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Abstract 

Folates are essential cofactors in the de novo biosynthesis of pyridine and pyrimidines. 

Moreover, antifolates are key components in cancer therapy. Targeting tumor specific cell 

surface epitopes, so called tumor markers, with small molecules can lead to improved tools for 

cancer diagnosis and therapy. Elevated levels of prostate specific membrane antigen (PSMA) 

are used as a tumor marker for prostate cancer. PSMA is a glycosylated type-II membrane 

protein that is present in high density on the surface of malignant prostate cancer cells. Its 

expression increases with clinical stage, thus making it an extremely useful tumor marker. 

Phosphinic acids like GPI, for example, can be used as modular ligands for the targeting of 

prostate cancer. GPI binds with nanomolar affinity to PSMA and permits conjugation of effector 

molecules like dyes without altering the binding properties. However, GPI has suboptimal 

binding properties in vivo and needs to be improved for imaging applications in animals or 

humans. GPI has been developed as a transition state analogue of the native PSMA substrate 

N-acetylaspartylglutamate (NAAG). In addition, PSMA has been found to act as a folate 

hydrolase and does thus recognize folylpolyglutamates in the same binding pocket as NAAG. 

We have combined properties of the known ligand GPI with structural elements of folates and 

a conjugation site for effector molecules (in our case DOTA). This work highlights the design 

and synthesis of improved modular PSMA ligands. With this compound library we would like 

to evaluate the impact of different aromatic moieties as pteridine analogues, their spacing from 

GPI and the role of geometry and aromaticity of the spacer via in vitro assays using LNCaP 

(PSMA-positive) and PC3 (PSMA negative) cell lines and PSMA-617 as positive control.  

 

 



 

 

 

Zusammenfassung 

Erhöhte Spiegel von prostataspezifischem Membranantigen (PSMA) werden als 

Tumormarker für Prostatakrebs verwendet. PSMA ist ein glykosyliertes Typ-II-

Membranprotein, das auf der Oberfläche von malignen Prostatakrebszellen in hoher Dichte 

vorliegt. Seine Expression nimmt mit dem klinischen Stadium zu und ist somit ein äußerst 

nützlicher Tumormarker. Phosphinsäuren wie GPI können beispielsweise als modulare 

Liganden zur Bekämpfung von Prostatakrebs eingesetzt werden. GPI bindet mit 

nanomolarer Affinität an PSMA und ermöglicht die Konjugation von Effektormolekülen 

wie Farbstoffen, ohne die Bindungseigenschaften zu verändern. GPI weist jedoch in vivo 

suboptimale Bindungseigenschaften auf und muss für Bildgebungsanwendungen bei 

Tieren oder Menschen verbessert werden. GPI wurde als Übergangszustandsanalogon des 

nativen PSMA-Substrats N-Acetylaspartylglutamat (NAAG) entwickelt. Darüber hinaus 

wirkt PSMA als Folat-Hydrolase und erkennt somit Folylpolyglutamate in derselben 

Bindungstasche wie NAAG. Wir haben die Eigenschaften des bekannten Liganden GPI mit 

Strukturelementen von Folaten und einer Konjugationsstelle für Effektormoleküle (in 

unserem Fall DOTA) kombiniert. Diese Arbeit beleuchtet das Design und die Synthese 

verbesserter modularer PSMA-Liganden. Mit dieser Substanzbibliothek möchten wir die 

Auswirkung verschiedener aromatischer Einheiten als Pteridinanaloga, ihren Abstand von 

GPI und die Rolle der Geometrie und Aromatizität des Spacers mithilfe von In-vitro-

Assays unter Verwendung von LNCaP (PSMA-positiv) und PC3 (PSMA-negativ) 

bewerten. Zelllinien und PSMA-617 als positive Kontrolle. 
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1 Introduction 

 

Folates and folate derivatives play an important role in medicinal chemistry and are present in 

various pharmaceutically relevant compounds.1 Folic acid is a crucial factor for cell growth and 

development and plays a vital role in DNA metabolism, as an essential cofactor in the de novo 

biosynthesis of purines and pyrimidines.2 In the human metabolism folate is required to deliver 

a C1-fragment for methylation reactions3 and nucleic acid synthesis.4 Moreover, folates are also 

crucial for conversion of homocysteine to methionine.5 Folate deficiency is directly correlated 

to hindrance of DNA synthesis and cell division, thus affecting the cells with highest frequency 

of cell division such as hematopoietic cells.4 Therefore, folate derivatives are often key 

components in cancer therapy.5 Due to their vital role in cell division, folates are essential 

during infancy and pregnancy, as it is known that deficiency can lead to infant’s disorders such 

as neural tube defects (spina bifida)6 and brain defects (anencephaly).7 Furthermore, folic acid 

deficiency can negatively affect the production of red blood cells (erythropoiesis)8, and 

consequently induce megaloblastic anemia.9 It has also been shown in some clinical studies that 

folates can play a complex role in prostate cancer.10,11 

  

1.1. Folic acid 
 

Folic acid is not per se available in its active form in the human body and through several 

metabolic reactions it gets converted into different structures. The active forms of folic acid are 

tetrahydrofolic acid, methyltetrahydrofolate (MTHFR), methenyltetrahydrofolate, folinic acid, 

and folacin.2,12 As shown in Figure 1 the metabolic cycle of folic acid includes conversion of 

dietary folate to dihydrofolate (DHF) and subsequently to tetrahydrofolic acid. In this metabolic 

cycle, tetrahydrofolic acid is converted through an enzymatic cascade to 5-methyl 

tetrahydrofolic acid, and functions as substrate for the methionine synthase/methionine 

synthase reductase (MTR/MTRR) system to tetrahydrofolic acid and methionine.3 

Additionally, 5-methyl tetrahydrofolic acid is involved in purine synthesis. Through the 

metabolic cycle methionine is converted to S-adenosyl-methionine (SAM), S-adenosyl-

homocysteine (SAH) and homocysteine. Furthermore, SAM and SAH play a vital role in 

choline metabolism.13 SAM is also involved in the methylation of DNA, RNA, proteins, and 

phospholipids.12 

https://en.wikipedia.org/wiki/Nucleic_acid
https://en.wikipedia.org/wiki/Red_blood_cell
https://en.wikipedia.org/wiki/Erythropoiesis
https://en.wikipedia.org/wiki/Megaloblastic_anemia
https://en.wikipedia.org/wiki/Methyltetrahydrofolate
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Figure 1: Metabolic cycle of folic acid. 

 

  



  Introduction 

3 

1.1.1. Folate receptors 

 

Folate transport through the cell membrane occurs via several pathways. The main folate 

pathway is through the reduced folate carrier (RFC), which takes up dietary folate.14 The second 

essential pathway is through the proton-coupled folate transporter (PCFT), which transports 

folate into the cells.15 Additionally, there are four important folate receptors expressed on the 

cell membrane responsible for folate transport: FRα, FRβ, FRγ and FRδ.16,17 Folate receptors 

are well-known tumor markers since they are highly expressed in ovarian18, breast19, lung 20 

and colorectal 21 cancer. A clinically relevant example is the folate receptor α (FRα) which 

carries and coordinates the transport of the active form of folate (5-MTHF). Furthermore, it has 

been shown that FRα can be useful as a target for cancer treatment or diagnosis since it is 

overexpressed in solid tumors like ovarian16, 22 and lung cancers.23, 24 

 

 

Figure 2: Receptor-mediated endocytosis of a drug conjugated to folate. (1) The drug–folate conjugate binds to 

folate receptors (2) Internalisation. (3) Lysosome load release (4) Released drug and imaging agent in the cytosol. 

(5) The folate receptor can be recycled and returned to the cell membrane.25 

 

Targeting folate receptors is a very effective tool for delivery of radiopharmaceuticals for 

imaging and radiation therapy.26 This targeting strategy involves the use of small molecules 

such as folate itself or derivatives and the use of FRα-binding antibodies, antibody-like 

fragments or other antibody-like binding moieties.22,27,28 It is also common to use folate-

conjugates with cytotoxic agents for anticancer therapy such as carboplatin analogs, paclitaxel-

loaded dendrimer nanodevices29, 5-FU analogs30, rhaponticin31 and vinblastine analogs.27, 32 
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1.1.2. Antifolates 

 

Antifolates have played a crucial role in the treatment of a broad spectrum of diseases such as 

microbial and parasitic infections and chronic inflammatory diseases2 in the past. Therefore, 

antifolates are often key components in cancer therapy.33 The general mechanism of antifolates 

is the competitive inhibition of DHFR. In 1948 Fiber et al. discovered the first antifolate – 

aminopterin and observed improved health condition of children with acute lymphoblastic 

leukemia after treatment with this novel drug.34 After these positive results, the scientific 

community was encouraged to treat other malignant diseases with this promising 

chemotherapeutic. However, several cases showed unpredictable toxicity of aminopterin and it 

was consequently replaced in 1950 with methotrexate (MTX).35 MTX is also a competitive 

inhibitor of DHF and therefore often applied as a cytostatic in malignant diseases such as 

lymphoblastic leukemia36, breast cancer 37 and osteosarcoma.38 In a lower dose it is used as an 

antirheumatic drug for rheumatoid arthritis.39  

It was discovered that antifolates in their polyglutamate forms can directly inhibit further 

enzymes of the metabolic cycle of folic acid such as TS and aminoimidazole carboxamide 

ribonucleotide formyltransferase (AICAR transformylase).40,41 Due to major side effects of 

MTX, observed over decades of clinical application, raltitrexed was introduced by AstraZeneca 

as a new chemotherapeutic (Figure X).42 In its polyglutamate form raltitrexed can additionally 

inhibit TS which makes this drug more attractive in the clinical circles compared to MTX.43 

Raltitrexed was the first new drug developed for colorectal cancer in 35 years. Until now it 

represents an important part of colorectal cancer treatment. In 2003 pemetrexed appeared as a 

new drug of choice for the treatment of non-small cell lung cancer45 and breast cancer.44 

Pemetrexed can also be found under the name multitargeted antifolate (MTA) because it inhibits 

de novo pyrimidine and purine pathways by TS, DHFR, glycinamide ribonucleotide 

formyltransferase, and AICAR transformylase.44-49 Another antifolate in the row with higher 

affinity for RFC and polyglutamatation is pralatrexate.50-52 This drug is applied during treatment 

of cutaneous T-cell lymphoma together with folate supplementation.53-55 

Figure 3 shows the structures of the most important antifolates in therapy and highlights their 

chemical similarities. Aminopterin is a derivative of folic acid substituted with an amino group 

at the pteridine ring (N4-position). Compared to aminopterin MTX has an additional methyl 

group at the N10 position. In pralatrexate and pemetrexed the nitrogen in the N4 position is 

https://de.wikipedia.org/wiki/Non-Hodgkin-Lymphom
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replaced by a carbon atom. This shows that modifications of folic acid in N-4 position play an 

important role in the inhibition of DHFR. 

 

 

 

 

 

 

Figure 3: Examples of clinically important antifolates. 

 

1.2. PSMA 

Prostate cancer is the most common tumor found in men in Germany and the second most 

frequently encountered cancer in males in the western world.56 Early diagnosis is essential for 

the effective treatment considering that prostate tumor is slow-growing cancer but becomes 

potentially lethal when it comes close to the metastatic stage. The most common tools for early 

diagnosis consider functional imaging, namely MRI (magnetic resonance imaging)57, SPECT 

(single-photon-emission tomography)58, PET (positron emission tomography)59, and 18F-

choline PET/CT.60 The prostate tumor is highly hormone-dependent and one of the common 

treatments is radical prostatectomy and / or radiotherapy.61 These clinical treatments usually 
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are not appropriate for patients with metastasis since the majority of men develop hormone-

refractory disease often within a year.  

 

 

Figure 4: Incidence rate of selected cancer types, 2010-2014 by North American Association of Central Cancer 

Registries (NAACCR), 2017. 

 

Prostate specific membrane antigen (PSMA) is a folate hydrolase that is used as a tumor marker 

for prostate cancer.62 PSMA is a membrane glycoprotein that is usually present on healthy 

prostate cells and in high density on the surface of malignant prostate cancer cells.63 It is also 

present in other tissues such as liver64, brain65, kidney66,67, proximal small intestine68, colon69 

and salivary glands.69 PSMA is a type II integral membrane glycoprotein and consists of 750 

amino acids. It consists of three different parts: 24 amino acids are localized in the cell 

membrane, 707-amino acids are located in the extracellular region and 19 amino acids are 

placed in the cytoplasmic tail.68,70 The crystal structure of PSMA showed that the extracellular 

part of the enzyme has three main domains: protease (Figure 5, pink), apical (Figure 5, yellow) 

and C-terminal domain (Figure X, orange). These parts play a vital role in substrate 

recognition.63,71 It was also discovered that the active site contains two zinc ions (Figure 5, 

shown as two grey spheres) and it is connected with the extracellular domain through a ~20 Å 

deep tunnel.63 Zinc atoms in the active site are further coordinated with different amino acids: 

histidine, terminal aspartate or glutamate, and a bridged aspartate. Finally, the whole catalytic 

center is surrounded by water molecules.72,56 Determination of all these features was essential 

for further development of PSMA ligands in the treatment and diagnosis of prostate cancer. 
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Figure 5: Crystal structure of PSMA-GPI 18431-complex.63 Three-dimensional structure of the dimer. One 

subunit is shown in gray, while the other is colored according to organization into domains. Domain 1, light pink; 

domain 2, yellow; domain 3, orange. dinuclear zinc cluster at the active site is indicated by grey spheres. 

 

PSMA plays also a role in other metabolic reactions such as glutamatergic neurotransmission65 

and folate absorption.62 Because of its versatile functions, PSMA is often found under different 

names in literature such as glutamate carboxypeptidase II (GCPII)64 or NAALADase, since 

PSMA is vital for the metabolism of N-acetyl aspartyl glutamate (NAAG) in the central nervous 

system.62,73 PSMA catalyzes the hydrolysis of NAAG to NAA and L-glutamate (Figure 6). 

Additionally, PSMA hydrolyses folylpolyglutamates in the small intestine and therefore it is 

also named folate hydrolase (FOLH1).62,74,75 
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Figure 6: Hydrolytic activity of PSMA. 

 

PSMA is part of the cocatalytic zinc metallopeptidase family M28 which is directly correlated 

to PSMA’s enzymatic activity.71,76 PSMA recognizes folylpolyglutamates in the same binding 

pocket as NAAG and hydrolyses poly-γ-glutamated folates released from dead and dying tumor 

cells to folate and glutamate (Figure 6).62 In the following step, folate is taken up by the living 

tumor cells via the folate receptor or reduced folate carrier. As soon as folate enters the cell, it 

converts into its polyglutamated form again and in that form is further used for metabolic 

reactions in tumor cells, which supports their proliferation.76  

It is reported that in the patients with a slightly elevated prostate-specific antigen level PSMA-

targeted PET/CT is able to detect and localize the prostate cancer lesions that normally were 

not detectable by CT, MRI, or 18F-choline PET/CT.77 Expression of PSMA increases within the 

clinical stage significantly, especially in the hormone-refractory and metastatic stage of the 

disease.68 Therefore, PSMA is an attractive target for therapeutic agents in the treatment of the 

prostate cancer. 

 

1.2.1 PMSA ligands  

 

The identification of  NAALADase activity of PSMA in CNS led to the proposal that NAAG 

may serve as a storage form of synaptic glutamate.73 In order to further ascertain the exact role 

of NAALADase and NAAG in the CNS, a number of in vitro and in vivo studies have been 

conducted. It was shown that elevated levels of NAAG play a significant role in 

neurodegenerative processes in CNS leading to epilepsy78, schizofrenia79 and Alzheimer’s 

disease.80 Moreover, a series of small molecules were designed for the purpose of inhibiting 
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NAALDase. In 1995, Jackson et al. reported the first synthesis of a highly active NAALADase 

inhibitor, 2-PMPA (Figure 7).73 This compound showed a very high binding affinity having a 

Ki of 0.275 nM, thus confirming that glutamate-like moieties are essential for good binding. 2-

PMPA is very often used as a reference substance in biological evaluation of the binding 

affinities.73,81,82 However, small substances like 2-PMPA that bear three negative charges show 

rather non-favorable pharmacokinetic characteristics for the design of lead compounds because 

the penetration through the blood-brain barrier would be hindered.83,84 

 

Figure 7: Structures and IC50 of phosphinic acid derivatives with different substituents.81,85 

 

In further studies, there have been many attempts to design a NAALADase inhibitor with 

similar affinity to 2-PMPA and lower polarity.85 The first compounds were prepared by altering 

the γ –acid (6 and 7, Figure 7). The acidic functionality, however, appears necessary for potent 

inhibition of the enzyme. Therefore, it was investigated if the substitution of hydroxyl-group of 

phosphinic acid with different aromatic moieties and alkyl chains may increase affinity (9 and 

10, Figure 7).81 Introducing additional acidic moiety through the substitution of hydroxyl group 

(11, Figure 7) showed a good affinity (1nm), however, none of these ligands could outperform 

the binding affinity of 2-PMPA. Based on this knowledge, a series of PSMA ligands with 

different functionalities were designed over the last decade. In addition, it was discovered that 

newly designed ligands can address PSMA in prostate cancer cells and therefore can be used 

for PET59 and SPECT imaging.86 Consequently, the research focus was moving away from the 

design of PSMA ligands for treatment of brain diseases to ligands for prostate cancer imaging. 

Elevated expression of PSMA is directly correlated with the progression of the prostate tumor, 

thus making it an extremely useful tumor marker.82,87-89 The key components of newly designed 

PSMA ligands for prostate cancer imaging include a targeting vector (small molecule or 

antibody) which can allow coupling with effector molecules (radiometal chelators, fluorescent 

dyes) via spacer moiety (Figure 8). 
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Figure 8: Key components of prostate tumor targeting: PSMA serves as a tumor marker. A targeting vector, 

coupled with an effector molecule via a spacer, selectively binds to the tumor marker. 

 

There are three main groups of small molecules for PSMA targeting, including thiols 12, 

phosphonates 13 and ureas 14 (Figure 9).56 Each of these molecules contains a glutamate mimic 

for PSMA recognition, as well as different functionalities for interaction with a zinc ion in the 

active site of the enzyme (highlighted in blue, Figure 9). 

 

 

 

Figure 9: The three groups of small molecules for PSMA targeting include: thiols 12, phosphonates 13 and ureas 

14.56 The core structures important for interaction with the active site of PSMA are highlighted in blue. 

 

It was observed that the affinity and tumor uptake increase depending on the applied radiolabel, 

chelator, and spacer.56 Spacer has an important impact on the modularity of a ligand because it 

can allow functionalization with effector molecules. Further development of new derivatives 

focused on decreasing polarity and altering the length and nature of spacer groups (Figure 10).  

Chen et al. evaluated PSMA ligands with different linker lengths (15-17, Figure 10) and 

conjugated with different NIR dyes (IRDye800CW, IRDye800RS, Cy5.5, Cy7).90 The length 

of the spacer group is important because it should allow conjugation with effector molecule 

without compromising the binding in the active site of PSMA. Huang et al. also showed that 

implementation of longer spacer chains can allow conjugation of bulky chelated metals. These 
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bulky chelators are on this example situated outside the active site and will not interfere with 

binding (18 and 19, Figure 10).91-93. 

 

 

 

 

 

 

Figure 10: PSMA ligands with different spacer lengths and effector molecules.90,92 

 

Coward et al. together with Guilford Pharmaceuticals synthesized and evaluated a new PSMA 

ligand termed GPI 11254-36 (GPI)94 in 2001. GPI is a phosphinic acid derivative that revealed 

very high binding affinity to PSMA with a Ki = 9.0 nM. The advantage of GPI is that it has a 

highly modular structure in comparison to 2-PMPA since it contains a free amino group that 

allows conjugation to different types of effector molecules. However, the major drawback of 

GPI is the low binding affinity in phosphate containing buffers and in serum. In order to increase 

the binding affinity of GPI, Maison et al. designed multivalent Adamantan-GPI conjugates 
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(Figure 11).95 This concept led to an improved binding affinity of the AdamGPI trimer (Kd = 

3.0 nM in serum, 0.5 nM in PBS buffer and 0.4 nM in TBS buffer). 

 

 

 

 

Figure 11: Structures of GPI (highlighted in blue) and multivalent Adamantan-GPI conjugates.95  

 

Synthesis and in vitro evaluation of very potent urea-based PSMA ligands was published by 

Benesova et al. in 2015.96 They described the synthesis and in vitro binding of a new 68Ga-

labeled, urea-based PSMA inhibitor, (PSMA-617, 22) as well as the biodistribution and in vivo 

imaging studies. In this study, DOTA was used as a multi-dentate chelator, which can be labeled 

with diagnostic (68Ga, 177Lu) or therapeutic radionuclides. The design of a structure is based on 

three building blocks, namely: a PSMA targeting moiety, a linker, and a chelator for 68Ga. The 

study also showed that the role of the linker bearing a naphthalene side chain plays a big role 

for binding affinity and pharmacokinetics. PSMA-617 is one of the most promising PSMA 

ligands due to its strong binding affinity (Ki = 2.34 nM) to PSMA and high rate of 

internalization in prostate cancer cells. Biological properties of PSMA-617 were significantly 

improved in comparison with already clinically evaluated 68Ga-PSMA-11 (23), which was 

previously reported by Eder et al. in 2012.97 Clinical studies in patients showed that 68Ga-
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PSMA-617 detects lesions of prostate cancer with high imaging quality and minimal radiation 

exposure.98  

 

 

Figure 12: Structures of potent PSMA ligands 68Ga-PSMA-617 and 68Ga-PSMA-11.96,97 

 

Another group of PSMA ligands includes-antibody based tumor vectors coupled to the effector 

molecules such as radiometal chelators. The first FDA–approved imaging agent for PSMA was 

111In-capromab pendetide (ProstaScint®), established by Cytogen Corporation. This capromab 

is functionalized with the chelator diethylenetriaminepentaacetic acid (DTPA) and labeled with 

111In to obtain 111In-7E11-C5.99 Additionally, this antibody binds to the intracellular site of 

PSMA, which is accessible on necrotic tumors only and it is used for SPECT imaging in patients 

with hormone-refractory tumors after prostatectomy.100,101 The group of Bander et al. designed 

another antibody - J591102 binding to an extracellular site of PSMA, thus enhancing the 

sensitivity for detection of bone metastasis. J591 has been functionalized with different types 

of chelators, such as DOTA and DFO and labeled with 99mTc, 111In, 89Zn, 64Cu, 177Lu, 90Y for 

SPECT and PET imaging.102-111 Recently, the concept of Bander et al. was adapted and altered. 

Namely, J591 has been humanized and genetically engineered to a minibody 89Zr- Df-IAB2M, 
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having the advantage of drastically smaller size in comparison to the J591 antibody.112 The 

drawback of treatments with antibodies mainly comes from their size and consequently very 

long half-time in blood circulation, the bad signal-to-noise ratio in imaging and poor tumor 

penetration. Also, there is always a certain probability of an immune response to the applied 

treatment. Furthermore, the costs of introducing antibodies in therapy are much higher in 

comparison to the application of small molecules obtained by chemical synthesis.113,114 The 

need for more favorable pharmacokinetic characteristics triggered the development of PSMA-

binders with low molecular weight.114 A major advantage of these PSMA-ligands is faster 

clearance that leads to lower toxicity, no immune response and lower signal to noise ratio.  

 

1.3 Folate based imaging agents  

 

Over the last two decades, a major effort was invested in the development of folate-based 

radiotracers for nuclear imaging of folate receptor (FR)-positive tumors using SPECT.26,115,116 

There are several groups of folate agents that have been designed and preclinically evaluated, 

including [18F]fluorofolate radiotracers, deferoxamine-folate, and DOTA-folates. Fluorofolate 

radiotracers represent a group of folate precursors designed with the pendent approach, which 

means they are constituted out of 18F-labeled prosthetic group conjugated to a folate. Further 

examples of interest include: [18F]fluoro-benzylamine-folate and [18F]fluoro-benzene-folates. 

The first in vivo application of these types of imaging agents was reported by Bettio et al.117 In 

2006, Al Jammaz et al. used a similar radiosynthesis strategy to develop [18F]fluorobenzene-  

and [18F]fluoropyridinecarbohydrazide-folates (24-28, Figure 13).118 Additionally, they used 

methotrexate instead of folic acid as 18F-labeled prosthetic group. However, in vitro tests 

showed that the methotrexate analogs were binding with lower affinity in comparison to folates.   
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Figure 13: [18F]fluorobenzene- and [18F]fluoropyridinecarbohydrazide- folates for imaging applications.117,118 

 

In order to increase the modularity of folate radiotracers Ross et al., developed an 18F fluoro-

click-folate 31.119 The synthesis included coupling of azide-functionalized folate precursor (29) 

and 6-[18F]fluoro-1-hexyne (30) via copper-catalyzed click reaction. Unfortunately, increasing 

hydrophobicity led to a higher uptake of fluoro-click-folate in the bile and feces indicating its 

hepatobiliary excretion. However, retention in the kidneys was comparatively low.  

 

 

Figure 14: Synthesis of 18F fluoro-click-folate via click chemistry.119 
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Noticing that the high hepatobiliary excretion of new derivatives can lead to the accumulation 

in the abdominal vicinity, which may limit their potential as radiotracers for PET imaging of 

the folate receptor-positive tumors, Al Jammaz et al. reported a synthesis of fluoro-folate 

conjugates with different sugars.120 In order to achieve better pharmacokinetic properties, 

hydrophilic sugar moiety (fluoro-deoxy-glucose) was coupled to folate (Figure 15). This work 

also showed a short and rapid synthesis, with high purity and radionuclide yield, which makes 

these folate-analogs good candidates for large-scale production. Besides, biodistribution studies 

revealed a rapid blood clearance with excretion primarily by the urinary and hepatobiliary 

systems. Significant tumor uptake and favorable pharmacokinetics over other radioconjugates 

were also demonstrated. 

 

 

Figure 15: Fluoro-deoxy-glucose-folate.120  

 

The same year Fisher et al. published the fluoro-deoxy-glucose-folates derivatives using click-

chemistry to introduce a sugar moiety (Figure 16).121 The authors claimed that these results 

were clearly outperforming [18F]fluoro-click-folate, previously synthesized by Ross et al.  

 

 

Figure 16: Synthesis of fluoro-glucose-folates via click chemistry.121 
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Development of folate radiotracer moved further to the functionalization of folic acid with 

different types of acyclic and macrocyclic chelators such as DFO and DOTA. Fani et al. 

synthesized several DOTA- and DFO-folate conjugates with selective targeting of FR and good 

tumor to background ratio (Figure 17).122 They also introduced a shorter 1,2-diaminoethane 

linker (36) as well as longer PEG spacer (37) between folate and DOTA as potential 

pharmacokinetic modifiers. The substitution of DFO with DOTA, as well as the length of the 

spacer did not have a huge impact on the binding affinity and biodistribution of these 

radiotracers. 

 

 

Figure 17: DOTA and DFO - Folate conjugates.122    

 

In 2012, Müller et al reported first in vivo tests of new DOTA-folate conjugates with 152Tb and 

177Lu-labeled versions.123,124 These radiotracers contained an additional functionality that is 

able to bind serum albumin with μM- affinity (Figure 18). The albumin binding group was 

introduced into the backbone of the DOTA-folate molecule, thus enhancing the blood 

circulation time of 177Lu-folate-DOTA conjugate. Another outcome was the increased tumor 

uptake of 39 and lower renal accumulation compared to other 177Lu-labeled DOTA-folate 

without an albumin binding entity. 
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Figure 18: Chemical structure of DOTA-folate conjugated with albumin binding moiety.123 

 

Furthermore, in 2017 Siwowska together with Müller investigated further the role of albumin 

binding moiety as well as the spacer between it and folic acid.125 They evaluated the two 

compounds with different types of spacer: compound 41 with longer PEG-11 chain, and 

compound 40 with a short alkane chain. These studies revealed that the spacer length plays a 

critical role in terms of tissue distribution of the folate conjugate. The compound containing the 

alkyl chain showed increased albumin binding interactions in comparison to PEG derivative. 

The studies also confirmed a general high tumor uptake and in vitro stability of all the albumin-

binding entities compared with the reference compound without albumin binder.125 

 

 

Figure 19: DOTA-folate conjugates with shorter (40) and longer (41) spacer groups.125 
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1.3.1 Folates for PSMA targeting 

 

Mhaka et al. combined the receptor and enzyme function of PSMA in the prostate tissue, and 

developed a folate-based PSMA ligand.126,127 They used the prodrug concept which is 

composed of a chemotherapeutic methotrexate fragment AMPte (green, Figure 20) coupled 

with a peptide chain that can be activated exclusively by the hydrolysis via the enzymatic 

activity of PSMA.  

 

 

Figure 20: Folate-based analogs for PSMA targeting.126,127  

 

Small NAAG-like α-dipeptides (Asp-α-Glu), as well as poly-γ-Glu peptides, were coupled to 

AMPte in order to find the optimal substrate for PSMA. The advantage of this system is that 

AMPte is commercially available and inexpensive in large quantities. Besides, hydrolysis of 

peptides can be followed by HPLC since this compound contains UV active groups. The 

outcome was that compounds with very long peptide chains were not significantly hydrolyzed 

to AMPte-Glu by PSMA. This was explained by the fact that these folate analogs were 

transported into the cells via folate-specific uptake that is independent of PSMA hydrolysis. It 

was also hypothesized that the potential PSMA ligands should contain additional acidic amino 

acids (glutamic or aspartic), thus providing a charged molecule that shouldn’t cross the cell 

membrane before hydrolysis of the peptide by PSMA. 

Coward et al. reported synthesis of a folate-GPI derivative that inhibits FPGS.128 However, as 

PSMA recognizes GPI, this model can serve for further development of folate analogs for 

PSMA targeting. In this structure, the scaffold of folic acid is mimicked by AMPte (green, 
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Figure 21), and polyglutamate with GPI (blue, Figure 21). This concept allowed the inhibition 

of FPGS with IC50 = 0.12 nM.129 In addition, this work reports a first stereoselective synthesis 

of GPI, as well as coupling to known heterocyclic inhibitors of FPGS.  

 

 

Figure 21: Structure of folate-GPI analog by Coward et al.128 NUMBER BOLD
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2 Aims and Objectives 

 

Targeting tumor-specific cell surface epitopes, so-called tumor markers, with small molecules 

can lead to improved tools for cancer diagnosis and therapy. Elevated levels of PSMA are used 

as a tumor marker for prostate cancer diagnosis.63 PSMA has been found to act as a folate 

hydrolase and thus can recognize folylpolyglutamates.62 GPI (shown in blue, Figure 22) binds 

selectively to PSMA95,130 and imitates the polyglutamate sequence (highlighted also in blue, 

Figure 22) of folic acid. The aim of this thesis is the development of new folate-GPI derivatives 

to generate high-affinity modular PSMA binders for tumor targeting. As mentioned before, 

thorough investigations of GPI and its specific binding affinities are the key to the target-driven 

treatment of prostate cancer. However, sole GPI shows poor binding affinity in vivo.95,130  In 

order to overcome these limitations of GPI there is a need for modular ligand systems with 

functional groups that provide additional interactions in the active site of PSMA. In this work, 

synthesis of a modular ligand system combines structural features of folates (green, Figure 22) 

with the known ligand GPI (blue, Figure 22) and a spacer with a conjugation site for effector 

molecule. These structures were supposed to combine favorable binding characteristics of both 

structural elements and could thus overcome known limitations of GPI for in vivo applications.  

The core of new PSMA ligands is a hybrid structure folate-GPI. An important design criteria 

of these hybrid structures was modularity to allow functionalization with effector molecules 

such as chemotherapeutics for targeted cancer therapy, fluorescent dyes or metal chelators for 

targeted cancer imaging. As already shown in the literature, conjugation of spacer group in 

glutamate part of the PSMA ligands leads to decreased binding affinity. Therefore, in this work, 

the spacer unit is conjugated via amino group of an aminobenzoic acid part and is terminated 

by a primary amine which allows the conjugation with effector molecules. There are three main 

tasks in order to address the hypothesis of this thesis. Firstly, docking studies have to be pursued 

in order to find the optimal structures that can fit into the PSMA binding site. The selected 

substances have to be further synthesized and analyzed. The last step is the binding affinity 

evaluation of all the synthesized substances, via biological assays. For that purpose, the folate-

GPI hybrid has to be conjugated with a metal chelator DOTA as an effector molecule. 
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Figure 22: Design of novel folate-GPI derivatives.                                                                                
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3 Results and Discussion  

 

3.1. Docking studies 

 

The design of new hybrid targeting vectors is firstly verified through docking studies. As 

already mentioned these vectors contain a folate scaffold, a NAAG mimic derived from the 

known PSMA ligand GPI and contain a linker moiety terminated by a primary amine for the 

conjugation of effector molecules such as radiometal chelators, dyes or cytotoxic moieties 

(Figure 23). Docking analysis of known modular PSMA binders suggested the aniline nitrogen 

as a good anchor group for attachment of linkers to the effector molecule without compromising 

the binding affinity to PSMA.95,130 Molecular modeling studies in cooperation with Dr. Thomas 

Lemcke, showed that the binding affinity of GPI can be improved by conjugating structural 

elements of folate, thus enabling additional π stacking in a hydrophobic pocket of PSMA with 

Trp541. A suggested scaffold for these modifications is a hybrid structure 45, shown in Figure 

23. Chinoline derivatives are well-known mimics of the pteridine structure motive found in 

folate derivatives (circled in green, Figure 23).43 These heteroaromatic moieties can 

additionally be conjugated with effector molecules at the end of the spacer unit (encircled in 

red) to form modular ligand systems. Earlier modifications of folic acid derivatives were mostly 

performed via functionalization of carboxylic groups in glutamate rest, which compromises 

binding affinity.115,117,120,121,131 However, this work focuses on aniline nitrogen (highlighted 

with grey star, Figure 23) as a key position for further structure modification. 
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Figure 23: Molecular modeling of folate mimic 45 with key interactions and functional groups.
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3.2. Folate-GPI hybrid with different heteroaromatic groups  

 

Based on the docking studies of GPI the proposed scaffold of improved PSMA binders includes 

GPI as glutamate mimetic (blue), folate mimetic (green) and a spacer unit terminated by a 

primary amine (red) that allows further conjugation with effector molecule (Figure 24). For a 

detailed study of structure-activity relationships of hybrids 46, general short synthesis is needed, 

which would allow structural variation to build up a small library of test compounds. There are 

two main parts of the structure that can be varied. The aniline nitrogen is a good anchor group 

for attachment of variable heteroaromatic moieties, as well as a spacer unit. Simple 

heteroaromatic residues like chinolyl or pyridyl are suitable pteridine replacements for the 

synthesis of folate mimics, due to their structural similarity and their commercial availability. 

Despite indications that functionalization of the benzylamine in folate may improve binding 

affinity to PSMA, only a few examples of these type of PSMA-ligands are known (most of 

them N-methylated derivatives).128,132 Another part of folate-GPI hybrid that can be altered is 

p-aminobenzoic acid. There are several references in the literature for this type of 

modification.92,133-135   

 

 

Figure 24: Proposed scaffold of new folate mimetics. Bold number 

 

The retrosynthetic concept to the tailored folate analog, shown in Figure 25, involves the 

formation of the secondary amine 50 in the first step, which would be assembled from a suitable 

and commercially available primary amine 51 and a heteroaromatic aldehyde 52 via reductive 

amination. The following step involves an arylation of the secondary amine 50 with 4-

bromobenzoic methyl ester 49. This step is crucial since it builds the core for a modular ligand 

system. Moreover, this step is also very challenging because the complex nature of heteroaryl-

substituted secondary amines can cause lower reactivity for this reaction. Subsequent 
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deprotection of methylester 48 allows further coupling with GPI 20. The coupling of GPI 20 

with tertiary amine 47 also represents another synthesis challenge. Carboxyl groups of 

glutamate rest are essential for the binding in PSMA active site. Therefore, the primary amine 

of GPI 20 has to be coupled to free carboxylic acid of 47. Using GPI with protected carboxyl 

groups for the coupling with 47 would consider hydrolysis of all protecting groups in the finals 

step. The hydrolysis of protected GPI goes under harsh conditions (6M HCl), which is 

incompatible with the highly functionalized folate-GPI conjugate. Therefore, the coupling 

reaction has to proceed with the unprotected GPI. Lastly, Boc deprotection of primary amine 

allows further conjugation with effector molecule.  

  

Figure 25: Retrosynthesis design of novel folate mimics. 20 bold! 

 

3.2.1. Synthesis of secondary amines 

 

Secondary amines with different heteroaromatic moieties (50a-f) were obtained via reductive 

amination of suitable aldehydes (52) and primary amine (51) following the protocol of Nasr et 

al.136 The commercially available primary amine 51 and the aldehyde 52 were stirred under 
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reflux for 48 h in methanol, to ensure complete conversion to the imine. In the following step, 

the formed imine was reduced with NaBH4 to the corresponding secondary amine. Figure 26 

shows a general reaction scheme for this synthesis and the obtained yields for each derivative. 

 

 

Figure 26: Synthesis of secondary amines via reductive amination. 

 

3.2.2. Synthesis of tertiary benzylamines  

 

Synthetic routes to the required tertiary N-aryl benzylamine 48 include arylation of secondary 

benzylamines. Traditional approaches consider nucleophilic aromatic substitution (SNAr)137, 

the Cu-catalyzed Ullmann-coupling reaction and reductive amination. All of these methods 

require harsh conditions and show low substrate scope that often leads to low region selectivity 

and low reactivity.138 

First attempts involved nucleophilic displacements or reductive aminations of secondary 

anilides, but both approaches were either impaired by the low nucleophilicity of the secondary 

anilides or the lack of appropriate precursors. These findings forced a switch of the synthetic 

strategy to a late stage introduction of the central aniline motif by a Pd-catalyzed (Buchwald-

Hartwig) arylation of intermediate secondary benzylamines.  

 

Transition metal-catalyzed cross-coupling and particularly Pd-catalyzed reactions such as the 

Buchwald-Hartwig arylation are among the most attractive approaches in this field. The mild 

conditions and the broad reaction scope, combined with good functional group tolerance, make 

these conversions attractive in academia and pharmaceutical industry.139-142 The mechanism of 

this type of reactions described by Hartwig is shown in Figure 27.143 The first step in the 

catalytic cycle is the oxidative addition of Pd(0) species to the aryl halide (a). Two different 

reaction pathways are suggested starting from the Pd(II) species. The first pathway postulates 

addition of the amine (b) which results in the formation of the Pd(II) arylamine complex (c). 
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The last step of this pathway includes deprotonation followed by reductive elimination. In the 

second pathway, the base is added after the analogous oxidative addition and leads to the 

complex b'. In the following step, the amine is deprotonated by the Pd-coordinated base and 

added to a Pd-Ar complex. Finally, complex c is obtained again, as in the previously described 

pathway.  

 

 

Figure 27: General mechanism for Pd-catalyzed N-arylation.143 

A very frequent side reaction can occur during the reductive elimination, where the amine 

undergoes β-hydride elimination to generate an imine and a Pd(II) aryl hydride. A major 

problem if sterically hindered secondary amines are used as starting materials is the formation 

of the reduced arene and regenerated Pd(0) (Figure 28).143 Bulky bidentate Pd-ligands like 

XPhos, DavePhos and SPhos are known to accelerate the overall rate of arylation and enhance 

reductive elimination relative to β-hydride elimination.144  

 

 

Figure 28: β-Hydride elimination as a side reaction to reductive elimination.143,145 
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In 1997 Buchwald et al. published one of the first procedures for the cross-coupling of a wide 

range of amines and aryl bromides. Standard conditions use a Pd source such as Pd(OAc)2, 

BINAP as a ligand and a suitable base, most commonly Cs2CO3 (Figure 29).144 

 

 

 

Figure 29: One of the first practical protocols for the coupling of amines with aryl halides by Buchwald et al.144 

 

Based on these results, the “first-generation” of Buchwald-Hartwig catalyst systems were soon 

established and over the last decade expanded to more sophisticated phosphine ligands. 

Whereas “first-generation” conditions for primary amine alkylation were based on chelating 

ligands such as BINAP (L6) or DPPF (L5) which occasionally lead to imine byproducts, the 

focus shifted to simple PR3 (L4, L6) or PAr3 (L5, L7) ligands (Figure 30).143,146 

The third generation of ligands are dialkylbiarylphosphine ligands (L8-L14). They can be 

strongly varied by different alkyl groups on the phosphorus atom and substituents on the biaryl 

system and thus offer highly tailored catalyst systems.147 
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Figure 30: Most prominent phosphine ligands for Pd-catalyzed Buchwald-Hartwig cross-coupling reactions. 

 

The latest generation consists of precatalysts, which are activated under the normal reaction 

conditions, e.g. through the added base (Figure 31).148-155 Buchwald et al. designed precatalysts 

that require lower temperatures, less catalyst loading and shorter reaction times for arylation 

than comparable catalyst systems. A list of frequently used precatalysts (P1-4) is shown below: 

 

 

Figure 31: The latest generation of Buchwald-Hartwig catalyst systems. 

 

In this work, the Buchwald-Hartwig arylation has been utilized for the synthesis of 

multifunctional tertiary amines 48. The general scheme of the reaction conditions is shown in 

Figure 32. 
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Figure 32: General conditions of Buchwald-Hartwig reaction for the synthesis of folate mimics. 

 

The synthesis of multifunctional tertiary amines bearing a benzylic position and a 

heteroaromatic system via Pd-catalyzed cross-coupling reactions has not been reported in the 

literature. Based on the experience that secondary benzylamines are highly challenging 

substrates for Buchwald-Hartwig arylations, numerous conditions were examined to obtain the 

desired tertiary N-aryl benzylamine. The secondary amine 50a-f were submitted to Pd-catalyzed 

arylation with aryl bromide 49 under typical Buchwald-Hartwig conditions. 140,156 The outcome 

of these initial attempts was quite poor with a low conversion of starting amines 50a-f. In 

addition, rather complex mixtures of products were obtained in many cases. A representative 

example is shown in Figure 33 with the conversion of secondary amine 50a. The reaction 

process was found to be unselective and we observed an incomplete conversion of starting 

materials resulting in the formation of rather complex product mixtures. 

Next to expectable side products such as benzoic acid ethyl ester (dehalogenated arylbromide) 

or degradation products, derived from β-hydride elimination, we identified three different 

arylation products 58-60. Besides the desired N-arylated product 58, the regioisomeric products 

(N-Boc arylated) 59 and a C-arylated product 60 were also identified and characterized.  
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Figure 33: The observed mixture of products with secondary amines 50. 

 

In order to clarify the role of the structural elements in arylation substrates 50a-f for 

chemoselectivity of the arylation reaction, the structural complexity of the starting materials was 

reduced to simple benzylamines 61. For this purpose, Sharah Chandralingam was investigating 

new reaction conditions. The standard reaction conditions were used for Pd-catalyzed arylation 

of secondary amines with different Pd-ligands (Table 1).144 As shown in Table 1, the reactions 

with different ligands proceeded smoothly and the N-arylated products 62 were obtained with 

good yields (entries 1-8). Moreover, the arylations of bulky secondary amines such as N-

benzylbutan-1-amine were still clean, but show a rather slow conversion of starting materials. A 

conversion of 66% was observed after 20 h of reflux in toluene to give 62d in 55% yield (entry 

4). The application of more recent ligands such as XPhos, CyJohnPhos, DavePhos, and SPhos 

(entries 1 and 5-8) showed particularly clean conversions due to a significant reduction of the 

main side reaction (β-elimination). These bulky, monodentate ligands are known to accelerate 

the overall rate of arylation and enhance reductive elimination relative to β-hydride 

elimination.157 It is notable, that only N-arylation was observed and no C-arylation in benzylic 

position in this set of experiments. 
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Table 1. Pd-catalyzed arylation of benzyl amines 61. 

 

 

Entry R1 R2 Ligand Conversion % 
(62, Yield %) 

1 Ph H XPhos 90 (62a, 88) 

2 Me H BINAP 78 (62b, 23)144 

3 Me CO2Me BINAP 95 (62c, 90) 

4 nBu H BINAP 66 (62d, 53) 

5 Me H XPhos 83 

6 Me CO2Me CyJohnPhos 100 (62c, 70) 

7 Me CO2Me DavePhos 84 

8 Me CO2Me SPhos 100 (62c, 88) 

[a] Conversion of starting material 61 as measured by 1H-NMR of the crude product. [b] Yield of isolated product 
62 after chromatography. 
 

In a further set of test experiments, heteroaryl moieties were introduced into the arylation 

substrates 66a-e (Table 2). The unusual C-arylation of the 2-chinolinyl substrate 66d was 

confirmed in benzylic position to product 68 (Table 2, entries 1-3). This chemoselective 

reaction was independent of the choice of Pd-ligand used and quite specific for the arylation of 

2-chinolyl substituted substrate 66d. A corresponding C-arylated reaction product was observed 

only for arylations of 2-pyridinyl substituted amine 66a, which again gave mixtures of N- and 

C-arylated products 67 and 68 (Table 2, entries 6 and 7). However, in this case, only small 

quantities of the C-arylated product were observed in the crude NMR and by HRMS analysis. 

There is limited precedence for Pd-catalyzed C-arylations in benzylic positions in the literature. 

The known examples are limited to electron poor benzylic positions with no competing reactive 

functionalization.158-161  
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Table 2. Pd-catalyzed arylation of secondary amine 66. 

 

 

 

Entry Ar Ligand 
Ratio[a] 

14:15 

Yield 

(adduct) 

1 2-chinolyl CyJohnPhos 0:100 (15d) 41%[c] 

2 2-chinolyl PCy3 0:100 (15d) 12%[c] 

3 2-chinolyl SPhos 0:100 (15d) 26%[b] 

4 4-chinolyl BINAP 100:0 (14e) 41%[c] 

5 4-chinolyl CyJohnPhos 100:0 (14e) 57%[b] 

6 2-pyridyl BINAP 95:5 (14a) 58%[b] 

7 2-pyridyl PCy3 95:5 (14a) 26%[c] 

8 3-pyridyl BINAP 100:0 (14b) 57%[b] 

9 3-pyridyl PCy3 100:0 (14b) 54%[c] 

10 3-pyridyl PPh3 100:0 (14b) 36%[c] 

11 4-pyridyl dppf 100:0 (14c) 17%[c] 

12 4-pyridyl BINAP 100:0 (14c) 12%[b] 

[a] Ratio of products, established by 1H-NMR analysis of the crude reaction mixtures. [b] 

Isolated yield. [c] Yield established by 1H-NMR analysis of the crude reaction mixtures. 

 

Recently, Walsh has reported Pd-catalyzed benzylic C-arylations of azaarylmethylamines, 

bearing tertiary and therefore unreactive amines (Figure 34).162 They stated that neither addition 

nor removal of directing groups was necessary for facilitating the yields, except that sterically 

more hindered substrates failed to provide the desired product. However, under Buchwald 

Hartwig conditions, C-arylation in the presence of a competing N-arylation site (reactive 

secondary amine) has, to the best of our knowledge, not been reported so far.  



Results and Discussion 

35 

 

Figure 34: C-H-Functionalisation of (azaaryl)methylamines 63 by Walsh et al.162 

 

The unique reactivity of substrates like 66d is most likely a consequence of the relatively high 

CH-acidity in the benzylic position combined with chelation assistance of the 2-

azaarylmethylamine moiety. 4-chinolyl substituted substrate 66e, in contrast, gave only the 

initially expected N-arylation to tertiary amine 67 (Table 2, entries 4 and 5). The same trend 

was observed with pyridyl substituted amines 66b and 66c (Table 2, entries 8-12). It is notable 

that conversions of heteroaryl-substituted starting materials 66a-e were all lower than those for 

benzylamines 61 shown in Table 1. However, the obtained yields of 48-56% for products 14-

15 are still in an acceptable range.  

Next set of experiments included substrates that combined a Boc-protected aminohexyl residue 

with a benzyl or a cyclohexyl group in arylation precursors 50f, 50g (Table 3). The compounds 

were again submitted to Buchwald Hartwig arylation with different ligands (Table 3). After a 

short screening of solvents (toluene, THF, DMF, DME, MeCN) and bases (Cs2CO3, LiHMDS, 

K3PO4, K2CO3, KOtBu, NaOtBu), the reaction conditions depicted in Table 3 were the most 

efficient. Interestingly, the regiochemistry of arylation was dependent on the choice of Pd 

ligand. Arylations with classic chelating ligands like BINAP or dialkylbiarylphosphine ligands 

like SPhos gave excellent selectivity for arylation of the (more acidic) carbamate NH to give 

N-arylcarbamates 70. This is in the alignment with observations of Buchwald on the selective 

Pd-dialkylbiarylphosphine-catalyzed arylation of more NH-acidic anilines compared to 

alkylamines.163 However, in a related study, Buchwald has observed preferential Pd-catalyzed 

arylation of (non-hindered) anilines in the presence of competing carboxamides with 

dialkylbiarylphosphine ligands such as SPhos or XPhos.164 These findings may be rationalized 

with a delicate influence of the binding ability of the nitrogen nucleophile to the Pd-catalyst 

(determined by its nucleophilicity) and deprotonation of the resulting amido-Pd-complex 

(determined by NH acidity). It is interesting to note, that monodentate ligands such as PCy3 and 

PPh3 led to a complete switch in chemoselectivity. With these ligands, substrates 50f, 50g were 

converted to arylamines 69 (Table 3, entries 1, 8 and 9). Compared to all model reactions before, 
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the introduction of the Boc-protected aminohexyl substituent in 50f and 50g led to less clean 

conversions which might be due to partial Boc-cleavage under alkaline conditions in refluxing 

toluene.165 

 

Table 3. Pd-catalyzed arylation of secondary amines 50f, 50g. 

 

 

entry R ligand Ratio[a] 

16:17 

Yield 

(adduct) 

1 phenyl PCy3 100:0 (69f) 11%[b] 

2 phenyl BINAP 0:100 (70f) 24%[b] 

3 cyclohexyl BINAP 0:100 (70f) 19%[c] 

4 cyclohexyl dppf 0:100 (70f) 0.6%[c] 

5 cyclohexyl JohnPhos 0:100 (70f) 22%[c] 

6 cyclohexyl SPhos 0:100 (70g) 24%[b] 

7 cyclohexyl XPhos 0:100 (70g) 36%[c] 

8 cyclohexyl PCy3 100:0 (69g) 17%[b] 

9 cyclohexyl PPh3 100:0 (69g) 54%[c] 

[a] Ratio of products, established by 1H-NMR analysis of the crude reaction mixtures. [b] Isolated yield. [c] Yield 

established by 1H-NMR analysis of the crude reaction mixtures.. 

 

This selectivity trend might suggest that steric factors contribute to the selectivity of arylation 

next to the basicity of NH groups. Wolfe has noticed a preference of chelating ligands like 

dpePhos or BINAP for carbamate conversion over arylation of secondary amines in Pd-

catalyzed domino cyclizations of alkenylamines or alkenylcarbamates, which is in agreement 
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with our findings.166. Both arylation products can be easily distinguished by their 1H-NMR 

spectra (Figure 35) due to a pronounced difference in chemical shifts for the benzylic protons 

(pink arrow) from 3.78 ppm (N-aryl carbamate 70f), to 4.60 ppm for the tertiary amine 69f. 

Moreover, the N-H signal of free secondary amine in 70f appears at 2.94 ppm, whereas for 69f, 

that signal doesn’t appear in the spectrum. Additionally, the proton signal from NH-Boc in 70f 

appears in form of a broad singlet at 4.49 ppm. Aromatic areas of these products also differ for 

the signal shifts of proton signals in ortho position of the phenyl ring (orange arrow). 

 

 

Figure 35: 1H-NMR spectra of 68f and 70f. 
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After the screening studies of the folate mimics bearing benzyl and cyclohexyl group, the next 

step was to investigate the influence of the substrates bearing 2,3,4,6,8- chinolyl moieties (50a-

e). The focus of this investigation was also finding the optimal conditions for synthesis of 

desired N-arylated folic mimics with chinolinyl moieties, suggested by docking studies in 

chapter 3.1. A number of heteroaryl- and Boc-aminohexyl-substituted secondary amines 50a-e 

were converted with arylbromide 49 (Table 4). As mentioned previously (compare Figure 33), 

these substrates allow arylations in three different positions. All conversions of these more 

complex substrates were significantly less clean, then those of the model substrates investigated 

before and the products were isolated in only moderate yields after chromatography. With the 

2-chinolyl substituted substrate 50a, complete selectivity for the unusual C-arylated product 58 

was observed, independent of the Pd-ligand used. Again, C-arylation was exclusively observed 

with 2-chinolyl. This finding suggests a strong influence of chelation assistance on these type 

of arylations. With all other substrates, only N-arylations of either carbamates or secondary 

amines were observed. Chemoselectivity was again strongly influenced by the choice of ligand. 

Monodentate ligands like PCy3 were favoring the arylation of secondary amines to give tertiary 

amines 60 and dialkylbiarylphosphines like SPhos favoring carbamate arylation to give 

arylcarbamates 59. These results are in good agreement with the reactivity trend observed with 

benzylamines 50f (see Table 3). 

 

Table 4. Pd-catalyzed arylation of secondary amine 50a-f. 

 

entry R ligand Ratio[a] 

58:59:60 
Yield 

(adduct) 

1 2-chinolyl CyJohnPhos 100:0:0 (58a) 16%[b] 

2 2-chinolyl XPhos 100:0:0 (58a) 41%[c] 

3 2-chinolyl PCy3 100:0:0 (58a) 48%[b] 

4 2-chinolyl BINAP 5:55:40 (59a) 12%[b] 



Results and Discussion 

39 

5 3-chinolyl Xphos 0:70:30 (59b) 53%[c] 

6 3-chinolyl PCy3 0:0:100 (60b) 55%[b] 

7 4-chinolyl CyJohnPhos 0:56:44 (59c) 47%[c] 

8 4-chinolyl PCy3 0:0:100 (60c) 56%[b] 

9 6-chinolyl dppf 0:60:40 (59d) 48%[b] 

10 6-chinolyl PCy3 0:45:55 (60d) 15%[b] 

11 8-chinolyl dppf 0:100:0 (59e) 77%[c] 

12 8-chinolyl PCy3 0:8:92 (60e) 45%[c] 

13 8-chinolyl XPhos 0:100:0 (59e) 24%[b] 

14 8-chinolyl CyJohnPhos 0:100:0 (59e) 71%[c] 

15 8-chinolyl SPhos 0:73:27 (59e) 21%[c] 

[a] Ratio of products, established by 1H-NMR analysis of the crude reaction 
mixtures. [b] Isolated yield. [c] Yield established by 1H-NMR analysis of the crude 
reaction mixtures.  

 

  

Proton and two dimensional NMR investigation verified the C-arylation (Figure 36) as well as 

N-Boc arylation (Figure 37) with the substrate 50a. The distinct proton signal at 5.07 ppm of 

the benzylic position (orange encircled) coupled with carbon at 67.6 ppm clearly shows in 

HSQC red signal of trisubstituted carbon for 58a. In addition, N-Boc arylated product 59a 

shows a proton signal at 4.06 ppm (dark red encircled) coupled with carbon at 54.1 ppm, as 

well as the blue signal in HSQC of disubstituted carbon, shown in Figure 37.  

 

Figure 36: HSQC spectrum of C-arylated (58a) product. 
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Figure 37: HSQC spectrum N-Boc arylated (59a) product. 

 

An additional minor side product was detected for some of the arylation reactions depicted in 

Table 4. Particularly for arylations with dialkylbiarylphosphine ligands, biarylated compound 

71 was observed in small quantities. If an additional equivalent of arylbromide 8 was added, N-

biarylated product 74 would be the major reaction product (Figure 38).  

 

Figure 38: Pd-catalyzed biarylation of secondary amines 50. 

  

Secondary benzylamines are notoriously difficult substrates for Buchwald Hartwig type 

arylations. In particular, the functionalized derivatives bearing heterocyclic groups like 

pyridines and chinolines are very challenging. However, a careful choice of Pd-ligands allows 

the chemoselective arylation of competing groups such as carbamates, secondary amines, and 

strongly CH-acidic benzylic positions. As a general trend it was found that the use of 

monodentate Pd-ligands like PCy3 leads to selective arylation of secondary amines. In contrast, 
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dialkylbiarylphosphine Pd-ligands led predominantly to carbamate arylations. Particularly 

challenging substrates for Pd-catalyzed arylations are heteroaryl-substituted amines like 66a-e 

or 50a-e. The CH-acidic benzylic position in these derivatives led to an increase in side 

reactions. With 2-chinolyl substituted amines 50a and 66d, a completely different arylation 

selectivity for the benzylic carbon was observed. These reactions gave C-arylated folate analogs 

9 and 15. Variants of chelation assisted Pd-catalyzed C-arylations of benzylamines have been 

reported only rarely in literature before. In these cases, no competing nucleophilic 

functionalities like amines or carbamtes were present. The formation of C-arylated products 

like 58 and 68 was therefore unexpected. If ligands are chosen carefully, Pd-catalyzed 

arylations of secondary benzylamines allow the synthesis of novel C- and N-arylated structural 

analogs of folic acid, which are not easily accessible by other methods. These compounds are 

modular and allow the conjugation of modified folates to other functional molecules such as 

dyes or other contrast agents.  

 

3.2.3. Synthesis of GPI 

 

Several synthetic routes towards GPI 20 were already established by Feng, Barinka, and 

Coward.128,129,132 The first steps involved the synthesis of the two main building blocks of GPI: 

acryl ester 73 and phosphinic acid 75. Following the synthesis protocols known from the 

literature, acryl ester 73 was obtained starting from the corresponding tert-butyl-acrylate 72, 

via Baylis-Hillman reaction.167,168 The synthesis of the second building block 75 was performed 

by the protocol of Coward et al.128 In the oxidative phosphorylation of the vinylglycine 

derivative 74 with amoniumhypophosphite and triethylborane, the phosphinic acid 75 was 

obtained in a good yield. The following steps are the silylation of 75 with BSA and subsequent 

phosphorous Michael addition of already prepared acryl ester 73. Lastly, the hydrolysis of all 

protecting groups with 6M HCl under reflux generated a diastereoisomeric mixture of GPI 20. 
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Figure 39: Synthesis of GPI 20.128,167 

 

3.2.4. Coupling of the tertiary amine with GPI 

 

After establishing a robust protocol for the synthesis of tertiary amines by Pd-catalyzed 

Buchwald-Hartwig reactions, further steps involved deprotection of the methyl ester in order to 

generate a carboxylic acid for the subsequent coupling with GPI. Saponification was achieved 

for compounds 60b and 60c, using an excess of LiOH in water/THF. After full conversion of 

starting material, the solution was neutralized with hydrochloric acid and the compounds 77a 

and 77f were purified via reversed phase column chromatography. 

 

 

Figure 40: Synthesis of carboxylic acids 60b and 60f. 
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The following step considers the coupling with GPI 20 to the folate mimic 77. As previously 

mentioned, this reaction is a crucial and at the same time very challenging step in the synthesis 

of folate-GPI hybrid structures. Carboxyl groups of glutamate rest are essential for the binding 

in PSMA active site. Therefore, the primary amine of GPI 20 is submitted to the coupling 

reaction with a free carboxylic acid of 77. One strategy for the coupling reaction would be to 

use GPI with protected carboxyl groups. However, that would consider hydrolysis of all 

protecting groups in the final step. Since the hydrolysis of protected GPI goes under harsh 

conditions (6M HCl), this approach is incompatible with the highly functionalized folate-GPI 

conjugate. Hence, the coupling reaction has to proceed with the unprotected GPI, so that in the 

final step only Boc group needs to be hydrolyzed. Applying this strategy means that we need 

an active ester of 77 in order to successfully obtain coupled product. For activation of the 

carboxylic acid 77a, a well-known additive in carbodiimide-mediated coupling, N-

Hydroxysuccinimide, was applied.169 Moreover, this method was already used for coupling of 

GPI with adamantane derivatives by Maison et al.95,130  

The first step is the formation of NHS-ester with the standard procedure by using EDC·HCl 

and HOSu. The conversion of starting material was monitored by LC-MS analysis and the crude 

NHS-ester was used without further purification. Since the NHS-ester is prone to hydrolysis in 

an aqueous medium, purification by reversed phase column chromatography couldn’t be 

accomplished.  

 

 

Figure 41: Coupling reaction of carboxylic acid 77b with GPI via NHS-ester 78. 
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The subsequent coupling of NHS-ester 78 with GPI was leading to a low conversion and 

complex mixtures. Additional LC-MS analysis clearly indicates the starting material remaining 

in the reaction solution and several side products could also be observed (Figure 42). 

Furthermore, the active NHS-ester 78 could still be detected in the reaction solution, indicating 

that NHS ester is not active enough for this system. Another point that has to be considered is 

that GPI is a very hygroscopic substance and that the presence of water might lead to the 

hydrolysis of NHS ester.  

 

Figure 42: LC-MS chromatogram of the coupling reaction of 77b and GPI.(20) Parameters: (a) VWR Hitachi 

LaChrom Elite, (b) Nucleodur RP- C18 Htec EC, (c) gradient H2O/CH3CN + 0.05% HCO2H 98% to 2% in 30 

min. 

 

In the Ph.D. thesis of Florian Rüping, same challenges with the similar substrates were 

encountered. There were many attempts to optimize this reaction with increasing equivalents 

of the base, elevating reaction temperatures and longer reaction times. The investigation showed 

that the full conversion couldn’t be accomplished and just the small amount of starting material 

was converted to the desired compound. In the conclusion, Rüping stated that NHS-ester wasn’t 

reactive enough for conjugation with GPI 20 and very often led to side reactions. After 

encountering issues with the coupling reaction via NHS ester 78, another strategy for GPI 20 

coupling considered the protocol from Coward et al.128 (Figure 43). Hereby, instead of NHS 

active ester, an azid is used as an active group. The carboxylic group of 77b was transformed 

into the corresponding azide, which subsequently reacts with GPI. In the first step, a mixed 

anhydride was formed by adding isobutylchloroformiat, followed by NaN3 addition which led 

to the desired carbonyl azide 80. The full conversion to both mixed anhydride and azide was 

verified by LC-MS. In the following step, carbonyl azide 80 was submitted to the coupling 
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reaction with GPI, in abs. DMSO and tetramethylguanidine as a base. Coupling reaction of 

substrate bearing benzyl moiety 77f, however, showed no conversion to the desired product.  

In the final step, deprotection of the primary amine with a mixture of TFA and CH2Cl2 gave 81. 

The final compound 81 was obtained in a moderate yield after reversed phase column 

chromatography. During purification, folate-GPI conjugate 81 has shown an affinity to bind on 

the surface of silica, due to high number of free carboxylic groups. Consequently, this caused 

sticking and issues to obtain coupled compound in a higher yield. 

 

 

 

Figure 43: Conjugation of carboxylic acid 77 and GPI 20 using the method by Coward et al.128 

 

3.2.5. Coupling with DOTA 

 

After establishing synthetic methods for the synthesis of the desired modular folate mimetic 81, 

further steps included conjugation with an effector molecule. In cooperation with Malte 

Holzapfel, the folate mimetic 81 was conjugated with DOTA as an effector molecule following 

the protocol shown in Figure 44. The DOTA conjugate 83 was assembled from a suitable NHS-

ester 82 and 81, under basic conditions in DMSO at r.t., for 16h. The Boc deprotection was 

accomplished with a TFA/DCM mixture at r.t. for 6 h. In the final step DOTA conjugate 83 is 
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obtained as metal complex in order to estimate binding affinity towards PSMA and it is usable 

for any metal-based diagnostic method. conditions 

 

 

Figure 44: Coupling of folate mimic 81 with DOTA-NHS ester 82. 

 

3.3. Simplified folate-GPI conjugates with modified aryl linker 

 

In the chapter 3.2. was shown that the synthesis of folate-GPI conjugates by N-arylation is 

possible, however highly demanding and dependent on heteroaromatic compounds. Therefore, 

it is difficult to build efficiently a library of folate-GPI conjugates with different 

heteroaromatics. Another way to optimize affinity is by modifying aryl linker. Literature 

suggests that altering length and nature of the linker group in modular PSMA ligands can lead 

to increased affinity and tumor uptake.134,170,171 In the study of Eder et al. the role of linker 

group was thoroughly investigated.134 A series of urea-based DOTA-conjugated PSMA 

inhibitors were synthesized and evaluated in vitro and in vivo. To improve the binding affinity 

of the PSMA inhibitors, various linker moieties were investigated between the urea-based 

PSMA-ligand and DOTA (Figure 45). 
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Figure 45: Urea-based DOTA-conjugated PSMA ligands by Eder et al. with estimated Ki values.134 

An analysis of various linker moieties and the corresponding binding affinities showed the 

following: the first set of compounds with benzylamine scaffold (84a-c) showed that the longer 

linker moiety (84b, 84c) is correlated to a higher binding affinity in comparison to 84a and that 

the optimal number of benzylamine units is three. Moreover, in the second set of ligands (84d-

f), introducing a rigid system such as cyclohexyl group instead of an aromatic moiety led to 

lower affinity. Adding more cyclohexyl units decreased the binding affinity even more. The 

influence of substitution pattern was evaluated with the last set of ligands (84g-i). Ligand 84g 

with the structural motif of PSMA-617, expressed overall the highest internalization 

(16.17 ± 3.66%) as well as good inhibitory potency (Ki = 2.34 nM). Based on the studies of Eder 

et al. that revealed a crucial effect of linker groups on PSMA binding affinity, a new set of 
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compounds was designed and synthesized in order to evaluate the role of linker groups in folate-

GPI conjugates. The proposed structures are shown in Figure 46. 

There are several notable points that are going to be investigated with this set of ligands: 1. 

Impact of spacing by altering aniline to benzylamine with ligands 84a-c. 2. The geometry of 

the molecule with meta-substituted ligand 85b. 3. The role of steric factors with the ligand 84c, 

by substitution with chlorine in meta-position. 4. The importance of the aromaticity of the 

folate-GPI conjugates with ligand 84d by introducing cyclohexyl ring instead of the aryl group. 

To keep the synthesis short and effective in order to build a library of folate-GPI conjugates, 

the secondary amines without heteroaromatics should first be prepared. 

 

 

Figure 46: Proposed structures of folate-GPI conjugates with modified linker moieties. The main modifications 

are highlighted in green. 

 

3.3.1. Docking studies of the simplified folate-GPI conjugates with modified aryl linker 

 

Supporting docking studies of the proposed ligands 85a-d were performed in order to evaluate 

the binding interactions in the active site of PSMA. Docking scores were calculated via Maestro 

11.3 software using the crystal structure of PSMA (PDB reference: 4mcp).74 As already 

described in chapter 1.2., the active site contains two zinc ions separated by 3.2 Å and it is 

connected to the extracellular domain through a ~20 Å deep tunnel.63 Fist step was to model 

the binding of the natural substrate folic acid-γ-Glu (shown in orange, Figure 47) into the PSMA 

active site. Identified key interactions were: salt bridges of an α-carboxylate with Arg210 (1.9 

Å) and a γ-carboxylate with Lys699 (2.0 Å) in the hydrophilic pocket. The Glu-γ-Glu 

carboxamide is closely coordinated (2.3 Å) to a PSMA zinc atom via oxygen, (grey spheres, 
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Figure 10). The p-aminobenzoyl linking group is oriented for a possible π-stacking interaction 

(4.3 Å and 4.7 Å) with the Tyr700 aromatic system in the hydrophobic pocket of PSMA. Lastly, 

the aminopteridine heterocycle is oriented in a manner to participate in favorable π-stacking 

interaction (4.9 Å) with Trp541. The total docking score for folic acid was -11.57, which 

indicates a good binding affinity to PSMA. 

A                                                         

B  

Figure 47: A Docking of folic acid to the PSMA binding site. Main interactions are shown as yellow dashed lines. 

Amino acids are colored in light blue. B Schematic representation showing key interactions of folate with the 

active site of PSMA. 

 

For the docking studies of folate mimics with modified linker groups (85a-d), the main 

constraint included in this study was the interaction of a folate carboxylate with Lys699 in a 

hydrophilic region of the binding pocket of PSMA. Ligand 85a (shown in light grey, Figure 48) 

fits well with a docking score of -12.57. The phosphinic acid of GPI also binds to an active site 

Zn2+ ion (1.9 Å). Additional π-interactions of the benzene ring with Tyr700 (4.9 Å) can also be 

observed, as well as a salt bridge of the α-carboxyl group of GPI with Arg210 (1.7 Å).  
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A  

B  

Figure 48: A: Docking of ligand 85a (light grey) in the binding site of PSMA. Main interactions are shown as 

yellow dashed lines. Amino are colored in light blue. B Schematic representation showing key interactions of 85a 

with the active site of PSMA. 

 

Ligand 85b (purple, Figure 49) showed the best fitting with the highest docking score -14.38 in 

this study. Compared to ligand 85a the interaction between the benzene ring and tyrosine was 

sufficient to provide very close π stacking (< 4 Å). The groups of Barinka and Berckman have 

described the importance of these hydrophobic interactions for a good binding affinity to 

PSMA.135,172 The authors stated that ligands allowing full insertion of the phenyl ring into the 

accessory hydrophobic pocket had good binding affinities and were efficient inhibitors of 

PSMA. Additionally, ligand 85b showed close interactions with Zn2+ ions (2.1 Å). The salt 

bridge of the α-carboxyl group of GPI with Arg210 (1.8 Å) was also crucial for a good binding 

affinity. 
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A  

 

B  

Figure 49: A: Docking of ligand 85b (purple) in PSMA binding site. Main interactions are shown as yellow dashed 

lines. Amino acid are colored in light blue. B Schematic representation showing key interactions of 85b with the 

PSMA active site. 

 

Docking of ligand 85c (shown in pink, Figure 50) revealed also a better fitting in comparison 

to folic acid with a docking score of -12.30. In analogy to ligand 85a, coordination of phosphinic 

acid of GPI to a Zn2+ ion (2.0 Å) was observed. Moreover, the salt bridges of γ- and α-carboxyl 

groups of GPI with corresponding amino acids (Lys699 - 2.0 Å and Arg210 - 1.8 Å) were 

observed. Additional π-interactions of the benzene ring with Tyr700 (4.3 Å and 4.2 Å) also 

played an important role for a good fitting in the PSMA tunnel. 
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A  

 

B  

Figure 50: A: Docking studies of ligand 85c (pink) in PSMA binding site. Main interactions are shown as yellow 

dashed lines. Amino acids are colored in light blue. B Schematic representation showing key interactions of 85c 

with the active site of PSMA. 

 

Docking of ligand 85d (yellow, Figure 51) revealed good fitting and a higher docking score (-

12.26) compared to folic acid (-11.57) as a reference. This ligand showed good key interactions 

in the active site of PSMA e.g. close interactions with a zinc ion (2.0 Å). The salt bridges of γ- 

carboxyl group with Lys699 (2.0 Å) as well as α- carboxyl group with Arg210 (1.7 Å) in the 

hydrophilic pocket of PSMA. Additional π interactions with Tyr700, however, couldn’t be 

provided compared to ligands 85a-c, since this ligand doesn’t have an aromatic system. 
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A  

 

B  

Figure 51: A: Docking studies of ligand 85c (yellow) in PSMA binding site. Main interactions are shown as 

yellow dashed lines. Amino acids are colored in light blue. B Schematic representation showing key interactions 

of 85d with the active site of PSMA.  

 

The outcome of docking studies revealed following: aromatic group in the linker brings affinity 

for π-stacking, but may not be essential (see cyclohexyl derivative 85d). Moreover, meta-

substitution (ligand 85b) gave the highest score indicating that the geometry of the molecule 

might play an important role in the binding affinity. 

 

3.3.2. Synthesis plan 

 

The synthetic concept to simplified folate-GPI derivatives is similar to the one mentioned 

earlier in Figure 25 on page 26. However, it does not contain the problematic N-arylation and 

should thus more easily allow the synthesis of a small test library of compounds 85a-d. The 

assembly of intermediate secondary amines 87 via reductive amination allows the variation of 

substituents and scaffolds starting from commercially available building blocks 51 and 88. 
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Figure 52: Retrosynthetic concept of simplified folate mimics. 

 

3.3.3. Synthesis of the secondary amines 

 

Secondary amines with modified linker groups were obtained via reductive amination of suitable 

aldehydes 88 and N-tert-butoxycarbonyl-1,6-hexanediamine 51 following the protocol of Nasr 

et al.136 The commercially available primary amine 51 and aldehyde 88 were stirred under 

reflux for 24 h in methanol to ensure complete conversion to the imine. In first attempts, the 

imine was subsequently reduced with NaBH4. This lead to a significant amount of side products 

due to the reduction of the ester group. By changing to a milder hydride donor 

(Na(CH3COO)3BH), a selective imine reduction and formation of the desired secondary amine 

was achieved in good yields. Figure 53 shows the general reaction conditions and the obtained 

yields for each derivative. 

. 
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Figure 53: Synthesis of secondary amines 87a-d via reductive amination. 

 

3.3.4. Coupling with GPI 

 

Saponification of ester 87 generated the free carboxylic acid 86 available for coupling to GPI. 

Four different derivatives 86a-d were prepared in moderate to good yields using the same 

procedure from the chapter 3.2.4. (Figure 54). 

 

Figure 54: Synthesis of carboxylic acids 86a-d under alkaline conditions. 

 

As previously observed the coupling of GPI to similar derivatives was difficult and demanded 

several steps (see chapter 3.2.4.). GPI as a highly hygroscopic substance tends to slow and 

hinder the coupling reaction. Another issue was that the coupling reaction was not reproducible. 

In the case of simplified folate-GPI conjugates, it was best obtained by NHS active ester 

coupling, which is basically easier to perform. With the alteration of base equivalents, it was 

possible to obtain coupled compounds 85a-d in moderate yields. However, the purification still 
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remained challenging. Long retention time and sticking of folate-GPI conjugates on the silica 

column was again observed, hence it was one of the main causes of lower overall yields.  

 

 

Figure 55: Coupling of folic mimics 86 with GPI 20 via active ester and overall yields for each compound. 

 

3.3.5. Coupling of simplified folate-GPI conjugates with DOTA 

 

Coupling of folate mimics 85a-d with DOTA was successfully performed in cooperation with 

Malte Holzapfel. In analogy to the method described in chapter 3.2.5., the DOTA conjugate 89 

was assembled from a suitable NHS-ester 82 and simplified folate-GPI conjugate 85, under 

basic conditions in DMSO at r.t., for 16 h. Boc deprotection was accomplished in TFA/CH2Cl2 

mixture at r.t. for 6 h. In the final step DOTA conjugate 89 was obtained as a metal complex in 

order to estimate the binding affinity towards PSMA and it can also be used further for any 

metal-based diagnostic method. Figure 56 shows general conditions as well as overall yields 

for each folate mimic.  

 



Results and Discussion 

57 

 

Figure 56: Coupling reaction of DOTA NHS-active ester 82 and folate mimics 85, with overall yields for each 

compound.conditions 

 

3.4. TRIS-GPI derivatives 

As mentioned before, GPI binds selectively and with high affinity (Kd=10.4 nM) to PSMA as 

evaluated by in vitro assays in TRIS buffered solution.95,130 However, GPI shows low binding 

affinity in PBS buffer (phosphate buffered saline) and under in vivo conditions.95,130 On the 

contrary, it was observed that in TBS (TRIS buffered saline), GPI expresses high binding 

affinity. At this point, we have no clear explanation for this finding. However, one hypothesis 

is a competition of GPI and phosphate, which is also a reasonable zinc binder, for PSMA-

binding. In order to enhance binding affinity, Maison et al. developed a tri-NHS-ester derivative 

of adamantane (21), which allows the conjugation of up to three targeting ligands (such as GPI) 

besides to a contrast agent or radiotracer. The results of the study revealed that the conjugation 
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of a GPI monomer to the adamantane scaffold (90) had a negligible effect on the affinity. 

Stepwise addition of GPI, improves significantly both affinity and competition with 

endogenous phosphate anions. In addition, GPI-trimer 21was unaffected by serum and showed 

the highest binding affinity (Figure 57).  

 

 

Figure 57: Binding affinities of GPI 20 and GPI-Adamantane conjugates (90, 91, 21) by Maison et al. 95,130 

 

We have currently two hypotheses which might explain the special binding properties of GPI-

derivatives to PSMA: 1. phosphate anions compete with GPI in the active site of PSMA 
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resulting in higher binding affinity in TBS vs PBS or serum. 2. TRIS enhances the binding 

affinity of GPI with a hitherto unknown mechanism. To address the second hypothesis, we 

designed three different covalent GPI-TRIS conjugates 92-94. These derivatives were docked 

to the binding site of PSMA by Dr. Thomas Lemcke. This study revealed the best binding 

properties for the GPI-TRIS conjugate 92.  

 

 

Figure 58: TRIS-GPI conjugates docked by Dr. Thomas Lemcke. TRIS is conjugated to GPI in three different 

positions highlighted in red. 

 

An additional derivative 95b combines TRIS, GPI and an aromatic moiety mimicking folate 

following our previously described design. Both derivatives 95a and 95b contain an 

aminohexanoyl spacer group which allows further coupling with an effector molecule.  

 

 

Figure 59: Proposed structures of new TRIS-GPI derivatives. 

 

Supporting docking studies of the proposed ligands 95a and 95b were performed in order to 

evaluate their binding to PSMA. Docking scores were calculated via Maestro 11.3 software 

using the crystal structure of PSMA (PDB reference: 4mcp).74 In analogy to the docking study 

in chapter 3.3.1., interaction with Lys699 (2.1 Å) in the hydrophilic pocket of PSMA was used 

as the main constraint in the docking calculations. Molecular modeling of ligand 95a (shown 
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in light pink, Figure 60) showed close interactions (2.2 Å) of the phosphinic acid of GPI with 

the active site Zn2+ ions (shown as dark grey spheres, Figure 60), as well as the β-carboxyl 

group with Tyr700. The total docking score (-10.63) is lower compared to folic acid and ligands 

1-4 in chapter 3.2.1. However, the TRIS hydroxyl groups showed additional interactions with 

Arg536 (3.2 Å) and Tyr549 (3.6 Å), which contributed to a good binding fit in the active site of 

PSMA.  

 

A  

B  

Figure 60: A. Docking of ligand 95a (light pink) to PSMA. Main interactions are shown as yellow dashed lines. 

Amino acids are colored in light blue. B Schematic representation showing key interactions of 95a with the active 

site of PSMA. 

 

Ligand 95b showed similar to the previous ligand 1 close interactions with Zn2+ (2.2 Å) ions 

and Lys699 (2.1 Å). Additional π interactions of the phenyl ring of 95b were identified with 

Tyr700 (4.9 Å), which probably contributed to the slightly higher docking score (-10.91) 

compared to ligand 1. TRIS hydroxyl groups showed also close interactions with Arg536 (2.9 

Å), Ser454 (2.1 Å) and Tyr549 (3.1 Å) in the hydrophilic pocket of PSMA. 
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A  

B  

Figure 61: Docking of ligand 95b (brown) to PSMA. Main interactions are shown as yellow dashed lines. Amino 

acids are colored in light blue. B Schematic representation showing key interactions of 95a with the active site of 

PSMA. 

 

3.4.1. Synthesis of TRIS-GPI derivatives with different linker groups 

 

The coupling reaction of protected GPI was performed by the protocol of Pucci et al.173 The α 

carboxyl group of GPI was firstly hydrolyzed under basic conditions. In the following step, the 

product was dissolved together with TRIS (X, 1.50 eq) and EEDQ (1.50 eq) in the dry EtOH 

and stirred over 18h at 50 oC. The crude residue was purified over reversed phase column 

chromatography and the product 96 was obtained in moderate yield. Subsequent catalytic Cbz-

deprotection of the amino group was accomplished in quantitative yield. In situ preparation of 
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an active Pd/C catalyst from Pd(OAc)2 and charcoal in methanol under hydrogen atmosphere 

(1 atm) allows the efficient hydrogenolysis of O-benzyl ethers.174 

 

Figure 62: Coupling reaction of 76 and TRIS by the method of Pucci et al.173 Catalytic Cbz- deprotection of 96. 

 

The final TRIS-GPI conjugates with linker moieties were assembled from a suitable NHS esters 

98 and TRIS-GPI conjugate 97, under basic conditions in DMF at r.t., for 18h. The following 

Boc deprotection was accomplished in the TFA/CH2Cl2 mixture at r.t. for 6h, which yielded the 

final products 95a and 95b. 

 

Figure 63: Coupling reaction of TRIS-GPI derivative 97 with NHS-ester 98a and 98b and subsequent full 

deprotection of 99 under acidic conditions yielded final compound 95. 
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3.4.2. Coupling of TRIS-GPI derivatives with DOTA 

 

Coupling of TRIS-GPI derivatives 95a and 95b with DOTA was accomplished in cooperation 

with Malte Holzapfel. In analogy to the method from chapter 3.2.5. the DOTA conjugate 100 

was assembled from a suitable NHS ester 82 and TRIS-GPI derivative 95a and 95b, under 

alkaline conditions in DMSO at r.t., for 16h. Subsequent Boc deprotection was performed in a 

TFA/CH2Cl2 mixture at the room temperature, for 16h. Figure 64 shows the general conditions 

as well as overall yields for each derivative. 

 

 

Figure 64: Coupling of TRIS-GPI derivatives 95a and 95b with DOTA-NHS ester 82. 
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3.5. Biological evaluation 

 

Preliminary biological tests were performed in cooperation with the research group of J. Lewis 

(Memorial Sloan Kettering Cancer Center, New York, USA). Kelly Henry established an 

internalization assay for folate mimetic 83 and reference substances GPI 101. These ligands 

were radiolabeled (68Ga) and incubated with LnCap-cells (PMSA positive) and PC3-cells 

(PSMA negative) in TBS buffer and serum (media) at 4 oC and 37 oC. The binding affinity was 

subsequently estimated by residual radioactive radiation from the internalized and surface-

bound fraction after a washing process. The results of this preliminary study (shown in Figure 

65) indicated that the folate-GPI conjugate 83 showed a selective binding affinity for LnCap 

cells (blue column, Figure 65) and a low affinity for PC3 (orange column, Figure 65). However, 

the reference substance DOTA-GPI 101 shows a binding affinity for both LnCap and PC3 cells, 

which is not in agreement with the literature.130 Therefore, further studies are essential in order 

to verify this outcome and obtain reliable, quantified results about the binding affinity.  

 

 

 

 

 

Figure 65: Results of the internalization assay of 68Ga-DOTA-GPI 101 and  83 on LnCap and PCL3 cells in TBS 

Buffer and human serum. 

 

In addition, a non-radioactive biological assay is investigated/tested by Malte Holzapfel in the 

research group Maison. In contrast to the preliminary tests of Lewis et al, the investigated 

ligands were labelled as DOTA-151Eu complex instead of the 68Ga variant (see chapter 3.3.5.) 

and incubated with LnCap-cells and PC3-cells in PBS-buffer. After washing, the binding 

affinity was estimated by the residual 151Eu-concentration which was measured by ICP-MS. A 

selective binding of folate derivative 89a in 50nmol/L concentration to LnCap cells was 
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observed. It is remarkable, that this strong binding to LnCap-cells occurred in PBS-buffer, 

which has never been observed before for GPI derivatives. These findings support our initial 

design hypothesis and might allow the use of folate-GPI conjugates for targeting applications 

in physiological media. However, we have also noticed a constant and relatively high unspecific 

binding to PC3-cells (red column, Figure 66). We have currently no explanation for this finding 

and it is clear that further investigations are needed to confirm the promising binding 

characteristics of folate derivatives like 89a to PSMA-positive cells.to verify this result.  

 

 

 

 

 

Figure 66: ICP-MS measurements of 151Eu in LnCap and PC3 cells after incubation with ligand 89a.
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5 Conclusion 

 

The aim of this work was to design and synthesize modular hybrid structures of GPI and folate 

for PSMA targeting. These structures were supposed to combine favorable binding 

characteristics of both structural elements and could thus overcome known limitations of GPI 

for in vivo applications. An important design criteria of these hybrid structures was modularity 

allowing the functionalization with effector molecules such as chemotherapeutics for targeted 

cancer therapy, fluorescent dyes or metal chelators for targeted cancer imaging. In order to 

address our hypothesis, docking studies were firstly pursued. These studies revealed that 

chinoline derivatives can be used as heteroaromatic moieties for the synthesis of folate mimics, 

due to their similarity to a pteridine. Moreover, the aniline nitrogen is a good anchor group for 

attachment of linkers to the effector molecule without compromising the binding affinity to 

PSMA. Since there are not so many literature known methods for obtaining this type of 

structures a new method was developed to generate these modular folates. Using Pd-catalyzed 

Buchwald-Hartwig arylations was shown that the synthesis of folate-GPI conjugates like 81 

(Figure 68) by N-arylation is possible, however highly demanding and dependent on 

heteroaromatic compounds. To our surprise during the synthesis, unexpected C- and N- 

arylations were observed for chinoline 58a. Furthermore, variants of C-arylations of 

benzylamines have been reported only rarely in literature before.162 In these cases, no 

competing nucleophilic functionalities like carbamates were present. These results showed that 

careful alteration of ligands in Pd-catalyzed arylations of secondary heteroaryl benzylamines 

allows the regioselective arylation of densely functionalized precursors for modular folate 

analogs. Moreover, it allows the synthesis of novel C- and N-arylated structural analogs of 

folate, which are not easily accessible by other methods. 

 

 

Figure 67: Regioselective arylations of secondary heteroaryl benzylamines. 
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Since it was highly challenging to establish efficiently a library of folate-GPI conjugates with 

different heteroaromatics, an alternative strategy was found to optimize affinity of PSMA 

binders. Following literature suggestions134,170,171 and focusing on altering length and nature of 

the aryl linker group, a novel set of simplified folate-GPI conjugates without heteroaromatics 

was designed (86a-d, Figure 68). In order to evaluate the role of linker groups in folate-GPI 

conjugates further docking studies were pursued and revealed following: aromatic moiety in 

the linker provides additional π-stacking in the PSMA binding pocket, and the geometry of 

molecule might play an important role for a good binding mode. For a detailed study of 

structure-activity relationships of hybrids 86, a short and effective synthesis was developed, 

which allowed structural variation to build up a small library of test compounds. 

 

Figure 68: Library of new folate-GPI conjugates for PSMA targeting. 

 

The previous binding studies by Maison et al of the GPI revealed low binding affinity in PBS 

buffer and under in vivo conditions.95,130 On the contrary, it was observed that in TBS GPI 

expresses high binding affinity. At this point, there is no clear explanation for this enhanced 

binding affinity in TRIS buffered medium. However, there are two hypothesis which might 

cause the special binding properties of GPI-derivatives to PSMA 1. phosphate anions compete 

with GPI in the active site of PSMA resulting in higher binding affinity in TBS vs PBS or 

serum. 2. TRIS enhances the binding affinity of GPI with a hitherto unknown mechanism. To 

address the second hypothesis, two different GPI-TRIS conjugates 95 were developed. Both 

derivatives 95a and 95b contain an aminohexanoyl spacer group, which allows further coupling 
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with an effector molecule. Additionally, GPI-TRIS derivative 95b combines TRIS, GPI and an 

aromatic moiety mimicking folate following our previously described design.  

 

 

Figure 69: TRIS-GPI derivatives 95. 

 

The preliminary data about the binding properties of folate-GPI conjugates 83 and 89a showed 

promising results and indicate selective binding to PSMA. Moreover, the strong binding of 89a 

in50 nmol/L conc. to LnCap-cells occurred in PBS-buffer, which has never been observed 

before for GPI derivatives. These results support the initial hypothesis of this thesis and might 

allow the use of folate-GPI conjugates for targeting applications in physiological media. 

Detailed studies are however necessary to evaluate the promising binding characteristics of 

novel folate analogs and also to improve further the rational design of these hybrid structures.  

 

 

Figure 70: Investigated folate-GPI conjugates 83 and 89a with respect to their binding affinities to PSMA. 

 

To conclude, various folate-GPI conjugates with a broad range of structural variations were 

established for the purpose of PSMA targeting. These compounds are highly modular and allow 

the conjugation to other functional molecules such as chemotherapeutics for targeted cancer 

therapy, dyes or other contrast agents for targeted cancer imaging. They are thus valuable folate 

analogs for applications in targeted disease imaging.
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6 Experimental part 

 

6.1. General conditions 

Oxygen and water sensitive reactions were carried out in flame dried glass apparatures with dry 

solvents using Schlenk technique under a nitrogen or argon atmosphere. Solvents were dried 

by distillation under nitrogen atmosphere prior to application. Commercially 

availablechemicals were used without further purification. 

 

6.2. Chromatography 

6.2.1. TLC 

Reactions were monitored by thin layer chromatography silica-coated aluminum plates with a 

fluorescence indicator (Macherey-Nagel, DC Kieselgel Alugram® Xtra SIL G/UV254, layer 

thickness 0.2 mm). UV-active compounds were detected by UV light (λ = 254 nm). Non-

fluorescent compounds were stained with ninhydrin solution (0.2 g ninhydrin in 100 mL 

ethanol) or cersulfate solution (5 g ammonium molybdate, 0.1 g cerium (IV)-sulfate, 90 mL 

H2O, 10 mL sulfuric acid).  

 

6.2.2. Flash chromatography 

Synthesized compounds were purified by flash column chromatography on silica gel (40–60 

μm) for the normal phase and for the reversed phase with RP-silica gel-columns 

CHROMABOND Flash RS 25 C18 EC and CHROMABOND Flash RS 4 C18ec with particle 

size 40-63 µm from Macharey-Nagel. Automated flash chromatography was performed with a 

Puriflash® 430 (by Interchim). 

 

6.3. Analytics 

6.3.1. Melting points 

 Melting points were determined in open capillary tubes on M550 instrument purchased from 

A. Krüss Optronic and the values are uncorrected. 

 

6.3.2. NMR Spectroscopy 

The NMR spectra were measured on following spectrometers: Fourier 300 MHz (F300 UHH), 

Avance 400 MHz (AV3400), Avance I 400 MHz (AV4001), DRX 500 MHz (AV500) and 

Avance III HD 600 MHz (AV3600) from Bruker. Chemical shifts were calibrated with signals 
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of residual non-deuterated solvents and are given in ppm. NMR numeration of synthesized 

compounds does not match with IUPAC nomenclature. All spectra were obtained at 298 K. 

Abbreviations used for signal patterns are: s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet; dd, doublet of doublet; dt, doublet of triplet. 

 

6.3.3. Infrared spectroscopy 

IR spectra were measured on an ATR-FTIR spectrometer with an ATR PRO470-H unit (by 

Jasco) at room temperature.  

 

6.3.4. Mass spectroscopy 

ESI mass spectra were measured with Agilent 6224 ESI-TOF (by Agilent Technologies) at 110-

3200 m/z and MicroTOF‑Q Spectrometer from Bruker. HRMS spectra were measured with 

sodiumformiat as standard. For the LC-MS measurements, a VWR Hitachi LaChrom Elite 

system was coupled with MS, and it contained L-2130 pump, L-2400 diode array detector and 

L-2200 autosampler. For the separation was used a column from Macharey-Nagel: Nucleodur 

C18 Htec EC, 150 x 2 mm ID, particle size 5 µm.  
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Secondary amine 50a 

 

 

N-tert-Butoxycarbonyl-1,6-hexanediamine (2.50 g, 11.6 mmol, 1.0 equiv.) and 2-

quinolinecarboxaldehyde (2.00 g, 12.7 mmol, 1.1 equiv.) were dissolved in 17.0 mL MeOH 

and stirred under reflux for 48 h. NaBH4 (4.37 g, 116 mmol, 10 equiv.) was added slowly and 

the reaction was stirred for another 4 h at 65 °C. The solvent was evaporated in vacuo and the 

residue was dissolved in CH2Cl2. The organic phase was washed three times with H2O and 

dried over Na2SO4. The solvent was removed under reduced pressure and the crude residue was 

purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1:0→ 20:1 + 0.05% NEt3). 

The product 50a was obtained as a yellow oil in a yield of 64% (1.60 g, 4.48 mmol).  

 

TLC: Rf = 0.45 (CH2Cl2/MeOH 10:1, v/v, ninhydrin). 

 1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.08 (d, 3J = 8.5 Hz, 1 H, 3-H), 8.02 (d, 3J = 8.5 Hz, 

1 H, 8-H), 7.75 (d, 3J = 8.2, 1.4 Hz, 1 H, 5-H), 7.69-7.62 (m, 1 H, 7-H), 7.50-7.44 (m ,1 H, 6-

H), 7.41 (d, 3J = 8.5 Hz, 1 H, 2-H), 4.62 (s, 1 H, 22-H), 4.10 (s, 2 H, 10-H), 3.80 (s, 1 H, 21-

H), 3.09-3.00 (m, 2 H, 16-H), 2.72 (t, 3J = 7.3 Hz, 2 H, 11-H), 1.60-1.52 (m, 2 H, 15-H), 1.46-

1.41 (m, 2 H, 12-H), 1.40 (s, 9 H, 19-H, 20-H, 21-H), 1.34-1.26 (m, 4 H, 13-H, 14-H) ppm.  

13C-NMR (400 MHz, CDCl3, 25 °C ): δ = 159.2 (C-1), 156.1 (C-17), 147.7 (C-9), 136.6 (C-3), 

129.6 (C-7), 129.0 (C-8), 127.6 (C-5), 127.4 (C-4), 126.2 (C-6), 120.5 (C-2), 78.9 (C-18), 55.3 

(C-10), 49.5 (C-11), 40.5 (C-16), 30.0 (C-15), 29.6 (C-19, C-20, C-21), 28.5 (C-12), 26.9 (C-

14), 26.7 (C-13) ppm. 

IR (ATR): v~  = 2929, 1719, 1634, 1178, 1101, 744 cm-1.  

HRMS (ESI) m/z calculated for C21H31N3O2
 [M+H]+: 358.2489, found: 358.2494. 

 

Secondary amine 50b 
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N-tert-Butoxycarbonyl-1,6-hexanediamine (1.00 g, 4.62 mmol, 1.0 equiv.) and 

3-quinolinecarboxaldehyde (799 mg, 5.08 mmol, 1.1 equiv.) were dissolved in 8.00 mL MeOH 

and stirred under reflux for 48 h. After 48 h NaBH4 (1.71 g, 46.2 mmol, 10 equiv.) was added 

slowly and the reaction was stirred for 4 h more under reflux. The solvent was evaporated in 

vacuo and the residue was dissolved in CH2Cl2. The organic phase was washed three times with 

H2O and dried over Na2SO4. The solvent was removed under reduced pressure and the crude 

residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 20:1+ 

0.05% NEt3). The product 50b was obtained as a colorless solid in a yield of 94% (0.95 g, 2.66 

mmol). 

 

TLC: Rf = 0.45 (CH2Cl2/MeOH 10:1, v/v, ninhydrin).  

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.94-8.81 (m, 1 H, 6-H), 8.15-8.04 (m, 2 H, 4-H, 8-

H), 7.84-7.76 (m, 1 H, 1-H), 7.72-7.64 (m, 1 H, 3-H), 7.58-7.48 (m, 1 H), 4.52 (s, 1 H, 21-H), 

3.99 (s, 2 H, 10-H), 3.15-3.00 (m, 2 H, 16-H), 2.73-2.59 (m, 2 H, 11-H), 1.59-1.28 (m, 17 H, 

12-H, 13-H, 14-H, 15-H, 19-H, 20-H, 21-H) ppm.  

13C NMR (101 MHz, CDCl3, 25 °C): δ = 151.6 (C-6), 147.6 (C-17), 138.9 (C-5), 134.7 (C-8), 

132.9 (C-10), 129.3 (C-1), 129.2 (C-2), 128.1 (C-9), 127.8 (C-3), 126.8 (C-4), 79.2 (C-21), 51.6 

(C-10), 49.5 (C-11), 40.7 (C-16), 30.2 (C-15), 30.0 (C-14), 28.6 (C 18-20), 27.1 (C-13), 26.8 

(C-12) ppm.  

IR (ATR): v~  = 2929, 1705, 1496, 1366, 1266, 1170, 743 cm-1.  

Mp: 44 oC.  

CHN calcd. for C21H31N3O2: C, 70.55%; H, 8.74%; N, 11.75%, O, 8.95%. Found: C, 70.15%; 

H, 8.75%; N, 11.67%; O, 9.26%. 

HRMS (ESI) m/z calculated for C21H31N3O2 [M+H]+: 358.2489, found: 358.2438.  

 

Secondary amine 50c  

 

N-tert-Butoxycarbonyl-1,6-hexanediamine (3.30 g, 15.6 mmol, 1.0 equiv.) and 6-

quinolinecarboxaldehyde (2.64 g, 16.8 mmol, 1.1 equiv.) were dissolved in 15.0 mL MeOH 
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and stirred under reflux for 48 h. After 48 h NaBH4 (5.77 g, 153 mmol, 10 equiv.) was added 

slowly and the reaction was stirred for 4 h more under reflux. The solvent was evaporated in 

vacuo and the residue was dissolved in CH2Cl2. The organic phase was washed three times with 

H2O and dried over Na2SO4. The solvent was removed under reduced pressure and the crude 

residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 20:1+ 

0.05% NEt3). The product 50c was obtained as colorless oil in a yield of 95% (3.10 g, 8,68 

mmol). 

TLC: Rf = 0.45 (CH2Cl2/MeOH 10:1, v/v, ninhydrin). 

 1H NMR (600 MHz, CDCl3, 25 °C): δ = 8.82 (d, 3J = 4.4 Hz, 1 H, 6-H), 8.09 (dd, 3,4J = 8.4, 

1.2 Hz, 1 H, 4-H), 8.03 (dd, 3,4J = 8.4, 1.2 Hz, 1 H, 1-H), 7.66 (ddd, 3,3,4J = 8.4, 6.7, 1.2 Hz, 1 

H, 3-H), 7.53 (ddd, 3,3,4J = 8.4, 6.7, 1.2 Hz, 1 H, 2-H), 7.41 (d, 3J = 4.4 Hz, 1 H, 7-H), 4.66 (s, 

1 H, 22-H), 4.21 (s, 2 H, 10-H), 3.06 (t, 3J = 7.1 Hz, 2 H, 16-H), 2.69 (t, 3J = 7.1 Hz, 2 H, 11-

H), 2.23 (s, 2 H, 23-H), 1.56-1.49 (m, 2 H, 15-H), 1.46-1.42 (m, 2 H, 12-H), 1.40 (s, 9 H, 19-

H, 20-H, 21-H), 1.34-1.27 (m, 4 H, 13-H, 14-H) ppm. 

13C NMR (101 MHz, CDCl3, 25 °C): δ = 156.1 (C-17), 150.3 (C-6), 148.2 (C-5), 145.8 (C-8), 

130.2 (C-9), 129.2 (C-3), 127.1 (C-2), 126.6 (C-4), 123.3 (C-1), 119.9 (C-7), 79.1 (C-18), 50.1 

(C-10), 49.9 (C-11), 40.6 (C-16), 30.1 (C-15), 30.0 (C-12), 28.5 (C-19, C-20, C-21), 27.0 (C-

14), 26.7 (C-13)ppm.  

IR (ATR): v~  = 2924, 1688, 1518, 11361, 1248, 1165, 752 cm-1.  

HRMS (ESI) m/z calculated for C21H31N3O2 [M+H]+: 358.2489, found: 358.2500. 

Secondary amine 50d 

 

N-tert-Butoxycarbonyl-1,6-hexanediamine (1.60 g, 7.40 mmol, 1.0 equiv.) and 4-

quinolinecarboxaldehyde (1.28 g, 8.14 mmol, 1.1 equiv.) were dissolved in 15.0 mL MeOH 

and stirred under reflux for 48 h. After 48 h NaBH4 (2.80 g, 74.0 mmol, 10 equiv.) was added 

slowly and the reaction was stirred for 4 h more under reflux. The solvent was evaporated in 

vacuo and the residue was dissolved in CH2Cl2. The organic phase was washed three times with 

H2O and dried over Na2SO4. The solvent was removed under reduced pressure and the crude 

residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 20:1+ 
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0.05% NEt3). The product 50d was obtained as colorless oil in a yield of 90% (1.50 g, 

4.20 mmol).  

 

TLC: Rf = 0.45 (CH2Cl2/MeOH 10:1, v/v, ninhydrin).  

1H NMR (300 MHz, CDCl3, 25 °C): δ =8.86-8.78 (m, 1 H, 3-H), 8.12-8.05 (m, 1 H, 5-H), 8.03 

(d, 3J = 8.5 Hz, 1 H, 1-H), 7.75-7.70 (d, 4J = 1.9 Hz, 1 H, 8-H), 7.69-7.63 (m, 1 H, 6-H), 7.34 

(dd, 3,4J = 8.5, 4.2 Hz, 1 H, 2-H), 4.66 (s, 1 H, 22-H), 3.94 (s, 2 H, 10-H), 3.03 (t, 3J = 7.1 Hz, 

2 H, 16-H), 2.81 (s, 1 H, 23-H), 2.63 (t, 3J = 7.1 Hz, 2 H, 11-H), 1.56-1.47 (m, 2 H, 12-H), 1.44-

1.34 (m, 11 H, 15-H, 19-H, 20-H, 21-H), 1.32-1.21 (m, 4 H, 13-H, 14-H) ppm.  

13C NMR (101 MHz, CDCl3, 25 °C): δ = 156.1 (C-17), 150.2 (C-3), 147.7 (C-4), 138.1 (C-7), 

135.9 (C-1), 130.3 (C-8), 129.6 (C-2), 128.2 (C-9), 126.5 (C-5), 121.3 (C-6), 79.1 (C-18), 53.6 

(C-10), 49.2 (C-11), 40.5 (C-16), 30.1 (C-15), 29.7 (C-14), 28.5 (C-19, C-20, C-21), 27.0 (C-

13), 29.7 (C-12) ppm. 

IR (ATR): v~  = 3360, 2915, 1684, 1513, 1357, 1262, 1157, 839 cm-1.  

HRMS (ESI) m/z calculated for C21H31N3O2 [M+H]+: 358.2489, found: 358.2468. 

 

Secondary amine 50e 

 

N-tert-Butoxycarbonyl-1,6-hexanediamine (1.40 g, 6.47 mmol, 1.0 equiv.) and 

8-quinolinecarboxaldehyde (1.12 mg, 7.12 mmol, 1.1 equiv.) were dissolved in 15.0 mL 

MeOH and stirred under reflux for 48 h. After 48 h NaBH4 (2.45 g, 64.7 mmol, 10 equiv.) was 

added slowly and the reaction was stirred for 4 h more under reflux. The solvent was evaporated 

in vacuo and the residue was dissolved in CH2Cl2. The organic phase was washed three times 

with H2O and dried over Na2SO4. The solvent was removed under reduced pressure and the 

crude residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 

20:1+ 0.05% NEt3). The product 50e was obtained as a colorless oil in a yield of 80% (1.30 g, 

3.64 mmol). 

 

TLC: Rf = 0.40 (CH2Cl2/MeOH 20:1, ninhydrin stain). 
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1H NMR (600 MHz, CDCl3, 25 °C): δ = 8.79 (dd, 3,4J = 6.3, 1.9 Hz, 1 H, 1-H), 8.05 (dd, 3,4J = 

6.3, 1.9 Hz, 1 H, 3-H), 7.64 (d, 3J = 8.2, 1.6 Hz, 1 H, 5-H), 7.62-7.59 (m, 1 H, 7-H), 7.41-7.36 

(m, 1 H, 6-H), 7.30 (dd, 3,4J = 6.3, 1.9 Hz, 1 H, 2-H), 4.41 (s, 1 H, 22-H), 4.32 (s, 1 H, H-10), 

3.00-2.91 (m, 2 H, 16-H), 2.59 (t, 3J = 7.4 Hz, 2 H, 11-H), 1.48 (t, 3J = 7.4 Hz, 2 H, 12-H), 1.33 

(s, 11 H, 13-H, 19-H, 20-H, 21-H), 1.20-1.15 (m, 4 H, 14-H, 15-H) ppm. 

 13C NMR (151 MHz, CDCl3, 25 °C): δ = 156.1 (C-17), 149.6 (C-1), 146.8 (C-9), 136.6 (C-3), 

136.1 (C-8), 129.7 (C-7), 128.4 (C-6), 127.7 (C-5), 126.4 (C-4), 121.3 (C-2), 78.9 (C-18), 50.6 

(C-10), 48.8 (C-11), 40.5 (C-16), 30.0 (C-15), 29.2 (C-14), 28.5 (C-19, C-20, C-21), 26.9 (C-

13), 26.6 (C-12) ppm. 

IR (ATR): v~  = 2967, 1675, 1505, 1375, 1165, 782 cm-1.  

HRMS (ESI) m/z calculated for [C21H31N3O2+H+]: 358.2489, found 358.2503. 

 

Secondary amine 50f  

 

 

N-tert-Butoxycarbonyl-1,6-hexanediamine (3.30 g, 15.3 mmol, 1.0 equiv.) and 

benzylcarboxaldehyde (1.78 g, 16.8 mmol, 1.1 equiv.) were dissolved in 20.0 mL MeOH and 

stirred for 24 h stirred under reflux. NaBH4 (5.77 g, 152 mmol, 10 equiv.) was added slowly 

and the reaction was stirred for 4 h at 65 °C. The solvent was evaporated in vacuo and the 

residue was dissolved in CH2Cl2. The organic phase was washed three times with H2O and 

dried over Na2SO4. The solvent was removed under reduced pressure and the crude residue was 

purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 20:1+ 0.05% NEt3). 

The product 50f as colorless hygroscopic solid was obtained in a yield of 74% (2.10 g, 

6.86 mmol). 

 

TLC: Rf = 0.40 (CH2Cl2/MeOH 20:1, v/v, ninhydrin).  

1H NMR (300 MHz, CDCl3, 25 °C): δ = 7.30-7.14 (m, 5 H, 1-H, 2-H, 3-H, 4-H, H-5), 4.51 (s, 

1 H, 15-H), 3.73 (s, 2 H, 7-H), 3.11-2.95 (m, 2 H, 14-H), 2.57 (t, 3J = 7.6 Hz, 2 H, 9-H), 1.87 

(s, 1 H, 8-H), 1.53-1.14 (m, 17 H, 10-H, 11-H, 12-H, 13-H, 17-H, 18-H, 19-H) ppm. 
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 13C-NMR (300 MHz CDCl3, 25 °C): δ = 156.1 (C-16), 140.2 (C-6), 128.5 (C-2, C-4), 128.3 

(C-1, C-5), 127.1 (C-3), 79.1 (C-20), 54.1 (C-7), 49.3 (C-9), 40.6 (C-14), 30.1 ( C-13), 29.9 (C-

10), 28.5 (C- 17, C-18, C-19), 27.1 (C-12), 26.8 (C-13) ppm.  

IR (ATR): v~  = 2927, 1701, 1522, 1453, 1364, 1247, 7323 cm-1. 

 HRMS (ESI) m/z calculated for C18H30N2O2 [M+H]+: 307.2380, found: 307.2379. 

 

Secondary amine 50g 

 

 
 

N-tert-Butoxycarbonyl-1, 6-hexanediamine (2.00 g, 9.23 mmol, 1.0 equiv.)) and cyclo-

hexancarbaldehyd (1.14 g, 10.2 mmol, 1.1 equiv.) were dissolved in 20.0 mL MeOH and stirred 

under reflux for 22 h. After 24 h NaBH4 (3.85 g, 101 mmol, 10 equiv.) was added slowly and 

the reaction was stirred for 4 h more under reflux. The crude residue was purified by flash 

column chromatography (silica, CH2Cl2/MeOH 60:1:0→ 20:1+0.05% NEt3). The product 50g 

was obtained as colorless oil in a yield of 78% (2.32 g, 7.24 mmol). 

 

1H-NMR (400 MHz, CDCl3, 25 °C): 𝛿 = 4.52 (s, 1 H, 20-H), 3.13-3.04 (m, 2 H, 13-H), 2.57 

(t, 3J = 7.3 Hz, 2 H, 8-H), 2.43 (d, 3J = 6.7 Hz, 2 H, 7-H), 1.78-1.65 (m, 6 H, 3-H, 4-H, 5-H), 

1.52-1.46 (m, 4 H, 2-H, 9-H), 1.43 (s, 9 H, 16-H, 14-H, 18-H), 1.35-1.29 (m, 4 H, 10-H, 11-H), 

1.26-1.12 (m, 3 H, 1-H, 12-H), 0.94-0.84 (m, 2 H, 6-H) ppm.  

13C-NMR (101 MHz, CDCl3, 25 °C): 𝛿 = 156.4 (C-14), 79.3 (C-15), 56.9 (C-7), 50.2 (C-8), 

40.7 (C-12, C-13), 38.0 (C-1), 31.6 (C-2), 30.2 (C-6), 30.0 (C-9) 28.6 (C-16), 27.2 (C-10, C-

11), 26.8 (C-4), 26.2 (C-3,C-5) ppm.  

IR (ATR):  = 2925, 2850, 1702, 1519, 1453, 1370, 1262, 1153, 1001, 740 cm-1.  

MS (ESI) m/z (%):313.3 (100) [M+H]+. 

 

Secondary amine 50h 

 

v~
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11-Azido-3,6,9-trioxaundecan-1-amine (493 mg, 1.60 mmol, 1.0 equiv.) and benzyl-

carboxaldehyde (187 mg, 1.76 mmol, 1.1 equiv.) were dissolved in 10.0 mL MeOH and stirred 

for 24 h stirred under reflux. NaBH4 (605 mg, 16.0 mmol, 10 equiv.) was added slowly and the 

reaction was stirred for 5 h at 65 °C. The solvent was evaporated in vacuo and the residue was 

dissolved in CH2Cl2. The organic phase was washed three times with H2O and dried over 

Na2SO4. The solvent was removed under reduced pressure and the crude residue was purified 

by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 20:1+ 0.05% NEt3). The 

product 50h as colorless oil was obtained in a yield of 81% (397 mg, 1.29 mmol). 

 

TLC: Rf = 0.30 (CH2Cl2/MeOH 10:1, ninhydrin stain). 

1H NMR (300 MHz, CDCl3): δ = 7.32-7.14 (m, 5 H, 1-H, 2-H, 3-H, 4-H, 5-H), 3.76 (s, 2 H, 7-

H), 3.63-3.52 (m, 12 H, 10-H, 11-H, 12-H, 13-H, 14-H), 3.30 (t, 3J = 5.2 Hz, 2 H, 16-H), 2.77 

(t, 3J = 5.2 Hz, 2 H, 9-H), 2.62 (s, 1 H, 8-H) ppm. 

13C NMR (151 MHz, CDCl3): δ = 139.6 (C-6), 128.4 (C-2, C-4), 128.3 (C-1, C-5), 127.1 (C-

3), 70.6 (C-10), 70.3 (C-11, C-12), 70.2 (C-13, C-14), 69.9 (C-15), 53.7 (C-7), 50.7 (C-16), 

48.5 (C-9) ppm.  

IR (ATR): v~  [cm-1] = 3263, 2881, 2105, 1745, 1648, 1262, 1109, 931. 

HRMS (ESI) m/z calculated for [C15H24N4O3+H+]: 309.1921 found: 309.1925. 

 

Methyl 4-(benzyl(butyl)amino)benzoate 62d 

 

N-benzylbutan-1-amine (197 mg, 0.890 mmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(192 mg, 0.890 mmol, 1.0 equiv.), Pd(OAc)2 (2.00 mg, 8.92 µmol, 10 mol%), BINAP 

(11.1 mg, 17.8 µmol, 20 mol% ) and Cs2CO3 (580 mg, 1.78 mmol, 2.0 equiv.) were dissolved 

in 8.00 mL pre-dried, degassed toluene and stirred at 110 °C for 18 h. The reaction solution was 

cooled to room temperature and diluted with EtOAc. The solution was filtered over a small 

silica plug which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure 

and the crude residue was purified by column chromatography (silica, n-pentane/EtOAc 4:1). 
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The desired product 62d was obtained in a yield of 53% (69.4 mg, 0.233 mmol,) as a yellow 

oil. 

 

TLC: Rf = 0.25 (CH2Cl2/MeOH 60:1, v/v, ninhydrin). 

 1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.80 (d, 3J = 9.1 Hz, 2 H, 13-H, 15-H), 7.29-7.24 (m, 

2 H, 1-H, 5-H), 7.20 (d, 3J = 6.7 Hz, 1 H, 3-H), 7.14-7.10 (m, 2 H, 2-H, 4-H), 6.58 (d, 3J = 9.1 

Hz, 2 H, 14-H, 16-H), 4.56 (s, 1 H, 7-H), 3.78 (s, 2 H, 19-H), 3.42-3.36 (m, 2 H, 8-H), 1.65-

1.58 (m, 2 H, 9-H), 1.33 (q, 3J = 7.5 Hz, 2 H, 10-H), 0.91 (t, 3J = 7.5 Hz, 3 H, 11-H) ppm.  

13C NMR (151 MHz, CDCl3, 25 °C): δ = 167.7 (C-18), 152.2 (C-12), 138.1 (C-6), 131.8 (C-

14, C-16), 129.0 (C-2, C-4), 127.4 (C-3), 126.3 (C-1, C-5), 117.3 (C-17), 111.1 (C-13, C-15), 

54.5 (C-7), 51.8 (C-19), 51.4 (C-8), 29.6 (C-9), 20.6 (C-10), 14.3 (C-11) ppm. 

IR (ATR): v~  = 2956, 1702, 1277, 1277, 1182, 1106, 768 cm-1.HRMS (ESI) m/z calculated for 

C19H23NO2 [M+H]+: 298.1802, found: 298.1808. 

 

Methyl-4-(benzyl(6-((tert-butoxycarbonyl)amino)hexyl)amino)benzoate 69f 

 

 

Secondary amine 50f (327 mg, 1.07 mmol, 1.2 equiv.), 4-bromobenzoic acid methyl ester 

(192 mg, 0.891 mmol, 1.0 equiv.), Pd(OAc)2 (2.00 mg, 8.89 µmol, 10 mol%), PCy3 (5.00 mg, 

17.8 µmol, 20 mol%) and Cs2CO3 (580 mg, 1.78 mmol, 2.0 equiv.) were dissolved in 10.0 mL 

pre-dried, degassed toluene and stirred at 110 °C for 18 h. The reaction solution was cooled to 

room temperature and diluted with EtOAc. The solution was filtered over a small silica plug 

which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure. The crude 

residue was purified by flash column chromatography (silica, n-pentane/EtOAc 90:10 → 50:50 

+ 0.05% NEt3). and the product 69f was obtained in a yield of 11% (51.7 mg, 0.117 mmol,) as 

a yellow oil.  

 

TLC: Rf = 0.40 (n-pentane/EtOAc 1:1, v/v, ninhydrin). 

1H NMR (400 MHz, CDCl3, 25 °C): δ =7.84 (d, 3J = 9.1 Hz, 2 H, 20-H, 21-H), 7.34-7.28 (m, 

2 H, 1-H, 5-H), 7.25-7.22 (m, 1 H, 3-H), 7.19-7.15 (m, 2 H, 2-H, 4-H), 6.63 (d, 3J = 9.1 Hz, 
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2 H, 22-H, 23-H), 4.60 (s, 2 H, 7-H), 3.83 (s, 3 H, 26-H), 3.47-3.40 (m, 2 H, 13-H), 3.14-3.06 

(m, 2 H, 8-H), 1.71-1.59 (m, 4 H, 9-H, 12-H), 1.44 (s, 9 H, 16-H, 17-H, 18-H), 1.37-1.32 (m, 4 

H, 9-H,10-H) ppm. 

13C NMR (151 MHz, CDCl3, 25 °C): δ = 167.5 (C-25), 156.1 (C-14), 152.0 (C-19), 137.9 (C-

6), 131.6 (C-22, C-23), 128.8 (C-2, C-4), 127.2 (C-3), 126.4 (C-1, C-5), 117.2 (C-24), 110.9 

(C-21, C-22), 79.3 (C-15), 54.3 (C-7), 51.6 (C-26), 51.4 (C-8), 40.6 (C-13), 30.2 (C-12), 28.6 

(C 16, C-17, C-18), 27.2 (C-11), 26.9 (C-10), 26.8 (C-9) ppm. 

IR (ATR): v~  = 2929, 1701, 1603, 1521, 1278, 1181, 769 cm-1.  

HRMS (ESI) m/z calculated for C26H36N2O4 [M+H]+: 441.2748, found: 441.2754.  

 

Methyl 4-((6-((tert-butoxycarbonyl)amino)hexyl)(cyclohexylmethyl)amino)benzoate 69g 

 

 

 

Secondary amine 50g (603 mg, 1.92 mmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(413 mg, 1.92 mmol, 1.0 equiv.), Pd(OAc)2 (43.1 mg, 192 µmol, 10 mol%), PCy3 (107 mg, 

382 µmol, 20 mol%) and Cs2CO3 (230 mg, 0.706 mmol, 3.0 equiv.) were dissolved in 9.00 mL 

pre-dried, degassed toluene and then heated to 110 °C for 20 h. The crude product was purified 

by column chromatography (silica, n-pentane/EtOAc 10:1 → 2:1+0.05% NEt3). The product 

69g was obtained in a yield of 17 % (147 mg, 0.329 mmol) as colorless oil. 

 

TLC: Rf = 0.28. (n-pentane/EtOAc 10:1, v/v, ninhydrin). 

1H-NMR (400 MHz, CDCl3, 25 °C): 𝛿 = 7.85 (d, 3J = 9.2 Hz, 2 H, 22-H, 23-H), 6.56 (d, 

3J = 9.2 Hz, 2 H, 20-H, 21-H), 4.51 (s, 1 H, 27-H), 3.83 (s, 3 H, 26-H), 3.32 (m, 2 H, 8-H), 3.14 

(d, 3J = 6.9 Hz, 2 H, 7-H), 3.12-3.07 (m, 2 H, 13-H), 1.62 - 1.06 (m, 28 H, 1-H, 2-H, 3-H, 4-H, 

5-H, 6-H, 9-H, 10-H, 11-H, 12-H,16-H, 17-H, 18-H) ppm.  

13C-NMR (101 MHz, CDCl3, 25 °C): 𝛿 = 167.6 (C-25), 156.1 (C-14), 151.7 (C-19), 131.5 (C-

22, C-23), 116.1 (C-24), 110.7 (C-20, C-21), 77.4 (C-15), 57.8 (C-7), 52.0 (C-26), 51.5 (C-8), 

40.6 (C-13), 36.7 (C-1), 31.3 (C-2, C-6), 30.2 (C-12), 28.6 (C-16, C-17, C-18), 26.9 (C-9), 26.8 

(C-3, C-5), 26.6 (C-10, C-11), 26.6 (C-4) ppm. 
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IR (ATR):  = 3369, 2929, 1697, 1610, 1519, 1441, 1366, 1275, 1174, 1114, 1013, 826, 

766 cm-1.  

MS (ESI) m/z (%): 447.3 (100). 

 

Methyl 4-((6-(benzylamino)hexyl)(tert-butoxycarbonyl)amino)benzoate 70f  

 

Secondary amine 50f (600 mg, 1.96 mmol, 1.2 equiv.), 4-bromobenzoic acid methyl ester 

(350 mg, 1.63 mmol, 1.0 equiv.), Pd(OAc)2 (36.6 mg, 16.3 μmol, 10 mol%), BINAP (203 mg, 

32.6 μmol, 10 mol%) and Cs2CO3 (1.06 g, 3.26 mmol, 2.0 equiv.) were dissolved in 10.0 mL 

predried, degassed toluene and stirred at 110 °C for 18 h. The crude residue was purified by 

flash column chromatography (silica, CH2Cl2/MeOH 40:1+ 0.05% NEt3). The product was 

obtained in a yield of 24% (210 mg, 0.477 mmol) as dark yellow oil.  

 

TLC: Rf = 0.20 (CH2Cl2/MeOH 40:1, v/v, ninhydrin).  

1H-NMR (400 MHz, CDCl3, 25 °C): δ =7.98 (d, 3J = 8.6 Hz, 2 H, 17-H, 19-H), 7.36-7.20 (m, 

7 H, 1-H, 2-H, 3-H, 4-H, 5-H, 18-H, 20-H), 3.89 (s, 3 H, 15-H), 3.78 (s, 2 H, 7-H), 3.67-3.60 

(m, 2 H, 14-H), 2.94 (s, 1 H, 8-H), 2.65-2.64 (m, 2 H, 9-H), 1.58-1.46 (m, 4 H, 10-H, 11-H), 

1.42 (s, 9 H, 23-H, 24-H, H-25), 1.32-1.23 (m, 4 H, 12-H, 13-H) ppm.  

13C-NMR (101 MHz, CDCl3,): δ = 166.7 (C-16), 154.2 (C-21), 147.0 (C-26), 139.6 (C-6), 130.2 

(C-17, 19), 128.5 (C-2, C-4), 128.4 (C-1, C-5), 127.2 (C-3), 126.2 (C-18, C-20), 80.8 (C-22), 

53.8 (C-7), 52.2 (C-15), 49.7 (C-14), 49.1 (C-9), 29.7 (C-10), 28.4 (C-11), 28.6 (C-23, C-24, 

C-25), 27.0 (C-12), 26.7 (C-13) ppm.  

IR (ATR): v~  = 2927, 1698, 1605, 1366, 1154, 1111,699 cm-1. 

HRMS (ESI) m/z calculated for C26H36N2O4 [M+H]+: 441.2748, found: 441.2753. 

 

 

Methyl 4-((tert-butoxycarbonyl)(6-((cyclohexylmethyl)amino)hexyl)amino)benzoate 70g 

v~
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Secondary amine 50g (302 mg, 966 µmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(209 mg, 972 µmol, 1.0 equiv.), Pd(OAc)2 (302 mg, 966 µmol, 10 mol%), SPhos (78.8 mg, 

192 µmol, 20 mol%) and Cs2CO3 (626 mg, 1.92 mmol, 2.0 equiv.) were dissolved in 5 mL pre-

dried, degassed toluene and then stirred at 110 °C for 20 h. The crude residue was purified by 

column chromatography (silica, n-pentane/EtOAc 10:1 → 2:1+0.05% NEt3). The product was 

obtained in a yield of 24 % (101 mg, 0.226 mmol) as colorless oil. 

 

TLC: Rf = 0.28 (CH2Cl2/MeOH 30:1, v/v, ninhydrin).  

1H NMR (400 MHz, CDCl3, 25 °C): 𝛿 =7.98 (d, 3J = 8.5 Hz, 2 H, 22-H, 23-H), 7.25 (d, 

3J = 8.5 Hz, 2 H, 20-H, 21-H), 3.89 (s, 3 H, 26-H), 3.67-3.62 (m, 2 H, 13-H), 2.52 (t, 

3J = 7.3 Hz, 2 H, 8-H), 2.40 (d, 3J = 6.7 Hz, 2 H, 7-H), 1.76-1.45 (m, 11 H, 1-H, 2-H, 3-H, 4-

H, 5-H, 6-H), 1.42 (s, 9 H, 16-H, 17-H, 18-H), 1.32-1.09 (m, 8 H, 9-H, 10-H, 11-H, 12-H) ppm. 

13C NMR (101 MHz, CDCl3, 25 °C): 𝛿 = 166.7 (C-25), 154.2 (C-14), 147.0 (C-19), 130.3 (C-

22, C-23), 127.2 (C-24), 126.2 (C-20, C-21), 80.8 (C-15), 56.9 (C-7), 52.2 (C-26), 50.2 (C-8), 

49.8 (C-13), 38.0 (C-1), 31.6 (C-2, C-6), 30.1 (C-9), 28.6 (C-12), 28.4 (C-16, C-17, C-18), 27.1 

(C-3, C-5), 26.8 (C-10, C-11), 26.2 (C-4) ppm.  

IR (ATR):  = 2921, 2846, 1702, 1610, 1444, 1370, 1275, 1153, 1101, 761, 696 cm-1.  

HRMS (ESI) m/z calculated for C26H42N2O4 [M+H]+: 447.3217, found: 447.3256. 

 

Methyl 4-((2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)(benzyl)amino)benzoate 60h  

 

Secondary amine 50h (70.0 mg, 0.227 mmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(73.2 mg, 0.340 mmol, 1.5 equiv.), Pd(OAc)2 (509 μg, 2.27 μmol, 10 mol%), CyJohnPhos 

(159 μg, 4.54 μmol, 20 mol%) and Cs2CO3 (148 mg, 0.454 mmol, 2.0 equiv.) were dissolved 

v~
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in 5.00 mL pre-dried, degassed toluene and stirred at 110 °C for 24 h. The reaction solution was 

cooled to room temperature and diluted with EtOAc. The solution was filtered over a small 

silica plug which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure 

and the crude residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 

50:1 + 0.05% NEt3). The product was obtained in a yield of 38% (38.2 mg, 86.4 μmol) as a 

yellow oil.  

 

TLC: Rf = 0.35 (CH2Cl2/MeOH 40:1, ninhydrin stain).  

1H NMR (600 MHz, CDCl3): δ = 7.85 (d, 3J = 9.0 Hz, 2 H, 4-H, 6-H), 7.32-7.28 (m, 2 H, 11-

H, 15-H), 7.26-7.23 (m, 1 H, 13-H), 7.19-7.14 (m, 2 H, 12-H, 14-H), 6.69 (d, 3J = 9.0 Hz, 2 H, 

5-H, 7-H), 4.69 (s, 2 H, 9-H), 3.83 (s, 3 H, 1-H), 3.73-3.69 (m, 4 H, 22-H, 23-H), 3.66-3.59 (m, 

10 H, 17-H, 18-H, 19-H, 20-H, 21-H), 3.36 (t, 3J = 5.0 Hz, 2 H, 16-H) ppm.  

13C NMR (151 MHz, CDCl3): δ = 167.4 (C-2) 152.0 (C-8), 137.8 (C-10), 131.5 (C-4, C-6) 

128.8 (C-11, C-15), 127.2 (C-13), 126.4 (C-12, C-14), 117.5 (C-3), 111.2 (C-5, C-7), 70.9 (C-

17, C-18), 70.2 (C-19, C-20), 68.8 (C-21, C-22), 54.8 (C-9), 51.6 (C-1), 50.9 (C-16), 50.8 (C-

23) ppm.  

IR (ATR): v~  [cm-1] = 3372, 2889, 2105, 1684, 1588, 1270, 1109, 760. 

HRMS (ESI) m/z calculated for [C23H30N4O5+H+]: 443.2216, found: 443.2232. 

  

4-[2-Quinolinyl[6-[[(1,1-dimethylethoxy)carbonyl]-amino]-hexylamino]methyl]-

methylbenzoat 58a 

 

Secondary amine 50a (35.0 mg, 97.9 μmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(21.0 mg, 97.9 μmol, 1.0 equiv.), Pd(OAc)2 (1.10 mg, 4.90 μmol, 5 mol%), PCy3 (3.43 mg, 

97.9 μmol, 10 mol%) and Cs2CO3 (64 mg, 0.20 mmol, 2.0 equiv.) were dissolved in 8.00 mL 

predried, degassed toluene and stirred at 110 °C for 20 h. The reaction solution was cooled to 

room temperature and diluted with EtOAc. The solution was filtered over a small silica plug 

which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure and the 

crude residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 
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20:1 + 0.05% NEt3). The product 58a was obtained in a yield of 48% (20.7 mg, 42.1 μmol) as 

a dark yellow oil.  

 

TLC: Rf = 0.30 (CH2Cl2/MeOH 40:1, v/v, ninhydrin). 

1H NMR (300 MHz, CDCl3, 25 °C): δ = 8.09 (dd, 3,4J = 8.5, 6.9 Hz, 1 H, 3-H), 8.02 (dd, 

3,4J = 8.5, 6.9 Hz, 1 H, 8-H), 7.97 (d, 3J = 8.4 Hz, 2 H, 22-H, 24-H), 7.74 (dd, 3,4J = 8.5, 6.9 Hz, 

1 H, 5-H), 7.68 (ddd, 3,3,4J = 8.5, 6.9, 1.5 Hz 1 H, 7-H), 7.57 (d, 3J = 8.4 Hz, 2 H, 21-H, 25-H), 

7.48 (ddd, 3,3,4J = 8.5, 6.9, 1.5 Hz, 1 H, 6-H), 7.36 (d, 3J = 8.5 Hz, 1 H, 2-H), 5.14 (s, 1 H, 10-

H), 4.55 (s, 1 H, 28-H), 3.86 (s, 3 H, 27-H), 3.14-2.98 (m, 2 H, 16-H), 2.64-2.54 (m, 2 H, 11-

H), 2.45 (s, 1 H, 29-H), 1.61-1.49 (m, 2 H, 12-H), 1.41 (s, 9 H, 19-H, 20-H, 21-H), 1.39-1.18 

(m, 6 H, 13-H, 14-H, 15-H) ppm.  

13C NMR (75 MHz, CDCl3, 25 °C ): δ = 166.9 (C-26), 161.9 (C-1), 156.0 (C-17), 148.0 (C-

20), 147.6 (C-9), 136.7 (C-3), 129.9 (C-22, C-24), 129.5 (C-23), 129.3 (C-7), 129.2 (C-6), 127.8 

(C-21, C-25), 127.5 (C-8), 127.4 (C-5), 126.4 (C-4), 120.0 (C-2), 79.0 (C-18), 68.9 (C-10), 53.5 

(C-27), 52.1 (C-11), 48.6 (C-16), 30.2 (C-15), 30.1 (C-12), 28.5 (C-19, C-20, C-21), 27.0 (C-

13), 26.7 (C-14) ppm.  

IR (ATR): v~  = 2929, 1719, 1634, 1178, 1101, 744 cm-1.  

HRMS (ESI) m/z calculated for C29H37N3O4 [M+H]+: 492.2857, found: 492.2864. 

 

Methyl-4-((tert-butoxycarbonyl)(6-((quinolin-2-ylmethyl)amino)hexyl)amino)benzoate 

59a  

 

Secondary amine 50a (370 mg, 1.04 mmol, 1.2 equiv.), 4-bromobenzoic acid methyl ester 

(186 mg, 0.865 mmol, 1.0 equiv.), Pd(OAc)2 (19.0 mg, 84.6 μmol, 10 mol%), BINAP (107 mg, 

0.172 mmol, 20 mol%) and Cs2CO3 (840 mg, 2.58 mmol, 3.0 equiv.) were dissolved in 

5.00 mL pre-dried, degassed toluene and stirred at 110 °C for 20 h. The reaction solution was 

cooled to room temperature and diluted with EtOAc. The solution was filtered over a silica plug 

which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure and the 

crude residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 40:1+ 
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0.05% NEt3). The product 59a was obtained in a yield of 12% (60.0 mg, 0.122 mmol) as a dark 

yellow oil.  

 

TLC: Rf = 0.30 (CH2Cl2/MeOH 20:1, v/v, ninhydrin).  

1H-NMR (600 MHz, CDCl3): δ = 8.12 (d, 3J = 8.3 Hz, 1 H, 3-H), 8.04 (d, 3J = 8.3 Hz, 1 H, 8-

H), 7.99 (d, 3J = 8.6 Hz, 2 H, 22-H, 24-H), 7.80 (dd, 3,4J = 8.3, 1.3 Hz, 1 H, 5-H), 7.70 (ddd, 

3,3,4J = 8.3, 6.9, 1.5 Hz, 1 H, 7-H), 7.52 (ddd, 3,3,4J = 8.3, 6.9, 1.5 Hz, 1 H, 6-H), 7.43 (d, 3J = 

8.3 Hz, 1 H, 2-H), 7.27-7.24 (m, 2 H, H-21, H-25), 4.13 (s, 2 H, 10-H), 3.90 (s, 3 H, 27-H), 

3.68-3.62 (m, 2 H, 16-H), 2.74 (t, 3J = 7.3 Hz, 2 H, 11-H), 1.61-1.51 (m, 4 H, 12-H, 15-H), 1.43 

(s, 9 H, 19-H, 20-H, 21-H), 1.37-1.33 (m, 2 H, 13-H), 1.32-1.28 (m, 2 H, 14-H) ppm.  

13C NMR (151 MHz, CDCl3, 25 °C): δ = 166.8 (C-26), 159.2 (C-1), 154.3 (C-17), 147.7 (C-

20), 147.0 (C-9), 136.8 (C-3), 130.3 (C-22, C-24), 129.7 (C-7), 129.1 (C-8), 127.7 (C-6), 127.5 

(C-23), 127.2 (C-4), 126.4 (C-5), 126.3 (C-21, C-25), 120.6 (C-2), 80.8 (C-18), 55.3 (C-10), 

52.2 (C-27), 49.7 (C-11), 49.7 (C-16), 29.8 (C-15), 28.6 (C-12), 28.4 (C-19), 27.0 (C-13), 26.7 

(C-14) ppm.  

IR (ATR): v~  =2929, 1719, 1634, 1433, 1275, 1178, 1101, 767 cm-1.  

HRMS (ESI) m/z calculated for C29H37N3O4 [M+H]+: 492.2857, found: 492.2883. 

  

Methyl-4-((6-((tert-butoxycarbonyl)amino)hexyl)(quinolin-3-ylmethyl)amino)benzoate 

60b 

 

Secondary amine 50ab(30.0 mg, 83.9 µmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(18.0 mg, 83.9 µmol, 1.0 equiv.), Pd(OAc)2 (1.88 mg, 8.39 µmol, 10 mol%), PCy3 (4.71 mg, 

16.8 µmol, 20 mol%) and Cs2CO3 (54.7 mg, 0.168 mmol, 2.0 equiv.) were dissolved in 

3.00 mL pre-dried, degassed toluene and stirred at 110 °C for 18 h. The reaction solution was 

cooled to room temperature and diluted with EtOAc. The solution was filtered over a small 

silica plug which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure 

and the crude residue was purified by flash column chromatography (silica, n-pentane/EtOAc 
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90:10 → 50:50 +0.05% NEt3). The desired product 60b was obtained in a yield of 55% 

(23.0 mg, 0.468 mmol) as a yellow oil. 

 

TLC: Rf = 0.30 (n-pentane/EtOAc 1:1, v/v, ninhydrin). 

1H NMR (400 MHz, 400 MHz, CDCl3, 25 °C): δ = 8.83 (d, 4J = 2.2 Hz 1 H, H-6), 8.13 (d, 

3J = 8.3 Hz, 1 H, H-4), 7.92-7.82 (m, 3 H, H- 26,27,8), 7.77-7.67 (m, 2 H, 1-H, 3-H), 7.54 (ddd, 

3,3,4J = 8.3, 6.8, 1.2 Hz, 1 H, 2-H), 6.67 (d, 3J = 9.1 Hz, 2 H, 24-H, 25-H), 4.80 (s, 2 H, 10-H), 

4.50 (s, 1 H, 29-H), 3.84 (s, 3 H, 22-H), 3.56-3.48 (m, 2 H, 16-H), 3.15-3.01 (m, 2 H, 11-H), 

1.82-1.69 (m, 2 H, 12-H), 1.51-1.21 (m, 15 H, 13-H, 14-H, 15-H 1, 19-H, 20-H, 21-H) ppm. 

13C NMR (101 MHz, CDCl3, 25 °C): δ = 167.3 (C-23), 164.4 (C-17), 151.5 (C-5), 149.3 (C-

6), 137.5 (C-28), 131.8 (C-24, C-25), 130.9 (C-7), 129.9 (C-8), 128.7 (C-1), 128.1 (C-9), 127.8 

(C-2), 127.5 (C-3), 127.3 (C-4), 118.1 (C-30), 111.2 (C-26, C-27), 80.8 (C-18), 52.5 (C-10), 

51.7 (C-22), 51.6 (C-11), 40.5 (C-16), 30.2 (C-15), 28.6 (C-18, C-19, C-20), 27.3 (C-14), 26.9 

(C-13), 26.7 (C-12) ppm.  

IR (ATR): v~  = 2929, 1702, 1603, 1278, 1182, 1108, 769 cm-1.  

HRMS (ESI) m/z calculated for C29H37N3O4 [M+H]+: 492.2857, found: 492.2862. 

 

Methyl-4-((6-((tert-butoxycarbonyl)amino)hexyl)(quinolin-4-ylmethyl)amino)benzoate 

60c  

 

Secondary amine 50c (30.0 mg, 83.9 µmol, 1.0 equiv.) 4-bromobenzoic acid methyl ester 

(18.0 mg, 83.9 µmol, 1.0 equiv.), Pd(OAc)2 (1.88 mg, 8.39 µmol, 10 mol%), PCy3 (4.71 mg, 

16.8 µmol, 20 mol%) and Cs2CO3 (54.7 mg, 0.168 mmol, 2.0 equiv.) were dissolved in 

3.00 mL pre-dried, degassed toluene and stirred at 110 °C for 18 h. The reaction solution was 

cooled to room temperature and diluted with EtOAc. The solution was filtered over a silica plug 

which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure and the 

crude residue was purified by flash column chromatography (silica, n-pentane/EtOAc 90:10 → 
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50:50 +0.05% NEt3). The desired product 60c was obtained in a yield of 56% (23.0 mg, 

0.468 mmol) as a yellow oil.  

 

TLC: Rf = 0.30 (n-pentane/EtOAc 1:1, v/v, ninhydrin). 

 1H NMR (600 MHz, 400 MHz, CDCl3, 25 °C): δ = 8.83 (d, 4J = 2.2 Hz 1 H, 6-H), 8.13 (d, 3J 

= 8.3 Hz, 1 H, 4-H), 7.92-7.82 (m, 3 H, 26-H, 27-H, 7-H), 7.77-7.67 (m, 2 H, 1-H, 3-H), 7.54 

(ddd, 3,3,4J = 8.3, 6.8, 1.2 Hz, 1 H, 2-H), 6.67 (d, 3J = 9.1 Hz, 2 H, 24-H, 25-H), 4.80 (s, 2 H, 

10-H), 4.50 (s, 1 H, 29-H), 3.84 (s, 3 H, 22-H), 3.56-3.48 (m, 2 H, 16-H), 3.15-3.01 (m, 2 H, 

11-H), 1.82-1.69 (m, 2 H, 12-H), 1.51-1.21 (m, 15 H, 13-H, 14-H, 15-H, 19-H, 20-H, 21-H) 

ppm.  

13C NMR (151 MHz, CDCl3, 25 °C): δ = 167.5 (C-28), 156.3 (C-17), 151.6 (C-5), 150.1 (C-

6), 146.7 (C-22), 143.8 (C-8), 131.9 (C 23, C-24), 130.4 (C-3), 130.1 (C-2), 127.4 (C-4), 126.6 

(C-9), 122.5 (C-1), 118.4 (C-7), 118.3 (C-27), 111.2 (C-25, C-26), 79.5 (C-18), 52.0 (C-10), 

51.9 (C-29), 51.9 (C-11), 40.7 (C-16), 30.4 (C-15), 28.8 (C-19, C-20, C-21), 27.6 (C-12), 27.1 

(C-13), 26.9 (C-14) ppm.  

IR (ATR): v~  = 2933, 1705, 1610, 1523, 1288, 1183, 722 cm-1. 

HRMS (ESI) m/z calculated for C29H37N3O4 [M+H]+: 492.2857, found: 492.2877. 

  

Methyl-4-((6-((tert-butoxycarbonyl)amino)hexyl)(quinolin-6-ylmethyl)amino)benzoate 

60d 

 

 

 

Secondary amine 50d (30.0 mg, 83.9 µmol, 1.0 equiv.) 4-bromobenzoic acid methyl ester (18.0 

mg, 83.9 µmol, 1.0 equiv.), Pd(OAc)2 (1.88 mg, 8.39 µmol, 10 mol%), PCy3 (4.71 mg, 16.8 

µmol, 20 mol%) and Cs2CO3 (54.7 mg, 0.168 mmol, 2.0 equiv.) were dissolved in 3 mL pre-

dried, degassed toluene and stirred at 110 °C for 18 h. The reaction solution was cooled to room 

temperature and diluted with EtOAc. The solution was filtered over a small silica plug which 

was rinsed with EtOAc. The filtrate was concentrated under reduced pressure and the crude 

residue was purified by flash column chromatography (silica, n-pentane/EtOAc 90:10 → 50:50 
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+0.05% NEt3). The desired product was obtained in a yield of 15% (6.16 mg, 0.468 mmol) as 

a yellow oil.  

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.91 (m, 2 H, 3-H), 8.12-8.06 (m, 2 H, 5-H) 7.86 (d, 

3J = 8.8 Hz, 2 H, 26-H, 27-H), 7.60-7.52 (m, 2 H, 8-H, 6-H ), 7.39 (dd, 3,4J = 8.3, 4.2 Hz, 1 H, 

2-H), 6.66 (d, 3J = 8.8 Hz, 2 H, 24-H, 25-H), 4.78 (s, 2 H, 10-H), 4.49 (s, 1 H, 17-H), 3.83 (s, 3 

H, 30-H), 3.54-3.46 (m, 2 H, 16-H) 3.15 (m, 2 H, 11-H), 1.79-1.60 (m, 4 H, 12-H, 15-H), 1.52-

1.46 (m, 2 H, 13-H), 1.43 (s, 9 H, 20-H, 21-H, 22-H), 1.40-1.34 (m, 2 H, 14-H ) ppm. 

13C NMR (151 MHz, CDCl3, 25 °C): δ = 167.3 (C-29), 160.1 (C-18), 156.3 (C-23), 150.0 (C-

9), 145.7 (C-3), 138.3 (C-7), 134.4 (C-1), 133.0 (C-6), 132.0 (C-23, C-24), 129.6 (C-4), 125.2 

(C-8), 123.4 (C-2), 121.8 (C-5), 120.7 (C-28), 111.7 (C-26, C-27), 77.2 (C-19), 54.8 (C-16), 

52.4 (C-10), 52.3 (C-30), 40.7 (C-11), 30.5 (C-15), 28.8 (C-19, C-20, C-21), 27.5 (C-14), 27.0 

(C-13), 26.9 (C-12) ppm. 

IR (ATR): v~  = 2830, 1710, 1624, 1550, 1293, 1337, 720 cm-1. 

HRMS (ESI) m/z calculated for C29H37N3O4 [M+H]+: 492.2857, found 492.2880. 

 

Methyl-4-((tert-butoxycarbonyl)(6-((quinolin-6-ylmethyl)amino)hexyl)amino) benzoate 

59d 

 

Secondary amine 50d (600 mg, 1.70 mmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(360 mg, 1.70 mmol, 1.0 equiv.), Pd(OAc)2 (30.0 mg, 0.170 mmol, 10 mol%), dppf (180 mg, 

0.340 mmol, 20 mol%) and Cs2CO3 (1.00 g, 6.70 mmol, 2.0 equiv.) were dissolved in 5.00 mL 

pre-dried, degassed toluene and stirred at 110 °C for 20 h. The reaction solution was cooled to 

room temperature and diluted with EtOAc. The solution was filtered over a small silica plug 

which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure and the 

crude residue was purified by flash column chromatography (silica, n-pentane/EtOAc 95:5 → 

50:50 + 0.05% NEt3). The product 59d was obtained in a yield of 48% (400 mg, 0.815 mmol,) 

as a dark yellow oil. 

 

TLC: Rf = 0.30 (CH2Cl2/MeOH 20:1, v/v, ninhydrin).  
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1H NMR (600 MHz, CDCl3, 25 °C): δ = 8.84 (dd, 3,4J = 8.3, 1.7 Hz, 1 H, 3-H), 8.08 (dd, 3,4J 

= 8.3, 1.7 Hz, 1 H, 1-H), 8.02 (d, 3J = 8.7 Hz, 1 H, 5-H), 7.96 (d, 3J = 8.6 Hz, 2 H, 23-H, 24-

H), 7.70 (d, 3J = 2.0 Hz, 1 H, 8-H), 7.65 (dd, 3,4J = 8.7, 1.9 Hz, 1 H, 6-H), 7.34 (dd, 3,4J = 8.3, 

1.7 Hz, 1 H, 2-H), 7.23 (d, 3J = 8.6 Hz, 2 H, 25-H, 26-H), 3.92 (s, 2 H, 10-H), 3.86 (s, 3 H, 29-

H), 3.65-3.59 (m, 2 H, 16-H), 2.61 (t, 3J = 7.2 Hz, 2 H, 11-H), 1.54-1.45 (m, 4 H, 12-H, 15-H), 

1.40 (s, 9 H, 19-H, 20-H, 21-H), 1.33-1.24 (m, 4 H, H-13, H-14) ppm.  

13C NMR (101 MHz, CDCl3, 25 °C): δ = 166.8 (C-28), 154.3 (C-17), 152.3 (C-22), 150.2 (C-

3), 147.9 (C-4), 147.1 (C-9), 139.0 (C-7), 136.0 (C-1), 131.1 (C-6), 130.4 (C-23, C-24), 129.7 

(C-8), 128.4 (C-2), 127.3 (C-5), 126.4 (C-25, C-26), 121.4 (C-27), 80.9 (C-18), 53.9 (C-10), 

52.3 (C-29), 49.8 (C-11), 49.6 (C-16), 30.2 (C-15), 28.7 (C-12), 28.5 (C-19, C-20, C-21), 27.2 

(C-14), 26.8 (C-13) ppm.  

IR (ATR): v~  = 2920, 1688, 1592, 1370, 1257, 1153, 708 cm-1. 

HRMS (ESI) m/z calculated for C29H37N3O4 [M+H]+: 492.2857, found 492.2863. 

 

Methyl-4-((tert-butoxycarbonyl)(6-((quinolin-8-ylmethyl)amino)hexyl)amino)benzoate 

59e 

 

 

Secondary amine 50e (30.0 mg, 83.9 µmol, 1.0 equiv.), 4- bromobenzoic acid methyl ester 

(18.0 mg, 83.9 µmol, 1.0 equiv.), Pd(OAc)2 (1.88 mg, 8.39 µmol, 10 mol%), XPhos (8.01 mg, 

16.8 µmol, 20 mol%) and Cs2CO3 (54.7 mg, 0.168 mmol, 2.00 equiv.) were dissolved in 

3.00 mL pre-dried, degassed toluene and stirred at 110 °C for 18 h. The reaction solution was 

cooled to room temperature and diluted with EtOAc. The solution was filtered over a small 

silica plug which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure 

and the crude residue was purified by column chromatography (silica, n-pentane/EtOAc 95:5 

→ 50:50 + 0.05% NEt3). The product 59e was obtained as  bright yellow oil in a yield of 24% 

(10.0 mg, 20.4 μmol).  

 

TLC: Rf = 0.51 (CH2Cl2/MeOH 20:1, v/v, ninhydrin). 
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1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.85 (dd, 3,4J = 8.3, 1.7 Hz, 1 H, 1-H), 8.27 (dd, 

3,4J = 8.3, 1.7 Hz, 1 H, 3-H), 7.98 (d, 3J = 8.6 Hz, 2 H, 25-H, 26-H), 7.89 (dd, 3,4J = 8.3, 1.3 Hz, 

1 H, 5-H), 7.76 (dd, 3,4J = 8.3, 1.3 Hz, 1 H, 7-H), 7.57 (dd, 3,4J = 8.3, 1.3 Hz, 1 H, 6-H), 7.53 

(dd, 3,4J = 8.3, 1.7 Hz, 1 H, 2-H), 7.22 (d, 3J = 8.6 Hz, 2 H, 24-H, 26-H), 4.66 (s, 2 H, 10-H), 

3.90 (s, 3 H, 29-H), 3.63-3.56 (m, 2 H, 16-H), 2.95 (s, 1 H, 30-H), 2.90-2.87 (m, 2 H, 11-H), 

1.82-1.74 (m, 2 H, 15-H), 1.47 (t, 3J = 7.4 Hz, 2 H, 12-H), 1.40 (s, 9 H, 19-H, 20-H, 21-H), 

1.31-1.26 (m, 2 H, 13-H), 1.25-1.20 (m, 2 H, 14-H) ppm. 

13C NMR (101 MHz, CDCl3, 25 °C): δ = 166.7 (C-28), 154.2 (C-17), 149.9 (C-1), 146.9 (C-

22), 146.5 (C-9), 137.7 (C-8), 131.8 (C-3), 130.3 (C-25, C-26), 129.6 (C-7), 128.7 (C-6), 128.3 

(C-2), 127.3 (C-5), 127.0 (C-4), 126.3 (C-24, C-23), 122.2 (C-27), 80.9 (C-18), 52.2 (C-29), 

50.2 (C-10), 49.5 (C-11), 46.8 (C-16), 28.4 (C-19, C-20, C-21), 28.4 (C-15), 26.7 (C-14), 26.4 

(C-13), 26.2 (C-12) ppm.  

IR (ATR): v~  = 2933, 1693, 1592, 1274, 1139, 1009, 778, 70 cm-1.  

HRMS (ESI) m/z calculated for C29H37N3O4 [M+H]+: 492.2857, found: 492.2868.  

 

Biarylated amine 71 

 
 

Secondary amine 50d (600 mg, 1.70 mmol, 1.0 equiv.), 4-bromobenzoic acid methyl ester 

(720 mg, 3.40 mmol, 2.0 equiv.), Pd(OAc)2 (30.0 mg, 170 µmol, 10 mol%), XantPhos 

(194 mg, 336 µmol, 20 mol%) and Cs2CO3 (1.00 g, 6.70 mmol, 2.0 equiv.) were dissolved in 

5.00 mL pre-dried, degassed toluene and stirred at 110 °C for 20 h. The reaction solution was 

cooled to room temperature and diluted with EtOAc. The solution was filtered over a small 

silica plug which was rinsed with EtOAc. The filtrate was concentrated under reduced pressure 

and the crude residue was purified by flash column chromatography (silica, n-pentane/EtOAc 

95:5 → 50:50 + 0.05% NEt3). The product was obtained in a yield of 40% (420 mg, 

0.672 mmol,) as a yellow oil. 
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1H NMR (400 MHz,  CDCl3, 25 °C): δ = 8.88 (d, 3J = 4.0 Hz, 1 H, 3-H), 8.11-8.04 (m, 2 H, 33-

H, 34-H), 8.01-7.96 (m, 2 H, 25-H, 26-H ), 7.87-7.83 (m, 2 H, 1-H, 5-H), 7.58-7.51 (m, 2 H, 6-

H, 8-H ), 7.38 (dd, 3,4J = 8.4, 4.2 Hz, 1 H, 2-H), 7.27-7.22 (m, 2 H, 31-H, 32-H), 6.65 (d, 3J = 

8.2 Hz, 2 H, 23-H, 24-H), 4.75 (s, 2 H, 10-H), 3.90 (s, 3 H, H-37), 3.83 (s, 3 H, 29-H), 3.66 (t, 

3J = 7.6 Hz, 2 H, 16-H), 3.48 (t, 3J = 7.6 Hz, 2 H, 11-H), 1.69 (t, 3J = 7.6 Hz, 2 H, 12-H), 1.55 

(t, 3J = 7.6 Hz, 2 H, 15-H), 1.42 (s, 9 H, 19-H, 20-H, 21-H) 1.38-1.30 (m, 4 H, H-13, H-14) 

ppm. 

13C NMR (151 MHz, CDCl3, 25 °C): δ = 167.4 (C-36), 166.7 (C-28), 154.2 (C-17), 151.8 (C-

22), 150.3 (C-3), 147.8 (C-30), 147.0 (C-4), 136.3 (C-7), 136.0 (C-1), 131.6 (C-31, C-32), 130.3 

(C-23, C-24), 130.2 (C-6), 128.4 (C-8), 128.4 (C-2), 127.3 (C-9), 126.3 (C-5), 124.6 (C-25, C-

26), 121.5 (C-27), 117.6 (C-35), 111.02 (C-33, C-34), 80.9 (C-18), 54.3 (C-10), 52.3 (C-29), 

51.6 (C-37), 51.5 (C-11), 49.6 (C-16), 28.6 (C-15), 28.4 (C-12), 27.2 (C-19, C-20, C-21), 26.8 

(C-14), 26.7 (C-13) ppm. 

IR (ATR): v~  = 2930, 1699, 1600, 1458, 1264, 1177, 710cm-1. 

MS (ESI) m/z (%): 625.3 (100) [M+H]+. 

 

Di-tert-butyl 2-methylenepentanedioate 73 167,168 

 

 
 

Tert-butyl acrylate (4.54 mL, 31.2 mmol, 1.0 equiv.) was cooled to 0 °C and tributylphosphine 

(0.934 mL, 3.74 mmol, 0.12 equiv.) was added in a dropwise manner. The reaction solution 

was stirred at the room temperature over 18 h. After removing solvent under reduced pressure, 

the crude residue was purified by flash column chromatography (silica, n-pentane/EtOAc 10:1 

→ 100% EtOAc). The product 73 was obtained as a light yellow liquid in a yield of 20% 

(1.58 g, 6.16 mmol). 

 

1H-NMR (300 MHz, CDCl3): δ = 6.13 (s, 1 H, 5a-H), 5.49 (s 1 H, 5b-H), 2.61-2.52 (m, 2 H, 6-

H), 2.44-2.37 (m, 2 H, 7-H), 1.51 (s, 9 H, 10-H), 1.44 (s, 9 H, 1-H) ppm. 

 

Phosphinic acid 75 167,168 
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Methyl-2-(((benzyloxy)carbonyl)amino)but-3-enoate (500 mg, 2.00 mmol, 1.0 equiv.) and 

ammonium hypophosphit (410 mg, 5.00 mmol, 2.50 equiv.) were predried for 4 h in vacuo. 

Vinylglycine derivative 74 was solved in 4.00 mL dry methanol. Subsequently, the ammonium 

hypophosphit was added under nitrogen atmosphere followed by dropwise adding of 2 mL of 

triethylborane (1 M in THF). The reaction mixture was then stirred under air at room 

temperature over 16 h. MeOH was removed under reduced pressure and the residue was 

dissolved in saturated NaHCO3-solution (20.0 mL) and extracted with EtOAc (3x20.0 mL). The 

aqueous phase was adjusted with 2M hydrochloric acid to pH 2 and extracted with EtOAc 

(3x20 mL). The combined organic phases were dried over Na2SO4, filtered and the solvent was 

removed under reduced pressure. The product was obtained in yield 87% (548 mg, 1.74 mmol) 

and it was used without further purification. 

 

1H-NMR (300 MHz, CDCl3): δ = 7.39-7.29 (m, 5 H, 9-H, 10-H, 11-H, 12-H, 13-H), 6.14 (s, 

1 H, NH), 5.09 (s, 2 H, 7-H), 4.47-4.38 (m, 1 H, 3-H), 3.75 (s, 3 H, 5-H), 1.60-2.31 (m, 4 H, 1-

H, 2-H) ppm. 

 

Protected GPI 76 167,168 

 

 
 

Phosphinic acid 75 has been previously dried under vacuum for 3 h and dissolved in 10.0 mL 

dry CH2Cl2. N, O-Bis(trimethylsilyl)acetamide (2.80 mL, 11.4 mmol, 6.0 equiv.) was added 

and the reaction solution was heated to reflux. After 4 h 73 (487 mg, 1.90 mmol, 1.0 equiv.) 

was added. The reaction solution was stirred for 60 h under reflux. Afterwards, 8.00 mL 1M 

hydrochloric acid was added and stirred for 2 h, followed by extraction with EtOAc (3x20 mL). 

The organic phases were collected, dried over Na2SO4 and the solvent was removed under 

reduced pressure. The crude residue was purified by reversed phase column chromatography 
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(RP-C18, H2O/CH3CN 100:0 → 0:100). The product 76 was obtained in a yield of 37 % 

(280 mg, 0.490 mmol) as colorless oil. 

 

1H-NMR (300 MHz, MeOD-d4): δ = 7.36-7.31 (m, 5 H, 19-H, 20-H, 21-H, 22-H, 23-H), 5.09 

(s, 2 H, 17-H), 4.29-4.25 (m, 1 H, 13-H), 3.73 (s, 3 H, 15-H), 2.72-2.67 (m, 1 H, 4-H), 2.32-

2.26 (m, 2 H, 10-H), 2.21-2.04 (m, 2 H, 11-H), 2.00-1.67 (m, 6 H, 5-H, 6-H, 12-H), 1.47 (d, 3J 

= 3.9 Hz, 18 H, 1-H, 9-H) ppm.  

 

GPI 20 167,168 

 
 

Protected GPI 76 500 mg (1.01 mmol, 1.0 equiv.) was dissolved in 6M hydrochloric acid 

(10 mL) and stirred under reflux for 18 h. Solvent was removed under reduced pressure and the 

residue was purified by reversed phase column chromatography (RP-C18, H2O/CH3CN 100:0 

→ 0:100). After lyophilization, the isolated product 20 was obtained in a yield of 85 % (230 mg, 

0.739 mmol) as a colorless powder. 

 

1H NMR (400 MHz, D2O): δ = 4.09-4.06 (m, 1 H, 2-H), 2.78 (s, 1 H, 6-H), 2.50-2.43 (m, 2 H, 

8-H), 2.24-2.12 (m, 3 H, 3-H, 5a-H), 2.02-1.92 (m, 2 H, 9-H), 1.90-1.75 (m, 3 H, 5b-H, 4-H) 

ppm. 

 

Carboxylic acid 77b 

 

 

 

Tertiary amine 60b (10.0 mg, 20.4 µmol, 1.0 equiv.) and LiOH (12.1 mg, 509 μmol, 25 equiv.) 

were dissolved in 3.00 mL mixture of THF/H2O (1:1) and stirred at 40 °C for 48 h. After full 

conversion of starting material (ESI MS control), the solution was neutralized with 1M 

hydrochloric acid and extracted three times with EtOAc. The solvent was removed under 
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reduced pressure and the deprotected acid 77b was obtained in a yield of 72% (7.01 mg, 

14.6 μmol) as colorless solid and it was used without further purification. 

 

1H NMR (600 MHz, DMSO-d6): δ = 8.82 (s, 1 H, H-6), 8.05-7.97 (m, 2 H, H-4, H-8), 7.91 (dd, 

3,4J = 8.1, 1.4 Hz, 1 H, 1-H), 7.70 (d, 3J = 9.1 Hz, 2 H, 26-H, 27-H), 7.59-7.54 (m, 1 H, 2-H), 

6.75 (d, 3J = 9.1 Hz, 2 H, 24-H-24, H-25), 4.87 (s, 2 H, 10-H), 3.58-3.52 (m, 2 H, 16-H), 2.92-

2.85 (m, 2 H, 11-H), 1.66-1.59 (m, 2 H, 12-H), 1.40-1.23 (m, 15 H, 13-H, 14-H, 15-H, 19-H, 

20-H, 21-H) ppm.  

13C NMR (151 MHz, DMSO-d6): δ = 167.4 (C-23), 155.6 (C-17), 151.0 (C-5), 150.3 (C-6), 

146.8 (C-29), 132.5 (C-7), 131.5 (C-8), 131.1 (C-25, 26), 129.0 (C-1), 128.7 (C-2), 127.8 (C-

3), 127.5 (C-4), 126.8 (C-9), 118.9 (C-24), 110.9 (C-28, 27), 77.3 (C-18), 51.4 (C-10), 50.7 (C-

11), 29.4 (C-14, 15), 28.2 (C 19-21), 26.6 (C-12), 26.1 (C-13), 26.0 (C-16) ppm. 

IR (ATR): v~  [cm-1] = 2931, 1702, 1603, 1365, 1278, 828. 

Mp.: 166.1 °C. 

HRMS (ESI) m/z calculated for [C28H35N3O4+H+]: 478.2700, found: 478.2691. 

 

Carboxylic acid 77f 

 

 
 

Methyl-4-(benzyl(6-((tert-butoxycarbonyl)amino)hexyl)amino)benzoate (160 mg, 

0.364 mmol, 1.0 equiv.) and LiOH (217 mg, 9.08 mmol, 25 equiv.) were dissolved in 8.00 mL 

mixture of THF/H2O (1:1) and stirred at 40 °C for 48 h. After full conversion of starting 

material (ESI MS control), the solution was neutralized with 1M hydrochloric acid and extracted 

three times with EtOAc The solvent was removed under reduced pressure and the deprotected 

acid 77f was obtained in a yield of 52% (80.0 mg, 0.188 mmol,) as a yellow oil and it was used 

without further purification.  

 

1H NMR (500 MHz, CDCl3): δ = 7.89 (d, 3J = 9.1 Hz, 2 H, 21-H, 22-H), 7.33-7.28 (m, 2 H, 1-

H, 5-H), 7.25 -7.22 (m, 1 H, 3-H), 7.17 (d, 3J = 7.3 Hz, 2 H, 2-H, 4-H), 6.64 (d, 3J = 9.1 Hz, 
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2 H, 23-H, 24-H), 4.61 (s, 2 H, 7-H), 4.49 (s, 1 H, 19-H), 3.49-3.41 (m, 2 H, 13-H), 3.17–3.04 

(m, 2 H, 8-H), 1.54-1.13 (m, 17 H, 12-H, 13-H, 14-H, 15-H, 16-H, 17-H, 18-H) ppm. 

13C NMR (126 MHz, CDCl3): δ = 166.5 (C-26), 154.7 (C-14), 152.5 (C-20), 137.8 (C-6), 132.3 

(C-23, C-24), 128.9 (C-2, C-4), 127.3 (C-3), 126.5 (C-1, C-5), 116.0 (C-25), 111.0 (C-21, C-

22), 84.7 (C-15), 54.4 (C-7), 51.4 (C-8), 40.4 (C-13), 30.2 (C-12), 28.6 (C-16, C-17, C-18), 

27.2 (C-11), 26.9 (C-10), 26.8 (C-9) ppm. 

IR (ATR): v~  [cm-1] = 2932, 1686, 1603, 1592, 1405, 1098, 608. 

HRMS (ESI) m/z calculated for [C25H34N2O4+H+]: 427.2591, found: 427.2595. 

 

Boc-protected folate-GPI conjugate 79 

 

 

Carboxylic acid 77f (20.0 mg, 41.9 μmol, 1.0 equiv.) was added to a dry Schlenck tube under 

nitrogen atmosphere and dissolved in 250 µl anhydrous DMSO. The solution was cooled to 

20 oC, followed by the addition of Et3N (29.2 µL, 0.209 mmol, 5.0 equiv.) and stirred for 5 min. 

Afterwards, isobutyl chloroformate (6.86 mg, 50.2 μmol, 1.2 equiv.) was added to the solution 

and stirred for 1 h followed by the addition of NaN3 (3.27 mg, 50.2 μmol, 1.2 equiv.). The 

solution was allowed to stir for another 1 h at the room temperature. Reaction completion was 

monitored by LC-MS. After removing DMSO in vacuo, the crude product was dissolved in 

5 mL 1M hydrochloric acid and extracted with CH2Cl2 (3x5 mL). The combined organic layers 

were dried over Na2SO4, filtered and concentrated under reduced pressure. The formed azide 

80 was dissolved in 1.00 mL dry DMSO in a Schlenck tube under nitrogen atmosphere. 

Following, tetramethylguanidine (16.9 μl, 0.135 mmol, 3.0 equiv.) and GPI (7.00 mg, 

22.5 μmol, 0.5 equiv.) were added into solution and stirred at room temperature over18 h. After 

concentration under reduced pressure, the crude product was purified via reversed phase 

column chromatography (RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). The Boc 

protected folate-GPI conjugate 81 was obtained as a colorless powder in yield of 41% (13.0 mg, 

16.9 μmol). 13C spectrum shows the mixture of two diastereomers. 
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1H NMR (600 MHz, DMSO-d6): δ = 8.83 (d, 4J = 2.2 Hz, 1 H, 6-H ), 8.04-8.02 (m, 1 H, 4-H), 

8.00 (dd, 3,4J = 8.3, 1.4 Hz, 1 H, 1-H), 7.91 (dd, 3,4J = 8.3, 1.4 Hz, 1 H, 3-H), 7.74-7.70 (m, 3 H, 

8-H, 24-H, 25-H), 7.57 (ddd, 3,4J = 8.3, 1.4, 1.2 Hz, 1 H, 2-H), 6.75 (d, 3 J = 9.1 Hz, 2 H, 26-H, 

27-H), 4.87 (s, 2 H, 10-H), 4.37-4.32 (m, 1 H, 29-H), 3.55 (t, 3J = 7.6 Hz, 2 H, 16-H), 2.92-2.84 

(m, 2 H, 11-H), 2.59-2.52 (m, 1 H, 34-H), 2.24-2.20 (m, 2 H, 33-H), 2.05-1.97 (m, 2 H, 37-H), 

1.97-1.69 (m, 6 H, 31-H, 32-H, 36-H), 1.69-1.58 (m, 4 H, 14-H, 15-H) 1.41-1.21 (m, 13 H, 12-

H, 13-H, 19-H, 20-H, 21-H) ppm.  

13C NMR (151 MHz, DMSO-d6): δ =175.3 (C-35), 173.6 (C-30), 173.3 (C-38), 166.0 (C-23), 

155.3 (C-22), 150.1 (C-6), 149.7 (C-17), 146.5 (C-5), 132.3 (C-8), 131.5 (C-7), 128.8 (C-25, 

C-26), 128.7 (C-1), 128.4 (C-2), 127.5 (C-3), 127.2 (C-9), 126.5 (C-4), 120.5 (C-27), 110.5 (C-

23, C-24), 77.0 (C-18), 52.8 (3J31P-13C = 11.8 Hz, C-29), 51.1 (C-10), 50.4 (C-11), 39.8 (C-16), 

38.0 + 37.9 (diastereomers, 2J31P-13C = 7.5 Hz, C-34), 30.9 (C-37), 30.6 (C-36), 30.0 (C-32), 

29.2 (C-31), 28.0 (C-19, C-20, C-21), 27.9 (diastereomers, 1J31P-13C = 10.0 Hz, C-33), 26.5+26.3 

(diastereomers, C-15), 25.8 (C-13), 25.8 (C-12), 23.3 (C-14) ppm. 

IR (ATR): v~  [cm-1] = 2923, 1686, 1602, 1510, 1164, 754, 694. 

HRMS (ESI) m/z calculated for [C38H51N4O11P+H+]: 771.3365, found: 771.3327. 

 

Deprotected folate-GPI conjugate 81 

 

 
 

The folate-GPI conjugate 79 (3.00 mg, 3.89 µmol, 1.0 equiv.) was dissolved in a 2.00 mL 

mixture of CH2Cl2/TFA (1:1) and stirred over 16 h at room temperature. The solvent was 

removed under a stream of N2. After lyophilization, the product was obtained in yield of 77% 

(2.00 mg, 2.98 µmol) as a colorless powder. Due to the low amount of the substance, 13C 

spectrum could not be obtained. 31P spectrum shows the mixture of two diastereomers. 

 

1H NMR (600 MHz, D2O): δ = 9.00 (d, J = 2.0 Hz, 1 H, 6-H), 8.90 (s, 1 H, 4-H), 8.22 (dd, 3,4J 

= 8.6, 1.0 Hz, 1 H, 1-H), 8.19 (d, 3J = 8.6, 1.0 Hz, 1 H, 3-H), 8.15-8.11 (m, 1 H, 2-H), 7.97-

7.92 (m, 1 H, 8-H), 7.75 (d, 3J = 8.4 Hz, 2 H, 20-H, 21-H), 6.87 (d, 3J = 8.4 Hz, 2 H, 18-H, 19-

H), 5.06 (s, 2 H, 10-H), 4.55 (s, 1 H, 24-H), 3.73-3.67 (m, 2 H, 16-H), 3.03-2.97 (m, 2 H, 11-
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H), 2.68 (s, 1 H, 29-H), 2.34-2.25 (m, 2 H, 28-H), 2.25-2.12 (m, 2 H, 32-H), 2.12-2.00 (m, 2 H, 

31-H), 1.94-1.83 (m, 2 H, 26-H), 1.81-1.71 (m, 4 H, 15-H, 27-H), 1.71-1.66 (m, 2 H, 14-H), 

1.50-1.40 (m, 4 H, 12-H, 13-H) ppm. 

31P NMR (243 MHz, DMSO-d6): δ = 58.45, 57.81 ppm. 

IR (ATR): v~  [cm-1] = 2926, 1686, 1608, 1504, 1488, 1200, 1130, 832, 712. 

HRMS (ESI) m/z calculated for [C33H43N4O9P+H+]: 671.2840, found: 671.2841. 

HPLC Nucleodur C18 Htec EC, 150 x 2 mm ID, particle size 5 µm: gradient H2O/MeCN + 

0.05% FA, 98% to 2% in 25 min, tR = 14min. 

 

Secondary amine 87a 

 

 
 

N-tert-Butoxycarbonyl-1,6-hexanediamine ( 1.00 g, 4.62 mmol, 1.0 equiv.)) and methyl 4-

formylbenzoate (835 mg, 5.10 mmol, 1.1 equiv.) were dissolved in 10.0 mL MeOH and stirred 

under reflux for 24 h. Na(CH3COO)3BH (1.75 g, 46.2 mmol, 10 equiv.) was added slowly and 

the reaction was stirred for 4 h at room temperature. The solvent was evaporated in vacuo and 

the residue was dissolved in CH2Cl2. The organic phase was washed three times with H2O and 

dried over Na2SO4. The solvent was removed under reduced pressure and the crude residue was 

purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1→ 20:1+ 0.05% NEt3). 

The product 87a was obtained as a yellow oil in a yield of 59% (1.00 g, 2.75 mmol).  

 

1H NMR (400 MHz, MeOD-d4): δ = 8.00 (d, 3J = 8.3 Hz, 2 H, 4-H, 5-H), 7.47 (d, 3J = 8.3 Hz, 

2 H, 6-H, 7-H), 3.91 (s, 3 H, 1-H), 3.82 (s, 2 H, 9-H), 3.04 (t, 3J = 7.0 Hz, 2 H, 15-H), 2.62-

2.53 (m, 2 H, 10-H), 1.62-1.47 (m, 4 H, 11-H, 12-H), 1.45 (s, 9 H, 18-H, 19-H, 20-H), 1.38-

1.30 (m, 4 H, 13-H, 14-H) ppm. 

13C NMR (101 MHz, MeOD-d4): δ = 168.3 (C-2), 158.5 (C-16), 146.4 (C-8), 130.6 (C-4, C-

5), 130.1 (C-3), 129.5 (C-6, C-7), 79.7 (C-17), 54.0 (C-9), 52.6 (C-1), 49.9 (C-10), 41.2 (C-15), 

30.9 (C-12), 30.4 (C-13), 28.8 (C-18, C-19, C-20), 28.1 (C-14), 27.7 (C-15) ppm. 

IR (ATR): v~  [cm-1] = 2929, 2857, 1721, 1521, 1439, 1272, 1164, 1102, 857, 754. 

MS (ESI) m/z (%): 351.2 (100) [M+H]+. 

 

Secondary amine 87b 
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N-tert-Butoxycarbonyl-1,6-hexanediamine 814 mg, (3.70 mmol, 1.0 equiv.) and methyl 3-

formylbenzoate (680 mg, 4.15 mmol, 1.1 equiv. ) were dissolved in 10.0 mL MeOH and stirred 

under reflux for 24 h. Na(CH3COO)3BH (1.20 g, 5.66 mmol, 1.5 equiv.) was added slowly and 

the reaction was stirred for 4 h at room temperature. The solvent was evaporated in vacuo and 

the residue was dissolved in CH2Cl2. The organic phase was washed three times with H2O and 

dried over Na2SO4. The solvent was removed under reduced pressure and the crude residue was 

purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1→ 20:1+ 0.05% NEt3). 

The product 87b was obtained as a yellow oil in a yield of 71 % (930 mg, 2.55 mmol).  

 

1H NMR (400 MHz, CDCl3): δ = 7.86 (d, 4J = 1.7 Hz, 1 H, 8-H), 7.79 (dd, 3,4J = 7.7, 1.7 Hz, 

1 H, 4-H), 7.40 (d, 3J = 7.7 Hz, 1 H, 6-H), 7.30-7.23 (m, 1 H, 5-H), 4.71 (s, 1 H, 21-H), 3.78 (s, 

3 H, 1-H), 3.69 (s, 2 H, 9-H), 2.95 (t, 3J = 7.1 Hz, 2 H, 15-H), 2.48 (t, 3J = 7.1 Hz, 2 H, 10-H), 

1.42-1.34 (m, 4 H, 11-H, 12-H), 1.31 (s, 9 H, 18-H, 19-H, 20-H), 1.24-1.15 (m, 4 H, 14-H, 13-

H) ppm. 

13C NMR (126 MHz, CDCl3): δ = 167.0 (C-2), 155.9 (C-16), 140.8 (C-3), 132.6 (C-8), 130.1 

(C-7), 129.1 (C-4), 128.3 (C-5), 128.1 (C-6), 78.7 (C-17), 53.5 (C-9), 51.9 (C-1), 49.2 (C-10), 

40.4 (C-15), 29.9 (C-11), 29.8 (C-12), 28.3 (C 18-20), 26.9 (C-13), 26.6 (C-14) ppm. 

IR (ATR): v~  [cm-1] = 2925, 2857, 1707, 1521, 1364, 1279, 1160, 1102, 981, 745. 

HRMS (ESI) m/z calculated for [C20H32N2O4+H+]: 365.2435, found: 365.2430. 

 

Secondary amine 87c 

 

 
 

N-tert-Butoxycarbonyl-1,6-hexanediamine (300 mg, 1.38 mmol, 1.0 equiv.) and methyl 3-

chloro-4-formylbenzoate (300 mg, 1.52 mmol, 1.1 equiv.) were dissolved in 5.00 mL MeOH 
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and stirred under reflux for 24 h. Na(CH3COO)3BH (445 mg, 2.07 mmol, 1.5 equiv.) was added 

slowly and the reaction was stirred for 4 h at room temperature. The solvent was evaporated in 

vacuo and the residue was dissolved in CH2Cl2. The organic phase was washed three times with 

H2O and dried over Na2SO4. The solvent was removed under reduced pressure and the crude 

residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 60:1 → 20:1+ 

0.05% NEt3). The product 87c was obtained as a yellow oil in a yield of 83% (457 mg, 

1.15 mmol).  

 

1H NMR (500 MHz, CDCl3): δ = 7.97 (d, 4J = 1.7 Hz, 1 H, 5-H), 7.85 (dd, 3,4J = 8.0, 1.7 Hz, 

1 H, 4-H), 7.46 (d, 3J = 8.0 Hz, 1 H, 6-H), 4.61 (s, 1 H, 21-H), 3.89 (s, 3 H, 1-H), 3.85 (s, 2 H, 

9-H), 3.08-3.04 (m, 2 H, 15-H), 2.58 (t, 3J = 7.2 Hz, 2 H, 10-H), 2.18 (s, 1 H, 22-H), 1.52-1.41 

(m, 4 H, 11-H, 12-H), 1.39 (s, 9 H, 18-H, 19-H, 20-H), 1.34-1.24 (m, 4 H, 13-H, 14-H) ppm. 

13C NMR (126 MHz, CDCl3): δ = 166.2 (C-2), 156.3 (C-16), 143.1 (C-3), 134.3 (C-8), 130.8 

(C-5), 130.5 (C-7), 130.0 (C-4), 128.2 (C-6), 79.3 (C-17), 52.6 (C-1), 51.4 (C-9), 49.5 (C-10), 

40.8 (C-15), 30.3 (C-11), 30.2 (C-12), 28.7 (C-18, C-19, C-20), 27.2 (C-13), 27.0 (C-14) ppm. 

IR (ATR): v~  [cm-1] = 2935, 2833, 1707, 1521, 1357, 1279, 1164, 1108, 1047, 970, 758. 

HRMS (ESI) m/z calculated for [C20H31ClN2O4+H+]: 399.2045, found: 399.2038. 

 

Secondary amine 87d 

 

 
 

N-tert-Butoxycarbonyl-1,6-hexanediamine (100 mg, 0.460 mmol, 1.0 equiv.) and methyl ethyl 

4-oxocyclohexane-1-carboxylate (86.6 mg, 0.509 mmol, 1.1 equiv.) were dissolved in 5.00 mL 

THF and stirred under reflux for 24 h. Na(CH3COO)3BH (150 mg, 0.690 mmol, 1.5 equiv.) was 

added slowly and the reaction was stirred for 4 h at room temperature. The solvent was 

evaporated in vacuo and the residue was dissolved in CH2Cl2. The organic phase was washed 

three times with H2O and dried over Na2SO4. The solvent was removed under reduced pressure 

and the crude residue was purified by flash column chromatography (silica, CH2Cl2/MeOH 

60:1 → 20:1+ 0.05% NEt3). The product 87d was obtained as a yellow oil in a yield of 59% 

(100 mg, 0.270 mmol).  
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1H NMR (500 MHz, CDCl3): δ = 4.83 (s, 1 H, 21-H), 4.15-4.06 (m, 2 H, 2-H), 3.04 (d, 3J 

= 6.6 Hz, 2 H, 15-H), 2.93-2.85 (m, 1 H, 4-H), 2.84-2.75 (m, 2 H, 10-H), 2.55 (t, 3J = 4.2 Hz, 

1 H, 9-H), 2.25-2.12 (m, 2 H, 5-H), 1.97-1.83 (m, 2 H, 6-H), 1.78-1.57 (m, 4 H, 7-H, 8-H), 

1.55-1.47 (m, 2 H, 11-H), 1.46-1.42 (m, 2 H, 12-H), 1.39 (s, 9 H, 18-H, 19-H, 20-H), 1.33-1.25 

(m, 4 H, 13-H, 14-H), 1.23-1.18 (m, 3 H, 1-H) ppm. 

13C NMR (126 MHz, CDCl3): δ = 174.0 (C-3), 156.2 (C-16), 79.0 (C-17), 61.0 (C-2), 55.9 (C-

4), 44.3 (C-10), 42.0 (C-9), 40.4 (C-15), 29.8 (C-11), 28.5 (C-18, C-19, C-20), 28.1 (C-12), 

27.2 (C-13), 26.6 (C-14), 26.6 (C-6), 26.3 (C-5), 26.2 (C-7), 25.4 (C-8), 14.3 (C-1) ppm. 

IR (ATR): v~  [cm-1] = 2935, 2824, 1711, 1570, 1458, 1348, 1167, 1047, 758. 

HRMS (ESI) m/z calculated for [C20H38N2O4+H+]: 371.2904, found: 371.2957. 

 

Carboxylic acid 86a 

 

 
 

Secondary amine 87a (110 mg, 0.302 mmol, 1.0 equiv.) and LiOH (51.0 mg, 2.12 mmol, 

7.0 equiv.) were dissolved in 6.00 mL mixture of THF/H2O (1:1) and stirred at 40 °C for 18 h. 

After full conversion of starting material (ESI MS reaction control), the solution was neutralized 

with 1M hydrochloric acid and extracted three times with EtOAc. The solvent was removed 

under reduced pressure and the crude residue was purified by reversed phase column 

chromatography (RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). The desired product 

86a was obtained in a yield of 95% (100 mg, 0.286 mmol) as colorless solid. 

 

1H NMR (600 MHz, MeOD4): δ= 8.13 (d, 3J = 8.3 Hz, 2 H, 3-H, 5-H), 7.65 (d, 3J = 8.3 Hz, 

2 H, 4-H, 6-H), 4.31 (s, 2 H, 8-H), 3.14-3.02 (m, 4 H, 9-H, 14-H), 1.76 (t, 3J = 7.8 Hz, 2 H, 11-

H), 1.55-1.31 (m, 15 H, 12-H, 13-H, 14-H, 17-H, 18-H, 19-H) ppm. 

13C NMR (151 MHz, MeOD4): δ = 169.2 (C-1), 158.9 (C-15), 137.7 (C-2), 133.5 (C-7), 131.7 

(C-3, C-5), 131.3 (C-4, C-6), 80.1 (C-16), 52.1 (C-8), 41.3 (C-9), 40.8 (C-14), 31.0 (C-10), 29.1 

(C-17, C-18, C-19), 28.6 (C-11), 27.5 (C-12), 27.2 (C-13) ppm. 

IR (ATR): v~  [cm-1] = 3361, 2935, 2859, 1688, 1531, 1364, 1242, 1171, 1040, 994, 860, 761, 

620. 

Mp.: 226.5 °C. 
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HRMS (ESI) m/z calculated for [C19H30N2O4+H+]: 351.2278, found: 351.2201. 

 

Carboxylic acid 86b 

 
 

Secondary amine 87b (100 mg, 0.273 mmol, 1.0 equiv.) and LiOH (132 mg, 5.47 mmol, 

20.0 equiv.) were dissolved in 10.0 mL mixture of CH3CN/H2O (1:1) and stirred at 40 °C for 

18 h. After full conversion of starting material (ESI MS control), the solution was neutralized 

with 1M hydrochloric acid and extracted three times with EtOAc. The solvent was removed 

under reduced pressure and the crude residue was purified by reversed phase column 

chromatography (RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). The desired product 

86b was obtained in a yield of 85% (82.5 mg, 0.235 mmol) as colorless solid. 

 

1H NMR (400 MHz, MeOD-d4): δ = 7.99 (d, 4J = 1.8 Hz, 1 H, 4-H), 7.94-7.88 (m, 1 H, 3-H), 

7.52-7.46 (m, 1 H, 6-H), 7.41-7.34 (s, 1 H, 5-H), 4.15 (s, 2 H, 8-H), 3.02-2.89 (m, 4 H, 9-H, 

14-H), 1.67 (t, 3J = 7.8 Hz, 2 H, 10-H), 1.44-1.25 (m, 15 H, 11-H, 12-H, 13H, 17-H, 18-H, 19-

H) ppm. 

13C NMR (101 MHz, MeOD-d4): δ = 173.4 (C-1), 158.6 (C-15), 138.9 (C-2), 133.2 (C-4), 

132.5 (C-7), 131.8 (C-3), 131.3 (C-6), 129.8 (C-5), 79.8 (C-16), 52.1 (C-8), 49.4 (C-9), 41.1 

(C-14), 30.7 (C-10), 28.8 (C-17, C-18, C-19), 27.3 (C-11, C-12), 27.1 (C-13) ppm. 

IR (ATR): v~  [cm-1] = 2974, 2938, 1747, 1704, 1534, 1452, 1367, 1240, 1171, 1000, 771, 693. 

Mp.: 130.3 °C. 

HRMS (ESI) m/z calculated for [C19H30N2O4+H+]: 351.2278, found: 351.2268. 

 

Carboxylic acid 86c 

 
 

Secondary amine 87c (300 mg, 7.52 mmol, 1.0 equiv.) and LiOH (360 mg, 15.0 mmol, 

20 equiv.) were dissolved in 10.0 mL mixture of CH3CN/H2O (1:1) and stirred at 40 °C for 

18 h. After full conversion of starting material (ESI MS control), the solution was neutralized 
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with 1M hydrochloric acid and extracted three times with EtOAc. The solvent was removed 

under reduced pressure and the crude residue was purified by reversed phase column 

chromatography (RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). The desired product 

86c was obtained in a yield of 34% (100 mg, 0.260 mmol) as colorless hygroscopic solid. 

 

1H NMR (600 MHz, MeOD-d4): δ = 7.97 (d, 4J = 1.6 Hz, 1 H, 3-H), 7.86 (d, 3J = 7.9 Hz, 1 H, 

5-H), 7.44 (d, 3J = 7.9 Hz, 1 H, 6-H), 3.90 (s, 2 H, 8-H), 3.03 (t, 3J = 7.0 Hz, 2 H, 14-H), 2.63-

2.57 (m, 2 H, 9-H), 1.61-1.53 (m, 2 H, 10-H), 1.48 (t, 3J = 7.0 Hz, 2 H, 11-H), 1.44 (s, 9 H, 17-

H, 18-H, 19-H), 1.38-1.33 (m, 4 H, 12-H, 13-H) ppm. 

13C NMR (151 MHz, MeOD-d4): δ = 173.4 (C-1), 158.6 (C-15), 140.2 (C-2), 139.8 (C-7), 

134.3 (C-4), 131.3 (C-3), 130.8 (C-5), 128.9 (C-6), 79.8 (C-16), 51.5 (C-8), 49.8 (C-9), 41.3 

(C-14), 30.9 (C-10), 30.4 (C-11), 28.8 (C-17, C-18, C-19), 28.1 (C-12), 27.7 (C-13) ppm. 

IR (ATR): v~  [cm-1] = 2929, 2859, 1685, 1576, 1544, 1383, 1246, 1164, 1003, 771. 

Mp.: 295.1 °C. 

HRMS (ESI) m/z calculated for [C19H29ClN2O4+H+]: 385.1889, found: 385.1897. 

 

Carboxylic acid 86d 

 
 

Secondary amine 87d (100 mg, 0.270 mmol, 1.00 equiv.) and LiOH (110 mg, 4.57 mmol, 

20.0 equiv.) were dissolved in 10.0 mL mixture of THF/H2O (1:1) and stirred at 40 °C for 18 h. 

After full conversion of starting material (ESI MS control), the solution was neutralized with 

1M hydrochloric acid and extracted three times with EtOAc. The solvent was removed under 

reduced pressure and the crude residue was purified by reversed phase column chromatography 

(RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). The desired product 86d was obtained 

in a yield of 79% (73.3 mg, 0.214 mmol) as colorless hygroscopic solid. 

 

1H NMR (400 MHz, D2O): δ = 3.21 (s, 1 H, 2-H), 3.09-3.03 (m, 4 H, 8-H, 13-H), 2.60 (t, 

3J = 4.4 Hz, 1 H, 7-H), 2.21-1.90 (m, 4 H, 3-H, 4-H), 1.74-1.58 (m, 4 H, 5-H, 6-H), 1.54-1.34 

(m, 17 H, 9-H, 10-H, 11-H, 12-H, 16-H ,17-H, 18-H) ppm.  
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13C NMR (101 MHz, D2O): δ = 181.5 (C-1), 158.3 (C-14), 80.8 (C-15), 56.0 (C-2), 44.6 (C-

8), 44.1 (C-13), 39.8 (C-7), 28.6 (C-9), 28.0 (C-10), 27.7 (C-16, C-17, C-18), 27.3 (C-11), 25.7 

(C-12), 25.5 (C4), 25.4 (C-3), 25.3 (C-6), 24.9 (C-5) ppm. 

IR (ATR): v~  [cm-1] = 2935, 2824, 1711, 1570, 1458, 1348, 1167, 1047, 758. 

Mp.: 199.9 °C. 

HRMS (ESI) m/z calculated for [C18H34N2O4+H+]: 343.2591, found: 343.2588. 

 

Simplified folate-GPI conjugate 85a 

 

 

To a solution of carboxylic acid 86a (50.0 mg, 0.143 mmol, 1.0 equiv.) in 3.00 mL of DMF 

were added EDC·HCl (31.6 mg, 0.165 mmol, 1.2 equiv.) and HOSu (18.9 mg, 0.165 mmol, 

1.2 equiv.) and stirred at the room temperature over 24 h under nitrogen atmosphere. The 

solvent was removed under reduced pressure and the crude residue was dissolved in CH2Cl2, 

washed with sat. NaCl solution (3x5 mL) and dried over Na2SO4. The solvent was removed 

under reduced pressure and the residue was dissolved in 1.00 mL DMF.  

To a solution of GPI 20(33.0 mg, 0.106 mmol, 1.0 equiv.) in 1.00 mL of DMF and NEt3 

(0.739 mL, 5.30 mmol, 50 equiv.) the NHS ester in DMF was added in a dropwise manner at 

0 oC. The reaction mixture was stirred at the room temperature over 16 h. The solvent was 

removed under reduced pressure and the crude residue was purified by reversed phase column 

chromatography (RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H).  

After lyophilization, the isolated Boc-protected product was obtained as a colorless powder and 

dissolved in CH2Cl2 (1.00 mL) and TFA (1.00 mL). The reaction solution stirred at the room 

temperature over 16 h. Solvents were removed under a stream of N2 and after lyophilization the 

final product 85a was obtained as a colorless powder in a yield of 81% (11.0 mg, 20.2 µmol). 

13C spectrum shows the mixture of two diastereomers. 

 

1H NMR (600 MHz, DMSO-d6): δ = 7.99 (d, 3J = 7.7 Hz, 2 H, 11-H, 12-H), 7.58 (d, 3J = 7.7 Hz, 

2 H, 9-H, 10-H), 4.41 (s, 1 H, 15-H), 4.20 (s, 2 H, 7-H), 2.88-2.86 (m, 2 H, 6-H), 2.77-2.74 (m, 

2 H, 1-H), 2.60-2.54 (m, 1 H, 20-H), 2.27-2.20 (m, 2 H, 19-H), 2.05-1.96 (m, 2 H, 17-H), 1.87-
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1.72 (m, 4 H, 18-H, 22-H), 1.70-1.54 (m, 6 H, 4-H, 5-H, 23-H), 1.32-1.25 (m, 4 H, 2-H, 3-H) 

ppm. 

13C NMR (151 MHz, DMSO-d6): δ = 175.9 + 175.8 (diastereomers, C-21), 174.4 (C-16), 173.5 

(C-24), 166.0 (C-14), 135.4 (C-13), 134.6 (C-8), 129.9 + 122.17 (diastereomers, C-11, C-12), 

128.1 + 120.43 (diastereomers, C-9, C-10), 53.7 (3J31P-13C = 6.74 Hz, C-15), 49.8 + 46.6 

(diastereomers, C-7), 39.9 (C-6), 38.9 + 38.7 (diastereomers, 2J31P-13C = 15.67 Hz, C-20), 31.6 

(C-2), 31.4 + 31.20 (diastereomers, C-22), 31.0 + 30.8 (diastereomers, C-23), 28.6 

(diastereomers, 1J31P-13C = 17.42 Hz, C-19), 27.0 (C-3), 26.8+26.3 (diastereomers, 1J31P-13C = 

13.65 Hz, C-18), 25.7 (C-5), 25.5 (C-4), 25.4 (C-1), 23.9 (C-17) ppm. 

31P NMR (243 MHz, DMSO-d6): δ = 61.34 ppm. 

IR (ATR): v~  [cm-1] = 2906, 1652, 1540, 1249, 1181, 1128, 1000, 794, 716. 

HRMS (ESI) m/z calculated for [C24H38N3O9P+Na+]: 566.2238, found: 566.2214. 

 

Simplified folate-GPI conjugate 85b 

 
 

To a solution of carboxylic acid 86b (90.0 mg, 0.257 mmol, 1.0 equiv.) in 5.00 mL of DMF, 

EDC·HCl (59.1 mg, 0.308 mmol, 1.0 equiv.) and HOSu (35.5 mg, 0.308 mmol, 1.2 equiv.) 

were added and stirred at the room temperature over 24 h. Solvents were removed and the crude 

residue was dissolved in CH2Cl2, washed with sat. NaCl solution (3x5 mL) and dried over 

Na2SO4. The solvent was removed under reduced pressure and the residue was dissolved in 

3.00 mL DMF.  

To a solution of GPI 20 (56.0 mg, 0.180 mmol, 1.0 equiv.) in 1.00 mL of DMF and NEt3 

(1.25 mL, 9.00 mmol, 50 equiv.) the NHS ester solution in DMF was added in a dropwise 

manner at 0 oC. The reaction mixture was stirred at the room temperature over 16 h. The solvent 

was removed under reduced pressure and the crude residue was purified by RP column 
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chromatography (H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). After lyophilization, the 

isolated Boc-protected was obtained as a colorless powder and dissolved in CH2Cl2 (1.50 mL) 

and TFA (1.50 mL). The reaction solution stirred at the room temperature over 16 h. Solvents 

were removed under a stream of N2 and after lyophilization the final product 85b was obtained 

as a colorless powder in a yield of 88% (12.0 mg, 22.1 µmol). 

13C spectum shows the mixture of two diastereomers. 

 

1H NMR (600 MHz, MeOD-d4): δ = 8.05-8.03 (m, 1 H, 10-H), 7.94 (d, 3J = 7.8 Hz, 1 H, 9-H), 

7.7 (d, 3J = 7.8 Hz, 1 H, 10-H), 7.6 (d, 3J = 7.8 Hz, 1 H, 11-H), 4.59-4.57 (m, 1 H, 15-H), 4.27 

(s, 2 H, 7-H), 3.06 (t, 3J = 7.9 Hz, 2 H, 6-H), 2.91 (t, 3J = 7.7 Hz, 2 H, 1-H), 2.82-2.74(m, 1 H, 

20-H), 2.38-2.31 (m, 2 H, 19-H), 2.18-2.10 (m, 2 H, 17-H), 1.98-1.91 (m, 2 H, 18-H), 1.86-

1.71 (m, 6 H, 5-H, 22-H, 23-H), 1.69-1.63 (m, 2 H, 4-H), 1.46-1.39 (m, 4 H, 2-H, 3-H) ppm. 

13C NMR (151 MHz, MeOD-d4): δ = 178.5 (C-21), 176.9 (C-16), 175.0 (C-24), 169.9 (C-14), 

136.5 (C-13), 134.6 (C-12), 133.4 (C-8), 130.8 (C-9), 130.5 (C-11), 130.0 (C-10), 55.3 

(diastereomers, 3J31P-13C = 10.7 Hz, C-15), 52.2 (C-7), 40.8 (C-6), 40.7 (C-20), 33.26 

(diastereomers, 3J31P-13C = 4.33 Hz, C-22), 33.1 (C-2), 32.6 (C-3), 32.4 (C23), 30.3 

(diastereomers, J = 10.9 Hz, C-19), 28.6+28.5 (diastereomers, C-4), 27.9 (C-18), 27.4 + 27.3 

(diastereomers, C-5), 27.2+27.1 (diastereomers, C-1), 25.1 (C-17) ppm. 

31P NMR (162 MHz, DMSO-d6): δ = 38.37 ppm. 

IR (ATR): v~  [cm-1] = 2935, 1655, 1540, 1420, 1246, 1177, 1128, 1026, 791, 716. 

HRMS (ESI) m/z calculated for [C24H38N3O9P+H+]: 544.2418, found: 544.2398. 

 

Simplified folate-GPI conjugate 85c 

 

 

To a solution of carboxylic acid 86c (50.0 mg, 0.130 mmol, 1.0 equiv.) in 3.00 mL of DMF, 

EDC·HCl (30.0 mg, 0.156 mmol, 1.20 equiv.) and HOSu (18.0 mg, 0.156 mmol, 1.2 equiv.) 

were added and stirred at the room temperature over 24 h. Solvents were removed and the crude 

residue was dissolved in CH2Cl2, washed with sat. NaCl solution (3x5 mL) and dried over 
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Na2SO4. The solvent was removed under reduced pressure and the residue was dissolved in 

1.00 mL DMF.  

To a solution of GPI 20 (20.0 mg, 64.3 μmol, 2.0 equiv.) in 1.00 mL of DMF and NEt3 (434 μl, 

3.11 mmol, 100 equiv.) the NHS ester solution in DMF was added in a dropwise manner at 

0 oC. The reaction mixture was stirred at the room temperature over 16h. The solvent was 

removed under reduced pressure and the crude residue was purified by reversed phase column 

chromatography (RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H).  

After lyophilization, the isolated Boc-protected was obtained as a colorless powder and 

dissolved in CH2Cl2 (1.00 mL) and TFA (1.00 mL). The reaction solution stirred at the room 

temperature over 16 h. The solvent was removed under a stream of N2 and after lyophilization, 

the final product 85c was obtained as a colorless powder in a yield of 84% (10.0 mg, 

17.3 µmol). 13C spectum shows the mixture of two diastereomers. 

 

1H NMR (600 MHz, MeOD-d4): δ = 8.04 (d, 4J = 1.8 Hz, 1 H, 12-H), 7.95 (dd, 3,4J = 8.1, 1.8 

Hz, 1 H, 11-H), 7.72 (d, 3J = 8.1 Hz, 1 H, 10-H), 4.58 (s, 1 H, 15-H), 4.44 (s, 2 H, 7-H), 3.18-

3.13 (m, 2 H, 6-H), 2.96-2.92 (m, 2 H, 1-H), 2.83-2.74 (m, 1 H, 20-H), 2.42-2.33 (m, 2 H, 19-

H), 2.32-2.19 (m, 1 H, 18a-H), 2.14-2.04 (m, 2 H, 17-H), 2.01-1.90 (m, 3 H, 18b-H, 19H), 1.85-

1.75 (m, 4 H, 22-H, 23-H), 1.73-1.64 (m, 2 H, 4-H, 5-H), 1.50-1.42 (m, 4 H, 2-H, 3-H) ppm. 

13C NMR (151 MHz, MeOD-d4): δ = 178.7 (C-21), 177.0 (C-16), 175.2 + 174.6 (diastereomer, 

C-24), 168.2 (C-14), 138.5 + 138.4 (diastereomers, C-13), 136.3 + 136.2 (diastereomers, C-9), 

134.2 + 134.1 (diastereomers, C-8), 133.3 (C-12), 130.6 + 130.5 (diastereomers, C-11), 

128.2 + 128.1 (diastereomers, C-10), 55.6 (3J31P-13C = 12.6 Hz, C-15), 46.1 (C-7), 40.8 (C-6), 

40.7 + 40.6 (2J31P-13C = 6.8 Hz, C-20), 33.4 (C-22), 32.7 (J = 3.6, C-2), 30.3 (diastereomers, 

1J31P-13C = 9.6 Hz, C-19), 28.6 (C-3), 28.3 + 27.7 (diastereomers, C-23), 27.4 + 27.3 

(diastereomers, C-4), 27.2 + 27.2 (diastereomers, C-5), 27.1 + 27.1 (diastereomers, C-1), 26.4 

(C-18), 25.5 (C-17) ppm. 

31P NMR (243 MHz, D2O) δ = 41.86, 41.77 ppm. 

IR (ATR): v~  [cm-1] = 1662, 1521, 1242, 1132, 1024, 794, 726. 

HRMS (ESI) m/z calculated for [C24H37ClN3O9P+H+]: 578.2029, found: 578.2046. 

 

Simplified folate-GPI conjugate 85d 
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To a solution of carboxylic acid 86d (70.0 mg, 0.204 mmol, 1.0 equiv.) in 4.00 mL of DMF, 

EDC·HCl (47.0 mg, 0.245 mmol, 1.00 equiv.) and HOSu (28.2 mg, 0.245 mmol, 1.2 equiv.) 

were added and stirred at the room temperature over 24 h. Solvents were removed and the crude 

residue was dissolved in CH2Cl2, washed with sat. NaCl solution (3x5 mL) and dried over 

Na2SO4. The solvent was removed under reduced pressure and the residue was dissolved in 

1.00 mL DMF.  

To a solution of GPI 20 (71.0 mg, 0.228 mmol, 1.0 equiv.) in 2.00 mL of DMF and NEt3 

(1.58 mL, 11.4 mmol, 50 equiv.) the NHS ester in DMF was added in a dropwise manner at 

0 oC. The reaction mixture was stirred at the room temperature over 16 h. The solvent was 

removed under reduced pressure and the crude residue was purified by reversed phase column 

chromatography (RP-C18, H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). After lyophilization, 

the isolated Boc-protected was obtained as a colorless powder and dissolved in CH2Cl2 

(1.00 mL) and TFA (1.00 mL). Reaction solution stirred at the room temperature over 16 h. 

Solvents were removed under a stream of N2 and after lyophilization the final product 85d was 

obtained as a colorless powder in a yield of 96% (5.00 mg, 9.30 µmol).  

13C spectrum shows the mixture of two diastereomers. 

 

1H NMR (600 MHz, MeOD-d4): δ = 4.41 (s, 1 H, 14-H), 3.13-3.06 (m, 1 H, 12-H), 3.03 (t, 3J 

= 8.0 Hz, 2 H, 6-H), 2.94 (t, 3J = 7.7 Hz, 2 H, 1-H), 2.79 (s, 1 H, 20-H), 2.48 (s, 1 H, 7-H), 2.48-

2.44 (m, 4 H, 10-H, 19-H), 2.29-2.10 (m, 4 H, 11-H, 17-H), 2.08-2.00 (m, 2 H, 8-H), 1.98-1.89 

(m, 4 H, 9-H, 18-H), 1.84-1.74 (m, 2 H, 5-H), 1.73-1.65 (m, 4 H, 22-H, 23-H) 1.62-1.54 (m, 

2 H, 4-H), 1.50-1.42 (m, 4 H, 2-H, 3-H) ppm. 

13C NMR (151 MHz, MeOD-d4): δ = 176.0 (C-20), 175.0 (C-15), 173.8 (C-23), 163.5 (C-13), 

57.9 (C-12), 54.3 (3J31P-13C = 2.2 Hz, C-14), 46.1 (C-1), 44.7 (C-7), 40.8 (C-6), 40.4 

(diastereomers, 2J31P-13C = 3.30 Hz, C-19), 32.6 (C-8, C-10), 32.1 (C-22), 30.3 (diastereomers, 

1J31P-13C = 11.5 Hz, C-18), 29.7 (C-9, C-11), 28.9 (C-2), 28.7 + 28.6 (diastereomers, C-17), 28.7 

(C-3), 27.6 (C-4), 27.4 (C-5), 27.3+27.2 (diastereomers, C-1), 25.6 (2J31P-13C = 5.6 Hz, C-16) 

ppm. 

31P NMR (243 MHz, CDCl3): δ = 48.60, 30.03 ppm. 
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IR (ATR): v~  [cm-1] = 2932, 2866, 1669, 1537, 1420, 1181, 1128, 834, 794, 722. 

HRMS (ESI) m/z calculated for [C23H42N3O9P+H+]: 536.2731, found: 536.2719. 

 

TRIS-GPI conjugate 96 

 
 

The protected GPI 76 (100 mg, 1.75 mmol, 1.0 equiv.) was dissolved in 6.00 mL THF/H2O 

(1:1). LiOH (8.00 mg, 0.333 mmol, 2.0 equiv.) was added to the solution and stirred at the room 

temperature for 16 h. After full conversion of starting material (ESI MS control), the solution 

was neutralized with 1M hydrochloric acid and extracted three times with EtOAc. The solvent 

was removed under reduced pressure and the crude residue was purified by reversed phase 

column chromatography (RP-C18, H2O/CH3CN v/v 98:2 → 0:100 + 0.05% HCO2H). Methyl 

deprotected GPI derivative (55.0 mg, 0.099 mmol, 1.0 equiv.), TRIS (23.3 mg, 0.148 mmol, 

1.5 equiv.) and EEDQ (36.2 mg, 0.148 mmol, 1.5 equiv.) were dissolved in 2.50 mL dry EtOH 

and stirred over 18 h at 50 oC. The solvent was removed under reduced pressure and the crude 

residue was purified over reversed phase column chromatography (RP-C18, H2O/ CH3CN 100:0 

→ 0:100 + 0.05% HCO2H). The desired product 96 was obtained as a colorless powder in a 

yield of 48% (31.5 mg, 477 µmol). 13C spectrum shows the mixture of two diastereomers. 

 

1H NMR (600 MHz, MeOD-d4): δ = 7.42-7.23 (m, 5 H, 1-H, 2-H, 3-H, 4-H, 5-H), 5.09 (s, 2 H, 

7-H), 4.18-4.16 (m, 1 H, 9-H), 3.76-3.62 (m, 6 H, 12-H, 13-H, 14-H), 2.71-2.63 (m, 1 H, 18-

H), 2.28-2.24 (m, 2 H, 17-H), 2.15-2.02 (m, 2 H, 16-H), 1.95-1.87 (m, 2 H, 15-H), 1.85-1.62 

(m, 4 H, 24-H, 25-H), 1.48-1.41 (m, 18 H, 21-H, 22-H, 23-H, 28-H, 29-H, 30-H) ppm. 

13C NMR (151 MHz, MeOD-d4): δ = 175.7 + 175.6 (diastereomers, C-19), 174.9 (C-10), 174.1 

(C-26), 158.8 (C-8), 138.3 (C-6) 129.8 (C-4, C-5), 129.3 (C-1), 129.2 (C-2, C-3), 82.7 (C-20), 

82.0 (C-27), 68.1 (C-7), 64.3+63.9 (diastereomers, C-11), 62.6 (C-12, C-13, C-14), 57.4 (3J31P-

13C = 13.7 Hz C-9), 41.2 (C-18), 34.0+33.9 (diastereomers, C-25), 32.6 + 32.0 (diastereomers, 

C-24), 30.8 (diastereomers, 1J31P-13C = 11.3 Hz C-17), 28.7 (C-21, C-22, C-23, C-28, C-29, C-

30), 27.5+27.5 (diastereomers, C-16), 26.2+26.2 (diastereomers, C-15) ppm. 
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31P NMR (243 MHz, CD3CN) δ = 43.03, 39.54 ppm. 

IR (ATR): v~  [cm-1] = 2955, 1669, 1521, 1449, 1360, 1240, 1132, 1040, 948, 827, 683. 

HRMS (ESI) m/z calculated for [C30H49N2O12P+H+]: 661.3096, found: 661.3109. 

 

TRIS-GPI-AHX conjugate 95a 

 

 

 

TRIS-GPI conjugate 96 (30.0 mg, 45.4 µmol, 1.0 equiv.) was dissolved in 2.00 mL MeOH and 

100 µl of H2O under H2 atmosphere (1atm). 3.00 mg (10% m/m, 5 mol%) of Pd/C was added 

and stirred over 16 h at the room temperature. The solvent was removed under reduced pressure. 

The crude residue was subsequently dissolved in 4.00 mL H2O/CH3CN (1:1) mixture and 

filtered over a silica pad. The filtrate was concentrated under reduced pressure and lyophilized. 

The product 97 was obtained as a colorless powder and used in following reaction without 

further purification. 

TRIS-GPI derivative 97 (23.0 mg, 0.437 mmol 1.0 equiv.) was dissolved in 1.30 mL mixture 

of DMF/NEt3 (3:1). In a separated flask, AHX-NHS ester 98a (29.0 mg, 88.3 µmol, 2.0 equiv.) 

was dissolved in 1.00 mL dry DMF. Both solutions were cooled to 0 oC for 30 min. The solution 

of 98a was added dropwise into the solution of 97 and stirred at the room temperature over 

18 h. The solvent was removed under reduced pressure and the crude residue was purified 

subsequently over reversed phase column chromatography (RP-C18, H2O/CH3CN 100:0 → 

0:100 + 0.05% HCO2H). The product 99a was obtained as a colorless powder. 

99a (24.0 mg, 32.4 µmol) was dissolved in a 4.00 mL mixture of CH2Cl2/TFA (1:1). The 

reaction solution was stirred at the room temperature over 16 h. Solvents were removed under 

a stream of N2 and after lyophilization the final product 95a was obtained as a colorless powder 

in a yield of 84% (15.0 mg, 28.4 µmol). 13C spectrum shows the mixture of two diastereomers. 
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1H NMR (600 MHz, MeOD-d4): δ = 4.44 (s, 1 H, 7-H), 3.72-3.59 (m, 6 H, 18-H, 19-H, 20-H), 

2.92-2.81 (m, 4 H, 1-H, 5-H), 2.72 (s, 1 H, 11-H), 2.29-2.25 (m, 2 H, 10-H), 1.96-1.84 (m, 4 H, 

8-H, 9-H), 1.65-1.56 (m, 6 H, 2-H, 3-H, 4-H ), 1.42-1.35 (m, 4 H, 13-H, 14-H) ppm. 

13C NMR (151 MHz, MeOD-d4): δ = 177.4 (C-12), 176.9 (C-16), 174.6 (C-15), 172.7 (C-6), 

62.5 + 61.1 (diastereomers, C-17), 62.4+61.1 (diastereomers, C-18, C-19, C-20), 56.0 + 54.6 

(diastereomers, C-7), 40.7 (C-5), 40.4 (2J31P-13C = 26.3 Hz, C-11), 36.4 + 36.3 (diastereomers, 

3J31P-13C = 14.8 Hz, C-13), 36.3 (C-14), 34.6 (C-9), 32.5 (2J31P-13C = 5.9 Hz C-8), 30.2 (C-10), 

28.4+28.3 (diastereomers, C-1), 27.0 + 26.9 (diastereomers, C-4), 26.2 (C-3), 25.5 (C-2) ppm. 

31P NMR (162 MHz, MeOD4): δ = 43.51, 41.17 ppm. 

IR (ATR): v~  [cm-1] = 2932, 1658, 1528, 1420, 1186, 1118, 1010, 836, 794, 716. 

HRMS (ESI) m/z calculated for [C20H38N3O11P+H+]: 528,2317, found: 528.2307. 

 

Folate-TRIS-GPI conjugate 99b 

 

 

 

TRIS-GPI derivative 97 (18.0 mg, 34.2 µmol, 1.0 equiv.) and NEt3 (0.238 mL, 1.71 mmol, 

50 equiv.) were dissolved in 1.00 mL of dry DMF. In a separated flask, NHS-folate ester 98b 

(15.3 mg, 34.2 µmol, 1.0 equiv.) was dissolved in 1.00 mL dry DMF. Both solutions were 

cooled to 0 oC for 30 min. The solution of 98b was added dropwise into the solution of 97 and 

stirred further at the room temperature over 18 h. Solvents were removed under reduced 

pressure and the mixture was purified by reversed phase column chromatography (RP-C18, 

H2O/CH3CN 100:0 → 0:100 + 0.05% HCO2H). The product 99b was obtained as a colorless 

powder in a yield of 20% (6.00 mg, 6.99 µmol). 13C spectrum shows the mixture of two 

diastereomers. 

 

1H NMR (600 MHz, MeOD-d4): δ = 8.07-8.00 (m, 2 H, 16-H, 17-H H), 7.59 (d, 3J = 7.9 Hz, 

2 H, 14-H, 15-H), 4.53-4.47 (m, 1 H, 20-H), 4.25 (s, 2 H, 12-H), 3.79-3.70 (m, 6 H, 39-H, 40-
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H, 41-H), 3.08-3.00 (m, 4 H, 6-H, 11-H), 2.69 (s, 1 H, 24-H), 2.29-2.22 (m, 2 H, 23-H), 2.18-

2.08 (m, 2 H, 31-H), 2.02-1.95 (m, 2 H, 30-H), 1.90-1.78 (m, 2 H, 22-H), 1.76-1.71 (m, 2 H, 

21-H), 1.68-1.61 (m, 2 H, 10-H), 1.59-1.49 (m, 4 H, 8-H, 9-H), 1.47-1.43 (m, 27 H, 1-H, 2-H, 

3-H, 27-H, 28-H, 29-H, 34-H, 35-H, 36-H) ppm. 

13C NMR (151 MHz, MeOD-d4): δ = 176.8 (C-25), 174.3 (C-37), 171.7 (C-32), 170.0 (C-5), 

152.3 (C-19), 136.9 (C-13), 136.4 (C-18), 131.3 + 131.2 (diastereomers, C-16, C-17), 

130.1 + 129.9 (diastereomers, C-14, C-15), 82.0 (C-26), 81.8 (C-33), 78.0 (C-4), 64.0 (C-18), 

62.7 (C-39, C-40, C-41), 57.5+57.4 (diastereomers, 3J31P-13C = 8.9 Hz C-20), 52.2 (C-6), 48.1 

(C-12), 42. (C-24), 41.3 (C-11), 34.3 (3J31P-13C = 4.6 Hz C-30), 34.1 (C-31), 32.7 (C-22), 32.4 

(C-21), 31.0 (diastereomers, 1J31P-13C = 26.2 Hz C-23), 29.1 (C-1, C-2, C-3), 28.7 (C-27, C-28, 

C-29, C-34, C-35, C-36), 27.6 (C-7, C-8), 26.3 (C-9), 26.1 (C-10) ppm. 

IR (ATR): v~  [cm-1] = 2932, 2866, 1691, 1619, 1531, 1452, 1387, 1367, 1272, 1249, 1164, 

1036, 752. 

HRMS (ESI) m/z calculated for [C41H71N4O13P+H+]: 859.4828 found: 859.4828. 

 

Folate-TRIS-GPI conjugate 95b 

 

 
 

Folate-TRIS-GPI conjugate 99b (6.00 mg, 6.99 µmol, 1.0 equiv.) was dissolved in 2.00 mL 

mixture of TFA/CH2Cl2 (1:1). The reaction solution was stirred at the room temperature over 

16 h. Solvents were removed under a stream of N2 and after the lyophilization the final product 

95b was obtained in yield of 88% (4.00 mg, 6.19 µmol,) as a colorless powder. 13C spectrum 

shows the mixture of two diastereomers. 

 

1H NMR (600 MHz, MeOD-d4): δ = 8.01 (d, 3J = 8.0 Hz, 2 H, 11-H, 12-H), 7.62 (d, 3J = 8.0 

Hz, 2 H, 9-H, 10-H), 4.67 (s, 1 H, 15-H), 4.28 (s, 2 H, 7-H), 3.78-3.65 (m, 6 H, 18-H, 19-H, 

20-H), 3.11-3.03 (m, 2 H, 6-H), 2.97-2.89 (m, 2 H, 1-H), 2.80 (s, 1 H, 24-H), 2.46-2.30 (m, 

2 H, 23-H), 2.22-2.05 (m, 4 H, 26-H, 27-H), 2.00-1.94 (m, 2 H, 22-H), 1.82-1.72 (m, 4 H, 4-H, 

5-H), 1.71-1.65 (m, 2 H, 21-H), 1.48-1.43 (m, 4 H,2-H, 3-H) ppm. 
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13C NMR (151 MHz, MeOD-d4): δ = 176.7 (C-25), 174.4 (C-16), 172.5 (C-28), 169.9 (C-14), 

136.4 (C-8), 135.9 (C-13), 131.1 (C-11, C-12), 129.5 (C-9, C-10), 64.0 + 62.3 (diastreomers, 

C-17), 61.4 + 61.0 (diastereomers, C-18, C-19, C-20), 55.4 (3J31P-13C = 10.8 Hz, C-15), 51.8 (C-

1), 47.9 + 47.9 (diastereomers, C-7), 40.5 (C-6), 40.5 + 40.4 (diastereomers, 2J31P-13C = 7.4 Hz, 

C-24), 32.4 (C-27), 31.4 (C-26), 30.0 (diastereomers, 1J31P-13C = 11.6 Hz, C-23), 28.3 (C-22), 

27.7 (C-21), 27.1 (C-5), 26.9 (C-4), 24.7 (C-2, C-3) ppm. 

31P NMR (243 MHz, MeOD-d4) δ = 43.24 ppm. 

IR (ATR): v~  [cm-1] = 2929, 2854, 1655, 1534, 1429, 1181, 1125, 834, 791, 705. 

HRMS (ESI) m/z calculated for [C28H47N4O11P+H+]: 647.3052, found: 647.3024.
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Secondary amine 50a 
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Secondary amine 50b 

 

 

 

Secondary amine 50c  
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Secondary amine 50d 
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Secondary amine 50e  
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Secondary amine 50f  



Appendix 

117 

 

 

Secondary amine 50g 
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Secondary amine 50h 
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Methyl 4-(benzyl(butyl)amino)benzoate 62d 

 

 

Methyl-4-(benzyl(6-((tert-butoxycarbonyl)amino)hexyl)amino)benzoate 69f 
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Methyl 4-((6-((tert-butoxycarbonyl)amino)hexyl)(cyclohexylmethyl)amino)benzoate 69g 

 



Appendix 

122 

 

 

Methyl 4-((6-(benzylamino)hexyl)(tert-butoxycarbonyl)amino)benzoate 70f  
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Methyl 4-((tert-butoxycarbonyl)(6-((cyclohexylmethyl)amino)hexyl)amino)benzoate 70g 



Appendix 

124 

 

 

  



Appendix 

125 

Methyl 4-((2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)(benzyl)amino)benzoate 60h  

 

 

4-[2-Quinolinyl[6-[[(1,1-dimethylethoxy)carbonyl]-amino]-hexylamino]methyl]-

methylbenzoat 58a 
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Methyl-4-((tert-butoxycarbonyl)(6-((quinolin-2-ylmethyl)amino)hexyl)amino)benzoate 

59a  
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Methyl-4-((6-((tert-butoxycarbonyl)amino)hexyl)(quinolin-3-ylmethyl)amino)benzoate 

60b 
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Methyl-4-((6-((tert-butoxycarbonyl)amino)hexyl)(quinolin-4-ylmethyl)amino)benzoate 

60c  

 



Appendix 

130 

Methyl-4-((6-((tert-butoxycarbonyl)amino)hexyl)(quinolin-6-ylmethyl)amino)benzoate 

60d 
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Methyl-4-((tert-butoxycarbonyl)(6-((quinolin-6-ylmethyl)amino)hexyl)amino) benzoate 

59d 
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Methyl-4-((tert-butoxycarbonyl)(6-((quinolin-8-ylmethyl)amino)hexyl)amino)benzoate 

59e 
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Biarylated amine 71 
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Carboxylic acid 77b 
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Carboxylic acid 77f 
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Boc-protected folate-GPI conjugate 79 
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Deprotected folate-GPI conjugate 81 

 

 

 

LC-MS 
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Secondary amine 87a 
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Secondary amine 87b 
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Secondary amine 87c 
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Secondary amine 87d 
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Carboxylic acid 86a 
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Carboxylic acid 86b 
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Carboxylic acid 86c 
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Carboxylic acid 86d 
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Simplified folate-GPI conjugate 85a 
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Simplified folate-GPI conjugate 85b 
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Simplified folate-GPI conjugate 85c 
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Simplified folate-GPI conjugate 85d 
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TRIS-GPI conjugate 96 
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TRIS-GPI-AHX conjugate 95a 
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Folate-TRIS-GPI conjugate 99b 
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Folate-TRIS-GPI conjugate 95b 
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10 Hazard materials 

 

All used chemicals are listed with their corresponding hazard (H-) and precautionary (P-) 

statements and GHS-pictograms. 

Table 8: Used substances with hazard classification and disposal instructions. 

 

Substance GHS-Symbols H-Statsments P-Statements 

acetone 

 

danger 

H225-H319-

H336 

P210-P261-

P305+ 

P351+P338 

acetonitrile 

 

danger 

H225-H302+ 

H312+H332-

H319 

P210-P280-

P305+P351+P3

38 

caesium 

carbonate  

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

celite 

 

warning 

H319-H335 P305 + P351 + 

P338 

cyclohexancarbal

dehyde 
 

danger 

H226-H315-

H319-H335 

P261-

P305+P351+P3

38 

CyJohnPhos substance not classified as harmful according to GHS 

DavePhos substance not classified as harmful according to GHS 

dichloromethane 

 

danger 

H315-H319-

H335-H336-

H351-H373 

P261-P281-

P305+ 

P351+P338 

DMSO substance not classified as harmful according to GHS 

dppf substance not classified as harmful according to GHS 
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DME  

danger 

 

H225-H332-

H360 

 

P201-P210-

P240-308+313 

DMF 

 

danger 

H226-H312-

H332-H319-

H360 

P201-P210-

P302+P352-

P304+P340-

P305+P351+ 

P338-

P308+P313 

EEDQ  

warning 

H302-H315 

 

P261-P280a-

P305+P351+P3

38-P304+P340-

P405-P501a 

EDC·HCl  

danger 

H314 

P 280‐
305+351+338‐
310 

ethanol  

danger 

H225‐H319 

P210‐P240‐
P305+P351+P3

38‐P403+P233 

 

ethyl 4-

oxocyclohexanec

arboxylate 

 

 

warning 

H315-H319-

H335 

P26- P264 

P271-P280 

P302+P352 

 

 

formic acid 

 

 

danger 

 

H226‐H302‐H
H314‐H331 

P210P‐280‐
P303+P361+P3

53‐
P304+P340+P3

10‐
P305+P351+P3

38‐P403+P233 

 

HCl  

danger 

H290-H314-

H335 

 

P261-P280-

P305 + P351 + 

P338-P310 
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N- 

hydroxysuccinimid 

                                                                       

substance not classified as harmful according to GHS 

 

kalium tert-

butoxide 
 

 

danger 

H228-H251-

H314 

P210-P235 + 

P410-P280-

P303 

+P361+P353-

P304 + P340 

+P310-P305 

+P351+P338 

lithium 

bis(trimethylsilyl)

amide 
 

danger 

H228-H314 P210-P280-

P305 + P351 + 

P338-P310 

methanol 

 

danger 

H225-H301 

+H311+H331-

H370 

P210-P260-

P280-

P301+P310-

P311 

methyl 4-

formylbenzoate 

 

 

warning 

 

H315-H319-

H335 

P-305-P351-

P280 

methyl 3-

formylbenzoate 

 

 

warning 

 

H302 

 

 

methyl 4-formyl 

3-chlorobenzoate 

 

 

warning 

H302-H315-

H317-H335 

P261-P264- 

P270-P271 

4-methyl-

bromobenzoate  

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

Na2SO4 substance not classified as harmful according to GHS 

palladium(II) 

acetate  

danger 

H318 P280-P305 + 

P351 + P338 

Pd/C 

 

H317 P261-P272—

P280-P302 + 

P352-P333 + 
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warning P313-P303-

P501 

n-pentane 

 

 

danger 

H225-H304-

H336-H411 

P210-P261-

P273-P301 + 

P310-P331 

 

2-quinoline-

carboxaldehyde  

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

3-quinoline-

carboxaldehyde  

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

4-quinoline-

carboxaldehyde  

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

6-quinoline-

carboxaldehyde  

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

8-quinoline-

carboxaldehyde  

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

silicon dioxide 

 

warning 

H373  

sodium 

borohydrate 
 

 

danger 

H260-H301-

H311-H314 

P223-

P231+P232-

P280-

P301+P310-

P370+P378-

P422 

sodium chloride substance not classified as harmful according to GHS  
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sodium 

triacetoxyborohy

dride danger 

H228-H261-

H315-H335 

 

P210-P231 + 

P232-P261-

P422 

 

 

sodium sulfate substance not classified as harmful according to GHS 

SPhos substance not classified as harmful according to GHS 

 

tetramethylguani

dine 
 

danger 

H226‐H302‐H
314 

P210‐P280‐
P305+P351+P3

38‐P310 

 

 

tributylphosphin 

 

 

danger 

H226-H250-

H302 + H312-

H314 

P222-P231-

P280-P305 + 

P351 + P338-

P310-P422 

 

 

tricyclohexylphos

phine 

 

warning 

H315-H319-

H335 

P261-P305 + 

P351 + P338 

 

trichloromethane-

d1 

 

warning 

H302-H315-

H351-H373 

P281 

 

triethylamine  

 

danger 

H225-H302-

H311+H331-

H314-H335 

P210-P261-

P280-

P305+P351+P3

38-P310 

 

triethylborane  

 

danger 

H225-H250-

H301-H314 

 

P210-P222-

P231-P280-

P301 + P310-

P422 
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triphenylphosphi

ne 
 

warning 

H302-H317-

H373 

P280-P301 + 

P312 + P330-

P333 + P313 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

toluene 

 

 

danger 

H225-H304-

H315-H336-

H361d-H373 

P210-P261-

P281-

P301+P310-

P331 

XantPhos substance not classified as harmful according to GHS 

XPhos substance not classified as harmful according to GHS 

 

TFA  

danger 

H314-H332-

H412 

P273-P280-

P305 + P351 + 

P338-P310 

 

 

TRIS  

warning 

H315‐H319‐H
335 

P261‐
P305+P351+P3

38 
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