
Louise Bergsjø Sand

Synthetic studies toward [18F]-
fluorination of solid-supported
silyl ethers

2023

Thesis for the degree of Philosophiae Doctor (PhD)
University of Bergen, Norway



at the University of Bergen

Avhandling for graden philosophiae doctor (ph.d )

ved Universitetet i Bergen

.

2017

Dato for disputas: 1111

Louise Bergsjø Sand

Synthetic studies toward [18F]-
fluorination of solid-supported silyl

ethers

Thesis for the degree of Philosophiae Doctor (PhD)

Date of defense: 25.05.2023



The material in this publication is covered by the provisions of the Copyright Act.

Print:     Skipnes Kommunikasjon / University of Bergen

© Copyright Louise Bergsjø Sand

Name:        Louise Bergsjø Sand

Title: Synthetic studies toward [18F]-fluorination of solid-supported silyl ethers

Year:          2023



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

«Have no fear of perfection; 

 you’ll never reach it» 

− Marie Curie 
 

  



 

 

 



1 

 

Scientific environment 

This dissertation was submitted 2023-02-24, as part of the fulfilment for the degree of 

Philosophiae Doctor (PhD) at the University of Bergen (UiB), department of 

Chemistry. The work was supervised by Professor Bengt Erik Haug (Department of 

Chemistry, UiB), Dr. Ole Heine Kvernenes (PET centre, Haukeland University 

Hospital) and Prof. Emmet McCormack (K2, Haukeland University Hospital). The 

thesis is based on synthetic studies carried out at the department during the period 

August 2017-October 2022 which includes a maternity leave for 1.5 years. The 

radiochemistry was performed at the PET-centre at Haukeland University Hospital in 

2022-2023. The work was financed by the University of Bergen and Trond Mohn 

Stiftelse (TMS). 

 

 

 

  



 

 

   

  



3 

 

Acknowledgements 

First and foremost, I would like to express my sincere gratitude to my supervisor, Prof. 

Bengt Erik Haug, for assigning me this project and for his excellent supervision and 

guidance throughout the project. It was mainly because of the enjoyable experience of 

taking part in the Haug group that I returned to academia after finishing my master 

thesis. A huge thanks is also addressed to my co-supervisor, Dr. Ole Heine Kvernenes, 

for his contributions with the hot fluorinations at the PET center, and for revisions of 

the written work. 

Additionally, I would like to show my appreciation to Dr. Bjarte Holmelid and Assoc. 

Prof. Nils-Åge Frøystein for technical support in HRMS and NMR analyses. I am also 

grateful to Dr. Markus Baumann, who was able to prepare the DOTA-GzmB analogue 

while I was in maternity leave. 

I would not have been able to finish this project without friends and colleagues at work, 

both in the Haug group and others. You have enriched these past seven years by sharing 

the ups and downs of being a PhD-student, helping me to make lemonade when 

PhD-life gave me lemons. Frida, Illimar and Beate, you are my biggest sources of 

inspiration and I want to express my admiration and gratefulness for having you around 

during most of my time at the Chemistry Department. Sharing an office with Illimar, 

after I was “promoted” to the 3rd floor, was a boost of energy sorely needed at the time. 

Also, Eirin, Sara, Ludvik, and Nina – I want to thank you for enriching these years 

through sharing knowledge, travels, dinners, teaching duties and numerous enjoyable 

lunches. I would also like to thank Jan, who in record time became a good colleague, 

and friend, for our many laughs and games of SET in the office, and also for taking the 

time to read parts of my thesis.  

Furthermore, I want to thank my friends and family, for always being there and for 

cheering me on in the process, even though most of you (until recently) lived on the 

other side of the country. And last, but definitely not least, a huge gratitude to my 

husband Erlend, for always having my back and rooting for me to achieve my goals. 

And thanks to Julie, a daily reminder that life comprises so much more than work.



  

 

 



5 

 

Abstract 

Molecular imaging is defined as the visualization of in vivo biological processes at the 

molecular or cellular level. It requires the use of imaging probes and can provide 

anatomic as well as functional information. Molecular imaging includes radiotracer 

imaging/nuclear medicine, magnetic resonance (MR) imaging, MR spectroscopy, 

optical imaging and ultrasound.  

The most sensitive molecular imaging techniques are the radionuclide-based positron 

emission tomography (PET) and single photon emission computed tomography 

(SPECT) imaging modalities, which offer non-invasive and quantitative images that 

can be used to investigate biological processes, such as metabolism and receptor 

expression in tissues. Anything from biomacromolecules to small molecules and 

nanoparticles can be utilized as radiolabeled tracers, depending on the imaging target 

and the kinetics of the process under investigation.  

In this work, we aimed at developing a new method for 18F-radiolabeling of peptides 

or other biologically relevant molecules, as well as preparing relevant peptide-based 

tracers for PET-imaging. 

 

Figure 1. Fluoride-mediated breaking of oxygen-silicon bonds (FOSi-method) for 

radiolabeling. 

We have expanded the field of radiofluorinated organosilicons, by immobilizing 

precursors onto a solid support, using an O-Si linker that can be cleaved by 18F− to 

release the 18F-radiolabeled tracer without the need for HPLC purification to separate 

the product from unreacted material or unlabeled tracer (Figure 1).  
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A wide variety of silyl ethers have been prepared to investigate the use of this new 

method for radiotracer production. Synthesis of silanes and chlorosilanes with various 

substitution patterns has laid the foundation for further hydrolytic stability-studies and 

exploration of fluorination conditions. Constructing the Si-O bond was challenging for 

bulky di-tert-butyl-substituted analogues, while for diisopropyl-substituted analogues, 

silyl ethers with various functionality on the benzene ring (azide, aldehyde, ethers) 

could readily be prepared. One silyl-ether analogue was immobilized on a solid 

support, and fluorinations of both non-immobilized and immobilized precursors were 

successful. The immobilized precursor was also subjected to hot fluorination at the 

PET-center, where we obtained promising results. Further studies of the reaction 

conditions are required to fully elucidate the potential of the FOSi-method.  

Three peptide-based tracers constituting a Granzyme B (GzmB) binding peptide 

sequence (-Ala-Gly-Gly-Ile-Glu-Phe-Asp-H), which can be used to monitor 

activation of the immune system, linked to different chelators that can coordinate to 

metallic radioisotopes, have been prepared in this work. NOTA-GzmB, 

NODAGA-GzmB and DOTA-GzmB will be radiolabeled with 68Ga and potentially 

64Cu, and further studied by our collaborators in Tromsø.  
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Sammendrag 

Molekylær avbildning er definert som visualisering av in vivo biologiske prosesser på 

molekylært- eller cellulært nivå. Dette krever bruk av prober og kan gi anatomisk samt 

funksjonell informasjon. Molekylær avbildning inkluderer radiotracer-

avbildning/nukleær medisin, magnetisk resonanstomografi (MR), MR spektroskopi, 

optisk avbildning og ultralyd.  

De mest sensitive molekylære avbildningsteknikkene er de radionuklide-baserte 

positron emisjons tomografi (PET) og singel foton emisjons-computertomografi 

(SPECT), som tilbyr noninvasiv avbildning samt kvantitative bilder som kan benyttes 

for å undersøke biologiske prosesser, som metabolisme og reseptoruttrykking i vev. 

Alt fra biomakromolekyler til små molekyler og nanopartikler kan brukes som 

radiomerkede tracere, avhengig av avbildningsformålet og kinetikken til prosessen som 

studeres. 

Vår målsetting i dette arbeidet har vært å utvikle en ny metode for 18F-radiomerking av 

peptider og andre biologisk relevante molekyler, samt å fremstille peptidbaserte tracere 

for PET-avbildning. 

 

Figur 1. Radiomerking ved fluormediert kløyving av oksygen-silisium bindinger (FOSi-metoden). 

Vi har hatt et ønske om å utvide feltet for 18F-radiofluorering av organosilisium-

forbindelser ved å immobilisere forløpere på fast-fase via en O-Si binding som kan 

kløyves med 18F−. Dette kan potensielt anvendes for produksjon av radiotracere uten 

behov for HPLC-opprensing for å separere radiomerket produkt fra ureagert 

startmateriale eller umerket tracer (Figur 1). 
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I dette arbeidet har en rekke ulike silyletere blitt fremstilt for å undersøke FOSi-

metoden. Syntese av silaner og klorsilaner med ulike substitusjons-mønstre har lagt 

grunnlaget for videre stabilitetsstudier og utforskning av fluoreringsbetingelser. 

Tillagingen av Si-O bindinger var utfordrende for de sterisk hindrede di-tert-

butylanalogene, mens for diisopropylanalogene ble det laget silyletere med variert 

funksjonalitet på den aromatiske ringen (azid, aldehyd, etere). Én silyleteranalog ble 

immobilisert på fast-fase og fluoreringer av både ikke-immobilisert og immobilisert 

forløper var vellykket. Utprøving av 18F-fluorering av fast-faseforløperen på PET-

senteret ga lovende resultater. Videre studier av reaksjonsbetingelser er nødvendig for 

å kunne belyse det fulle potensialet til FOSi-metoden.  

Tre peptidbaserte tracere ble syntetisert, bestående av en Granzyme B bindende 

peptidsekvens, som kan brukes til å observere aktiveringen av immunsystemet, bundet 

til ulike kelatorer som koordineres til metalliske radioisotoper. NOTA-GzmB, 

NODAGA-GzmB og DOTA-GzmB ble laget fra samme peptidaldehyd-sekvens (-

Ala-Gly-Gly-Ile-Glu-Phe-Asp-H), men med ulik kelator-konjugasjon. De tre 

forløperne skal radiomerkes med 68Ga, og potensielt 64Cu, og studeres videre av våre 

samarbeidspartnere i Tromsø. 
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1. Introduction 

1.1 Molecular imaging 

Molecular imaging is a constantly growing, biomedical research discipline that enables 

the visualization, characterization, and quantification of biologic processes taking 

place at the cellular and subcellular levels within living organisms, including patients. 

In the field of medicine, there are several ways of imaging biological processes within 

the body, such as X-ray computed tomography (CT), magnetic resonance (MR) 

imaging, MR spectroscopy, optical imaging, and ultrasound. Within nuclear medicine, 

imaging involves the use of radiotracers, which are defined as specific radiolabeled 

molecules used to monitor processes within the body without perturbing the system, 

and providing biological information in a living system.1 In other words, a radiotracer 

or radiolabel, is a chemical compound in which one or more atoms have been replaced 

by radioactive isotopes. Tracing the radioactive decay of these isotopes can be used to 

explore the mechanism of biochemical processes, by tracing the path that the 

radioisotope follows from reactants to products.2  

Nuclear medicine provides sensitive functional imaging techniques and highly specific 

therapeutic applications by utilizing radionuclides. In the decades following Marie and 

Pierre Curie’s discovery of radium in 1898, the radiochemistry field experienced a 

rapid development.3 In the 1920s, George de Hevesy, considered as “the father of 

nuclear medicine”, experimented with the application of radioactive isotopes in the 

form of tracers and described the radiotracer principle, which underpins the use of 

radionuclides to investigate the behavior of stable atoms and molecules. The tracer 

principle states that radiopharmaceuticals can participate in biological processes but 

have no pharmacological effect owing to the small dose. In this way, 

radiopharmaceuticals facilitate the imaging of healthy and pathological processes 

without interfering with them.4 The amount of radiopharmaceutical administered to a 

patient is just sufficient to obtain the required information, and the radiation dose 

received is medically negligible. The non-invasive nature of this technology, combined 
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with the ability to observe an organ functioning from outside the body, renders this 

technique a powerful diagnostic tool.3 

For studying local biochemical reactions and their kinetics, particularly in diagnosis of 

cancer, the use of positron emission tomography (PET) and single-photon emission 

computed tomography (SPECT) have become hugely accessible and widely used. A 

multitude of pathologically upregulated physiological processes allows for 

differentiation of tumors from healthy tissue. These processes provide a vast array of 

molecular targets, allowing in vivo detection and functional characterization of tumors 

using suitable imaging probes (radiotracers).  

Diagnostic radiopharmaceuticals can be used to examine several processes, such as 

blood flow to the brain as well as liver, lungs, heart, or kidney function, bone growth 

assessment and tumor detection. Another important use is to predict the effects of 

surgery and assess various types of treatment, including cancer therapy.4 Imaging 

modalities have historically been divided into two general categories: structural 

(anatomical) and functional (physiological). Structural imaging modalities include CT, 

MRI and ultrasound, while functional imaging modalities include PET and SPECT.4 

One of the most influential recent developments in the methodology of radionuclide 

imaging is multi-modality imaging, which is a combination of nuclear medicine and 

radiology, such as PET-CT,5,6 SPECT-CT7,8 and most recently PET-MRI,9-11 have 

gained widespread application. It not only offers more accurate diagnosis, it also 

facilitates personalized therapy and aids in getting better understanding of the 

underlying pathological processes.12 Such multi-functional molecular imaging could 

overcome the limitations of using a single technique, and provide a better insight and 

more detailed information about a particular disease or biological procesess.13  

Positron emission tomography 

Positron emission tomography (PET) is an imaging technique that complements MR 

and CT imaging. Its non-invasive modality allows visualization and quantification of 

a wide variety of physiological and biochemical processes or specific low-density 

protein targets. It is used to visualize metabolic processes, such as blood flow, glucose 

consumption, fatty acid metabolism as well as detection and quantification of cell 



15 

 

surface receptors in target tissues.14 In PET, a radionuclide is bound to a 

pharmacologically significant molecule which is administered to the patient. 

According to its designed pharmacological properties, it accumulates in certain regions 

of the body, and a PET scanner is used to pin-point its localization through its 

+-decay.15  

Positron-emitting radionuclides are a requirement for PET. In the decaying nuclide (N), 

a proton (Z) is converted to a neutron, thereby simultaneously emitting a positron (+) 

(Equation 1a). As the counter particle to the electron (e−), the positron will almost 

instantaneously annihilate with an electron producing energy in the form of two 

gamma-photons () with 511 keV each (Equation 1b).15,16  

1) NN  → Z
A YN+1 + β+

Z−1
A  

2) β+ +  e−  → 2 × γ (511 keV) 

Equation 1. a) Decay of the +-particle from a radioactive nuclide (N). 

                b) Annihilation of the + and e− to create two -rays (511 keV each). 

The two photons will travel in parallel but in opposite direction and is detected by a 

PET-scanner, which is composed of multiple gamma cameras organized in a circular 

array around the body to form a three-dimensional image (Figure 2).16  

 

Figure 2. Schematic presentation of the principle of PET with the positron emission 

annihilation event and detection by a PET-scanner.2 
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The positioning of the gamma cameras allows for a full-body scan, capturing and 

pinpointing annihilation events occurring within the patient’s body to ensure very 

accurate diagnosis and localization of e.g., a tumor. 

The currently most frequently used radiotracer in PET imaging is [18F]fluorodeoxy-

glucose ([18F]FDG), a glucose analogue with the positron-emitting radionuclide 18F 

substituted for the hydroxyl group at the C-2 position in the glucose molecule 

(Figure 3).  

 

Figure 3. [18F]Fluorodeoxyglucose 

[18F]FDG is readily incorporated into the cell through glucose transporters, and then 

phosphorylated by hexokinase to [18F]FDG-6-phosphate, which becomes trapped 

within the cell.17 It is a good indicator of cell metabolism and it has found widespread 

use for PET studies in oncology, neuroscience and cardiology.18 However, [18F]FDG 

has several disadvantages such as high uptake in the brain, kidney, bladder and in the 

gut, the latter due to gut bacteria. This results in high background radiation which 

lowers the image quality, especially in the brain and abdominal area. In addition, it is 

also sub-optimal for tumors with slower glucose uptake.19 Therefore, new, more 

specific tracers are being developed to overcome the limitations of [18F]FDG. 

1.2 Tracers for nuclear medicine 

1.2.1 Radionuclides in nuclear medicine 

The radioactive half-life, emission profile and chemistry of the radionuclide are all 

important considerations when radiolabeling a receptor-binding or physiologically 

relevant molecule. The biological half-life of the tracer must be considered, and it 

should ideally be paired with radionuclides of similar physical half-lives.4  

Some of the most commonly used radionuclides in PET, SPECT and therapy and their 

characteristics are summarized in Table 1. 
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Table 1. Radioisotopes commonly used in nuclear medicine4 

Isotope Half-life Decay mode (%) 
Production 

method 
Application 

11C 20.4 min + () Cyclotron Imaging (PET) 
13N 9.97 min + () Cyclotron Imaging (PET) 
15O 2.1 min + () Cyclotron Imaging (PET) 

Halogens     
18F 110 min  + () EC () Cyclotron Imaging (PET) 
123I 13.2 h EC ()  Cyclotron Imaging (SPECT) 
124I 100.3 h + () EC () Cyclotron Imaging (PET) 
131I 192.5 h − ()  Reactor Therapy 

Metals     
64Cu 12.7 h + () − () EC () Cyclotron Imaging (PET); therapy 
67Ga 78.3 h EC ()  Cyclotron Imaging (SPECT) 
68Ga 67.7 min + () EC (11) Generator Imaging (PET) 
89Zr 78.4 h + () EC () Cyclotron Imaging (PET) 
86Y 14.7 h + () EC () Cyclotron Imaging (PET) 
90Y 64.1 h − () Generator Therapy 
99mTc 6.0 h IT (100),  Generator Imaging (SPECT) 
111In 67.2 h EC () Auger,  Cyclotron Imaging (SPECT); 

therapy 
177Lu 159.5 h − ()  Reactor Imaging (SPECT); 

therapy 
223Ra 273.6 h   () Reactor Therapy 
225Ac 240.0 h  () Generator Therapy 

   + positron emission, − electron emission, EC electron capture,  gamma emission, IT internal transition 

The invention of the cyclotron in 1929 enabled large-scale production of positron-

emitting nuclides. Short-lived positron-emitters such as the most commonly employed 

18F (t1/2 = 109.8 min) and 11C (t1/2 = 20.4 min) are routinely produced at most nuclear-

medicine centers on a daily basis.18,3 In recent time, other PET nuclides have been 

gaining increasing interest, in particular 68Ga (t1/2 = 68 min), which can be obtained 

from a generator system. For metal radioisotopes, such as 68Ga, 64Cu, 90Y, 177L, etc. a 

chelating group capable of coordinating the metal ion and attaching it to the receptor-

targeting moiety is required. Therefore, the use of these nuclides is limited to 

biomolecules such as large peptides or proteins, antibodies, aptamers and others where 

the introduction of a chelator group, which often require a linker group, is tolerated 

without compromising its pharmacological properties.20  
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18F is currently the most frequently used radionuclide for PET imaging and it has 

several advantages, one of which is its relatively long half-life of about 110 minutes, 

allowing more complex radio-syntheses.21 Also, 18F has widespread use and 

established production methods (cyclotron). Chemically, fluorine is similar in size to 

the hydrogen-atom. The van der Waal’s radii of hydrogen and fluorine are 1.20 and 

1.35 Å, respectively, thus the introduction of 18F in place of H induces only a slight 

steric perturbation. Another favorable feature is the strong carbon-fluorine bond 

(440 kJ/mol), making it less likely to be metabolized and release free 18F−, which would 

accumulate in the bone. In addition, the radionuclide has a relatively low +-energy of 

0.635 MeV, which gives high-resolution images and less radiation burden to 

patients.13,16,18 

As previously mentioned, [18F]FDG has been, and still is, the work-horse of most PET-

centers worldwide. However, there are also other 18F-labeled tracers in use, such as 

[18F]NaF, the simplest form of 18F-labeled radiopharmaceutical. It was found to be 

taken up by the bone and dentine structures in in vitro studies as early as 1940,22 and it 

has been in clinical use since the 1960s.18 6-[18F]Fluoro-L-DOPA ([18F]FDOPA) is the 

second-most commonly used 18F-labeled PET pharmaceutical and is the PET tracer of 

choice for studies of the dopaminergic system, particularly for studies of changes in 

the presynaptic dopaminergic nerve terminals in Parkinson’s disease (Figure 4).18,23 

[18F]Fluoromisonidazole ([18F]FMISO), consisting of a 2-nitroimidazole moiety 

radiolabeled with 18F, was synthesized and recognized as a hypoxia imaging tracer in 

the 1980s,24, 25 and is still the most widely used marker for hypoxic tissue (Figure 4).26,27 

 

Figure 4. Structures of commonly used 18F-labeled tracers. 

In addition to the use of radioisotopes for diagnostic purposes (PET and SPECT), 

targeted radionuclide therapy (TRT) is a growing field that has enabled the 

development of highly specific and individually tailored treatments for cancer patients. 

Radionuclide-labeled molecules (α-, −- and Auger electron-emission) are designed to 
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deliver therapeutic doses of ionizing radiation to specific disease sites (e.g. tumors) 

with high specificity, destroying cells within short distance.28 α-Emitters have a shorter 

range in tissue (<5 µm) than −-emitters (<2 mm), on the other hand they do have 

higher linear energy transfer (LET), approximately 80 keV/µm, and are capable of 

damaging DNA both directly and indirectly via the production of reactive oxygen 

species. −-emitters, in contrast, have low LET values between 0.2-2 keV/µm. Particles 

of both high and low LET values can be useful for radiotherapy depending on the nature 

of the disease, for example, TRT of leukemia and lymphoma typically require lower 

energy particles than TRT of solid tumors.4 Some examples of therapeutic use of 

radionuclides are Azedra® (131I-MIBG), Xofigo® ([223Ra]RaCl2), PluvictoTM (177Lu-

PSMA) and Lutathera® (177Lu-DOTATATE). Theranostic radiopharmaceuticals is 

also an evolving concept within nuclear medicine, constituting a combination of both 

therapy and diagnosis. These tracers can usually be labeled with two different types of 

radionuclides: therapeutic particle-emitting nuclides and diagnostic +- or -emitting). 

Although, there are also examples of radionuclides (e.g. 177Lu) which serves a dual 

purpose by emitting both particles and photons, allowing both therapy and diagnostics 

simultaneously.29 Theranostic modalities can have three different anti-cancer 

strategies: targeting the tumor itself, targeting the tumor immune microenvironment or 

targeting the peripheral immune system to activate immune cells that invade the 

tumor.30 

1.2.2 Targeting vectors 

A variety of targeting mechanisms have been used to deliver diagnostic and, 

increasingly, therapeutic radionuclides to specific organs, tissues, or cells within the 

human body. To ensure effective delivery to the target site, the radionuclide needs to 

be tightly bound to a vector that displays a high affinity for the cell or tissue to be 

studied. Examples of radiopharmaceutical vectors, that will be explained further in the 

following sections, include small molecules, peptides, antibodies and nanoparticles.  
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Small molecules 

From its discovery in the 1970s31 until the mid-2000s, PET imaging was dominated by 

[18F]FDG used in imaging of cancer. Only a few other PET radiotracers received FDA 

approval during this early period ([18F]NaF, [13N]NH3, and [82Rb]RbCl2).32 From the 

mid-2000s to the present day, the PET landscape has changed radically. In the last 

decade, numerous new small-molecule PET radiotracers have been approved 

(Figure 5).  

 

Figure 5. Small molecule radiopharmaceuticals used for diagnostic purposes. 

Even though [18F]FDG remains the most commonly used, the availability of new 

radiotracers has led to a revolution in the imaging environment. In addition to 

[18F]FDOPA and [18F]FMISO, mentioned in the previous section, some examples of 

clinically utilized tracers are the 18F-labeled thymidine derivate 3-deoxy-3’-

[18F]fluorothymidine ([18F]FLT), used for imaging of cell proliferation of tumors with 

increased thymidine kinase-1 (TK1) levels,33 as well as the amino-acid derivate O-(2-

[18F]Fluoroethyl)-L-tyrosine ([18F]FET) used for imaging of brain tumors displaying 

minimal uptake in healthy brain cells.18  

11C-labeled compound [11C]Raclopride is a selective antagonist on D2 dopamine 

receptors and is used in the diagnosis of movement disorders, particularly for 

Huntington’s disease. Furthermore, radiolabeled raclopride is used to determine the 

efficacy and neurotoxicity of dopaminergic drugs.34 [11C]Flumazenil is a selective 



21 

 

benzodiazepine receptor antagonist, labeled with 11C to visualize the distribution of γ-

aminobutyric acid type A (GABAA) receptors in neuroimaging.35 L-[S-Methyl-

11C]Methionine ([11C]-MET) is an amino-acid analogue used for monitoring uptake of 

methionine in tumors. The methionine uptake has not been fully understood, although 

it is considered to be taken up in large quantities due to high proliferation rate in 

neoplasms.36 Choline is the precursor to neurotransmitter acetylcholine, and the 

radiolabeled analogue [11C]Choline was initially used to examine patients suffering 

from with Alzheimer’s disease,37 but no pharmacokinetic pattern was found. In later 

years, the tracer was successfully used in brain cancer, as well as prostate cancer 

imaging.38,39 

There remains some debate over what constitutes a small molecule. Medicinal chemists 

usually refer to drug molecules with molecular weight (MW) below ≤500–550 Da that 

are compliant with the Lipinski rules.40 In contrast, molecular biologists on the other 

hand often use the term to refer to species that aid the regulation of biological processes 

or species that are able to diffuse across cell membranes, or generally refer to molecules 

with an MW ≤900 Da.32 In some cases, a peptide is by definition considered a small 

molecule, but it is useful to distinguish between small molecules and peptide-based 

targeting vectors, primarily because of the different biological behavior of most small 

molecules and peptides.  

In general, peptides and small molecules both have advantageous and disadvantageous 

features as the basis for tracers, as summarized in Table 2.  
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Table 2. Peptides vs. small molecules, advantages and disadvantages41 

Peptides Small molecules 

Advantages: 

• High potency 

• High selectivity 

• Broad range of targets 

• Easy to modify 

• Low toxicity 

• Low accumulation in tissue 

• High chemical and biological diversity 

Advantages: 

• High oral bioavailability 

• Metabolic stability 

• High number of pharmacologic targets 

• Small dimensions 

Disadvantages: 

• Poor metabolic stability 

• Poor membrane permeability 

• Poor oral availability 

• Rapid clearance 

• Sometimes poor solubility 

Disadvantages: 

• High toxicity 

• Main side effects 

• Potentially low solubility 

• Lower selectivity 

• High production costs 

 

For instance, the physicochemical properties, like overall polarity of the molecule and 

the potentially high number of hydrogen-bond donors (HBD) and hydrogen-bond 

acceptors (HBA), distinguish peptides from small molecules, providing them with high 

receptor-binding affinity. Small molecules usually exhibit high metabolic stability, 

whilst peptides display poorer metabolic stability. Peptides are generally more 

selective, and a broad range of targets for peptide-based ligands, i.e. a peptide-based 

molecule that binds reversibly or irreversibly to another (macro) molecule, are 

available.41 

Peptide ligands 

Many human cancer cells over-express peptide receptors on their surfaces, which could 

be used as molecular targets for diagnosis and therapy. Peptide-based 

radiopharmaceuticals (Figure 6) typically contains the following components: a 

peptide acting as the targeting entity, a linker, a radionuclide-bearing moiety, and a 

radionuclide. The linker is sometimes an optional component of a radiopharmaceutical 

that is incorporated to facilitate the conjugation of the targeting peptide and the 

radionuclide-bearing moiety, and/or improve its pharmacokinetics such as increasing 

metabolic stability or manipulating biodistribution.42-45 The linker can also be used as 
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a spacer to distance bulky portions of a radiopharmaceutical, such as chelators, to 

reduce steric interference and maintaining high binding affinity.46 The radionuclide-

bearing moiety (like chelators) is not necessary for all radionuclides, e.g. when the 

radionuclide is covalently bound to the peptide. 

 

Figure 6. Structural components of peptide-based radiopharmaceuticals.47 

Peptide ligands as radiotracers are of increasing interest in the field of nuclear imaging 

and therapy, mainly because of the many advantages of peptides, such as relatively low 

molecular weight (typically between 5 to 100 amino acids in length, ~0.5–10 kDa).4 

Compared to antibodies, bioactive peptides and peptide hormones, offer high target 

uptake and rapid blood clearance. Peptides have increased capillary permeability, 

which allows for more efficient penetration into target tissue compared to other 

macromolecules.48-52 In addition, the well-established principle of solid-phase peptide 

synthesis (SPPS) provides easy access to a wide range of peptides (Scheme 1).53  

 

Scheme 1. Principles of Fmoc-based solid phase peptide synthesis (SPPS). 

The basic principle has been further developed and automated. Modern SPPS relies on 

the attachment of the first amino acid to a linker group, which is covalently attached to 
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a polymeric material. The coupling of each amino acid is performed using a large 

excess of reagents in order to drive the reaction to completion. Immobilization of the 

growing peptide chain allows easy removal of excess reagents by simple filtration.  

The history of radiolabeled peptides goes back to the 1980s when Reubi and 

co-workers54 discovered that somatostatin receptors had an extraordinarily high density 

in pituitary tumors, which was a breakthrough for radiolabeled somatostatin analogues. 

The first study of radiolabeled peptides in humans were published by Krenning et al.55 

in 1989, using a 123I-radioiodinated somatostatin analogue in patients with endocrine-

related carcinomas. A few examples of peptides and their receptors over-expressed on 

human cancer cells and their respective developed ligand peptides are listed in Table 3.  

Table 3. Oncological targets for radiolabeled peptides.52 

Receptor target Base peptides 

Chemokine receptor (CXCR4) CPCR4/AcTZ14011 

Cholecystokinin/gastrin receptor (CCK1R, 

CCK2R) 

Cholecystokinin (CCK) analogues, Gastrin 

analogues 

Extracellular tumor pH pH (low) insertion peptide (pHLIP) 

Gastrin-releasing peptide receptor (GRPR) Bombesin (BBN), Gastrin releasing peptide 

(GRP) analogues 

Glucagon-like peptide-1 receptor (GLP1R) GLP-1 analogues/Exendin 

Integrin receptors (αv, 3, αv6, others) Arginyl-glycyl-aspartic acid (RGD) peptides 

Matrix metalloproteinase (MMP-2, MMP-9) Activatable cell-penetrating peptides 

(ACPP) 

Melanocortin 1 receptor (MC1R) α-Melanocyte-stimulating hormone 

(α-MSH) 

Neuropeptide Y receptors (NPYR) Neuropeptide Y (NPY) 

Neurotensin receptor (NT1, others) Neurotensin (NT) 

Somatostatin receptors (SSTR2, others) Somatostatin analogues, ocreotide 

Vasoactive intestinal peptide receptor 

(VIPR1) 

Vasoactive intestinal peptide (VIP) 

analogues 

 

One of the many advantages of peptides is the ease of modification of the peptide 

sequence. Optimization of binding affinity to the receptor binding site, optimization of 

the chelator/linker that separates the radionuclide and the peptide, and increasing the 

plasma half-life are some of the objectives for modifying peptides.19,48,52 Modifications 
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to the peptide sequence can be either N-terminal, internal or C-terminal. Internal 

modifications can be performed by use of more stable D-amino acids or pseudo-peptide 

bonds, by inclusion of amino alcohols and insertion of unnatural amino acids, or by 

post-translational modifications.48,56 Further modifications include the addition of 

spacers, typically small, flexible linkers, such as polyethylene glycol (PEG) linkers 

(called PEGylation)57, that reduces steric hindrance at the binding sites of the peptide. 

Chain cyclization such as disulfide-bridging of the peptide chain, can stabilize the 

peptide conformation, increase bioactivity, and improve enzyme stability.58 N- or 

C-terminal modifications, like acetylation59,60 at the N-terminal remove the positive 

charge and mimic natural proteins, and can increase peptide stability by preventing 

N-terminal degradation, in some cases. Amidation61 of the C-terminal neutralizes 

negative charges, which hinders enzyme degradation, mimicking native proteins, and 

in some cases, remove hydrogen bonding at the C-terminal of the peptides which may 

interfere with the assays. Further, C-terminal peptide aldehydes are used to achieve 

covalent binding to both serine and cysteine proteases.62,63 

Compared to antibodies and proteins, small peptides distribute more uniformly and 

penetrate tissues more readily. Their small size gives them pharmacokinetic advantages 

including short time between injection and binding equilibrium. Furthermore, peptides 

are generally excreted rapidly from the systemic circulation, which is an important 

characteristic of a useful tracer for establishing a target to non-target signal. However, 

too rapid metabolism and excretion can result in a peptide tracer that cannot accumulate 

at the target site. This can be solved by modification of the peptide by e.g. 

PEGylation.47  

Radiolabeled peptides (P) are injected intravenously into the patient and distributed in 

the whole body (Figure 7).52 For peptide-receptor targeting peptides, there is an over-

expression of the corresponding peptide receptor (P-R) on cancer cells, and in most 

cases, the radiolabeled peptide can be preferentially internalized in these cells, leading 

to accumulation of radioactivity in the tumor. A whole-body PET-scan detects the 

radioactivity accumulated in the tumor, whereas remaining radioactivity in the body 

will be rapidly cleared through the kidneys.  
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Figure 7. Principle of internalization of receptor-targeted radiolabeling using 

peptides. Adapted from Reubi et al.52 

In the expanding field of nuclear medicine, peptide-based radiopharmaceuticals have 

gained particular interest due to their many advantages, mentioned previously. New, 

radiolabeled peptide-based tracers are developed at a rapid pace, and a few examples 

of radiolabeled, receptor-targeting peptides are shown in Figure 8.  

  

Figure 8. Some examples of peptides used as cancer targeting agents. 



27 

 

The somatostatin receptor (SSTR) targeting peptide [68Ga]DOTATATE 

(NETSPOTTM) was the first peptide radiopharmaceutical for PET to be approved by 

the FDA in 2014.64 Prostate-specific membrane antigen (PSMA) is over-expressed on 

the surface of prostate cancer cells, and various PSMA-targeting ligands have been 

developed, both for diagnostic and therapeutic purposes. Most recently, small 

molecular inhibitors of PSMA have been introduced to recognize the enzymatic site 

and have been developed for clinical studies, whereof PSMA-11 

(Illuccix®/Locametz®), PSMA-617 (Pluvicto®) and 18F-DCFPyl (Pylarify®/ 

Piflufolastat®) recently received FDA approval.65 The tripeptide RGD-motif, which 

binds to αv3-integrins, is also well-established in the field of peptide-receptor 

targeting. [18F]Galacto-RGD was the first in its class of tracers to be investigated in 

humans and showed good potential in imaging of tumors. However, this tracer requires 

a multistep synthesis and 200-min preparation time. [18F]Galacto-RGD has, 

nonetheless, laid the groundwork for further development of even simpler synthetic 

routes to radiolabeled integrin-targeting tracers.64,66 The chemokine receptor (CXCR4) 

targeting radiopeptide [68Ga]CPCR4-1/[68Ga]Pentixafor was first synthesized in 2011 

by Demmer et al.67 and has been found to display comparable or superior imaging 

characteristics in comparison to [18F]FDG for localizing lesions. Analogues of this 

radioligand, [177Lu]Pentixafor and [90Y]Pentixafor, bearing the alpha-emitting 

radionuclides 177Lu and 90Y were synthesized and used in cancer treatment. Both 

therapeutic agents are safe and well tolerated and display no acute adverse non-

hematologic effects.68-70 Another interesting receptor-binding peptide is a Granzyme B 

inhibitor, and this will be further explained in the next section. 

 

Granzyme B 

Cancer immunotherapy has represented a significant advance in cancer therapy and is 

an immensely growing subject in oncology.71,72 Cancer immunotherapy can be 

described as the artificial stimulation of the immune system to treat cancer by 

improving the immune system's natural ability to fight the disease.  
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While cancer immunotherapy can produce dramatic responses, only a minority of 

patients respond to this form of treatment.71,73,74 Therefore, reliable response 

biomarkers are needed to distinguish responders from non-responders, allowing 

treatment termination for those who do not benefit and must suffer unnecessary side 

effects, along with the opportunity for alternative therapeutic strategies. 

Immunotherapy is often associated with severe immune-related adverse events 

(hepatitis, colitis, and even death), and it is therefore of particular importance to predict 

which patients will benefit from the treatment. Recently, an enzyme which is part of 

our immune system, granzyme B (GzmB), has been extensively studied for its role in 

the adaptive immune response in the context of cancer immunotherapy. It plays an 

important role as a predictive biomarker for response to immunotherapy.75  

Granzymes are serine proteases released into defective cells by T-lymphocytes and 

natural killer (NK) cells as part of our immune response. They induce apoptosis 

(programmed cell death) in the target cell, thus eliminating cells that have become 

cancerous or are infected with viruses or bacteria.76,77 GzmB functions in conjunction 

with perforin in pore formation in the membranes of cells marked for destruction. 

Detection of GzmB release by actively engaged immune cells is useful in the cancer 

treatment and provides insight into the mechanism responsible for immune-mediated 

cell death. Therefore, GzmB-specific PET-imaging agents are being developed to 

achieve early differentiation between responders and non-responders.71,75  

A GzmB peptidomimetic inhibitor based on a GzmB substrate has been identified 

(Figure 9).71,73,74 The tetrapeptide “Ile-Glu-Phe-Asp” has been well characterized as a 

preferred murine GzmB substrate, and previous evidence has shown that modification 

of the C-terminal aspartate residue with an aldehyde moiety creates an electrophilic 

trap, potently inhibiting GzmB with a Ki of 80 nM through covalent-bond formation 

between the aldehyde and the enzyme active-site serine residue.78,79  
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Figure 9. GzmB peptidomimetic inhibitor. 

Larimer et al.71 reported a PET-imaging agent, NOTA-GzmB, capable of detecting the 

release of GzmB by actively-engaged immune cells (Figure 10). This imaging agent 

allows repeated non-invasive and systemic interrogation of the tumoral response to 

cancer immunotherapy and provides insight into a major biochemical mechanism 

responsible for immune-mediated cell death.  

 

Figure 10. PET imaging agent [68Ga]NOTA-GzmB.71 

To generate the PET-imaging construct, a small, flexible linker (-Ala-Gly-Gly) was 

used to bridge the peptide and the radiometal chelator 2-[4,7-bis(carboxymethyl)-1,4,7-

triazonan-1-yl]acetic acid (NOTA). Through this, Larimer and co-workers71 have 

provided a preclinical proof-of-concept for the use of GzmB as an early biomarker for 

tumors responding to immunotherapy.  

Monoclonal antibodies and proteins 

In the 1970s, the use of radiolabeled monoclonal antibodies (mAbs) was established in 

cancer staging of malignant tumors.80 The use of radioimmunodetection for staging of 

cancer was largely abandoned in the 1980s as the approval and widespread use of 

[18F]FDG constituted a more generally applicable diagnostic tool than antibodies or 

their fragments. A great improvement to this approach was given by the invention of 

the hybridoma technology proposed in 1975 by Köhler and Milstein81 permitting 
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production of uniform mAbs with defined specificity and affinity to tumor-associated 

antigens. Due to their specificity, affinity and serum stability, mAbs have become 

increasingly applied as novel therapeutics against a variety of diseases.30 Due to their 

unique properties, mAbs are also exploited in molecular imaging. Dammes et al.30 

summarized the use of mAbs in molecular imaging strategies and their theranostic 

potential, concluding that mAb-targeted imaging is used for a variety of purposes, for 

instance to monitor disease progression and to predict response to a specific therapeutic 

agent.  

In addition to mAbs, radiolabeled proteins have recently been advanced as a viable 

alternative to small-molecule PET tracers, offering high-contrast imaging of expression 

of therapeutic molecular targets in tumors shortly after injection. This allows for non-

invasive determination of a target-expression level and selection of patients for targeted 

therapies. Radiolabeled proteins hold great promise to play an important role in 

development and implementation of personalized targeted treatment of malignant 

tumors.80 

1.3 Radiolabeling strategies 

The radionuclide should in general be incorporated into the tracer at the latest possible 

stage, and the radiolabeling step needs to be rapid, efficient and provide the 

radiopharmaceutical in high radiochemical yield and purity. Depending on the type of 

radionuclide and the method used to design the unlabeled probe, the three main 

radiolabeling principles that are commonly used include nucleophilic substitution, 

metal chelation and isotope exchange, which will be detailed below.82,83   

1.3.1 Nucleophilic substitution 

The most commonly used radionuclide in nuclear medicine, 18F, is produced by a 

cyclotron, and must quickly be incorporated into the molecule of interest after 

production due to its short half-life. Normally, the introduction of 18F into aliphatic 

molecules is accomplished using no-carrier-added (n.c.a.) approach, where 

[18F]fluoride reacts in an SN2 reaction with a precursor containing a good leaving group 
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(e.g., Br, I, OMs, OTs, OTf, NR3
+). This method usually produces radiotracers with 

high specific activity (SA). One of the challenges associated with this labeling 

procedure is the challenging removal of water traces, which is necessary to remove the 

hydration shell surrounding the fluoride anion. In addition, polar organic solvents 

(MeCN, DMF, DMSO) are typically used with a cryptand (Kryptofix[2.2.2], 

Figure 11) as a phase-transfer catalyst and as a ligand for the cation to facilitate charge 

separation of cation and fluoride, to produce what is referred to as “naked fluoride”. 

 

Figure 11. Cryptand Kryptofix[2.2.2]/K[2.2.2] 

In these cases, the unlabeled probe and the radiolabeled probe have different chemical 

properties, as in the case of [18F]FDG, in which a hydroxyl-group is exchanged into an 

18F atom in the deoxyglucose molecule (Scheme 2). The most common way of 

synthesizing the work-horse PET tracer ([18F]FDG) at PET centers world-wide, is by 

using potassium fluoride in acetonitrile, with potassium carbonate as a base and 

Kryptofix[2.2.2] as a chelator carrying the counter-ion of fluoride.84 

 

Scheme 2. Conventional radiosynthesis of [18F]FDG.84 

1.3.2 Metal chelation 

As for nucleophilic substitution, metal chelation also introduces a foreign element, a 

radionuclide (such as 68Ga, 99mTc, 64Cu and 111In), into an organic compound, by using 

a chelating group. Multiple atoms (such as O, N and S) in the chelating agent donate 

electron pair(s) to the foreign metal atom to form coordinate bonds (Figure 12).  
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Figure 12. Generalized chelation complex. 

Certain peptides and macromolecules, such as mAbs, can be labeled with radiometals 

based on metal chelation, however this requires the prior conjugation of a bifunctional 

chelate (BFC) to the peptide or protein, followed by chelation of the radiometal. In that 

way, the radiometal is not directly incorporated into the peptide or protein molecule. 

Some of the most common BFCs used to radiolabel peptides and other macromolecules 

are shown in Figure 13.85 

 

Figure 13. Basic structures of the most common BFCs used to radiolabel peptides.85 

Another chelating strategy for introducing the PET-radionuclide 18F into tracers is the 

Al18F-chelating method developed by McBride et al.,86,87 which is based on the strong 

interaction of fluorine to aluminum. The Al18F-complex can be captured by a chelator 

as shown in Scheme 3, which allows a simple 18F-fluorination of many targeting 

molecules (e.g., small molecules, peptides, and proteins). 
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Scheme 3. Radiolabeling of a peptide with Al18F-chelation, reported by Cleeren et al.88 

1.3.3 Isotope exchange 

An alternative approach for radiolabeling is by isotope exchange (IE). In this case, the 

tracer is prepared by direct exchange (isotope substitution) of one or more stable atoms 

of an element in a molecule with one or more nuclides of a radioisotope of the same 

element (Scheme 4).89,90 The radiolabeled and the unlabeled molecule are chemically 

identical and will show the same in vivo pharmacokinetic and pharmacodynamic 

characteristics. This way of radiolabeling is generally used to prepare radio-iodinated 

radiopharmaceuticals in which stable 127I atoms are replaced by radioactive 123I or 124I 

atoms. The same strategy has been employed on some 11C-labeled radiotracers as well. 

In recent years, this strategy was expanded to 18F-labeling, which will be further 

explained in section 1.3.4.91-96 

 

Scheme 4. Isotope exchange as a way of radiolabeling. 
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Recently, another approach for fast radiolabeling by IE was published by Zheng et al.,97 

utilizing sulfur fluoride exchange (SuFEx), as shown in Scheme 5. They reported the 

radiolabeling of 25 structurally and functionally diverse aryl fluorosulfates and 

achieved excellent RCYs (83-100%) and high molar activity (280 GBq µmol-1) at room 

temperature for 30 s reaction time. The method did not require HPLC purification, only 

filtration through a solid-phase cartridge extraction (SPE)-cartridge.  

 

Scheme 5. [18F]SuFEx of aryl fluorosulfates published by Zheng et al.97 

1.3.4 Radiofluorination of organosilicon compunds 

The use of compounds containing Si-F bond in radiochemistry has been explored since 

1958,98 with in vivo studies reported as early as in the 1970s.99 The Si-F bond was 

considered as an alternative to C-F bonds due to its increased bond strength 

(565 kJ/mol for Si-F versus 485 kJ/mol for C-F).100 The first use of [18F]fluorosilanes 

as labeling synthons was proposed in 1985 by Rosenthal et al.100 who treated 

chlorotrimethylsilane with n.c.a. 18F− in aqueous acetonitrile isolating the 

corresponding [18F]fluorosilane in 65% yield. However, in vivo evaluation revealed 

fast hydrolysis of the compound combined with high radioactivity uptake in bone, 

which made it unsuitable as a labeling synthon.  

In the past decades, fluorosilanes have gained interest by several research groups, as 

potential labeling synthons.101-103 A new method for 18F-radiolabeling of peptides, 

where silicon’s affinity to fluorine is utilized, has been described by Wängler and 

co-workers (Scheme 6).91 This protocol is based on IE, where 19F bound to silicon is 

exchanged with 18F in a process denoted the silicon-fluoride acceptor (SiFA) 

method.104  
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Scheme 6. Principle of IE by the silicon-fluoride acceptor (SiFA) method by 

Wängler et al.96 

An advantage of the SiFA-method is the elimination of chromatographic purification 

of the reaction mixture, as the only difference between the starting material and the 

product is the number of neutrons in their fluorine atoms. A disadvantage of the method 

may be low SA, i.e., amount of radiation that can be achieved per mol of product. If 

the IE-step is sub optimal, the product will be contaminated with cold tracer, which 

will have the same pharmacodynamic properties as the hot tracer and competes for 

receptor interaction.  

Contemporary to the development of the SiFA-method, the group of Ametamey105-107 

explored labeling of organosilanes as well, but instead of IE, they utilized the strong 

Si-F bond and its formation through substitution from silanes and silyl ethers. This 

leaving-group methodology currently constitutes one of the two extensively exploited 

strategies towards [18F]SiFAs. Both approaches have shown to deliver [18F]-labeled 

biomolecules in high RCYs and SAs, although important distinctions exist between the 

two methods, summarized in Figure 14.108 
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Figure 14. a: Approaches towards [18F]SiFA compounds for PET, either by IE or the leaving 

group strategy. b: Comparison of simplified reaction coordinated for IE and leaving group 

radiofluorination in MeCN. Adapted from Bernhard-Gautier et al.108 

Isotope exchange typically proceeds at room temperature or below, while the leaving 

group approach requires elevated temperatures, which may be detrimental when direct 

labeling of biomolecules is considered. An additional important distinction between IE 

and the leaving group method relates to purification techniques. Since the IE involves 

chemically identical entities and proceeds under mild conditions that do not lead to side 

products, HPLC purification can often be avoided, and purification can be limited to 

SPE. However, the 19F-18F IE method often suffers from low SA and hence low 

radiochemical yield due to the presence of inseparable 19F radioisomer.94 

In contrast, HPLC purification constitutes a prerequisite of the leaving-group approach 

as chemically distinct precursors and 18F-radiolabeled products must be carefully 

separated. In this regard, the method we are developing in this work combines the 

advantages of the leaving-group strategy, while avoiding the HPLC-purification.  

In a study performed by Al-Huniti et al.,109 the leaving-group strategy was combined 

with the nucleophile-assisting leaving group (NALG) strategy to generate potassium-

chelating SiFA-based leaving groups (Scheme 7, Strategy B). Unfortunately, this 
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strategy provided quite low RCYs because of low solubility of n.c.a. K18F in the 

reaction media. This strategy was explored further, and in 2017 the same researchers 

published a strategy for novel bifunctional phase-transfer agents to promote rapid 

fluorination at silicon, named crown ether nucleophilic catalysts (CENCs), which are 

18-crown-6 derivatives containing a side-arm and a hydroxyl group (Scheme 7, 

Strategy C).110 They achieved rapid fluorinations due to the entropic advantage of 

localizing the fluoride anion nucleophile near the Si atom. Only diisopropylaryl-

substituted silyl ethers were used as precursors, which have demonstrated lower 

hydrolytic stability than the more sterically-substituted analogues with di-tert-butyl 

groups (more on this in section 3.3) was reported.  

 

Scheme 7. Strategies for radiofluorination using phase-transfer agents inter- and 

intramolecularly. Adapted from Jana et al.110 

A number of research groups have worked on the use of organosilicons within the field 

of radiolabeling.96,105,111-118 Reports in the literature include development of building 

blocks for PET-imaging using click-chemistry,111-113,119 18F-radiolabeled silicon-based 

nitroimidazoles,120 silylated L-amino acids and synthesis of peptide derivatives for 

labeling,114 silyl N-methyl imidazoles as a tool for fluorination of biomolecule,121 

silicon-labeled amino acid suitable for late stage fluorination,115 4-N-acyl and 4-N-aryl 
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gemcitabine analogues with SiFA113 and labeling of peptides via heteroaromatic 

SiFAs.117 

1.3.5 Solid-phase radiolabeling 

Since the concept of solid-phase chemistry was introduced in the 1960s by R. B. 

Merrifield,53 it has been of increasing interest, especially for synthesis of peptides used 

in drug development. To date there have not been many attempts at utilizing the 

advantages of solid-phase chemistry in radiolabeling, although there are recent 

advances in this field, which will be further explained in this section. 

In the early 2000s, Sutcliffe-Goulden and co-workers investigated into radiolabeling 

by attaching small-molecules onto peptides bound to a solid-support prior to cleavage 

of the peptides from the resin (Scheme 8).122-124 Radiolabeling of compounds with more 

than one acylable functional group can lead to complex mixtures of products, however, 

shown by the work by Sutcliffe-Goulden and co-workers,124 peptides can be labeled 

regioselectively on solid-phase.  

 

Scheme 8. Solid-supported synthesis of 18F-labeled peptides, proposed by Sutcliffe-Goulden et al.123 

Brown et al.125 presented a reliable route for synthesis of a solid support that liberated 

protected [18F]FDG in high radiochemical yield upon treatment with 18F− ions 

(Scheme 9). They attached the FDG-precursor to the solid support through a sulfonate 
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linker that allows specific cleavage of the radiotracer into solution by using the 

[18F]fluoride ion. Any precursor present at the end of the reaction would remain 

attached to the resin, permitting purification by simple filtration, avoiding the presence 

of excess reactive triflate in the deprotection step. Following removal of the protecting 

groups, the 18F-tracer could be purified by ion-exchange chromatography leaving pure 

product ready for administration. 

 

Scheme 9. Solid-phase synthesis of [18F]FDG reported by Brown et al.125 

The most recent addition to the solid-supported radiolabeling field was published in 

2022 by Steffann and co-workers.126 They introduced a new radiolabeling strategy 

involving fluorination-mediated release of the tracer from the solid-support by cleaving 

a Si-C bond, as shown in Scheme 10.  

 

Scheme 10. Strategy for solid-phase radiolabeling presented by Steffann et al.126 

They were able to achieve fully automated production of 18F-labeled bioconjugates 

using heterogenous precursors obtained by anchoring imidazole-di-tert-butyl-

arylsilanes to a polystyrene resin. The RCY was reported to be up to 19% and good to 

excellent RCP could be obtained through a simple filtration using an SPE-cartridge. 

By eliminating the HPLC-step, this methodology is highly promising for the 

development of 18F-fluorination kits for automated syntheses of PET tracers. This 
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publication underlines the relevance of the approach we are aiming for in our work, 

showing that fluorination of polymer-supported precursors might be part of the future 

of radiolabeling.  
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1.4 Aims 

The aims of this work have been twofold: 

1 Tracers for immuno-PET imaging 

We aimed at designing new targets for studying immune cells. The PET-tracers will 

contain the GzmB-specific peptide aldehyde-sequence and include chelators for 

radioactive metals, such as 68Ga or 64Cu (Figure 15). The synthesis of NOTA-GzmB 

was reported in 2017 by Larimer et al.,71 and the GzmB tracer will be synthesized to 

have a reference for further studies. DOTA-GzmB and NODAGA-GzmB will also be 

synthesized to explore the effect of different chelators. Biological studies will be 

performed by our collaborators in Tromsø. 

 

Figure 15. Granzyme B-specific PET-tracers with different chelating groups. 
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2 Method-development: 18F-radiolabeling of receptor-targeting ligands  

We aimed at developing a new method for radiolabeling peptides by introducing 18F at 

a late stage (Scheme 11). Silyl ethers are used as protecting groups in organic chemistry 

and are typically cleaved by a fluoride source. This concept could be utilized to 

introduce a F-Si bond into a tracer by breaking an O‐Si bond, hence the method is 

named fluoride-mediated breaking of oxygen-silicon bonds (FOSi). The objective has 

been to supplement the field of radiolabeling by developing a solid-supported method, 

as an alternative to the IE-reaction in the SiFA-strategy by Wängler and co-workers.96 

The only substance released from the solid support will be the radiofluorinated peptide 

and purification could be achieved by simple filtration. 

 

Scheme 11. Overview of the FOSi-method. 

The FOSi-construct is connected to a polymer resin, a solid support, through a linker 

which can be altered to feature different couplings to the resin (Figure 16). The silyl 

ether is built from a primary alcohol and a silane, where the silane can have many 

different substitution patterns. The silane is attached to a receptor-binding peptide or 

other biomolecule through a linker, where different click-type reactions can be 

explored.  

 

Figure 16. Possible modifications to the FOSi-construct. 
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2. Granzyme B – immuno PET 

The aim of this part of the work was to prepare GzmB-specific PET imaging constructs 

bearing chelators for either 68Ga or 64Cu. These peptides will be further used to 

investigate immune-cell activation in animals that have undergone radiation therapy in 

a study led by our collaborators in Tromsø. 

The GzmB-binding sequence was first identified by Thornberry et al.127 in 1997, as the 

tetrapeptide sequence Ile-Glu-Pro-Asp (IEPD). It has been reported that human GzmB 

cleaves optimally after the tetrapeptide IEPD, whereas mouse GzmB has somewhat 

different peptide specificity, preferring to cleave after IEFD.128,129 GzmB is a relevant 

and important biological target, used to enhance our understanding of the human 

immune system, and being able to diagnose and monitor inflammatory diseases (e.g. 

arthritis or inflammatory bowel diseases, among others)130-132 as well as being able to 

observe immune response to cancer therapy.71,73,74,133 This has been done in a range of 

ways, e.g. inhibitors, PET imaging probes and optical reporters.71,134,135 Recently, the 

first chemiluminescence probe for in vivo imaging of GzmB activity released from NK 

cells was reported by Scott et al.136 In 2022, the same group published a report on 

GzmB-targeting fluorescent probes,137 and by molecular dynamic simulations they also 

encountered a probe consisting of six amino acids (IEPDAL) that binds to a previously 

unreachable binding pocket, indicating that the field of GzmB targeting is continuously 

growing. 

The preparation of PET-imaging tracer NOTA-GzmB has previously been described 

by the Larimer-group71 (presented in section 1.2.2, Figure 10), although in their paper 

the structure and the name reported did not match, as they have drawn the linker as a 

Gly-Gly-Gly construct (also written once in the text), yet they have presented the 

structure of the PET-tracer construct under “synthesis” with -Ala-Gly-Gly as a linker. 

The reasoning for using -Ala instead of Gly as the N-terminal amino acid in the 

sequence, stems from the reported side-reaction of isothiocyanates with α-amino 

acids.138 Also, we found their synthesis protocol incomplete, only stating that 
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NOTA-GzmB was “synthesized using standard Fmoc chemistry” and the material that 

was produced was not fully characterized by either MS or NMR analyses.  

Studies comparing peptide, peptidomimetic or antibody bioconjugates with different 

chelators reveal that the choice of chelator is critical, as it influences the radiolabeling 

of the biomarker, targeting and pharmacokinetics.139-143 Chelating groups for the most 

common radionuclides, was discussed in the introduction (Section 1.3.2). The 

NODAGA chelating group is a derivative of NOTA, displaying similar denticity to the 

NOTA, with functionalization on the carbon between the carboxyl and the nitrogen of 

the ring. NODAGA has reported enhanced chelating effect to 68Ga.85 DOTA is still the 

most widely used chelator for this radionuclide, even though it is well known that the 

64Cu-DOTA complex has only modest in vivo stability, likely because of its 

commercial availability, FDA approval, and mild labeling conditions.139 

We set out to re-synthesize NOTA-GzmB for further studies of immune response by 

our collaborators in Tromsø. Preparing GzmB tracers with alternative chelating groups 

was also of interest, and NODAGA-GzmB and DOTA-GzmB were selected, as shown 

in Figure 17.  

 

Figure 17. Structures of NOTA-GzmB, NODAGA-GzmB and DOTA-GzmB. 

The PET tracer analogue NODAGA-GzmB has a similar composition as NOTA-GzmB 

with the same peptide aldehyde backbone (H2N-AGGIEFD-H) and three carboxylic 
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acids on the chelator construct for conjugation to 68Ga. We aimed at developing 

NODAGA-GzmB as an alternative to NOTA-GzmB, to study the different in vivo 

stability of the radio conjugation and the receptor-binding differences between the two 

tracers. NODAGA was conjugated to the peptide sequence through an amide, whilst 

the NOTA chelator was conjugated through a benzylic thiourea moiety. 

The synthesis of DOTA-GzmB was part of the planned work for this thesis, though it 

was performed by former member of the Haug-group, Dr. Markus Baumann, due to 

my maternity leave. DOTA-GzmB also consists of the same backbone as 

NOTA-GzmB, and the chelating construct has the same thiourea linkage to the peptide. 

The DOTA-analogue has one extra carboxylic acid for radiometal conjugation, and is 

the most widely used chelating group for 64Cu, which is why we were interested in this 

analogue.139,144  

Synthesis of NOTA-GzmB, NODAGA-GzmB and DOTA-GzmB 

The structure of the PET-imaging construct NOTA-GzmB consists of the GzmB 

binding motif (H2N-Ile-Glu-Phe-Asp-H), a linker (-Ala-Gly-Gly), which is connected 

to the chelating group NOTA through a thiourea moiety. This ensures selective 

conjugation of the amino group of the linker and the chelating group.  

The classical methods for preparing peptide aldehydes, such as oxidation of a peptide 

alcohol145 (Scheme 12A), reduction of a peptide Weinreb amide146,147 (Scheme 12B) or 

step-wise or fragment synthesis using a protected pre-formed aldehyde148-152 

(Scheme 12C), can be lengthy and time-consuming. 
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Scheme 12. A: Oxidation of a peptide alcohol to attain peptide aldehydes, reported by Woo et 

al.145 B: Example of reduction of peptide Weinreb amide, reported by Fehrentz et al.147 C: 

Example of peptide aldehyde synthesis from amino acetals anchored to a backbone amide linker 

(BAL). Reported by Kappel, et al.152, 153 

All the examples presented above are both laborious and costly, and they involve 

multiple steps towards the desired peptide aldehyde. To our advantage, NovaBioChem 

produces pre-loaded aldehyde resins as a simple and convenient alternative. We set out 

to prepare the unlabeled GzmB PET tracer by constructing the peptide sequence 

(H2N-AGGIEFD-H) using the H-Asp(OtBu)-H NovaSyn® TG resin, where the 

aspartic aldehyde has been converted into an oxazolidine and then Boc-protected, 

which avoids side-reactions. The peptide sequence AGGIEF was loaded on the resin 

by standard Fmoc-based peptide synthesis where amino-acid couplings were 

performed using HCTU and DIPEA with DMF as solvent and 20% piperidine in DMF 
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to facilitate Fmoc-deprotections. The peptide was prepared using a Biotage Initiator+ 

Alstra automated microwave assisted peptide synthesizer (Scheme 13).  

 

Scheme 13. Solid-phase synthesis of Granzyme B binding motif with -Ala-Gly-Gly linker. 

With the resin-bound peptide aldehyde at hand, we proceeded to conjugate the chelator 

groups to the N-terminal amino group. The chelator groups p-NCS-Bn-NOTA and 

p-NCS-Bn-DOTA were conjugated to the peptide aldehyde using DIPEA in DMSO at 

rt as shown Scheme 14. 

 

Scheme 14. Conjugation of NOTA-SCN and DOTA-SCN to resin-bound peptide. 

Cleavage from the resin and side-chain deprotection was carried out in two steps 

whereby side-chain protecting groups were removed by treatment with anhydrous 

TFA, and then cleavage from the resin was carried out by treatment with 

AcOH/water/CH2Cl2/MeOH (10:5:63:21). Results of the syntheses are summarized in 

Table 4 on page 50. 
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For preparation of NODAGA-GzmB, the same peptide aldehyde was employed. 

Coupling of NODAGA-tris-tBu ester was performed in two steps, with initial Fmoc-

deprotection followed by a standard peptide coupling of NODAGA-tris-tBu ester and 

the peptide chain (Scheme 15). The NODAGA-tris-tBu ester contains tert-butyl 

protection groups on all the chelating side-arms, to ensure that the coupling takes place 

in the correct position. tert-Butyl protection groups are generally cleaved under acidic 

conditions (TFA), and the two-step cleavage from resin, as performed for the NOTA 

and DOTA analogues, was attempted (Scheme 15).  

 

 

Scheme 15. Fmoc-deprotection followed by coupling of the NODAGA-chelator 

construct. Cleavage of tBu-protection groups was not successful. 
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We expected to find the mass of NODAGA-GzmB ([M+H]+ = 1049.2), though this was 

not observed in the LRMS spectrum after cleavage (Figure 18). There were three 

signals that were quite predominant in the spectrum, m/z 1161.5, 1217.5 and 1245.5, 

where the first two correspond to NODAGA-GzmB with two and three tert-butyl-

groups still present (m/z calcd for [M+tBu+H]+ 1105.5; [M+2tBu+H]+: 1161.5; 

[M+3tBu+H]+: 1217.5).  

 

Figure 18. LRMS spectrum after first cleavage of NODAGA-GzmB from resin. 

Once the fragments were identified as signals corresponding to uncomplete 

deprotection of NODAGA-GzmB, we extended the deprotection step to 3 h. We 

additionally tested to submit the material that had been treated with TFA for 10 minutes 

prior to cleavage from the resin in the subsequent step to another round of prolonged 

(3 h) TFA-treatment. These experiments gave similar results, and both provided fully 

deprotected NODAGA-GzmB (Scheme 16). Longer reaction times (>4 h) with TFA 

resulted in decomposition of the resin.  
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Scheme 16. Cleavage conditions for NODAGA-GzmB. 

NODAGA-GzmB was successfully synthesized in high purity. Results from the 

synthesis is shown in Table 4 below. 

Table 4. Results from synthesis of NOTA-, NODAGA- and DOTA-GzmB. 

Compound 
MS 

[M+H]+ (calcd) 

MS 

[M+H]+ (found)a HPLC purity a Amount 

NOTA-GzmB 1142.4 1142.4 97.6% 3.3 mg 

NODAGA-GzmB 1049.3 1049.4 95.2% 1.5 mg 

DOTA-GzmB 1243.5 1243.3 91.0% 0.99 mg 
      aAnalytical data presented in the Appendix 

1H NMR analyses of the NOTA-GzmB and NODAGA-GzmB tracers revealed that the 

materials most likely contain two diastereoisomers, as two distinct aldehyde signals 

could be observed (Figure 19). The analytical HPLC of both compounds (see 

Appendix), however, shows that the isomers were inseparable. 
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Figure 19. 1H NMR of the aldehyde signals of NOTA-GzmB (left) and NODAGA-GzmB (right). 

In summary, NOTA-GzmB was successfully re-synthesized, while NODAGA-GzmB 

and DOTA-GzmB are new analogues that have not been prepared previously. 

Syntheses of the NOTA- and DOTA-analogues were performed in the same manner as 

reported by Larimer et al.71 Synthesis of the NODAGA-analogue required prolonged 

reaction time for complete deprotection of the multiple tBu-protection groups. If the 

studies that are to be performed in Tromsø using these tracers are successful, further 

possibilities for optimization of the GzmB PET tracers will be explored.  
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3. Development of the FOSi-method – radiolabeling 
tracers for PET 

3.1 Overview of the proposed FOSi-method 

We set out to develop a new method for effective and selective radiofluorination of 

peptides and other receptor-binding biomolecules based on the principle that the 

silicon-fluoride bond is stronger than the silicon-oxygen bond, and that it can be 

selectively cleaved by a fluoride ion. We envisioned that a precursor bound to a solid 

support would allow for modification on-resin before cleavage, and that a selective 

cleavage should lead to release of the 18F-labeled precursor from the resin, without 

other contaminations (Scheme 17).  

 

Scheme 17. Overview of the concept of the FOSi-method. 

The FOSi-method is based on the tracers that have been reported by Wängler, 

Schirrmacher and co-workers92-96 around ten years ago, which is detailed in 

Section 1.3.4. The SiFA-construct “SIFA-A” (Figure 20) is a key intermediate for their 

work, and our work started out by targeting silyl ether analogues of this motif. 

 

Figure 20. The building-block of the SiFA-strategy, published by Wängler et al.96 

In addition to the aldehyde functionality proposed by the Wängler-group that allows 

for a selective reaction with an aminooxy-group on the peptide-chain, other functional 
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groups were investigated in this project, such as the interesting click-reaction between 

azides and alkynes, known as the Huisgen-Sharpless reaction.154, 155 Different 

substitution patterns on the silane and the aryl substituent on the silane have been found 

to influence the stability and rate of reaction and are important factors that were 

considered in the development of the FOSi-strategy. Also, various linkers to the resin 

and different types of peptides can potentially be explored and some examples of the 

possibilities of modification is shown in Figure 21. The method allows for attachment 

to a wide variety of receptor-targeting biomolecules through selective linkage to the 

functional group on the aryl ring.  

 

Figure 21. Variations of the FOSi-construct. 

The foundation for this method is synthesis – and cleavage – of the silicon-oxygen 

bond, and the effort toward preparing the required building blocks, the linking of these 

and the initial results from testing of the FOSi-method is presented in the following 

sections. 

3.2 Silanes, chlorosilanes and silyl ethers 

Organosilanes are organometallic compounds containing a C-Si bond. They are absent 

in nature, but they are of great interest in synthetic organic chemistry. The carbon-

silicon bond is longer and weaker than the carbon-carbon bond, whilst the strength of 

the Si-O bond is strikingly high.* Of particular importance is the known lability of silyl 

ethers in the presence of fluoride ions. The remarkable strength of the Si-F sigma bond 

 
* Average bond lengths and strengths (at 273 K): C-Si bond: 1.89 Å, 318 kJ/mol; C-C bond: 1.54 Å, 334 kJ/mol; Si-O bond: 

1.63 Å, 531 kJ/mol. See reference 156. 
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(808 kJ/mol, 1.60 Å)156 allows for preparation of highly stable fluorosilanes, which we 

are aiming for in this work.  

Preparation of silyl ethers typically require silanes or chlorosilanes as starting 

materials. Arylsilanes are usually obtained by reacting aryl-based Grignard reagents 

with simple chlorosilanes (Scheme 18A), or by lithiation of halogenated aryl 

components by use of a butyllithium reagent and then introducing the desired 

chlorosilane (Scheme 18B). 

 

Scheme 18. A: Grignard-reaction for preparation of arylsilanes. B: Lithiation of 

halogenated aryls followed by reaction with chlorosilane to form desired arylsilane. 

Silanes are typically transformed to silyl ethers by dehydrogenative coupling 

(Scheme 19). In this case, a substituted silane is reacted with an alcohol, and although 

thermodynamically quite favorable, this reaction requires a catalyst to take place at 

convenient rates, and many transition-metal based catalysts have been reported to 

mediate the process,157-160 as well as different bases (NaOH, K2CO3, tBuOK)161-163 and 

Lewis acids (B(C6F5)3).164 Some of these protocols suffer from one or more 

disadvantages, such as poor functional-group tolerance, slow rates with bulky 

(desirable) silanes and tertiary alcohols, the need for rigorously anaerobic and water-

free conditions, and the lack of a commercially available catalysts.  

 

Scheme 19. General dehydrogenative coupling of silanes and alcohols to form silyl ethers. 

The most common way to form silyl ethers is by reacting a substituted chlorosilane 

with an alcohol in the presence of imidazole in DMF as shown in Scheme 20, initially 

reported by Corey et al.165 in 1972 and later modified in various directions.166-169 
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Substituted chlorosilanes can be prepared by chlorinating the corresponding silanes by 

various chlorinating protocols,170-174 but are also in many cases commercially available. 

For silyl-protection groups with simple substitution patterns, such as TMS, TES, TIPS 

and TBDMS, the required silyl triflates are commercially available and allow for 

effective synthesis of silyl ethers from alcohols.175  

 

Scheme 20. Preparation of silyl ethers, reported by Corey et al.165  

Silyl ethers are frequently used as protecting groups for alcohols, and both trialkyl- and 

alkylaryl-silyl ethers are known. Their stability toward acidic and basic conditions 

depends both on the substituents on the silicon atom and the nature of the alcohol to be 

protected, and span a range of 105 order of magnitude. Thus, in multistep organic 

syntheses, two or more different silyl protecting groups can be used simultaneously, 

and be removed selectively at different synthetic stages.168 Also, the lability of silyl 

ethers towards fluoride sources allows for orthogonal cleavage of protection groups. 

By using a fluoride source, such as  tetrabutylammonium fluoride (TBAF), the 

protection group is cleaved and removed by extraction. In the FOSi-labeling strategy, 

the fluorosilane produced in the deprotection reaction is of interest, opposed to the 

alcohol which is usually acquired in these reactions (Scheme 21). 

 

Scheme 21. Cleavage of silyl ethers by a fluoride source. 

The stability of fluorosilanes varies considerably, depending on steric and electronic 

effects of the substituents on the silicon atom, as discussed in the next section.  

3.3 Hydrolytic stability 

High degree of radiodefluorination of 18F-based tracers results in high background 

uptake and accumulation of free 18F− in the skeleton, which is why one of the important 
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parameters that needs to be addressed in the development of the FOSi-precursors is the 

tracer stability in vitro and in vivo.176 The stability of a 18F-radiolabeled tracer in vivo 

is highly dependent on how fluoride is attached to the precursor. This section will give 

insight into the hydrolytic stability of the Si-F bond, and how it is influenced by the 

surrounding substituents.  

In the past 20 years, fluorosilanes have been studied extensively, by several research 

groups, as potential labeling synthons.101,103,177 In 2000, Walsh and co-workers178 

attempted to stabilize the Si-F bond by introducing bulky substituents such as phenyl 

and tert-butyl groups and found that bulky substituents on the silicon atom reduces the 

hydrolysis of the Si-F bond. Furthermore, Choudhry and Blower103 investigated the 

influence of different sized alkyl groups (Me, Ph, tert-Bu) and their combinations on 

fluorosilane stability, and found that tert-butyldiphenyl[18F]fluorosilane ([18F]3) 

contained the most stable Si-F-bond. Schirrmacher et al.91 reported the syntheses of 

substituted [18F]organofluorosilanes [18F]1-3 using organochlorosilanes as labeling 

precursors. The three [18F]fluorosilanes (Figure 22) evaluated showed different in vitro 

stability in human serum and in vivo stability in rats. Only [18F]3 was stable in both 

human serum and in vivo, indicated by low radioactivity uptake in the bone, suggesting 

it was the most promising starting point for 18F-radiolabeling purposes. 

 

Figure 22. [18F]fluorosilanes evaluated for in vitro and in vivo stability and radioactivity 

uptake in the bone. 

These results created the foundation for the well-established “silicon-fluoride 

acceptor” (SiFA)-method published later by Wängler, Schirrmacher et al.,92-94 

explained in more detail in Section 1.3.4. At the same time, Ametamey et al.105-107 
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reported on the evaluation of hydrolytic stability of variously substituted fluorosilanes 

and alternative functionalization of the side chain on the aryl substituent, confirming 

the importance of sterically demanding substituents (Scheme 22). Their labeling 

strategy targets direct fluorination of silanes and silanols as opposed to isotope 

exchange on fluorosilanes coined by Wängler and co-workers.  

 

Scheme 22. Direct radiofluorination of silanes, hydrosilanes and silyl ethers 

reported by Ametamey et al.105 

The research group also proposed a viable mechanistic explanation for the hydrolysis 

of organofluorosilanes (Scheme 23). The reaction proceeds in a classic SN2 reaction, 

and most likely leads to inverted structure, according to the calculations by 

Höhne et al.107 The pathway proposed by the group is in accordance with the known 

mechanism of nucleophilic substitution at the silicon atom, which is believed to 

proceed via a pentacoordinate intermediate.  

 

Scheme 23. Proposed SN2 mechanism of the hydrolysis reaction for the 

organofluorosilanes, by Höhne et al.107 

The stability trend for fluorosilanes strongly correlates with the steric bulk of the 

substituents on silicon, in combination with the reduced silicon Lewis acidity in the 

presence of tert-butyl substituents. Unfortunately, this substitution pattern comes at the 

price of a significant increase in lipophilicity which, when chemically linked to 

biomolecules, may significantly impact metabolism and biodistribution, generating 

unspecific uptake and leading to poor PET-imaging quality. If the lipophilicity of the 

administrated compounds is too high, accumulation in the liver can make them 

unavailable for binding to their intended binding site. For brain imaging, passive 

transport of radiotracers across the blood-brain barrier is required and only compounds 

with a certain degree of lipophilicity can into the brain.179,180 This issue has been 



59 

 

addressed through development of lipophilicity-reducing auxiliaries. In 2015, 

Niedermoser et al.181 found that the [18F]SiFAlin-modified TATE (Figure 23) 

exhibited high binding affinities to somatostatin receptor–positive tumor cells 

(1.88-14.82 nM). The most potent compound demonstrated comparable 

pharmacokinetics and an even slightly higher absolute tumor accumulation level in 

ex vivo biodistribution studies as well as higher tumor standardized uptake values in 

PET/CT imaging than 68Ga-DOTATATE in vivo. The radioactivity uptake in non-

tumor tissue was, however, higher than for [68Ga]DOTATATE. The automated process 

for the manufacturing of [18F]SiFAlin-TATE has been developed to make the tracer 

routinely accessible for use in clinical neuroendocrine tumor diagnosis.181-184 

 

Figure 23. Somatostatin-receptor binding [18F]SiFAlin-TATE, modified to 

accommodate high lipophilicity.181 

The presence of bulky tert-butyl groups, combined with an aryl-linker moiety, results 

in remarkable stability whereas for tracers with smaller alkyl substituents a progressive 

enhancement in the hydrolysis rate is observed as the substituents become smaller. 

Increased steric hindrance around the silicon atom makes it more difficult to bring 

about radiofluorination. Existing techniques for fluorination of organosilicon 

compounds require forcing conditions to afford reasonable yields including high 

temperatures and very polar solvents. Even though the di-tert-butyl-substituted 

fluorosilanes have superior hydrolytic stability, analogues containing two isopropyl 

substituents on the silicon atom have been investigated by multiple research groups, as 

an alternative to the sterically demanding tert-butyl groups.105-107,110,113-115 In a study of 

hydrolytic stability reported by Mu et al.107, diisopropyl analogues were found to have 



60   

 

moderate hydrolytic stability (Figure 24). Introduction of one or two methyl groups on 

the aryl substituent, in the ortho-position to the silyl substituent, increased hydrolytic 

stability dramatically (t1/2 > 300 h). The isopropyl substituent is less hydrophobic than 

the tert-butyl substituent,185 which could be a favorable characteristic in the search for 

less lipophilic precursors. It should be noted that additional methyl groups on the aryl 

substituent in turn increases the lipophilicity of the molecule, though this does not 

affect the Lewis acidity of the Si atom to the same extent. It should be emphasized that 

these studies are only performed in buffer solution, and as such may not necessarily 

translate to the behavior in vivo. 

 

Figure 24. A: Fluorosilanes with very low hydrolytic stability. The compound bearing 

two iso-butyl groups exhibits a relatively high stability towards hydrolysis. B: Silicon 

building blocks with highest hydrolytic stability. C: Influence of the substituent on the 

aryl moiety on hydrolytic stability. (*t1/2: hydrolytic half-life).107 

Upon subjecting di-tert-butyl substituted fluorosilanes to phosphate buffer (pH 7.4) for 

up to 10 days, Rugeri et al.114 studied the hydrolytic stability of fluorosilylated 

dipeptides, where the di-tert-butyl-substituted analogue showed excellent hydrolytic 

stability (only traces of free fluoride ion observed after 10 d), whilst the diisopropyl-

substituted analogue released 40% of the F− within 5 min, and then the amount of F− 

increased steadily over time (>60% hydrolyzed within 13 h). Most SiFA analogues to 

date have demonstrated desirable in vitro and in vivo stability, with a few examples of 

in vivo defluorination reported to date.120,186,187  
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3.4 Synthesis of silanes and silyl ethers 

As starting point for the FOSi-method, we decided to target the same products 

produced through the SiFA process, where the aldehyde-containing di-tert-butyl-

substituted silane 5 would be a key intermediate. In the following sections, the efforts 

toward preparation of both di-tert-butyl and diisopropyl-substituted silanes and silyl 

ethers will be presented. 

Synthesis of di-tert-butyl-substituted silanes and chlorosilanes 

Silane 5 was the first building block required for silyl-ether formation. The di-tert-

butylphenyl-substituted silane (5) containing an aldehyde in the para-position was 

prepared as described by Rugeri et al.114 using di-tert-butylchlorosilane (DTBSiHCl) 

as the silylating reagent (Scheme 24). Desired silane 5 was prepared in 62% yield, 

isolated as a mixture with n-butylated side-product 6 (ratio 5/6, 9:1). 

 

Scheme 24. Preparation of silane 5. 

To avoid n-butylation, use of tert-butyllithium (tert-BuLi) was investigated, though 

this only resulted in isolation of several impure fractions after flash chromatography 

and n-BuLi was therefore used in further reactions. 

We assumed that the chlorosilane 7, or a protected version of 7, would be suitable 

compounds for further reaction with an alcohol to install the Si-O bond. Chlorination 

of silane 5 was carried out following a procedure published by Savela et al.170, as 

shown in Scheme 25. This was not successful in providing 7, and we suspect that the 

aldehyde was reduced by iron(III) as the aldehyde signal was not present in the crude 

mixture 1H NMR-analysis. The chlorinating protocol was not applicable with aldehyde 

functionality present, though protected aldehydes or other functional groups are 

potential starting points.  
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Scheme 25. Unsuccessful synthesis of chlorosilane 7. 

An obvious solution to this would be to use the diethyl acetal analogue of 5, as the 

unprotected aldehyde could cause complications in further reactions toward the silyl 

ether. Similar reaction conditions and work-up, except for the hydrolysis step, were 

applied to the same starting material as before. However, the acetal was hydrolyzed, 

even with slightly basic conditions in the work-up (Scheme 26). 

 
Scheme 26. Silylation of 4 in attempt to prepare acetal 8.  

We then turned to cyclic acetal-protected 9, as cyclic acetals are generally more stable 

towards hydrolysis.188,189 Compound 9 was lithiated and reacted with DTBSiHCl in the 

same manner as linear-acetal protected 4 and silane 10 could be isolated in 41% yield 

after flash chromatography (Scheme 27). 

 
Scheme 27. Preparation of acetal protected compound 10. 

As mentioned above, the lithiation step using n-BuLi, in most cases, produced 

n-butylated side-products with similar Rf-values as both the starting material and the 

desired product. Bailey et al.190 reported that the extent of n-butylation is highly 

dependent on the solvent system used. A mixed solvent system of THF and heptane 

was preferred to limit the formation of the n-butylated side-product. As we had 
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anhydrous hexane available from the in-house SDS solvent purification system, this 

was used as substitute for heptane, and solvent systems hexane/THF 99:1, hexane/THF 

9:1 and hexane/THF 1:1 was employed for synthesis of silane 5. The poor solubility of 

the starting materials (4 and 9) in hexane provided lower yields and more complex 

reaction mixtures, which were difficult to purify. The 1H NMR spectrum in Figure 25 

displays three signals in the aldehyde-proton region (around 10 ppm), and also more 

than one tert-butyl signal around 1 ppm. 

 

Figure 25. 1H NMR spectrum of crude product for synthesis of 5. 

An alternative route to desired chlorosilane 7 was tested, which involved using 

di-tert-butyldichlorosilane (DTBSiCl2) as the electrophile instead of DTBSiHCl after 

the lithiation. The reaction that seemed best suited was an adapted version of the 

protocol published by Schirrmacher et al.91 in 2006, where an arylbromide was 

lithiated and then reacted with di-tert-butyldifluorosilane. We therefore submitted 9 to 

the same conditions, except DTBSiCl2 was used as the silylating reagent (Scheme 28). 

The reaction was successful, and the cyclic acetal remained intact. The only work-up 

conducted was evaporating the solvent and then re-dissolving the residue in 

hexane/ethyl acetate. This work-up procedure worked well for the cyclic acetal, though 
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it was unsuccessful for the linear acetal. Compound 11 was not purified by flash 

chromatography as we suspected that the chlorosilane would not be stable on silica gel. 

Once again, n-butylated side-product 12 constituted approximately 30% of the product-

mixture. The reaction resulted in 100% conversion of starting material, but compound 

11 could not be separated from the n-butylated side-product 12 (ratio 11/12, 7:3) and 

the product mixture was used directly in the next reaction. 

 

Scheme 28. Preparation of chlorosilane 11.  

The hexane/THF (99:1) solvent system was also applied in this reaction (Scheme 29), 

nevertheless, it only resulted in 16% conversion of starting material (9) based on NMR. 

The use of hexane/THF 9:1, however, resulted in 100% conversion of the starting 

material (Scheme 29). There was unfortunately still DTBSiCl2 present in the crude 

mixture, which turned out to be a problem in the upcoming reaction. In hindsight, this 

crude mixture should have been purified by flash chromatography, as the highly 

substituted chlorosilane 11 presumably would not undergo hydrolysis on silica gel. 

 

Scheme 29. Different solvent systems tested for preparation of acetal-protected aldehyde 11. 

Further, cyclic acetal 11 was submitted to hydrolysis conditions by employing a 

procedure described for a corresponding di-tert-butyl-substituted fluorosilane by 

Wängler et al.96 This was not successful and resulted in a complex mixture 

(Scheme 30). 
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Scheme 30. Unsuccessful synthesis of chlorosilane 7. 

Trying to avoid the n-butylated side product, we looked in a different direction and 

decided to apply the Grignard reaction (Scheme 31) through modification of a 

procedure published by Abdelbagi et al.191  

 
Scheme 31. Grignard procedure for preparation of chlorosilane 13.  

Activating the magnesium was somewhat troublesome, and the yields were lower than 

for the halogen-exchange reactions, but crude product 1H NMR revealed that mostly 

13 had been formed in the reaction (Figure 26).  

 

Figure 26. 1H NMR spectrum of crude mixture after Grignard reaction to compound 13. 
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Signals at approximately 10 ppm were identified, implying that aldehydes were present 

indicating some hydrolysis even before purification. We also attempted this procedure 

for preparation of silane 8, using DTBSiHCl as electrophile. In this case, hydrolysis of 

the acetal was observed, even under basic aqueous work-up, as multiple aldehyde 

signals were present in the 1H NMR spectrum (Figure 27). Due to the lability of the 

acetal, this strategy was abandoned. 

 

Figure 27. 1H NMR spectrum showing the aldehyde-proton region of crude mixture after 

Grignard synthesis of compound 8. 

As the syntheses of aldehyde FOSi-precursors were troublesome, we looked at other 

possible starting points. The selective reaction between an alkyne and an azide was 

found appropriate for this project, where instead of an aldehyde, an alkyne would be 

present on the aryl substituent. Motifs such as 14 or 15 would be excellent candidates 

for this route (Figure 28).  

 
Figure 28. Possible alkyne FOSi-precursors. 

The initial strategy to obtain silane 14 and chlorosilane 15 started out by submitting 

trimethylsilyl (TMS)-protected 16 to the same lithium-halogen exchange strategy as 

for the aldehydes (Scheme 32), and subsequently adding DTBSiHCl or DTBSiCl2. We 

chose TMS as protection group for the alkyne as this could be cleaved under conditions 
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that are not suspected to affect the silyl-ether moiety which is to be installed in the next 

step. This gave 100% conversion of starting material, though the crude product 

contained multiple components, all being highly non-polar, and co-eluting with 

Rf-values around 0.6, even when 100% hexane was used as eluent. This resulted in 

unsuccessful attempts at purification by flash chromatography, and the product could 

not be isolated.  

 
Scheme 32. Preparation of 14 via the lithium-halogen exchange protocol. 

1H NMR analysis of the crude mixture displays only one compound, containing a 

tert-butyl-proton signal at 1.01 ppm and a TMS-proton signal at 0.25 ppm (Figure 29). 

It appeared to us that some of the fractions from flash chromatography previously 

thought to be impure, could in fact be mixtures of the TMS-protected alkyne and the 

desilylated alkyne, which gave rise to two quite similar signals in the spectrum 

(Figure 29).  

 

Figure 29. Left: crude mixture of 14. Right: fraction 1 after flash of 14.  

Protection of the alkyne was nonetheless required to proceed to silylation of alcohols. 

Alternatively, more sterically hindered and more stable protection groups for alkynes, 
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such as triisopropylsilyl (TIPS) or tert-butyldimetylsilyl (TBDMS) could have been 

employed, although this might not result in selective deprotection of the alkyne once 

the desired silyl ether is present. The same reaction conditions were employed to 

prepare chlorosilane 15 (Scheme 33). Again, starting from 16 conducting the lithium-

halogen exchange reaction and adding DTBSiCl2 in the next step, yielded the desired 

product.  

 
Scheme 33. Preparation of chlorosilane 15 via the BuLi-approach.  

1H NMR of the crude product (Figure 30) indicated that the reaction was successful, as 

the only up-field signals observed were TMS-protons at 0.25 ppm and di-tert-butyl 

protons at 1.16 ppm. However, the aromatic region of the spectrum revealed that there 

was more than one compound present. n-Butylation, which was observed to a great 

extent in the aldehyde-precursor, was not observed in this reaction. Only traces of the 

n-butylated side product could be identified in 1H NMR analysis of the crude product.  

  

Figure 30. 1H NMR of the crude product after work-up. Left: TMS- and di-tert-butyl 

protons. Right: Aromatic region. 
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Even with the impurities in the aromatic region, the crude product was used further 

without purification because of the suspected instability of the chlorosilanes on silica 

gel. We reasoned that the crude mixture most likely contained only one chlorosilane 

which could react with an alcohol in the next step, and the impurities could be removed 

at a later stage. Purification of alkyne precursors was not as simple as for the aldehyde 

precursors. Flash chromatography was difficult to conduct as the compounds in the 

crude mixture had almost identical retention time, even in 100% hexane.  

The Grignard reaction was also performed on 16 as presented in Scheme 34, and the 

results were similar as for the BuLi-reaction with a comparable crude product 1H-NMR 

spectrum. 

 
Scheme 34. Synthesis of 15 via the Grignard reaction. 

The lithium-halogen exchange reaction was also tested without TMS-protection of the 

alkyne, this only resulted in a mixture of multisilylated products (Scheme 35). This was 

not entirely unexpected, due to the acidity of the terminal-alkyne proton.  

 

Scheme 35. Unsuccessful attempt to prepare 29 from unprotected alkyne 30. 

Since the crude alkyne-containing silane was challenging to purify, and the aldehyde 

silane 5 had been successfully obtained, the conversion of the aldehyde to the alkyne 

was a potential option. Seyferth-Gilbert homologation is a base-promoted reaction of 

dimethyl (diazomethyl)phosphonate with aldehydes and aryl ketones at low 

temperatures to give alkynes. The Bestmann-Ohira modification using dimethyl 

1-diazo-2-oxopropylphosphonate (20) allows the conversion of base-labile substrates 
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such as enolizable aldehydes, which could undergo aldol condensation under the 

Seyferth-Gilbert conditions due to the use of stronger base (KOtBu). The 

Bestmann-Ohira-modified reaction192 is an excellent way of converting aldehydes to 

alkynes, by utilizing Bestmann-Ohira reagent 20 and potassium carbonate in methanol. 

Reagent 20 was prepared from dimethyl (2-oxopropyl)phosphonate (19) as described 

by Pietruszka and Wiit193 (Scheme 36).  

 

Scheme 36. Preparation of the Bestmann-Ohira reagent (20). 

Aldehyde 5 was alkynylated by reaction with 20 in anhydrous MeOH and K2CO3 as 

base, as shown in Scheme 37 below. This reaction was easily monitored by 

TLC-analysis, and purification by flash chromatography was uncomplicated, as the 

aldehyde and the alkyne had very different Rf-values (100% hexane), and compound 

18 was isolated in good yield. 

 
Scheme 37. Ohira-Bestmann reaction from aldehyde 5 to alkyne 18. 

We also wanted to investigate azides as potential functionality on the precursor. This 

would provide flexibility as to which building block contains which functionality for 

the triazole linkage. In this case, it is necessary for the peptide (or other ligand) to be 

modified to contain a terminal alkyne. 

The first step towards the azide, was synthesis of benzylic alcohol 22 from 

4-bromobenzyl alcohol (21) (Scheme 38). Sternson et al.194 reported a procedure for 

the corresponding diisopropyl-substituted analogue, in three steps, which commenced 

with deprotonation of the benzylic alcohol by NaH, followed by lithiation by n-BuLi 

and then subsequently adding diisopropylchlorosilane (i-Pr2SiHCl). We performed a 

similar reaction, exchanging the silylating agent with DTBSiHCl, but this resulted in 
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formation of several side products and caused difficulties in purification of the crude 

product and the yield was therefore quite low (20%). 

 
Scheme 38. Synthesis of benzyl alcohol silane 22. 

An alternative route to this molecule was investigated, by protecting the alcohol with 

a tetrahydropyranyl (THP) group and then performing the lithium-bromine exchange 

reaction. This has been reported for a diisopropyl-substituted analogue, with an 

approximate yield of 80% over three steps.110 Benzylic alcohol 21 was reacted with 

dihydropyran (DHP) using pyridinium para-toluenesulfonate (PPTS). The THP-

protected alcohol 23 was then lithiated in a halogen-lithium exchange reaction and 

subsequently reacted with DTBSiHCl to give silane 24. Deprotection of the THP-

protection group was achieved by use of para-toluenesulfonic acid (PTSA) to give 

silane 32 in only 22% yield over 3 steps (Scheme 39). As the pathway involved multiple 

steps and no increase in yield, this strategy was abandoned.  

 

Scheme 39. Preparation of compound 22 through THP-protection of the alcohol. 

Chen et al.195 also reported on the reaction from benzylic alcohol 21 to a diisopropyl-

substituted silane, although they used an excess of n-BuLi to deprotonate the benzylic 

alcohol simultaneously as the lithiation, in good yield (73%). Both NaH and n-BuLi 

are strong bases, so eliminating one step in this key procedure is time efficient. The 

procedure was attempted with varying conditions for the di-tert-butyl-substituted 

silane (22), yielding up to 37% (Table 5, entry 2), almost double of what had been 

obtained previously.  
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Table 5. Syntheses of silane 22 with aim to increase the yield. 

 

n-BuLi 

(eq.) 

Addition of  

n-BuLi (x min) 

Scale 

(mmol) 
Solvent T (ºC) t 

(min) 
Result (%a) 

2.5 15 5.3 THF -78 60 22 

2.5 2 5.6 THF -78 60 37 

2.2 2 8.2 THF -78 60 18 

2.0 10 1.5 THF 0 20 
5 or more 

compounds  

2.0 2 1.5 
THF/ 

hexane (1:1) 
-78 40 

4 or more 

compounds  

2.0 2 1.5 THF -78 40 3 compounds 

       aIsolated yields 

To obtain the azide, alcohol 22 was treated with 1,8-diazobicyclo[5.4.0]undec-7-ene 

(DBU) and diphenylphosporyl azide (DPPA) in DMF as reported by James et al.,112 as 

shown in Scheme 40. This reaction led to full conversion after stirring overnight, and 

after aqueous work-up no further purification was required. 

 
Scheme 40. Preparation of azide 25 from alcohol 22. 

With the various silane and chlorosilane building blocks at hand, silyl-ether formation 

was next. We reasoned that it would be best to form the Si-O bond before attaching the 

precursor to a resin to have control over the conversion from Si-H or Si-Cl to Si-O. 

Different approaches to make Si-O bonds are described in the following sections.  
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Silylation of alcohols (silyl ether formation) 

Silyl-ether formation from di-tert-butyl silanes or di-tert-butyl chlorosilanes with 

alcohol 27 or 29 proved to be difficult and a summary of the conditions tested can be 

found in Table 6 on page 75. 

Our first attempt at preparing the Si-O bond in this project was by following a 

procedure described by Mirza-Aghayan et al.157 (Table 6, entry 1, 2 and 3), providing 

a fast and simple strategy for Si-O-compounds from silanes using a palladium catalyst. 

In their protocol, only benzyl alcohol, 1-decanol and 2-octanol were reported as starting 

alcohols. We aim at preparing analogues with functional groups for selective coupling 

to the resin, in this case alkyne 27, which could potentially react under the given 

conditions. We were, however, not able to obtain silyl ether 26 (Scheme 41), and 

mostly starting material was identified upon 1H NMR analysis of the crude mixture. 

 
Scheme 41. Palladium-catalyzed reaction between 5 and 27.  

Toutov et al.161 reported a procedure of dehydrogenative coupling for preparation of 

silyl ethers from benzylic alcohols catalyzed by NaOH (Scheme 42).  

 

Scheme 42. Base-induced reaction between substituted silanes and benzyl alcohol, 

reported by Toutov et al.161 

In our hands, no conversion of starting material was observed under these conditions 

(Table 6, entry 4, 5 and 6). Similar results were observed with other bases such as 

K2CO3
162, KOtBu163 and TEA196, 197 (Table 6, entry 7, 8, 9 and 10). Other Si-O coupling 

procedures were investigated, starting with the conditions described by Porto et al.169 

using chlorosilane 11 and alcohol 27 as starting materials (Scheme 43; Table 6, 

entry 11 and 12).  
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Scheme 43. Attempted silylation of 11. 

This resulted in three different compounds, indicated by 1H NMR analysis of the crude 

product mixture (Figure 31). The n-butylated side-product (12) that could not be 

separated from the starting material was present as expected. There seemed to be two 

compounds containing an alkyne-moiety present (potentially 27 and 28), indicated by 

the presence of two signals from terminal-alkyne protons (triplets at 2.61 and 

2.45 ppm). In retrospect, this result seems quite interesting, however, purification by 

flash chromatography was not conducted at this point and the compounds in the crude 

mixture were not characterized further. 

 
Figure 31. 1H NMR-spectrum of product mixture after reaction between 11 and 27. 

Bartoszewicz et al.168 reported on a similar procedure, using N-Me-Imidazole and I2 to 

promote silyl-ether formation. Unfortunately, no conversion was observed following 

this procedure (Table 6, entry 13). 



75 

 

Thus far, preparation of silyl ethers required for our planned studies was mostly 

disappointingly unsuccessful. A summary of the various conditions tested for silyl 

ether formation is shown in Table 6. It is apparent that the sterically hindered silanes 

and chlorosilanes are not readily reacting with alcohols, possibly due to the steric 

hindrance imposed by the substituents on silicon. We have not encountered any reports 

on preparation of silyl ethers with the substitution pattern we are aiming for 

(di-tert-butylaryl), other than for methoxy-silyl ethers.114 

Table 6. O-Si bonds from di-tert-butyl silanes and chlorosilanes. 

 

Entry Conditions X R2 Alc. Result 

1 PdCl2, toluene, rt H -CHO 27 
Reduction of 

aldehyde 

2 PdCl2, toluene, rt H -CH-(O-CH2CH2-O)- 27 Complex crude 

3 PdCl2, toluene, rt H -CC-H 29 Complex crude 

4 
NaOH, THF/DMF,     

65 ºC 
H -CHO 27 

3 compounds in 

crude 

5 
NaOH, THF/DMF,     

65 ºC 
H -CH-(O-CH2CH2-O)- 29 

Hydrosilane 

formation 

6 
NaOH, THF/DMF,     

65 ºC 
H -CC-H 29 No conversion 

7 KOtBu, THF/DMFa, rt H -CH-(O-CH2CH2-O)- 27 No conversion 

8 
K2CO3, THF/DMF,     

60 ºC 
H -CC-H 29 No conversion 

9 TEA, CH2Cl2, 0 ºC to rt Cl -CH-(O-CH2CH2-O)- 27 Complex crude 

10 TEA, CH2Cl2, 0 ºC to rt Cl -CC-TMS 29 Complex crude 

11 Imidazole, DMF, rt Cl -CH-(O-CH2CH2-O)- 27 
Complex crude, 

some product? 

12 Imidazole, DMF, rt Cl -CC-TMS 29 

No trace of 

product after 

purification 

13 
N-Methyl-imidazole, I2, 

CH2Cl2/THF, rt 
Cl -CC-TMS 29 No conversion 

   a DMSO was added after 48h 
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Palladium-catalyzed silylation of alcohol 

Rugeri, et al.114 reported a reaction where an alkene was reduced by hydrogen by a 

palladium-catalyst in methanol, where the methoxysilane was reported as the only 

product in 99% yield (Scheme 44). 

 

Scheme 44. Silylation reported by Rugeri et al.114 

Inspired by this report, we attempted to prepare silyl ethers using different palladium 

catalysts, summarized in Table 7. Our first attempt at silyl-ether formation using 

palladium catalysts was performed as described by Rugeri et al.114, using azide 25 and 

alcohol 29 in the presence of Pd/C as catalyst, yet no reaction was observed in this case 

(Table 7, entry 1). An attempt at silylating 25 with benzaldehyde using Pd(OAc)2 as 

catalyst, was performed.159 These conditions resulted in no conversion of starting 

material (Table 7, entry 2). Further, a silylation protocol was performed using methanol 

as the alcohol source (and solvent), with PdCl2 as catalyst, as described by Mirza-

Aghayan et al.157 These conditions were, however, not compatible with the azide, as 

1H-NMR analysis indicated that an aldehyde was formed in the reaction, and there were 

multiple other compounds present in the mixture (Table 7, entry 3).  

Table 7. Palladium-catalyzed silylation of alcohols. 

 

Entry Reagent Catalyst Solvent Result 

1 29 Pd/C  THF no reaction 

2 Benzaldehyde Pd(OAc)2  DMF no reaction 

3 MeOH PdCl2 - oxidation of azide 
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At this point, all attempts at making the Si-O bond had resulted in no or very low yields 

and complex reaction mixtures. We decided to abandon the di-tert-butyl-substituted 

analogues, and shift focus to the precursor containing a diisopropyl-substituted silane 

instead. Our method then deviates from the core SiFA-structure reported by 

Wängler et al. which we aimed at, though several research groups have employed the 

SiFA-construct with less sterically hindered silyl groups.105,113 

Diisopropyl-substituted silanes 

To circumvent the obstacles we had encountered with the di-tert-butyl substituted 

silanes and chlorosilanes due to the steric hindrance and bulkiness of the substituents, 

we decided to prepare diisopropyl analogues as FOSi-precursors. Based on available 

starting materials, some suggested analogues with remote functionalities for coupling 

to a peptide or other type of ligand are shown in Scheme 45, below.  

 

Scheme 45. Retrosynthetic approach to the diisopropyl-substituted silane analogues with remote 

functionalities. 

We also looked at a possible retrosynthetic approach to some diisopropyl-substituted 

silane analogues with an additional oxygen linker, shown in Scheme 46 below. 

Looking towards analogues of remote functionalization and an oxygen linker can also 

allow for further investigations into reactivity of the different silyl ethers upon 

fluorination and hydrolytic stabilities of fluorosilanes due to the substitution pattern on 

the aromatic ring.  
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Scheme 46. Retrosynthetic approach to the diisopropyl-substituted silane 

analogues with oxygen-linker and remote functionalities. 

Remote functionalization 

Diisopropyl-substituted FOSi-precursors with various substituents in the para-position 

on the benzene ring were prepared based on the procedures reported by Mu et al.,105 

and on our previous experiences from the di-tert-butylsilyl analogues.  

The first step towards compound 33 involved THP-protection of commercially 

available 2-(4-bromophenyl)ethan-1-ol (30) by DHP using PPTS as shown in 

Scheme 47. The THP-protected alcohol 31 was then lithiated in a halogen-lithium 

exchange reaction and subsequently reacted with i-Pr2SiHCl to give silane 32. 

THP-protected compound 32 was deprotected by using PTSA in EtOH, to give silane 

33 in 31% yield over 3 steps, contaminated by n-butylated side-product (ratio 33/38, 

65:35).  

 

Scheme 47. Preparation of silane 33 from compound 30 over three steps. 
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Remote functionalization with oxygen linker 

The first step towards compound 37 involved a Williamson ether synthesis between 

commercially available 4-bromophenol (34) and 2-(2-bromoethoxy)tetrahydro-

2H-pyran (39) (Scheme 48). The ether synthesis was conducted with an excess of 

bromine 39 (1.5 eq.), which resulted in contamination of the product mixture (35/39; 

85/15), based on integration of the 1H NMR signals. Next, lithium-halogen exchange 

followed by electrophilic attack by i-Pr2SiHCl gave 36, which was taken to the next 

step without purification. Deprotection by PPTS in methanol afforded silane 37 in 

decent yield (55%) over two steps. 

 
Scheme 48. Preparation of silane 37 from 4-bromophenol (34). 

The next step was oxidation of the alcohol, which was attempted for compound 37, by 

using Dess-Martin periodinane (DMP) without success (Scheme 49). 

 
Scheme 49. Unsuccessful synthesis of aldehyde 40. 

1H-NMR analysis of the crude product (Figure 32), revealed the presence of an 

aldehyde (signal at 9.87 ppm), although only in very small amounts. Also, for the 

characteristic diisopropyl-signals (two doublets around 1.5-0.8 ppm) multiple signals 

were observed, thus this approach was not pursued further at the time. 
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Figure 32. 1H NMR of crude mixture after oxidation of 37. 

As we had encountered some difficulties transforming the functional groups of the 

silanes with remote functionality, an alternative was to prepare compounds with a 

benzylic aldehyde or azide instead.  

Diisopropyl-substituted precursors modified in the benzylic position 

Synthesis of diisopropyl-substituted silane 41 proved to be one of the key syntheses in 

this work as it provided a valuable building block towards different varieties of 

FOSi-precursors. Compound 41 was obtained through a lithium-bromine exchange 

reaction using 2.5 eq. of n-BuLi to ensure deprotonation of the alcohol at the same time 

as the bromine is exchanged (Scheme 50). Different work-up protocols and reaction 

times were explored, based on previous reports,105,107,110,114 and we found that one hour 

reaction time for the lithiation was sufficient, and the silylation step required an 

overnight reaction using 1.2 eq. of i-Pr2SiHCl. This reaction usually provided yields 

around 61-86% after purification by flash chromatography. Variation in yield can be 

explained by the exploration of different cooling baths to achieve −78 ºC, where the 

N2/acetone-bath was superior in keeping the desired temperature throughout the first 

step.  
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Scheme 50. Synthesis of silane 41 from 4-bromobenzalcohol (21). 

Silane 41 was used further to prepare silane 42 by treatment with DBU and DPPA in 

DMF as reported by James et al.112 (Scheme 51). This reaction led to full conversion 

after stirring overnight. The product could be extracted with pentane to give 60% yield 

or subjected to an aqueous work-up followed by purification by flash chromatography 

to give 42 in 77% yield.  

 
Scheme 51. Synthesis of silane 42. 

In 2017, Jana et al.110 reported a procedure for direct chlorination of 4-(diisopropyl-

silyl)benzaldehyde (43) using trichloroisocyanuric acid (TCICA) followed by reaction 

with methanol in the presence of imidazole to give 4-(diisopropyl(methoxy)silyl)-

benzaldehyde (44) in good yield, as shown in Scheme 52.  

 

Scheme 52. Procedure published by Jana et al.110  

Ohkubo and co-workers198 published a similar protocol in 2009, with an azide as 

benzylic functionality, using 1,3-dichloro-5,5-dimethylhydantoin as chlorinating 

agent. They reported a two-step in situ process, with no work-up between the 

chlorination and the silylation step.  

Inspired by the protocols of Ohkubo et al.198 and Jana et al.110 we prepared 

compound 45 using TCICA as chlorinating agent in the first step, and subsequently 
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adding imidazole and ethyl 6-hydroxyhexanoate (29) in the second step. Silyl ether 45 

was isolated in good yield (78%), as shown in Scheme 53. These reactions are very 

sensitive to water and strictly anhydrous conditions are required, as the formation of 

hydroxysilane (Si-OH) competes with silyl-ether formation (Si-OR) if there is any 

water present.  

 
Scheme 53. Synthesis of silyl ether 45 in subsequent two steps. 

The first silyl ether to be used for further development of the FOSi-method had been 

prepared. The ester functionality will in turn be hydrolyzed and attached to an amine-

resin, whilst the azide will be reacted with an alkyne moiety on a biologically active 

molecule in a so-called click-chemistry reaction.  

Since we were interested in having an aldehyde group in the molecule from the start, 

we also wanted to make the diisopropyl-substituted aldehyde analogues in the same 

manner. Several different approaches were tested to obtain benzylic aldehyde 43. To 

start, preparation of the acetal-protected aldehyde 46 was attempted in the same way 

as for the di-tert-butyl-substituted silanes, resulting in 35% yield of 46, contaminated 

with the n-butylated side-product after purification (46/47; 7:3) (Scheme 54). This 

strategy was dismissed. 

 
Scheme 54. Synthesis of acetal protected aldehyde 46. 

Since benzylic alcohol 41 already had been prepared, oxidation of this compound was 

an apparent strategy. Use of DMP was as the oxidizing agent successfully gave 

aldehyde 43 in the first attempt, but this could not be reproduced (Scheme 55). All 
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further attempts at this reaction only gave crude mixtures containing multiple 

compounds which were difficult to separate.  

 

Scheme 55. Non-reproduceable oxidation of benzylic alcohol 41. 

Instead, aldehyde 43 was prepared from alcohol 41 in excellent yield using 

manganese(IV)dioxide as oxidizing agent, as described by Chen et al.195 and 

Jana et al.110 (Scheme 56). Simply passing the reaction mixture through a pad of Celite 

was sufficient to provide 43 in high purity. 

 
Scheme 56. Oxidation of alcohol 41 to aldehyde 43. 

As we had tested the Bestmann-Ohira modification of the Seyferth-Gilbert 

homologation reaction, for the di-tert-butyl substituted analogues with success, we 

wanted to try this for the diisopropyl-substituted silane as well, to get access to 

alkyne 48 (Scheme 57). This did not provide the desired result, as the base K2CO3 acted 

as a dehydrogenative coupling-catalyst in the silyl-ether formation between 41 and 

methanol, giving methoxysilane 49 as the main product.  

 
Scheme 57. Ohira-Bestmann reaction resulting in compound 49. 

Continuing with aldehyde 43 from the MnO2-oxidation, silyl ether 50 was prepared 

using similar conditions as for azide analogue 45. Chlorination by TCICA in the first 
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step followed by subsequent reaction with 3-butyn-1-ol (27) and imidazole gave the 

desired silyl ether 50 in 58% yield (Scheme 58).  

 
Scheme 58. Synthesis of silyl ether 50. 

Revisiting the di-tert-butyl analogues 

Having had success preparing diisopropyl-silyl ethers, we looked back at the 

di-tert-butyl analogues, to see if we could prepare these highly sterically-hindered silyl 

ethers. Results of the attempted alcohol silylations of the di-tert-butyl analogues are 

summarized in Table 8 on page 86. 

Since methoxysilane 49 was produced in the presence of K2CO3 and MeOH, similar 

conditions were applied to di-tert-butyl-substituted analogue 25 as well, yet no reaction 

was observed. Addition of DMF and heating to 60 ºC led to some conversion of starting 

material (Scheme 59; Table 8, entry 1), however, the hydroxysilane was the major 

product. We did not attempt this reaction using alcohol 29 (or similar) due to the low 

yield with MeOH. 

 

Scheme 59. Base-catalyzed reaction between 25 and MeOH. 

We then turned to using TCICA toward preparing a di-tert-butyl-substituted silyl ether 

based on the successful results from the diisopropyl-substituted analogues. We wanted 

to establish if the Si-O bond formation was possible using MeOH as the alcohol source, 

and this gave a mixture of hydroxysilane 52 (60%) and methoxysilane 54 (40%) 

(Scheme 60; Table 8, entry 3). 



85 

 

 

Scheme 60. Silylation of 25 by MeOH. 

Encouraged by these results, we continued with the same conditions using alcohol 29 

and silane 25 (Scheme 61; Table 8, entry 3). Unfortunately, target compound 53 could 

not be obtained, instead, chlorosilane 51 and hydrolyzed starting material were isolated 

in 62% and 38% yield, respectively. 

 

Scheme 61. Attempt at silylation of compound 25.  

The isolated chlorosilane 51 was then submitted to the reaction conditions that had 

been attempted previously (Table 6, entry 13), as shown in Scheme 62 below. The 

desired silyl ether 53 was not obtained in this reaction either, only hydroxysilane 52 

(isolated in 50% yield) and unreacted 51 were present in the crude mixture (Table 8, 

entry 2). 

 

Scheme 62. Attempt at preparing 53 from chlorosilane 51. 

Next, silane 25 was submitted to chlorination using TCICA in CH2Cl2 and further 

reacted with alcohol 29, imidazole and DMF while heating to 40 ºC overnight in the 

second step (Scheme 63; Table 8, entry 5). Silyl ether 53 was obtained in 13% yield. 

Heating to 60 ºC for another 18 h did not improve the yields further.  
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Scheme 63. Preparation of compound 53. 

Table 8. Attempted silyl-ether formations with azide precursor. 

 

Entry Si-X Reagent (equiv.) Base Solvent 
Yieldc  

Si-X/Si-OH/Si-OR (%) 

1 Si-Ha MeOH (10) K2CO3 - 56/33/11 

2 Si-Cl 29 (2) N-Me-Im, I2 THF 10/90/0 

3 Si-Cl MeOH (10) Imidazole CH2Cl2/DMF 0/60/40 

4 Si-Cl 29 (2) Imidazole CH2Cl2/DMF 0/100/0 

5 Si-Clb 29 (10) Imidazole CH2Cl2/DMF 50/25/25 

All reactions: overnight, under argon, at rt unless otherwise noted. 
a) Added 100 mg NaOH and stirred overnight at 60 ºC.  
b) Stirred overnight at 40 ºC 
c) Not isolated yields. Based on 1H NMR integration.  

These results showed that silyl-ether formation of bulky di-tert-butyl analogues was 

possible, though it was challenging to obtain the desired product with the relevant 

alcohol 29, as just a minor presence of water competes with the alcohol and hydrolyzes 

the silane. Dry conditions are crucial for the outcome, and it seems from these results 

that chlorosilanes are the most promising starting point compared to silanes.  

Synthesis of di-tert-butyl aldehyde precursor 

Preparation of the aldehyde-functionalized silyl ether, that was supposed to be the 

starting point of this work, had proven to be quite challenging to achieve using 

protected aldehydes. Utilizing benzylic alcohol 22 as the starting point, oxidation by 

manganese(IV)oxide to aldehyde 5 was obtained (Scheme 64), in the same way as for 

the diisopropyl analogue. 
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Scheme 64. Oxidation of compound 22 to aldehyde 5. 

Reacting aldehyde 5 further with 3-butyn-1-ol (27) to achieve desired silyl ether 26 

was attempted once, yet only the hydrolyzed product could be isolated (Scheme 65). 

We could potentially have changed the alcohol to MeOH or ethyl 

6-hydroxyhexanoate (29) to see if this would affect reactivity, but we decided to 

abandon this approach. 

 

Scheme 65. Unsuccessful synthesis of compound 26. 

Synthesis of mono- and dimethyl-phenyl-substituted analogues 

At this point we had successfully prepared silyl ether 53, but only in very low 

yield (13%). Since the hydrolytic stability of fluorosilanes seemingly is related to the 

substitution pattern next to the silane on the aryl substituent (Section 3.3), we decided 

to shift focus, and pursue analogues with one or two methyl groups in the 

ortho-position to the silane in order to make a complete library of differently 

substituted silyl ethers.  

At first, we sought a simple construct to test fluorination under cold conditions, and 

reasoned that an ester substituent on the aryl substituent could be a fitting start. Ester 56 

is commercially available, and we proposed a simple route to prepare precursor 58 

(alternative 1), and a second route to prepare the azide and aldehyde functionality we 

had already established synthetic protocols for. The proposed synthetic route from 56 

to 58, a very simple construct to test fluorination without too much modification, is 

shown in Scheme 66 (Alt 1). Another alternative (Scheme 66, Alt 2) was reduction of 
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the ester (56) and further oxidation to aldehyde and/or making the azide, as for the 

non-methyl analogues.  

 

Scheme 66. Proposed synthetic route to FOSi-precursors 58, 62 and 64. 

We hypothesized that the lithiation reaction would be difficult with an ester 

present (56), and one attempt at preparing silane 57 directly from 56 also failed. We 

then moved to alternative 2, to retrieve silane 60. Benzylic alcohol 59 was not 

commercially available and had to be prepared from ester 56 (Scheme 67). We initially 

planned to use LiAlH4, which is the most common reducing agent from esters to 

alcohols, but this was not available in the lab at the time, thus NaBH4 was used instead. 

Reduction of esters and similar functional groups using NaBH4 is described as 

relatively difficult, however, the reactivity of sodium borohydride can be enhanced by 

carrying out the reaction in the presence of certain additives. For example, addition of 

iodine to NaBH4 in THF provides H3B-THF, which is useful for hydroborations, 

reduction of esters199 and various others functional groups.200 The ZnCl2-NaBH4 

reagent system also exhibits powerful reducing properties in the presence of tertiary 

amine and provides another example of esters reductions.201 In 1984 Soai and 

co-workers202 published a procedure where esters were reduced by sodium borohydride 
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in a mixed solvent system where they studied the effect of slow addition of methanol. 

This was also reported by Boechat et al.203 in 2004, with consistently high yields for 

multiple substrates. The latter procedure was tested for the reduction of ester 56 to give 

benzylic alcohol 59 in excellent yield.  

 

Scheme 67. Reduction of ester 56 to alcohol 59 using sodium borohydride. 

After reducing the ester, the previously developed procedure for preparing silyl ethers 

was performed and successfully yielded silyl ether 64 (Scheme 68).  

 

Scheme 68. Synthesis of mono-methyl o-substituted silyl ether 64 in three steps.  

During characterization of silane 60, it became evident that is was poorly ionizable 

using ESI-HRMS, thus the analysis had to be carried out using GC-HRMS(EI+). The 

diisopropyl-containing silanes and silyl ethers displayed a characteristic fragmentation 

pattern in these analyses, as depicted in Scheme 69.  
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Scheme 69. Proposed GC-MS fragmentation of diisopropyl-substituted silanes and silyl ethers. 

The proposed GC-MS fragmentation pattern is represented by example of 

compound 60  in Figure 33.  

 

Figure 33. Example of GC-MS fragmentation of diisopropyl-substituted 60. 

Benzyl alcohol 65, which was required for the preparation of silyl ether analogues with 

two ortho-methyl groups, and for silyl ether bearing an azide group, was carried out as 

shown in Scheme 70. 
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Scheme 70. Synthesis of di-methyl o-substituted silyl ether 68. 

Since we had silanes 60 and 66 at hand, we also prepared the aldehyde-containing silyl 

ethers with mono- and di-methyl substitution, compounds 69 and 70, over two steps as 

shown in Scheme 71.  

 

Scheme 71. Synthesis of 69 and 70. 

A new, simple structure for test-fluorination 

After preparing analogues with relevant functionalization, we decided that a very 

simple construct of these silanes would be an efficient way of testing fluorination 

without too much functionality in place. Therefore, silanes 75 and 76 were prepared, 

as shown in Scheme 72 below.  

 

Scheme 72. Synthesis of mono- and di-methyl o-substituted silanes 75 and 76. 
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Direct synthesis of di-tert-butylchlorosilane 78 was also attempted as shown in 

Scheme 73. This was unsuccessful, and the main product was the n-butylated 

side-product 79. 

 

Scheme 73. Attempt at direct preparation of chlorosilane 78. 

Silyl-ether formation turned out to be troublesome in the next step, as both the 

ether-oxygen and the methyl groups are ortho-para directing, resulting in chlorination 

of the aromatic ring as well as chlorination of the silane by TCICA, resulting in low 

yield of 80 and no trace of 81 (Scheme 74).  

 

Scheme 74. Synthesis of silyl ethers 80 and 81, resulting in low yield of 80 and no 

trace of 81. 

Another synthetic pathway to the di-methyl ortho-substituted silyl ether (81) was by 

applying basic conditions in a dehydrogenation reaction. This was attempted for 

silyl ether 81 following the procedure by Grajewska et al.204, though no product was 

observed after several days of stirring (Scheme 75). 

 

Scheme 75. Unsuccessful synthesis of silyl ether 79. 

Successful synthesis of mono-methyl ortho-substituted analogue 80 allowed for the 

initial fluorination experiments, i.e.  breaking of the Si-O bond, which is discussed 

further in section 3.5. 
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Mono- and di-methyl substituted diisopropyl analogues with remote functionalization 

In order to show that these ether-linked analogues could be functionalized further, we 

also prepared analogues containing a primary alcohol (Scheme 76) that we envisioned 

could be further converted to the required functional group for attachment to a peptide 

or other ligand.  

These silanes were prepared based on reports by Mu et al.105 with various substitution 

patterns. The first step towards compound 86 and 87 involved a Williamson ether 

synthesis between commercially available 3-methyl-4-bromophenol (71) and 3,5-

dimethyl-4-bromophenol (72) and THP-protected alcohol 39, followed by purification 

by flash chromatography. Next, lithium-halogen exchange followed by nucleophilic 

attack by i-Pr2SiHCl to afford 84 and 85, which was taken to the next step without 

purification. Deprotection by either PTSA (mono-methyl) or PPTS (di-methyl) in 

ethanol afforded silanes 86 and 87 in decent yields over two steps (Scheme 76). When 

attempting to deprotect the THP-protected alcohol 85 with 1 eq. PTSA in ethanol, 

desilylation was observed as well as deprotection of the alcohol. Therefore, a less acidic 

catalyst, PPTS, was utilized for this analogue.  

 

Scheme 76. Synthesis of functionalized analogues 86 and 87. 

As the synthesis of the di-methyl ortho-substituted silyl ether 81 was troublesome, we 

decided to not pursue this molecule and instead pursued model compounds without the 

handle to attach peptides or other ligands.  
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Benzene analogues  

Diisopropyl analogues without a handle were prepared using the same reaction 

conditions as for previous analogues (Scheme 77). The aim of making these analogues 

was to have reference compounds to test fluorination conditions with no interference 

from other functional groups. Synthesis of compounds 94, 95 and 96 was achieved in 

good yields over two steps. 

 

Scheme 77. Synthesis of benzene-analogues 94, 95 and 96. 

The di-tert-butyl-benzene analogue (98) was also prepared as shown in Scheme 78, 

though in lower yield than for the diisopropyl-substituted silyl ethers.  

 

Scheme 78. Synthesis of di-tert-butyl-substituted analogue 98. 

These non-functionalized analogues were used for exploration of fluorination 

conditions, discussed further in section 3.5. 
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Summary of synthesized silyl ethers 

Many different silyl ethers have been prepared, some with possibilities for further 

coupling, and some with less functionalization which were synthesized mainly to test 

and develop the FOSi-method. An overview of silyl ethers prepared in this work is 

shown in Figure 34 below. 

 

Figure 34. Overview of silyl ethers prepared in this work. 

3.5 Fluorination of silyl ethers 

Synthesis and fluorination of FOSi-precursor 1 

For cold off-resin testing, to follow Si-O bond-cleavage easier than on-resin, both ends 

of the previously described diisopropyl-substituted silyl ethers were modified 

accordingly to simulate “peptide-like” behavior. For this purpose, ester 45 was 

hydrolyzed and the resulting carboxylic acid 99 was coupled to glycinamide (100) 

before the azide was reacted with propiolamide (102) in a Huisgen-Sharpless reaction 

to give FOSi-precursor 1 (103). 

The first attempt at ester hydrolysis of compound 45 was conducted as described by 

Baumann et al.,205 although after multiple additions of lithium hydroxide, no reaction 
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was observed and the starting material was recovered. Changing to sodium hydroxide 

as base and using a mixture of CH2Cl2 and MeOH as solvent, conditions reported by 

Theodorou et al.,206 gave full conversion of ester 45 to carboxylic acid 99 (Scheme 79).  

 

Scheme 79. Hydrolysis of ester 45. 

Next, glycinamide (100) was coupled to the carboxylic acid under standard coupling 

conditions in good yield and finally the copper‐catalyzed Huisgen-Sharpless 

cycloaddition step was performed as described by Harmsen et al.207 with slightly 

adjusted conditions (Scheme 80). The last step was performed with ascorbic acid and 

sodium carbonate, with CH2Cl2/H2O as solvent system, which provided the desired 

triazole 103 in 14% yield over the six steps. This synthetic pathway currently requires 

four purifications by flash chromatography.  

 

Scheme 80. Synthesis of FOSi-precursor 1 (103). 

Fluorination of the FOSi-precursor 1 (103) was tested by using TBAF in THF 

(Scheme 81). Stirring at room temperature resulted in full conversion of starting 

material based on TLC-analysis after 30 min.  
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Scheme 81. Fluorination by TBAF in THF. 

We speculate that fluorosilane 104 was most likely produced in the reaction, but it 

could have been converted to Si-OH (confirmed by 1H NMR broad singlet signal at 

2.64 ppm, Figure 35) during aqueous work-up, or in the NMR-solvent.  

 

Figure 35. 1H NMR spectrum after fluorination of FOSi-precursor 1 (103).  

Presence of hydroxysilane 105 ([M+H]+ = 333.2, [M+Na]+ = 355.2) was confirmed by 

LRMS-analysis (Figure 36).  
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Figure 36. LRMS of crude mixture after fluorination of 103 with TBAF; TBAF: 

[M+H]+ = 242.3; 104 (Si-F): [M+H]+ = 335.2; 105 (Si-OH): [M+H]+ = 333.2, 

[M+Na]+ = 355.2 

Synthesis and fluorination of modified FOSi-precursor 2  

To prepare FOSi-precursor 2 (111) aldehyde-substituted silyl ether 50 was attached to 

an aminooxy-component 108 to simulate a peptide, which was prepared from 

compound 106 and benzylamine (107) in two subsequent steps. The first step towards 

compound 108 involved a standard coupling reaction using HCTU and DIPEA in 

DMF, subsequent deprotection of the Boc-group gave desired building block 108 in 

67% yield (Scheme 82).  

 
Scheme 82. Coupling compound 106 to benzylamine (107) to attain compound 108. 

Aldehyde 50 and the aminooxy-component 108 were then dissolved in CH2Cl2 with 

pyridine as base, as described by Gantt et al.,208 to form oxime 109 in good yield 

(Scheme 83). The last step entailed connecting alkyne 109 to azidobenzene (110) in a 

cycloaddition reaction. The conditions were adjusted during the course of the reaction, 

and the solvent system was changed in order to get a better conversion (from CH2Cl2 

to tert-butanol) following a procedure by Rostovtsev et al.,155 which eventually 

resulted in full conversion of starting material to form FOSi-precursor 2 (111). The low 

yield can be explained by a suboptimal flash chromatography, where the product 

remained on the silica column due to use of inappropriate solvent system, which can 

be improved in future attempts.  
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Scheme 83. Synthesis of FOSi-precursor 2 (111). 

Fluorination of FOSi-precursor 2 (111) was performed, using KF and Kryptofix[2.2.2], 

as shown in Scheme 84. Stirring at room temperature for 45 minutes resulted in full 

conversion of starting material based on TLC-analysis. 

 

Scheme 84. Fluorination of 111, using KF as fluoride source.  

The crude mixture was filtered through an SPE-cartridge, then directly dissolved in 

CDCl3 to perform NMR-analysis. The tube was left at rt overnight and then MS was 

performed. The NMR-spectrum (Figure 37) confirms there is only one diisopropyl-

containing compound present, and that the Si-O bond has been cleaved. It was 

nevertheless difficult to confirm whether it is fluorosilane (112) or 

hydroxysilane (113).  
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Figure 37. 1H NMR spectrum after fluorination of 111 with KF/K222, and filtering 

through SPE-cartridge. 

The MS-analysis mostly displays ionized Kryptofix[2.2.2] ([M+H]+ = 377.3, [M+Na]+ 

= 399.2), which overshadows signals from the product to a large extent (Figure 38). It 

should be noted that ionization of different compounds varies, and that some molecules 

are easily ionized and will be dominant in an ESI spectrum. Also, fluorosilane (112) 

might be hydrolyzed in the MS-analysis. 

 

Figure 38. LRMS of crude product after SPE-cartridge filtration; Kryptofix:[M+H]+ = 377.3, 

[M+Na]+ = 399.2, [M+K]+ = 415.2; 112 (Si-F): [M+H]+ = 401.2, [M+K]+ = 439.2; 

113 (Si-OH): [M+H]+ = 399.2, [M+K]+ = 437.2 
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These fluorination attempts confirmed what we hoped, that the Si-O bond is broken in 

these reactions. Still, we did not have enough data to conclude whether the Si-F or the 

Si-OH compounds were produced in these reactions. Unfortunately, our 500 MHz 

NMR-instrument quenched at a very inconvenient time for this project, leaving us 

without 29Si NMR and 19F NMR when these reactions were performed. For further tests 

of the fluorination we decided that these starting materials were too complex for 

method development, and looked into using simpler molecules to test the FOSi-

method. We therefore turned to analogues that could be analyzed by GC-MS, as most 

of the previously prepared analogues were not ionizable using ESI-MS.  

Fluorination of ether-linked analogue 

Fluorination of ether analogue 80 (for synthesis, see section 3.4), was carried out using 

KF and K[2.2.2] as shown in Scheme 85. We observed full conversion of starting 

material (by TLC-analysis) after 2 h and achieved an isolated yield of 46% after 

filtering through an SPE-cartridge. 

 

Scheme 85. Successful fluorination of mono-methyl ether-analogue 80. 



102   

 

The 1H NMR-spectrum shown in Figure 39 confirms there is only one diisopropyl-

containing moiety present (the two 6H-doublets around 1.05-0.90 ppm).  

GC-MS analysis of 114, shown in Figure 40, revealed four major peaks. The peak 

detected at Rt = 10.221 corresponded to the mass of the fluorinated compound 114 

(exact mass = 282.1815, Figure 41), which confirms that the desired product was 

formed. The peak detected at Rt = 12.666 corresponds to the mass of the hydrolyzed 

fluorosilane (Si-OH, 115). From the 1H NMR analysis, which was performed directly 

after synthesis, clearly only one compound with a diisopropylsilyl-group is present. 

Hydrolysis of the fluorosilane could have happened during the GC-MS analysis (not 

anhydrous solvent, 300 ºC), or a minor amount was present in the crude product.  

Figure 39. 1H NMR-spectrum of compound 114. 
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Figure 40. GC-MS analysis of fluorination of compound 80. 

 

Figure 41. GC-MS spectrum at Rt = 10.221 confirming the mass of fluorosilane 114. 

Fluorination of azide analogues 

In an attempt to simplify the fluorination-testing, two of the already prepared azide-

analogues were subjected to fluorination conditions shown in Scheme 86.  

 

Scheme 86. Unsuccessful fluorinations of azide-analogues 64 and 68.  
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This resulted in complex reaction mixtures, as four spots were evident upon 

TLC-analysis after 1 h stirring at rt. In addition, there was several different diisopropyl 

groups present in the crude product according to 1H NMR analyses (Figure 42).  

 

Figure 42. 1H NMR spectra of the two fluorinations of the azide-analogues. Left: 

starting from mono-methyl analogue 64, right: starting from di-methyl analogue 68. 

To avoid using the more expensive ethyl 6-hydroxyhexanoate alcohol (29), a cheaper 

alternative was tried, using methanol instead, to keep exploring fluorination on 

simplified analogue (Scheme 87). The results of the silyl-ether formations were 

varying, and the yields were surprisingly lower than for the longer alcohol chain. The 

most apparent explanation might be the dryness of the MeOH used. 

 

Scheme 87. Synthesis of precursor methoxy-silyl ethers 118-120 and 54.  

Since the fluorinations were unsuccessful with the azide present, one of the methoxy-

silyl ether analogues was transformed into a simple triazole (Scheme 88). 
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Scheme 88. Synthesis of compound 121. 

The fluorination reaction was then performed as shown in Scheme 89, using KF and 

K[2.2.2] in MeCN as described previously.  

 

Scheme 89. Fluorination of compound 122 at room temperature leading to 50% 

conversion of starting material within 2 h.  

Only 50% conversion of starting material was observed after 2 h and it appeared from 

the 1H NMR spectrum (Figure 43) that there was only one product forming. We did 

not perform MS-analyses of this compound and could therefore not confirm if it was 

indeed fluorinated 122 that had been formed.  

 

Figure 43. 1H NMR-spectrum after fluorination of compound 122.  
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Fluorination of aldehyde analogues 

Aldehyde analogues 50, 62 and 70 had also been prepared previously, and direct 

fluorination of these analogues were attempted (Scheme 90). Unfortunately, 

fluorinations were unsuccessful, and an unidentifiable mixture of compounds were 

present according to 1H NMR analysis, and in addition, the aldehyde signal was 

missing.  

 

Scheme 90. Reaction pathway for the test-fluorination of aldehyde-analogues. 

Fluorination of benzene analogues 

Fluorination of precursors without a handle on the benzene ring was performed on 

diisopropyl substituted analogues 94, 95 and 96, and also for the di-tert-butyl-

substituted analogue 98. We envisioned that these experiments would give us insights 

into the reactivity of the silyl ethers without being complicated by interference from 

the handle. Also, these molecules could be analyzed by GC-MS. 

Room temperature reactions 

The first series of reactions were performed at room temperature, as shown in 

Scheme 91.  

 

Scheme 91. Fluorination reactions of the three benzene-analogues 94, 95 and 96.  

The fluorinated compounds have been confirmed (by GC-MS analyses), however, 

there are two or more diisopropyl-containing compounds in the mixtures (Figure 44) 

indicating that there is more than one reaction taking place. Further characterization of 
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the compounds in the product mixture, and further exploration of reaction conditions 

ought to be performed. 

 

Figure 44. 1H NMR of crudes after fluorination of benzene analogues. Left: non-

methyl analogue, middle: mono-methyl analogue, right: di-methyl analogue. 

We also attempted fluorination of di-tert-butyl analogue 98 under the same conditions 

(Scheme 92), yet no reaction was observed after 2.5 h, and further stirring did not 

provide any conversion of the starting material.  

 

Scheme 92. Unsuccessful fluorination reaction of di-tert-butyl analogue 98. 

Elevated temperature reactions  

Raising the temperature to 70 ºC in fluorinations of the same precursors (94, 95, 96 and 

98) were attempted, though this only resulted in multiple spots in the TLC-analysis, 

and what appeared to be decomposition of the starting material into different 

substances and/or no further reaction (Scheme 93 and Scheme 94).  



108   

 

 

Scheme 93. Fluorinations of compounds 94-96 at 70 ºC. 

 

Scheme 94. Unsuccessful fluorination of compound 98. 

No work-up was performed for these reactions, the solvents were simply evaporated 

directly, and the residue submitted to NMR analyses, also confirming different 

compounds in the product mixtures (Figure 45).  

 

Figure 45. 1H NMR after fluorination of benzene analogues at 70 ºC. 

 Left: non-methyl analogue, middle: mono-methyl analogue, right: di-methyl analogue. 

As these reactions did not go to completion, one source of error might be that the 

Kryptofix[2.2.2] has decomposed or been exposed to moisture. One possible strategy 

for further work could be to try a different source of fluoride (e.g., TBAF), also 

tweaking the conditions by adding acid or base should be attempted for these types of 

compounds. 
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Fluorination of solid-phase FOSi-precursor 

After the successful fluorination of compound 80, the next step towards developing the 

FOSi-method was attachment of the molecule to a polymer resin and observation of 

fluorination on-resin. Compound 80 was hydrolyzed by sodium hydroxide in a mixed 

solvent system, as described by Theodorou et al.206 in quantitative yield (Scheme 95).  

 

Scheme 95. Hydrolysis of ester 80 by the procedure of Theodorou et al.206 

The carboxylic acid was then attached to a ChemMatrix resin functionalized with a 

Rink Amide linker, as used in traditional peptide synthesis. Standard coupling 

conditions were applied (Scheme 96) to attach 130. 

 

Scheme 96. Coupling of 130 to polymer support (Rink Amide resin). 

Fluorination on solid phase was then attempted, by applying the same conditions as for 

the previous off-resin testing, as shown in Scheme 97.  

 

Scheme 97. First fluorination attempt of resin-bound precursor 131.  

No purification was performed, other than filtering off the solvent and evaporating the 

filtrate in vacuo. There were, as suspected, signals from Kryptofix[2.2.2] and some 

other minor contaminations that has not been identified, however, there is mainly one 

signal corresponding to the diisopropyl-silyl moiety around 1.10-0.90 ppm (Figure 46).  
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Figure 46. 1H NMR of crude product after solid-phase fluorination showing only one 

diisopropyl-containing moiety. 

The presence of fluorosilane 114 (exact mass = 282.1815, Figure 47) was confirmed 

by GC-MS analysis (Rt = 12.045 min in Figure 48), thus the FOSi approach had 

worked. The peak detected at Rt = 12.654 corresponds to the mass of the hydrolyzed 

fluorosilane (Si-OH, 115). From the 1H NMR analysis, which was performed directly 

after synthesis, we know there is mainly one compound bearing a diisopropyl-

substitution, and it is possible that the fluorosilane is hydrolyzed during the GC-MS 

analysis (not anhydrous solvent, 300 ºC)  
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Figure 47. GC-MS spectrum after fluorination on solid-phase. 

 

Figure 48. GC-MS analysis at Rt = 12.045, confirming that fluorosilane 114 has been 

cleaved from the resin. 

We also conducted a 29Si NMR study, where we attempted fluorination of solid-phase 

precursor 131 by KF and K[2.2.2] in CD3CN, performing analyses every 10. min. 

Unfortunately, the crude product analyses were too dilute to provide signals in the 

spectra and we were left with inconclusive results, and shortly after, our 500 MHz 

NMR instrument quenched.  



112   

 

3.6 Radiolabeling of resin-bound precursor 

18F-Fluorinations of solid-phase FOSi-precursor 

The resin-bound precursor 131, that was fluorinated under cold conditions, was 

subjected to hot fluorination at the PET-center at Haukeland University Hospital 

(Scheme 98), supervised by Dr. Ole Heine Kvernenes, with the aim of producing 

[18F]114. 

 

Scheme 98. Cleavage of the FOSi-precursor from the resin by [18F]F-. 

In the first experiment the resin was stirred at rt with the fluoride source present, and 

radio-TLC was conducted with 30 min intervals. The solvent was azeotropically dried 

three times. After stirring for 30 min a new peak (Rf = 0.48) was present in the 

radio-TLC, but the 18F− peak was still dominant. It should be noted that we did not filter 

the mixture through alumina to remove free 18F−. After 60 min stirring at rt the intensity 

of the product peak had increased (Figure 49). 
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Figure 49. Radio-TLC of first 18F-fluorination. Stirring at rt for 60 min. 
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In the next experiment the reaction mixture was heated at 50 ºC for 30 min, then 

radio-TLC was performed. The solvent was azeotropically dried four times. After 

30 min stirring with heating, we observed one dominant peak (Rf = 0.51) and a second, 

smaller peak of higher Rf-value in the TLC-analysis (Figure 49). The mixture was not 

filtered through an alumina cartridge to remove excess 18F−.  

 

Figure 49. Radio-TLC of second experiment after 30 min stirring at 50 ºC. 

The same reaction mixture was heated further to 70 ºC and stirred for 30 additional 

minutes before a new TLC-analysis was performed. At this time, three peaks could be 

observed in the chromatogram (Figure 50). 

 

Figure 50. Radio-TLC of second experiment after stirring at 50 ºC for 30 min and 

then at 70 ºC for 30 min. 
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The reaction mixture was filtered through an alumina cartridge to remove some of the 

excess 18F−, however, as can be seen in Figure 51, there was still some free 18F− present, 

but filtering the mixture resulted in a better resolution of the three radiolabeled peaks.  

 

Figure 51. Radio-TLC of second experiment after stirring at 50 ºC for 30 min and then at 70 ºC 

for 30 min and filtering the mixture through an alumina cartridge. 

From the first experiment at room temperature, we were optimistic that the cleavage to 

give [18F]114 was successful as we only saw one new peak arising in the radio-TLC, 

and the Rf -value corresponded to that of cold fluorosilane 114. Unfortunately, we did 

not have access to instruments that would allow for a qualitative analysis of the 

radiolabeled product. 

The second experiment, with heating, revealed a different reaction pattern, as there 

were multiple peaks arising in the radio-TLC chromatogram. Looking at the cold 

experiments with the benzene-analogues, presented in Section 3.5, we also observed 

multiple components in the TLC- and NMR-analyses when the reaction mixture was 

heated. It thus seems that elevating the temperature is not a suitable alternative for this 

strategy, although this needs to be explored further.  

A third experiment was performed, using a fresh batch of solid-supported FOSi-

precursor 131, and the solvent was azeotropically dried four times. The reaction 

mixture was heated at 50 ºC for 30 min, and in this case only one product peak 
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(Rf = 0.87) was arising in the radio-TLC chromatogram (Figure 52). This peak had a 

higher Rf-value than previous experiments, however, this analysis was performed on a 

different TLC-plate with a different eluent system.  

 

Figure 52. Radio-TLC of third experiment after stirring at 50 ºC for 30 min. 

Continuous stirring at 50 ºC (60 min total) still revealed only one, single product peak 

(Rf = 0.88), as observed in the radio-TLC chromatogram after 30 min (Figure 53).  

 

Figure 53. Radio-TLC of third experiment after stirring at 50 ºC for 60 min. 
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These initial results are promising, but not conclusive, as we have not been able to 

characterize the product peak. Nevertheless, observing only one product peak in the 

first and third experiment holds promise that this method could yield tracers of high 

SAs, given that optimized reaction conditions can be identified, thus further studies of 

reaction conditions and automation are imminent. It is important to note that for this 

strategy it is not crucial that the conversion rate is as fast as for other direct fluorination 

methods, because in the FOSi-method, all that is labeled and cleaved off from the resin 

is ready-to-use and what remains unreacted is attached to the resin and can in principle 

be used again in another experiment.  
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4. Conclusions and future work 

Positron emission tomography (PET) offers a non-invasive and quantitative imaging 

modality for investigating biological processes, and is, together with SPECT, the most 

sensitive imaging modality used to diagnose and monitor diseases. To achieve the 

desired selectivity and sensitivity, the field depends on access to radiotracers and 

methods for their synthesis. 

In order to facilitate PET imaging of immune responses by our collaborators, three 

precursors for Granzyme B (GzmB)-targeted imaging were prepared in this work. 

NOTA-GzmB was already an established tracer for cancer treatment response, which 

we have successfully re-synthesized and characterized. In addition to this, two new 

tracers were synthesized, bearing different chelating groups; NODAGA-GzmB and 

DOTA-GzmB (prepared by Dr. Markus Baumann). 

The concept of immobilizing aryl silyl ethers onto a solid support and then cleaving 

the silicon-oxygen bond by fluorine to release fluorosilanes has been explored, and 

selective cleavage at room temperature confirmed by 1H-NMR and GC-MS analyses. 

In addition, 18F-fluorination of a solid-supported test compounds has been performed 

with promising, yet not conclusive results. Our preliminary experiments indicate that 

the FOSi-method is not amenable to elevated reaction temperatures, as we observed 

formation of multiple fluorine-containing compounds when experiments were 

performed at 70 ºC, both under cold and hot conditions. 

Further, suitable methods to prepare a wide range of aryl silyl ethers have been 

identified, and the products of these efforts can be used further in systematic studies to 

develop the concept further and test the scope. A number of the synthesized silyl ethers 

have been fluorinated to produce fluorosilanes, and these experiments have revealed 

large variation in reactivity. The rate and outcome of fluorination reactions were clearly 

highly dependent on the substitution pattern on the silicon atom, presence and nature 

of substituents in para-position to the silyl group and also on the presence or absence 

of methyl groups on the aromatic ring ortho to the silyl group.  
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While this work provides the initial proof-of-concept for the FOSi-method, there are 

still many aspects that need to be explored further. Multiple variables can be altered in 

the hot fluorinations, as we have only begun to touch the surface of what is possible in 

these experiments. The amount of solvent used can influence the rate of the reaction, 

and it is also necessary to establish how tolerant the method is to the presence of water. 

The time and temperature has also been shown to play a crucial role in the rate and the 

formation of side-products. Other than that, different solvents should be tested, as well 

as addition of acidic additives (most commonly AcOH). 

The FOSi-method currently involves breaking of Si-O bonds, however, it would also 

be interesting to investigate other types of linkers that could work on a solid support. 

The possibility of breaking other silicon-heteroatom bonds is an appealing path to 

follow.  

The field of radiolabeling, and especially fluorination of organosilicons is in rapid 

development, with SiFA-analogues in clinical trials, and new directions for labeling 

precursors such as HetSiFA117 and SiFA-radiohybrid ligands (theranostics)118. In 

addition to this, the principle of immobilizing tracers on a solid support and cleaving 

off a radiotracer is only at the beginning, with the publication in 2022 by 

Steffann et al.126 marking a potential new era for solid-supported radiolabeling. 
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5. Experimental 

5.1 General 

All reactants, reagents and solvents were obtained from Sigma-Aldrich and were used 

as received unless otherwise is stated. Solid-phase syntheses were performed using a 

H-Asp(OtBu)-H NovaSyn® TG Resin provided by Merck Millipore using 10 or 30 mL 

reactor vials (Biotage). 2-S-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-

triacetic acid (p-SCN-Bn-NOTA), 2-S-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraaza-

cyclododecane tetraacetic acid (p-SCN-Bn-DOTA) and 2-[1,4,7-Triazacyclononan-1-

yl-4,7-bis(tBu-ester)]-1,5-pentanedioic acid (NODAGA tris-tBu ester) was purchased 

from Macrocyclics. All moisture-sensitive reactions were carried out under argon 

atmosphere using overnight oven-dried equipment (130 ºC) that was cooled down 

under vacuum and purged with argon prior to use.  

Dry THF, hexane and CH2Cl2 were obtained from an anhydrous solvent delivery 

system (SPS-800 system from M. Braun GmbH, Garching, Germany) and stored under 

argon in a Schlenk flask. 

Peptide syntheses were carried out on a Biotage Initiator+ Alstra microwave peptide 

synthesizer. 

Thin layer chromatography (TLC) analyses were performed on aluminium sheets 

coated with Merck TLC silica gel (60 F254) and visualization was achieved by using 

ultraviolet light (254 nm). 

Flash column chromatography was performed either manually using silica gel from 

Merck (Silica gel 60, 0.040–0.063 mm) or on a PuriFlash XS 420 system (Interchim, 

Montlucon Cedex, France) using pre-packed columns as specified for each compound.  

Preparative high-performance liquid chromatography (HPLC) was performed on a 

Thermo 321 multisolvent pump with an UltiMate 3000 variable wavelength detector 

using an XBridgeTM Prep C18 OBS (19 x 250 mm, 5 m) column from Waters using 

mixtures of acetonitrile and MilliQ water (both containing 0.1% TFA) as eluent.  
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Analytical HPLC was performed on a 1290 Infinity II Flexible pump with a 1260 

Infinity II DAD WR detector using a ZORBAX RRHD Eclipse plus 300-SB C18 (50 

x 2.1 mm, 300 Å, 1.8 μm) column with mixtures of acetonitrile and MilliQ water (both 

containing 0.1% TFA) as eluent. 

Low resolution mass spectra (LRMS) were obtained on an Agilent 6420A triple 

quadrupole (QqQ configuration) mass analyzer by direct infusion using electron-spray 

ionization (ESI) in positive or negative mode with an ionization potential varying from 

70-135 V. High-resolution mass spectra (HRMS) were recorded with an AccuTOFTM 

mass spectrometer operated with an orthogonal electrospray ionization (ESI) source, 

an orthogonal accelerated time of flight (TOF), single stage reflectron mass analyzer 

and a dual micro channel plate (MCP) detector. 

NMR spectra were recorded using either a Bruker BioSpin AV500, AV600 or a Bruker 

BioSpin Ascend spectrometer operating at 850 MHz with an inverse-detected triple 

resonance (TCI) cryoprobe for 1H NMR and 2D NMR spectra of the final compounds. 

1H and 13C chemical shifts (δ) are reported in ppm with reference to the solvent residual 

peak (CDCl3: δH 7.26 and δC 77.16; (CD3)2SO: δH 2.50 and δC 39.98). All coupling 

constants are given in Hz. 

5.2 Experimental procedures 

β-Ala-Gly-Gly-Ile-Glu-Phe-Asp-H (AβGGIEFD-H) 

 

Peptide synthesis: A preloaded peptide aldehyde resin (H-Asp(Ot-Bu))-H NovaSyn TG 

Resin (356 mg, loading: 0.20 mmol/g) was loaded into a reactor vial (30 mL) for 

automated SPPS and allowed to swell in DMF at 70 ºC for 20 min. Each of the amino 
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acids (3 eq.) were coupled to the resin using HCTU (2.8 eq.) and DIPEA (6 eq.) at 70 

ºC for 5 min. All couplings were repeated twice. Fmoc-deprotection was facilitated 

using 20% piperidine in DMF at rt for 10 min. Pre-cleavage wash was performed using 

CH2Cl2. Before cleaving the peptide from the resin, the crude product was dried under 

high vacuum for at least 30 min. 

Test-cleavage: A small amount of resin (approx. 10 mg) was subjected to treatment 

with TFA (2 x 10 min), washing with CH2Cl2 (5 x 15 mL) then cleaving the peptide 

from resin with AcOH/H2O/CH2Cl2/MeOH (10:5:63:21, 3 x 5 mL for 30 min). The 

combined filtrates were concentrated under reduced pressure analyzed by MS. 

LRMS (ESI+): (m/z) [M+H]+ calcd for C31H45N7O11
+: 692.3, found: 692.2, (m/z) 

[M+H2O+H]+ calcd for C31H48N7O12
+= 710.3, found: 710.2, (m/z) [M+Na+H]+ calcd 

for C31H46N7NaO11
+= 715.3, found: 715.3, (m/z) [M+2H]2+/2 calcd = 347.1, found: 

347.1. 

NOTA-GzmB 

 

Resin bound AβGGIEFD-H (89 mg resin, 0.0139 mmol) was swelled in freshly 

degassed DMSO (1 mL) for 1 h. p-SCN-Bn-NOTA (8.6 mg, 0.0154 mmol, 1.1 eq.) 

was dissolved in freshly degassed DMSO (1 mL) and DIPEA (8 L, 0.042 mmol, 3 

eq.) were added to the swelled resin and the reaction vessel was shaken at rt under 

argon and protected from light overnight. The reaction vessel was drained, the resin 

was washed with CH2Cl2 (5 x 5 mL) and dried under vacuum. For cleavage the dried 

resin was treated with TFA (2 x 5 mL, 10 min), washed with CH2Cl2 (5 x 5 mL), and 

treated with AcOH/H2O/CH2Cl2/MeOH (10:5:63:21, 3 x 5 mL, 30 min). The fractions 
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were concentrated under reduced pressure to give the crude product (7.0 mg). This 

material was purified by semi-preparative HPLC to give the title compound as a 

colorless fluffy solid (3.3 mg, 21%). HRMS (ESI+): (m/z) [M+H]+ calcd for 

C51H72N11O17S+: 1142.4823, found:1142.4820, (m/z) [M+2H]2+/2 calcd = 571.7401, 

found: 571.7610; HPLC Purity: 97.6% (UV 206 nm).  

DOTA-GzmB 

 

This material was prepared by Dr. Markus Baumann following a similar procedure as 

described for NOTA-GzmB. 

LRMS (ESI+): (m/z) [M+H]+ calcd for C55H79N12O19S+: 1243.5, found:1243.4, (m/z) 

[M+2H]2+/2 calcd = 622.3, found: 622.3; HPLC Purity: 91.0%. 

NODAGA-GzmB 

 

Resin bound AβGGIEFD-H (73.9 mg resin, 0.0116 mmol) was swelled in dry DMF 

(1 mL). In a separate vial, NODAGA-tris(t-Bu) ester (19 mg, 0.0349 mmol, 3 eq.) and 

HCTU (13.5 mg, 0.0326 mmol, 2.8 eq.) were dissolved in dry DMF (1 mL) and DIPEA 

(13 L, 0.070 mmol, 6 eq.) was added and the mixture was stirred for 30 min at rt 



123 

 

before it was added to the resin and shaken at rt under argon overnight. The vessel was 

drained, and the resin was washed with DMF (5 x 5 mL), CH2Cl2 (5 x 5 mL) and dried 

under high vacuum. 

Cleavage from resin: 

The dried resin was treated with TFA (3 h), washed with CH2Cl2 and treated with 

AcOH/H2O/CH2Cl2/MeOH (10:5:63:21, 3 x 5 mL, 30 min). The fractions were 

concentrated under reduced pressure to give the crude mixture (8.8 mg). The crude 

mixture from synthesis of NODAGA-GzmB was purified by semi-preparative HPLC 

to give the title compounds as a colorless fluffy solid (1.5 mg, 22%). LRMS (ESI+): 

(m/z) [M+H]+ calcd for C46H69N10O18
+: 1049.4, found: 1049.4, (m/z) [M+2H]2+/2 calcd 

= 525.2, found: 525.2; HPLC Purity: 95.7% (UV = 209 nm).  

 

4-(Di-tert-butylsilyl)benzaldehyde (5)  

 

Method starting from acetal protected aldehyde: To a stirring solution of 

4-bromobenzadehyde diethyl acetal (0.25 mL, 1.23 mmol) in dry THF (3 mL) cooled 

to −78 ºC, n-BuLi (2.5 M in hexanes, 0.35 mL, 0.75 mmol) was added dropwise over 

5 min and the mixture was stirred for 30 min before another aliquot of n-BuLi (2.5 M 

in hexanes, 0.35 mL, 0.75 mmol) was added dropwise. After another 30 min of stirring 

at −78 ºC, di-tert-butylchlorosilane (0.85 mL, 4.20 mmol) was added dropwise and 

stirring continued for 2 h. The mixture was allowed to warm to rt and stirred overnight. 

The reaction mixture was poured into a solution of NaHCO3 (0.3 M, 10 mL) and the 

two layers were separated. The aqueous layer was extracted with CH2Cl2 (10 mL), and 

the organic layers were combined, washed with saturated NaCl (20 mL), and dried over 

MgSO4. The solvent was removed in vacuo and the residue was purified by flash 

chromatography (silica gel, hexane/EtOAc 40:1) to yield silane 5 (187 mg, 62%) as a 

colorless oil.  
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Rf = 0.66 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3):  =  (s, 

1H)  (d, 2H, J = 7.5), 7.76 (d, 2H, J = 7.5), 3.92 (s, 1H), 1.06 (s, 18H); 13C NMR 

(125 MHz, CDCl3):  = 192.7, 144.6, 136.7, 136.4, 128.5, 28.8, 19.2. The analytical 

data were in accordance with those reported previously.114 

Method oxidizing silane 22: 4-(di-tert-butylsilyl)-benzyl alcohol (22) (340 mg, 

1.36 mmol) was dissolved in dry CH2Cl2 (5 mL) and added to a suspension of activated 

MnO2 (1.06 g, 13.6 mmol) in dry CH2Cl2 (10 mL) under argon atmosphere. The 

suspension was stirred at rt overnight. The black residue was filtered through a pad of 

Celite and washed thoroughly with CH2Cl2. The filtrate was concentrated in vacuo to 

give 5 (338 mg, quant.) as a colorless oil which required no further purification before 

performing the next step.  

(4-(1,3-Dioxolan-2-yl)phenyl)di-tert-butylsilane (10) 

 

A stirring solution of 2-(4-bromophenyl)-1,3-dioxolane (250 mg, 1.09 mmol) in dry 

THF (5 mL) was cooled to −78 ºC and n-BuLi (2.2 M in hexanes, 0.6 mL, 1.31 mmol) 

was added dropwise over 5 min and the mixture was stirred for 1 h. Di-tert-

butylchlorosilane (0.26 mL, 1.31 mmol) was added and stirring continued for 2 h at 

−78 ºC before the mixture was allowed to warm to rt and stirred overnight. Saturated 

aqueous NaHCO3 (3 mL) was added to quench the reaction and the two layers were 

separated. The aqueous layer was extracted with CH2Cl2 (3 x 5 mL), and the organic 

layers were combined, washed with water (10 mL), and dried over MgSO4. The 

solvents were removed in vacuo and the residue was purified by flash chromatography 

(silica gel deactivated by 3% TEA, hexane/EtOAc 30:1) to yield 10 (130 mg, 41%) as 

a colorless oil.  
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1H NMR (500 MHz, CDCl3):  = 7.60 (d, J = 8.0, 2H), 7.45 (d, J = 8.0, 2H), 5.80 (s, 

1H), 4.16-4.05 (m, 4H), 3.88 (s, 1H), 1.04 (s, 18H); 13C NMR (125 MHz, CDCl3):  = 

138.4, 137.0, 136.0, 125.6, 104.0, 65.5, 29.0, 19.1.  

 

(4-(1,3-Dioxolan-2-yl)phenyl)di-tert-butylchlorosilane (11) 

 

A stirring solution of 2-(4-bromophenyl)-1,3-dioxolane (229 mg, 1.00 mmol) in dry 

THF (3 mL) was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 0.45 mL, 1.2 mmol) 

was added dropwise over 5 min and the mixture was stirred for 1 h. The resulting 

suspension was added dropwise via syringe over a period of 20 min to a cooled 

(−78 ºC) and stirring solution of di-tert-butyldichlorosilane (0.53 mL, 2.50 mmol) in 

dry THF (2 mL). The resulting mixture was stirred for 1 h at −78 ºC and then allowed 

to warm to rt and stirring continued over night. The solvents were removed in vacuo, 

and the residue was suspended in hexane/ethyl acetate (approx. 9:1) and the precipitate 

was filtered off. The solvents were removed in vacuo and the resulting liquid 

containing a mixture of 11 and n-butylated side-product 12 (6:4, 391 mg) was used in 

the next reaction without further purification. NMR analysis shows some chlorosilane-

impurities (too high integral at 1.18 ppm). 

1H NMR (500 MHz, CDCl3): δ = 7.49 (d, J = 8.2, 2H), 7.41 – 7.36 (m, 2H), 5.83 (s, 

1H), 4.15 – 4.02 (m, 4H), 1.18 (s, 18H); 13C NMR (126 MHz, CDCl3): δ = 138.1, 135.3, 

129.3, 128.5, 126.6, 103.9, 65.4, 27.0, 24.8. 
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Di-tert-butylchloro(4-(diethoxymethyl)phenyl)silane (13)191  

 

A solution of 4-bromobenzadehyde diethyl acetal (0.35 mL, 1.65 mmol) in dry THF 

(2 mL) was added slowly (over 20 min) to a suspension of magnesium lumps (45 mg, 

1.72 mmol, activated by addition of an iodine crystal) in dry THF (3 mL). The mixture 

was stirred for 2 h, then heated to reflux for 2 h and then left to stir at rt overnight. The 

resulting mixture was slowly added (over 20 min) to a solution of 4-bromobenzadehyde 

diethyl acetal (0.50 mL, 2.37 mmol) in THF (3 mL) via syringe. The resulting mixture 

was heated at reflux for 4 h. After cooling to rt, the solvent was removed in vacuo and 

the yellow, oily residue was redissolved in hexane. The solution was filtered and 

washed three times with hexane. The combined hexane solutions were concentrated in 

vacuo. The crude product containing 13 (671 mg) has not been purified. The NMR 

analyses show that the crude product contains minor impurities (aliphatic and aromatic 

area).  

1H NMR (500 MHz, CDCl3): δ = 7.48 (d, J = 8.4, 2H), 7.35 (d, J = 8.4, 2H), 5.51 (s, 

1H), 3.63 – 3.51 (m, 6H), 1.27 – 1.25 (m, 4H) 1.16 (s, 18H); 13C NMR (126 MHz, 

CDCl3): δ = 139.2, 128.3, 126.8, 116.1, 101.7, 61.2, 58.7, 27.0, 24.8, 18.5, 15.3. 

((4-(Di-tert-butylsilyl)phenyl)ethynyl)trimethylsilane (14) 

 

A stirring solution of ((4-bromophenyl)ethynyl)trimethylsilane (208 mg, 0.82 mmol) 

in dry THF (3 mL) was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 0.45 mL, 
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0.99 mmol) was added dropwise over 5 min and the mixture was stirred for 1 h. Di-

tert-butylchlorosilane (0.50 mL, 2.47 mmol) was added dropwise and stirring 

continued for 2 h. The mixture was allowed to warm to rt and stirred overnight. The 

solvent was removed in vacuo and the residue was resuspended in hexane, filtered and 

the filtrate was reduced to a colorless oil in vacuo. The crude product containing 14 

(320 mg) was used further without purification. 

1H NMR (500 MHz, CDCl3): δ = 7.50 – 7.42 (m, 2H), 7.34 – 7.29 (m, 2H), 4.23 (s, 

1H), 1.09 (s, 17H), 0.26 – 0.24 (m, 9H). 

Di-tert-butylchloro(4-((trimethylsilyl)ethynyl)phenyl)silane (15) 

 

Method using n-BuLi: A stirring solution of ((4-bromophenyl)ethynyl)trimethylsilane 

(270 mg, 1.06 mmol) in dry THF (4 mL) was cooled to −78 ºC and n-BuLi (2.5 M in 

hexanes, 0.53 mL, 1.20 mmol) was added dropwise over 5 min and the mixture was 

stirred for 1 h. The resulting suspension was added dropwise via syringe over a period 

of 20 min to a cooled and stirring solution (−78 ºC) of di-tert-butyldichlorosilane 

(0.53 mL, 2.50 mmol) in dry THF (2 mL). The resulting mixture was stirred for 1 h at 

−78 ºC and then allowed to warm to rt and stirring continued over night. The solvents 

were removed in vacuo, and the residue was suspended in hexane, filtered and the 

filtrate was reduced to a colorless oil in vacuo. The crude product containing 15 

(346 mg) was used further without purification. NMR analysis shows some 

chlorosilane-impurities (too high integral at 1.17 ppm). 

1H NMR (500 MHz, CDCl3): δ = 7.52 – 7.43 (m, 2H), 7.31 – 7.26 (m, 2H), 1.17 (s, 

18H), 0.26 (s, 9H); 13C NMR (126 MHz, CDCl3): δ = 133.2, 132.1, 131.2, 128.6, 128.3, 

123.3, 105.3, 94.2, 27.0, 24.9, 0.1. 
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Grignard reaction: A solution of ((4-bromophenyl)ethynyl)trimethylsilane (0.35 mL, 

1.65 mmol) in dry THF (2 mL) was added slowly (over 20 min) to a suspension of 

magnesium lumps (45 mg, 1.72 mmol) in dry THF (3 mL) that had been activated by 

addition of a crystal of iodine. The mixture was stirred for 2 h and subsequently 

refluxed for 2 h. The solution was stirred at rt overnight and the excess magnesium was 

removed. The resulting Grignard-reagent was added slowly (over 20 min) to a solution 

of di-tert-butyldichlorosilane (0.50 mL, 2.37 mmol) in THF (3 mL). The mixture was 

heated at reflux for 4 h and stirred further at rt overnight. The solvent was removed in 

vacuo to give a yellow, oily crude product. The crude product containing 15 (644 mg) 

was not purified. 

1-Bromo-4-ethynylbenzene (17) 

 

To a stirring solution of ((4-bromophenyl)ethynyl)trimethylsilane (519 mg, 2.1 mmol) 

in dry MeOH (10 mL) was added anhydrous K2CO3 (903 mg, 6.0 mmol). The solution 

was stirred at rt overnight and then poured into water (20 mL). The aqueous layer was 

extracted with CH2Cl2 (3 x 15 mL), and the combined organic layers were washed with 

sat. aq. NaCl (2 x 20 mL). Combined organic layers were dried over MgSO4 and the 

solvent was removed in vacuo. No further purification was necessary to afford 17 

(318 mg, 86%) as off-white crystals in high purity.  

Rf = 0.36 (hexane); 1H NMR (500 MHz, CDCl3): δ = 7.46 (d, J = 8.8, 2H), 7.35 (d, J = 

8.5, 2H), 3.12 (s, 1H); 13C NMR (125 MHz, CDCl3): δ = 133.7, 131.8, 123.3, 121.2, 

82.7, 78.5. The analytical data were in accordance with those reported.209 
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Di-tert-butyl(4-ethynylphenyl)silane (18)210 

 

To a stirring solution of 4-(di-tert-butylsilyl)benzaldehyde (5) (115 mg, 0.46 mmol) in 

dry MeOH (4 mL) under argon atmosphere, anhydrous K2CO3 (141 mg, 1.1 mmol) 

was added. Bestmann-Ohira reagent (20) (1.52 g, 0.79 mmol) was dissolved in dry 

MeOH (1 mL) and added dropwise to the suspension over 5 min, upon which the 

mixture turned yellow. The reaction was monitored by TLC to full conversion of 

starting material (3.5 h). The reaction mixture was separated between Et2O (10 mL) 

and 5% aq. NaHCO3 (10 mL). The aqueous layer was extracted with Et2O (10 mL x 

3). The combined organic layers were dried over MgSO4, and the solvents were 

evaporated in vacuo to give the crude mixture (228 mg) as a light-yellow oil. The crude 

mixture was purified by flash chromatography (hexane/EtOAc, 9:1) to give 18 (84 mg, 

75%) as a colorless oil.  

Rf = 0.70 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3):  =  (d, J = 8.2, 

2H)  (d, J = 8.2, 2H) 3.86 (s, 1H), 3.10 (s, 1H), 1.04 (s, 18H); 13C NMR (125 

MHz, CDCl3):  = 137.1, 135.8, 131.1, 122.7, 83.9, 77.9, 29.0, 19.2. 

Bestmann-Ohira reagent (20) 

 

Sodium hydride (60% in mineral oil, 110 mg, 4.6 mmol) was suspended in a mixture 

of dry toluene (16 mL) and dry THF (3 mL) under argon and cooled to 0 ºC in an ice 

bath. A solution of dimethyl 2-oxopropylphosphonate (0.68 mL, 4.8 mmol) in dry 

toluene (4 mL) was added in small portions over 5 min. The mixture was then stirred 

at rt for 1 h before 4-acetamidobenzenesulfonyl azide (1.153 g, 4.8 mmol) dissolved in 
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dry THF (3 mL) was added dropwise to the suspension, upon which it turned yellow. 

The reaction mixture was stirred at rt overnight. The mixture was filtered through a 

short pad of Celite, and the Celite was washed thoroughly with Et2O. The filtrate was 

concentrated in vacuo to give the crude product as a yellow liquid. Purification by flash 

chromatography (100% EtOAc) gave 20 (582 mg, 66%) as a yellow oil. 

Rf = 0.28 (EtOAc); 1H NMR (500 MHz, CDCl3):  = 3.77 (s, 3H), 3.75 (s, 3H), 2.28 

(3H, s); 13C NMR (125 MHz, CDCl3):  = 189.8 (d, J = 13.0), 53.5 (d, J = 5.6), 27.1. 

The analytical data was in accordance with those reported.193 The signal for C1 is not 

visible in the 13C spectrum. 

4-(Di-tert-butylsilyl)phenyl)methanol (22) 

 

Method in one step: A stirring solution of 4-bromobenzyl alcohol (1.022 g, 5.46 mmol) 

in dry THF (20 mL) was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 5.3 mL, 

13.38 mmol) was added dropwise over 10 min and the mixture was stirred for 1 h. Di-

tert-butylchlorosilane (1.3 mL, 6.42 mmol) was added dropwise and stirring continued 

for 1 h at −78 ºC before the mixture was allowed to warm to rt and stirred overnight. 

The reaction was quenched with saturated NaHCO3 (50 mL), and the organic layer 

was separated. The aqueous phase was extracted with EtOAc (3 x 60 mL), and the 

combined organic layers were washed with water (70 mL), saturated NaCl (70 mL) and 

dried over MgSO4. The solvents were removed in vacuo and the residue was purified 

by flash chromatography (hexane/EtOAc, 4:1) to give 22 (0.480 g, 37%) as white 

crystals. 

1H NMR (500 MHz, CDCl3): δ = 7.58 (d, 2H, J = 8.0), 7.34 (d, 2H, J = 8.0), 4.71 (d, 

J = 8.2, 2H), 3.86 (s, 1H), 1.65 (t, J = 6.0, 1H), 1.04 (s, 18H); 13C NMR (125 MHz, 

CDCl3):  = 141.6, 136.2, 135.0, 126.2, 65.5, 29.1, 19.2. 
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Method in two steps:194 To a stirring suspension of sodium hydride (60% dispersion in 

mineral oil, 121 mg, 2.94 mmol) in THF (10 mL) was added a solution of 

4-bromobenzylalcohol (491 mg, 2.62 mmol) in THF (1 mL). The mixture was heated 

to 45 °C for 3 h and then cooled to −78 ºC, and n-BuLi (2.2 M in hexanes, 1.4 mL, 

2.94 mmol) was added dropwise to the suspension, after which stirring was continued 

for 30 min at −78 ºC. Di-tert-butylchlorosilane (0.60 mL, 2.94 mmol) was added, and 

the mixture was stirred for 30 min before it was allowed to warm to rt and stirred 

overnight. The pH of the reaction mixture was adjusted to 5 by addition of 0.1 M aq. 

KHSO4, layers were separated, and the aqueous layer was extracted with CH2Cl2 (3 x 

20 mL). The combined organic layers were washed with water (10 mL), saturated NaCl 

(10 mL), then dried over Na2SO4, filtered, and concentrated in vacuo to obtain the crude 

product as a light yellow oil (897 mg). Purification by flash chromatography (silica gel, 

hexane/EtOAc 4:1) provided 22 (128 mg, 20%) as a colorless oil.  

(4-(Azidomethyl)phenyl)di-tert-butylsilane (25) 

 

To a stirring solution of 4-(di-tert-butylsilyl)-benzyl alcohol (22) (101 mg, 0.40 mmol) 

in dry DMF (2 mL), DBU (0.12 mL, 0.80 mmol) and DPPA (0.18 mL, 0.80 mmol) 

were added. The reaction mixture was stirred at rt overnight, and then extracted with 

pentane (5 x 10 mL). The organic layers were combined and the solvent was evaporated 

in vacuo to give 25 (88 mg, 80%) as a colourless oil.  

1H NMR (500 MHz, CDCl3): δ = 7.60 (d, J = 8.0, 2H), 7.27 (d, J = 8.0, 2H), 4.36 (s, 

2H), 3.88 (s, 1H), 1.05 (s, 18H); 13C NMR (125 MHz, CDCl3):  = 136.4, 136.2, 135.9, 

127.3, 55.0, 29.0, 19.2. The analytical data were in accordance with those reported.112 
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2-(4-Bromophenethoxy)tetrahydro-2H-pyran (31)107  

 

To a solution of 2-(4-bromophenyl)ethan-1-ol (0.70 mL, 4.97 mmol) in CH2Cl2 

(20 mL), DHP (3.2 mL, 34.8 mmol) and pyridinium para-toluenesulfonate (22 mg, 

0.08 mmol) were added. After stirring at rt overnight the mixture was washed with 

saturated NaHCO3 (20 mL), saturated NaCl (20 mL) and dried over MgSO4. The 

solvent was removed in vacuo to give 31 (1.704 g) as a colorless liquid, which was 

used in the next step without further purification.  

1H NMR (500 MHz, CDCl3): δ = 7.39 (d, J = 8.3, 2H), 7.11 (d, J = 8.3, 2H), 4.59 – 

4.54 (m, 1H), 3.94 – 3.89 (m, 1H), 3.73 (ddd, J = 11.2, 8.6, 3.2, 1H), 3.58 (dt, J = 9.7, 

6.9, 1H), 3.47 – 3.43 (m, z1H), 2.85 (t, J = 7.0, 2H), 1.83 – 1.75 (m, 1H), 1.71 – 1.65 

(m, 1H), 1.58 – 1.46 (m, 5H); 13C NMR (126 MHz, CDCl3): δ = 138.4, 131.4, 130.9, 

120.1, 98.8, 67.9, 62.3, 35.9, 30.7, 25.5, 19.6. The analytical data were in accordance 

with those reported.211  

2-(4-(Diisopropylsilyl)phenyl)ethan-1-ol (33)105 

 

Step 1: A stirring solution of bromide 31 (1.010 g, 2.92 mmol) in dry THF (15 mL) 

was cooled to −78 ºC and n-BuLi (1.6 M in hexanes, 12.7 mL, 4.30 mmol) was added 

dropwise over 5 min and the mixture was stirred for 1 h at −78 ºC. 

Diisopropylchlorosilane (0.72 mL, 4.21 mmol) was added, and the mixture was 

allowed to warm to rt and stirred overnight. The reaction was quenched by addition of 

saturated NaHCO3 (15 mL) and extracted with EtOAc (2 x 15 mL). The combined 

organic layers were washed with saturated NaCl (2 x 20 mL) and dried over MgSO4. 
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The solvents were removed in vacuo and the colorless, oily residue containing THP-

ether 32 (1.324 g) which was used in the next step without further purification.  

Step 2: Para-toluenesulfonic acid (491 mg, 2.85 mmol) was added to THP-ether 32 

(913 mg, 2.85 mmol) in EtOH (30 mL) and stirred at rt for 2 h. The reaction mixture 

was then poured into saturated NaHCO3 (15 mL) and extracted with CH2Cl2 (3 x 

50 mL). The combined organic extracts were washed with saturated NaCl (2 x 100 mL) 

and dried over MgSO4. Evaporation of the solvent in vacuo gave the crude product 

(1.408 g) which was purified by flash chromatography (hexane/EtOAc 4:1) to give 

alcohol 33 (315 mg, 47% over two steps, containing 35% of n-butyl side-product 38) 

as a colorless oil.  

Rf = 0.20 (hexane/EtOAc, 4:1); 
1H NMR (500 MHz, CDCl3): δ = 7.47 (d, J = 8.0, 2H), 

7.22 (d, J = 7.9, 2H), 3.94 (s, 1H), 3.88 (s, 2H), 2.87 (s, 2H), 1.52 (bs, 1H), 1.25 – 1.19 

(m, 2H), 1.07 (d, J = 7.3, 6H), 1.00 (d, J = 7.3, 6H); 13C NMR (126 MHz, CDCl3): δ = 

139.5, 135.9, 132.0, 128.5, 63.7, 39.4, 18.8, 18.6, 10.9. The analytical data were in 

accordance with those previously reported.105 

2-(2-(4-Bromophenoxy)ethoxy)tetrahydro-2H-pyran (35) 

 

4-Bromophenol (998.7 mg, 5.78 mmol) was dissolved in (CH3)2SO (15 mL) and KOH 

(1.483 g, 26.0 mmol) was added. After 5 min of stirring, 2-(2-bromopropoxy)-

tetrahydro-2H-pyran (1.3 mL, 8.67 mmol) was added. The reaction mixture was stirred 

at rt overnight and then partitioned between water (100 mL) and CH2Cl2 (100 mL). The 

aqueous layer was extracted with CH2Cl2 (2 x 50 mL) and the combined organic layers 

were washed with saturated NaCl (3 x 100 mL), dried over MgSO4.The solvents were 

removed in vacuo and the residue was purified by flash chromatography (silica gel 

deactivated by 3% TEA, hexane/EtOAc 4:1. Removal of the solvent under reduced 

pressure gave 35 as a colorless oil (1.105 g, 65%).  
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Rf = 0.33 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ 7.36 (d, J = 9.0, 2H), 

6.81 (d, J = 9.0, 2H), 4.71 – 4.67 (m, 1H), 4.13 – 4.10 (m, 2H), 4.06 – 4.02 (m, 1H), 

3.89 (td, J = 8.1, 4.1, 1H), 3.82 – 3.77 (m, 1H), 3.54 – 3.50 (m, 1H), 1.87 – 1.79 (m, 

1H), 1.77 – 1.70 (m, 1H), 1.65 – 1.50 (m, 4H); 13C NMR (126 MHz, CDCl3): δ = 158.2, 

132.3, 116.7, 113.1, 99.2, 67.8, 65.9, 62.3, 30.6, 25.5, 19.5; HRMS (ESI+): m/z 

[M+Na]+ calcd for C13H17BrNaO3
+: 323.0253/325.0233, found 323.0253/325.0233, 

m/z [2M+Na]+ calcd for C26H34Br2NaO6
+: 625.0594, found 625.0588.  

2-(4-(Diisopropylsilyl)phenoxy)ethan-1-ol (37) 

 

Step 1: A stirring solution of bromide 35 (530 mg, 1.76 mmol) in dry THF (5 mL) was 

cooled to −78 ºC and n-BuLi (2.0 M in hexanes, 1.8 mL, 3.51 mmol) was added 

dropwise over 5 min and the mixture was stirred for 1 h. Diisopropylchlorosilane 

(0.36 mL, 2.11 mmol) was added, and the mixture was allowed to warm to rt and stirred 

overnight. The reaction was quenched with saturated NaHCO3 (20 mL) and extracted 

with EtOAc (2 x 20 mL). The combined organic layers were washed with saturated 

NaCl (2 x 20 mL) and dried over MgSO4. The solvents were removed in vacuo and the 

residue containing THP-ether 36 (592 mg) was judged to be pure enough to continue 

to the next step without further purification. 

Step 2: To a solution of THP-ether 36 (592 mg, 1.76 mmol) in MeOH (20 mL) was 

added PPTS (53 mg, 0.21 mmol) and the mixture was stirred at rt overnight. The 

resulting mixture was then poured into water (50 mL) and extracted with CH2Cl2 (2 x 

50 mL). The combined organic layers were washed with saturated NaCl (2 x 100 mL) 

and dried over MgSO4. The solvent was removed in vacuo to leave an oily/solid residue 

(412 mg) which was purified by flash chromatography (hexane/EtOAc 4:1) to give 

compound 37 (241 mg, 55%) as a colorless oil.  

Rf = 0.17 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 7.44 (d, J = 8.6, 2H), 

6.92 (d, J = 8.6, 2H), 4.11 – 4.08 (m, 2H), 3.98 – 3.95 (m, 2H), 3.92 (d, J = 3.1, 1H), 
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2.13 (s, 1H), 1.24 – 1.16 (m, 2H), 1.06 (d, J = 7.3, 6H), 0.98 (d, J = 7.3, 6H); 13C NMR 

(126 MHz, CDCl3): δ = 159.7, 137.1, 125.6, 114.2, 69.0, 61.6, 18.8, 18.6, 10.9.  

(4-(Diisopropylsilyl)phenyl)methanol (41)  

 

A stirring solution of 4-bromobenzylalcohol (1.472 g, 7.87 mmol) in dry THF (60 mL) 

was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 6.8 mL, 16.8.0 mmol) was added 

dropwise over 10 min and the mixture was stirred for 1 h. Diisopropylchlorosilane 

(1.64 mL, 9.62 mmol) was added dropwise and stirring continued for 1 h at −78 ºC 

before the mixture was allowed to warm to rt and stirred overnight. The reaction was 

quenched by addition of saturated NaHCO3 (70 mL), and the resulting layers were 

separated. The aqueous layer was extracted with EtOAc (3 x 50 mL), and the combined 

organic layers were washed with water (70 mL), saturated NaCl (70 mL) and dried 

over MgSO4. The solvents were removed in vacuo and the residue was purified by flash 

chromatography (hexane/EtOAc, 4:1) to give 41 (1.424 g, 81%) as a colorless oil.  

Rf = 0.30 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 7.51 (d, J = 8.0, 2H), 

7.35 (d, J = 8.0, 2H), 4.69 (s, 2H), 3.95 (t, J = 3.2, 1H), 1.81 (bs, 1H), 1.27-1.19 (m, 

2H), 1.06 (d, J = 7.3, 6H), 0.99 (d, J = 7.4, 6H); 13C NMR (125 MHz, CDCl3): δ = 

141.7, 136.8, 133.5, 126.2, 65.3, 18.7, 18.5, 10.7. The analytical data were in 

accordance with those previously reported.198 

(4-(Azidomethyl)phenyl)diisopropyl silane (42)  

 

Method A: To a stirring solution of benzyl alcohol 41 (476 mg, 2.14 mmol) in dry DMF 

(5 mL), DBU (0.64 mL, 4.29 mmol) and DPPA (0.96 mL, 4.28) were added and stirring 
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continued at rt overnight. Water (10 mL) was added and the resulting mixture was 

extracted with pentane (3 x 20 mL). The combined organic layers were washed with 

water (30 mL), 5% citric acid (30 mL) and saturated NaCl (30 mL) and dried over 

MgSO4. The solvent was evaporated in vacuo to give the crude product as a yellow oil, 

which was purified by flash chromatography (hexane/EtOAc, 4:1) to give 42 (366 mg, 

77%) as a colorless oil. 

Rf = 0.72 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 7.54 (d, J = 8.0, 2H), 

7.31 (d, J = 8.0, 2H), 4.36 (s, 2H), 3.96 (t, J = 3.2, 1H), 1.28 – 1.20 (m, 2H), 1.08 (d, 

J = 7.4, 6H), 1.00 (d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3): δ = 136.4, 136.1, 

134.6, 127.5, 55.0, 18.8, 18.6, 10.8. The analytical data were in accordance with those 

reported.113 

Method B: To a stirring solution of benzyl alcohol 41 (442 mg, 2.0 mmol) in dry DMF 

(10 mL), DBU (0.6 mL, 4.0 mmol) and DPPA (0.9 mL, 4.0 mmol) were added and 

stirring continued at rt overnight. The reaction mixture was extracted with pentane (5 

x 20 mL), the organic layers were combined, and the solvent was evaporated in vacuo 

to give 42 (272 mg, 55%) as a colorless oil which required no further purification before 

performing the next step. 

4-(Diisopropylsilyl)benzaldehyde (43)  

 

Method using manganese(IV)dioxide:110, 195 (4-(Diisopropylsilyl)phenyl)methanol 

(41) (216 mg, 0.97 mmol) was dissolved in dry CH2Cl2 (4 mL) and added to a 

suspension of activated MnO2 (843 mg, 9.7 mmol) in dry CH2Cl2 (10 mL) under argon 

atmosphere. The suspension was stirred at rt overnight. The black residue was filtered 

through a pad of Celite and the Celite was washed thoroughly with CH2Cl2. The filtrate 

was concentrated in vacuo to give 43 (195 mg, 91%) as a colorless oil which was used 

in the next step without further purification. 
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Rf = 0.59 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3):  = 10.03 (s, 1H), 7.84 

(d, J = 8.0, 2H), 7.69 (d, J = 8.0, 2H), 3.99 (t, J = 3.3, 1H), 1.30 − 1.22 (m, 2H), 1.07 

(d, J = 7.4, 6H), 0.99 (d, J = 7.4, 6H); 13C NMR (125 MHz, CDCl3):  = 192.8, 143.4, 

136.9, 136.1, 128.6, 18.7, 18.5, 10.7. The analytical data were in accordance with those 

reported.110, 195 

Method using Dess-Martin oxidation:212 Dess-Martin periodinane (DMP) (443 mg, 

1.05 mmol) was added to a solution of (4-(diisopropylsilyl)phenyl)methanol (41) 

(155 mg, 0.69 mmol) in dry CH2Cl2 (5 mL) at 0 °C. The reaction mixture was stirred 

at rt overnight and then Et2O (3 mL) was added. The organic layer was washed with 

1.5 M NaOH (10 mL), and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL), 

and the combined organic layers were washed with saturated NaCl (2 x 35 mL), dried 

over MgSO4 and the solvent was removed in vacuo to give the aldehyde 43 (140 mg, 

92%) as a colorless oil which required no further purification.  

Note: These results could not be reproduced.  

 

Ethyl 6-(((4-(azidomethyl)phenyl)diisopropylsilyl)oxy)hexanoate (45)  

 

Azide 42 (272.0 mg, 1.11 mmol) was dissolved in dry CH2Cl2 (18 mL) under argon 

atmosphere. Trichloroisocyanuric acid (89.0 mg, 0.37 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(340 mg, 4.99 mmol) and ethyl 6-hydroxyhexanoate (0.22 L, 1.33 mmol) were added. 

The mixture was allowed to warm to rt and stirring was continued overnight. The 

resulting suspension was separated between CHCl3 (50 mL) and saturated NaCl 

(50 mL), and the organic layer was dried over Na2SO4. The solvents were removed in 

vacuo and the resulting oil was purified by flash chromatography (hexane/EtOAc, 9:1) 

to give 45 (326 mg, 72%) as a colorless oil.  
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Rf = 0.35 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.56 (d, J = 8.0, 2H), 

7.31 (d, J = 8.0, 2H), 4.36 (s, 2H), 4.13 (q, J = 7.1, 2H), 3.75 (t, J = 6.5, 2H), 2.32 (t, J 

= 7.6, 2H), 1.70-1.61 (m, 4H), 1.47-1.40 (m, 2H), 1.28-1.23 (m, 5H), 1.05 (d, J = 7.4, 

6H), 0.99 (d, J = 7.4, 6H); 13C NMR (125 MHz, CDCl3):  = 173.9, 136.4, 135.2, 135.1, 

127.4, 63.8, 60.3, 55.0, 34.5, 32.7, 25.6, 25.0, 17.5, 17.4, 14.4, 12.2; HRMS (ESI+): 

m/z [M+Na]+ calcd for C21H35N3NaO3Si+: 428.2340; found: 428.2340. 

(4-(1,3-Dioxolan-2-yl)phenyl)di-tert-butylsilane (10) 

 

A stirring solution of 2-(4-bromophenyl)-1,3-dioxolane (250 mg, 1.09 mmol) in dry 

THF (2.5 mL) was cooled to −78 ºC and n-BuLi (2.2 M in hexanes, 1.1 mL, 2.18 mmol) 

was added dropwise over 5 min and the mixture was stirred for 30 min. 

Diisopropylchlorosilane (0.21 mL, 1.20 mmol) was added and stirring continued for 

2 h at −78 ºC before the mixture was allowed to warm to rt and stirred overnight. 

Saturated aqueous NaHCO3 (3 mL) was added to quench the reaction and the two layers 

were separated. The aqueous layer was extracted with EtOAc (3 x 15 mL), and the 

organic layers were combined, washed with saturated NaCl (10 mL), and dried over 

MgSO4. The solvents were removed in vacuo and the residue was purified by flash 

chromatography (silica gel deactivated by 3% TEA, hexane/EtOAc 9:1. Removal of 

the solvent under reduced pressure gave a colorless oil (101 mg) of a mixture of 46 and 

the n-butylated side-product 47. The ratio between 46 and 47 was approx. 7:3. The 

calculated yield for 46 was 25%. 

1H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 8.1, 2H), 7.46 (d, J = 8.1, 2H), 5.81 (s, 1H), 

4.17 – 4.12 (m, 2H), 4.06 – 4.03 (m, 2H), 3.95 (t, J = 3.2, 1H), 1.25 – 1.19 (m, 2H), 

1.06 (d, J = 7.4, 6H), 0.98 (d, J = 7.3, 6H); 13C NMR (126 MHz, CDCl3): δ = 138.7, 

135.7, 125.8, 103.9, 65.4, 18.7, 18.5, 10.8. 
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(4-Ethynylphenyl)diisopropyl(methoxy)silane (49)  

 

Silane 41 (303 mg, 1.35 mmol) was dissolved in anhydrous THF (20 mL) and activated 

MnO2 (587 mg, 6.75 mmol) was added. The suspension was stirred at rt for 4 h. 

Anhydrous MeOH (18 mL) was added and anhydrous K2CO3 (373 mg, 2.70 mmol) 

was added. Bestmann-Ohira’s reagent 20 (311 mg, 1.62 mmol) was dissolved in 

anhydrous MeOH (2 mL) and added drop-wise to the suspension over 5 minutes. The 

mixture was stirred at rt overnight and then filtered through a pad of Celite and washed 

thoroughly with CH2Cl2. The organic solvents were removed in vacuo and the residue 

was dissolved in CH2Cl2 (30 mL) and washed with 5% NaHCO3 (30 mL), saturated 

NaCl (30 mL) dried over MgSO4. The solvent was evaporated in vacuo to give the 

crude product containing 49 (119 mg, 36%) as a yellow oil.  

Rf = 0.69 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.52 – 7.47 (m, 4H), 

3.61 (s, 3H), 3.11 (s, 1H), 1.32 – 1.27 (m, 2H), 1.06 (d, J = 7.4, 7H), 1.00 (d, J = 7.5, 

6H); 13C NMR (125 MHz, CDCl3): δ = 135.7, 134.6, 131.3, 123.0, 83.9, 77.9, 52.2, 

17.5, 17.3, 12.0; HRMS (GC-EI+): m/z M+ calcd for C15H22OSi+: 246.1434, found: 

246.1444; fragmentation m/z 246 (M+), 203 (M – isopropyl), 175 (M – isopropyl – 28), 

145. 

4-((But-3-yn-1-yloxy)diisopropylsilyl)benzaldehyde (50)  

 

Silane 43 (165 mg, 0.75 mmol) was dissolved in dry CH2Cl2 (15 mL) under argon 

atmosphere. Trichloroisocyanuric acid (59 mg, 0.25 mmol) was added at 0 ºC, and the 

mixture was stirred at rt for 2 h. The mixture was cooled to 0 ºC before imidazole 

(230 mg, 3.4 mmol) and 3-butyn-1-ol (69 L, 0.90 mmol) were added after which the 
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mixture was allowed to warm to rt and stirred overnight. The resulting suspension was 

separated between CHCl3 (80 mL) and saturated NaCl (80 mL), and the organic layer 

was collected and dried over Na2SO4. The solvents were removed in vacuo to give an 

oil (257 mg), which was purified by flash chromatography (hexane/EtOAc, 9:1) to give 

50 as a colorless oil (124 mg, 58%).  

Rf = 0.35 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 10.04 (s, 1H), 7.86 

(d, J = 8.2, 2H), 7.75 (d, J = 8.2, 2H), 3.92 (t, J = 7.0, 2H), 2.53 (dt, J = 7.0, 2.6, 2H), 

2.00 (t, J = 2.6, 1H), 1.35 – 1.29 (m, 2H), 1.07 (d, J = 7.4, 6H), 1.01 (d, J = 7.4, 6H); 

13C NMR (125 MHz, CDCl3):  = 192.8, 143.2, 137.0, 135.2, 128.6, 81.4, 69.8, 62.5, 

23.0, 17.4, 17.3, 12.1; HRMS (GC-EI+): m/z M+ calcd for C17H24O2Si+: 288.1546, 

found [M-43] = 245.0990; fragmentation m/z 288 (M+), 245 (M – isopropyl), 215 (M 

– isopropyl – 30), 173. 

(4-(Azidomethyl)phenyl)di-tert-butylchlorosilane (51) 

 

To a stirring solution of 25 (172.8 mg, 0.63 mmol) in anhydrous CH2Cl2 (6 mL) under 

argon at 0 ºC, was added trichloroisocyanuric acid (48.1 mg, 0.21 mmol) carefully. The 

reaction mixture was stirred for 2 h. The resulting suspension was separated between 

CHCl3 (30 mL) and saturated NaCl (30 mL), and the organic phase was collected and 

dried over Na2SO4. The solvents were removed in vacuo and the crude oil (829 mg) 

was purified by flash chromatography (hexane/EtOAc, 9:1) to give 51 as a colorless 

oil (107.9 mg, 56%). 

Rf = 0.47 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.78 (d, 2H, J = 8.2), 

7.34 (d, 2H, J = 8.2), 4.38 (s, 2H), 1.11 (s, 18H); 13C NMR (125 MHz, CDCl3): δ = 

137.0, 135.5, 133.2, 127.3, 54.8, 28.1, 22.2. 
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Ethyl 6-(((4-(azidomethyl)phenyl)di-tert-butylsilyl)oxy)hexanoate (53)  

 

Azide 25 (116.5 mg, 0.43 mmol) was dissolved in dry CH2Cl2 (1.5 mL) under argon 

atmosphere. Trichloroisocyanuric acid (33.0 mg, 0.14 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(132 mg, 1.94 mmol), ethyl 6-hydroxyhexanoate (0.7 mL, 4.3 mmol) and anhydrous 

DMF (1 mL) were added. The mixture was stirred at 40 ºC overnight. The resulting 

suspension was separated between CHCl3 (50 mL) and saturated NaCl (50 mL), and 

the organic phase was collected and dried over Na2SO4. The solvents were removed in 

vacuo and the crude oil (153 mg) was purified by flash chromatography 

(hexane/EtOAc, 9:1) to give 53 as a colorless oil (23.3 mg, 13%). 

Rf = 0.40 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.62 (d, J = 8.1, 2H), 

7.30 (d, J = 8.1, 2H), 4.36 (s, 2H), 4.14 (q, J = 7.1, 2H), 3.91 (t, J = 6.4, 2H), 2.34 (t, 

J = 7.5, 2H), 1.75 – 1.66 (m, 4H), 1.52 – 1.46 (m, 2H), 1.26 (t, J = 7.1, 3H), 1.04 (s, 

18H); 13C NMR (125 MHz, CDCl3): δ = 173.9, 136.1, 135.6, 135.0, 127.1, 64.4, 60.4, 

55.0, 34.6, 32.8, 28.5, 28.1, 25.6, 25.0, 21.1, 14.4; HRMS (ESI+): m/z [M+Na]+ calcd 

for C23H39N3NaO3Si+: 456.2653; found: 456.2653. 

(4-Bromo-3-methylphenyl)methanol (59) 

 

Finely powdered sodium borohydride (2.0671 g, 54.4 mmol) was suspended in a 

solution of methyl 4-bromo-3-methylbenzoate (2.012 g, 8.74 mmol) in THF (20 mL). 

The resulting mixture was stirred for 15 min at 65 °C. Methanol (8 mL) was then added 

dropwise for 30 min and effervescence was observed. Stirring at 65 °C was maintained 

until TLC analysis indicated that the starting material had been consumed. The mixture 
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was cooled to rt and quenched by addition of saturated NH4Cl (40 mL) and the resulting 

layers were separated. The aqueous layer was extracted with EtOAc (2 × 25 mL), and 

the combined organic layers were dried over MgSO4 and concentrated in vacuo. The 

crude material was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (4:1) as eluent and 40 mL/min flow rate. The peak that eluted at approx. 

3-9 min was collected. Removal of the solvent under reduced pressure gave 59 (1.659 

g, 95%) as a light-orange oil.  

Rf = 0.15 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ 7.50 (d, J = 8.2, 1H), 

7.24 (d, J = 2.5, 1H), 7.04 (dd, J = 8.1, 2.6, 1H), 4.52 (s, 2H), 2.40 (s, 3H), 1.71 (s, 1H); 

13C NMR (125 MHz, CDCl3):  = 140.2, 138.1, 132.5, 129.5, 126.0, 124.0, 64.7, 23.1. 

The spectral data matched those previously reported213 

((4-(Diisopropylsilyl)-3-methylphenyl)methanol (60) 

 

A stirring solution of (4-bromo-3-methylphenyl)methanol (1.113 g, 4.97 mmol) in dry 

THF (37 mL) was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 4.2 mL, 

10.45 mmol) was added dropwise over 10 min and the mixture was stirred for 1 h. 

Diisopropylchlorosilane (1.0 mL, 5.96 mmol) was added dropwise and stirring 

continued for 1 h at −78 ºC before the mixture was allowed to warm to rt and stirred 

overnight. The reaction was quenched by addition of saturated NaHCO3 (40 mL) and 

the two layers were separated. The aqueous layer was extracted with EtOAc (3 x 

30 mL), and the combined organic layers were washed with water (50 mL), saturated 

NaCl (50 mL) and dried over MgSO4. The solvents were removed in vacuo and the 

crude product was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (4:1) as eluent and 20 mL/min flow rate. The peak that eluted at approx. 

2-4.5 min was collected. Removal of the solvent under reduced pressure gave 60 

(715 mg, 55%) as a colorless oil. The material contains residual EtOAc. 



143 

 

Rf = 0.33 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 7.43 (d, J = 7.5, 1H), 

7.18 (s, 1H), 7.15 (d, J = 7.5, 1H), 4.66 (s, 2H), 4.08 (t, J = 3.7, 1H), 2.45 (s, 3H), 1.69 

(bs, 1H), 1.31 – 1.22 (m, 2H), 1.09 (d, J = 7.3, 6H), 0.96 (d, J = 7.4, 6H); 13C NMR 

(125 MHz, CDCl3): δ = 144.7, 141.9, 136.6, 133.1, 128.4, 123.4, 65.5, 23.4, 19.2, 19.0, 

11.3; HRMS (GC-EI+): m/z M+ calcd for C14H24OSi+: 236.1591; found: 236.1600; 

fragmentation m/z 236 (M+), 193 (M – CH2CH2CH3), 165 (M – CH2CH2CH3– 

CH2=CH2), 151 (M – CH2CH2CH3 – CH2CHCH3) 

4-(Diisopropylsilyl)-3-methylbenzaldehyde (61) 

 

Benzylic alcohol 60 (600 mg, 2.54 mmol) was added to a suspension of activated MnO2 

(2.250 g, 25.2 mmol) in dry CH2Cl2 (40 mL) under argon atmosphere. The suspension 

was stirred at rt overnight and the resulting black suspension was filtered through a pad 

of Celite and the Celite was washed thoroughly with CH2Cl2. The filtrate was 

concentrated in vacuo to give 61 (536 mg, 90%) as a colorless oil which was used in 

the next step without further purification.  

Rf = 0.70 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 9.99 (s, 1H), 7.67 – 

7.58 (m, 3H), 4.12 (t, J = 3.8, 1H), 2.53 (s, 3H), 1.34 – 1.27 (m, 2H), 1.10 (d, J = 7.4, 

6H), 0.97 (d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3): δ = 193.0, 145.2, 142.8, 137.0, 

136.7, 130.2, 125.9, 23.4, 19.1, 19.0, 11.2; HRMS (GC-EI+): m/z M+ calcd for 

C14H22OSi+: 234.1434, found: [M-43]+ = 191.0788; fragmentation m/z 234 (M+), 191 

(M – CH2CH2CH3), 163 (M – CH2CH2CH3 – CH2=CH2), 149 (M – CH2CH2CH3 – 

CH2CHCH3) 
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4-((But-3-yn-1-yloxy)diisopropylsilyl)-3-methylbenzaldehyde (62) 

 

Silane 61 (506 mg, 2.15 mmol) was dissolved in dry CH2Cl2 (6 mL) under argon 

atmosphere and cooled to 0 ºC before trichloroisocyanuric acid (166 mg, 0.71 mmol) 

was added. The cooling bath was removed, and the mixture was stirred at rt for 3 h 

before it was cooled to 0 ºC and imidazole (658 mg, 9.68 mmol) and 3-butyn-1-ol 

(0.25 mL, 3.20 mmol) were added. The mixture was allowed to warm to rt and stirred 

overnight. The resulting suspension was separated between CHCl3 (80 mL) and 

saturated NaCl (80 mL), and the organic layer was dried over MgSO4. The solvents 

were removed in vacuo and the crude product was purified using a Biotage Sfär silica 

gel cartridge (20 μm, 10 g) using hexane/EtOAc (19:1 → 4:1) as eluent and 20 mL/min 

flow rate. The peak that eluted at approx. 1-3 min was collected. Removal of the solvent 

under reduced pressure gave 62 (453 mg, 70%) as a colorless oil.  

Rf = 0.47 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 10.03 (s, 1H), 7.74 

(d, J = 8.0, 1H), 7.70 – 7.65 (m, 2H), 3.98 (t, J = 7.0, 2H), 2.56 – 2.53 (m, 5H), 2.02 (t, 

J = 2.7, 1H), 1.41 (p, J = 7.4, 2H), 1.12 (d, J = 7.4, 6H), 1.04 (d, J = 7.4, 6H); 13C NMR 

(126 MHz, CDCl3): δ = 193.0, 145.1, 142.4, 137.0, 136.4, 130.8, 125.7, 81.4, 69.8, 

62.6, 23.2, 23.0, 17.8, 17.7, 13.2; HRMS (GC-EI+): m/z M+ calcd for C18H26O2Si•+: 

302.1697, found: [M-43]+ = 259.1150; fragmentation m/z 302 (M+), 259 

(M – CH2CH2CH3), 229 (M – CH2CH2CH3 – 30), 201 (M – CH2CH2CH3 – 30 – 

CH2=CH2), 187 (M – CH2CH2CH3 – 30 – CH2CH2CH3). 
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(4-(Azidomethyl)-2-methylphenyl)diisopropyl silane (63) 

 

To a stirring solution of benzyl alcohol 60 (700 mg, 3.29 mmol) in dry DMF (6 mL), 

DBU (1.0 mL, 6.59 mmol) and DPPA (1.5 mL, 6.59 mmol) were added and stirring 

continued at rt overnight. The reaction mixture was extracted with pentane (5 x 10 mL), 

and the solvent was evaporated in vacuo to give a light-yellow oil. The crude product 

was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexanes/EtOAc (19:1) as eluent and 40 mL/min flow rate. The peak that eluted at 

approx. 1.5-2.5 min was collected. Removal of the solvent under reduced pressure gave 

63 (641 mg, 83%) as a colorless oil.  

Rf = 0.67 (hexane/EtOAc, 4:1); 1H NMR (600 MHz, CDCl3): δ = 7.46 (d, J = 7.5, 1H), 

7.15 – 7.10 (m, 2H), 4.32 (s, 2H), 4.11 (t, J = 3.7, 1H), 2.47 (s, 3H), 1.31 – 1.24 (m, 

2H), 1.09 (d, J = 7.4, 6H), 0.97 (d, J = 7.4, 6H); 13C NMR (151 MHz, CDCl3): δ = 

144.9, 136.7, 136.4, 133.9, 129.4, 124.5, 54.9, 23.4, 19.2, 19.0, 11.3; HRMS (GC-EI+): 

m/z M+ calcd for C14H23N3Si+: 261.1611, found: [M-43]+ = 218.1112; fragmentation 

m/z 261 (M+), 218 (M – CH2CH2CH3), 190 (M – CH2CH2CH3 – CH2=CH2), 162, 148. 

Ethyl 6-(((4-(azidomethyl)-2-methylphenyl)diisopropylsilyl)oxy)hexanoate (64) 

 

Silane 63 (541 mg, 2.07 mmol) was dissolved in dry CH2Cl2 (6 mL) under argon 

atmosphere. Trichloroisocyanuric acid (165 mg, 0.69 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(650 mg, 9.55 mmol) and ethyl 6-hydroxyhexanoate (0.50 mL, 3.07 mmol) were 

added. The mixture was warmed to rt and stirred overnight. The resulting suspension 
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was separated between CHCl3 (70 mL) and saturated NaCl (70 mL), and the organic 

layer was dried over Na2SO4. The solvents were removed in vacuo and the crude 

material was purified using a Biotage Sfär silica gel cartridge (20 μm, 10 g) using 

hexane/EtOAc (19:1) as eluent and 20 mL/min flow rate. The peak that eluted at 

approx. 1.5-3 min was collected. Removal of the solvent under reduced pressure gave 

title compound 64 (612 mg, 71%) as a colorless oil.  

Rf = 0.48 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.50 (d, J = 8.0, 1H), 

7.12 – 7.10 (m, 2H), 4.31 (s, 2H), 4.13 (q, J = 7.2, 2H), 3.77 (t, J = 6.5, 2H), 2.47 (s, 

3H), 2.32 (t, J = 7.6, 2H), 1.70 – 1.61 (m, 4H), 1.48 – 1.40 (m, 2H), 1.33 (p, J = 7.5, 

2H), 1.25 (t, J = 7.2, 3H), 1.07 (d, J = 7.4, 6H), 1.00 (d, J = 7.4, 6H); 13C NMR 

(126 MHz, CDCl3): δ = 173.9, 144.9, 136.4, 136.3, 134.2, 129.9, 124.3, 63.8, 60.3, 

54.9, 34.5, 32.6, 25.6, 25.0, 23.2, 17.9, 17.8, 14.4, 13.2; 29Si NMR (99 MHz, CDCl3): 

δ = 7.43; HRMS (ESI+): (m/z) [M+Na]+ calcd for C22H37NaN3O3Si+: 442.2496; found: 

442.2500. 

(4-(Diisopropylsilyl)-3,5-dimethylphenyl)methanol (66) 

 

A stirring solution of (4-bromo-3,5-dimethylphenyl)methanol (534 mg, 2.48 mmol) in 

dry THF (18 mL) was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 2.5 mL, 

6.21 mmol) was added dropwise over 2 min and the mixture was stirred for 2 h. 

Diisopropylchlorosilane (0.51 mL, 2.98 mmol) was added dropwise and stirring 

continued for 1 h at −78 ºC before the mixture was allowed to warm to rt and stirred 

overnight. The reaction was quenched by addition of saturated NaHCO3 (30 mL) and 

the two layers were separated. The aqueous layer was extracted with EtOAc (3 x 

30 mL), and the combined organic layers were washed with water (60 mL), saturated 

NaCl (60 mL) and dried over MgSO4. The solvents were removed in vacuo and the 

crude product was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 
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hexane/EtOAc (1:4) as eluent and 40 mL/min flow rate. The peak that eluted at approx. 

3-6 min was collected. Removal of the solvent under reduced pressure gave 66 

(260 mg, 42%) as a colorless oil.  

Rf = 0.39 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 6.99 (s, 2H), 4.61 (s, 

2H), 4.17 (t, J = 4.9, 1H), 2.45 (s, 6H), 1.66 (bs, 1H), 1.36 – 1.28 (m, 2H), 1.15 (d, 

J = 7.1, 6H), 0.92 (d, J = 7.3, 6H); 13C NMR (126 MHz, CDCl3): δ = 145.0, 141.5, 

133.0, 126.1, 65.4, 24.7, 20.4, 19.9, 12.6; HRMS (GC-EI+): m/z M+ calcd for 

C15H26OSi+: 250.1703, found: 250.1758; fragmentation m/z 250 (M+), 207 (M – 

CH2CH2CH3), 165 (M – CH2CH2CH3 – CH2CHCH3) 

(4-(Azidomethyl)-2,5-dimethylphenyl)diisopropyl silane (67) 

 

To a stirring solution of benzyl alcohol 65 (117 mg, 0.47 mmol) in dry DMF (2 mL), 

DBU (0.14 mL, 0.93 mmol) and DPPA (0.21 mL, 0.93 mmol) were added and stirring 

continued at rt overnight. Water (10 mL) was added, and the resulting mixture was 

extracted with Et2O (3 x 15 mL). The combined organic layers were washed with water 

(20 mL), saturated aqueous NH4Cl (20 mL), saturated NaCl (20 mL), and dried over 

MgSO4. Evaporation in vacuo gave the crude product as a light yellow oil, which was 

purified using a Biotage Sfär silica gel cartridge (20 μm, 10 g) using 

hexane/EtOAc (19:1) as eluent and 20 mL/min flow rate. The peak that eluted at 

approx. 0.5-1.5 min was collected. Removal of the solvent under reduced pressure gave 

67 (104 mg, 82%) as a colorless oil.  

Rf = 0.77 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 6.93 (s, 2H), 4.26 (s, 

2H), 4.16 (t, J = 4.9, 1H), 2.46 (s, 6H), 1.36 – 1.28 (m, 2H), 1.15 (d, J = 7.4, 6H), 0.91 

(d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3); δ = 145.2, 136.1, 133.9, 127.2, 54.8, 

24.7, 20.4, 19.9, 12.6; HRMS (GC-EI+): m/z M+ calcd for C15H25N3Si+: 275.1768, 

found: [M-43]+ = 232.1277; fragmentation m/z 275 (M+), 232 (M – CH2CH2CH3), 204 
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(M – CH2CH2CH3 – CH2=CH2), 162 (M – CH2CH2CH3 – CH2=CH2 – CH2CHCH3, 

147. 

Ethyl 6-(((4-(azidomethyl)-2,6-dimethylphenyl)diisopropylsilyl)oxy)- 

hexanoate (68) 

 

Silane 67 (96.6 mg, 0.37 mmol) was dissolved in dry CH2Cl2 (3 mL) under argon 

atmosphere. Trichloroisocyanuric acid (27.0 mg, 0.12 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(140 mg, 2.06 mmol) and ethyl 6-hydroxyhexanoate (0.1 mL, 0.61 mmol) were added 

and the resulting mixture was allowed to warm to rt and stirring continued overnight. 

The resulting suspension was separated between CHCl3 (30 mL) and saturated NaCl 

(30 mL), and the organic layer was dried over MgSO4. The solvents were removed in 

vacuo and the crude product was purified using a Biotage Sfär silica gel 

cartridge (20 μm, 10 g) using hexane/EtOAc (19:1) as eluent and 20 mL/min flow rate. 

The peak that eluted at approx. 2.5-4 min was collected. Removal of the solvent under 

reduced pressure gave 68 (98.7 mg, 62%) as a colorless oil.  

Rf = 0.47 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 6.90 (s, 2H), 4.26 (s, 

2H), 4.13 (q, J = 7.1, 2H), 3.82 (t, J = 6.5, 2H), 2.48 (s, 6H), 2.32 (t, J = 7.6, 2H), 1.70 

– 1.61 (m, 4H), 1.46 – 1.41 (m, 2H), 1.40 – 1.34 (m, 2H), 1.25 (t, J = 7.2, 3H), 1.11 (d, 

J = 7.3, 6H), 1.01 (d, J = 7.6, 6H); 13C NMR (126 MHz, CDCl3): δ = 173.9, 145.6, 

135.8, 134.2, 127.9, 63.7, 60.3, 54.7, 34.5, 32.5, 25.7, 25.0, 24.6, 18.4, 18.3 15.3, 14.4; 

HRMS (ESI+): (m/z) [M+Na]+ calcd for C23H39NaN3O3Si+: 456.2653; found: 

456.2653. 
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4-(Diisopropylsilyl)-3,5-dimethylbenzaldehyde (69) 

 

Benzylic alcohol 65 (299 mg, 1.12 mmol) was added to a suspension of activated MnO2 

(1.108 g, 12.7 mmol) in dry CH2Cl2 (20 mL) under argon atmosphere. The suspension 

was stirred at rt overnight and the resulting black suspension was filtered through a pad 

of Celite and the Celite was washed thoroughly with CH2Cl2. The filtrate was 

concentrated in vacuo to give 69 (249 mg, 84%) as a colorless oil which was used in 

the next step without further purification.  

Rf = 0.70 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 9.94 (s, 1H), 7.46 (s, 

2H), 4.20 (t, J = 5.0, 1H), 2.53 (s, 6H), 1.40 – 1.31 (m, 2H), 1.17 (d, J = 7.3, 6H), 0.91 

(d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3): δ = 193.1, 145.5, 142.8, 136.7, 128.2, 

24.7, 20.3, 19.8, 12.5; HRMS (GC-EI+): m/z M+ calcd for C15H24OSi+: 248.1596, 

found: [M-43]+ = 205.0855; fragmentation m/z 248 (M+), 205 (M – CH2CH2CH3), 163 

(M – CH2CH2CH3 – CH2CHCH3). 

4-((But-3-yn-1-yloxy)diisopropylsilyl)-3,5-dimethylbenzaldehyde (70) 

 

Silane 69 (240 mg, 0.97 mmol) was dissolved in dry CH2Cl2 (3 mL) under argon 

atmosphere. Trichloroisocyanuric acid (75 mg, 0.32 mmol) was added at 0 ºC, and the 

mixture was stirred at rt for 3 h. The mixture was cooled to 0 ºC before imidazole 

(297 mg, 4.37 mmol) and 3-butyn-1-ol (0.11 mL, 1.46 mmol) were added. The mixture 

was warmed to rt and stirred overnight. The resulting suspension was separated 

between CHCl3 (40 mL) and saturated NaCl (40 mL), and the organic layer was 

collected and dried over MgSO4. The solvents were removed in vacuo. The crude 



150   

 

material was purified using a Biotage Sfär silica gel cartridge (20 μm, 10 g) using 

hexane/EtOAc (19:1 → 4:1) as eluent and 20 mL/min flow rate. The peak that eluted at 

approx. 1-3 min was collected. Removal of the solvent under reduced pressure gave 70 

(207 mg, 68%) as a colorless oil.  

Rf = 0.44 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 9.94 (s, 1H), 7.43 (s, 

2H), 4.00 (t, J = 7.2, 2H), 2.56 (s, 6H), 2.53 (td, J = 7.2, 3.6, 2H), 1.99 (t, J = 2.7, 1H), 

1.42 (p, J = 7.5, 2H), 1.15 (d, J = 7.4, 6H), 1.02 (d, J = 7.5, 6H); 13C NMR (126 MHz, 

CDCl3): δ = 193.1, 145.8, 142.5, 136.4, 129.0, 81.4, 69.8, 62.6, 24.6, 22.8, 18.3, 18.2, 

15.2; HRMS (GC-EI+): m/z M+ calcd for C19H28O2Si•+: 316.1853, found: [M-43]+ = 

273.1309; fragmentation m/z 316 (M+), 273 (M – CH2CH2CH3), 243 (M – CH2CH2CH3 

– 30), 201 (M – CH2CH2CH3 – 30 – CH2CHCH3) 

1-Bromo-2-methyl-4-propoxybenzene (73) 

 

A suspension of 4-bromo-3-methylphenol (1.016 g, 5.43 mmol), 1-iodopropane 

(0.56 mL, 5.70 mmol) and K2CO3 (1.868 g, 13.58 mmol) in DMF (25 mL) was stirred 

at rt overnight after which TLC analysis revealed full conversion of the starting 

material. The resulting mixture was partitioned between Et2O (200 mL), and water 

(125 mL) and the organic layer was washed with water (125 mL x 2) and saturated 

NaCl (125 mL), dried over MgSO4 and evaporated in vacuo. The crude material was 

purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (4:1) as eluent and 40 mL/min flow rate. The peak that eluted at approx. 

1-2 min was collected. Removal of the solvent under reduced pressure 73 (1.146 g, 

93%) as a viscous, colorless oil. 

1H NMR (600 MHz, CDCl3): δ = 7.38 (d, J = 8.7, 1H), 6.79 (d, J = 3.8, 1H), 6.61 (dd, 

J = 8.7, 3.0, 1H), 3.88 (t, J = 6.6, 2H), 2.36 (s, 3H), 1.79 (h, J = 7.4, 2H), 1.03 (t, J = 7.4, 

3H); 13C NMR (150 MHz, CDCl3): δ = 158.5, 138.9, 132.9, 117.3, 115.3, 113.6, 69.8, 
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23.3, 22.7, 10.6. The spectral data were in accordance with those previously 

reported.214  

1-Bromo-2,6-dimethyl-4-propoxybenzene (74) 

 

A suspension of 4-bromo-3,5-dimethylphenol (0.971 g, 4.83 mmol), 1-iodopropane 

(0.50 mL, 5.07 mmol) and K2CO3 (1.669 g, 12.07 mmol) in DMF (25 mL) was stirred 

at rt overnight, after which TLC analysis revealed full conversion of the starting 

material. The resulting mixture was partitioned between Et2O (200 mL) and water 

(125 mL). The organic layer was washed with water (125 mL x 2) and saturated NaCl 

(125 mL), dried over MgSO4 and evaporated in vacuo. The crude material was purified 

using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using hexane/EtOAc (4:1) as 

eluent and 40 mL/min flow rate. The peak that eluted at approx. 1-2 min was collected. 

Removal of the solvent under reduced pressure gave title compound 74 (1.082 g, 93%) 

as a viscous, colorless oil.  

1H NMR (600 MHz, CDCl3): δ = 6.65 (s, 2H), 3.87 (t, J = 6.6, 2H), 2.38 (s, 6H), 1.79 

(app h, J = 7.4, 2H), 1.03 (t, J = 7.4, 3H); 13C NMR (150 MHz, CDCl3): δ = 157.8, 

139.1, 118.1, 114.6, 69.7, 24.2, 22.7, 10.6. The spectral data were in accordance with 

those previously reported215. 

Diisopropyl(2-methyl-4-propoxyphenyl)silane (75) 

 

A stirring solution of bromide 73 (1.002 g, 4.40 mmol) in dry THF (33 mL) was cooled 

to −78 ºC and n-BuLi (2.5 M in hexanes, 2.0 mL, 4.83 mmol) was added dropwise and 

the mixture was stirred for 1 h at −78 ºC. Diisopropylchlorosilane (0.85 mL, 

4.83 mmol) was added, and the mixture was stirred for 30 min at −78 ºC and then 
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allowed to warm to rt and stirred overnight. The reaction was quenched with saturated 

NaHCO3 (30 mL) and extracted with EtOAc (2 x 30 mL). The combined organic layers 

were washed with saturated NaCl (2 x 100 mL), dried over MgSO4, and the solvents 

were removed in vacuo. The crude material was purified using a Biotage Sfär silica gel 

cartridge (20 μm, 25 g) using hexane/EtOAc (19:1) as eluent and 40 mL/min flow rate. 

The peak that eluted at approx. 1-2 min was collected. Removal of the solvent under 

reduced pressure gave title compound 75 (1.123 g, 97%) as a viscous, colorless oil. 

The material contains an unidentified aliphatic impurity. 

1H NMR (600 MHz, CDCl3):  = 7.33 (d, J = 8.1, 1H), 6.75 (d, J = 2.6, 1H), 6.71 (dd, 

J = 8.1, 2.6, 1H), 4.04 (t, J = 3.6, 1H), 3.92 (t, J = 6.6, 2H), 2.41 (s, 3H), 1.80 (h, 

J = 7.4, 2H), 1.28 – 1.20 (m, 2H), 1.08 (d, J = 7.4, 6H), 1.06 – 1.00 (m, 3H), 0.96 (d, 

J = 7.4, 6H); 13C NMR (150 MHz, CDCl3):  = 160.2, 146.0, 137.6, 124.2, 116.3, 

110.8, 69.2, 23.6, 22.8, 19.2, 19.1, 11.4, 10.7; HRMS (GC-EI+): M+ calcd for 

C16H28OSi+: 264.1903; found: 264.1903; fragmentation m/z 264 (M+), 221 (M – 

CH2CH2CH3), 179 (M – CH2CH2CH3 – CH2CHCH3) 

(2,6-Dimethyl-4-propoxyphenyl)diisopropyl silane (76) 

 

A stirring solution of bromide 74 (963 mg, 3.97 mmol) in dry THF (30 mL) was cooled 

to −78 ºC and n-BuLi (2.5 M in hexanes, 1.8 mL, 4.38 mmol) was added dropwise and 

the mixture was stirred for 1 h at −78 ºC. Diisopropylchlorosilane (0.75 mL, 

4.38 mmol) was added, and the mixture was stirred for 30 min at −78 ºC and then 

allowed to warm to rt and stirred overnight. The reaction was quenched by addition of 

saturated NaHCO3 (30 mL) and the resulting mixture was extracted with EtOAc (2 x 

30 mL). The combined organic layers were washed with saturated NaCl (2 x 100 mL) 

and dried over MgSO4. The solvents were removed in vacuo and the crude material 

was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (1:19) as eluent and 40 mL/min flow rate. The peak that eluted at 
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approx. 1-2 min was collected. Removal of the solvent under reduced pressure gave 

title compound 76 (1.05 g, 95%) as a viscous, colorless oil. The material contains 

aliphatic impurities. 

1H NMR (600 MHz, CDCl3):  = 6.56 (s, 2H), 4.12 (t, J = 4.8, 1H), 3.90 (t, J = 6.5, 

2H), 2.41 (s, 6H), 1.79 (app h, J = 6.9, 2H), 1.32 – 1.25 (m, 3H), 1.14 (d, J = 7.2, 6H), 

1.03 (t, J = 7.4, 3H), 0.92 (d, J = 7.4, 6H); 13C NMR (150 MHz, CDCl3):  = 159.7, 

146.3, 124.3, 113.7, 69.0, 25.0, 22.8, 20.4, 19.9, 12.7, 10.7; HRMS (GC-EI+): M+ calcd 

for C17H30OSi+: 278.2060; found: 278.2061; fragmentation m/z 278 (M+), 235 (M – 

CH2CH2CH3), 193 (M – CH2CH2CH3 – CH2CHCH3) 

1-Bromo-4-propoxybenzene (77) 

 

A suspension of 4-bromo-3-methylphenol (1.751 g, 10.12 mmol), 1-iodopropane 

(1.10 mL, 11.13 mmol), and K2CO3 (3.530 g, 25.30 mmol) in DMF (25 mL) were 

stirred at rt overnight, until full conversion of the starting material as confirmed by 

TLC analysis. The mixture was quenched with water (40 mL) and extracted with Et2O 

(2 x 30 mL). The combined organic extracts were washed with water (2 x 60 mL) and 

saturated NaCl (60 mL), dried over MgSO4 and evaporated in vacuo to give 77 

(2.114 g, 97%) as a viscous, colorless oil. The material contains residual Et2O. 

Rf = 0.08 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.36 (d, J = 9.1, 2H), 

6.77 (d, J = 9.1, 2H), 3.88 (t, J = 6.5, 2H), 1.85 – 1.74 (m, 2H), 1.03 (t, J = 7.5, 3H); 

13C NMR (126 MHz, CDCl3): δ = 158.4, 132.3, 116.5, 112.7, 69.9, 22.6, 10.6. The 

spectral data were in accordance with those previously reported.216 
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Ethyl 6-((diisopropyl(2-methyl-4-propoxyphenyl)silyl)oxy)hexanoate (80) 

 

Silane 75 (799 mg, 3.03 mmol) was dissolved in dry CH2Cl2 (9 mL) under argon 

atmosphere, cooled to 0 ºC in an ice bath. Trichloroisocyanuric acid (233 mg, 

1.00 mmol) was added, the ice bath was removed, and the mixture was stirred for 2 h 

at rt. The mixture was cooled to 0 ºC before imidazole (919 mg, 13.5 mmol) and ethyl 

6-hydroxyhexanoate (0.6 mL, 3.64 mmol) were added. The mixture was warmed to rt 

and stirred overnight. The resulting suspension was separated between CHCl3 

(200 mL) and saturated NaCl (200 mL), and the organic layer was collected and dried 

over Na2SO4. The solvents were removed in vacuo and the crude product was purified 

using a Biotage Sfär silica gel cartridge (20 μm, 10 g) using hexane/EtOAc (1:19) as 

eluent and 20 mL/min flow rate. The peak that eluted at approx. 7-9 min was collected. 

Removal of the solvent under reduced pressure gave title compound 80 (271.6 mg, 

22%) as a colorless oil.  

Rf = 0.39 (hexane/EtOAc, 9:1); 1H NMR (600 MHz, CDCl3): δ = 7.38 (d, J = 8.2, 1H), 

6.74 – 6.69 (m, 2H), 4.12 (q, J = 7.1, 2H), 3.92 (t, J = 6.5, 2H), 3.74 (t, J = 6.6, 2H), 

2.43 (s, 3H), 2.31 (t, J = 7.6, 2H), 1.80 (app h, J = 7.4, 2H), 1.70 – 1.59 (m, 4H), 1.46 

– 1.39 (m, 2H), 1.33 – 1.27 (m, 2H), 1.25 (t, J = 7.1, 3H), 1.06 (d, J = 7.4, 6H), 1.03 (t, 

J = 7.4, 3H), 1.00 (d, J = 7.5, 6H); 13C NMR (150 MHz, CDCl3):  = 174.0, 160.1, 

146.2, 137.3, 124.5, 116.7, 110.5, 69.1, 63.7, 60.3, 34.6, 32.7, 25.7, 25.0, 23.4, 22.8, 

18.0, 17.9, 14.4, 13.3, 10.7; HRMS (ESI+): (m/z) [M+Na]+ calcd for C24H42NaO4Si+: 

445.2745; found: 445.2744. 
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2-(2-(4-Bromo-3-methylphenoxy)ethoxy)tetrahydro-2H-pyran (82) 

 

4-Bromo-3-methylphenol (1.011 g, 5.41 mmol) was dissolved in (CH3)2SO (13 mL) 

and KOH (1.363 g, 24.3 mmol) was added. After 5 min stirring, 2-(2-bromopropoxy)-

tetrahydro-2H-pyran (1.22 mL, 8.10 mmol) was added. The reaction mixture was 

stirred at rt overnight and then partitioned between water (100 mL) and CH2Cl2 

(100 mL). The aqueous layer was extracted with CH2Cl2 (2 x 100 mL). The combined 

organic layers were washed with saturated NaCl (3 x 100 mL), dried over MgSO4, and 

the solvent was evaporated in vacuo. The crude material was purified using a Biotage 

Sfär silica gel cartridge (20 μm, 25 g) using hexane/EtOAc (95:9 → 75:25) as eluent 

and 40 mL/min flow rate. The peak that eluted at approx. 4-8 min was collected. 

Removal of the solvent under reduced pressure gave 82 (1.453 g, 86%) as a colorless 

oil.  

1H NMR (500 MHz, CDCl3): δ = 7.38 (d, J = 8.8, 1H), 6.83 (d, J = 3.8, 1H), 6.67 – 

6.60 (m, 1H), 4.71 – 4.68 (m, 1H), 4.14 – 4.08 (m, 2H), 4.05 – 3.99 (m, 1H), 3.89 (ddd, 

J = 11.4, 8.3, 3.3, 1H), 3.80 (ddd, J = 11.2, 6.3, 4.1, 1H), 3.55 – 3.50 (m, 1H), 2.35 (s, 

3H), 1.86 – 1.79 (m, 1H), 1.77 – 1.71 (m, 1H), 1.64 – 1.51 (m, 4H); 13C NMR 

(126 MHz, CDCl3) δ = 158.2, 138.9, 132.9, 117.5, 115.7, 113.8, 99.1, 67.7, 65.9, 62.3, 

30.6, 25.5, 23.2, 19.5; HRMS (ESI+): (m/z) [M+Na]+ calcd for C14H19BrNaO3
+: 

337.0410/339.0489, found: 337.0411/339.0398, (m/z) [2M+Na]+ calcd for 

C28H38Br2NaO6
+: 653.0907, found 653.0845. 
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2-(2-(4-Bromo-3,5-dimethylphenoxy)ethoxy)tetrahydro-2H-pyran (83) 

 

4-Bromo-3,5-dimethylphenol (0.998 g, 4.96 mmol) was dissolved in (CH3)2SO 

(13 mL) and KOH (1.322 g, 23.5 mmol) was added. After 5 min of stirring, 

2-(2-bromopropoxy)-tetrahydro-2H-pyran (1.13 mL, 7.5 mmol) was added. The 

reaction mixture was stirred at rt overnight and then partitioned between water 

(100 mL) and CH2Cl2 (100 mL). The aqueous layer was extracted with CH2Cl2 (2 x 

100 mL). The combined organic layers were washed with saturated NaCl (3 x 100 mL), 

dried over MgSO4, and the solvent was evaporated in vacuo. The crude material was 

purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (95:5 → 75:25) as eluent and 40 mL/min flow rate. The peak that eluted 

at approx. 4.5-10.5 min was collected. Removal of the solvent under reduced pressure 

gave 83 (1.114 g, 69%) as a colorless oil.  

Rf = 0.43 (hexane/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): δ = 6.68 (s, 2H), 4.71 – 

4.69 (m, 1H), 4.15 – 4.07 (m, 2H), 4.05 – 4.00 (m, 1H), 3.92 – 3.86 (m, 1H), 3.82 – 

3.76 (m, 1H), 3.56 – 3.50 (m, 1H), 2.37 (s, 6H), 1.88 – 1.79 (m, 1H), 1.77 – 1.70 (m, 

1H), 1.65 – 1.48 (m, 4H); 13C NMR (126 MHz, CDCl3): δ = 157.5, 139.2, 118.5, 114.8, 

99.1, 67.7, 66.0, 62.3, 30.6, 25.5, 24.2, 19.5; HRMS (ESI+): (m/z) [M+Na]+ calcd for 

C15H21BrNaO3
+: 351.0566/353.0566, found: 351.0568/353.0568, (m/z) [2M+Na]+ 

calcd for C30H42Br2NaO6
+: 681.1220, found 681.1106. 

Diisopropyl (2-methyl-4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)phenyl)silane 

(84) 

 

A stirring solution of bromide 82 (1.187 g, 3.78 mmol) in dry THF (30 mL) was cooled 

to −78 ºC and n-BuLi (2.5 M in hexanes, 1.66 mL, 4.16 mmol) was added dropwise 
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and the mixture was stirred for 1 h at −78 ºC. Diisopropylchlorosilane (0.85 mL, 

4.16 mmol) was added, and the mixture was stirred for 30 min at −78 ºC and then 

allowed to warm to rt and stirred overnight. The reaction was quenched by addition of 

saturated NaHCO3 (30 mL) and extracted with EtOAc (2 x 50 mL). The combined 

organic layers were washed with saturated NaCl (2 x 100 mL) and dried over MgSO4. 

The solvents were removed in vacuo and the residue containing 84 (1.431 g) was used 

in the next step without further purification.  

1H NMR (500 MHz, CDCl3): δ = 7.32 (d, J = 8.0, 1H), 6.77 (d, J = 2.7, 1H), 6.73 (dd, 

J = 8.1, 2.6, 1H), 4.74 – 4.69 (m, 1H), 4.18 – 4.12 (m, 2H) 4.06 – 4.03 (m, 2H), 3.93 – 

3.86 (m, 1H), 3.84 (s, 1H), 3.54-3.51 (m, 1H), 2.41 (s, 3H), 1.88 – 1.78 (m, 1H), 1.77 

– 1.69 (m, 1H), 1.67 – 1.46 (m, 6H), 1.26-1.19 (m, 2H), 1.07 (d, J = 7.4, 6H), 1.02 (t, 

J = 7.0, 3H), 0.95 (d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3) δ = 159.9, 146.0, 

137.6, 124.6, 116.4, 111.0, 99.0, 67.1, 66.0, 62.3, 30.6, 25.6, 23.6, 19.5, 19.2, 19.0, 

17.4, 17.3, 13.4, 11.4. 

(2,6-Dimethyl-4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)phenyl)-

diisopropylsilane (85) 

 

A stirring solution of bromide 83 (664 mg, 2.02 mmol) in dry THF (20 mL) was cooled 

to −78 ºC and n-BuLi (2.5 M in hexanes, 0.9 mL, 2.23 mmol) was added dropwise and 

the mixture was stirred for 1 h at −78 ºC. Diisopropylchlorosilane (0.38 mL, 

2.23 mmol) was added, and the mixture was stirred for 30 min at −78 ºC and then 

allowed to warm to rt and stirred overnight. The reaction was quenched with saturated 

NaHCO3 (20 mL) and extracted with EtOAc (2 x 30 mL). The combined organic layers 

were washed with saturated NaCl (2 x 50 mL) and dried over MgSO4. The solvents 

were removed in vacuo to give a colorless oily crude product containing 85 (771 mg). 

The crude product was used in the next step without further purification.  
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1H NMR (500 MHz, CDCl3): δ =6.58 (s, 2H), 4.74 – 4.67 (m, 1H), 4.14 (s, 3H), 4.01 

(s, 2H), 3.94 (s, 1H), 3.83 – 3.78 (m, 1H), 3.53 – 3.51 (m, 1H), 2.41 (s, 6H), 1.80 (s, 

1H), 1.69 (s, 1H), 1.66 – 1.57 (m, 2H), 1.55 (s, 2H), 1.25 (s, 3H), 1.13 (d, J = 7.2, 6H), 

1.02 (t, J = 6.9, 6H), 0.91 (d, J = 7.4, 7H); 13C NMR (126 MHz, CDCl3) δ = 159.4, 

146.3, 124.7, 113.9, 112.6, 99.0, 66.9, 66.0, 62.3, 30.6, 25.6, 24.9, 20.4, 19.9, 19.4, 

17.4, 17.3, 13.4, 12.7.  

2-(4-(Diisopropylsilyl)-3-methylphenoxy)ethan-1-ol (86) 

 

To a solution of THP ether 84 (1.325 g, 3.77 mmol) in EtOH (50 mL) was added p-TSA 

(657.2 mg, 3.81 mmol) and the mixture was stirred for 2 h at rt. The reaction mixture 

was poured into saturated NaHCO3 (50 mL), and the resulting mixture was extracted 

with CH2Cl2 (3 x 50 mL). The combined organic layers were washed with saturated 

NaCl (100 mL) and dried over MgSO4, filtered and solvent evaporated in vacuo. The 

crude material was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (90:10 → 70:30) as eluent and 40 mL/min flow rate. The peak that 

eluted at approx. 5-10 min was collected. Removal of the solvent under reduced 

pressure gave 86 (630 mg, 63% over two steps) as a viscous colorless oil.  

1H NMR (500 MHz, CDCl3): δ = 7.34 (d, J = 8.2, 1H), 6.77 (d, J = 2.5, 1H), 6.72 (dd, 

J = 8.1, 2.5, 1H), 4.10 – 4.07 (m, 2H), 4.04 (t, J = 3.6, 1H), 3.95 (td, J = 6.1, 3.9, 2H), 

2.42 (s, 3H), 2.04 (t, J = 6.3, 1H), 1.08 (d, J = 7.4, 6H), 0.96 (d, J = 7.4, 6H); 13C NMR 

(126 MHz, CDCl3): δ = 159.6, 146.2, 137.7, 125.2, 116.3, 110.9, 68.9, 61.7, 23.6, 19.2, 

19.0, 11.4; HRMS (GC-EI+): m/z M+ calcd for C15H26O2Si+: 266.1697, found: 

266.1698; fragmentation m/z 266 (M+), 223 (M – CH2CH2CH3), 181 (M – CH2CH2CH3 

– CH2CHCH3) 
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2-(4-(Diisopropylsilyl)-3,5-dimethylphenoxy)ethan-1-ol (87) 

 

The crude product of THP ether 85 was dissolved in MeOH (30 mL) and pyridinium 

p-toluenesulfonate (PPTS, 10 mol%, 0.20 mmol, 51 mg) was added. The resulting 

mixture was stirred overnight at rt after which full conversion was confirmed by TLC. 

The reaction mixture was poured into saturated aqueous NaHCO3 (30 mL) and 

extracted with CH2Cl2 (2 x 40 mL). The combined organic layers were washed with 

water (80 mL) and saturated NaCl (80 mL), dried over MgSO4 and evaporated in vacuo. 

The crude material was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) 

using hexane/EtOAc (95:5 → 75:25) as eluent and 40 mL/min flow rate. The peak that 

eluted at approx. 4.5-10.5 min was collected. Removal of the solvent under reduced 

pressure gave 87 (361 mg, 64% over two steps) as a colorless oil. 

1H NMR (500 MHz, CDCl3): δ = 6.58 (s, 2H), 4.12 (t, J = 4.8, 1H), 4.07 (t, J = 4.9, 

2H), 3.94 (t, J = 4.6, 2H), 2.42 (s, 6H), 2.07 (bs, 1H), 1.33 – 1.26 (m, 2H), 1.14 (d, 

J = 7.1, 6H), 0.92 (d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3): δ = 159.1, 146.5, 

125.3, 113.8, 68.7, 61.7, 25.0, 20.4, 19.9, 12.7; HRMS (GC-EI+): m/z M+ calcd for 

C16H28O2Si+: 280.1853, found: 280.1853; fragmentation m/z 280 (M+), 237 (M – 

CH2CH2CH3), 195 (M – CH2CH2CH3 – CH2CHCH3) 

Diisopropyl(phenyl)silane (91) 

 

A stirring solution of bromobenzene (1.10 mL, 10.51 mmol) in dry THF (50 mL) was 

cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 4.6 mL, 11.57 mmol) was added 

dropwise and the mixture was stirred for 1 h at −78 ºC. Diisopropylchlorosilane 

(2.15 mL, 12.61 mmol) was added, and the mixture was stirred for 1 h at −78 ºC and 
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then allowed to warm to rt and stirred overnight. The reaction was quenched by 

addition of saturated NaHCO3 (70 mL) and extracted with EtOAc (2 x 50 mL). The 

combined organic layers were washed with saturated NaCl (70 mL), H2O (70 mL) and 

dried over MgSO4. The solvents were removed in vacuo and the crude material was 

purified using a Biotage Sfär silica gel cartridge (20 μm, 50 g) using 

hexane/EtOAc (19:1) as eluent and 60 mL/min flow rate. The peak that eluted at 

approx. 1-3 min was collected. Removal of the solvent under reduced pressure gave 91 

(2.170 g, quantitative) as a colorless oil. The material contains residual EtOAc. 

1H NMR (500 MHz, CDCl3): δ = 7.53 (dd, J = 7.7, 1.7, 2H), 7.41 – 7.33 (m, 3H), 3.94 

(t, J = 3.2, 1H), 1.27 – 1.20 (m, 2H), 1.09 (d, J = 7.3, 6H), 1.01 (d, J = 7.4, 6H); 

13C NMR (126 MHz, CDCl3): δ = 135.6, 134.3, 129.2, 127.8, 18.8, 18.6, 10.8. The 

analytical data were in accordance with those previously reported.217 

Diisopropyl(o-tolyl)silane (92) 

 

A stirring solution of 2-bromotoluene (1.20 mL, 10.15 mmol) in dry THF (50 mL) was 

cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 4.5 mL, 11.17 mmol) was added 

dropwise and the mixture was stirred for 1 h at −78 ºC. Diisopropylchlorosilane 

(2.08 mL, 12.18 mmol) was added, and the mixture was stirred for 1 h at −78 ºC and 

then allowed to warm to rt and stirred overnight. The reaction was quenched with 

saturated NaHCO3 (70 mL) and extracted with EtOAc (2 x 50 mL). The combined 

organic layers were washed with saturated NaCl (70 mL), H2O (70 mL) and dried over 

MgSO4. The solvents were removed in vacuo and the crude product was purified using 

a Biotage Sfär silica gel cartridge (20 μm, 50 g) using hexane/EtOAc (19:1) as eluent 

and 60 mL/min flow rate. The peak that eluted at approx. 1-1.5 min was collected. 

Removal of the solvent under reduced pressure gave 92 (2.128 g, 91%) as a colorless 

oil. 
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1H NMR (500 MHz, CDCl3): δ = 7.43 (dd, J = 7.3, 1.7, 1H), 7.29 – 7.25 (m, 1H), 7.19 

– 7.13 (m, 2H), 4.09 (t, J = 3.6, 1H), 2.45 (s, 3H), 1.31-1.24 (m, 2H), 1.10 (d, J = 7.4, 

6H), 0.98 (d, J = 7.3, 6H); 13C NMR (126 MHz, CDCl3): δ = 144.2, 136.2, 133.6, 129.7, 

129.3, 124.8, 23.5, 19.2, 19.1, 11.3; HRMS (GC-EI+): m/z M+ calcd for C13H22Si•+: 

206.1485, found: 206.1489; fragmentation m/z 206 (M+), 163 (M – CH2CH2CH3), 135 

(M – CH2CH2CH3 – CH2=CH2), 121 (M – CH2CH2CH3 – CH2CHCH3) 

(2,6-Dimethylphenyl)diisopropyl silane (93) 

 

A stirring solution of 2-bromo-m-xylene (1.40 mL, 10.57 mmol) in dry THF (50 mL) 

was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 4.7 mL, 11.63 mmol) was added 

dropwise and the mixture was stirred for 2 h at −78 ºC. Diisopropylchlorosilane 

(2.17 mL, 12.68 mmol) was added, and the mixture was stirred for 1 h at −78 ºC and 

then allowed to warm to rt and stirred overnight. The reaction was quenched with 

saturated NaHCO3 (70 mL) and extracted with EtOAc (2 x 50 mL). The combined 

organic layers were washed with saturated NaCl (70 mL), H2O (70 mL) and dried over 

MgSO4. The solvents were removed in vacuo. The crude material was purified using a 

Biotage Sfär silica gel cartridge (20 μm, 50 g) using hexane/EtOAc (19:1) as eluent 

and 60 mL/min flow rate. The peak that eluted at approx. 1-2 min was collected. 

Removal of the solvent under reduced pressure gave 93 (2.212 g, 84%) as a colorless 

oil.  

1H NMR (500 MHz, CDCl3): δ = 7.14 (t, J = 7.6, 1H), 6.98 (d, J = 7.6, 2H), 4.18 (t, 

J = 4.9, 1H), 2.45 (s, 6H), 1.36-1.29 (m, 2H), 1.16 (d, J = 7.3, 6H), 0.93 (d, J = 7.4, 

6H); 13C NMR (126 MHz, CDCl3): δ = 144.5, 133.6, 129.1, 127.5, 24.8, 20.4, 19.9, 

12.6; HRMS (GC-EI+): m/z M+ calcd for C14H24Si•+: 220.1642, found: 220.1642; 

fragmentation m/z 220 (M+), 177 (M – CH2CH2CH3), 149 (M – CH2CH2CH3 – 

CH2=CH2), 135. 
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Ethyl 6-((diisopropyl(phenyl)silyl)oxy)hexanoate (94) 

 

Silane 91 (983 mg, 5.11 mmol) was dissolved in dry CH2Cl2 (15 mL) under argon 

atmosphere. Trichloroisocyanuric acid (401.6 mg, 1.69 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(1.565 g, 23.00 mmol) and ethyl 6-hydroxyhexanoate (1.0 mL, 6.13 mmol) were added. 

The mixture was warmed to rt and stirred overnight. The resulting suspension was 

separated between CHCl3 (150 mL) and saturated NaCl (150 mL), and the organic layer 

was collected and dried over MgSO4. The solvents were removed in vacuo. The crude 

material was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (19:1) as eluent and 40 mL/min flow rate. The peak that eluted at 

approx. 2-4 min was collected. Removal of the solvent under reduced pressure gave 94 

(1.067 g, 60%) as a colorless oil.  

Rf = 0.50 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.54 (dd, J = 7.5, 2.0, 

2H), 7.40 – 7.33 (m, 3H), 4.13 (q, J = 7.1, 2H), 3.76 (d, J = 6.6, 2H), 2.32 (t, J = 7.6, 

2H), 1.70 – 1.60 (m, 4H), 1.47 – 1.40 (m, 2H), 1.30 – 1.22 (m, 5H), 1.06 (d, J = 7.4, 

6H), 1.00 (d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3): δ = 173.9, 134.8, 134.7, 129.3, 

127.7, 63.8, 60.3, 34.6, 32.7, 25.6, 25.0, 17.6, 17.5, 14.4, 12.2; HRMS (ESI+): (m/z) 

[M+Na]+ calcd for C20H34NaO3Si+: 373.2169, found: 373.2179. 

Ethyl 6-((diisopropyl(o-tolyl)silyl)oxy)hexanoate (95) 

 

Silane 92 (973 mg, 4.72 mmol) was dissolved in dry CH2Cl2 (15 mL) under argon 

atmosphere. Trichloroisocyanuric acid (366.2 mg, 1.56 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(1445 mg, 21.24 mmol) and ethyl 6-hydroxyhexanoate (0.92 mL, 5.66 mmol) were 
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added. The mixture was warmed to rt and stirred overnight. The resulting suspension 

was separated between CHCl3 (150 mL) and saturated NaCl (150 mL), and the organic 

layer was collected and dried over MgSO4. The solvents were removed in vacuo. The 

crude material was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (19:1) as eluent and 40 mL/min flow rate. The peak that eluted at 

approx. 2-4 min was collected. Removal of the solvent under reduced pressure gave 95 

(975 mg, 63%) as a colorless oil.  

Rf = 0.52 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.48 (dd, J = 7.8, 1.7, 

1H), 7.29 – 7.24 (m, 1H), 7.17-7.14 (m, 2H), 4.12 (q, J = 7.1, 2H), 3.77 (t, J = 6.5, 2H), 

2.46 (s, 3H), 2.32 (t, J = 7.4, 2H), 1.70-1.62 (m, 4H), 1.47 – 1.40 (m, 2H), 1.33 (p, 

J = 7.5, 2H), 1.25 (t, J = 7.1, 3H), 1.07 (d, J = 7.4, 6H), 1.01 (d, J = 7.6, 6H); 13C NMR 

(126 MHz, CDCl3): δ = 173.9, 144.2, 135.8, 133.9, 130.3, 129.3, 124.6, 63.6, 60.3, 

34.5, 32.7, 25.7, 25.0, 23.3, 18.0, 17.8, 14.4, 13.2; HRMS (ESI+): (m/z) [M+Na]+ calcd 

for C21H36NaO3Si+: 387.2326, found: 387.2337. 

Ethyl 6-(((2,6-dimethylphenyl)diisopropylsilyl)oxy)hexanoate (96) 

 

Silane 93 (995 mg, 4.52 mmol) was dissolved in dry CH2Cl2 (15 mL) under argon 

atmosphere. Trichloroisocyanuric acid (345.0 mg, 1.49 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(1384 mg, 20.34 mmol) and ethyl 6-hydroxyhexanoate (0.9 mL, 5.52 mmol) were 

added. The mixture was warmed to rt and stirred overnight. The resulting suspension 

was separated between CHCl3 (150 mL) and saturated NaCl (150 mL), and the organic 

layer was collected and dried over MgSO4. The solvents were removed in vacuo. The 

crude material was purified using a Biotage Sfär silica gel cartridge (20 μm, 25 g) using 

hexane/EtOAc (19:1) as eluent and 40 mL/min flow rate. The peak that eluted at 

approx. 2-4 min was collected. Removal of the solvent under reduced pressure gave 96 

(964 mg, 66%) as a colorless oil.  
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Rf = 0.54 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.48 (dd, J = 7.8, 1.7, 

1H), 7.29 – 7.24 (m, 1H), 7.17-7.14 (m, 2H), 4.12 (q, J = 7.1, 2H), 3.77 (t, J = 6.5, 2H), 

2.46 (s, 3H), 2.32 (d, J = 7.4, 2H), 1.70-1.62 (m, 4H), 1.47 – 1.40 (m, 2H), 1.33 (p, 

J = 7.5, 2H), 1.25 (t, J = 7.1, 3H), 1.07 (d, J = 7.4, 6H), 1.01 (d, J = 7.6, 6H); 13C NMR 

(126 MHz, CDCl3): δ = 173.9, 144.8, 133.9, 128.8, 128.3, 63.6, 60.3, 34.5, 32.5, 25.7, 

25.1, 24.6, 18.5, 18.3, 15.3, 14.4; HRMS (ESI+): (m/z) [M+Na]+ calcd for 

C22H38NaO3Si+: 401.2482, found: 401.2492. 

Di-tert-butyl(phenyl)silane (97) 

 

A stirring solution of bromobenzene (1.10 mL, 10.51 mmol) in dry THF (50 mL) was 

cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 4.6 mL, 11.57 mmol) was added 

dropwise and the mixture was stirred for 1 h at −78 ºC. Di-tert-butylchlorosilane 

(2.55 mL, 12.61 mmol) was added and the mixture was stirred for 1 h at −78 ºC and 

then allowed to warm to rt and stirred overnight. The reaction was quenched with 

saturated NaHCO3 (70 mL) and extracted with EtOAc (2 x 50 mL). The combined 

organic layers were washed with saturated NaCl (70 mL), H2O (70 mL) and dried over 

MgSO4. The solvents were removed in vacuo and the residue was purified by flash 

column chromatography (100% hexane) to yield 97 (2.015 g, 87%) as a colorless oil. 

1H NMR (500 MHz, CDCl3): δ = 7.59 – 7.56 (m, 2H), 7.39 – 7.32 (m, 3H), 3.87 (s, 

1H), 1.06 (s, 18H); 13C NMR (126 MHz, CDCl3): δ = 135.9, 135.7, 129.0, 127.6, 29.1, 

19.2. The analytical data were in accordance with those previously reported.218 
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Ethyl 6-((di-tert-butyl(phenyl)silyl)oxy)hexanoate (98) 

 

Silane 97 (357 mg, 1.63 mmol) was dissolved in dry CH2Cl2 (4 mL) under argon 

atmosphere. Trichloroisocyanuric acid (142 mg, 0.54 mmol) was added at 0 ºC, and 

the mixture was stirred for 2 h at rt. The mixture was cooled to 0 ºC before imidazole 

(522 mg, 3.26 mmol) and ethyl 6-hydroxyhexanoate (0.53 mL, 3.26 mmol) were 

added. The mixture was warmed to rt and stirred overnight. Anhydrous DMF (3 mL) 

was added, and the reaction mixture was stirred for a week. The resulting suspension 

was separated between CHCl3 (30 mL) and saturated NaCl (30 mL), and the organic 

layer was collected and dried over MgSO4. The solvents were removed in vacuo and 

the crude oil was purified by flash chromatography twice (hexane/EtOAc, 19:1) to give 

98 (178 mg, 30%) as a colorless oil.  

Rf = 0.56 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.65-7.59 (m, 2H), 

7.36 – 7.34 (m, 3H), 4.14 (q, J = 7.2, 2H), 3.91 (t, J = 6.4, 2H), 2.35 (t, J = 7.6 , 2H), 

1.74 – 1.67 (m, 4H), 1.51-1.48 (m, 2H), 1.26 (t, J = 7.1, 3H), 1.05 (s, 18H); 13C NMR 

(126 MHz, CDCl3): δ = 174.0, 135.7, 135.1, 134.5, 128.9, 127.4, 64.4, 60.4, 34.6, 32.8, 

28.6, 28.1, 25.7, 21.1, 14.4; HRMS (ESI-TOF+): (m/z) [M+Na]+ calcd for 

C22H38O3NaSi+: 379.2663; found: 379.2664. 

6-(((4-(Azidomethyl)phenyl)diisopropylsilyl)oxy)hexanoic acid (99) 

 

To a stirring solution of ester 45 (104 mg, 0.25 mmol) in a 9:1 mixture of 

CH2Cl2/CH3OH (8 mL), NaOH (42 mg, 1.1 mmol) was added, and the mixture was 

stirred until complete conversion of starting material as monitored by TLC (48 h). The 

solvents were removed in vacuo and the residue diluted with water (20 mL) and the 
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aqueous solution was extracted with Et2O (20 mL) to remove any unreacted ester. The 

aqueous layer was then cooled in an ice/water bath and acidified to pH 3 by addition 

of 10% citric acid and then extracted with Et2O (3 x 30 mL). The combined organic 

layers were dried over Na2SO4 and evaporated in vacuo to give 99 (90 mg, 97%) as a 

colorless oil. The material contains residual Et2O but was taken to the next step without 

any further purification. 

Rf = 0 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.56 (d, J = 8.0, 2H), 

7.31 (d, J = 8.0, 2H), 4.36 (s, 2H), 3.76 (t, J = 6.5, 2H), 2.38 (t, J = 7.5, 2H), 1.72-1.61 

(m, 4H), 1.46-1.41 (m, 2H), 1.29-1.24 (m, 2H), 1.05 (d, J = 7.4, 6H), 0.99 (d, J = 7.4, 

6H); 13C NMR (125 MHz, CDCl3):  = 179.4, 136.4, 136.2, 136.1, 127.4, 63.7, 55.0, 

34.1, 32.7, 25.5, 24.7, 17.6, 17.4, 12.2; HRMS (ESI-): m/z [M-H]- calcd for 

C19H30N3O3Si-: 376.2062; found: 376.2054. 

N-(2-Amino-2-oxoethyl)-6-(((4-(azidomethyl)phenyl)diisopropylsilyl)oxy)-

hexanamide (101) 

 

DIPEA (0.15 mL, 0.88 mmol), azide 99 (133 mg, 0.352 mmol) and HCTU (170 mg, 

0.41 mmol) were added to a solution of glycinamide hydrochloride salt 62 (65 mg, 

0.59 mmol) in DMF (4 mL). The reaction mixture was stirred at rt over night, after 

which the DMF was evaporated in vacuo. The residue was diluted with EtOAc 

(10 mL), washed with saturated NaHCO3 (15 mL), saturated aqueous NaCl (15 mL) 

and dried over anhydrous MgSO4. The solvent was evaporated in vacuo to give title 

compound 101 (91 mg, 84%) as a colorless liquid. The material contains residual 

EtOAc. 

1H NMR (500 MHz, CDCl3): δ = 7.55 (d, J = 8.0, 2H), 7.31 (d, J = 7.9, 2H), 6.26 (bs, 

1H), 6.09 (bs, 1H), 5.43 (bs, 1H), 4.36 (s, 2H), 3.95 (d, J = 5.1, 2H), 3.75 (t, J = 6.5, 

2H), 2.27 (t, J = 7.6, 2H), 1.72 – 1.66 (m, 2H), 1.64 – 1.60 (m, 2H), 1.50 – 1.41 (m, 
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2H), 1.29 – 1.23 (m, 2H), 1.04 (d, J = 7.4, 6H), 0.99 (d, J = 7.5, 6H); 13C NMR (126 

MHz, CDCl3): δ = 173.8, 171.1, 136.5, 135.2, 135.1, 127.4, 63.8, 55.0, 43.0, 36.5, 32.7, 

25.7, 25.6, 17.6, 17.4, 12.2. 

1-(4-(((6-((2-Amino-2-oxoethyl)amino)-6-oxohexyl)oxy)diisopropylsilyl)benzyl)-

1H-1,2,3-triazole-4-carboxamide (103)  

 

To a solution of propiolamide (15 mg, 0.20 mmol) and azide 101 (88.5 mg, 0.20 mmol) 

in a mixture of H2O and CH2Cl2 (1:1, 8 mL) were added CuSO4·5H2O (5.4 mg, 

9.3 µmol), Na2CO3 (44 mg, 0.41 mmol) and ascorbic acid (71.5 mg, 0.41 mmol). The 

mixture was stirred at rt until TLC showed full conversion of the starting material after 

which the mixture was filtered, and the precipitate washed with H2O (10 mL). The 

filtrate was extracted with EtOAc (3 x 10 mL), and the organic layers were combined 

with the precipitate. These combined layers were washed with 5% NaHCO3 (25 mL), 

H2O (25 mL) and saturated NaCl (25 mL), dried over MgSO4, filtered and the solvent 

was removed in vacuo. The crude product was purified by flash chromatography 

(EtOAc/MeOH, 95:5 → 9:1) to yield FOSi-precursor 103 (33 mg, 36%) as a colorless 

solid. The material contains residual EtOAc. 

Rf = 0.12 (EtOAc/MeOH, 9:1); 1H NMR (500 MHz, CDCl3): δ = 8.11 (s, 1H), 7.55 (d, 

J = 8.1, 2H), 7.28 (d, J = 8.1, 2H), 7.17 (bs, 1H), 6.57 (bs, 1H), 6.48 (bs, 1H), 6.06 (bs, 

1H), 5.88 (bs, 1H), 5.55 (s, 2H), 3.95 (d, J = 5.1, 2H), 3.71 (t, J = 6.4, 2H), 2.24 (t, 

J = 7.6, 2H), 1.67 – 1.56 (m, 4H), 1.42 – 1.36 (m, 2H), 1.28 – 1.22 (m, 2H), 1.03 (d, 

J = 7.4, 6H), 0.97 (d, J = 7.5, 6H); 13C NMR (126 MHz, CDCl3): δ = 173.8, 171.3, 

162.3, 143.1, 136.4, 135.6, 134.6, 127.5, 126.2, 63.7, 54.7, 42.9, 36.4, 32.6, 25.7, 25.5, 

17.5, 17.4, 12.1. 
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2-(Aminooxy)-N-benzylacetamide (108) 

 

(Boc-aminooxy)acetic acid (243 mg, 1.27 mmol), benzylamine (0.15 mL, 1.38 mmol), 

HCTU (571 mg, 1.38 mmol) and DIPEA (0.57 mL, 3.28 mmol) were dissolved in dry 

DMF (18 mL) under argon atmosphere and stirred at rt overnight. DMF was removed 

in vacuo and the residue diluted with EtOAc (30 mL). The organic layer was washed 

with saturated NaHCO3 (2 x 30 mL), saturated NaCl (30 mL) and dried over MgSO4 

before the solvent was evaporated in vacuo to give the crude product (593 mg) as a 

brownish oil with some crystals, which was directly deprotected in the next step 

without further purification. 

The crude product was dissolved in 4 M HCl in dioxane (15 mL) and stirred at rt for 

3 h after which time the product had precipitated. EtOAc (15 mL) was added and the 

organic layer was washed with saturated NaHCO3 (2 x 25 mL), keeping the aqueous 

layer basic during the extraction, and then washed with saturated NaCl (25 mL), dried 

over Na2SO4 and evaporated in vacuo to give a clear oil (384 mg) which was purified 

by flash chromatography (95:5, EtOAc/MeOH) to give 108 (147 mg, 67%) as a 

colorless solid.  

Rf = 0.23 (95:5, EtOAc/MeOH); 1H NMR (500 MHz, (CD3)2SO): δ = 8.32 (t, J = 5.4, 

1H), 7.33 – 7.22 (m, 5H), 6.38 (s, 2H), 4.33 (d, J = 6.2, 2H), 4.01 (s, 2H); 13C NMR 

(126 MHz, (CD3)2SO): δ = 169.9, 139.5, 128.2, 127.1, 126.7, 74.4, 41.6; HRMS 

(ESI+): m/z [M+Na]+ calcd for C9H12N2NaO2
+: 203.0791; found: 203.0791. 
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(E)-N-Benzyl-2-(((4-((but-3-yn-1-yloxy)diisopropylsilyl)benzylidene)amino)oxy) 

acetamide (109) 

 

Aldehyde 43 (150 mg, 0.52 mmol), aminooxy-modified 108 (137 mg, 0.76 mmol) and 

pyridine (0.1 mL, 1.15 mmol) were dissolved in dry CH2Cl2 (6 mL) and stirred under 

argon atmosphere overnight. The resulting mixture was washed with 5% citric acid (3 

x 10 mL), saturated NaCl (2 x 25 mL) and dried over Na2SO4. The solvent was removed 

in vacuo to give the crude product (300 mg) as a pale white oil which was purified by 

flash chromatography (100% EtOAc) to give the 109 (149 mg, 64%) as a colorless, 

sticky oil which solidified upon standing.  

Rf = 0.59 (EtOAc); 1H NMR (500 MHz, CDCl3): δ = 8.16 (s, 1H), 7.59 (d, J = 8.2, 2H), 

7.56 (d, J = 8.2, 2H), 7.31 – 7.24 (m, 5H), 6.54 (bs, 1H), 4.72 (s, 2H), 4.55 (d, J = 5.9, 

2H), 3.90 (t, J = 7.1, 2H), 2.52 (dt, J = 7.1, 2.7, 2H), 1.99 (t, J = 2.7, 1H), 1.32 – 1.27 

(m, 2H), 1.07 (d, J = 7.4, 6H), 1.01 (d, J = 7.5, 6H); 13C NMR (126 MHz, CDCl3): δ = 

169.7, 151.2, 138.1, 137.9, 135.1, 132.0, 128.8, 127.7, 127.6, 126.5, 81.5, 73.5, 69.7, 

62.5, 43.0, 23.0, 17.4, 17.3, 12.1; HRMS (ESI+): m/z [M+Na]+ calcd for 

C26H34N2NaO3Si+: 473.2231; found: 473.2229. 

(E)-N-Benzyl-2-(((4-(diisopropyl(2-(1-phenyl-1H-1,2,3-triazol-4-yl)ethoxy)silyl)-

benzylidene)amino)oxy)acetamide (111) 

 

To a solution of alkyne 109 (105 mg, 0.23 mmol) and azidobenzene (0.5 M in Me-THF, 

0.51 mL, 0.26 mmol) in tert-butanol (3 mL), a solution of CuSO4·5H2O (6.7 mg, 

0.05 mmol) in water (1.5 mL) and sodium ascorbate (10.6 mg, 0.15 mmol) in water 

(1.5 mL) were added. The mixture was stirred at rt until TLC showed full conversion 
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of the starting material after which the mixture was diluted with H2O (10 mL) and 

extracted with CH2Cl2 (3 x 15 mL). The combined organic layers were washed with 

saturated NaHCO3 (30 mL), saturated NaCl (30 mL), dried over MgSO4, filtered and 

the solvent was removed in vacuo. The crude product was purified by flash column 

chromatography (hexane/EtOAc, 4:1 → 0:100) to yield FOSi-precursor 111 (52 mg, 

39%) as a colorless, sticky oil.  

Rf = 0.64 (EtOAc); 1H NMR (500 MHz, CDCl3): δ = 8.14 (s, 1H), 7.85 (s, 1H), 7.70 – 

7.67 (m, 2H), 7.56 – 7.47 (m, 6H), 7.44 – 7.40 (m, 1H), 7.28 – 7.21 (m, 5H), 6.54 (app 

t, 1H), 4.71 (s, 2H), 4.54 (d, J = 5.9, 2H), 4.11 (t, J = 6.5, 2H), 3.13 (t, J = 6.5, 2H), 

1.34 – 1.28 (m, 2H), 1.05 (d, J = 7.4, 6H), 1.00 (d, J = 7.5, 6H); 13C NMR (126 MHz, 

CDCl3): δ = 169.6, 151.2, 146.0, 138.1, 138.0, 137.4, 135.0, 132.0, 129.9, 128.8, 128.7, 

127.7, 127.6, 126.5, 120.6, 120.3, 73.5, 63.2, 43.0, 29.7, 17.5, 17.4, 12.1; HRMS 

(ESI+): m/z [M+Na]+ calcd for C32H39N5NaO3Si+: 592.2714; found: 592.2714. 

(4-(Azidomethyl)phenyl)diisopropyl(methoxy)silane (118) 

 

Silane 42 (91.9 mg, 0.37 mmol) was dissolved in dry CH2Cl2 (3 mL) under argon 

atmosphere and cooled to 0 ºC in an ice bath before trichloroisocyanuric acid (30.2 mg, 

0.13 mmol) was added. The cooling bath was removed, and the mixture was stirred for 

2 h at rt. The mixture was cooled to 0 ºC before imidazole (114 mg, 1.67 mmol) and 

anhydrous MeOH (0.15 mL, 3.7 mmol) were added, and the resulting mixture was 

allowed to warm to rt and stirred overnight. The resulting suspension was separated 

between CHCl3 (15 mL) and saturated NaCl (15 mL), and the organic layer was dried 

over MgSO4. The solvents were removed in vacuo and the crude product was purified 

using a Biotage Sfär silica gel cartridge (20 μm, 10 g) using hexane/EtOAc (19:1) as 

eluent and 20 mL/min flow rate. The peak that eluted at approx. 1.1-1.9 min was 

collected. Removal of the solvent under reduced pressure gave 118 (5.0 mg, 5%) as a 

colorless oil.  
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1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.0, 2H), 7.33 (d, J = 8.0, 2H), 4.36 (s, 2H), 

3.62 (s, 3H), 1.32 – 1.28 (m, 2H), 1.07 (d, J = 7.4, 6H), 1.02 (d, J = 7.6, 6H); 13C NMR 

(126 MHz, CDCl3): δ = 136.6, 135.3, 127.5, 55.0, 52.2, 17.6, 17.4, 12.1 (aromatic 

signal missing due to low concentration of sample).  

(4-(Azidomethyl)-2-methylphenyl)diisopropyl(methoxy)silane (119) 

 

Silane 63 (214 mg, 0.82 mmol) was dissolved in dry CH2Cl2 (3 mL) under argon 

atmosphere and cooled to 0 ºC in an ice bath before trichloroisocyanuric acid (64.0 mg, 

0.27 mmol) was added. The cooling bath was removed, and the mixture was stirred for 

2 h at rt. The mixture was cooled to 0 ºC before imidazole (251 mg, 3.7 mmol) and 

anhydrous MeOH (0.33 mL, 8.2 mmol) were added and the resulting mixture was 

allowed to warm to rt and stirred overnight. The resulting suspension was separated 

between CHCl3 (15 mL) and saturated NaCl (15 mL), and the organic layer was dried 

over MgSO4. The solvents were removed in vacuo and the crude product was purified 

using a Biotage Sfär silica gel cartridge (20 μm, 10 g) using hexane/EtOAc (19:1) as 

eluent and 20 mL/min flow rate. The peak that eluted at approx. 1.2-1.8 min was 

collected. Removal of the solvent under reduced pressure gave 119 (59 mg, 25%) as a 

colorless oil.  

Rf = 0.60 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.50 (d, J = 8.0, 1H), 

7.13 – 7.12 (m, 2H), 4.32 (s, 2H), 3.62 (s, 3H), 2.49 (s, 3H), 1.34 (app h, J = 7.5, 2H), 

1.09 (d, J = 7.4, 6H), 1.03 (d, J = 7.4, 6H); 13C NMR (126 MHz, CDCl3): δ = 145.0, 

136.5, 136.4, 133.7, 130.0, 124.3, 54.9, 52.1, 23.0, 17.9, 17.7, 13.2; HRMS (GC-EI+): 

m/z M+ calcd for C15H25N3OSi+: 291.1717, found: [M-43]+ = 248.1213; fragmentation 

m/z 291 (M+), 248 (M – CH2CH2CH3), 220 (M – CH2CH2CH3 – CH2=CH2), 192 (M – 

CH2CH2CH3 – CH2=CH2 – 28), 162.  

(4-(Azidomethyl)-2,6-dimethylphenyl)diisopropyl(methoxy)silane (120) 
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Silane 67 (265 mg, 0.96 mmol) was dissolved in dry CH2Cl2 (3 mL) under argon 

atmosphere and cooled to 0 ºC in an ice bath before trichloroisocyanuric acid (80 mg, 

0.32 mmol) was added. The cooling bath was removed, and the mixture was stirred for 

2 h at rt. The mixture was cooled to 0 ºC before imidazole (294 mg, 4.32 mmol) and 

anhydrous MeOH (0.4 mL, 9.6 mmol) were added. The cooling bath was removed, and 

the mixture was allowed to warm to rt and stirring continued overnight. The resulting 

suspension was separated between CHCl3 (15 mL) and saturated NaCl (15 mL), and 

the organic layer was collected and dried over MgSO4. The solvents were removed in 

vacuo and the crude product was purified using a Biotage Sfär silica gel 

cartridge (20 μm, 10 g) using hexane/EtOAc (19:1) as eluent and 20 mL/min flow rate. 

The peak that eluted at approx. 1.2-2 min was collected. Removal of the solvent under 

reduced pressure gave 120 (194 mg, 66%) as a colorless oil.  

Rf = 0.63 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 6.92 (s, 2H), 4.27 (s, 

2H), 3.63 (s, 3H), 2.50 (s, 6H), 1.37 (app h, J = 7.4, 2H), 1.14 (d, J = 7.4, 6H), 1.03 (d, 

J = 7.6, 6H); 13C NMR (126 MHz, CDCl3): δ = 145.7, 135.9, 133.7, 128.0, 54.7, 52.0, 

24.2, 18.4, 18.1, 15.3; HRMS (GC-EI+): m/z M+ calcd for C16H27N3OSi+: 305.1918, 

found: [M-43]+ = 262.1317; fragmentation m/z 305 (M+), 262 (M – CH2CH2CH3), 234 

(M – CH2CH2CH3 – CH2=CH2), 206 (M – CH2CH2CH3 – CH2=CH2 – 28), 176. 

 

 

Ethyl 1-(4-(diisopropyl(methoxy)silyl)-3,5-dimethylbenzyl)-1H-1,2,3-triazole-4-

carboxylate (121)219 
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Azide 120 (80 mg, 0.26 mmol), ethyl propiolate (30 µL, 0.26 mmol), CuSO4·5H2O 

(3.3 mg, 0.013 mmol) and sodium ascorbate (10.6 mg, 0.15 mmol) were suspended in 

a mixture of H2O/CH2Cl2 (1:3, 2 mL). The mixture was stirred at rt until TLC showed 

full conversion of the starting material after which the mixture was diluted with H2O 

(10 mL) and extracted with CH2Cl2 (2 x 15 mL). The combined organic layers were 

washed with saturated NaHCO3 (30 mL), saturated NaCl (30 mL), dried over MgSO4, 

filtered and the solvent was removed in vacuo. The crude product was purified by flash 

column chromatography (hexane/EtOAc, 1:1) to give 121 (39 mg, 38%) as a colorless 

solid.  

1H NMR (500 MHz, CDCl3): δ = 8.01 (s, 1H), 6.85 (s, 2H), 5.46 (s, 2H), 4.41 (q, 

J = 7.2, 2H), 3.61 (s, 3H), 2.45 (s, 6H), 1.40 (t, J = 7.1, 3H), 1.40 – 1.30 (m, 2H), 1.12 

(d, J = 7.4, 6H), 1.01 (d, J = 7.6, 6H); 13C NMR (126 MHz, CDCl3): δ = 161.0, 146.3, 

140.7, 135.1, 134.0, 127.9, 127.6, 61.5, 54.3, 52.0, 24.2, 18.4, 18.1, 15.3, 14.4. 

6-((Diisopropyl(2-methyl-4-propoxyphenyl)silyl)oxy)hexanoic acid (130) 

 

To a stirring solution of ester 80 (295 mg, 0.71 mmol) in CH2Cl2/MeOH (9:1, 20 mL), 

NaOH (134 mg, 3.35 mmol) was added, and the mixture was stirred until complete 

conversion of starting material as monitored by TLC (overnight). Saturated NH4Cl 

(20 mL) was added, and the resulting mixture was stirred while HCl (3 M) was added 

until pH 3. The two layers were separated, and the aqueous layer was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic layers were dried over MgSO4 and 

evaporated in vacuo to 130 (276 mg, quantitative) as a viscous, colorless oil. The 

material was used in the next step without any further purification. 
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Rf = 0.00 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 10.88 (bs, 1H), 7.38 

(d, J = 8.2, 1H), 6.74 – 6.68 (m, 2H), 3.92 (t, J = 6.6, 2H), 3.74 (t, J = 6.5, 2H), 2.43 

(s, 3H), 2.37 (t, J = 7.5, 2H), 1.80 (app h, J = 7.4, 2H), 1.71 – 1.61 (m, 4H), 1.49 – 1.44 

(m, 2H), 1.30 (p, J = 7.4, 2H), 1.06 (d, J = 7.4, 6H), 1.03 (t, J = 7.4, 3H), 1.00 (d, 

J = 7.4, 6H); 13C NMR (125 MHz, CDCl3):  = 179.3, 160.1, 146.2, 137.3, 124.5, 

116.7, 110.5, 69.1, 63.6, 34.1, 32.6, 25.6, 24.7, 23.4, 22.8, 18.0, 17.9, 13.3, 10.7; 

HRMS (ESI-): (m/z) [M-H]- calcd for C22H37O4Si-: 393.2467; found: 393.2455, (m/z) 

[2M-H]- calcd for C44H75O8Si2
-: 787.5006; found: 788.5040. 

Diisopropyl(4-propoxyphenyl)silane (132) 

 

A stirring solution of 1-bromo-4-propoxybenzene (77) (294 mg, 1.37 mmol) in dry 

THF (10 mL) was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 0.60 mL, 

1.51 mmol) was added dropwise and the mixture was stirred for 1 h at −78 ºC. 

Diisopropylchlorosilane (0.26 mL, 1.51 mmol) was added, and the mixture was stirred 

for 30 min at −78 ºC and then allowed to warm to rt and stirring continued overnight. 

The reaction was quenched by addition of saturated NaHCO3 (10 mL), and the resulting 

mixture was extracted with EtOAc (2 x 10 mL). The combined organic layers were 

washed with saturated NaCl (2 x 20 mL) and dried over MgSO4. The solvents were 

removed in vacuo and the crude product was purified using a Biotage Sfär silica gel 

cartridge (20 μm, 25 g) using hexane/EtOAc (19:1) as eluent and 40 mL/min flow rate. 

The peak that eluted at approx. 7-9 min was collected. Removal of the solvent under 

reduced pressure gave 132 (315 mg, 92%) as a colorless oil. The material contains 

aliphatic impurities (unreacted chlorosilane). 

1H NMR (500 MHz, CDCl3): δ = 7.43 (d, J = 8.7, 2H), 6.90 (d, J = 8.7, 2H), 3.96 – 

3.90 (m, 3H), 1.82 (h, J = 7.4, 2H), 1.24 – 1.15 (m, 2H), 1.08 – 1.05 (m, 6H), 1.03 (d, 

J = 7.3, 4H), 0.99 (d, J = 7.3, 6H); 13C NMR 13C NMR (126 MHz, CDCl3): δ = 160.2, 

137.0, 124.7, 114.1, 69.3, 22.8, 18.8, 18.6, 11.0. 
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Di-tert-butyl(4-propoxyphenyl)silane (133) 

 

A stirring solution of 1-bromo-4-propoxybenzene (77) (310 mg, 1.44 mmol) in dry 

THF (10 mL) was cooled to −78 ºC and n-BuLi (2.5 M in hexanes, 0.61 mL, 

1.53 mmol) was added dropwise and the mixture was stirred for 1 h at −78 ºC. Di-tert-

butylchlorosilane (0.31 mL, 1.53 mmol) was added and the mixture was stirred for 1 h 

at −78 ºC and then allowed to warm to rt and stirring continued overnight. The reaction 

was quenched by addition of saturated NaHCO3 (20 mL) and extracted with EtOAc (2 

x 20 mL). The combined organic layers were washed with saturated NaCl (40 mL), 

H2O (70 mL) and dried over MgSO4. The solvents were removed in vacuo. The crude 

material was attempted purified using a Biotage Sfär silica gel cartridge (20 μm, 10 g) 

using hexane/EtOAc (19:1) as eluent and 20 mL/min flow rate. The peak that eluted at 

approx. 7-9 min was collected. Removal of the solvent under reduced pressure gave 

286 mg of a mixture of 133 and the n-butylated side-product 79 (Ratio 139/79  6:4). 

The calculated yield for 133 was 43%. 

1H NMR (500 MHz, CDCl3): δ = 7.48 (d, J = 8.7, 2H), 6.89 (d, J = 8.7, 2H), 3.94 (t, 

J = 6.5, 2H), 3.84 (bs, 1H), 1.86 – 1.77 (m, 3H), 1.04 (s, 18H), 1.04 (t, J = 3.7, 2H); 

13C NMR (126 MHz, CDCl3): δ = 160.1, 137.3, 126.1, 113.9, 69.2, 29.1, 22.8, 19.2, 

10.7.  

 

 

 

 

6-(((4-(Azidomethyl)-2-methylphenyl)diisopropylsilyl)oxy)hexanoic acid (134) 
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To a stirring solution of 126 (255.8 mg, 0.61 mmol) in CH2Cl2/MeOH (9:1, 20 mL) 

NaOH (105 mg, 2.44 mmol) was added, and the mixture was stirred until complete 

conversion of starting material as monitored by TLC (24 h). The reaction mixture was 

diluted with saturated NH4Cl (40 mL), acidified to pH 3 using 3M HCl and the two 

layers were separated. The aqueous layer was extracted with CH2Cl2 (2 x 25 mL) and 

the combined organic layers were dried over Na2SO4 and solvent removed in vacuo to 

give 136 (224 mg, 94%) as a colorless oil.  

Rf = 0.0 (hexane/EtOAc, 9:1); 1H NMR (500 MHz, CDCl3): δ = 7.50 (d, J = 8.0, 1H), 

7.11-7.10 (m, 2H), 4.31 (s, 2H), 3.78 (t, J = 6.5, 2H), 2.48 (s, 3H), 2.38 (t, J = 7.6, 2H), 

1.72 – 1.61 (m, 4H), 1.50 – 1.43 (m, 2H), 1.32 (h, J = 7.4, 2H), 1.07 (d, J = 7.4, 6H), 

1.00 (d, J = 7.6, 6H); 13C NMR (126 MHz, CDCl3): δ = 179.3, 145.0, 136.4, 136.3, 

134.2, 129.9, 124.3, 63.7, 54.9, 34.0, 32.6, 25.6, 24.7, 23.2, 17.9, 17.8, 13.2; HRMS 

(ESI+): (m/z) [M-H]- calcd for C20H32N3O3Si-: 390.2218, found: 390.2216, (m/z) [2M-

H]- calcd for C40H65N6O6Si2
-: 781.4510; found: 781.4423. 

Coupling of FOSi-precursor to resin 

Rink amide ChemMatrix (162.9 mg, 0.076 mmol) was swelled in DMF at rt for 1 h. 

The solvent was drained off and carboxylic acid 130 (90 mg, 0.228 mmol, 3 eq.) and 

HCTU (88 mg, 0.213 mmol, 2.8 eq.) dissolved in DMF (5 mL) were added followed 

by addition of DIPEA (80 µL, 0.456 mmol, 6 eq.). The resin vial was shaken at rt for 

24-48 h. The resin was washed with DMF (5 x 10 mL) and CH2Cl2 (5 x 10 mL) and 

then dried under vacuum overnight.  
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General fluorination protocols 

Method 1: The desired silyl ether (1 eq.) was dissolved in dry THF (50 mL/mmol) and 

cooled to 0 °C. TBAF (1M in THF, 2.0 eq.) was added, and the solution was warmed 

to rt and stirred until completion (followed by TLC-analysis). The crude mixture was 

concentrated in vacuo and analyzed by 1H NMR immediately. The crude product was 

diluted with EtOAc, washed with NaHCO3, saturated NaCl and the organic layer was 

dried over MgSO4, and solvent was evaporated in vacuo. 

Method 2: KF (1.1 eq) and Kryptofix (K[2.2.2], 1.1 eq.) were added in dry MeCN and 

stirred for 10 min. Desired silyl ether (1 eq.) was added and the reaction was followed 

by TLC until full conversion of starting material. Alternative: The crude mixture was 

filtered through an alumina SPE-cartridge. The solvent was evaporated, and NMR 

analyses of the crude mixture were performed. 

Fluorodiisopropyl(2-methyl-4-propoxyphenyl)silane (114) 

 

Synthesized as described in general fluorination method 2. 1H NMR (600 MHz, 

CDCl3): δ = 7.43 (d, J = 8.7, 1H), 6.72 (d, J = 7.0, 2H), 3.92 (t, J = 6.5, 2H), 2.44 (s, 

3H), 1.83 – 1.76 (m, 2H), 1.27 – 1.23 (m, 2H), 1.07 (d, J = 7.4, 6H), 1.02 (t, J = 7.4, 

3H), 0.95 (d, J = 7.5, 6H); 13C NMR (151 MHz, CDCl3): δ = 160.3, 145.6, 136.8, 125.1, 

116.7, 110.6, 69.2, 23.6, 22.8, 17.7, 17.5, 13.7, 10.7; HRMS (GC-EI+): m/z M+ calcd 

for C16H27FOSi = 282.1815, found: 282.1820; fragmentation m/z 282 (M+), 239 (M – 

CH2CH2CH3), 211 (M – CH2CH2CH3 – CH2=CH2), 197, 169. The material contains 

some aliphatic impurities, probably remains of the cleaved aliphatic chain.  

Solid-phase fluorination 

Resin-bound 131 (25 mg, 0.012 mmol, 1 eq.) was loaded into a 10 mL peptide synthesis 

vessel and suspended in MeCN (2.5 mL). KF (0.8 mg, 0.014 mmol, 1.2 eq.) and 

K[2.2.2] (5.3 mg, 0.014 mmol, 1.2 eq.) were added and the vial was shaken for 2 h. 
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The solvent was filtered off and evaporated in vacuo, and 1H NMR was obtained 

immediately.  

Compound 114: 1H NMR (500 MHz, CDCl3): δ = 7.41 (d, J = 9.0, 1H), 6.68 – 6.66 (m, 

2H), 3.88 (t, J = 6.6, 2H), 2.41 (s, 3H), 1.78 – 1.73 (m, 2H), 1.21 – 1.16 (m, 2H), 1.06 

(d, J = 7.4, 6H), 1.02 (t, J = 7.4, 3H), 0.94 (d, J = 7.4, 6H); LRMS (GC-EI+): m/z M+ 

calcd for C16H27FOSi = 282.2, found: 282.2; fragmentation m/z 282 (M+), 239 (M – 

CH2CH2CH3), 211 (M – CH2CH2CH3 – CH2=CH2), 197, 169. The material contains 

some aliphatic impurities and remaining K[2.2.2].  

Solid-phase 18F-fluorination 

First run: 18F was retrieved from a QMA-cartridge by flushing with a K[2.2.2]/K2CO3 

mixture (0.4 mL) in MeCN−H2O (80:20). The solvent was azeotropically dried (3 x 

1 mL dry MeCN) and then dry MeCN was added to the reaction mixture (1.0 mL). The 

resin (28.4 mg) was then added to the vial and stirred with a magnet bar for 30 min 

before analysis by Radio-TLC (hexane/EtOAc, 1:1) (reference to appendix). The 

reaction mixture was stirred further at rt for 30 min and another radio-TLC analysis 

(hexane/EtOAc, 1:1) was performed. The mixture was then heated to 50 ºC for 30 min 

and one final radio-TLC analysis (hexane/EtOAc, 1:1) was performed (reference to 

appendix). Initial activity: 1.634 GBq. 

Second run: 18F was retrieved from a QMA-cartridge by flushing with a 

K[2.2.2]/K2CO3 mixture (0.4 mL) in MeCN−H2O (80:20). The solvent was 

azeotropically dried (4 x 1 mL dry MeCN) and then dry MeCN was added to the 

reaction mixture (0.5 mL). The resin (32.4 mg) was then added to the vial. The resin 

was stirred with a magnet bar at 50 ºC for 30 min and then analyzed by Radio-TLC 

(hexane/EtOAc, 1:1). The reaction mixture was then heated to 70 ºC and stirred for 

30 min before analysis by radio-TLC (hexane/EtOAc, 1:1). Initial activity: 1.354 GBq. 

Third run: 18F was retrieved from a QMA-cartridge by flushing with a K[2.2.2]/K2CO3 

mixture (0.4 mL) in MeCN−H2O (80:20). The solvent was azeotropically dried (4 x 

1 mL dry MeCN) and then dry MeCN was added to the reaction mixture (0.5 mL). The 
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resin (42.6 mg) was then added to the vial. The resin was stirred with a magnet bar at 

50 ºC for 30 min and then analyzed by Radio-TLC (hexane/EtOAc, 1:1). The reaction 

mixture was stirred further for 30 min at 50 ºC before analysis by radio-TLC 

(hexane/EtOAc, 1:1). Initial activity: 3.05 GBq. 
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Overview of synthesized compounds (FOSi-project) 
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Spectral data 

NOTA-GzmB Semi-prep HPLC 

HPLC program: 

 

 

 

 

Flow: 15 mL/min 

Initial pressure: 81 mbar 

Column: XBridgeTM Prep C18 OBS (19 x 250 mm, 5 m) column from Waters 

Ca retention time (product): 21.0 – 22.5 min 

 

NODAGA-GzmB Semi-prep HPLC  

HPLC program: 
 

  

 
 
 
 
 
 
 
 
 

Flow: 12 mL/min 

Initial pressure: 97 mbar 

 

Column: XBridgeTM Prep C18 OBS (19 x 250 mm, 5 m) column from Waters 

Ca retention time (product): 11 – 12.5 min 

 

 

Time (min) A (%) B (%) 

0 99 1 

30 80 20 

33 20 80 

40 99 1 

Time (min) A (%) B (%) 

0 99 1 

5 80 20 

30 50 50 

33 20 80 

40 99 1 
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Figure A-1. LRMS spectrum of GzmB-peptide from test cleavage 



  
 

 

A-12 

 

Figure A-2. HRMS spectrum of NOTA-GzmB 
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Figure A-3. Analytical HPLC of NOTA-GzmB (Run 1, Fraction 6) 
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Figure A-4. LRMS spectrum of NOTA-GzmB (Run 2, Fraction 6) 
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Figure A-5. Analytical HPLC of NODAGA-GzmB (Run 2, Fraction 2)  
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Figure A-6. LRMS spectrum of NODAGA-GzmB (Run 2, Fraction 2) 
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Figure A-7. Analytical HPLC of DOTA-GzmB (performed by Dr. Markus Baumann) 
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Figure A-8. LRMS Spectrum of DOTA-GzmB (performed by Dr. Markus Baumann) 
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Figure A-9. 1H-NMR of NODAGA-GzmB  
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Figure A-10. 1H-NMR of NOTA-GzB  
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Figure A-11. 1H-NMR of compound 5 
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Figure A-12. 13C-NMR of compound 5 
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Figure A-13. 1H-NMR spectrum of compound 10 
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Figure A-14. 13C-NMR spectrum of compound 10 
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Figure A-15. 1H-NMR spectrum of compound 11 (crude)  
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Figure A-16. 13C-NMR spectrum of compound 11(crude) 
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Figure A-17. 1H-NMR spectrum of compound 13 (crude) 
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Figure A-18. 13C-NMR spectrum of compound 13 (crude) 
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Figure A-19. 1H-NMR spectrum of compound 14 (crude) 
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Figure A-20. 1H-NMR spectrum of compound 15 (crude) 
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Figure A-21. 13C-NMR spectrum of compound 15 (crude) 
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Figure A-22. 1H-NMR spectrum of compound 17 
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Figure A-23. 13C-NMR spectrum of compound 17 
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Figure A-24. 1H-NMR spectrum of compound 18 
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Figure A-25. 13C-NMR spectrum of compound 18 
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Figure A-26. 1H-NMR spectrum of compound 20 
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Figure A-27. 13C-NMR spectrum of compound 20 
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Figure A-28. 1H-NMR spectrum of compound 22 
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Figure A-29. 13C-NMR spectrum of compound 22 
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Figure A-30. 1H-NMR spectrum of compound 25 
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Figure A-31. 13C-NMR spectrum of compound 25 
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Figure A-32. 1H-NMR spectrum of compound 31 
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Figure A-33. 13C-NMR spectrum of compound 31 
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Figure A-34. 1H-NMR spectrum of compound 33 
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Figure A-35. 13C-NMR spectrum of compound 33 
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Figure A-36. 1H-NMR spectrum of compound 35 
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Figure A-37. 13C-NMR spectrum of compound 35 
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Figure A-38. HRMS spectrum of compound 35 
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Figure A-39. 1H-NMR spectrum of compound 37 
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Figure A-40. 13C-NMR spectrum of compound 37 
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Figure A-41. 1H-NMR spectrum of compound 41 
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Figure A-42. 13C-NMR spectrum of compound 41 
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Figure A-43. 1H-NMR spectrum of compound 42 
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Figure A-44. 13C-NMR spectrum of compound 42 
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Figure A-45. 1H-NMR spectrum of compound 43 
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Figure A-46. 13C-NMR spectrum of compound 43 
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Figure A-47. 1H-NMR spectrum of compound 45 
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Figure A-48. 13C-NMR spectrum of compound 45 
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Figure A-49. HRMS spectrum of compound 59 
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Figure A-50. 1H-NMR spectrum of compound 46 
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Figure A-51. 13C-NMR spectrum of compound 46 
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Figure A-52. 1H-NMR spectrum of compound 49 
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Figure A-53. 13C-NMR spectrum of compound 77 
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Figure A-54. HRMS spectrum of compound 77 
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Figure A-55. 1H-NMR spectrum of compound 50 
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Figure A-56. 13C-NMR spectrum of compound 50 
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Figure A-57. HRMS spectrum of compound 54 
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Figure A-58. 1H NMR spectrum of compound 51 
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Figure A-59. 13C NMR spectrum of compound 51 
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Figure A-60. 1H-NMR spectrum of compound 53 
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Figure A-61. 13C-NMR spectrum of compound 53 
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Figure A-62. HRMS spectrum of compound 85 



 
A-73 

 

Figure A-63. 1H-NMR spectrum of compound 59 
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Figure A-64. 13C-NMR spectrum of compound 59 
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Figure A-65. 1H-NMR spectrum of compound 60 
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Figure A-66. 13C-NMR spectrum of compound 60 
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Figure A-67. HRMS spectrum of compound 60 
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Figure A-68. 1H-NMR spectrum of compound 61 
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Figure A-69. 13C-NMR spectrum of compound 61 
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Figure A-70. HRMS spectrum of compound 61 
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Figure A-71. 1H-NMR spectrum of compound 62 
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Figure A-72. 13C-NMR spectrum of compound 62 
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Figure A-73. HRMS spectrum of compound 62 
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Figure A-74. 1H-NMR spectrum of compound 63 
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Figure A-75. 13C-NMR spectrum of compound 63 
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Figure A-76. HRMS spectrum of compound 63 
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Figure A-77. 1H-NMR spectrum of compound 64 
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Figure A-78. 13C-NMR spectrum of compound 64 
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Figure A-79. 29Si-NMR spectrum of compound 64 
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Figure A-80. HRMS spectrum of compound 64 



 
A-91 

 

Figure A-81. 1H-NMR spectrum of compound 66 
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Figure A-82. 13C-NMR spectrum of compound 66 
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Figure A-83. HRMS spectrum of compound 66 
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Figure A-84. 1H-NMR spectrum of compound 67 
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Figure A-85. 13C-NMR spectrum of compound 67 
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Figure A-86. HRMS spectrum of compound 67 



 
A-97 

 

Figure A-87. 1H-NMR spectrum of compound 68 
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Figure A-88. 13C-NMR spectrum of compound 68 
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Figure A-89. HRMS spectrum of compound 68 
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Figure A-90. 1H-NMR spectrum of compound 69 
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Figure A-91. 13C-NMR spectrum of compound 69 
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Figure A-92. HRMS spectrum of compound 69 
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Figure A-93. 1H-NMR spectrum of compound 70 
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Figure A-94. 13C-NMR spectrum of compound 70 
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Figure A-95. HRMS spectrum of compound 70 
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Figure A-96. 1H-NMR spectrum of compound 73 
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Figure A-97. 13C-NMR spectrum of compound 73 
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Figure A-98. 1H-NMR spectrum of compound 74 
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Figure A-99. 13C-NMR spectrum of compound 74 
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Figure A-100. 1H-NMR spectrum of compound 75 
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Figure A-101. 13C-NMR spectrum of compound 75 



  
 

 

A-112 

 

Figure A-102. HRMS spectrum of compound 75 
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Figure A-103. 1H-NMR spectrum of compound 76 
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Figure A-104. 13C-NMR spectrum of compound 76 
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Figure A-105. HRMS spectrum of compound 115 
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Figure A-106. 1H-NMR spectrum of compound 77 
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Figure A-107. 13C-NMR spectrum of compound 77 
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Figure A-108. 1H-NMR spectrum of compound 80 
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Figure A-109. 13C-NMR spectrum of compound 80 
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Figure A-110. HRMS spectrum of compound 80 
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Figure A-111. 1H-NMR spectrum of compound 82 
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Figure A-112. 13C-NMR spectrum of compound 82 
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Figure A113. HRMS spectrum of compound 82 
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Figure A-114. 1H-NMR spectrum of compound 83 
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Figure A-115. 13C-NMR spectrum of compound 83 
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Figure A-116. HRMS spectrum of compound 83 
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Figure A-117. 1H NMR spectrum of compound 84 
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Figure A-118. 13C-NMR spectrum of compound 84 
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Figure A-119. 1H-NMR spectrum of compound 85 
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Figure A-120. 13C-NMR spectrum of compound 85 
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Figure A-121. 1H-NMR spectrum of compound 86 
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Figure A-122. 13C-NMR spectrum of compound 86 
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Figure A-123. HRMS spectrum of compound 86 
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Figure A-124. 1H-NMR spectrum of compound 87 
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Figure A-125. 13C-NMR spectrum of compound 87 
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Figure A-126. HRMS spectrum of compound 87 
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Figure A-127. 1H-NMR spectrum of compound 91 
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Figure A-128. 13C-NMR spectrum of compound 91 



 
A-139 

 

Figure A-130. 1H-NMR spectrum of compound 92 
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Figure A-131. 13C-NMR spectrum of compound 92 
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Figure A-132. HRMS spectrum of compound 92 
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Figure A-133. 1H-NMR spectrum of compound 93 
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Figure A-134. 13C-NMR spectrum of compound 93 
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Figure A-135. HRMS spectrum of compound 93 
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Figure A-136. 1H-NMR spectrum of compound 94 



  
 

 

A-146 

 

Figure A-137. 13C-NMR spectrum of compound 94 
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Figure A-138. HRMS spectrum of compound 94 
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Figure A-139. 1H-NMR spectrum of compound 95 
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Figure A-140. 13C-NMR spectrum of compound 95 
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Figure A-141. HRMS spectrum of compound 95 
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Figure A-142. 1H-NMR spectrum of compound 96 
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Figure A-143. 13C-NMR spectrum of compound 96 



 
A-153 

 

Figure A-144. HRMS spectrum of compound 96 
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Figure A-145. 1H-NMR spectrum of compound 97 
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Figure A-146. 13C-NMR spectrum of compound 97 
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Figure A-147. 1H-NMR spectrum of compound 98 
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Figure A-148. 13C-NMR spectrum of compound 98 
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Figure A-149. HRMS spectrum of compound 98 
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Figure A-150. 1H-NMR spectrum of compound 99 
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Figure A-151. 13C-NMR spectrum of compound 99 
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Figure A-152. HRMS spectrum of compound 99 
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Figure A-153. 1H-NMR spectrum of compound 101 



 
A-163 

Figure A-154. 13C-NMR spectrum of compound 101 
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Figure A-155. 1H-NMR spectrum of compound 103 
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Figure A-156. 13C-NMR spectrum of compound 103 
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Figure A-157. 1H-NMR spectrum of compound 108 
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Figure A-158. 13C-NMR spectrum of compound 108 



  
 

 

A-168 

 

Figure A-159. HRMS spectrum of compound 108 
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Figure A-160. 1H-NMR spectrum of compound 109 
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Figure A-161. 13C-NMR spectrum of compound 109 
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Figure A-162. HRMS spectrum of compound 109 
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Figure A-163. 1H-NMR spectrum of compound 111 
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Figure A-164. 13C-NMR spectrum of compound 111 
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Figure A-165. HRMS spectrum of compound 111 
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Figure A-166. 1H-NMR spectrum of compound 114 
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Figure A-167. 13C-NMR spectrum of compound 114 
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Figure A-168. GC-MS chromatogram of compound 114 
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Figure A-169. HRMS spectrum of compound 114 (Rt = 10.221) 
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Figure A-170. 1H-NMR spectrum of compound 114 (from solid-phase) 
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Figure A-171. GC-MS chromatogram of compound 114 (from solid-phase) 
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Figure A-172. GC-MS spectrum of compound 114 (Rt = 12.045) 
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Figure A-173. 1H-NMR spectrum of compound 118 
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Figure A-174. 13C-NMR spectrum of compound 118 
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Figure A-175. 1H-NMR spectrum of compound 119 
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Figure A-176. 13C-NMR spectrum of compound 119 
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Figure A-177. HRMS spectrum of compound 119 
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Figure A-178. 1H-NMR spectrum of compound 120 
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Figure A-179. 13C-NMR spectrum of compound 120 
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Figure A-180. HRMS spectrum of compound 120 
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Figure A-181. 1H-NMR spectrum of compound 121 
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Figure A-182. 13C-NMR spectrum of compound 121 
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Figure A-183. 1H-NMR spectrum of compound 130 
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Figure A-184. 13C-NMR spectrum of compound 130 



  
 

 

A-194 

 

Figure A-185. HRMS spectrum of compound 130 
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Figure A-186. 1H-NMR spectrum of compound 132 
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Figure A-187. 13C-NMR spectrum of compound 132 
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Figure A-188. 1H-NMR spectrum of compound 133 
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Figure A-189. 13C-NMR spectrum of compound 133 
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Figure A-190. 1H-NMR spectrum of compound 134 
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Figure A-191. 13C-NMR spectrum of compound 134 
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Figure A-192. HRMS spectrum of compound 134 
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Figure A-193. 19F-NMR spectrum of compound 127 
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18F-Fluorination: Radio-TLC (rt, 60 min) 

 

 

Table A-1. Radio-TLC data 

 

 

Total Area:  98934,50 Counts 

Average Background: 27 Counts 

 

 

 

 

Name Start 

(mm) 

End 

(mm) 

Retention 

(RF) 

Area 

(Counts) 

%ROI 

(%) 

%Total 

(%) 

BP 1 5,0 5,2 -0,098    

[18F]Fluorid 5,2 23,2 0,051 99344,00 98,53 100,41 

BP 2 23,4 23,6 0,263    

BP 3 30,4 30,6 0,400    

BP 4 30,6 30,8 0,404    

[18F]FOSI 30,8 38,2 0,482 1478,00 1,47 1,49 

BP 5 39,6 39,8 0,580    

BP 6 59,6 59,8 0,973    

2 Peaks    100822,00 100,00 101,91 

[18F]Fluorid
Manual
[18F]Fluorid
Manual
[18F]Fluorid
Manual
[18F]Fluorid
Manual

[18F]FOSI
Manual
[18F]FOSI
Manual
[18F]FOSI
Manual

20,0 40,0 60,0 mm

0

100

200

300

400

500

Counts

Figure A-194. Radio-TLC of reaction mixture in the first 18F-fluorination. Stirring at rt for 
60 min, no filtering through alumina cartridge. One new radioactive peak is present 

(Rf = 0.48). 
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18F-Fluorination: Radio-TLC (50 ºC, 30 min + 70 ºC, 30 min) 

 

Figure A-195. Radio-TLC of second experiment after stirring at 50 ºC for 30 
min followed by 70 ºC for 30 min.  

 

 

Table A-2. Radio-TLC data: 50 ºC for 30 min followed by 70 ºC for 30 min.  
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18F-Fluorination: Radio-TLC (50 ºC, 30 min + 70 ºC, 30 min + filtering) 

 

Figure A-196. Radio-TLC after stirring at 50 ºC for 30 min followed by 70 ºC for 30 min, 
and filtering the mixture through an alumina cartridge after the reaction time. 

 

Table A-3. Radio-TLC after stirring at 50 ºC for 30 min followed by 70 ºC for 30 min 
and filtering the mixture through an alumina cartridge after the reaction time. 
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18F-Fluorination: Radio-TLC (50 ºC, 30 min) 

 

Figure A-197. Repeated experiment: Radio-TLC stirring at 50 ºC for 30 min. 

 

Table A-4. Repeated experiment: Radio-TLC data stirring at 50 ºC for 30 min  
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18F-Fluorination: Radio-TLC (50 ºC, 60 min) 

 

Figure A-198. Repeated experiment: Radio-TLC stirring at 50 ºC for 60 min. 

 

 

Table A-5. Repeated experiment: Radio-TLC data stirring at 50 ºC for 60 min  
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