procedure B compound 17d was synthesized using: Resin 5 (82 mg, 0.05 

mmol, 1.00 eq., loading: 0.56 mmol/g), 16d (30 mg, 0.09 mmol, 2.00 eq.), PPh3 (49 mg, 0.19 

mmol, 4.00 eq.), trichloroacetonitrile (19 µL, 0.19 mmol, 4.00 eq.), DIPEA (81 µL, 0.47 mmol, 

10.00 eq.) and 0.93 mL DCM. After purification via preparative HPLC (50 - 80%, solvent B), 

compound 17d (12 mg, 15.75 µmol, 34%) was obtained as a white solid. HPLC (50 – 100 % 

solvent B, 3 min) Rt = 1.484 min, purity (220 nm): 95%. HRMS (ESI+): m/z: calculated 762.29426 

[M+H]+, found 762.29421 [M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.24 (t, J = 7.9 Hz, 1H), 6.90 – 

6.86 (m, 1H), 6.84 – 6.80 (m, 2H), 6.76 (d, J = 2.6 Hz, 1H), 6.71 (d, J = 9.1 Hz, 2H), 6.64 (d, J = 

3.4 Hz, 1H), 6.57 (d, J = 3.4 Hz, 1H), 6.36 (s, 2H), 5.56 (dd, J = 9.0, 4.7 Hz, 1H), 5.51 (d, J = 5.9 

Hz, 1H), 5.33 (s, 1H), 4.73 – 4.59 (m, 2H), 3.89 (s, 3H), 3.88 (s, 3H), 3.89 – 3.81 (m, 1H), 3.80 (s, 

3H), 3.57 (s, 6H), 3.17 (td, J = 13.3, 3.0 Hz, 1H), 2.75 – 2.66 (m, 1H), 2.63 – 2.56 (m, 1H), 2.43 

(s, 3H), 2.40 – 2.33 (m, 1H), 2.25 – 2.18 (m, 1H), 2.10 – 2.03 (m, 1H), 1.87 – 1.75 (m, 2H), 1.70 

– 1.65 (m, 1H), 1.51 – 1.41 (m, 1H), 1.40 – 1.29 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 172.05, 

170.94, 170.24, 158.08, 153.25, 148.96, 147.44, 142.51, 140.39, 139.60, 136.83, 133.62, 133.29, 

129.57, 126.24, 124.23, 120.22, 119.37, 115.75, 111.65, 111.36, 108.84, 105.12, 76.85, 65.35, 

60.78, 55.95, 55.90, 55.85, 52.76, 50.35, 44.01, 38.42, 31.57, 27.08, 25.06, 20.64, 15.35. 

2-(3-((R)-1-(((S)-1-((S)-2-(5-Chlorothiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)-acetyl)-

piperidine-2-carbonyl)oxy)-3-(3,4-dimethoxyphenyl)propy)phenoxy)-acetic acid (17e) 

Following the general procedure B compound 17e was synthesized using: Resin 5 (77 mg, 0.04 

mmol, 1.00 eq., loading: 0.56 mmol/g), 16e (15 mg, 0.04 mmol, 1.00 eq.), PPh3 (23 mg, 0.09 

mmol, 2.00 eq.), trichloroacetonitrile (9 µL, 0.09 mmol, 2.00 eq.), DIPEA (38 µL, 0.22 mmol, 

5.00 eq.) and 0.5 mL DCM. After purification via preparative HPLC (50 - 70%, solvent B), 

compound 17e (8 mg, 10.23 µmol, 24%) was obtained as a white solid. HPLC (50 – 100 % solvent 

B, 3 min) Rt = 2.253 min, purity (220 nm): 99%. HRMS (ESI+): m/z: calculated 782.2396 [M+H]+, 

found 782.2403 [M+H]+. 1H NMR (500 MHz, CDCl3) δ  7.21 (t, J = 7.8 Hz, 1H), 6.89 – 6.83 (m, 

1H), 6.80 – 6.75 (m, 2H), 6.73 (s, 1H), 6.70 (dd, J = 5.4, 2.8 Hz, 2H), 6.67 (s, 1H), 6.62 (d, J = 3.8 

Hz, 1H), 6.31 (s, 2H), 5.52 (dd, J = 9.0, 4.7 Hz, 1H), 5.47 (d, J = 6.6 Hz, 1H), 5.27 (s, 1H), 4.72 – 

4.57 (m, 2H), 3.86 (s, 3H), 3.85 (s, 3H), 3.78 (s, 3H), 3.77 – 3.70 (m, 1H), 3.54 (s, 6H), 3.14 – 



 32 

3.06 (m, 1H), 2.73 – 2.64 (m, 1H), 2.61 – 2.52 (m, 1H), 2.37 – 2.30 (m, 1H), 2.24 – 2.16 (m, 1H), 

2.06 – 1.97 (m, 1H), 1.87 – 1.74 (m, 1H), 1.68 (d, J = 13.4 Hz, 1H), 1.52 – 1.42 (m, 1H), 1.37 – 

1.23 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 171.22, 170.05, 169.26, 158.08, 153.43, 148.98, 

147.46, 142.53, 141.15, 137.10, 133.24, 132.77, 130.39, 129.55, 125.40, 124.97, 120.20, 119.38, 

115.85, 111.63, 111.34, 104.88, 77.23, 60.79, 55.95, 55.91, 55.88, 52.80, 50.76, 44.08, 38.45, 

31.59, 29.71, 27.08, 25.09, 20.63. 

2-(3-((R)-1-(((S)-1-((S)-2-(5-Bromothiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)-acetyl)-

piperidine-2-carbonyl)oxy)-3-(3,4-dimethoxyphenyl)propyl)phenoxy)-acetic acid (17f) 

Following the general procedure B compound 17f was synthesized using: Resin 5 (208 mg, 0.09 

mmol, 1.10 eq., loading: 0.45 mmol/g), 16f (33 mg, 0.09 mmol, 1.00 eq.), oxalyl chloride (15 µL, 

0.17 mmol, 2.00 eq.), DIPEA (74 µL, 0.43 mmol, 5.00 eq.) and 0.47 mL DCM. After purification 

via preparative HPLC (50 - 80%, solvent B), compound 17f (11 mg, 14.04 µmol, 16%) was 

obtained as a white solid. HPLC (50 – 100 % solvent B, 3 min) Rt = 1.589 min, purity (220 nm): 

99%. HRMS (ESI+): m/z: calculated 826.18912 [M+H]+, found 826.18954 [M+H]+. 1H NMR (500 

MHz, CDCl3) δ 7.30 – 7.23 (m, 1H), 6.91 – 6.86 (m, 2H), 6.82 (d, J = 3.8 Hz, 1H), 6.80 – 6.77 (m, 

2H), 6.70 – 6.63 (m, 3H), 6.50 (s, 2H), 5.69 (dd, J = 8.5, 5.2 Hz, 1H), 5.55 – 5.47 (m, 1H), 5.26 (s, 

1H), 4.69 – 4.58 (m, 2H), 3.86 (s, 3H), 3.86 (s, 3H), 3.84 – 3.83 (m, 1H), 3.83 (s, 3H), 3.82 (s, 

6H), 3.31 (td, J = 13.0, 2.7 Hz, 1H), 2.69 – 2.62 (m, 1H), 2.59 – 2.52 (m, 1H), 2.38 – 2.29 (m, 1H), 

2.28 – 2.19 (m, 1H), 2.13 – 2.03 (m, 1H), 1.73 – 1.61 (m, 2H), 1.57 – 1.49 (m, 1H), 1.39 – 1.23 

(m, 1H), 1.11 – 1.01 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 171.23, 170.95, 170.24, 158.03, 

153.63, 149.06, 147.57, 143.45, 142.13, 137.69, 134.04, 133.44, 129.94, 129.17, 126.84, 120.35, 

119.82, 115.68, 112.57, 111.85, 111.52, 110.46, 105.49, 76.76, 65.36, 61.04, 56.42, 56.05, 53.10, 

50.98, 44.23, 38.17, 31.58, 27.14, 25.02, 20.88. 

2-(3-((R)-3-(3,4-Dimethoxyphenyl)-1-(((S)-1-((S)-2-(5-ethylthiophen-2-yl)-2-(3,4,5-

trimethoxyphenyl)acetyl)piperidine-2-carbonyl)oxy)propyl)phenoxy)acetic acid (17g) 

Following the general procedure C compound 17g was synthesized using: Resin 5 (291 mg, 0.13 

mmol, 1.10 eq., loading: 0.45 mmol/g), 16g (40 mg, 0.12 mmol, 1.00 eq.), oxalyl chloride (20 µL, 

0.24 mmol, 2.00 eq.), DIPEA (104 µL, 0.59 mmol, 5.00 eq.) and 0.48 mL DCM. After purification 

via preparative HPLC (50 - 80%, solvent B) compound 17g (23 mg, 29.67 µmol, 25%) was 
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obtained as a white solid. HPLC (50 – 100 % solvent B, 3 min) Rt = 1.604 min, purity (220 nm): 

99%. HRMS (ESI+): m/z: calculated 776.30991 [M+H]+, found 776.31047 [M+H]+. 1H NMR (500 

MHz, CDCl3) δ 7.21 (t, J = 7.9 Hz, 1H), 6.87 – 6.83 (m, 1H), 6.79 (dd, J = 7.8, 6.2 Hz, 2H), 6.74 

(t, J = 1.8 Hz, 1H), 6.71 – 6.66 (m, 2H), 6.63 (d, J = 3.5 Hz, 1H), 6.60 – 6.57 (m, 1H), 6.35 (s, 2H), 

5.54 (dd, J = 8.9, 4.7 Hz, 1H), 5.50 – 5.47 (m, 1H), 5.32 (s, 1H), 4.71 – 4.56 (m, 2H), 3.86 (s, 3H), 

3.85 (s, 3H), 3.85 – 3.81 (m, 1H), 3.78 (s, 3H), 3.56 (s, 6H), 3.14 (td, J = 13.3, 3.1 Hz, 1H), 2.81 

– 2.73 (m, 2H), 2.72 – 2.65 (m, 1H), 2.61 – 2.51 (m, 1H), 2.36 – 2.30 (m, 1H), 2.24 – 2.15 (m, 

1H), 2.08 – 1.96 (m, 1H), 1.86 – 1.73 (m, 2H), 1.68 – 1.64 (m, 1H), 1.50 – 1.38 (m, 1H), 1.37 – 

1.29 (m, 1H), 1.25 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 172.18, 171.13, 170.39, 

158.19, 153.36, 149.08, 148.09, 147.55, 142.60, 139.29, 136.96, 133.74, 133.42, 129.69, 126.20, 

122.45, 120.34, 119.51, 115.76, 111.78, 111.48, 109.19, 105.32, 76.91, 56.07, 56.02, 55.98. 

2-(3-((R)-1-(((S)-1-((S)-2-(5-Cyclopropylthiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)-acetyl)-

piperidine-2-carbonyl)oxy)-3-(3,4-dimethoxyphenyl)propyl)phenoxy)-acetic acid (17h) 

Following the general procedure C compound 17h was synthesized using: Resin 5 (316 mg, 0.14 

mmol, 1.10 eq., loading: 0.45 mmol/g), 16h (45 mg, 0.13 mmol, 1.00 eq.), oxalyl chloride (22 µL, 

0.26 mmol, 2.00 eq.), DIPEA (112 µL, 0.65 mmol, 5.00 eq.) and 1.29 mL DCM. After purification 

via preparative HPLC (50 - 80%, solvent B) compound 17h (32 mg, 40.61 µmol, 31%) was 

obtained as a white solid. HPLC (50 – 100 % solvent B, 3 min) Rt = 1.613 min, purity (220 nm): 

98%. HRMS (ESI+): m/z: calculated 788.30991 [M+H]+, found 788.30977 [M+H]+. 1H NMR (500 

MHz, CDCl3) δ 7.21 (t, J = 7.9 Hz, 1H), 6.85 (dd, J = 8.3, 2.4 Hz, 1H), 6.79 (dd, J = 7.8, 5.8 Hz, 

2H), 6.73 (t, J = 1.8 Hz, 1H), 6.68 (d, J = 9.1 Hz, 2H), 6.60 (d, J = 3.5 Hz, 1H), 6.55 (d, J = 3.5 Hz, 

1H), 6.33 (s, 2H), 5.79 (s, 1H), 5.54 (dd, J = 9.0, 4.7 Hz, 1H), 5.47 (d, J = 5.7 Hz, 1H), 5.29 (s, 

1H), 4.70 – 4.53 (m, 2H), 3.86 (s, 3H), 3.85 (s, 3H), 3.83 (d, J = 8.0 Hz, 1H), 3.78 (s, 3H), 3.55 (s, 

6H), 3.13 (td, J = 13.4, 3.1 Hz, 1H), 2.71 – 2.62 (m, 1H), 2.61 – 2.49 (m, 1H), 2.36 – 2.29 (m, 1H), 

2.24 – 2.14 (m, 1H), 2.07 – 1.94 (m, 2H), 1.84 – 1.74 (m, 2H), 1.69 – 1.64 (m, 1H), 1.46 – 1.26 

(m, 2H), 0.95 – 0.86 (m, 2H), 0.70 – 0.64 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 172.12, 171.18, 

170.39, 158.19, 153.35, 149.17, 149.07, 147.55, 142.60, 138.54, 136.97, 133.68, 133.42, 129.69, 

126.18, 121.78, 120.34, 119.51, 115.76, 111.77, 111.48, 109.22, 109.22, 105.31, 105.31, 77.37, 

65.45, 60.90, 56.07, 56.02, 55.99, 52.86, 50.45, 44.12, 38.54, 31.67, 27.16, 25.18, 20.76, 11.29, 

9.71, 9.67. 
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2-(3-((R)-1-(((S)-1-((S)-2-(5-cyanothiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)-acetyl)-

piperidine-2-carbonyl)oxy)-3-(3,4-dimethoxyphenyl)propyl)phenoxy)-acetic acid (17i) 

A 10 mL filter syringe was charged with resin 5 (225 mg, 0.06 mmol, 0.50 eq., loading: 0.30 

mmol/g), and the resin was swelled for 10 min in DCM. After filtration, the resin was washed with 

DMF and treated three times with a pre-cooled solution of 20 vol.-% 4-methylpiperidine in DMF 

for 5 min. After complete Fmoc deprotection, the resin was filtered and washed twice with DMF, 

followed by DCM. The obtained resin was then treated with a solution containing 16i (45 mg, 0.12 

mmol, 1.00 eq.), TCFH (45 mg, 0.14 mmol, 1.20 eq.), and NMI (38 µL, 0.42 mmol, 3.50 eq.) in 

0.67 mL DCM/ACN (1:1) at rt overnight. After the complete conversion of the starting material, 

the resin was filtered and washed twice with DCM. Finally, the product was 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 were obtained 

as white solids. After purification via preparative HPLC (50 - 80%, solvent B), compound 17i (11 

mg, 14.23 µmol, 21%) was obtained as a pale-yellow solid. HPLC (30 – 100 % solvent B, 3 min) 

Rt = 1.846 min, purity (220 nm): 99%. HRMS (ESI+): m/z: calculated 773.2739 [M+H]+, found 

773.2742 [M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.41 (d, J = 3.8 Hz, 1H), 7.22 (t, J = 7.9 Hz, 1H), 

6.88 – 6.85 (m, 2H), 6.81 – 6.76 (m, 2H), 6.76 – 6.73 (m, 1H), 6.69 – 6.65 (m, 2H), 6.33 (s, 2H), 

5.52 (dd, J = 8.9, 4.8 Hz, 1H), 5.45 – 5.41 (m, 1H), 5.39 (s, 1H), 4.73 – 4.63 (m, 2H), 3.86 (s, 3H), 

3.85 (s, 3H), 3.78 (s, 3H), 3.74 – 3.69 (m, 1H), 3.54 (s, 6H), 3.07 (td, J = 13.5, 3.2 Hz, 1H), 2.72 

– 2.64 (m, 1H), 2.62 – 2.53 (m, 1H), 2.40 – 2.34 (m, 1H), 2.23 – 2.15 (m, 1H), 2.07 – 1.96 (m, 

1H), 1.87 – 1.74 (m, 2H), 1.74 – 1.67 (m, 1H), 1.56 – 1.45 (m, 1H), 1.38 – 1.23 (m, 1H). 13C NMR 

(126 MHz, CDCl3) δ 171.03, 170.32, 170.01, 158.20, 153.80, 151.07, 149.12, 147.62, 142.58, 

137.57, 136.67, 133.33, 132.13, 129.74, 126.71, 120.34, 119.49, 115.87, 114.57, 111.77, 111.48, 

110.05, 108.99, 104.93, 77.20, 65.38, 60.93, 56.08, 56.05, 56.04, 52.98, 50.78, 44.29, 38.58, 31.69, 

27.17, 25.21, 20.71. 

(S)-(R)-3-(3,4-Dimethoxyphenyl)-1-(3-(2-morpholinoethoxy)phenyl)propyl-1-((S)-2-(5-

methylthiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)acetyl)piperidine-2-carboxylate (19a) 

In a 10 mL flask, 16e (40 mg, 0.12 mmol, 1.00 eq) and amine 18 (70 mg, 0.15 mmol, 1.10 eq.) 

were dissolved in 1.24 mL MeCN. Then NMI (35 µL, 0.43 mmol, 3.50 eq.) was added, followed 

by TCFH (42 mg, 0.15 mmol, 1.20 eq.). The resulting solution was stirred at rt overnight. After 
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the complete conversion of 18, the solvent was removed under reduced pressure. After purification 

via preparative HPLC (5 - 80%, solvent B), compound 19e (21 mg, 25 µmol, 20%) was obtained 

as a white solid. HPLC (5 – 100 % solvent B, 3 min) Rt = 1.969 min, purity (220 nm): 99%. HRMS 

(ESI+): m/z: calculated 817.37284 [M+H]+, found 817.37304 [M+H]+. 1H NMR (500 MHz, 

CDCl3) δ 7.19 (t, J = 7.9 Hz, 1H), 6.82 (t, J = 2.0 Hz, 1H), 6.81 – 6.75 (m, 3H), 6.66 (dd, J = 8.2, 

2.2 Hz, 1H), 6.64 – 6.62 (m, 2H), 6.57 – 6.53 (m, 1H), 6.46 (s, 2H), 5.65 (dd, J = 8.2, 5.4 Hz, 1H), 

5.52 – 5.44 (m, 1H), 5.32 (s, 1H), 4.11 (t, J = 5.7 Hz, 2H), 3.85 (s, 6H), 3.79 (s, 3H), 3.74 (t, J = 

4.7 Hz, 4H), 3.67 (s, 6H), 3.11 (td, J = 13.1, 3.1 Hz, 1H), 2.81 (t, J = 5.6 Hz, 2H), 2.64 – 2.55 (m, 

5H), 2.56 – 2.46 (m, 1H), 2.42 (s, 3H), 2.35 – 2.29 (m, 1H), 2.17 (dtd, J = 14.1, 8.9, 5.6 Hz, 1H), 

2.06 – 1.95 (m, 1H), 1.78 – 1.70 (m, 2H), 1.67 – 1.56 (m, 2H), 1.39 – 1.17 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 171.21, 170.67, 158.88, 153.34, 149.02, 147.49, 141.92, 140.36, 140.29, 137.08, 

134.38, 133.59, 129.70, 126.05, 124.26, 120.27, 118.79, 114.05, 111.82, 111.43, 105.52, 76.36, 

66.89, 65.65, 60.88, 57.73, 56.08, 56.06, 55.98, 54.13, 52.59, 50.27, 44.03, 38.38, 31.50, 26.96, 

25.32, 20.98, 15.48. 

(S)-(R)-3-(3,4-Dimethoxyphenyl)-1-(3-(2-morpholinoethoxy)phenyl)propyl-1-((S)-2-(5-

chlorothiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)acetyl)piperidine-2-carboxylate (19b) 

In a 4 mL vial, 16f (40 mg, 0.12 mmol, 1.00 eq) was dissolved in 1 mL DCM, and the solution 

was cooled to 0°C. Then oxalyl chloride (90 µL, 0.18 mmol, 1.50 eq.) was added, followed by a 

drop of DMF, and the mixture was stirred for 1h at rt. After the complete formation of the acid 

chloride, the solvent was removed under reduced pressure. In a second flask, amine 18 (66 mg, 

0.13 mmol, 1.10 eq.) and DIPEA (60 µL, 0.35 mmol, 3.00 eq.) were dissolved in 0.70 mL DCM, 

and the resulting solution was cooled to 0°C. Then the acid chloride was added dropwise as a 

solution in DCM. The reaction mixture was then stirred at rt for 1h. Then the solvent was removed 

under reduced pressure,  the crude product was purified directly via preparative HPLC (5 - 80%, 

solvent B), and compound 19f (17 mg, 20 µmol, 17%) was obtained as a white solid. HPLC (5 – 

100 % solvent B, 3 min) Rt = 1.995 min, purity (220 nm): 99%. HRMS (ESI+): m/z: calculated 

837.31822 [M+H]+, found 837.31853 [M+H]+. 1H NMR (500 MHz, CDCl3) δ 7.19 (t, J = 7.9 Hz, 

1H), 6.90 – 6.74 (m, 4H), 6.71 (d, J = 3.7 Hz, 1H), 6.69 – 6.60 (m, 3H), 6.42 (s, 2H), 5.63 (dd, J = 

8.2, 5.3 Hz, 1H), 5.44 – 5.40 (m, 1H), 5.29 (s, 1H), 4.19 – 4.05 (m, 2H), 3.85 (s, 6H), 3.79 (s, 3H), 

3.77 – 3.71 (m, 4H), 3.65 (s, 6H), 3.07 (td, J = 13.3, 3.1 Hz, 1H), 2.82 (t, J = 6.1 Hz, 2H), 2.68 – 
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2.56 (m, 4H), 2.54 – 2.46 (m, 2H), 2.37 – 2.26 (m, 1H), 2.22 – 2.10 (m, 1H), 2.08 – 1.95 (m, 1H), 

1.80 – 1.71 (m, 2H), 1.69 – 1.57 (m, 1H), 1.50 – 1.40 (m, 1H), 1.36 – 1.24 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 170.64, 170.54, 158.94, 153.54, 149.04, 147.52, 141.90, 141.86, 137.31, 133.56, 

133.48, 130.43, 129.69, 125.17, 124.91, 120.28, 118.70, 114.13, 112.52, 111.81, 111.44, 105.21, 

76.48, 66.94, 60.91, 57.79, 56.11, 56.07, 55.99, 54.17, 52.67, 50.67, 44.10, 38.40, 31.53, 26.94, 

25.31, 20.89. 
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hexafluorphosphate], HFIP 1,1,1,3,3,3-Hexafluoroisopropanol, HOAt 1-Hydroxy-7-

azabenzotriazole, TCFH Chloro-N,N,N′,N′-tetramethylformamidinium hexafluorophosphate, 

NMI 1-methylimidazole, T3P Propylphosphonic anhydride,  
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