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ABSTRACT OF THE DISSERTATION 

 

Novel Methodologies for Site-selective Fluorine-18-Labeling of Thiol Containing Molecules via 

Chemoselective Cysteine Functionalization 

 

by 

 

James Wells McDaniel 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2022 

Professor Jennifer M. Murphy, Co-Chair 

Professor Michael E. Jung, Co-Chair 

 

 This dissertation describes how modern organic chemistry can be used to improve the 

toolbox of fluorine-18 (18F) labeled prosthetic groups for thiol radiolabeling. Herein, I report two 

new prosthetic groups (4-[18F]fluorovinylsulfonyl benzene ([18F]FVSB) and a [18F]fluoroaryl 

gold(III) complex), their syntheses, scope, and stability. 

 Chapter One provides a popular science background for those currently outside of the 

synthetic chemistry and radiochemistry communities. This is meant to serve as a broad and brief 

overview of the work detailed in this dissertation while requiring little background knowledge. 

 Chapter Two provides a brief overview of positron emission tomography (PET) molecular 

imaging technology and why fluorine-18 is the radioisotope of choice for clinical applications. 

This chapter details a variety of radiofluorination methods to prepare 18F-labeled arenes as well as 

a range of 18F-labeled prosthetic groups and their respective reactivities. 
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 Chapter Three discloses the development of [18F]FVSB, an 18F-labeled vinyl sulfone that 

is rapidly synthesized via an 18F-deoxyfluorination method. This chapter details the broad scope 

of [18F]FVSB to radiolabel free thiols in aqueous media while also demonstrating high stability of 

the 18F-labeled bioconjugates, produced under a variety of conditions. 

 Chapter Four details the precise operations involved in the manual and fully-automated 

radiosynthesis of [18F]FVSB and subsequent peptide labeling, including many minute specifics as 

well as troubleshooting advice for those who may use this method. 

 Chapter Five demonstrates the design and development of the first gold mediated 18F-

arylation reagent for thiol-containing substrates. The robust 18F-gold complex is able to rapidly 

label free thiols in aqueous environments and furnish stable thioaryl bioconjugates. 
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CHAPTER 1: Popular Science Background 

1.1. Positron Emission Tomography (PET) Imaging 

 Positron Emission Tomography (PET) imaging is a full-body molecular imaging 

technology that physicians use to visualize specific tissues within the human body, generally 

cancers, for diagnostic purposes. PET imaging works by injecting a radioisotope (called PET 

tracer) which undergoes decay through the release of a positron (β+), essentially the positive 

equivalent of an electron, into the body. When a β+ combines with an electron, two high energy 

rays (γ rays) are created (Figure 1.1). 

 

 

Figure 1.1. Schematic of a positron annihilation. 

 

The signals from the PET tracer can be detected using a specialized PET scanner which allow 

scientists to determine the location of the PET tracer in the body (Figure 1.2). Because these PET 

tracers are designed to preferentially accumulate in specific tissues, generally cancerous tissues, 

doctors can identify where the cancer is located within the body. 
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Figure 1.2. Cartoon of a PET imaging detector array (left) and a picture of a clinical PET 

imaging detector.1 

 

1.2. On Fluorine-18 

 Fluorine-18 is an example of a β+ emitting isotope. This isotope can be created by 

bombarding heavy water ([18O]H2O) with protons. This bombardment replaces a neutron with a 

proton, converting the oxygen atom to a fluorine without changing the mass of the atom, thus 

creating fluorine-18. 

 Fluorine-18 is the isotope of choice for PET imaging because of four main properties: 1) it 

is readily available to research laboratories and hospitals, 2) it almost exclusively undergoes β+ 

decay, 3) it has a “Goldilocks” half-life, and 4) the β+ it emits are relatively low energy. Fluorine-

18 is produced world-wide at various facilities using a particle accelerator called a cyclotron. This 

is instrument is responsible for the aforementioned proton bombardment and can be installed in a 

variety of facilities (UCLA has four cyclotrons). This allows for the on-site radiosynthesis; for 

facilities which don’t have a cyclotron, large quantities of fluorine-18 can be generated offsite and 

delivered. Because fluorine-18 almost exclusively undergoes β+ decay, the maximum amount of 

signal is generated with the minimal amount of radiation exposure to the patient. With a half-life 
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of ~110 mins, this limits the radiation exposure to the patient (after 24 hours there is essentially no 

exposure as all of the fluorine-18 has decayed) while still being able to synthesize the PET tracer. 

For example, the most commonly used PET tracer, [18F]fluorodeoxyglucose ([18F]FDG) (1.2), 

(Figure 1.3) can be synthesized in two hours, which means that about half of the initial fluorine-

18 will have decayed! Finally, because fluorine-18 emits low energy β+, the signal cannot travel 

far through the body which would complicate localizing the PET tracer. 

 

 

Figure 1.3. A comparison of glucose (left, 1.1) and [18F]fluorodeoxyglucose (right, 1.2). 

 

1.3. Radiofluorination Methods 

 Because fluorine-18, even when generated in large quantities is still only in the nanomolar 

amount (10-9 m) which is 1,000,000 times less abundant that typical small-scale chemistry which 

is in millimolar amounts (10-3 m), special methods must be developed in order to create fluorine-

18 PET tracers. Two of these methods are nucleophilic aromatic substitution (SNAr) and 

deoxyfluorination (Figure 1.4). 

 

 

Figure 1.4. Simplified radiofluorination methods with their associated sections in this thesis. 
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 SNAr can be used to radiofluorinate aromatic rings that are electron deficient. Electron 

deficiency is needed to stabilize the negative charge created as the [18F]fluoride binds to the ring. 

Because of this requirement, specialize leaving groups (e.g. iodonium ylides) have been developed 

to facilitate this transformation, thus mitigating the effects of [18F]fluoride’s low concentration. 

For example, [18F]flortaucipir (1.5), a PET tracer used to diagnose and stage Alzheimer’s disease, 

is synthesized using this method (Figure 1.5).2 

 

 

Figure 1.5. The synthesis of [18F]Flortaucipir via SNAr. 

 

 18F-Deoxyfluorination follows a different pathway that allows it to be used to 

radiofluorinate electron neutral and rich aromatic rings. In this process, a hydroxyl group is 

replaced with a fluorine-18; however, it does not proceed through the same intermediate as SNAr. 

In this reaction a negative charge is not generated on the aromatic ring; as such, 18F-

deoxyfluorination can radiofluorinate aromatic rings for which the SNAr approach would fail. This 

method was used to synthesize [18F]FPEB (1.7). While this compound itself does not preferentially 

accumulate in a tissue of interest, it can be used to label a biologically relevant molecule with an 

additional reaction (Figure 1.6). Because this method is relatively new (circa 2020), it has not yet 

had time to be utilized for the development of a PET tracer which has been used in humans.3, 4 
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Figure 1.6. The synthesis of [18F]FPEB via 18F-deoxyfluorination 

 

1.4. Labeling Sensitive Molecules 

 Radiofluorination reactions are harsh and generally incompatible with the biological 

molecules to be developed into useable PET tracers.  The biomolecule is the targeting entity that 

is responsible for accumulation of the PET tracer in cancerous tissues; without a biomolecule the 

[18F]fluoride accumulates in bone rather than tissue. The high heat (>100 °C) and organic solvents 

used in fluorine-18 chemical reactions often cause molecules to decompose. To circumvent this 

issue, prosthetic groups have been created which can stand up to these harsh reaction conditions 

and enable the biomolecule of interest to be labeled with fluorine-18 under much milder 

conditions. Thiols serve as a convenient functional handle to attach these prosthetic groups to 

(Figure 1.7). Because they are relatively rare and have a unique reactivity profile, a single thiol 

can be selectively labeled without incindentally labeled other reactive groups (like amines and 

alcohols). This prevents multiple 18F-prosthetic groups from adding to the same biomolecule, 

generating more molecules of the PET tracer which gives a better signal during PET imaging. 
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Figure 1.7. Selected examples of thiol-reactive prosthetic groups. 

 

 Maleimides are the current gold standard of thiol selective 18F-prosthetic groups. Here the 

thiol is able to add to the double bond to create a stable covalent bond. A common example of a 

18F-maleimide is [18F]FBEM (1.8) which has been used to label a variety of thiol containing 

molecules (Figure 1.8). Unfortunately, maleimides are not without limitations. The newly formed 

thioether linkage can be eliminated from the molecule regenerating the starting materials under 

physiological conditions; this is made easier by the geometry of the ring. Because of this limitation, 

alternative 18F-prosthetic groups that are less susceptible to elimination have been created. 

 

 

Figure 1.8. Cartoon of [18F]FBEM (1.8) thiol labeling. 
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 Unlike 18F-maleimides, 18F-vinyl sulfones are linear and can freely rotate around the new 

carbon-sulfur bond (Figure 1.9). This free rotation slows the elimination process and makes vinyl 

sulfones comparatively, more stable. At the time of writing, 18F-vinyl sulfones have rarely been 

used for medical imaging due to the poor yields associated with this chemistry. 

 

 

Figure 1.9. Cartoon of 18F-vinyl sulfone thiol labeling. 

 

 Another chemical method is 18F-transition-metal mediated arylations. In this case, the 

carbon-sulfur bond is formed directly between the sulfur atom and the atom of an aromatic ring. 

These bonds are extremely stable and have not been shown to undergo an elimination process 

under physiological conditions. The covalent bond between the 18F-aromatic ring and the thiol is 

created through the use of an 18F-metal complex. Without the 18F-metal complex, this type of 

covalent bond would be exceptionally difficult to form. At the time of writing, only one such 

prosthetic group has been reported (Figure 1.10); however, this reagent gives poor yields as well. 
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Figure 1.10. An example of palladium mediated 18F-thioarylation. 

 

 This dissertation describes the development of a new 18F-vinyl sulfone (4-

[18F]fluorovinylsulfonyl benzene ([18F]FVSB)) and a first-in-class 18F-gold complex ([18F]Au(III) 

complex) that allow for 18F-fluoroarylation, adding to the toolbox of 18F-prosthetic groups for thiol 

selective labeling (Figure 1.11).5 

 

 

Figure 1.11. Thiol selective 18F-prothestic groups discussed in this thesis with their associated 

chapters. 

 



9 

1.5. Notes and References 

 The citations of this section have been limited for the sake of clarity. For full citations, 

please see Chapter 2: Introduction. 
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6/3/20222). 

2. Jiang, H.;  Jain, M. K.; Cai, H., Automated production of [(18)F]Flortaucipir for PET 

imaging of tauopathies. Am J Nucl Med Mol Imaging 2021, 11 (3), 167-177. 
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arylation in aqueous medium. Chemical Communications 2021, 57 (29), 3547-3550. 
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CHAPTER 2: Introduction 

2.1. Abstract 

 An overview of positron emission tomography (PET), a molecular imaging technology, is 

described. While a variety of radioisotopes are amenable for PET imaging use, fluorine-18 

currently stands as the isotope of choice due to its physical properties. With the desire to develop 

new, facile, and robust PET tracers, a wide range of radiofluorination methods have been 

developed as well as `18F-prosthetic groups that allow sensitive molecules to be rapidly labeled. 

This chapter provides a non-exhaustive review of these technologies and methodologies. 

 

2.2. Positron Emission Tomography (PET) Molecular Imaging 

 The ability to visualize, noninvasively, a patient’s homeostasis in a whole-body setting is 

a relatively recent advent in the larger history of medicine.1 Many different methods of medical 

imaging have been developed: magnetic resonance, X-ray, computed tomography, positron 

emission tomography (PET) imaging, etc. In particular, PET molecular imaging with its high 

sensitivity provides some of the most detailed images of the internal biochemical processes within 

patients.1-4 

 

 

Figure 2.1. Schematic of a positron annihilation. 
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 PET imaging works by injecting a positron (β+) emitting isotope as part of a relevant 

targeting construct (e.g. peptide, protein, sugar), called a PET tracer, which will preferentially 

accumulate in the tissue(s) of interest and consequently reveal the location of the tracer in the 

body.2, 4, 5 As the radioisotope undergoes nuclear decay, it emits a positron (β+) which combines 

with a nearby electron (e-) to create a positronium— a highly unstable subatomic particle which 

undergoes an annihilation event emitting two gamma rays 180° apart (Figure 2.1).2, 4, 5 The two 

gamma rays are detected in a PET scanner via an enclosed circle of individual detectors with the 

patient in the center (Figure 2.2).4, 6 The small difference in distance traveled leads to a small 

difference in the time it takes for the gamma rays to hit their respective detectors.4, 6 This difference 

in time is used to calculate the position of the positron/electron annihilation event, thereby 

determining the location of the PET tracer within the body.4, 6 

 

 

Figure 2.2. Cartoon of a PET imaging detector array. 

 

 With the unique properties of this imaging modality, it can be used to perform in vivo 

diagnostics and staging for a variety of diseases, in particular cancers, as well as pharmacokinetic 
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studies to investigate new drugs.1, 2, 4, 7 However, before PET imaging can be done, an appropriate 

radioisotope must be selected. 

 

2.3. Radioisotopes for PET Tracers 

 A wide range of radioisotopes undergo β+ decay, but not all of them are ideally suited for 

PET imaging. An ideal PET radioisotope has four key properties: 1) it is a pure positron emitter, 

2) it has a ‘Goldilocks’ length half-life, 3) the positrons that it emits have low energy, and 4) it is 

easily available in reasonably large quantities.3 Pure positron emitters are ideal because they 

provide the maximum amount of signal per amount of radiation injected and reduce the need for 

post-processing algorithms for radioisotopes that incidentally release gamma radiation.4 A 

‘Goldilocks’ half-life is ideal, meaning a half-life which is neither too long that it causes 

unnecessary radiation exposure to the patient nor too short that it is impractical to chemically 

manipulate for tracer development and production.3 A radioisotope with low energy β+ decay is 

desirable because the lower energy positrons are less able to travel through space within the patient 

before combining with an electron, ultimately undergoing annihilation to emit the gamma rays.8-

10 Finally, the radioisotope must be easily available in reasonably large quantities for logistical 

reasons.3 

 While a wide range of radioisotopes meet these requirements (Table 2.1), fluorine-18 is 

currently preferred among other radioisotopes for clinical PET imaging applications with its half-

life of ~110 min, high percentage of β+- emission (96.9%) and relatively low energy of its emitted 

positron (Emax = 0.634 MeV and Emean = 0.250 MeV).1-4, 11-13 In addition, nucleophilic fluorine-18 

([18F]F-) can be easily generated on site, through the use of a cyclotron via the 18O(p,n)18F nuclear 
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reaction of [18O]H2O, providing reliable access to a high radioactivity [18F]fluoride source with a 

molar activity of up to 4,000 GBq/μmol.14 

 

Table 2.1. Properties of radioisotopes used for PET imaging. 

Isotope Half-life Branching (β+) in % Emax (MeV) 
11C 20.4 min 99.8 0.960 
13N 10.0 min 99.8 1.199 
15O 2 min 99.9 1.732 
18F 109.7 min 96.9 0.634 

64Cu 12.7 h 17.5 0.653 
89Zr 78.4 h 22.7 0.902 
68Ga 67.8 min 87.8, 1.2 1.899, 0.821 
76Br 16.2 h 25.8, 6.3 3.382, 0.871 
82Rb 1.3 min 81.8, 13.1 3.378, 2.601 
86Y 14.7 h 11.9, 5.6 1.221, 1.545 
124I 100.2 h 11.7, 10.7 1.535, 2.138 

 

 Molar activity (MA), formerly specific activity (SA), is a measure of the ratio between the 

number of fluorine-18 atoms to the total radiotracer mass in a given sample.15, 16 In general, high 

molar activities are required to get high quality PET images. Both 19F- and 18F-functionalized 

tracers are able to bind to the target yet only the 18F-labeled tracer emits a β+; therefore, image 

quality will be reduced if the 19F-tracer occupies the target without providing a positron emitting 

signal. 

 While electrophilic 18F-fluorination methods do exist, the presence of carrier added 

fluorine gas leads to low molar activity electrophilic fluorine-18 sources, namely [18F]F2, 

significantly reducing their utility and value in PET tracer development.14, 16-20 Therefore, 

electrophilic 18F-fluorination will not be covered in this dissertation. 
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2.4. Modern Fluorine-18 Chemical Methods to form 18F-Arenes 

 Modern methods for nucleophilic fluorine-18 incorporation can broadly be separated into 

two categories: alkyl 18F-fluorination and aryl 18F-fluorination.11 While alkyl 18F-fluorinations are 

chemically easier to access through straightforward SN2 chemistry,11, 21-23 aryl 18F-fluorinations 

are preferred as 18F-C(sp2) are less prone to undergo elimination than their 18F-C(sp3) 

counterparts.11, 14 Additionally, 18F-C(sp2) bonds have shown greater metabolic stability in vivo.2, 

24-26 This stability has garnered intense focus for the development of synthetic methods to install 

fluorine-18 onto aryl groups (Figure 2.3).14, 27, 28 
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Figure 2.3. Methods for nucleophilic 18F-fluorination with their associated sections. 

 

 The Balz-Schiemann and Wallach Reactions 

 Some of the earliest reports of 18F-fluorination of electron-rich or -neutral arenes utilized 

Balz-Schiemann chemistry29 which proceeds via the fluoro-dediazotization of aryldiazonium 

[18F]tetrafluoroboronates.30 As each of the four fluorine atoms of the [18F]tetrafluoroboronate have 
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an equal probability of undergoing the fluoro-dediazotization, the theoretical maximum 

radiochemical yield (RCY) is limited to 25%. As such, 18F-fluorination via this process results in 

poor RCYs and low molar activities of the desired [18F]fluoroarene (Scheme 2.1).  

 

 

Scheme 2.1. Radiosynthesis of [18F]fluoroarenes by thermal fluoro-dediazotization. 

 

 Despite this limitation, this methodology has been used to label aromatic amino acids31 

such as racemic 3- and 4-[18F]fluorophenylalanine,32-34 5- and 6-[18F]fluorotryptophan,35 and the 

clinical imaging agent [18F]F-DOPA as both a single enantiomer (24% RCY after chiral HPLC 

separation) and a racemic mixture (Scheme 2.2).36 

 

 

Scheme 2.2. Radiosynthesis of a protected racemic [18F]F-DOPA by fluorodediazotization. 

 

 To avoid the possible danger inherent to working with diazo compounds, the Wallach 

reaction is an alternative method to generate in situ aryl diazo compounds from triazines (Scheme 

2.3).36-40 With the removal of the [18F]tetrafluoroboronate, the Wallach reaction has been used to 

synthesize haloperidol (2.5) in sufficient MA for use in human PET imaging studies (Scheme 

2.4).41 
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Scheme 2.3. Thermal decomposition of 1-aryl-3,3-dialkyltriazenes for 18F-fluorination. 

 

 Both the Balz-Schiemann and Wallach methodologies have not seen wide adoption among 

the larger fluorine-18 radiochemistry community with the development of more stable and better 

yielding functional groups amenable to ipso 18F-fluorination.14 
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Scheme 2.4. [18F]Haloperidol and its Wallach precursor. 

 

 Nucleophilic Aromatic Substitution (SNAr) 

 Nucleophilic aromatic substitution (SNAr) currently stands as the gold standard of 

radiofluorination.14 This method is only accessible when a sufficiently electron withdrawing group 

is present either ortho- or para- to the leaving group on the arene; the electron withdrawing group 

is necessary to stabilize the negative charge of the Meisenheimer complex intermediate (Figure 

2.4).14, 42 Due to the strict limitation on the scope of arenes amenable to SNAr, many complex 

arenes are not suitable for this type of transformation. 
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Figure 2.4. General reaction pathway for a radiofluorination via SNAr. 

 

 When designing precursors for SNAr it is important to consider the electronic properties of 

both the leaving group as well as the electron withdrawing group. For the leaving group, RCY 

follows the trend p-NO2 > p-CF3 ≈ p-CN > p-CHO > p-Ac > m-NO2; while for electron 

withdrawing groups, the trend is -NO2 ≈ -CHO > -CN ≈ COPh > CO2Me.14 It is of note that halides 

and simple H atoms are incompatible with radiofluorination SNAr (Table 2.2).14 In cases where 

suboptimal groups must be used, microwave radiation can be used to increase the RCY (Table 

2.3).14, 43 

 

Table 2.2. Electron Effects in Fluorodeamination Reaction of Trimethylanilinium Triflates 

 

–R 
Reaction Time 

(min) 
ArF:CH3F 

NO2 1 >99:1 

CHO 1 >99:1 

CN 1 99:1 

COPh 1 99:1 

CO2Me 2 96:4 

Br 10 2:98 

H 10 <1:99 

Me 10 <1:99 

OMe 30 <1:99 
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Table 2.3. Radiosynthesis of meta-Substituted [18F]Fluoroarenes via SNAr 

 

EWG LG 
RCY % 

Thermal Microwave 

NO2 NO2 21 47 

CN NO2 20 56 

Br F 9 19 

Br NMe3I 3 17 

CF3 NMe3I 1 12 

NO2 NMe3I 4 8 

 

 A common means to circumvent the need for an electron-withdrawing substituent on the 

arene is the use of 2- and 4-substitued pyridines (Scheme 2.5). Here, the nitrogen of the pyridine 

ring is able to stabilize the Meisenheimer intermediate enough that 18F-fluorination can proceed in 

moderate RCY.44-46 With an activating group, good RCY can even be achieved on the 3 position 

of a pyridine ring (Scheme 2.6).47, 48 

 

 

Scheme 2.5. Radiosynthesis of 2-, 3-, and 4-[18F]fluoropyridine. 
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Scheme 2.6. Examples of the radiosynthesis of activated 2- and 3-[18F]fluoropyridine. 

 

 18F-Fluorination of Hypervalent Iodine Species 

 Diaryliodonium salts are a well-established chemical species with air and moisture 

tolerance.49 These salts can be treated with [18F]fluoride to create [18F]fluoroarenes and iodoarenes 

whose ratios are determined by the electronic properties of the two aryl groups.50, 51 Under ideal 

circumstances, a strong bias is incorporated where one ring is electron rich through an electron 

donating group and the other is electron poor through an electron withdrawing group (Figure 

2.5).14  
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Figure 2.5. Mechanism for the radiofluorination of diaryliodonium salts. 
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 This bias influences the favorability of the radiofluorination transition states and leads to a 

single observed radiolabeled product with the fluorine-18 installed on the more electron-deficient 

arene (Scheme 2.7).14 

 

 

Scheme 2.7. Electronic bias of unsymmetrical diaryliodonium salts. 

 

 Despite the need to have an electron withdrawing group to increase the favorability of the 

radiofluorination, electron rich arenes can be radiofluorinated through the use of electron rich 

heterocycles such as thiophenes, albeit in modest RCY (Scheme 2.8).51, 52 

 

 

Scheme 2.8. Synthesis of electron-rich 4-[18F]fluoroanisole via diaryliodonium salt. 
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 Building on the success of diaryliodonium salts for radiofluorination, spirocyclic iodonium 

ylides have been developed.53 Compared to diaryliodonium constructs, iodonium ylides are more 

stable and give better RCYs54 detailed in the optimization studies by Vasdev and Liang (Figure 

2.6).53 

 

 

Figure 2.6. Optimization of the dicarbonyl auxiliary spirocyclic iodonium ylides. 

 

 Through the use of iodonium ylides, electron rich arenes which would have been largely 

inaccessible via diaryliodonium salts can be radiofluorinated in modest to good yields (Figure 

2.7).55 This method has been used in the large scale production of the radiopharmaceutical [18F]3-

fluoro-5-[(pyridin-3-yl)ethynyl]benzonitrile ([18F]FPEB) (2.33) in 20% non-decay-corrected yield 

with a MA of 18 Ci μmol-1 (Scheme 2.9).56 
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Scheme 2.9. Radiosynthesis of [18F]FPEB (2.33) using spirocyclic iodonium ylides. 

 

 18F-Deoxyfluorination 

 One of the more recent developments in radiofluorination methods is 18F-

deoxyfluorination.57, 58 Broadly, this method directly replaces the hydroxyl group of phenol with 

[18F]fluoride. This methodology was originally disclosed by Neumann, as a means to access more 

electron-rich [18F]fluoroarenes which are inaccessible through SNAr methods.59 
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Scheme 2.10. 18F-Deoxyfluorination using a pre-formed imidazolium precursor. Ar = 1,4-

diisopropylphenyl. 

 

 In its first iteration, an imidazolium precursor is pre-formed before being subjected to 

radiofluorination conditions (Scheme 2.10).59 In traditional radiofluorination methods, 

[18F]fluoride is trapped on a quaternary methyl ammonium cartridge and subsequently eluted using 

an aqueous solution of base (e.g. Et4NHCO3) and solvent (e.g. MeCN). Since the eluting solution 

contains water the mixture must be azeotropically dried to remove the water which can solvate the 

[18F]fluoride and dramatically reduce its nucleophilicity. This process typically requires 40 

minutes or more, which decreases the amount of usable [18F]fluoride as it undergoes radioactive 

decay. Alternatively, in 18F-deoxyfluorination the uronium precursor in its reaction solvent is used 

to directly elute the [18F]fluoride from the ion-exchange cartridge, thus removing the lengthy 

azeotropic drying process that is required in traditional radiofluorination methods.59 They propose 

that this reaction is able to occur as a concerted transformation to yield the desired 18F-product 

(Scheme 2.11).59 Because this method bypasses a Meisenheimer intermediate, it is able to facilitate 

the radiofluorination of comparatively electron rich systems.59 
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Scheme 2.11. The proposed transition state as determined by DFT calculations (B3LYP/6-31(d), 

toluene solvent model) (Ar = 2,6-diisopropylphenyl) of deoxyfluorination. 

 

 In a subsequent disclosure, Beyzavi, et al. demonstrated that highly electron rich phenolic 

molecules could be directly radiofluorinated with the inclusion of a ruthenium complex that lowers 

the kinetic barriers, allowing the reaction to proceed (Figure 2.8).58 

 

 

Figure 2.8. 18F-Deoxyfluorination using an in situ formed imidazolium complex and selected 

18F-products with their RCYTLC
 (n=1). 

 

 This protocol uses CpRu(COD)Cl which is initially complexed to the phenol, followed by 

chloride displacement to form the imidazolium complex, which is subsequently passed through a 



25 

ion-exchange cartridge to elute the [18F]F-.58 This mixture can be heated to yield the desired 

[18F]fluoroarene as an η6 ruthenium complex which is decomplexed to yield the final 18F-tracer.58 

Based on DFT calculations, the inclusion of the ruthenium allows for the formation of an η6 π 

coordination which decreases the kinetic barrier of forming intermediate 2.44 and allows for the 

final concerted SNAr (CSNAr) to take place (Scheme 2.12).58 Even with highly electron rich arenes, 

good to excellent RCY are achieved, including the functionalization of β-lactam 2.46 (Figure 

2.9).58 

 

 

Scheme 2.12. A comparison of different 18F-deoxyfluorination pathways. 

 

 

Figure 2.9. Selected substrates for ruthenium-mediated 18F-deoxyfluorination of phenols. 
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 Transition Metal Mediated 18F-Fluorination 

 Palladium, nickel, and copper have seen wide use in the [18F]fluorination of arenes.14 

Beginning with palladium C-H fluorination, chemists have been able to adapt this chemistry to 

make it amenable for fluorination and radiofluorination with a Pd(II/IV) catalytic cycle.60, 61 Ritter 

et al. developed a methodology to oxidize [18F]fluoride to an electrophilic 18F-umpolung agent 

(2.49) via a high valent Pd(IV)-[18F]fluoride species (Scheme 2.13).62 Complex 2.49 provides an 

elegant method to overcome the low molar activity of traditional electrophilic fluorine-18 sources. 

This high valent Pd(IV)-[18F]fluoride complex (2.49) was formed in 90% RCY from [18F]KF/18-

crown-6 and could subsequently be used as an electrophilic fluorine-18 source as well as oxidant 

in the formation of [18F]fluoroarenes (Scheme 2.14).63, 64 
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Scheme 2.13. Synthesis of [18F]Pd(IV)F complex 2.49. 
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 An alternative that has been investigated also by the Ritter group is organometallic 18F-

nickel complexes. These nickel complexes can incorporate small amounts of fluoride-18 (0.1 – 0.5 

mCi) in aqueous media (removing the need for lengthy azeotropic drying) and subsequently label 

a series of aryl groups (Figure 2.10).65 Increasing the scale of this method to larger amounts of 

radioactivity was non-trivial. Increases to the volume of aqueous [18F]fluoride above 1% v/v with 

respect to the reaction solvent led to the complete degradation of the Ni(II)-aryl complex.66 Even 

with azeotropic drying, the reaction could not proceed as the 18F solutions became incompatible 

with the Ni(II)-aryl complex. Through optimization, Ritter et al. were able to prepare 

[18F]MDL100907 (2.55) on 37 mCi scale (3% n.d.c. RCY) with a specific activity of 1.5 Ci/μmol 

(Scheme 2.15).66 Since then this method has been used to synthesize a range of PET tracers: 6-

[18F]FDOPA, 6-[18F]FMT, 6-[18F]FDA, among others.67 

 

 

Figure 2.10. One-step Ni-mediated radiofluorination with aqueous [18F]fluoride and oxidant 

utilizing small aliquots of target water. 
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Scheme 2.15. Radiosynthesis of [18F]MDL100907 (2.55) utilizing Ni-mediated [18F]fluorination 

methodology. 

 

 These organometallic complexes are not the only means by which transition metals have 

been used for 18F-aryl fluorination. Palladium and copper have both seen use, though to vastly 

different degrees. The reductive elimination of a Pd(II)Ar(F) intermediate remains a challenge as 

undesired reactions between the fluoride and ancillary ligands can occur.68 With this and other 

challenges, the practical adaptation of this procedure to [18F]fluoride remains difficult. One 

example of a palladium mediated aryl radiofluorination is 1-[18F]-fluoronaphthalene, which has 

been synthesized in 32% RCY. In order to achieve this RCY, CsF carrier had to be added, limiting 

the final MA.69 Further, electron rich arenes resulted in poor RCY and electron deficient arenes 

are more easily accessed using the methods described elsewhere in this section.69 For these 

reasons, the scope of this methodology is limited. 

 Copper mediated radiofluorination is quite a different story. Chan-Lam coupling has a 

broad scope in its ability to form C-heteroatom bonds from accessible and shelf stable reagents.70 

Following the development of direct C-F coupling reactions of arylboronate esters using only 

nucleophilic fluoride,71, 72 Gouverneur et al. developed a n.c.a. 18F-based carbon-fluorine Chan-

Lam cross-coupling reaction.73 This method was the first to reveal copper-mediated 
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radiofluorination using nucleophilic [18F]fluoride and readily available pinacol boranes. Using this 

method, PET ligands [18F]DAA1106 (2.58) and N,N-diBoc protected 6-[18F]fluoro-m-tyrosine 

(2.59) were synthesized from their arylBpin precursor in 59% and 58% RCY respectively (Figure 

2.11).73 The work of the Sanford group has also been a boon to this methodology. In their work, 

they were able to synthesize [18F]FPEB in a single step.74 This methodology has since been 

optimized to use minimal amounts of base making it amenable to more sensitive PET tracers.75 

 

 

Figure 2.11. Radiosynthesis of (2-[18F]fluoroethenyl)benzene (2.56), [18F]DAA1106 (2.58), and 

a protected 6-[18F]fluoro-m-tyrosine (2.59). 

 

2.5. Prosthetic Groups for [18F]Fluorine Incorporation onto Biomolecules 

 Chemical methodologies for direct 18F-fluorination require harsh conditions (organic 

solvents and high temperatures) and are generally incompatible with most biologically relevant 

molecules, such as peptides and proteins.7, 76 As such, prosthetic groups which can withstand the 

harsh reaction conditions of 18F-fluorination but contain functional handles for bioconjugation 

chemistry have been developed to radiolabel sensitive biomolecules under milder conditions. 
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While this section may be lengthy it is by no means exhaustive; many reviews have been written 

about the variety of fluorine-18 containing prosthetic groups.7, 76-81 

 

 B-, Si-, Al-18F Labeled Prosthetic Groups 

 A direct and elegant method to incorporate fluorine-18 into sensitive molecules is the 

isotope exchange (IEX) of fluorine-19 with fluorine-18 to form stable B- or Si-18F bonds (Figure 

2.12). In these processes, the relevant metal contains a fluorine-19 atom that can be replaced with 

a fluorine-18 atom and is also covalently bonded to the targeting molecule of interest.7, 76 

Alternatively, chelation chemistry can be used to incorporate an aluminum-[18F]fluoride 

([18F]AlF) complex to a pendant chelating group (Figure 2.12).7, 76 
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Figure 2.12. Prominent B-, Si-, and Al-18F building blocks. 

 

 Boron based radiofluorination is documented as early as the 1960s82, 83 but did not gain 

notoriety until 2005.84, 85 In their work, Ting and Perrin et al. reported the first example of B-18F 

bond formation in aqueous media using a biotinylated arylboronic ester and [18F]KHF2.85 With 
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concerns about hydrolytic degradation, the authors sought to verify the stability of 

[18F]arylfluoroboronates at pH 7.5, mimicking physiological conditions, and found that there was 

no significant release of fluorine-18 from their labeled compounds.85 

 Many other tracers utilizing B-18F have been developed over the past 17 years.86-92 Of note 

is the kit-like synthesis of an [18F]RGD peptide where RGD-ArBF3 is treated with [18F]fluoride 

under acidic conditions.89 Following HPLC purification, the RGD-[18F]ArBF3 was isolated in 

good RCY (65 % n.d.c.) with exceptional molar activity for isotopic exchange (14 Ci μmol-1).89 

 The first Si-18F bond formation was reported in 1985 by Rosenthal et al.93 They were able 

to synthesize [18F]fluorotrimethylsilane; however it was subsequently discovered that 

[18F]fluorotrimethylsilane underwent rapid hydrolysis, releasing the [18F]fluoride.93 With the ease 

with which Si-18F bonds form, efforts have been made to disrupt the hydrolytic cleavage that was 

previously demonstrated.94, 95 A robust means to increase Si-18F stability is the inclusion of 

flanking tert-butyl groups on the silicon atom, creating substantial steric bulk near the Si-18F bond, 

thereby hindering hydrolysis.94, 95 18F-Tracers utilizing this structural motif have been 

demonstrated to be stable in vitro in human serum for over 60 mins.94, 95 These developments have 

led to the creation of a variety of Si-18F PET tracers such as [18F]BMPPSiF, a bivalent 

homodimeric SiF–dipropargyl glycerol derivatized radioligand, (synthesized in 52% RCY (d.c.) 

with 12.9 Ci μmol-1) which is used to image serotonin receptors.96 

 Unlike the B- and Si-18F, [18F]AlF complexes use chelation chemistry. In this case, the 

complex is formed first and then chelated into either a NOTA or DOTA chelating group pendant 

to the molecule of interest.7, 76 This methodology is of particular interest as it takes advantage of 

the fast kinetics of chelation and, in some circumstances, can avoid the use of HPLC purification.7, 

76 Noteworthy examples of [18F]AlF tracers are dimeric cyclic RGDyK peptide (synthesized in 5–
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25% RCY) which targets αβ3 integrin receptor97 and folate-NOTA-Al18F radiotracer (synthesized 

in 19% RCY with 1.9 Ci/µmol) used for the diagnosis of folate-receptor expressing cancers.98 

 All of these isotope exchange methods are not without problems. In particular, they all 

require acidic conditions which leaves them vulnerable to degradation under physiological 

conditions unless care is taken to develop tracers that minimize this problem.7, 76 Additionally, 

some tracers in this category (in particular [18F]AlF complexes) require high temperatures to form, 

meaning they can only be used with biomolecules which can withstand high temperatures (>100 

°C) 7, 76. Finally, the major limitation to these methods is that isotope exchange (like those utilized 

in some B- and Si-18F) tend to give low molar activities (<1 Ci µmol-1). 7, 76 This characteristic is 

caused by the inseparability of the abundant 19F-precursor from the 18F-tracer product, which have 

identical chemical compositions. 

 

 Cycloaddition 18F-Labeled Prosthetic Groups 

 Much like the field of chemical biology, radiosynthesis has benefited from the advent of 

biorthogonal chemistry— most prominently in the form of the Huisgen cycloaddition.76, 81 In this 

dipolar cycloaddition, azides undergo a 3 + 2 cycloaddition with alkynes to afford the resulting 

1,2,3-triazoles which are robust under physiological conditions.99 Traditionally this reaction, in a 

radiofluorination setting, requires elevated temperatures to compensate for sluggish kinetics; 

however, the incorporation of a copper catalyst, as discovered independently by Sharpless100 and 

Meldal101 in 2001 and further developed in the time since, has provided a means to make this 

chemistry more compatible with fluorine-18. 
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Figure 2.13. Selected 18F-prosthetic groups used in cycloaddition chemistries. 

 

 The first use of copper catalyzed 18F-alkyne-azide cycloaddition (Cu 18F-AAC) was 

demonstrated in 2006 by Maruik and Sutcliffe who synthesized a trio of fluorine-18 containing 

alkynes which were subsequently reacted with azide-functionalized peptides.102 The volatility of 

18F-labeled azides has limited their broad use as prosthetic groups; as a result, interest in alternative 

18F-labeled cycloaddition moieties has notably increased, such as the development of 18F-

PEGylated alkynes.103 The incorporation of the PEG chains not only decreases the volatility of the 

18F-labeled compounds but also increases their thermal stability and the renal clearance of the 18F-

labeled tracer.103 Despite further development of 18F-azides, their use has been limited in clinical 

PET imaging studies.7 [18F]fluoroethylazide (2.64)104, 105 and [18F]fluorobenzylazide (2.65)106-109 

are exception to this (Figure 2.13A), having been used in a variety of PET tracers despite their 

variable RCYs (largely attributed to the reduction of the azide in the presence of copper wire in 

acidic conditions as reported by Glaser et al.110). 
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 18F-Alkynyl precursors have also seen use in radiolabeling biomolecules (Figure 2.13B).7, 

76, 81 With the number of reactions available to radiofluorinate aryl compounds (see Section 2.4) 

in combination with improved metabolic stability of aromatic Csp2-F bond, this class of compounds 

is very attractive for radiolabeling biomolecules.2, 24-26 The first 18F-alkynyl precursor disclosed is 

[18F]fluoro-N-(prop-2-ynyl)benzamide (2.72) (Figure 2.14).111 This 18F-labeled alkyne was used 

to radiolabel an azide functionalized neurotensin, human serum albumin,112 a phosphopeptide and 

an L-oligonucleotide.113 Since then, pyridine-based fluorine-18 alkynyl precursors have been 

developed and successfully used to radiolabel a DNA analogue among other biomolecules 

functionalized with an azido handle.114 

 

 

Figure 2.14. The structure of [18F]fluoro-N-(prop-2-ynyl)benzamide. 

 

 While Huisegen cyclizations and CuAAC require either high temperature or toxic copper 

catalysts, both of these can be avoided with the use of strain promoted azide-alkyne cyclization 

(SPAAC), first demonstrated by Blomquist et al.115 By increasing the strain of the dipolarophile, 

rapid kinetics can be achieved without high temperatures or metal catalysts.116 Bouvet et al. 

reported the synthesis of a fluorine-18 labeled azadibenzocyclooctyne (ABIDO) derivative using 

the conventional prosthetic group [18F]SFB (2.86) in 85% RCY (d.c.) based on [18F]SFB.117 Upon 

reaction of the [18F]ABIDO derivative with a corresponding azide-terminated biomolecule they 

isolated tracers 2.73 and 2.74 in 69–98% RCY. In addition, Arumugan et al. fully automated the 

synthesis of an 18F-ABIDO prosthetic group and subsequent reaction with N-terminal azido-
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modified peptides.117 Because this reaction was carried out in ethanol, it was developed into a “kit-

like” peptide labeling approach.118 

 

 

Figure 2.15. Radiolabeled peptides synthesized from azido-functionalized peptides and 

[18F]ABIDO. Only one regioisomer is shown for simplicity. 

 

 This field has seen continued development through the advent of strained alkenes such as 

18F-functionalized norbornenes (2.70)119 and trans-cyclooctenes (2.71)120, 121 (Figure 2.13D) as 

well as non-azido dipoles, such as 4-[18F]-fluorophenyl sydnone (2.68) (Figure 2.13C).122 The 

development of 4-[18F]-fluorophenyl sydnone (2.68) is actually one of serendipity.122 The Murphy 

group originally sought to generate 4-[18F]-fluorophenyl sydnone (2.68) from [18F]fluoride 

displacement of a 4-nitrophenyl sydnone precursor. However, rather than nucleophilic 

displacement occurring at the nitro substituent, the [18F]fluoride displaced the sydnone as the 

preferred leaving group, affording [18F]fluoro-4-nitrobenzenes (Scheme 2.16). Unlike the nitro 

group, the sydnone is unable to participate in resonance with the aromatic ring due to steric 

interactions that result in a 40° angle between the planes of each respective ring. To access the 
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desired 4-[18F]-fluorophenyl sydnone (2.68), the symmetric precursor 1,4-disydnonyl benzene was 

prepared which underwent efficient radiofluorination to afford the desired 18F-prosthetic group in 

58% RCY with a MA of 1.3 Ci μmol-1 (Scheme 2.17). 2.68 was used to label a DBCO-

functionalized neuropeptide ([D-Ala2, D-Leu5]-enkephalin in >97% RCY at 50 °C in 8 mins via 

strain-promoted sydnone-alkyne cycloaddition (SPSAC). Recently, the Murphy group has 

successfully used 4-[18F]-fluorophenyl sydnone (2.68), via a 18F-deoxyfluorination reaction, to 

radiolabeled peptides targeting human CD8α with nanomolar affinity via SPSAC (Figure 2.16).123 

 

 

Scheme 2.16. Radiofluorination of para-nitro substituted N-arylsydnones. 

 

 

Scheme 2.17. Preparation and application of 4-[18F]-fluorophenylsydnone (2.68) toward 18F-

labeling of neuropeptide [D-Ala2, D-Leu5]-enkephalin. 
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Figure 2.16. Radiolabeled peptides targeting human CD8α. 

 

 Amine-reactive 18F-Labeled Prosthetic Groups 

 While the prosthetic group methods discussed above all require the introduction of 

functional handles, biomolecules already contain many native handles that can be used for the 

incorporation of 18F-prosthetic groups.99 Amines serve as the obvious functional handle given their 

prominence in lysine residues as well as the N-terminus of non-terminally functionalized peptides 

and proteins.99 Amine-reactive 18F-labeled prosthetic groups can be divided into two subclasses: 

1) acylating agents and 2) oxime forming agents. 

 18F-acylating agents contain one of the most commonly used amine reactive 18F-labeled 

prosthetic group (Figure 2.17)— [18F]-N-succinimidyl-4-fluorobenzoate ([18F]SFB) (2.86).124 

This molecule, and those like it ([18F]-N-succinimidyl o-(di-tert-butylfluorosilyl)-benzoate 

([18F]SiFB),125, 126 [18F]fluoronicotinic acid tetrafluorophenyl ester ([18F]-Py-TFP),127 etc.) can be 

synthesize from [18F]fluorobenzoic acid or in one step from a trimethyl ammonium precursor. Each 

of these activated esters can be used to form amide bonds from reactive amines. 
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Figure 2.17. Selected examples of amine-reactive prosthetic groups containing an activated 

ester. 

 

 Returning to [18F]SFB (2.86), the most common 18F-acylating agent, its first reported 

synthesis was by Zalutsky and Vaidyanathan in 1992.124 Though this process required many steps, 

they were able to isolate the desired product in 25% RCY (d.c.) with a synthesis time of only 100 

minutes.124 They were then able to label a monoclonal antibody F(ab’)2 fragment, obtaining the 

radiotracer in 40–60% RCY (d.c., based on [18F]SFB activity ) with an additional 20 minutes.124 

Since its initial synthesis, [18F]SFB’s (2.86) synthesis has been optimized and fully automated with 

RCY (d.c.) up to 55%, and still sees regular use.128 In 2019, a collaboration at UCLA utilized 

[18F]SFB (2.86) to label GA101 cys-diabody (GAcDb) and test the ability to image B cell 

lymphomas with the resulting PET tracer ([18F]FB-GAcDb).129 [18F]FB-GAcDb was prepared in 

37% RCY with a molar activity of 12.8 μCi/μg and specifically targets human CD20-expressing 

B cells in transgenic mice. 

 18F-Oxime formation has also been a proven robust radiolabeling method and has seen 

wide use for labeling aminooxy-functionalized peptides with fluorine-18.7, 76 These prosthetic 

groups contain a variety of fluorine-18 labeled aldehydes and hemi-acetals. A noteworthy example 

of their use can be found in the work of Glaser et al.130 They reported the radiosynthesis of 

[18F]fluciclatide (2.88) using [18F]fluorobenzaldehyde ([18F]FBA) (2.85) with a hydroxyl amine 
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derived-RGD peptide (2.87) (Scheme 2.18).130 The desired 18F-labeled product (2.88) was 

obtained in 23% RCY (d.c.) in 3 hours with a MA of 2.0–4.6 Ci µmol-1.130 
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Scheme 2.18. Oxime condensation reaction to form [18F]fluciclatide. 

 

 Thiol-reactive 18F-Labeled Prosthetic Groups 
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Figure 2.18. Select examples of thiol-reactive prosthetic groups. 
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 While some 18F-acylating agents, like [18F]SFB (2.86), can be used to radiolabel thiols, a 

separate class of prosthetic groups has been created in order to increase regioselectivity.7, 76 Unlike 

other nucleophilic groups in biomolecules, thiols possess two unique properties: (1) they are much 

rarer and only occur on one of the least abundant natural amino acids, cysteine (Cys), or can be 

installed, either through site selective mutagenesis or other synthetic processes, and (2) they are 

soft nucleophiles, giving them a unique reactivity profile among other naturally occurring 

nucleophiles (e.g. amines, hydroxyls).131 

 The best known and most widely used thiol-reactive 18F-prosthetic groups are 18F-

maleimides (Figure 2.18).7 This class of prosthetic group contains an α,β-unsaturated carbonyl 

moiety that is amenable to Michael addition of a free thiol.7 Because of the high chemoselectivity 

of this class of compound, a variety of derivatives have been created.130, 132-139 Despite their 

popularity though, the primary drawback of 18F-maleimides is that they can undergo retro-Michael 

addition, releasing the 18F-labeled synthon from the biomolecule of interest.7, 140-144 This is most 

commonly seen in compounds that contain maleimides, rather than other α,β-unsaturated 

carbonyls, because the geometry of the five membered ring primes the system to undergo 

elimination. 

 Even with the dominant success of 18F-maleimides, other thiol selective prosthetic groups 

exist such as 18F-labeled α-bromo- or iodoacetamides and 18F-labeled vinyl sulfones (Figure 2.18), 

though their collective use remains limited. Due to the lengthy syntheses of 18F-labeled α-bromo- 

or iodoacetamides, resulting in poor isolated yields, broad utility for these prosthetic groups 

remains to be seen.145-147 In the case of 18F-labeled vinyl sulfones, it is largely due to their recent 

discovery and ongoing development. In a 2014 publication, Wu et al. synthesized 2-(2-(2-
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([18F]fluoroethyoxy)ethoxy)-ethylfulsonyl)-ethane ([18F]F-DEG-VS) and labeled a neurotensin 

analogue in moderate yield (95% RCY d.c.).148 Since then, additional work has been done to 

synthesize a small array of alkyl vinyl sulfones from the Li and Ma research groups.149 

 A final class of thiol-reactive 18F-labeled prosthetic groups are transition metal mediated 

18F-arylative agents (Figure 2.18). At the time of writing, only one publication has been disclosed 

demonstrating 18F-labeling via a palladium catalyzed system.150 In their 2021 work, Humpert et 

al. synthesized 5-iodo-2-[18F]fluoropyridine, and using Xantphos Pd G3, labeled several small 

peptides. This included a prostate-specific membrane antigen imaging agent which stands to be a 

possible candidate for prostate carcinoma imaging.150 This area remains ripe for development. 

 

2.6. Conclusion 

 PET molecular imaging is a valuable tool for disease diagnostics and staging as well as the 

development and improved understanding of drug-like molecules and biomolecules. Through the 

use of nucleophilic fluorine-18 chemical methods a wide range of 18F-labeled arenes, from electron 

rich to electron poor, can be constructed. Despite the fact that many biomolecules are not amenable 

to direct radiofluorination conditions, the development of 18F-prosthetic groups has allowed the 

radiolabeling of a wide range of sensitive biomolecules with fluorine-18 through native and 

chemically installed functional handles. The work detailed above has generated a wide range of 

PET tracers to date; however, robust chemical methods are needed to increase the availability of 

diverse 18F-prosthetic groups and to provide efficient routes towards the production of valuable 

PET radiotracers. 
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3.1. Abstract 

 

 Radiolabeled peptide-based molecular imaging probes exploit the advantages of large 

biologics and small molecules, providing both exquisite selectivity and favorable pharmacokinetic 

properties. Here, we report an operationally simple and broadly applicable approach for the 18F-

fluorination of unprotected peptides via a new radiosynthon, [18F]fluoro-4- 

(vinylsulfonyl)benzene. This reagent demonstrates excellent chemoselectivity at the cysteine 

residue and rapid 18F-labeling of a diverse scope of peptides to generate stable thioether constructs. 

 

3.2. Introduction 

 Radiolabeled peptides are important positron emission tomography (PET) imaging tools 

due to their selectivity toward overexpressed cell surface receptors of many cancers, which can be 

exploited for targeting purposes.1-5 Critical to the continued development of valuable PET probes 
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is the availability of chemical methods to access diverse radiolabeled peptides. Remarkable 

breakthroughs in 18F-chemistry to afford 18F-labeled peptides with minimal perturbation have 

unveiled direct synthetic paths toward previously inaccessible radiolabeled peptides.6-10 Despite 

recent advances in site-specific radiofluorination, 18F-labeling of peptides is most frequently 

conducted via conjugation with prosthetic groups.11-16 

 

 

Figure 3.1. Thiol reactive radiosynthons for 18F-labeling of cysteine containing peptides. 

 

 Selective bioconjugation reactions for 18F-labeling of peptides have largely focused around 

modification of lysine and cysteine side chains.17, 18 Site-selective conjugation via thiol-based 

chemistry is more desirable when compared to unselective modification of lysine residues, which 

can produce poorly defined, heterogeneous mixtures of labeled products.19, 20 A powerful tool for 

site-specific bioconjugation to cysteine and perhaps the most utilized prosthetic group for selective 
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18F-labeling of peptides is the maleimide-based synthon.13, 21-25 Maleimide-based prosthetic groups 

(Figure 3.1A) have garnered persistent popularity due to their fast kinetics and remarkable 

cysteine chemoselectivity; however, significant limitations exist, the most notable being 

susceptibility of the succinimidyl thioether linkage to hydrolysis via a retro-Michael reaction.18, 26-

28 Furthermore, bioconjugation with maleimide-based prosthetic groups creates stereoisomeric 

mixtures of exo- and endo-isomers.29 In addition, many of these synthons involve three-step 

syntheses, are obtained in <20% radiochemical yield (RCY), and expend 95–115 min to obtain the 

HPLC-purified prosthetic group.21-23 

 Several other radiosynthons have been reported for site-selective cysteine conjugation via 

thiol alkylation (Figure 3.1). Despite moderate success, bromoacetamides require three step 

syntheses, azeotropic drying of [18F]fluoride and HPLC purification, resulting in a lengthy 

production process.30-32 Reported in 2014, [18F]-(2-(2-(2-fluoroethoxy)ethoxy)ethylsulfonyl)-

ethane ([18F]F-DEG-VS) was utilized to label a neurotensin analogue in moderate yield and 

maintained in vivo stability with no [18F]fluoride release.33 More recently, prosthetic groups based 

on heteroaromatic derivatives provide an alternative class of thiol-reactive synthons with improved 

stability over maleimides (Figure 3.1D,E).34-37 In addition, a new reagent for 18F-

trifluoromethylation has demonstrated chemoselective 18F-labeling of cysteine-containing 

peptides, including a [18F]CF3-amyloid-β fragment (Figure 3.1F).9 Despite remarkable 

advancements, preparation of current thiol-reactive radiosynthons require azeotropic drying of 

[18F]fluoride and nearly all protocols involve HPLC purification prior to cysteine conjugation. In 

addition, multistep syntheses or the use of unstable precursors and reagents pose further 

challenges, resulting in low yields. A robust thiol-reactive synthon that produces a selective and 
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stable linkage while overcoming these limitations offers an attractive alternative approach for 

peptide 18F-labeling applications. 

 Here, we report the synthesis and development of [18F]fluoro-4-(vinylsulfonyl)benzene 

([18F]FVSB), a new prosthetic group for site-specific conjugation to cysteine residues to afford 

stable 18F-labeled peptides for applications in PET molecular imaging (Figure 3.1G). This 

radiosynthon is prepared in one step, enabled by the deoxyfluorination of a highly stable uronium 

precursor via a tetrahedral intermediate, and is utilized without azeotropic drying or HPLC 

purification. Our objective was to provide a readily accessible thiol-reactive synthon for the facile 

construction of stable, site-specific 18F-labeled peptide conjugates. Critical advantages of a vinyl 

sulfone motif for cysteine conjugation include the high reactivity with free thiols and the formation 

of aqueous-stable thioether linkages.18, 38-42 Although reports of vinyl sulfone-functionalized tags 

toward bioconjugation of peptides and proteins exist, the versatility of this synthon has not been 

fully explored in the context of 18F-labeling.41 We designed a vinyl sulfonyl phenol substrate and 

opted to employ the 18F-deoxyfluorination method reported by Neumann et al.6 This methodology 

was chosen due to its robust scope, high radiochemical conversion, use of a stable and accessible 

precursor, as well as the ability to eliminate azeotropic drying. We anticipated this approach would 

provide a direct path to a vinyl sulfonyl 18F-arene in a rapid manner. 

 

3.3. Results and Discussion 

 Preparation of the precursor, uronium 3.6, consists of a five-step synthesis and began with 

commercial thiophenol 3.1, which underwent alkylation with bromoethanol followed by oxidation 

with Oxone to afford sulfone 3.3 (Scheme 3.1). Treatment with thionyl chloride and pyridine 

supplied the chloro intermediate which subsequently underwent elimination under basic conditions 
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to furnish vinyl sulfone 3.4 in 81% yield. Uronium precursor 3.6 was obtained upon treatment of 

phenol 3.4 with chloroimidazolium chloride and Ag2CO3 in chloroform and used after simple 

filtration with no additional purification.6 

 

 

Scheme 3.1. Reagents and conditions: a) 2-bromoethanol, 1.0 N aq. NaOH, MeOH, 23 C, 21 h; 

b) OXONE, MeOH, 23 C, 2 h; c) SOCl2, pyridine, CH2Cl2, 23 C, 20 h; d) Et3N, THF, 23 C, 

24 h; e) Ag2CO3, 3.5, CHCl3, 60 C, 4.5 h. 

 

 The 18F-deoxyfluorination to produce [18F]FVSB 3.7 began with direct elution of aqueous 

[18F]fluoride from the anion-exchange cartridge, forgoing the azeotropic drying step of 

conventional radiofluorination approaches (Table 3.1). In this method, aqueous [18F]fluoride was 

trapped on the cartridge and residual water was removed by flushing with 2-butanone/ethanol 

(10:1, v/v) and N2 gas through the cartridge. Uronium complex 3.6 in a solution of 2-

butanone:ethanol was directly passed through the cartridge, without base or additives, to elute the 

[18F]fluoride. The reaction mixture was directly heated to 130 °C for 30 min and afforded crude 

[18F]FVSB 3.7. Initial optimization focused on the type of anion exchange cartridge and the 

uronium 3.6 precursor amounts. [18F]Fluoride elution using a Sep-Pak Accell Plus QMA plus light 
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cartridge was poor, presumably due to excess resin. Improvement in the elution was observed with 

a custom-made cartridge using 1/16′′ PTFE tubing containing 4 mg Biorad MP-1 resin in between 

two polyethylene frits. Despite moderate elution, inconsistency in the custom cartridges led us to 

identify a more practical approach that would use a commercial cartridge. Chromafix 30-PS-HCO3 

cartridges were employed which gave sufficiently high elution efficiency using 5 mg of uronium 

3.6 with 94 ± 2% RCY, determined by radio-TLC (Table 3.1 entry 2). While 3 mg of uronium 3.6 

gave poor [18F]fluoride elution, no improvement in elution efficiency and comparable RCY was 

obtained when >5 mg of 3.6 was used (Table 3.1. entries 1, 3, and 4). 

 

Table 3.1. Reaction Optimization to Afford [18F]FVSBa. Product identity was confirmed by 

radio-HPLC coinjection with the verified reference standard 19F-3.7. Ar = 2,6-diisopropylphenyl. 

3.7

[18F]Fluoro-4-(vinylsulfonyl)benzene

([18F]FVSB)

S

O

O O

N N
ArAr

Cl

3.6

[18F]fluoride

Exchange
cartridge

S

O

O O

N N
ArAr

[18F]-3.6

18F

S

18F

O O

conditions

elution efficiency[b]entry[a]

1

3

4

2

precursor (mg)

7

9

5

3

84 ± 2%

83 ± 1%

84 ± 3%
60 ± 3%

[a] Conditions: precursor, [18F]fluoride (~500 Ci), 10:1

butanone:EtOH (1 mL), 130 oC, 30 min. [b] determined by dividing

the activity eluted from the cartridge by the initial activity loaded on 

the cartridge. [c] determined by radio-TLC. [d] n = 2. [e] n = 5.

88 ± 4%[d]

94 ± 2%[e]

97 ± 1%[e]

96 ± 2%[d]

RCY[c]

 

 

 We hypothesized that HPLC purification could be avoided and that [18F]FVSB may be 

promptly utilized for peptide conjugation. We next focused on cartridge purification of [18F]FVSB 
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and screened various commercial cartridges (Table 3.6). Purification by Oasis HLB plus short LP 

cartridges resulted in removal of unreacted [18F]fluoride and enabled isolation of [18F]FVSB within 

43 min in 46 ± 4% decay-corrected RCY with 85% radiochemical purity (RCP) (Table 3.3, Table 

3.4, Figure 3.13, and Figure 3.14). The molar activity was calculated for HPLC-purified 

[18F]FVSB and determined to be >2.87 Ci·μmol–1 (106.2 GBq·μmol–1). Notably, precursor 3.6 

could be stored at −4 °C for up to 12 months or at room temperature for up to 6 months and used 

with no discernible loss in quality or RCY. 

 Peptides containing the Arg-Gly-Asp (RGD) sequence display high affinity for integrin 

αvβ3 and are useful for PET molecular imaging of angiogenesis.43 As such, we initially investigated 

the bioconjugation of cysteine-containing peptides with [18F]FVSB 3.7 using the linear tetramer 

3.8, Arg-Gly-Asp-Cys (RGDC) (Table 3.2). Conjugate addition of 5 mg of peptide 3.8 to 

[18F]FVSB 3.7 proceeded in sodium borate (pH 8.5) buffer in 30 min in 65 ± 4% RCY, as 

determined by radio-HPLC (entry 1). Bioconjugation in HEPES (pH 7.3) buffer afforded peptide 

conjugate 3.9 in 59 ± 4% RCY (entry 2). Optimization of the reaction temperature revealed that 

mild temperatures (23–35 °C) gave highest RCYs and heating to 45 °C decreased the RCY to 47 

± 5% (entries 1, 3, 4 and Table 3.8). 

 In many cases, unreacted [18F]FVSB 3.7 was present after 30 min yet increasing the 

reaction time is undesirable for PET applications. We sought to push the thiol conjugation to 

completion by exploring a solvent additive, such as DMF or MeOH, which may enhance peptide 

solubility (Table 3.9). With 25% MeOH, 18F-labeled conjugate 3.9 was obtained in 86 ± 7% RCY 

in sodium borate buffer (entry 5). Too much methanol was detrimental to the reaction (entry 6), 

yet 50% MeOH in either buffer afforded 18F-labeled conjugate 3.9 in 90 ± 0% RCY (entry 7). 

Comparable RCYs were obtained by lowering the peptide precursor amount to 3 mg (entry 8 and 
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Table 3.7). Lastly, for labeling precious peptides with limited supply, 1 mg of precursor was 

sufficient to afford the radiolabeled peptide conjugate in high RCY (entry 9). Although DMF could 

be used, we opted to employ MeOH because the peptide solubility appeared better in MeOH over 

DMF and, due to its lower boiling point, MeOH can be readily removed by evaporation. 

 

Table 3.2. Bioconjugation Optimizationa 

H2N

O

N
H

O

H
N

CO2H

O

N
H

CO2H

SH

N
H

NH

NH2

3.7

S

18F

O O

H2N

O

N
H

O

H
N

CO2H

O

N
H

CO2H

S

N
H

NH

NH2

Ar

buffer, additive

35 oC, 30 min

Ar = (4-[18F]fluorophenyl)sulfonyl

H-Arg-Gly-Asp-Cys-OH
3.8

H-Arg-Gly-Asp-Cys([ 18F])-OH

3.9

bufferentry[a]

1

3

4
5

7
8

2

precursor (mg)

5

5

5

3

5

5

borate (pH 8.5)

borate (pH 8.5)

borate (pH 8.5)
borate (pH 8.5)

borate (pH 8.5)

borate (pH 8.5)

[a] Conditions: ~400 - 700 Ci 7 per reaction, solvent (500 L).

Reactions performed in duplicate. [b] non-isolated RCY is estimated by

radio-HPLC analysis of crude peptide 9. [c] Reaction temp. = 23 oC. [d] 

Reaction temp. = 45 oC. Ar = 4-[18F]fluorophenyl.

RCY (%)[b]

—

—
—

25% MeOH

50% MeOH

65 ± 4

70 ± 7[c]

47 ± 5[d]

90 ± 0
89 ± 6

additive

50% MeOH

86 ± 7

59 ± 45 HEPES (pH 7.3) —

6 5 HEPES (pH 7.3) 75% MeOH 27 ± 1

9 1 borate (pH 8.5) 50% MeOH 79 ± 11

 

 

 The optimized bioconjugation conditions were applied to a series of thiol-containing 

peptides to examine the versatility of [18F]FVSB toward complex substrates which mimic potential 

PET tracers (Figure 3.2). The unprotected, linear RGDC peptide 3.8 readily delivered 18F-

construct 3.9 in 84 ± 8% decay-corrected RCY with exclusive reactivity at the cysteine residue. 

An analogue of the gastrin-releasing peptide receptor (GRPR) tracer MG11 was successfully 
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conjugated to [18F]FVSB 3.7 to afford octamer 3.10 as the single radioactive product in 83 ± 10% 

RCY.44 Of note, competitive reactivity with tryptophan was not observed by radio-HPLC, 

verifying the indole ring of tryptophan is compatible with the labeling protocol (Figure 3.22). 

 Cyclic RGD peptides have also garnered sufficient interest as PET tracers prompting us to 

synthesize cyclic RGDfC analogue 3.11 which was achieved in 87 ± 2% RCY.44, 45 Due to the 

recent success in targeting prostate specific membrane antigen (PSMA) for PET imaging of 

prostate cancer, we applied the approach toward radiolabeling of a PSMA analogue which gave 

construct 3.12 in 80 ± 3% RCY.46 Synthesis of an 18F-labeled neuromedin B analogue 3.13 was 

accomplished in 93 ± 1% RCY. Additionally, larger peptides, such as the bombesin analogue 3.14 

containing 14 amino acids was successfully radiolabeled in 55 ± 11% RCY.47 The presence of 

unreacted [18F]FVSB in the HPLC trace for analogue 3.14 suggests that cosolvent systems to 

increase solubility for larger peptides could remedy the incomplete conversion for specific cases. 

 To reinforce the compatibility of [18F]FVSB in the presence of other nucleophilic residues, 

such as histidine or lysine, competition studies were conducted (Figures 3.27 – 31). Competition 

between N-Boc-cysteine and N-Boc-lysine with [18F]FVSB yielded, exclusively, the desired 

cysteine-conjugate addition product in 85 ± 0% RCY, while the lysine-conjugate addition product 

was not observed (Figure 3.29). Similarly, competition between N-Boc-cysteine and N-Boc-

histidine afforded the cysteine-conjugate addition product in 88 ± 2% RCY and the histidine-

conjugate addition product in only 1 ± 2% RCY (Figure 3.31). Importantly, these studies reveal 

the overwhelming predominance for bioconjugation to occur at the cysteine residue, even when 

histidine or lysine residues are present. Lastly, reactivity toward N-terminal amines was evaluated 

with an RGD peptide lacking a cysteine residue. In this case, with no available thiol, amine 

conjugation toward [18F]FVSB proceeded in only 6% RCY; therefore, the presence of N-terminal 
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free amines is well tolerated and does not impede generation of the desired thiol-conjugated 

product (Figure 3.32). 

 To evaluate the peptide conjugates for stability against elimination of the vinyl sulfone and 

loss of the radiolabel, peptide 3.9 was incubated for 1 h at 35 °C in various conditions and the 

remaining conjugate was calculated by HPLC analysis (Figures 3.33 – 3.36). In aqueous 

glutathione or in pH 2.6 acetic acid buffer, 97% of conjugate 3.9 and 0% of [18F]FVSB were 

observed. In pH 9.5 sodium borate buffer, 82% of conjugate 3.9 and 5% of [18F]FVSB were 

observed. These results suggest that, after 1 h, 5% elimination of the vinyl sulfone occurs under 

basic conditions and no observable elimination occurs under neutral or acidic conditions. 

Preliminary attempts at automation were conducted using the ELIXYS FLEX/CHEM 

radiochemical synthesis module (Sofie Biosciences). Starting with 21 mCi of [18F]fluoride, the 

automated protocol resulted in an elution efficiency of 82 ± 0% and afforded [18F]FVSB in 63 ± 

1% RCY, determined by radio-TLC (n = 2, unoptimized), demonstrating the process can 

successfully be automated for PET applications. 
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Figure 3.2. Site-selective 18F-labeling of peptides via cysteine bioconjugation with [18F]fluoro-4-

(vinylsulfonyl)benzene. Reaction conditions: peptide (3 mg), 3.7 (0.5−1.5 mCi), sodium borate 

buffer pH 8.5 (250 μL), MeOH (250 μL), 35 °C, 30 min. Radiochemical purity (RCP) was 

determined by radio-HPLC and was calculated by dividing the integrated area of the 18F-labeled 

product peak by the total integrated area of all 18F-labeled peaks. Identity of each labeled product 

was confirmed by coinjection with the authentic 19F-reference standard. The decay-corrected 

radiochemical yield (RCY) was calculated by dividing the final activity of the labeled product by 

starting [18F]FVSB activity, multiplied by the RCP. [a]5 mg peptide, HEPES buffer pH 7.3 (250 

μL), DMF (250 μL). 

 

3.4. Conclusions 

 In summary, we developed a simple, metal-free approach for 18F-labeling of cysteine 

containing peptides via a novel prosthetic group, [18F]FVSB. To our knowledge this is the first 
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aryl vinyl sulfone radiosynthon to be reported which can be produced in 43 min in high molar 

activity and directly used for peptide conjugation without HPLC purification. The robustness of 

our method is highlighted by the diversity of peptide conjugates that were successfully 18F-labeled 

in up to 93% RCY. We contend that the [18F]FVSB radiosynthon will offer significant 

improvement over current strategies for multiple reasons. First, its simplicity—our method is a 

one-step radiofluorination of a stable precursor that is facile to synthesize and provides [18F]FVSB 

in high RCY. Second, conjugation to [18F]FVSB yields a highly stable thioether linkage using 2 

μmol peptide. Third, and perhaps most crucial, our method eliminates the time-consuming 

azeotropic drying and HPLC purification steps—a noteworthy benefit for fluorine-18 

methodology. Additionally, exclusive reactivity at the cysteine residue in the presence of other 

nucleophilic residues was demonstrated, confirming the high chemoselectivity of our approach. 
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3.5. Experimental Section 

  Materials and Methods 

 All chemicals and reagents were purchased from commercial sources and used without 

further purification. Chloroimidazolium chloride 3.5 was purchased from Strem Chemicals, Inc. 

(Product No. 07-0620) and used as received. Peptides were purchased from Bachem Americas, 

Inc. and used as received. Silicon oil bath was used as the heating source for all non-radioactive 

reactions. All deuterated solvents were purchased from Cambridge Isotope Laboratories. Unless 

otherwise noted, reactions were carried out in oven-dried glassware using commercially available 

anhydrous solvents. Solvents used for extractions and chromatography were not anhydrous. 

Reactions and chromatography fractions were analyzed by thin-layer chromatography (TLC) using 

Merck precoated silica gel 60 F254 glass plates (250 μm) and visualized by ultraviolet irradiation 

or by staining with para-anisaldehyde solution. Flash column chromatography was performed 

using E. Merck silica gel 60 (230−400 mesh) with compressed air. NMR spectra were recorded on 

a Bruker ARX 400 (400 MHz for 1H; 100 MHz for 13C, 376 MHz for 19F) or a Bruker ARX 500 

(500 MHz for 1H; 126 MHz for 13C, 471 MHz for 19F) spectrometer. Chemical shifts are reported 

in parts per million (ppm, δ) using the residual solvent peak as the reference. The coupling 

constants, , are reported in Hertz (Hz), and the multiplicity identified as the following: br (broad), 

s (singlet), d (doublet), t (triplet), q (quartet), hept (heptet) and m (multiplet). High-resolution 

electrospray mass spectrometry (ESI-HRMS) data were acquired with a Thermo Scientific™ Q-

Exactive Plus Spectrometer with a quadrupole mass filter and Orbitrap mass analyzer. For some 

samples, high resolution mass spectra were obtained on Thermo ScientificTM Exactive Mass 

Spectrometer with DART ID-CUBE. Fluorine-19 reference standards were synthesized from the 

commercial peptides. Melting points were recorded on a Büchi melting point apparatus B-545. 
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  Experimental Procedure and Characterization Data 

3.5.2.1. Preparation of phenol substrate for deoxyfluorination48, 49 

HO

SH Br
OH

NaOH, MeOH
23 °C

70%

HO

S
OH

OXONE®

MeOH
23 °C

88%

HO

S
OH

O O SO2Cl, pyridine
CH2Cl2, 23 °C;

Et3N, THF
23 °C

81%

HO

S

O O

3.1 3.2 3.3
3.4  

 

HO

SH Br
OH

NaOH, MeOH

23 °C
70%

HO

S
OH

3.1 3.2  

To a solution of 4-mercaptophenol 3.1 (2.0 g, 15.8 mmol) in methyl alcohol (10 mL) was added 

dropwise aqueous NaOH (1 N, 17.3 mL) at -5 °C over a period of 30 min. After stirring at -5 °C 

for 1 h, a solution of 2-bromoethanol (2.3 mL, 17.3 mmol) in methyl alcohol (7 mL) was added 

dropwise at -5 °C over a period of 15 min. The reaction mixture was stirred for 21 h at room 

temperature then concentrated to remove methanol. The crude residue was dissolved in ether (20 

mL) and extracted with water (5 mL). After extraction and phase separation, the organic layer was 

washed with saturated NaHCO3 (10 mL) and brine (10 mL). The combined organic layers were 

dried over Na2SO4, concentrated and purified by flash column chromatography (10-30% EtOAc 

in n-hexane) to afford 4-((2-hydroxyethyl)thio)phenol 3.2 (1.87 g, 11 mmol, 70% yield) as a white 

solid. 1H NMR (400 MHz, DMSO-d6, δ): 9.5 (s, 1H), 7.18 (d, J = 8.8 Hz, 2H), 6.68 (d, J = 8.4 Hz, 

2H), 4.77 (t, J = 6 Hz, 1H), 3.43 (m, 2H), 2.8 (t, J = 6.8 Hz, 2H). 13C NMR (100 MHz, DMSO-d6, 

δ): 157.1, 133.3, 124.1, 116.5, 60.5, 37.9. HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for 

C8H10O2SNa 193.0299; Found 193.0293. Melting point: 72 – 73 °C. 
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To a solution of 4-((2-hydroxyethyl)thio)phenol 3.2 (1.0 g, 5.87 mmol) in methyl alcohol (5 mL) 

was added slowly, OXONE® (5.43 g, 8.82 mmol) at 10 °C over 20 min. The suspension was stirred 

at room temperature (exothermic reaction) for 2 h and filtered. The filtrate was washed with a 38- 

40% (v/v) aqueous sodium hydrogen sulfite solution (0.5 mL) and the pH of the reaction mixture 

was adjusted to ~7.0 with 1.0 M aqueous NaOH. The suspension was filtered and the filtrate was 

concentrated in vacuo. The crude residue was purified by flash column chromatography (20-60% 

EtOAc in n-hexane) to afford 4-((2-hydroxyethyl)sulfonyl)phenol 3.3 (1.0 g, 5.20 mmol, 88% 

yield) as a white solid. 1H NMR (400 MHz, DMSO-d6, δ): 10.53 (s, 1H), 7.65 (d, J = 8.8 Hz, 2H), 

6.9 (d, J = 8.8 Hz, 2H), 4.8 (t, J = 5.2 Hz, 1H), 3.6 (m, 2H), 3.29-3.27 (m, 2H). 13C NMR (100 

MHz, DMSO-d6, δ): 162.5, 130.5, 130.1, 116.1, 58.4, 55.6. HRMS (ESI-TOF) m/z: [M+Na] + 

Calc’d for C8H10O4SNa 225.0197; Found 225.0190. Melting point: 106 – 109 °C. 

 

 

To a solution of 4-((2-hydroxyethyl)sulfonyl)phenol 3.3 (1.0 g, 5.19 mmol) in CH2Cl2 (6 mL) was 

added pyridine (0.8 mL, 10 mmol) at room temperature. The reaction mixture was cooled to 0 °C 

and a solution of thionyl chloride (0.64 mL, 8.8 mmol) in CH2Cl2 (5 mL) was added dropwise over 

15 min. After stirring at room temperature for 20 h the reaction mixture was diluted with 1 mL 

brine and the suspension was extracted. The combined organic layers were washed with brine (2 

x 2 mL), dried over Na2SO4 and concentrated in vacuo to afford 4-((2-chloroethyl)sulfonyl)phenol 

which was used directly without purification. To a solution of 4-((2-chloroethyl)sulfonyl)phenol 
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(0.8 g, 3.6 mmol) in THF (8 mL) was added triethylamine (0.76 mL, 5.4 mmol) in THF (5 mL) at 

room temperature. The reaction mixture was stirred for 24 h at room tempterature and a precipitate 

formed. Triethylamine hydrochloride salt was filtered and the colorless filtrate was concentrated 

in vacuo. The crude solid was purified by flash column chromatography (5-30% EtOAc in n-

hexane) to give 4-(vinylsulfonyl)phenol 3.4 (0.53 g, 2.90 mmol, 81% yield) as a white solid. 1H 

NMR (400 MHz, DMSO-d6, δ): 10.62 (s, 1H), 7.63 (d, J = 8.8 Hz, 2H), 6.97 (dd, J = 16.4, 9.6 Hz, 

2H), 6.92 (d, J = 8.8 Hz, 1H), 6.17 (d, J = 16.8 Hz, 1H), 6.04 (d, J = 9.6 Hz, 1H). 13C NMR (100 

MHz, DMSO-d6, δ): 162.7, 139.9, 130.4, 129.5, 127.2, 116.5. HRMS (ESI-TOF) m/z: [M+Na] + 

Calc’d for C8H8O3SNa 207.0092; Found 207.0084. Melting point: 64 – 66 °C. 

 

3.5.2.2. Preparation of vinyl sulfone uronium precursor 3.6 for radiolabeleing50 

 

To a 4 ml vial containing 4-(vinylsulfonyl)phenol 3.4 (0.2 mmol, 36 mg), chloroimidazolium 

chloride 3.5 (0.2 mmol, 90 mg) and silver carbonate (0.1 mmol, 26 mg), was added chloroform 

(1.5 mL) and the resulting suspension left to stir at 60 °C for 4.5 hours. The precipitate was 

removed by filtration and the filtrate was concentrated to obtain the labeling precursor 3.6 (0.16 

mmol, 95 mg, 80%) as a white solid. Precursor 3.6 was used for 18F-deoxyfluorination without 

further purification. 1H NMR (500 MHz, CDCl3, δ): 8.43 (s, 2H), 7.70 (d, J = 9 Hz, 2H), 7.56 (t, 

J = 7.5 Hz, 2H), 7.30 (d, J = 7.5 Hz, 4H), 6.67 (d, J = 9 Hz, 2H), 6.51-6.40 (m, 2H), 6.08 (d, J = 9 

Hz, 1H), 2.49 (hept, J = 6.5 Hz, 4H), 1.30 (d, J = 6.5 Hz, 12H), 1.18 (d, J = 6.5 Hz, 12H). 13C 

NMR (100 MHz, CDCl3, δ): 156.4, 145.3, 143.0, 139.0, 137.4, 132.8, 130.9, 129.6, 127.0, 125.3, 
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124.1, 118.4, 29.6, 25.8, 22.9. HRMS (ESI-TOF) m/z: [M-Cl] + Calc’d for C35H43N2O3S 

571.2994; Found 571.2986. 

 

3.5.2.3. Preparation of 19F-fluroinated reference standards 

Synthesis of 1-fluoro-4-(vinylsulfonyl)benzene 3.7-ref48, 49 

 

 

 

To a solution of 4-fluorobenzenethiol 3.15 (280 mg, 2.19 mmol) in methyl alcohol (3 mL) was 

added dropwise aqueous NaOH (1N, 2.4 mL) at -5 oC over a period of 15 min and the reaction 

was stirred for 1 h at -5 °C. To the reaction mixture was added dropwise a solution of 2-

bromoethanol (0.3 mL, 2.4 mmol) in methyl alcohol (1 mL) at -5 oC over a period of 10 min. The 

reaction mixture was allowed to warm to room temperature and was stirred for 21 h. The methyl 

alcohol was removed under reduced pressure and water (5 mL) and ether (20 mL) were added to 

the crude residue. The phases were separated and the aqueous layer was extracted with ether. The 

combined organic layers were washed with saturated NaHCO3 and brine. The combined organic 

layers were dried over Na2SO4, concentrated and purified by flash column chromatography (5-

20% EtOAc in n-hexane) to afford 2-((4-fluorophenyl)thio)ethanol 3.16 (0.18 g, 1.05 mmol, 48% 

yield) as a light yellow oil. 1H NMR (400 MHz, CDCl3, δ): 7.41-7.36 (m, 2H), 6.99 (t, J = 8.8 Hz, 

2H), 3.7 (t, J = 6 Hz, 2H), 3.04 (t, J = 6 Hz, 2H), 2.22 (s, 1H). 13C NMR (100 MHz, CDCl3, δ): 

162.2 (d, J = 245.8 Hz), 133.3 (d, J = 8.1 Hz), 129.6 (d, J = 3.4 Hz), 116.2 (d, J = 21.7 Hz), 60.2, 
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38.6. 19F NMR (376 MHz, CDCl3, δ): -114.5. HR-APCI (EI) m/z: [M] + Calc’d for C8H9FOS 

172.0358; Found 172.0364.  

 

 

To a solution of 2-((4-fluorophenyl)thio)ethanol 3.16 (181 mg, 1.05 mmol) in methyl alcohol (4 

mL) was added slowly, OXONE (972 mg, 1.58 mmol) at 10 °C over 20 min. The suspension was 

stirred at room temperature (exothermic reaction) for 2 h and filtered. The filtrate was washed with 

a 38-40% (v/v) aqueous sodium hydrogen sulfite solution (0.5 mL), dried over Na2SO4 and 

concentrated in vacuo to afford crude 2-((4-fluorophenyl)sulfonyl)ethanol 3.17 (0.19 g, 0.95 

mmol, 90% yield) as a light yellow oil which was used without further purification. 1H NMR (400 

MHz, CDCl3, δ): 7.88 (dd, J = 8.8, 5.2 Hz, 2H), 7.18 (t, J = 8.8 Hz, 2H), 3.91 (t, J = 5.6 Hz, 2H), 

3.32 (t, J = 5.6 Hz, 2H), 3.26 (s, 1H). 13C NMR (100 MHz, CDCl3, δ): 165.9 (d, J = 254.9 Hz), 

135.2 (d, J = 3.2 Hz), 130.9 (d, J = 9.7 Hz), 116.7 (d, J = 89.6 Hz), 58.4, 56.1. 19F NMR (376 

MHz, CDCl3, δ): -103.0 HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for C8H9FO3SNa 227.0154; 

Found 227.0146. 

 

 

To a solution of 2-((4-fluorophenyl)sulfonyl)ethanol 3.17 (190 mg, 0.95 mmol) in CH2Cl2 (3 mL) 

was added pyridine (0.15 mL, 1.86 mmol) at room temperature. The reaction mixture was cooled 

to 0 °C and a solution of thionyl chloride (119 L, 1.61 mmol) in CH2Cl2 (1 mL) was added 

dropwise over 15 min. After stirring at room temperature for 20 h the reaction mixture was diluted 
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with brine (1 mL) and the suspension was extracted. The combined organic layers were washed 

with brine (2 x 2 mL), dried over Na2SO4 and concentrated in vacuo to afford 1-((2-

chloroethyl)sulfonyl)-4-fluorobenzene 3.18 (0.20 g, 0.90 mmol, 94% yield) as a yellow solid. 

Compound 3.18 is slightly unstable and undergoes spontaneous elimination to afford vinyl sulfone 

3.7-ref. For this reason, intermediate 3.18 was taken on to the next step without further 

purification. 1H NMR (400 MHz, CDCl3, δ): 7.93 (dd, J = 8.8, 5.2 Hz, 2H), 7.26 (t, J = 8.8 Hz, 

2H), 3.75 (t, J = 8 Hz, 2H), 3.52 (t, J = 7.6 Hz, 2H). 13C NMR (100 MHz, CDCl3, δ): 166.2 (d, J 

= 255.8 Hz), 134.8 (d, J = 3.2 Hz), 131.1 (d, J = 9.6 Hz), 116.9 (d, J = 22.5 Hz), 58.2, 35.6. 19F 

NMR (376 MHz, CDCl3, δ): -102.3. HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for C8H8ClFO2SNa 

244.9815; Found 244.9809. 

 

 

To a solution of 1-((2-chloroethyl)sulfonyl)-4-fluorobenzene 3.18 (202 mg, 0.9 mmol) in THF (3 

mL) was added dropwise triethylamine (187 L, 1.35 mmol) in THF (1 mL) at room temperature. 

The reaction mixture was stirred for 1 h at room tempterature and quenched with aqueous HCl (1.0 

M, 1.0 mL). Ethyl acetate (4 mL) was added, the phases were separated and the aqueous phase 

was extracted with ethyl acetate (2 x 3 mL). The combined organic layers were washed with brine 

(2 x 2 mL), dried over Na2SO4, concentrated in vacuo and purified by flash column 

chromatography (10-30% EtOAc in n-hexane) to afford fluoro-4-(vinylsulfonyl)benzene 3.7-ref 

(0.15 g, 0.79 mmol, 88% yield) as a light yellow oil. 1H NMR (400 MHz, CDCl3, δ): 7.91 (dd, J 

= 8.8, 4.8 Hz, 2H), 7.26-7.2 (m, 2H), 6.6 (dd, J = 16.4, 10 Hz, 2H), 6.46 (d, J = 16.4 Hz, 1H), 6.05 

(d, J = 10 Hz, 1H). 13C NMR (100 MHz, CDCl3, δ): 165.8 (d, J = 254.8 Hz), 138.4, 135.6 (d, J = 
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3.2 Hz), 130.8 (d, J = 9.7 Hz), 127.9, 116.8 (d, J = 22.6 Hz). 19F NMR (376 MHz, CDCl3, δ): -

103.4. HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for C8H7FO2SNa 209.0049; Found 209.0041.  

 

General procedure for the preparation of peptide 19F-reference standards:  

A vial (4 mL) equipped with a Teflon-coated magnetic stirring bar was charged with fluoro-4-

(vinylsulfonyl)benzene (1.1 equiv), peptide (1.0 equiv), sodium borate buffer (pH 8.5, 500 L), 

and methanol (500 L). The reaction mixture was stirred at room temperature for 0.5 – 1.5 hr. The 

reference compound was purified by semi-preparative HPLC on a Phenomenex reverse-phase 

Luna column (10 × 250 mm, 5 µm, flow rate = 3 mL/min, 254 nm) with an isocratic mixture of 

5:95 (MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 

(MeCN:water, 0.1% TFA, v:v) over 30 minutes and a linear gradient to 95:5 (MeCN:water, 0.1% 

TFA, v:v) over 10 minutes. For the purification of 3.12-ref, 3.19-ref and 3.21-ref, TFA was 

omitted from the mobile phase. The collected fractions containing the product were combined and 

concentrated in vacuo to dryness to afford the desired product. Analytical HPLC analysis of the 

purified compound was performed via UV absorbance at 254 nm, with a Phenomenex reverse-

phase Luna column (4.6 × 250 mm, 5 μm) with a flow rate of 1 mL/min.  

 

H-Arg-Gly-Asp-Cys-OH analogue (3.9-ref) 

 

The reaction mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 

3.9-ref (5.8 mg, 69% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6, δ): 8.67 (t, J = 5.6 
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Hz, 1H), 8.42 (d, J = 8.0 Hz, 1H), 8.01 (d, J = 7.2 Hz, 1H), 7.95 (dd, J = 8.8, 5.2 Hz, 2H), 7.47 

(dd, J = 8.8, 8.8 Hz, 2H), 7.28 (m, 3H), 4.54-4.49 (m, 1H), 4.11 (dd, J = 12.8, 6.4 Hz, 1H), 3.91-

3.71 (m, 3H), 3.57-3.53 (m, 2H), 3.13 (s, 2H), 3.09- 3.02 (m, 2H), 2.88 (dd, J = 13.6, 5.2 Hz, 1H), 

2.73-2.60 (m, 4H), 1.73 (m, 2H), 1.58-1.45 (m, 2H). 13C NMR (125 MHz, DMSO-d6, δ): 172.45, 

172.36, 170.9, 169.2, 168.6, 165.6 (C-F, 1JC-F = 251.4 Hz), 157.3, 135.5 (C-F, 4JC-F = 2.8 Hz), 

131.6 (C-F, 3JC-F = 9.8 Hz), 117.2 (C-F, 2JC-F = 22.4 Hz), 55.4, 53.0, 52.3, 50.1, 42.2, 36.6, 

33.5, 29.5, 29.0, 24.7, 24.3 19F NMR (376 MHz, DMSO-d6, δ): -104.6. HRMS (ESI-TOF) m/z: 

[M+H] + Calc’d for C23H35FN7O9S2 636.1922; Found 636.1902. 

 

 

Figure 3.3. Analytical HPLC trace for 3.9-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes.  
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H-D-Glu-Ala-Tyr-Gly-Trp-Cys-Asp-Phe-OH (MG11 analogue) (3.10-ref) 

 

The reaction mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 

3.10-ref (1.5 mg, 68% yield) as a white solid. HRMS (ESI-TOF) m/z: [M+H] + Calc’d for 

C54H63FN9O16S2 1176.3818; Found 1176.3809. 

 

 

Figure 3.4. Analytical HPLC trace for 3.10-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes. 
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c(Arg-Gly-Asp-Phe-Cys) analogue (3.11-ref) 

 

The reaction mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 

3.11-ref (1.7 mg, 72% yield) as a white solid. HRMS (ESI-TOF) m/z: [M+H] + Calc’d for 

C32H42FN8O9S2 765.2500; Found 765.2485. 

 

 

Figure 3.5. Analytical HPLC trace for 3.11-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes. 
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PSMA analogue (3.12-ref) 

 

The reaction mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 

3.12-ref (3.5 mg, 73% yield) as a white solid. HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for 

C40H65FN4O12S2Na 899.3922; Found 899.3904. 1H NMR (400 MHz, CDCl3, δ): 7.96 (dd, J = 8.8, 

5.2 Hz, 2H), 7.28-7.24 (m, 2H), 6.94 (s, 1H), 5.76 (d, J = 8 Hz, 1H), 5.7 (d, J = 8 Hz, 1H), 5.47 (d, 

J = 7.2 Hz, 1H), 4.38-4.27 (m, 3H), 3.49-3.33 (m, 3H), 3.11-3.06 (m, 1H), 2.92-2.82 (m, 4H), 2.38-

2.25 (m, 2H), 2.12-2.03 (m, 1H), 1.87-1.72 (m, 2H), 1.46 (s, 9H), 1.44 (s, 9H), 1.43 (s, 18H), 0.88-

0.83 (m, 2H). 13C NMR (126 MHz, CDCl3, δ): 173.3, 172.4, 171.0, 166.0 (d, J = 257.3 Hz), 157.2, 

155.9, 134.9 (d, J = 3.4 Hz), 131.1 (d, J = 9.6 Hz), 116.8 (d, J = 22.7 Hz), 82.2, 81.4, 80.5, 56.3, 

53.9, 53.0, 52.9, 38.7, 34.4, 31.7, 31.5, 31.0, 29.7, 28.4, 28.3, 28.09, 28.06, 28.02, 24.8, 21.6. 19F 

NMR (376 MHz, CDCl3, δ): -102.8. HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for 

C40H65FN4O12S2Na 899.3922; Found 899.3904. 
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 Figure 3.6. Analytical HPLC trace for 3.12-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes and 95:5 (MeCN:water, 0.1% TFA, v:v) over 5 minutes.  
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The reaction mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 

3.13-ref (2 mg, 87% yield) as a white solid. HRMS (ESI-TOF) m/z: [M+H] + Calc’d for 

C58H76FN14O15S2 1291.5040; Found 1291.5035.  
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Figure 3.7. Analytical HPLC trace for 3.13-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes.  

 

Pyr-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Cys-OH (Bombesin analogue) 

(3.14-ref) 

 

The reaction mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 

3.14-ref (2.2 mg, 81% yield) as a white solid. HRMS (ESI-TOF) m/z: [M+H] + Calc’d for 

C77H113FN23O21S2 1778.7907; Found 1778.7977.  
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Figure 3.8. Analytical HPLC trace for 3.14-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes.  

 

Preparation of amino acid 19F-reference standards: 

FVSB-conjugated N-Boc-Cys-OH (3.19-ref) 

 

A vial (4 mL) equipped with a Teflon-coated magnetic stirring bar was charged with fluoro-4-

(vinylsulfonyl)benzene 3.7-ref (1 equiv), N-Boc-cysteine (1 equiv), sodium borate buffer (pH 8.5, 

500 L), and methanol (500 L). The reaction mixture was stirred at room temperature for 1.5 h. 

The reaction mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 

3.19-ref (11.4 mg, 69% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6, δ): 7.94 (dd, J = 

8.8, 5.2 Hz, 2H), 7.46 (t, J = 8.8 Hz, 2H), 5.96 (d, J = 5.6 Hz, 1H), 3.59-3.44 (m, 4H), 2.86 (dd, J 

= 13.2, 4 Hz, 1H), 2.73 (dd, J = 13.2, 5.2 Hz, 1H), 2.67-2.53 (m, 2H), 1.31 (s, 9H). 13C NMR (100 

MHz, DMSO-d6, δ): 171.9, 165.6 (d, J = 251.2 Hz), 155.1, 135.6 (d, J = 2.7 Hz), 131.5 (d, J = 10 

Hz), 117.1 (d, J = 22.6 Hz), 77.9, 55.8, 55.3, 35.9, 28.6, 25.0. 19F NMR (376 MHz, DMSO-d6, δ): 

-104.8. HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for C16H22FNO6S2Na 430.0770; Found 

430.0758. 
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Figure 3.9. Analytical HPLC trace for 3.19-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes.  

 

FVSB-conjugated N-Boc-Lys-OH (3.20-ref) 

 

A vial (4 mL) equipped with a Teflon-coated magnetic stir bar was charged with fluoro-4-

(vinylsulfonyl)benzene 3.7-ref (1 equiv), N-Boc-lysine (1 equiv), sodium borate buffer (pH 9.5, 

500 L), and methanol (500 L). The reaction mixture was stirred at 50 °C overnight. The reaction 

mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 3.20-ref (5 

mg, 28% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6, δ): 8.0-7.97 (m, 2H), 7.55-7.51 

(m, 2H), 7.02 (d, J = 8 Hz, 1H), 3.82-3.56 (m, 4H), 3.15-3.11 (m, 2H), 2.86-2.83 (m, 2H), 1.7-1.17 

(m, 4H), 1.33 (s, 9H). 13C NMR (100 MHz, DMSO-d6, δ): 174.6, 165.9 (d, J = 252.2 Hz), 156.1, 

134.9 (d, J = 2.4 Hz), 131.7 (d, J = 10.1 Hz), 117.5 (d, J = 22.8 Hz), 78.5, 53.7, 51.6, 47.2, 30.6, 

28.7, 25.7, 23.1, 22.1. 19F NMR (376 MHz, DMSO-d6, δ): -103.8. HRMS (ESI-TOF) m/z: [M+H] 

+ Calc’d for C19H30FN2O6S 433.1809; Found 433.1806. 
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Figure 3.10. Analytical HPLC trace for 3.20-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes.  

 

FVSB-conjugated N-Boc-His-OH (3.21-ref) 

 

A vial (4 mL) equipped with a Teflon-coated magnetic stirring bar was charged with fluoro-4-

(vinylsulfonyl)benzene 3.7-ref (1 equiv), N-Boc-histidne (1 equiv), sodium borate buffer (pH 8.5, 

500 L), and methanol (250 L). The reaction mixture was stirred at 35 °C for 12 h. The reaction 

mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 3.21-ref (14 

mg, 81% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6, δ): 7.94-7.82 (m, 2H), 7.41 (t, J 

= 8.4 Hz, 2H), 7.27 (s, 1H), 6.66 (s, 1H), 5.83 (d, J = 7.2 Hz, 1H), 4.14 (dt, J = 6.4, 2.8 Hz, 2H), 

3.83 (t, J = 6.4 Hz, 2H), 3.64 (dd, J = 11.2, 6.4 Hz, 4H), 2.7 (dd, J = 14.8, 4.4 Hz, 4H), 2.6 (dd, J 

= 14.8, 6.4 Hz, 4H), 1.29 (s, 9H). 13C NMR (126 MHz, DMSO-d6, δ): 174.0, 165.5 (d, J = 253.1 

Hz), 155.2, 139.9, 136.3, 135.7 (d, J = 2.9 Hz), 131.3 (d, J = 9.9 Hz), 117.0 (d, J = 22.8 Hz), 116.4, 

77.4, 55.4, 38.0, 32.2, 31.2, 28.7. 19F NMR (376 MHz, DMSO-d6, δ): -104.8. HRMS (ESI-TOF) 

m/z: [M+H] + Calc’d for C19H25FN3O6S 442.1448; Found 442.1448. 
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Figure 3.11. Analytical HPLC trace for 3.21-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes.  

 

FVSB-conjugated H-Arg-Gly-Asp-OH (3.22-ref) 

 

A vial (4 mL) equipped with a Teflon-coated magnetic stirring bar was charged with fluoro-4-

(vinylsulfonyl)benzene 3.7-ref (1.5 equiv), peptide (1 equiv), sodium borate buffer (pH 9.5, 500 

L), and methanol (500 L). The reaction mixture was stirred at 50 °C overnight. The reaction 

mixture was purified by semi-preparative HPLC and concentrated in vacuo to afford 3.22-ref (3.1 

mg, 55% yield) as a white solid. 1H NMR (500 MHz, DMSO-d6, δ): 8.71 (brs, 2H), 8.40-8.38 (m, 

1H), 7.99 (d, J = 5 Hz, 2H), 7.64-7.63 (m, 1H), 7.52 (d, J = 4.5 Hz, 2H), 4.55 (t, J = 6.5 Hz, 1H), 

4.01 (t, J = 6.5 Hz, 1H), 3.82-3.78 (m, 2H), 3.62 (s, 2H), 3.10-3.02 (m, 4H), 2.71-2.57 (m, 2H), 

1.98-1.97 (m, 1H), 1.63 (m, 2H), 1.48-1.43 (m, 2H), 1.22-1.14 (m, 2H). 13C NMR (125 MHz, 

DMSO-d6, δ): 172.7, 172.1, 170.8, 168.4, 165.9 (d, J = 252.0 Hz), 157.2, 135.0 (d, J = 2.9 Hz), 

131.7 (d, J = 9.9 Hz), 117.4 (d, J = 22.4 Hz), 60.2, 49.1, 41.9, 36.6, 24.7, 21.2, 14.6. 19F NMR 
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(376 MHz, DMSO-d6, δ): -103.9. HRMS (ESI-TOF) m/z: [M+H] + Calc’d for C20H30FN6O8S 

533.1830; Found 533.1811. 

 

 

Figure 3.12. Analytical HPLC trace for 3.22-ref. HPLC mobile phase: isocratic mixture of 5:95 

(MeCN:water, 0.1% TFA, v:v) for 3 minutes, followed by a linear gradient to 80:20 (MeCN:water, 

0.1% TFA, v:v) over 30 minutes.  

 

3.5.2.4. Preparation of Glu-Urea-Lys-Cys precursor 3.24 for PSMA analogue 
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Glu-Urea-Lys 3.23 was synthysized according to literature procedure.51 The 1H and 13C NMR 

spectroscopic data were consistent with previously reported values. To a solution of N-Boc-L-

cysteine (36.3 mg, 0.164 mmol) in CH3CN (10 mL) at 0 °C was added HATU (66 mg, 0.174 

mmol), Glu-Urea-Lys 3.23 (79.9 mg, 0.164 mmol) and diisopropylethylamine (30 µL, 0.174 

mmol). The reaction was stirred for 24 h at room temperature. The solvent was removed under 

reduced pressure and the crude residue was dissolved in CH2Cl2 (5 mL) and extracted with 

saturated aqueous NH4Cl (5 mL). The phases were separated and the aqueous layer was extracted 
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with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na2SO4, concentrated, and 

purified by flash column chromatography (30-50% EtOAc in n-hexane) to afford 3.24 (9 mg, 0.013 

mmol, 8% yield) as a white solid.52 1H NMR (400 MHz, CDCl3, δ): 7.16 (brs, 1H), 6.02-5.96 (m, 

2H), 5.63 (d, J = 8.4 Hz, 1H), 4.43- 4.37 (m, 2H), 4.31 (ddd, J = 8.0, 8.0, 4.0 Hz, 1H), 3.53-3.45 

(m, 1H), 3.10-3.05 (m, 1H), 2.94-2.87 (m, 1H), 2.83-2.76 (m, 1H), 2.41-2.26 (m, 3H), 2.13-2.04 

(m, 1H), 1.88-1.70 (m, 4H), 1.63-1.54 (m, 3H), 1.47 (s, 9H), 1.43-1.42 (m, 27H). 13C NMR (100 

MHz, CDCl3, δ): 173.64, 173.63, 172.39, 172.36, 171.5, 157.30, 82.3, 81.2, 80.5, 80.4, 60.4, 56.3, 

52.93, 52.85, 38.8, 31.66, 31.60, 28.6, 28.4, 28.10, 28.08, 28.03, 27.0, 21.7. HRMS (ESI-TOF) 

m/z: [M+Na] + Calc’d for C32H58N4O10SNa 713.3771; Found 713.3775. 

 

  Radiochemistry 

3.5.3.1. General materials and methods 

No-carrier-added [18F]fluoride was produced by the 18O(p,n)18F nuclear reaction in a Siemens 

RDS-112 cyclotron at 11 MeV using a 1 mL tantalum target with havar foil. Unless otherwise 

stated, reagents and solvents were commercially available and used without further purification. 

HPLC grade acetonitrile and trifluoroacetic acid were purchased from Fisher Scientific. 2-

Butanone (ACS reagent, ≥99.0%) and Ethyl alcohol (200 proof, anhydrous, ≥99.5%) were 

purchased from Sigma-Aldrich® and used as received. DI water was obtained from a Water 

Purification System. Sodium oxalate salt (≥99%) was purchased from Sigma-Aldrich and used as 

received. Anhydrous dimethylformamide was purchased from Acros Organics and used as 

received. Reaction glass vials were purchased from Chemglass. Oasis® HLB plus short (Part No. 

186000132), Sep-pak C18 plus short (Part No. WAT020515) and Sep-Pak tC18 plus short 

cartridges (Part No. WAT036810) were purchased from Waters Corporation. Chromafix 30-PS-
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HCO3
- cartridges (Part No. 00260110) were purchased from ABX advanced biochemical 

compounds GmbH. An aluminum heating block was used as the heating source for all reactions. 

Radio-TLCs were analyzed using a miniGITA* TLC scanner. HPLC purifications were performed 

on a Knauer Smartline HPLC system with inline Knauer UV (254 nm) detector and gamma-

radiation coincidence detector and counter (Bioscan Inc.). Semi-preparative HPLC was performed 

using Phenomenex reverse-phase Luna column (10 × 250 mm, 5 μm) with a flow rate of 4.0 

mL/min. Final purity and identity of compounds were determined by analytical HPLC analysis 

performed with a Phenomenex reverse-phase Luna column (4.6 × 250 mm, 5 μm) with a flow rate 

of 1.0 mL/min. All chromatograms were collected by a GinaStar (Raytest) analog to digital 

converter and GinaStar software.  

 

HPLC Eluents 

Eluent A 

Solvent A = H2O + 0.1% TFA, Solvent B = CH3CN + 0.1% TFA Flow rate = 1 mL/min 

0 – 3 min = 5% B 

3 – 30 min = 5% B to 80% B 

30 – 60 min = 80% B to 95% B 

 

Eluent B 

Solvent A = H2O + 0.1% TFA, Solvent B = CH3CN + 0.1% TFA, Flow rate = 1 mL/min 

0 – 60 min = 60% B 
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Eluent C 

Solvent A = H2O + 0.1% TFA, Solvent B = CH3CN + 0.1% TFA, Flow rate = 4 mL/min 

0 – 10 min = 15% B 

10 – 25 min = 15% B to 35% B 

25+ min = 35% B  

 

Cartridge Preconditioning: 

Oasis® HLB plus short LP, Sep-Pak C18 plus short, and Sep-Pak tC18 plus short cartridges were 

preconditioned by sequentially pushing absolute ethanol (5 mL) and H2O (10 mL) through the 

cartridge. Chromafix 30-PS-HCO3 cartridges were preconditioned by sequentially pushing a 

potassium oxalate monohydrate solution (3 mL, 10 mg/mL in H2O) and H2O (2 mL) through the 

cartridge.  

 

3.5.3.2. Preparation of [18]Ffluoro-4-(vinylsulfonyl)benzene ([18F]FVSB) 

O

S

O O

N NAr Ar

Cl

3.6

Ar = 2,6-diisopropylphenyl

[18F]fluoride

Exchange cartridge
O

S

O O

N NAr Ar

18F

conditions S

O O

18F

3.7

[18F]Fluoro-4-(vinylsulfonyl)benzene

([18F]FVSB)

[18F]-3.6

 

[18F]Fluoride solution in H2O was passed through a preconditioned Chromafix 30-PS-HCO3 

cartridge and excess water was removed by pushing air (36 mL), via syringe, through the cartridge. 

The cartridge was washed with a mixture of 2-butanone and ethanol (2 mL, 10:1) followed by air 

(36 mL). Subsequently, the [18F]fluoride was eluted into a 4 mL borosilicate glass reaction vial 
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using a solution of uronium precursor 3.6 (5 mg) in 2-butanone and ethanol (1 mL, 10:1). The 

reaction vial was sealed with a Teflon lined cap and heated to 130 °C for 30 min with stirring. 

Note: Formation of [18F]FVSB is presumed to occur via intermediate [18F]-3.6, however evidence 

of this intermediate was not confirmed here. Extensive mechanistic studies were conducted in the 

seminal 18F-deoxyfluorination report (Nature 2016, 534, 369-373) that provide strong evidence 

that the reaction proceeds through a tetrahedral intermediate such as [18F]-3.6.  

 

The vial was allowed to cool to room temperature for 1 – 2 minutes before its contents were 

transferred into a centrifuge tube (50 mL) containing 20 mL of H2O. The contents were subjected 

to cartridge purification and passed through an Oasis HLB plus short cartridge, followed by 

pushing air (36 mL) through the cartridge. The trapped [18F]Fluoro-4-(vinylsulfonyl)benzene 

([18F]FVSB) was washed with water (5 mL), dried with air (36 mL) and subsequently eluted from 

the cartridge into a 20 mL borosilicate scintillation vial with diethyl ether (2 mL).  
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An aliquot of the purified [18F]FVSB was spotted on a silica gel coated TLC plate, developed in a 

glass chamber with acetonitrile:water (95:5) as the eluent and analyzed using a miniGITA* TLC 

scanner. The radiochemical yield (RCY) was determined by radio-TLC and was calculated by 

dividing the integrated area of the 18F-fluorinated product peak by the total integrated area of all 

peaks and multiplying by 100 to convert to percentage units. Isolated RCY was determined by 

dividing the final activity of the isolated, cartridge-purified [18F]FVSB by the starting [18F]fluoride 

activity, and is decay-corrected. Analytical HPLC (eluent A) was used to confirm product identity 

and purity via UV absorbance at 254 nm by coinjection with the 19F-reference standard. An aliquot 

of the crude reaction mixture (10 µL) was added to the 19F-reference standard (1 mg/mL) in 

acetonitrile (10 µL) and the sample was injected into the analytical HPLC. 
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Table 3.3. Preparation of [18F]Fluoro-4-(vinylsulfonyl)benzene ([18F]FVSB) 

Entry Starting 

Activity 

(mCi) 

Isolated Activity after 

HLB cartridge 

purification 

(mCi) 

Synthesis 

Time 

(min)a 

RCY 

(%)b 

Isolated 

RCY 

(%)c 

1 19.3 5.87 (9.05 d.c.) 68 98 47 

2 21.9 7.43 (10.34 d.c.) 52 97 47 

3 17.0 5.76 (8.12 d.c.) 54 94 48 

4 19.4 4.86 (6.68 d.c.) 50 95 34 

5 23.0 7.37 (11.14 d.c.) 65 95 48 

6 17.9 5.63 (7.84 d.c.) 52 94 44 

7 25.5 8.67 (12.22 d.c.) 54 73 48 

8 35.1 11.81 (16.86 d.c.) 56 94 48 

9 26.4 7.95 (11.50 d.c.) 58 97 44 

10 33.3 11.59 (16.76 d.c.) 58 98 50 

mean ± 

SD 

  56 ± 6 94 ± 7 46 ± 4 

aCalculated as the time to obtain cartridge purified [18F]FVSB relative to aqueous [18F]fluoride. 
Unoptimized and includes time taken for intermediate measurements throughout the process. 
bRCY was determined by radio-TLC analysis of the crude product. cIsolated RCY was determined 
by measuring the final activity of the cartridge-purified [18F]FVSB versus starting [18F]fluoride 
activity and is decay-corrected.  
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Table 3.4. Optimized synthesis time for preparation of [18F]FVSB 

Entry 1 2 3 4 5 6 7 8 9 10 mean ± SD 

Synthesis Time (min)a 40 

 

39 47 45 47 49 43 43 40 39 43 ± 3 

aCalculated as the time to obtain cartridge purified [18F]FVSB relative to aqueous [18F]fluoride. 
Uninterrupted process without taking intermediate measurements. 

 

 

Figure 3.13. Example of integrated radio-TLC scan of crude [18F]FVSB (left panel) and cartridge 

purified [18F]FVSB (right panel). TLC plate mobile phase = acetonitrile/water 95:5. 
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Figure 3.14. Radio-HPLC with 254 nm UV trace (upper, orange) and radioactive trace (lower, 

blue) of crude [18F]FVSB (left panel) and cartridge purified [18F]FVSB (right panel), obtained in 

85% radiochemical purity (RCP). Peaks in UV trace identified as: (A) 2-butanone; (B) phenol 3.4; 

(C) uronium precursor 3.6. HPLC mobile phase: Eluent A. 

 

 

Figure 3.15. UV trace of pure (A) 2-butanone, 11.6 min; (B) phenol 3.4, 17.7 min; (C) uronium 

precursor 3.6, 30.2 min. HPLC mobile phase: Eluent A. 
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Figure 3.16. Coinjection of semi-preparative HPLC purified [18F]FVSB spiked with an aliquot of 

[19F]FVSB reference standard. Semi-preparative HPLC mobile phase: Eluent C. Radioactive trace 

(lower) and 254 nm UV trace (upper). Analytical HPLC mobile phase: Eluent A. 
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3.5.3.3. 18F-Deoxyfluorination optimization 

Table 3.5. Optimization of precursor mass for 18F-deoxyfluorinationa 

Entry Precursor 

amount (mg) 

Elution 

efficiencyb 

(%) 

Elution efficiencyb 

(%) mean ± SD 

RCY (%) RCY (%) 

mean ± SD 

1 3 58 
60 ± 3 

85 
88 ± 2 

2 3 63 91 

3 5 84 

84 ± 3 

94 

94 ± 2 

4 5 85 90 

5 5 85 96 

6 5 79 96 

7 5 87 94 

8 7 84 

84 ± 2 

97 

97 ± 1 

9 7 87 97 

10 7 84 97 

11 7 84 98 

12 7 81 96 

13 9 84 
83 ± 1 

97 
96 ± 2 

14 9 83 94 

aReaction conditions: [18F]fluoride (~500 Ci), 10:1 butanone:EtOH (1 mL), 130 oC, 30 min. RCY 
was determined by radio-TLC analysis of the crude product. bdetermined by dividing the activity 
eluted from the cartridge by the initial activity loaded on the cartridge, non-decay-corrected. 
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3.5.3.4. Cartridge purification and optimization 

Table 3.6. Optimization of precursor mass for 18F-deoxyfluorinationa 

Cart-

ridge 

Dilu-

tion 

Volume 

(mL 

H2O) 

Water 

Wash 

Volume 

(mL 

H2O) 

Elution 

Solvent 

Elution 

Volume 

(mL) 

Trappi

ng 

Efficien

cyb (%) 

Elution 

Efficien

cyc (%) 

RCYd 

(%) 

Count 

C18 10 0 MeOH 2.5 97 ± 2 63 ± 5 35 ± 5 2 

tC18 10 0 MeOH 2.5 52 ± 2 50 ± 3 47 ± 1 2 

tC18 10 0 MeOH 1 70 ± 5 87 ± 0 35 ± 3 2 

tC18 10 5 MeOH 1 61 ± 6 63 ± 0 55 ± 7 2 

HLB 5 0 MeOH 2.5 35 ± 1 78 ± 3 44 ± 1 2 

tC18 10 5 DCM 1 74 ± 3 67 ± 1 95 ± 1 2 

tC18 10 5 Ether 1 75 ± 5 66 ± 3 98 ± 1 2 

tC18 15 5 Ether 1 70 ± 1 65 ± 17 89 ± 1 2 

tC18 5 5 Ether 1 88 ± 1 83 ± 3 100 ± 1 2 

HLB 15 5 Ether 1 91 ± 0 59 ± 5 100 ± 0 2 

HLB 15 5 Ether 2 89 ± 1 79 ± 1 100 ± 1 2 

aAliquots of crude [18F]FVSB were added to a centrifuge tube (50 mL) containing H2O. The 
contents were passed through a purification cartridge, followed by pushing air (36 mL) through 
the cartridge. The trapped [18F]FVSB was washed with water, dried with air (36 mL) and 
subsequently eluted from the cartridge into a 20 mL borosilicate scintillation vial with an organic 
solvent. An aliquot of the purified [18F]FVSB was spotted on a silica gel coated TLC plate, 
developed in a glass chamber with acetonitrile:water (95:5) as the eluent and analyzed via radio-
TLC. bdetermined by dividing the activity trapped on the cartridge by the initial activity loaded on 
the cartridge, non-decay-corrected. cdetermined by dividing the activity eluted from the cartridge 
by the initial activity trapped on the cartridge, non-decay-corrected. dRCY was determined by 
radio-TLC, calculated by dividing the integrated area of the 18F-fluorinated product peak by the 
total integrated area of all peaks and multiplying by 100 to convert to percentage units. 
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3.5.3.5. Molar activity of [18F]FVSB 

A calibration curve was generated from the authentic [19F]FVSB reference standard, by measuring 

the integration of the UV absorbance signal at 240 nm for nine different concentrations (Figure 

3.17). To determine the molar activity of [18F]FVSB, semi-preparative HPLC was performed to 

obtain pure [18F]FVSB (using eluent C). A 330 Ci of HPLC-purified [18F]FVSB was injected 

into an analytical HPLC (using eluent B). The UV absorption corresponding to the radio-peak was 

measured and was determined to be below the signal of detection for analysis (Figure 3.18). It 

was determined that the lowest measurable UV absorption of 9.4741 mAu*s corresponds to 1.15 

x 10-4 mol of [19F]FVSB (Figure 3.19). As the UV absorption of 330 Ci of [18F]FVSB was 

below this measurement by comparison, the molar activity of [18F]FVSB was estimated to be at or 

greater than 2.87 Ci  mol-1 (106.2 GBq  mol-1). 

 

Figure 3.17. Standard curve measuring the UV absorbance of different amounts of authentic 

reference standard [19F]FVSB. 

 

R² = 0.9999

0

500

1000

1500

2000

2500

0 0.005 0.01 0.015 0.02 0.025 0.03

U
V

 (
2

4
0

 n
m

)

µmol

Molar Activity Calibration Curve



105 

 

Figure 3.18. Analytical HPLC radio-trace (lower) and UV-trace (upper) of purified [18F]FVSB. 

HPLC mobile phase: Eluent B. 

 

Figure 3.19. Analytical HPLC UV-trace of reference standard [19F]FVSB used for molar activity 

calculation. HPLC mobile phase: Eluent B. 
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the crude reaction mixture was diluted in buffer (500 µL) and subjected to HPLC analysis. Product 

identity and purity was determined by HPLC, comparing the radio-trace of 18F-labeled peptide 

with the UV-trace of the 19F-reference standard, via coinjection. An aliquot of the crude reaction 

mixture was added to the 19F-reference standard and the sample was subjected to analytical HPLC 

analysis.  

 

3.5.4.2. Optimization of bioconjugations 

Commercial RGDC peptide (Product No. 4030602, Bachem Americas Inc.) was used for all 

optimization screens, unless otherwise stated. The tables in each section describe the reaction 

conditions used, with the variable being tested denoted in the table title. 

 

 

Table 3.7. Optimization of peptide massa 

Entry Peptide mass 

(mg) 

RCY 

(%) 

1 3 59 

2 3 74 

3 5 62 

4 5 68 

5 7 51 

6 7 31 

aReaction conditions: [18F]FVSB (~500 Ci), RGDC peptide 3.8, sodium borate buffer (500 µL, 
pH 8.5), 35 oC, 30 min. RCY was determined by radio-HPLC analysis of the crude product.  
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Table 3.8. Optimization of reaction temperaturea 

Entry Reaction Temperature 

(oC) 

RCY 

(%) 

1 23 75 

2 23 65 

3 35 62 

4 35 68 

5 45 50 

6 45 43 

aReaction conditions: [18F]FVSB (~500 Ci), RGDC peptide 3.8 (5 mg), sodium borate buffer 
(500 µL, pH 8.5), 30 min. RCY was determined by radio-HPLC analysis of the crude product. 
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Table 3.9. Optimization of solvent systema 

Entry Solvent System RCY 

(%) 

1 HEPES (pH 7.3) 56 

2 HEPES (pH 7.3) 61 

3 Sodium Borate (pH 8.5) 62 

4 Sodium Borate (pH 8.5) 68 

5 Sodium Borate (pH 8.5) 75%, MeOH 25% 91 

6 Sodium Borate (pH 8.5) 75%, MeOH 25% 81 

7 HEPES (pH 7.3) 75%, MeOH 25% 84 

8 HEPES (pH 7.3) 75%, MeOH 25% 80 

9 HEPES (pH 7.3) 50%, MeOH 50% 90 

10 HEPES (pH 7.3) 50%, MeOH 50% 90 

11 HEPES (pH 7.3) 50%, MeOH 50% 89 

12 Sodium Borate (pH 8.5) 50%, MeOH 50% 90 

13 Sodium Borate (pH 8.5) 50%, MeOH 50% 90 

14 HEPES (pH 7.3) 25%, MeOH 75% 28 

15 HEPES (pH 7.3) 25%, MeOH 75% 26 

16 Sodium Borate (pH 9.5) 50%, MeOH 50% 93 

17 Sodium Borate (pH 9.5) 50%, MeOH 50% 94 

aReaction conditions: [18F]FVSB (~500 Ci), RGDC peptide 3.8 (5 mg), solvent (500 µL), 35 °C, 
30 min. RCY was determined by radio-HPLC analysis of the crude product. 
 

3.5.4.3. Preparation of 18F-labeled peptides 

A solution of peptide (3 mg) and solvent (sodium borate buffer pH 8.5, 250 µL: methanol, 250 

µL) was thoroughly mixed via sonication at room temperature for 5 minutes. To a vial containing 

cartridge-purified, isolated [18F]FVSB 3.7, was added, the peptide solution. The combined 

contents were sealed with a Teflon lined cap and the vial was heated on a hot plate to 35 °C for 30 

min. An aliquot of the crude reaction mixture was diluted in buffer (500 µL) and subjected to 
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HPLC analysis. The radiochemical purity (RCP) was calculated by diving the integrated area of 

the 18F-labeled product peak by the total integrated area of all 18F-labeled peaks, as determined by 

radio-HPLC, and multiplied by 100 to convert to percentage units. The decay-corrected (d.c.) RCY 

is relative to [18F]FVSB and was determined by dividing the final activity (d.c.) of the crude 18F-

labeled peptide by the starting activity of isolated [18F]FVSB, multiplied by the RCP. Product 

identity and purity was determined by analytical HPLC, comparing the radio-trace of 18F-labeled 

peptide with the UV-trace of the authentic 19F-reference standard, via coinjection.  

Analytical HPLC Eluent for all 18F-labeled peptide substrates: Eluent A.  

 

Semi-preparative HPLC Eluent for purification of peptide 3.9: 

 Solvent A = H2O + 0.1% TFA, Solvent B = CH3CN + 0.1% TFA, Flow rate = 4 mL/min 

 0 – 5 min = 5% B 

 5 – 20 min = 5% B to 55% B 

 30+ min = 55% B 

 

Radiochemical Yield �RCY�

=
measured activity of crude 18F labeled product

starting activity of isolated  18F!FVSB
× �RCP� ×  100% 
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18F-labeled RGDC Analogue (3.9) 
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Table 3.10. Bioconjugation of Arg-Gly-Asp-Cys to [18F]FVSB 

Entry Starting 

Activity 

(mCi) 

Crude Product 

Activity (mCi) 

RCP 

(%) 

RCY (d.c.) 

(%) 

1 0.463 0.319 (0.406 d.c.) 87 76 

2 0.545 0.428 (0.521 d.c.) 96 92 

3 0.377 0.294 (0.372 d.c.) 86 85 

Average   89 ± 6 84 ± 8 

 

 

Figure 3.20. Analytical HPLC trace. Coinjection of crude 18F-labeled peptide 3.9 (radio-HPLC 

trace = blue) with the purified peptide reference standard (UV trace = orange). 
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Figure 3.21. Analytical HPLC trace of HPLC-purified 18F-labeled peptide 3.9. 
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Table 3.11. Bioconjugation of MG11 analogue to [18F]FVSB 

Entry Starting 

Activity 

(mCi) 

Crude Product 

Activity (mCi) 

RCP 

(%) 

RCY (d.c.) 

(%) 

1 1.515 1.240 (1.510 d.c.) 88 88 

2 0.457 0.377 (0.456 d.c.) 90 90 

3 0.495 0.401 (0.493 d.c.) 72 72 

Average   83 ± 10 83 ± 10 
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Figure 3.22. Analytical HPLC trace. Coinjection of crude 18F-labeled peptide 3.10 (radio-HPLC 

trace = blue) with the purified peptide reference standard (UV trace = orange). 
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18F-labeled c(RGDfC) analogue (3.11) 

**Note: For c(RGDfC) analogue 3.11, 5 mg of peptide precursor and 1.0 M HEPES buffer pH 7.3, 

250 µL: dimethylformamide, 250 µL were used. 

 

 

Table 3.12. Bioconjugation of c(RGDfC) analogue to [18F]FVSB 

Entry Starting 

Activity 

(mCi) 

Crude Product 

Activity (mCi) 

RCP 

(%) 

RCY (d.c.) 

(%) 

1 0.475 0.393 (0.474 d.c.) 84 84 

2 0.643 0.532 (0.640 d.c.) 88 88 

3 0.811 0.671 (0.808 d.c.) 88 88 

Average   87 ± 2 87 ± 2 
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Figure 3.23. Analytical HPLC trace. Coinjection of crude 18F-labeled peptide 3.11 (radio-HPLC 

trace = blue) with the purified peptide reference standard (UV trace = orange). 
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Table 3.13. Bioconjugation of PSMA analogue to [18F]FVSB 

Entry Starting 

Activity 

(mCi) 

Crude Product 

Activity (mCi) 

RCP 

(%) 

RCY (d.c.) 

(%) 

1 1.508 1.113 (1.501 d.c.) 78 78 

2 0.319 0.264 (0.318 d.c.) 79 79 

3 1.473 1.147 (1.397 d.c.) 88 83 

Average   82 ± 6 80 ± 3 
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Figure 3.24. Analytical HPLC trace. Coinjection of crude 18F-labeled peptide 3.12 (radio-HPLC 

trace = blue) with the purified peptide reference standard (UV trace = orange). 
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Table 3.14. Bioconjugation of Neuromedin B analogue to [18F]FVSB 

Entry Starting 

Activity 

(mCi) 

Crude Product 

Activity (mCi) 

RCP 

(%) 

RCY (d.c.) 

(%) 

1 0.517 0.386 (0.511 d.c.) 93 92 

2 1.779 1.448 (1.752 d.c.) 95 94 

3 0.391 0.320 (0.389 d.c.) 92 92 

Average   93 ± 2 93 ± 1 

 



116 

 

Figure 3.25. Analytical HPLC trace. Coinjection of crude 18F-labeled peptide 3.13 (radio-HPLC 

trace = blue) with the purified peptide reference standard (UV trace = orange). 
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18F-labeled Bombesin analogue (3.14) 

 

 

Table 3.15. Bioconjugation of Bombesin analogue to [18F]FVSB. [a]5 mg peptide, HEPES buffer 
pH 7.3 (250 μL), DMF (250 μL) 

Entry Starting 

Activity 

(mCi) 

Crude Product 

Activity (mCi) 

RCP 

(%) 

RCY (d.c.) 

(%) 

1 0.753 0.591 (0.723 d.c.) 55 53 

2 0.630 0.416 (0.526 d.c.) 80 67 

3 0.431 0.332 (0.423 d.c.) 46 45 

Average   60 ± 18 55 ± 11 

4a 1.172 0.936 (1.162 d.c.) 50 50 

5a 0.807 0.650 (0.797 d.c.) 42 41 

6a 0.627 0.508 (0.623 d.c.) 43 43 

Averagea   45 ± 4 45 ± 4 
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Figure 3.26. Analytical HPLC trace. Coinjection of crude 18F-labeled peptide 3.14 (radio-HPLC 

trace = blue) with the purified peptide reference standard (UV trace = orange). 

 

3.5.4.4. Competition experiments 

Chemoselectivity towards cysteine bioconjugation in the presence of other nucleophilic amino 

acid residues was examined. Amino acid residues were added either alone (5 mg) or in parallel 

with cysteine (3 mg each) to a solution of cartridge purified [18F]FVSB (500 µL, 1:1, 1.0 M HEPES 

buffer pH 7.3: methanol). The contents were sealed with a Teflon lined cap and heated to 35 °C 

for 30 min. An aliquot of the crude reaction mixture was diluted in buffer (500 µL) and analyzed 

using analytical HPLC. HPLC Mobile Phase: Eluent A.  
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Cysteine conjugation 
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Figure 3.27. Radio-HPLC trace (blue) of the crude 18F-labeled N-Boc-cysteine 3.19 coinjected 

with the 19F authentic reference standard (UV trace = orange). Reaction between N-Boc-cysteine 

and [18F]FVSB 3.7 afforded cysteine-conjugate addition product 3.19 in 84 ± 4% RCY and 

unreacted [18F]FVSB 3.7 in 6 ± 2% RCY, determined via analytical radio-HPLC (n = 3). 
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Lysine conjugation 
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Figure 3.28. Radio-HPLC trace (blue) of the crude 18F-labeled N-Boc-lysine 3.20 coinjected with 

the 19F authentic reference standard (UV trace = orange). Reaction between N-Boc-lysine and 

[18F]FVSB 3.7 afforded lysine-conjugate addition product 3.20 in 6 ± 2% RCY and unreacted 

[18F]FVSB 3.7 in 87 ± 8% RCY, determined via analytical radio-HPLC (n = 3). 
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Lysine versus Cysteine conjugation 
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Figure 3.29. Competition experiment between N-Boc-lysine and N-Boc-cysteine. Radio-HPLC 

trace (blue) of the crude reaction mixture coinjected with the 19F authentic reference standards (UV 

trace = orange). Reaction with [18F]FVSB 3.7 afforded cysteine-conjugate addition product 3.19 

in 85 ± 0% RCY, determined via analytical radio-HPLC with 19F-N-Boc-cysteine coinjection 

(left). Lysine-conjugate addition product 3.20 was not observed via analytical radio-HPLC with 

19F-N-Boc-lysine coinjection (right). Experiments were conducted in triplicate. 
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Histidine conjugation 
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Figure 3.30. Radio-HPLC trace (blue) of the crude 18F-labeled N-Boc-histidine 3.21 coinjected 

with the 19F authentic reference standard (UV trace = orange). Reaction between N-Boc-histidine 

and [18F]FVSB 3.7 afforded histidine-conjugate addition product 3.21 in 14 ± 1% RCY and 

unreacted [18F]FVSB 7 in 79 ± 3% RCY, determined via analytical radio-HPLC (n = 3). 
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Histidine versus Cysteine conjugation 
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Figure 3.31. Competition experiment between N-Boc-histidine and N-Boc-cysteine. Radio-HPLC 

trace (blue) of the crude reaction mixture coinjected with the 19F authentic reference standards (UV 

trace = orange). Reaction with [18F]FVSB 3.7 afforded cysteine-conjugate addition product 3.19 

in 88 ± 2% RCY, determined via analytical radio-HPLC with 19F-N-Boc-cysteine coinjection 

(upper panel). Histidine-conjugate addition product 3.21 was formed in 1 ± 2% RCY, determined 

via analytical radio-HPLC with 19F-N-Boc-histidine coinjection (lower panel). Experiments were 

conducted in triplicate. 
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N-terminal amine conjugation to [18F]FVSB 
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Figure 3.32. Radio-HPLC trace (blue) of the crude 18F-labeled RGD construct 3.22 coinjected 

with the 19F authentic reference standard (UV trace = orange). Reaction between the N-terminal 

amine of H-Arg-Gly-Asp-OH and [18F]FVSB 3.7 afforded the conjugate addition product 3.22 in 

6 ± 1% RCY and unreacted [18F]FVSB 3.7 in 83 ± 1% RCY, determined via analytical radio-

HPLC (n = 3). 

 

 

 

3.22 

83% 

S

18F

O O



125 

3.5.4.5. Peptide conjugate stability studies 

The stability of the thioether bond formed via Michael addition to [18F]FVSB was evaluated under 

various conditions to identify if the retro-Michael reaction readily occurs with the peptide 

conjugates. To HPLC-purified, 18F-labeled RGDC peptide 3.9 (40-60 μCi) was added the 

appropriate acid/base/glutathione buffer solution (500 μL) in a borosilicate glass reaction vial. The 

reaction vial was sealed with a Teflon lined cap and stirred for 1 h at 35 °C, using a heating block 

on a hot plate. An aliquot of the crude reaction mixture (175 μL) was analyzed by HPLC and the 

remaining amounts of peptide 3.9 were analyzed at 0 h and 1 h time points.  

 

 

Figure 3.33. Initial analytical radio-HPLC trace of the purified 18F-labeled RGDC construct 3.9. 
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Stability in acidic media: 0.5 M acetic acid buffer, pH 2.6 

 

Figure 3.34. Analytical radio-HPLC trace of the purified 18F-labeled RGDC construct 3.9 in acidic 

media after 1 h. 

 

Stability in basic media: 0.5 M sodium borate buffer, pH 9.5 

 

Figure 3.35. Analytical radio-HPLC trace of the purified 18F-labeled RGDC construct 3.9 in basic 

media after 1 h. 
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Stability in neutral media with glutathione: 3.3 mM glutathione in water, pH 7.0 

 

Figure 3.36. Analytical radio-HPLC trace of the purified 18F-labeled RGDC construct 3.9 in 

neutral media with glutathione after 1 h. 
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3.6. Appendix 
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CHAPTER 4: Manual and Fully Automated Protocol for 18F-

Labeling at Cysteine Residues via Conjugation with [18F]Fluoro-4-

(vinylsulfonyl)benzene ([18F]FVSB) 

This chapter is comprised, in part, of collaborative work from: Halder, R.; Ma, G.; McDaniel, J.; 

Murphy, J.; Neumann, C.; Ritter, T. Deoxyfluorination of phenols for chemoselective 18F-labeling 

of peptides. Nat. Protoc., manuscript in preparation. 

 

4.1. Abstract 

 The challenge of forming C–18F bonds is often a bottleneck in the development of new 18F-

labeled tracer molecules for non-invasive functional imaging studies using positron emission 

tomography (PET). Peptide substrates, which are highly desirable targets for PET molecular 

imaging, are particularly challenging to label with fluorine-18 due to their dense functionality and 

sensitivity to harsh radiofluorination conditions. We describe a detailed, manual protocol for 

radiodeoxyfluorination to afford [18F]fluoro-4-(vinylsulfonyl)benzene ([18F]FVSB) and its 

subsequent ligation to the cysteine residue of Arg-Gly-Asp-Cys. Additionally, we report the details 

of the fully automated protocol using the ELIXYS radiochemical synthesis module. 

 

4.2. Introduction 

 Positron emission tomography (PET) is a non-invasive in vivo imaging technique utilized 

in drug development and diagnostics. 1 Owing to their high binding affinities and rapid blood 

clearance, radiolabeled receptor-binding peptides are attractive for PET tracer development to 

study biochemical processes.24 Despite their utility in nuclear medicine, the production of peptides 
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labeled with fluorine-18 has been impeded by challenges in chemistry. Due to the 109 min half-

lifetime of the 18F isotope, the introduction of 18F has to occur at a late (preferably the ultimate) 

step of a synthetic sequence. 2 Therefore, functional group tolerance and a wide substrate scope 

are critically important features of general 18F-labeling methods. The high basicity of [18F]fluoride 

can lead to deprotonation and side reactions with densely functionalized peptides, which may 

explain the lack of a conceptional breakthrough in direct 18F-labeling of peptides and rationalize 

the use of prosthetic groups. 

 One of the most universal prosthetic groups is the reactive activated ester ([18F]SFB, 

[18F]F-Py-TFP, [18F]NFP, etc.) which has been widely applied to a variety of peptides via acylation 

of the primary amino group in lysine (Figure 4.1).3-5 Similarly, prosthetic groups for alkylation6, 7 

and cross-coupling8, 9 have been reported, albeit with few examples. In the last decade, significant 

interest in click-chemistry methodologies have been translated to 18F-labeling approaches to take 

advantage of the mild conditions, rapid reaction kinetics and high chemoselectivity. 10-12 The 

bioorthogonal 1,3-dipolar Huisgen cycloaddition and the inverse electron demand Diels-Alder 

reactions have afforded radiolabeled peptides using 18F-containing alkynes, azides, sydnone or 

transcyclooctene analogues. 13-17 Likewise, Michael addition with 18F-containing maleimides and 

vinyl sulfones have expanded the radiochemistry toolbox for 18F-labeling of peptides and proteins. 

13, 18-22 Alternatively, the Gouverneur group showed the direct introduction of fluorine-18 at 

cysteine or homocysteine residues with [18F]CF3 to afford radiolabeled thioethers using an 

[18F]Umemoto reagent.29 

 Due to its efficiency, convenience, and reliability, SNAr with [18F]fluoride is widely 

employed for the introduction of 18F into aromatic small molecules. 23 The presence of a basic 

fluoride anion and the intermediacy of the negatively charged Meisenheimer complex, limits SNAr 
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in functional group tolerance and substrate scope, although direct labeling of peptides bearing 

suitable pre-installed leaving groups amenable to SNAr have been reported. 24-26 The demand for 

mild approaches for late-stage introduction of 18F has led to the investigation of isotope exchange 

protocols that employ highly fluorophilic elements to form Si-F, B-F or Al-F bonds. 25, 27-31 These 

protocols display a wide substrate scope, employ mild reaction conditions and, in many cases, 

tolerate protic functional groups. 

 

 

Figure 4.1. Other strategies for radiolabeling peptides. 

 

 Methods to radiolabel a native polypeptide and to introduce the smallest structural 

perturbation, i.e. displacement of a single hydrogen atom with [18F]fluoride, are scarce. A method 

to label small organic molecules including one example of a dipeptide with [18F]fluoride through 

direct C–H bond fluorination was disclosed by the Groves group, but the scheme was not extended 

to larger peptides.30 Likewise, the Doyle lab described the copper catalyzed H-F insertion of α-

diazocarbonyl compounds and applied it to the direct 18F-labeling of a tripeptide. 32 The Britton 
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group reported direct C–H fluorination of Leu-containing peptides using difficult to make and 

handle [18F]fluorine gas.31 The Gouverneur group reported the indirect C-H 18F-

trifluoromethylation of tyrosine and tryptophan residues in native peptides via a radical 2-step 

approach. 32 

 

4.3. Metal-free 18F-Deoxyfluorination for Labeling at Cysteine Residues 

 Due to the inherent dangers of working with radioactive materials, appropriate safety 

instruction is required for all personnel performing synthetic work with 18F. Following radiation 

safety training, uronium radiodeoxyfluorination is highly accessible to newcomers to 

radiosynthesis, if detailed operating procedures are available. In our own experience, chemistry 

PhD students with no previous radiochemistry experience were rapidly able to acquire sufficient 

skills to independently perform uronium radiodeoxyfluorination after instruction by a more 

experienced radiochemist.  

 This chapter details the synthesis of the 18F-synthon 4.1 and its ligation to a cysteine residue 

in the polypeptide Arg-Gly-Asp-Cys, including automation of the synthetic protocol on the 

ELIXYS FLEX/CHEM radiochemical synthesis module (Figure 4.2 and Figure 4.3). The 

electronically activated radiosynthon precursor enables deoxyfluorination to proceed in one-step, 

in high efficiency and RCY and facilitates the rapid conjugation with free thiols to form stable 

thioether linkages. We envision this protocol to be utilized for the production of 18F-labeled 

peptides to develop molecular imaging tools for the noninvasive study of important biochemical 

processes. 
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Figure 4.2. General scheme for metal-free 18F-deoxyfluorination and 18F-labeling of cysteine 

containing peptides with [18F]FVSB (4.1); (Ar = 2,6-diisopropylphenyl). 

 

 The deoxyfluorination of phenols is an attractive reaction as it allows the replacement of a 

hydroxyl substituent with its bioisostere fluorine. The displacement of hydroxyl substituents via 

SNAr is unfavorable because hydroxide is a poor leaving group, which, in the presence of basic 

fluoride nucleophiles may be deprotonated to yield phenoxide anions, thus further deactivating the 

arene toward SNAr. Deoxyfluorination of phenols therefore typically consists of a two-step 

process, consisting of conversion of the hydroxyl group into a good leaving group, followed by 

SNAr. In 2002, the Hayashi group reported on the 2,2-difluoro-1,3-dimethylimidazolidine (DFI)-

mediated deoxyfluorination of phenols.34 In the first step, the hydroxyl substituent is converted 

into uronium bifluoride, which is a good leaving group. In a subsequent step, the arene is attacked 

by fluoride and a highly exergonic removal of corresponding urea follows. Despite the good 

leaving group properties of urea, only electron-poor arenes could be deoxyfluorinated. More 

electron-rich arenes such as phenol formed the key uronium bifluoride intermediate, but 

subsequent aryl fluoride formation does not take place.  

4.1 4.3 
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Figure 4.3. A) Overall reaction scheme of 18F-deoxyfluorination. B) Cartoon work flow of the 18F-

deoxyfluorination of imidazolium precursor (4.2) to make [`18F]FVSB (4.1). 

 

In 2011, the Ritter lab developed the PhenoFluor reagent, which has a similar scaffold to 

DFI and also takes advantage of the strongly exothermic formation of the corresponding urea as a 

driving force.35 Later, the Ritter group translated the PhenoFluor-mediated deoxyfluorination of 

phenols to a radiodeoxyfluorination method that yields 18F-aryl fluorides with high specific 

activity.36 Because PhenoFluor contains two fluorine-19 atoms that would lower the molar activity 

during radiolabeling, chloroimidazolium chloride 4.5 (iPrImCl) was used to gain access to the 

uronium chloride intermediate 4.2. The chloride counterion is exchanged with [18F]fluoride using 

an anion exchange cartridge to form key intermediate 4.4 that thermally decomposes to 18F-aryl 

fluoride (Figure 4.3). 
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 Alcohols, unlike phenols, do not form stable uronium salts with 4.5 and no additional 

reagent has to be used if aliphatic hydroxyl groups are present in the substrate. Ethanol is used as 

a co-solvent in the reaction, which indicates that the presence of aliphatic hydroxyl groups does 

not interfere with the 18F-deoxyfluorination reaction. Even chemoselective deoxyfluorination in 

the presence of additional aromatic hydroxyl substituents is possible if the hydroxyl moieties are 

sufficiently electronically differentiated.  

 

4.4. Advantages and Limitations 

 Metal-free uronium 18F-deoxyfluorination has several advantages over existing methods: 

First, preparation of the labeling precursor is facile, and a simple filtration yields crude material 

suitable for 18F labeling. Second, azeotropic drying of [18F]fluoride, required in many radiolabeling 

procedures to enhance the reactivity of [18F]fluoride, is not needed, saving valuable synthesis 

time2. Third, the clean reaction profile of the deoxyfluorination in combination with the large 

polarity difference between the labeling precursor and the aryl fluoride product gives rise to a 

straight-forward (and consequently reliable) purification. Fourth, no special precautions to exclude 

air or moisture are needed, and the labeling precursors are bench-stable for at least six months. 

Lastly, heterocycles which are often problematic substrates for metal-mediated radiofluorination 

methods are broadly compatible to 18F-deoxyfluorination.  

 Specifically in the context of 18F-labeling of peptides, methods that exploit lysines or 

cysteines and employ amine-reactive or thiol-reactive radiosynthons have demonstrated broad 

utility, yet most reported protocols require multistep syntheses, azeotropic drying of [18F]fluoride 

and HPLC purification prior to peptide conjugation. These constraints result in a lengthy 

production process and low radiochemical yield of the 18F-labeled peptide. The Murphy group 
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recently developed the first aryl vinyl sulfone radiosynthon capable of chemoselective peptide 

ligation via cysteine residues described in CHAPTER 3:. The simplicity of this method is 

emphasized by the preparation of a stable uronium radiofluorination precursor that does not require 

rigorous exclusion of air or moisture nor stringent purification procedures. The radiosynthon is 

synthesized via 18F-deoxyfluorination in one step with high RCY and can be used directly for 

peptide conjugation without HPLC purification. Most notably, this approach forms a stable 

thioether linkage, overcoming the major limitation to current thiol-based radiosynthons.  

 

4.5. Experimental Design 

 This chapter describes the preparation of a bench-stable uronium precursor 4.2 and the one-

step, 18F-deoxyfluorination using aqueous [18F]fluoride to afford [18F]fluoro-4-

(vinylsulfonyl)benzene [18F]4.1 ([18F]FVSB), including automation of the protocol using a 

radiochemical synthesis module (Figure 4.3). Details of the chemical synthesis and 

characterization of the uronium precursor 4.2 are provided in section 4.5.1 (Figure 4.4). Details 

for the subsequent chemoselective radiolabeling of a commercial peptide with the thiol reactive 

synthon [18F]4.1 are described in section 4.5.3. Variations in the peptide bioconjugation efficiency 

with [18F]4.1 can be observed due to peptide solubility factors. To obtain the highest RCYs and 

most efficient bioconjugation, reaction optimization for each specific peptide is suggested. All 

reagents and solvents used are commercially available and are used without further purification. 

Chloroimidazolium chloride 4.5 can either be purchased (e.g., Strem Chemicals 07-0620) or 

obtained through the chlorination of iPr carbene. 33, 34 

 In order to verify that the correct 18F radiosynthon is obtained during a radiolabeling 

experiment, the 19F isotopologue must be available to match the HPLC retention time of the 18F 
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product to a fully characterized 19F isotopologue of the desired product. Described in section 4.5.2, 

we chose to prepare the reference standard required for this protocol. Commercially available 

fluoro-4-(vinylsulfonyl)benzene (19F-4.1) was incubated with the commercial peptide 4.7 at room 

temperature in a buffer:methanol (1:1) mixture for 1 h to obtain the 19F-peptide reference standard 

(Figure 4.5). Alternatively, the reference standards could be prepared from the phenols available 

for the preparation of the labeling precursor using PhenoFluor-mediated deoxyfluorination. 

Deoxyfluorination with the PhenoFluor and PhenoFluorMix reagents shows almost identical 

functional group tolerance to the radiodeoxyfluorination described in this protocol and successful 

preparation of the reference standard indicates that all functional groups present in the target 

molecule will likely be well tolerated in the radiofluorination. Fluoro-4-(vinylsulfonyl)benzene 

reference standard 19F-4.1 can also be prepared from 4-fluorobenzenethiol 4.9 and is described in 

section 4.6.2. 

 

 Step 1. Synthesis and Characterization of Uronium Labeling Precursor 4.2 
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Figure 4.4. Synthesis of the uronium precursor 4.2 

 

Reagents 

 Silver carbonate (Ag2CO3, CAS no. 534-16-7, 99%, Sigma-Aldrich, cat. No. 179647) 
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 Chloroform (CHCl3, CAS no. 67-66-3, ACS solvent grade, Fisher Scientific, cat. No. 
C298) 

 4-(vinylsulfonyl)phenol 4.3 (Chemieliva Pharmaceutical, 95%, cat. No. CB0046526; 
alternatively, 4.3 can be prepared from 4-mercaptophenol as described in the section 

4.6.1) 
 Chloroimidazolium chloride 4.5 (CAS no. 1228185-09-8, 98+%, Strem Chemicals, 

supplier number: 07-0620; alternatively, 4.5 can be prepared from iPr carbene33, 34) 
 

Equipment 

 4-dram borosilicate reaction vials, with PTFE lined solid PTFE black caps (Chemglass Life 
Sciences, cat. No. CG-4900-B-03) 

 Teflon-coated magnetic stir bar (VWR, 10 x 3 mm, cat. No. 58948-375) 
 Magnetic stirrer hot plate (Chemglass Life Sciences) 
 Analytical balance (Mettler ToledoTM Excellence XSR Analytical Balance) 
 Buchner filter funnel with frit, capacity 15 mL, disc diam. 20 mm, porosity 10-20 µm, 

Joint: 14/20 (Sigma-Aldrich) 
 Whatman qualitative filter paper (Sigma-Aldrich, diam. 150 mm, Grade 1 circles, cat. No. 

WHA1001150) 
 Rotary evaporator (Büchi) 
 Polypropylene syringe (Fisher Scientific, 3 mL, cat. No., 03-377-21) 
 Disposable syringe needle (Fisher Scientific, cat. No. 14-840-93) 

 

Procedure 

1. Weigh phenol 4.3 (36.0 mg, 195 µmol), chloroimidazolium chloride 4.5 (90.0 mg, 196 

µmol) and Ag2CO3 (26.0 mg, 94.3 µmol) into a 4-dram vial containing a 10 x 3 mm 

magnetic stir bar.  

2. Add 1.5 mL of chloroform to the vial at 23 °C. 

3. Purge the headspace by flushing the vial with argon gas for about 10 seconds (Using an 

argon line fitted with a syringe, place the syringe in the open vial for 10 seconds while the 

argon is flowing, then immediately cap the vial with a PTFE solid black cap). 

4. Place the vial in an oil bath heated to 60 C and stir the reaction mixture (600 rpm) for 4.5 

h at 60 C. 
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5. Remove the vial from the oil bath and let the reaction vial cool to 23 °C. 

6. Cut one piece of Whatman filter paper to fit flush within the 20 mm diameter of a Buchner 

filter funnel containing a 10-20 µm porosity frit. Place the filter paper in the funnel which 

is fitted to a round bottom flask. Pull a vacuum and filter the reaction suspension in the vial 

through the funnel into the flask. Wash the vial with 1 mL CHCl3 and pour the chloroform 

rinse through the funnel to filter any remaining salts. 

7. Concentrate the filtrate under reduced pressure using a rotary evaporator at 23 °C to obtain 

the uronium labeling precursor 4.2 (95.0 mg, 156 µmol, 80% yield) as a colorless solid, 

which was used without further purification in section 4.5.3. 

 

If the filter from Step 6 is too coarse, silver impurities will remain in the labeling precursor. In 

order to remove silver salts efficiently at the end of the reaction, a solvent exchange to chloroform 

or dichloromethane prior to filtration may be necessary. Small amounts of silver salt impurities 

are tolerated in the radiolabeling reaction, but the presence of larger amounts of silver salts can 

interfere with the labeling reaction or lead to clogging of the anion exchange cartridge. It is 

important to note that cationic 4.5 can compete with the labeling precursor for 18F-fluoride during 

fluoride elution off the anion exchange cartridge; hydrolysis of excess 4.5 by trace water contained 

in ACS grade chloroform affords hydrolysis product 4.6 which is innocuous for the labeling 

reaction.  Unpurified labeling precursor 4.2, which contains around 12% urea 4.6, can be used for 

18F deoxyfluorination without additional purification. Chromatography on silica gel is not 

recommended as a means of purification because decomposition of the labeling precursor can 

occur. 
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The labeling precursor can be stored on the benchtop for at least 6 months or at –4 °C for up to 12 

months without noticeable decrease in activity. No color change was observed and no 

decomposition of the uronium salt was found by 1H-NMR spectroscopy upon storage. 

 

Table 4.1. Troubleshooting table 

Problem Possible reasons Solution 

Silver impurities 
contained in the labeling 
intermediate lead to low 
RCY in the 18F labeling 
reaction 

The porosity of the pore 
filter used is too high 

Filter through a fine pore filter 

 

Characterization Data for Uronium Precursor 4.2: 

1H NMR (500 MHz, CDCl3, δ): 8.43 (s, 2H), 7.70 (d, J = 9 Hz, 2H), 7.56 (t, J = 7.5 Hz, 2H), 7.30 

(d, J = 7.5 Hz, 4H), 6.67 (d, J = 9 Hz, 2H), 6.51-6.40 (m, 2H), 6.08 (d, J = 9 Hz, 1H), 2.49 (hept, 

J = 6.5 Hz, 4H), 1.30 (d, J = 6.5 Hz, 12H), 1.18 (d, J = 6.5 Hz, 12H). 

13C NMR (100 MHz, CDCl3, δ): 156.4, 145.3, 143.0, 139.0, 137.4, 132.8, 130.9, 129.6, 127.0, 

125.3, 124.1, 118.4, 29.6, 25.8, 22.9. 

HRMS-ESI (m/z) calc’d for C35H43N2O3S [M-Cl]+, 571.2994; Found 571.2986, deviation: 1 ppm. 
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 Step 2. Synthesis and Characterization of the Reference Material 19F-4.8 
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Figure 4.5. Synthesis of reference standard 19F-4.8. 

 

Reagents 

 Fluoro-4-(vinylsulfonyl)benzene 19F-4.1 (CAS no. 28122-14-7, Enamine Building Blocks, 
>95.0%, cat. No. EN300-115569; alternatively, 19F-4.1 can be prepared from 4-
fluorobenzenethiol as described in the section 4.6.2 

 H-Arg-Gly-Asp-Cys-OH trifluoroacetate salt 4.7 (CAS no. 109292-46-8, Bachem, cat. No. 
H-3156) 

 Borate Buffer (0.5 M Borate buffer, pH 8.5, VWR, cat. No. AAJ60803-AK) 
 

Equipment 

 4-dram borosilicate reaction vials, with PTFE lined solid PTFE black caps (Chemglass Life 
Sciences, cat. No. CG-4900-B-03) 

 Teflon-coated magnetic stir bar 
 Magnetic stirrer hot plate (Chemglass Life Sciences) 
 Analytical balance (Mettler ToledoTM Excellence XSR Analytical Balance) 
 HPLC System equipped with a UV detector (Knauer Smartline HPLC system) 
 HPLC column (Phenomenex reverse-phase Luna, 10 x 250 mm, 5 μm for semi-preparative 

purification) 
 Polypropylene syringe (Fisher Scientific, 1 mL, cat. No. 03-377-20) 
 Disposable syringe needle (Fisher Scientific, cat. No. 14-840-93) 
 Hamilton syringe (VWR, Model 725 N syringe, 250 µL, cat. No. 60373-061) 
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Procedure 

1. Weigh fluoro-4-(vinylsulfonyl)benzene 19F-4.1 (2.4 mg, 13 µmol) and H-Arg-Gly-Asp-

Cys-OH peptide 4.7 (6.0 mg, 13 µmol) into a 4-dram vial equipped with a 10 x 3 mm 

magnetic stir bar.  

2. Add 500 µL methanol and 500 µL sodium borate buffer pH 8.5 and stir the reaction mixture 

at 23 °C for 1 h. The reaction mixture can be stirred for 20 h at 23 °C. 

3. Purify the reaction mixture by semi-preparative HPLC. Load 250 µL of the vial contents 

onto the HPLC loop and inject the reaction mixture onto the semi-preparative HPLC 

column for purification (the reaction mixture was sequentially purified in 250 µL aliquot 

injections by semi-preparative HPLC). The reaction mixture was purified using a flow rate 

set to 3 mL/min, with an isocratic mixture of 5:95 (MeCN:water, 0.1% TFA, v:v) for 3 

minutes, followed by a linear gradient to 80:20 (MeCN:water, 0.1% TFA, v:v) over 30 

minutes and a linear gradient to 95:5 (MeCN:water, 0.1% TFA, v:v) over 10 minutes. The 

collected fractions containing the product were combined and concentrated in vacuo to 

dryness to afford the desired product 19F-4.8 (5.8 mg, 69% yield) as a white solid.  

 

Characterization Data for peptide conjugate reference standard 19F- 4.8: 

1H NMR (400 MHz, DMSO-d6, δ): 8.67 (t, J = 5.6 Hz, 1H), 8.42 (d, J = 8.0 Hz, 1H), 8.01 (d, J = 

7.2 Hz, 1H), 7.95 (dd, J = 8.8, 5.2 Hz, 2H), 7.47 (dd, J = 8.8, 8.8 Hz, 2H), 7.28 (m, 3H), 4.54-4.49 

(m, 1H), 4.11 (dd, J = 12.8, 6.4 Hz, 1H), 3.91-3.71 (m, 3H), 3.57-3.53 (m, 2H), 3.13 (s, 2H), 3.09-

3.02 (m, 2H), 2.88 (dd, J = 13.6, 5.2 Hz, 1H), 2.73-2.60 (m, 4H), 1.73 (m, 2H), 1.58-1.45 (m, 2H). 



 

193 

13C NMR (125 MHz, DMSO-d6, δ): 172.45, 172.36, 170.9, 169.2, 168.6, 165.6 (C-F, 1JC-F = 

251.4 Hz), 157.3, 135.5 (C-F, 4JC-F = 2.8 Hz), 131.6 (C-F, 3JC-F = 9.8 Hz), 117.2 (C-F, 2JC-F = 

22.4 Hz), 55.4, 53.0, 52.3, 50.1, 42.2, 36.6, 33.5, 29.5, 29.0, 24.7, 24.3. 

19F NMR (376 MHz, DMSO-d6, δ): -104.6. 

HRMS-ESI (m/z) calc’d for C23H35FN7O9S2 [M+H]+, 636.1922; Found 636.1902, deviation: 3 

ppm. 

 

 Step 3. 18F-Labeling of Peptide 4.7 

[18F]Fluoride decays by positron emission and represents a radiological hazard. Solutions that 

contain [18F]fluoride must be handled in an approved radiochemistry facility by trained personnel 

following appropriate institutional radiation safety guidelines including ALARA principles. 

Depending on the amount of radioactivity used, working with [18F]fluoride has to be conducted 

with proper shielding, such as in a hot cell or behind a lead-reinforced shield to minimize radiation 

exposure to the researcher. A Geiger counter should be turned on for live monitoring of 

radioactivity within the laboratory as well as to monitor all personnel coming/going from the 

facility. Appropriate PPE, including dosimeters, must be worn at all times and the radiation 

exposure to all personnel must be closely monitored. Working with fluorine-18 is time sensitive 

as it is a radioisotope with a half-life of 109.8 min. Before starting the protocol, all materials and 

equipment (HPLC, heating block, etc) should be prepared in advance as described and ready for 

use. 
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MATERIALS 

Reagents 

 Uronium precursor 4.2 
 Fluoro-4-(vinylsulfonyl)benzene 19F-4.1 (CAS no. 28122-14-7, Enamine Building Blocks, 

>95.0%, cat. No. EN300-115569; alternatively, 19F-4.1 can be prepared from 4-
fluorobenzenethiol as described in section 4.6.2 

 Peptide conjugate reference standard 19F-4.8 
 H-Arg-Gly-Asp-Cys-OH trifluoroacetate salt 4.7 (CAS no. 109292-46-8, Bachem, cat. No. 

H-3156) 
 Borate Buffer (0.5 M Borate buffer, pH 8.5, VWR, cat. No. AAJ60803-AK) 
 Methanol (CAS no. 67-56-1, Sigma-Aldrich, cat. No. 322415-100ML, anhydrous 99.8%) 
 [18F]Fluoride in water (from an in-house cyclotron or purchased and delivered from a 

supplier) 
 2-Butanone (CAS no. 78-93-3, Fisher Scientific, cat. No. M209-500, Certified ACS) 
 Ethanol (CAS no. 64-17-5, Sigma-Aldrich, cat. No. 459836-100ML, 200 proof, anhydrous, 

≥99.5%)  
 Diethyl ether (CAS no. 60-29-7, Fisher Scientific, cat. No. E134-4) 
 Acetonitrile (CAS no. 75-05-8, Fisher Scientific, cat. No. A998-4, HPLC grade) 
 Ultrapure water system (18 Megaohm, Milli-Q system containing a Biopak Polisher cat. 

No. CDUFBI001, MilliporeSigma) 
 Trifluoroacetic acid (CAS no. 76-05-1, Sigma-Aldrich, cat. No. 302031-100ML, HPLC 

grade) 
 Potassium oxalate monohydrate (CAS no. 6487-48-5, Alfa Aesar, cat. No. 13452-22, ACS, 

98.5-101%) 
 

Equipment 

 Green solid top polypropylene screw caps, TFE Septa, 15x45mm, 13-425 Thread 
(Chemglass Life Sciences, cat. No. CG-895-02) 

 1-dram borosilicate reaction vials (Chemglass Life Sciences, cat. No. CG-4900-01) 
 20 mL scintillation vial (Chemglass Life Sciences, cat. No. CG-4900-04) 
 50 mL centrifuge tube (Fisher Scientific, cat. No. 14-432-22) 
 2 mL microcentrifuge tube (Fisher Scientific, cat. No. 05-407-34) 
 TLC silica gel plates (Fisher Scientific, cat. No. 02-003-912) 
 Oasis® HLB plus short (Waters Corporation, cat. No. 186000132),  
 Chromafix 30-PS-HCO3 cartridges (ABX, cat. No. 00260110) 
 HPLC System with a UV and gamma detector (Knauer Smartline HPLC system) 
 HPLC column (Phenomenex C18 Luna 5µ 100Å, 4.6 x 250 mm, for analytical analysis 

and Phenomenex C18(2) Luna 10µ 100Å 10 x 250 mm for semi-preparative purification) 
 Hamilton microliter syringes (Fisher Scientific, 250 µL, 100 µL, 50 µL, 10 µL, cat. No. 

14-685-204, 14-685-184) 
 Heating block for 1-dram vials 
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 Magnetic stirrer hot plate (Chemglass Life Sciences) 
 Analytical balance (Mettler ToledoTM Excellence XSR Analytical Balance) 
 Magnetic stir bar (Fisher Scientific, cat. No. 22-067645) 
 Polypropylene syringe (Fisher Scientific, 10 mL, 5 mL, 3 mL, 1 mL, cat. No. 03-377-23, 

03-377-22, 03-377-21, 03-377-20) 
 Disposable syringe needles (Fisher Scientific, cat. No. 14-840-93 and 14-840-97) 
 Rotary evaporator (Büchi) 
 Fume hood with lead shielding or hot cell 
 Shielded area to perform elution step 
 Ion chamber (Capintec dose calibrator, Capintec, Inc.) 
 Radio-TLC scanner (Raytest Beta Detector GMC) 
 Sonicator (Branson 3510 Ultrasonic Cleaner) 
 ELIXYS radiochemical synthesizer (Sophie biosciences) 

 

Equipment setup 

Instruments used for measuring radioactivity should be properly maintained and calibrated via 

routine quality control procedures. 

 

HPLC for analytical analysis 

Turn on the instrument and allow the detectors to warm up for 45 min. Degas eluent A and eluent 

B. Purge the lines for eluent A and B to remove any air bubbles or residual solvent. Equilibrate the 

reverse-phase HPLC column by flowing A:B = 95:5 eluent through the column at a flow rate of 

1.0 mL/min for 30 min. before use. Confirm the flow is steady and the back pressure is consistent.  

 

HPLC for semi-preparative purification 

Turn on the instrument and allow the detectors to warm up for 45 min. Degas eluent A and eluent 

B. Purge the lines for eluent A and B to remove any air bubbles or residual solvent. Equilibrate the 

reverse-phase HPLC column by flowing A:B = 95:5 eluent through the column at a flow rate of 

4.0 mL/min for 30 min. before use. Confirm the flow is steady and the back pressure is consistent.  
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Radio-TLC scanner 

Turn on the instrument and allow the detector to warm up for 60 min. Before use, run a background 

scan to confirm the scanner is clean with no radioactivity contamination. 

 

Cartridge preconditioning 

Oasis® HLB plus short LP cartridges were preconditioned by sequentially pushing absolute ethanol 

(5 mL) and water (10 mL) through the cartridge. For this, load a 10-mL polypropylene syringe 

with 5 mL of ethanol, attach the cartridge to the barrel of the syringe and push the solution through 

the cartridge with the plunger. Remove the cartridge from the syringe and repeat this process with 

10 mL of water. Chromafix 30-PS-HCO3 cartridges were preconditioned by sequentially pushing 

a potassium oxalate monohydrate solution (3 mL) and water (2 mL) through the cartridge, using a 

5 mL and 3 mL polypropylene syringe respectively, following the same process described above. 

 

Heating block 

Place the heating block on the magnetic stir/hot plate inside a well-ventilated, lead-shielded 

chemical fume hood. Turn on the heating unit to maintain a temperature of 130 °C. 

 

Reagent setup 

HPLC Eluent 

Solvent A = 0.1% CF3CO2H in water, Solvent B = 0.1% CF3CO2H in acetonitrile. 

Add 1 mL trifluoroacetic acid to 999 mL water (for solvent A) or 999 mL acetonitrile (for solvent 

B) and store in an HPLC borosilicate glass bottle fitted with a two-port screw cap, sonicating for 

30 min to degas before using. 
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TLC Eluent 

Prepare a 95:5 acetonitrile:water stock solution by adding 150 µL water to 2.85 mL acetonitrile.  

 

Potassium oxalate monohydrate solution 

Prepare a stock solution by weighing 40 mg of potassium oxalate monohydrate in a 50 mL 

centrifuge tube and adding 40 mL of water to the vial. Gently mix to ensure the salt completely 

dissolves in solution. 

 

Deoxyfluorination reaction solvent  

Prepare a stock solution by adding 18 mL of 2-butanone and 1.8 mL of ethanol to a 20-mL 

scintillation vial. Gently mix vial contents, agitating by hand, to ensure homogeneity. 

 

[18F]Fluoride 

No-carrier-added 18F-fluoride was produced from water 97% enriched in 18O (Sigma-Aldrich) by 

the nuclear reaction 18O(p,n)18F using a Siemens RDS-112 cyclotron at 11 MeV using a 1 mL 

tantalum target with havar foil at the UCLA Ahmanson Biomedical Cyclotron Facility (BMC) of 

the Ahmanson Translational Imaging Division. The produced 18F-fluoride in water was transferred 

from the cyclotron target by helium push into a septum-capped glass vial. The vial was kept behind 

a lead shield in a lead-lined container. 

 

 Manual 18F-Labeling Protocol 

Small quantities of radioactivity are initially used for experimental studies and are conducted via 

a manual process to verify that the radiochemical method is successful. In this case, “small scale” 
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refers to the use of smaller quantities (<15 mCi) of radioactivity rather than a reflection of the 

amount of labeling precursor. For the purpose of in vivo PET imaging studies, larger doses of 

radioactivity are needed, and the protocol must be performed via an automated procedure (section 

4.6.5). 

 

 

Scheme 4.1. 18F-Deoxyfluorination of the labeling precursor and subsequent chemoselective 

conjugation to H-Arg-Gly-Asp-Cys-OH peptide 4.7. 

 

Procedure 

1. Weigh 5.0 mg (8.2 µmol) labeling precursor 4.2 into a 2 mL microcentrifuge tube. 

2. Add 1.0 mL of the butanone:ethanol (10:1) solvent mixture and shake to ensure precursor 

4.2 dissolves completely  

3. Using a 5 mL polypropylene syringe fitted with a disposable needle, insert the needle into 

a 5 mL borosilicate V-vial located in the lead-lined container (pig) and draw up 2.5 mL of 

aqueous [18F]fluoride containing 15 mCi of radioactivity. 

4. Remove the needle and connect the polypropylene syringe containing aqueous 

[18F]fluoride to the preconditioned Chromafix 30-PS-HCO3 anion exchange cartridge. 

Slowly, over 20–30 seconds, push the [18F]fluoride solution through the anion exchange 

cartridge collecting the [18O]water in a 50 mL centrifuge tube (Figure 4.6a). The 

[18F]fluoride is trapped on the cartridge with >95% efficiency. Using a 5 mL polypropylene 
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syringe, fill the syringe with 2 mL ultrapure water at ambient temperature, connect the 

barrel of the syringe to the anion exchange cartridge and push the water through the 

cartridge, in a period of ~20 seconds. Ensure that the anion exchange cartridge is fitted 

securely to the luer slip nozzle of the syringe before pushing the [18F]fluoride solution 

through the cartridge to avoid over pressuring the system and ejecting the cartridge. 

5. Using a 10 mL polypropylene syringe, fill the syringe with air by pulling back the plunger 

to its maximum capacity. Connect the barrel of the syringe to the anion exchange cartridge 

and push air through the cartridge by pressing on the plunger, for ~3 seconds. Remove the 

syringe from the cartridge. Repeat this process two more times to remove excess water 

from the cartridge (Figure 4.6b). 18F-Deoxyfluorination proceeds less efficiently in the 

presence of water. For the deoxyfluorination to proceed efficiently, it is important to 

remove excess water from the cartridge. 

6. Using a 5 mL polypropylene syringe fitted with a disposable needle, draw up 2 mL of the 

butanone:ethanol (10:1) solvent mixture and push the solution through the anion exchange 

cartridge collecting the waste in a 50 mL centrifuge tube, in a period of ~20 seconds. 

Remove excess solvent from the cartridge by repeating step 5 (Figure 4.6b). 

7. Using a 1 mL polypropylene syringe, draw up the solution of labeling precursor prepared 

in step 2 and attach the barrel of the syringe to the anion exchange cartridge. Slowly, over 

20–30 seconds, push the solution through the anion exchange cartridge to elute 

[18F]fluoride from the cartridge into a 4 mL borosilicate reaction vial containing a magnetic 

stir bar (Figure 4.6c). About 84% of the radioactivity initially placed on the anion 

exchange column should be found in the borosilicate reaction vial. 
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Figure 4.6. Photographs of the 18F-deoxyfluorination protocol. a) Aqueous [18F]fluoride is pushed 

through the Chromafix 30-PS-HCO3 anion exchange cartridge (step 4); b) Excess water is removed 

from the cartridge (step 5); c) The labeling precursor is passed through the cartridge to elute 

[18F]fluoride (step 7). Photographs were taken in a hot cell but without the presence of 

radioactivity. 

 

8. Seal the borosilicate reaction vial with a Teflon lined cap and place the vial in a heating 

block heated to 130 °C for 30 min with stirring (Figure 4.7a). 

9. Remove the reaction vial from the heating block and let the reaction mixture cool to room 

temperature. Set the heating unit to maintain a temperature of 55 °C. 

10. Using a 5 mL polypropylene syringe fitted with a disposable needle, draw up the reaction 

mixture and transfer it to a 50 mL centrifuge tube containing 20 mL water. 
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Figure 4.7 Photographs of the 18F-deoxyfluorination protocol. a) The reaction vial is sealed and 

heated to 130 °C (step 8); b) The reaction mixture/water is drawn up in a syringe (step 11); c) The 

reaction mixture/water is passed through the Oasis HLB plus short cartridge to elute unreacted 

[18F]fluoride (step 11). Photographs were taken in a hot cell but without the presence of 

radioactivity. 

 

11. Using a 10 mL polypropylene syringe fitted with a disposable needle, draw up 10 mL of 

the contents of the centrifuge tube in step 10 (Figure 4.7b). Remove the needle from the 

syringe and attach the barrel of the syringe to the Oasis HLB plus short cartridge. Push the 

solution through the HLB cartridge in a dropwise fashion, collecting the waste in a 50 mL 

centrifuge tube (Figure 4.7c). Reaffix the needle to the syringe and repeat drawing up the 

reaction contents and passing them through the Oasis HLB plus short cartridge in a 

dropwise fashion to trap [18F]4.1 on the cartridge with >90% efficiency.  
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12. Wash the Oasis HLB plus short cartridge with 5 mL of water and remove excess solvent 

from the cartridge by repeating step 5. 

13. Using a 5 mL polypropylene syringe fitted with a disposable needle, draw up 2 mL of the 

diethyl ether and attach the barrel of the syringe to the HLB cartridge. Push the ether 

through the cartridge in a dropwise fashion to elute [18F]4.1 from the cartridge into a clean 

4 mL borosilicate scintillation vial containing a magnetic stir bar.  

14. Remove 50 µL for evaluation of product identity and purity using an analytical HPLC 

column attached to a radioactivity and a UV-detector.  

 

The retention time of the 18F-4.1 peak is determined prior to the radiolabeling experiment by 

injection of an authentic reference standard, 19F-4.1, onto the HPLC using the same mobile phase. 

The HPLC method should be as short as possible while ensuring a clean separation of the [18F]aryl 

fluoride from any other impurities observed in the UV trace of the crude reaction mixture. Product 

identity is determined by comparing the γ-trace of 18F-4.1 with the UV-trace of 19F-4.1 via 

coinjection (Figure 4.15). 

 

15. Evaporate the diethyl ether by placing the vial in a heating block heated to 55 °C for 3 min 

with stirring (Figure 4.8a). 

16. Remove the vial from the heating block and set the heating unit to maintain a temperature 

of 35 °C. 

17. Weigh 3.0 mg (6.5 µmol) H-Arg-Gly-Asp-Cys-OH peptide 4.7 into a 2 mL 

microcentrifuge tube. If working with peptides in limited supply, 2.0 µmol peptide loading 

is sufficient to afford the radiolabeled conjugate in high RCY. 
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Figure 4.8. Photographs of the 18F-deoxyfluorination protocol. A) Diethyl ether is evaporated at 

55 °C (step 15); b) Peptide solution is added to the dried, 18F radiosynthon (step 19); c) The reaction 

vial is sealed and heated to 35 °C (step 20). Photographs were taken in a hot cell but without the 

presence of radioactivity. 

 

18. Using a 1 mL polypropylene syringe fitted with a disposable needle, add 250 µL of 

methanol followed by 250 µL sodium borate buffer pH 8.5 to the microcentrifuge tube. 

Place the tube in a sonicator, with the water bath at ambient temperature, and sonicate for 

5 mins. The solubility of individual peptides used in this protocol can vary significantly. 

For the peptide conjugation to proceed efficiently and provide high RCY, it is important to 

sonicate the vial containing the peptide solution for 5–10 min at 24 °C. 
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19. Using a 1 mL polypropylene syringe fitted with a disposable needle, draw up the peptide 

solution prepared in step 18 and add it to the 18F-4.1 prepared in step 17 (Figure 4.8b). 

20. Seal the borosilicate reaction vial with a Teflon lined cap and place the vial in a heating 

block heated at 35 °C for 30 min with stirring (Figure 4.8c). 

21. Dilute the reaction mixture with 500 μL sodium borate buffer and withdraw the entire 

solution into a Hamilton microliter syringe. Inject the syringe contents onto a semi-

preparative reverse-phase HPLC column and initiate the HPLC program using the 

following program: A:B = 95:5 for 5 minutes then a gradient A:B = 95:5 to A:B = 45:55 

over 15 minutes followed by 30 minutes of A:B = 45:55. Flow rate = 4 mL/min. Monitor 

the radioactivity detector for the appearance of the purified 4.8 product. If solids are 

detected in the reaction mixture, it must be filtered prior to injection onto the HPLC to 

avoid clogging. Over-pressurization of the HPLC column can occur due to injection of the 

solvent mixture onto the HPLC, and care must be taken to monitor the column pressure 

during the injection phase. 

22. Collect the purified product in a 50 mL centrifuge tube and remove 50 µL for analysis of 

the purity of the product using an analytical HPLC column attached to a radioactivity and 

a UV-detector (Figure 4.17).  

23. If desired, determine the molar activity of the isolated 4.8 by determining the intensity of 

the UV signal at the retention time at which to 18F-labeled peptide is observed. Compare 

the intensity of the UV signal to the standard curve of UV intensity versus amount of 

injected material (Figure 4.16). 
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The location of the isolated 4.8 peak is determined prior to the radiolabeling experiment by 

injection of an authentic reference standard, 19F-4.8, of the peptide conjugate onto the HPLC using 

the same mobile phase. Product identity is determined by comparing the γ-trace of 4.8 to the UV-

trace of 19F-4.8 via coinjection (Figure 4.15). Note: a fixed delay by 0.10 min is present due to the 

spatial separation between the UV and radioactivity detectors, causing the γ-trace to be slightly 

offset. 
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Table 4.2. Troubleshooting table. 

Problem Possible reasons Solution 

Low levels of 

radioactivity trapped 

on the HLB cartridge 

after 18F-fluorination 

Inefficient trapping of the 18F 

radiosynthon during cartridge 

purification 

Increase the volume of water 

added to the reaction mixture prior 

to passing the contents through the 

HLB cartridge 

Incomplete 

conjugation of [18F]4.1 

to peptide 

Poor solubility of the peptide 

substrate in the solvent system 

Change the organic solvent to 

DMF or DMSO; Change the 

buffer to HEPES buffer pH 7.3; 

Perform sonication of peptide 

solution at slightly elevated 

temperature (30 – 40 °C) 

Incomplete 

conjugation of [18F]4.1 

to peptide 

Oxidation of peptide substrate 

due to improper or lengthy 

storage 

Use a peptide with >95% purity  

Impure 18F-labeled 

peptide obtained 

The HPLC method or column is 

not suitable for the separation of 

the labeled peptide product  

Change the mobile phase or 

gradient or switch to a different 

HPLC column 

Low levels of 

radioactivity present in 

the reaction vial 

compared to amount 

loaded on anion 

exchange cartridge 

Inefficient elution of 18F from the 

anion exchange cartridge 

Increase the amount of labeling 

precursor and solvent used in the 

elution step, decrease the rate at 

which the solution is passed 

through the anion exchange 

cartridge, flip the cartridge for 

“reverse elution” 

Poor peak resolution 

on radio-HPLC trace 

Insufficient amount of 

radioactivity loaded on HPLC  

Ensure that a sufficient amount of 

radioactivity is eluted off the 

anion exchange column per 

experiment so that a trace of 

acceptable resolution can be 

obtained 
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 Automated 18F-Labeling of 4.7 Including Purification and Reformulation 

After successful testing of the radiolabeling procedure using small quantities of radioactivity, the 

preparation of larger amounts of 18F-labeled peptide for the purposes of PET imaging is commonly 

desired. The amounts of labeling precursor are the same for small- and large-scale synthesis, but 

the quantity of radioactivity is significantly increased. For large-scale synthesis minimization of 

radiation exposure to the researcher requires a different work-flow and the employment of an 

automated synthesis module located in a well-shielded hot cell. 

 

 

Figure 4.9. Photographs of the ELIXYS radiochemical synthesis module setup. a) General 

automation setup in the hot cell; b) First cassette setup; c) Second cassette setup. 

 

Procedure for automated radiosynthesis 

Preparation of the ELIXYS radiochemical synthesis module 

 Clean two ELIXYS automated radiosynthesizer cassettes by flushing each flow pathway 

with 10 mL ultrapure water (18 Megaohm, Milli-Q system containing a Biopak Polisher 
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cat. No. CDUFBI001, MilliporeSigma) followed by 10 mL acetonitrile (CAS no. 75-05-8, 

Fisher Scientific, cat. No. A998-4, HPLC grade), using 12 mL syringes for each solvent 

respectively. Dry all flow pathways by flowing a nitrogen stream through the pathways for 

~30 seconds, at three distinct intervals, for a total of ~1.5 min. The inlet and outlet tubing 

should be connected directly together during the cleaning. During the cleaning protocol for 

ELIXYS cassettes, ensure there are no leaks in the joints, fittings, and tubing of the cassette. 

 Clean 11 brown vials, 2 Glass V-vials and 2 stir bars by thoroughly rinsing with a soap 

solution (10 – 12 grams of powder detergent in 16 oz water, Alconox, cat. No. 1104-1), 

followed by rinsing with clean water. All items should undergo a final rinse with acetone 

and be dried in a heated oven overnight. The commercial brown vials that store reagents in 

the cassettes must be manually cleaned following the protocol. Direct use, without 

cleaning, will cause [18F]fluoride elution from the Chromafix cartridge during the water 

washing (step 3, below) due to trace contaminants resulting from the manufacturing of the 

brown vials. 

 Clean HPLC loop and collection lines: Fill a 12 mL syringe with water and pass the water 

through the injection loop to a waste container. Use the empty 12 mL syringe to push air 

through the loop (2x) to remove remaining water in the loop. To clean the collection line, 

run the HPLC and let the HPLC solvents flow through each collection line for 2 min. 

 Connect two cassettes by transfer line (Figure 4.10). 

 Connect the second cassette and HPLC injection loop by transfer line (Figure 4.10). 
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Figure 4.10. Photographs of the ELIXYS radiochemical synthesis module setup. 

 

Modified code to be inputted into the ELIXYS software: 

 For the “ELUTE ISOTOPE” operation, solvent flow is directed into the reaction vial. In 

our protocol, several washing steps are included prior to [18F]fluoride elution. For these steps, 

solvent flow needs to be redirected into the waste container. A piece of code was modified and 

inputted into the software to alter the solvent flow to the waste line. This modified “ELUTE 

ISOTOPE" operation is used in steps 3–5. 
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Website to input code: 

http://192.168.100.101:5000/command_line.html 

 

Code to submit:  

 

 

MATERIALS 

Equipment 

 11 Brown vials (Voigt Global Distribution, cat. No. 62413P-2) 
 Rubber septa for brown vials (Wheaton, cat. No. 224100-072) 
 Crimp cap for brown vials (Wheaton, cat. No. 224177-01) 
 3 Glass V-vials (Wheaton, cat. No.W986259NG) 
 2 Stir bars (10x3mm, VWR, cat. No. 58948-375) 
 ELIXYS cassette-based radiochemical synthesis module (Sofie Biosciences) 

 

Reagents 

 All reagents listed under Cassettes 1 and 2 are stored in pre-washed brown vials and sealed 

with a septum and crimp cap. All solvents and cartridges used in the automated protocol are from 

the same sources as those used in the manual protocol (listed above), unless stated otherwise. 
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Glass V-vial (source vial): 

 1 mL H2O (CAS no. 7732-18-5, Sigma-Aldrich, cat. No. 00612-2.5L) 

Cassette 1: (reagents used in sequence in the automation process) 

 2 mL H2O (CAS no. 7732-18-5, Sigma-Aldrich, cat. No. 00612-2.5L) 
 2 mL acetonitrile (CAS no. 75-05-8, Sigma-Aldrich, cat. No. 271004-100mL, anhydrous 

99.8%) 
 2 mL freshly prepared 2-butanone/ethanol (10:1) 
 5 mg uronium precursor 4.2 in 2-butanone/ethanol (1 mL, 10:1) 
 3 mL H2O (CAS no. 7732-18-5, Sigma-Aldrich, cat. No. 00612-2.5L) 
 2 mL H2O (CAS no. 7732-18-5, Sigma-Aldrich, cat. No. 00612-2.5L) 
 3mL H2O (CAS no. 7732-18-5, Sigma-Aldrich, cat. No. 00612-2.5L) 
 2 mL H2O (CAS no. 7732-18-5, Sigma-Aldrich, cat. No. 00612-2.5L) 
 2mL diethyl ether (CAS no. 60-29-7, Thermo ScientificTM, cat. No. AC615080040) 

 
Cassette 2: 

 Glutathione (1.5 mg) in 1:1 methanol/sodium borate buffer, pH 8.5 (0.65 mL) 
 2 mL H2O (same as Cassette 1) 

 

1. [18F]fluoride in [18O]H2O was collected into the source vial from a cyclotron dispenser.  

2. Aqueous [18F]Fluoride (1 mL) was transferred from the source vial to the ELIXYS via 

nitrogen gas push, at between 3 – 5 psi, and was trapped onto a Chromafix 30-PS-HCO3 

using the “TRAP ISOTOPE” operation. Excess water was removed by nitrogen gas push, 

at 25 psi, for 3 minutes.  

3. The cartridge trapped [18F]fluoride was washed with water (2 mL) by nitrogen push at 

between 3 – 5 psi, using the modified “ELUTE ISOTOPE” operation. Excess water was 

removed by nitrogen gas push, at 25 psi, for 3 minutes. 

4. Anhydrous acetonitrile (2 mL) was delivered through the same fluid pathway of the 

cassette by nitrogen push, at between 3 – 5 psi, using another modified “ELUTE 

ISOTOPE” operation. Excess solvent was removed by nitrogen gas push, at 25 psi, for 3 

minutes. 
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5. 2-Butanone/ethanol (2 mL, 10:1) was delivered through the same fluid pathway by nitrogen 

push, at between 3 – 5 psi, using another modified “ELUTE ISOTOPE” operation. Excess 

solvent was removed by nitrogen gas push, at 25 psi, for 7–8 minutes. 

6. The trapped [18F]fluoride was eluted into a V-vial reactor 1, under the normal “ELUTE 

ISOTOPE” operation, with a solution of uronium precursor 4.2 (5 mg) in 2-

butanone/ethanol (1 mL, 10:1) and a pressure of 1.5 psi. 

7. Reactor 1 vial was sealed against the ELIXYS gasket and heated at 130 °C for 30 min with 

stirring. 

8. Reactor 1 vial was cooled to 35 °C. Two aliquots of H2O (3 mL and 2 mL) were added 

sequentially to the reaction mixture via nitrogen push at 5 psi and the solution was stirred 

for 15-20 seconds. 

9. The contents in reactor 1 vial were passed through the HLB cartridge via nitrogen push at 

5 psi (stir is “on”) to trap the 18F-4.1 product while unreacted [18F]fluoride passed through 

to a waste container. 

10. The HLB cartridge was rinsed by adding another two aliquots of H2O (3 mL and 2 mL) to 

the reactor 1 vial and passing it through the HLB cartridge via nitrogen push by following 

the same processes of steps 8 and 9. 

11. The HLB cartridge was flushed with nitrogen at 25 psi for 5 min. 

12. To the reactor 1 vial was added Et2O (2 mL, 3 psi driving pressure) and the ether was stirred 

for 20 sec. The ether was transferred through the HLB cartridge via nitrogen push at 1.5 

psi into a clean V-vial in reactor 2 below the second cassette. 

13. Reactor 2 vial was heated at 45 °C under 0 psi with stirring for 8 min to remove half of the 

volume, leaving ~1 mL in the vial. 
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14. Reactor 2 vial was cooled to 35 °C. A solution of L-glutathione (1.5 mg) in methanol and 

pH 8.5 sodium borate buffer (1:1, 0.65 mL) was added to the reactor 2 vial. The vial was 

sealed against the ELIXYS gasket and heated at 35 °C for 30 min. 

15. H2O (2 mL) was added to the reactor 2 vial and the reaction mixture was transferred to a 

semi-preparative HPLC by remote loading into the HPLC loop provided on the ELIXYS 

and injecting the contents into the HPLC column. HPLC purification was initiated using 

the following program: A:B = 95:5 for 5 minutes then a gradient A:B = 95:5 to A:B = 70:30 

over 50 minutes. Flow rate = 3 mL/min. 

16. Appearance of the purified conjugated product on the radio-HPLC trace was monitored. 

The purified product was collected in a 50 mL centrifuge tube. An aliquot (50 µL) of 

isolated product was removed for HPLC analysis of the purity of the product using an 

analytical HPLC column attached to a radioactivity and a UV-detector. 

 

Conclusion: For the fully automated process, the 18F-labeled peptide conjugate 18F-4.8 FVSB-

GSH was isolated in 20%  5% decay-corrected radiochemical yield (n = 3) with a molar activity 

of 1.2 Ci  mol-1 (44 GBq  mol-1). 
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Table 4.3. Troubleshooting table 

Problem Possible reasons Solution 

Poor elution efficiency 

from Chromafix 30-

PS-HCO3 cartridges  

 

The uronium precursor solution 

is passed too quickly through the 

cartridge  

Adjust N2 flow pressure to a 

lower psi. For our Elixys 

instrument, 1.5 psi is the lowest 

psi we can use.  

Radioactivity trapped 

on the Chromafix 30-

PS-HCO3 cartridge 

was eluted during the 

water wash step 

Impurity inside water source Use HPLC grade water and pre-

clean the commercial brown vials 

with a soap solution (as described 

above) prior to use 

Low levels of 

radioactivity measured 

on the HLB cartridge 

after solvent exchange 

Inefficient trapping of the 18F-

labeled vinyl sulfone during 

cartridge purification 

Increase the volume of water 

(5mL) added to the reaction 

mixture prior to passing the 

contents through the HLB 

cartridge 

And apply “stir” command during 

water addition step to obtain 

uniform solution 

Radioactivity was lost 

during evaporation of 

diethyl ether 

18F-FVSB is volatile and can also 

evaporate during this step if the 

parameters are too harsh 

Perform mild evaporation. 

Decrease the temperature to 40 °C 

and carefully watch that the 

reactor vial does not go 

completely dry  

Leaking during 

solvent elution 

through the cartridges 

Loose fitting and connections Check fittings and joints before 

experiment starts 

Undesirable byproduct 

was obtained instead 

of the desired 18F-

FVSB  

Residual water is present during 

the uronium precursor elution 

The Chromafix 30-PS-HCO3 

cartridge must be thoroughly 

dried prior to 18F-fluoride elution. 

Remove excess water by nitrogen 

gas push, at 25 psi, for extended 

time. Or increase the nitrogen 

pressure. Use anhydrous 

acetonitrile for the cartridge 

washing step. 

Impure 18F-labeled 

peptide obtained 

The HPLC method or column is 

not suitable for the separation of 

the labeled peptide product 

Adjust the mobile phase or elution 

gradient or switch to a different 

HPLC column 
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4.6. Experimental Section 

 Synthesis and Characterization of Phenol 4.3 

The synthesis of intermediate compounds 4.10 and 4.11 are adapted from reference 22. Spectra 

for the intermediates were previously reported.22 
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Figure 4.11. Synthesis of 4-(vinylsulfonyl)phenol (4.3). 

 

Reagents 

 4-Mercaptophenol 4.9 (CAS no. 637-89-8, Alfa Aesar, 97%, cat. No. AAL0442906) 
 Methanol (CAS no. 67-56-1, ACS reagent, ≥ 99.8%, Fisher Scientific, cat. No. A412-4) 
 2-Bromoethanol (CAS no. 540-51-2, >95.0%, TCI America, cat. No. B0590) 
 NaOH (CAS no. 1310-73-2, ACS reagent, Fisher Scientific, cat. No. S318-500) 
 Diethyl ether (CAS no. 60-29-7, ≥99%, Fisher Scientific, cat. No. E138-20) 
 Sodium bicarbonate (CAS no. 144-55-8, NaHCO3, Fisher Scientific, cat. No. S233-10) 
 Sodium sulfate (CAS no. 7757-82-6, Na2SO4, Sigma-Aldrich, cat. No. SX0760-10) 
 Ethyl acetate (EtOAc, CAS no. 141-78-6, ≥99.5%, Fisher Scientific, cat. No. E145-20) 
 Hexane (CAS no. 110-54-3, ≥98.5%, Fisher Scientific, cat. No. H292-20) 
 OXONE (CAS no. 70693-62-8, Alfa Aesar, cat. No. 89892-22) 
 Sodium hydrogen sulfite (CAS no. 7631-90-5, Certified ACS, Fisher Scientific, cat. No. 

S654-500) 
 Pyridine (CAS no. 110-86-1, 99%, Oakwood, cat. No. 005154) 
 Dichloromethane (CAS no. 75-09-2, Fisher Scientific, cat. No. D151-4) 
 Thionyl chloride (CAS no. 7719-09-7, ≥99%, Sigma-Aldrich, cat. No. 230464) 
 Tetrahydrofuran (THF, CAS no. 109-99-9, ≥99%, Fisher Scientific, cat. No. 397-4) 
 Triethylamine (Et3N, CAS no. 121-44-8, Fisher Scientific, cat. No. O4885) 
 Silica-gel (230-400 Mesh, Fisher, cat. No. S825-25) 
 TLC plates (TLC Silica gel 60 F254 Aluminium sheets 20x20 cm, Supelco. Cat. No. 

HX91185454) 
 CDCl3 (99.8%, Cambridge Isotope Laboratories, cat. No. DLM-7-100) 
 DMSO-d6 (99.9%, Cambridge Isotope Laboratories, cat. No. DLM-10-10) 
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Procedure 

1. Weigh 2.0 g (15.8 mmol) 4-mercaptophenol 4.9 into a 100-mL round-bottom flask 

containing a Teflon-coated magnetic stir bar. With a polypropylene syringe fitted with a 

20-guage disposable needle, add 10 mL of methanol and cool the reaction mixture to -5 

C. With a polypropylene syringe fitted with a 20-guage disposable needle, add an aqueous 

solution of NaOH (1.0 N, 17.3 mL) dropwise over 30 mins at -5 °C. Prepare a solution of 

2-bromoethanol (2.3 mL) in methanol (7 mL) and add the resulting solution dropwise, over 

15 min at -5 °C, to the round-bottom flask. Stir the reaction mixture at 23 °C for 21 h. 

Concentrate the reaction mixture in a rotary evaporator and treat the crude residue with 5 

mL of water and 20 mL of diethyl ether. After extraction and phase separation, wash the 

organic phase with 10 mL of saturated aqueous NaHCO3 and then 10 mL of brine. Dry the 

organic phase over Na2SO4 and remove the solvent under reduced pressure to yield crude 

product. Purify the crude residue by flash column chromatography on silica-gel (10-30% 

ethyl acetate in n-hexane) to afford 4.10 (1.87 g, 11 mmol, 70% yield) as a white solid. 

 

2. Weigh 1.0 g (5.87 mmol) 4-((2-hydroxyethyl)thio)phenol 4.10 into a 15-mL round bottom 

flask containing a Teflon-coated magnetic stir bar. With a polypropylene syringe fitted 

with a disposable needle, slowly add 5 mL of methanol and cool the reaction mixture to 10 

°C. Add 5.43 g (8.82 mmol) of OXONE at 10 C, over 20 min. Stir the suspension at 

23C (exothermic reaction) for 2 h. Using a Buchner filter funnel equipped with a medium 

porosity frit, filter the precipitate. Wash the filtrate with a 38- 40% (v/v) aqueous sodium 

hydrogen sulfite solution (0.5 mL) and adjust the pH of the reaction mixture to ~7.0 by 

adding 1.0 M aqueous NaOH. Filter the suspension and concentrate the filtrate to dryness 
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under reduced pressure using a rotary evaporator at approximately 23 °C. Purify the crude 

residue by flash column chromatography on silica-gel (20-60% ethyl acetate in n-hexane) 

to afford 4-((2-hydroxyethyl)sulfonyl)phenol 4.11 (1.0 g, 5.20 mmol, 88% yield) as a white 

solid. 

 

3. Weigh 1.0 g (5.19 mmol) 4-((2-hydroxyethyl)sulfonyl)phenol 4.11 into a 25-mL round 

bottom flask containing a magnetic stir bar. With a polypropylene syringe fitted with a 

disposable needle, add 6 mL of dichloromethane followed by 0.8 mL (10 mmol) of pyridine 

at 23 °C. Cool the reaction mixture to 0 C. With a polypropylene syringe fitted with a 

disposable needle, draw up 0.64 mL (8.8 mmol) thionyl chloride and add it to a vial 

containing 5 mL of dichloromethane. With a polypropylene syringe fitted with a disposable 

needle, draw up the thionyl chloride/dichloromethane solution and add it dropwise, over 

15 min, to the reaction mixture in the 25-mL round bottom flask. Stir the reaction at 23 C 

for 20 h. Dilute the reaction mixture with 1 mL brine and extract the suspension/contents 

of the flask. Combine the organic layers and wash them with 2 mL of brine and extract. 

Repeat and wash the organic layers with brine a second time. Combine the organic layers, 

add dry Na2SO4, and filter using a filter funnel. Concentrate the filtrate to dryness under 

reduced pressure using a rotary evaporator to afford 4-((2-chloroethyl)sulfonyl)phenol 

which was used directly without further purification.  

 

4. Weigh 0.8 g (3.6 mmol) 4-((2-chloroethyl)sulfonyl)phenol into a 25-mL round bottom 

flask containing a Teflon-coated magnetic stir bar. With a polypropylene syringe fitted 

with a disposable needle, add 8 mL of THF. With a polypropylene syringe fitted with a 
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disposable needle, draw up 0.76 mL (5.4 mmol) triethylamine and add it to a vial containing 

5 mL of THF. With a polypropylene syringe fitted with a disposable needle, draw up the 

triethylamine/THF solution and add it to the reaction mixture in the 25-mL round bottom 

flask at 23 C. Allow the reaction mixture to stir at 23 C for 24 h. Using a filter funnel, 

filter the triethylamine hydrochloride salt that precipitates from of the reaction mixture. 

Concentrate the colorless filtrate to dryness under reduced pressure using a rotary 

evaporator at approximately 23 C. Purify the crude solid by flash column chromatography 

on silica-gel (5-30% ethyl acetate in n-hexane) to give 4-(vinylsulfonyl)phenol 4.3 (0.53 g, 

2.90 mmol, 81% yield) as a white solid.  

 

Characterization data for 4-(vinylsulfonyl)phenol 4.3: 

1H NMR (400 MHz, DMSO-d6, δ): 10.62 (s, 1H), 7.63 (d, J = 8.8 Hz, 2H), 6.97 (dd, J = 16.4, 9.6 

Hz, 2H), 6.92 (d, J = 8.8 Hz, 1H), 6.17 (d, J = 16.8 Hz, 1H), 6.04 (d, J = 9.6 Hz, 1H). 

13C NMR (100 MHz, DMSO-d6, δ): 162.7, 139.9, 130.4, 129.5, 127.2, 116.5. 

HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for C8H8O3SNa 207.0092; Found 207.0084. 

Melting point: 64 – 66 oC 

 

 Synthesis and Characterization of 19F-Reference Standard 19F-4.1. 35, 36 

The synthesis of intermediate compounds 4.13 and 4.14 are adapted from reference 22. Spectra 

for the intermediates were previously reported. 22 
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Figure 4.12. Synthesis of 19F reference standard 

 

Reagents 

 Chemical reagents used in these steps are identical to those used for the preparation of 4-
(vinylsulfonyl)phenol 4.3 (Figure 4.11) and reagent details are listed above, in section 

4.6.1 
 4-fluorobenzenethiol 4.12 (CAS no. 371-42-6, TCI America, >98.0%, cat. No. 50-014-

34924) 
 

Procedure 

1. Weigh 280 mg (2.19 mmol) 4-fluorobenzenethiol 4.12 (280 mg, 2.19 mmol) into a 4-dram 

borosilicate vial. With a polypropylene syringe fitted with a 20-guage disposable needle, 

add 3 mL of methanol and cool the vial to -5 C. With a polypropylene syringe fitted with 

a 20-guage disposable needle, add aqueous NaOH (1N, 2.4 mL) in a dropwise fashion, 

over a period of 15 min and stir the reaction at -5 C for 1 h. Prepare a solution of 2-

bromoethanol (0.3 mL, 2.4 mmol) in methanol (1 mL) and add the resulting solution 

dropwise, over 10 min at -5 C, to the 4-dram vial. Allow the vial to warm to room 

temperature and stir for 21 h at 23 C. Remove the methanol under reduced pressure using 

a rotary evaporator at approximately 23 C. Add 20 mL of diethyl ether and 5 mL of water 

to the crude residue and extract the organic layer from the aqueous layer. Separate the 

phases and extract the aqueous layer with diethyl ether again. Combine the organic layers 

and wash them with saturated aqueous NaHCO3 and brine. Combine the organic layers, 
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add dry Na2SO4, and filter using a filter funnel. Concentrate the filtrate to dryness under 

reduced pressure using a rotary evaporator and purify the crude residue by flash column 

chromatography on silica-gel (5-20% EtOAc in n-hexane) to obtain 2-((4-

fluorophenyl)thio)ethanol 4.13 (0.18 g, 1.05 mmol, 48% yield) as a light yellow oil.  

 

2. Weigh 181 mg (1.05 mmol) 2-((4-fluorophenyl)thio)ethanol 4.13 into a 15-mL round 

bottom flask containing a Teflon-coated magnetic stir bar. With a polypropylene syringe 

fitted with a disposable needle, slowly add 4 mL of methanol and cool the reaction mixture 

to 10 C. Add 972 mg (1.58 mmol) of OXONE at 10 C, over 20 min. Stir the suspension 

at 23 C (exothermic reaction) for 2 h. Using a Buchner filter funnel equipped with a 

medium porosity frit, filter the precipitate. Wash the filtrate with a 38- 40% (v/v) aqueous 

sodium hydrogen sulfite solution (0.5 mL), dry the filtrate over Na2SO4 and concentrate to 

dryness under reduced pressure using a rotary evaporator to afford crude 2-((4-

fluorophenyl)sulfonyl)ethanol 4.14 (0.19 g, 0.95 mmol, 90% yield) as a light yellow oil 

which was used without further purification.  

 

3. Weigh 190 mg (0.95 mmol) 2-((4-fluorophenyl)sulfonyl)ethanol 4.14 into a 15-mL round 

bottom flask containing a Teflon-coated magnetic stir bar. With a polypropylene syringe 

fitted with a disposable needle, add 3 mL of dichloromethane followed by 0.15 mL (1.86 

mmol) of pyridine at 23 C. Cool the reaction mixture to 0 C. With a microsyringe, draw 

up 119 μL (1.61 mmol) thionyl chloride and add it to a vial containing 1 mL of 

dichloromethane. With a polypropylene syringe fitted with a disposable needle, draw up 

the thionyl chloride/dichloromethane solution and add it dropwise, over 15 min, to the 



 

221 

reaction mixture in the 15-mL round bottom flask. Stir the reaction at 23 C for 20 h. Dilute 

the reaction mixture with 1 mL brine and extract the suspension/contents of the flask. 

Combine the organic layers and wash them with 2 mL of brine and extract. Repeat and 

wash the organic layers with brine a second time. Combine the organic layers, add dry 

Na2SO4, and filter using a filter funnel. Concentrate the filtrate to dryness under reduced 

pressure using a rotary evaporator to afford 1-((2-chloroethyl)sulfonyl)-4-fluorobenzene 

(0.20 g, 0.90 mmol, 94% yield) as a yellow solid. Note: 1-((2-chloroethyl)sulfonyl)-4-

fluorobenzene is slightly unstable and undergoes spontaneous elimination to afford vinyl 

sulfone 19F-4.1, which can be seen in the NMR of this intermediate. For this reason, 1-((2-

chloroethyl)sulfonyl)-4-fluorobenzene was taken on to the next step without further 

purification. 

 

4. Weigh 202 mg (0.9 mmol) 1-((2-chloroethyl)sulfonyl)-4-fluorobenzene into a 15-mL 

round bottom flask containing a Teflon-coated magnetic stir bar. With a polypropylene 

syringe fitted with a disposable needle, add 3 mL of THF. With a microsyringe, draw up 

187 μL (1.35 mmol) triethylamine and add it to a vial containing 1 mL of THF at 23 C. 

With a polypropylene syringe fitted with a disposable needle, draw up the 

triethylamine/THF solution and add it to the reaction mixture in the 15-mL round bottom 

flask at 23 C. Allow the reaction mixture to stir at 23 C for 1 h. With a polypropylene 

syringe fitted with a disposable needle, add 1.0 mL of aqueous HCl (1.0 M) to quench the 

reaction. Add 4 mL of ethyl acetate to the flask and extract the aqueous phase twice using 

3 mL of ethyl acetate. Combine the organic layers and wash them with 2 mL of brine and 

extract. Repeat and wash the organic layers with brine a second time. Combine the organic 
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layers, add dry Na2SO4, and filter using a filter funnel. Concentrate the filtrate to dryness 

under reduced pressure using a rotary evaporator and purify by flash column 

chromatography on silica-gel (10-30% EtOAc in n-hexane) to afford fluoro-4-

(vinylsulfonyl)benzene 19F-4.1 (0.15 g, 0.79 mmol, 88% yield) as a light yellow oil.  

 

Characterization data for fluoro-4-(vinylsulfonyl)benzene 19F-4.1: 

1H NMR (400 MHz, CDCl3, δ): 7.91 (dd, J = 8.8, 4.8 Hz, 2H), 7.26-7.2 (m, 2H), 6.6 (dd, J = 16.4, 

10 Hz, 2H), 6.46 (d, J = 16.4 Hz, 1H), 6.05 (d, J = 10 Hz, 1H).  

13C NMR (100 MHz, CDCl3, δ): 165.8 (C-F, 1JC-F = 254.8 Hz), 138.4, 135.6 (C-F, 4JC-F = 3.2 

Hz), 130.8 (C-F, 3JC-F = 9.7 Hz), 127.9, 116.8 (C-F, 2JC-F = 22.6 Hz).  

19F NMR (376 MHz, CDCl3, δ): -103.4. 

HRMS (ESI-TOF) m/z: [M+Na] + Calc’d for C8H7FO2SNa 209.0049; Found 209.0041. 
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Analytical data 

 

Figure 4.13. Analytical radio-HPLC with 254 nm UV trace (orange) and radioactive trace (blue) 

of cartridge purified 18F-FVSB 18F-4.1, obtained in 85% radiochemical purity (RCP). 

The cartridge-purified 18F-4.1 is obtained in ~85% radiochemical purity (RCP), determined by 

radio-HPLC analysis, and can be directly used in the next step without further purification. 

Alternatively, if the cartridge-purified 18F-4.1 is obtained in less than 80% RCP, the crude material 

from step 9 can be subjected to semi-preparative HPLC purification. Use the following program 

for semi-preparative HPLC purification: A:B = 85:15 for 10 minutes then a gradient A:B = 85:15 

to A:B = 65:35 over 15 minutes followed by 30 minutes of A:B = 65:35. Flow rate = 4 mL/min. 

Monitor the radioactivity detector for the appearance of the purified 18F-4.1product (Figure 4.14). 

 

4.1 
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Figure 4.14. Analytical HPLC γ-chromatogram for HPLC purified 18F-FVSB, 18F-4.1. 

 

 

Figure 4.15. Coinjection of HPLC purified 18F-FVSB 18F-4.1 spiked with an aliquot of 19F-FVSB 

19F-4.1 reference standard using an analytical HPLC column. γ-trace (lower) and 254 nm UV trace 

(upper). 
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 Molar Activity Determination 

 Using the authentic reference material 19F-peptide 19F-4.8, a standard curve was generated 

by integration of the UV absorbance signal (at 254 nm) of 19F-4.8 different known amounts 

(performed in triplicate): 

 

 

Figure 4.16. Standard curve of the UV absorbance vs amount of the authentic reference standard 

19F-peptide 19F-4.8. 

 

 18F-Deoxyfluorination of uronium precursor 4.2 was performed and subsequent peptide 

labeling was conducted to furnish 18F-peptide 4.8 which was purified by semi-preparative HPLC. 

The reaction mixture was concentrated and dissolved in 100 μL methanol. An aliquot of purified 

18F-peptide 4.8 was injected into an analytical HPLC for analysis. From comparison with the 

standard curve, it was determined that the molar activity of the sample was 1.2 Ci  mol-1 (44 

GBq  mol-1). 
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Figure 4.17. Analytical HPLC chromatogram obtained for HPLC purified 18F-labeled peptide 

conjugate 18F-4.8. (γ-trace = blue, 254 nm UV trace = orange). 

 

 

Figure 4.18. Coinjection of crude 18F-labeled peptide conjugate 18F-4.8 spiked with an aliquot of 

19F-4.8 reference standard using an analytical HPLC column. (γ-trace = blue, 254 nm UV trace = 

orange). 
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CHAPTER 5: An Organometallic Gold(III) Reagent for 18F-

Labeling of Unprotected Peptides and Sugars in Aqueous Media 

James W. McDaniel, Julia M. Stauber, Evan A. Doud, Alexander M. Spokoyny,* and Jennifer 

M. Murphy* 

(Org. Lett. 2022, in review) 

 

5.1. Abstract 

 

 The 18F-labeling of unprotected peptides and sugars via thioarylation using a Au(III)-

[18F]fluoroaryl complex is reported. The chemoselective method generates 18F-labeled S-aryl 

bioconjugates in an aqueous environment in 15 min with high radiochemical yields and displays 

excellent functional group tolerance. This approach utilizes an air and moisture stable, robust 

organometallic Au(III) complex and highlights the versatility of designer organometallic reagents 

as efficient agents for rapid radiolabeling of biomolecules. 

 

5.2. Introduction 

 The rapid kinetics and high chemoselectivity of transition-metal-based transformations 

have resulted in major advances in organic synthesis, in particular for the modification of complex 

small molecules.1, 2 In the context of 18F-labeling, significant effort has been devoted to the 
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development of transition-metal mediated radiofluorination methods, often translated from 

modern fluorine-19 related approaches.3-5 Importantly, the translation of fluorine-19 to fluorine-

18 chemistry presents distinct challenges that are non-trivial and rigorous optimization is generally 

required for smooth translation to radiochemistry.6 Perhaps the most notable obstacle is that 18F is 

always the limiting reagent and is in nanomole or lower quantities amongst a large excess of other 

reagents. Additionally, chemical modifications must be conducted quickly, ideally within minutes, 

due to the radioactive decay and half-life of 18F.  

 Over the last decade, reports exploiting the redox activity of transition-metals such as Pd, 

Ni and Cu to lower the barrier for C–18F bond formation have surged.3, 6-18 In particular, Cu-

mediated methods have found wide use in the construction of 18F-labeled small molecules for 

positron emission tomography (PET) imaging applications.11, 19, 20 Modern Cu-mediated methods 

have become a truly powerful advancement in radiochemical synthesis, unlocking access to 

radiolabeled constructs that were previously inaccessible. However, metal-based modifications 

employing unprotected peptides for direct radiofluorination processes are scarce.21-28  

 The unique properties of cysteine, largely its thiol reactivity and low natural abundance, 

have stimulated efforts toward the chemoselective bioconjugation of this key residue.29, 30 

Pioneering work by the Buchwald and Pentelute groups demonstrating palladium-mediated 

cysteine arylation to afford S-aryl bioconjugates has encouraged the development of Pd-based 

strategies for labeling peptides with positron-emitting radioisotopes, such as 11C or 18F.31-33 In the 

context of 11C-labeling, Hooker and Buchwald utilized a biarylphosphine supported Pd(II)-

complex to prepare 11CN-labeled unprotected peptides (Figure 5.1a).34 The Pd-mediated 

sequential cross-coupling proceeds with initial S-arylation of the cysteine-containing peptides 

followed by direct 11C-cyanation. In addition, Neumaier recently reported a Pd-mediated cysteine 
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S-arylation using the XantPhos Pd-based cyclometallated precatalyst system previously developed 

by Buchwald with 2-[18F]fluoro-5-iodopyridine (Figure 5.1a).28 The radiolabeled aryl iodide was 

synthesized from a 1,4-diazabicyclo[2.2.2]octane (DABCO) precursor and obtained after solid-

phase extraction (SPE) with a modest molar activity of 29 GBq·mol-1 and could be directly used 

for bioconjugation, delivering a remarkably quick overall procedure. However, nonradioactive 

impurities formed in the initial radiofluorination step were shown to impede the consecutive S-

arylation step. To sequentially perform the protocol and maintain high conversion during S-

arylation, minimal DABCO precursor was used, triggering a modest RCY of 2-[18F]fluoro-5-

iodopyridine.  

 

 

Figure 5.1. (a) 11C- and 18F-labeling of unprotected peptides via Pd-mediated S-arylation. (b) This 

work, 18F-labeling of unprotected peptides, sugars and β-cyclodextrin via Au-mediated S-

arylation. 
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 Recently, Au(III)-aryl oxidative addition complexes supported by the aminophosphine Me-

DalPhos ligand (Me-DalPhos = (Ad2P(o-C6H4)NMe2)) provided rapid access to S-aryl 

bioconjugates under mild conditions at ambient temperature.35-37 The air-stable organometallic 

Au(III) complexes were prepared in a straightforward one-step synthesis from commercial (Me-

DalPhos)AuCl with a 3-fold excess of aryl iodides.38 The extremely rapid reaction rate of S-

arylation for this system (approaching 104 M-1s-1) suggests this chemistry can be potentially 

amenable to transformations where rapid kinetics is critical. Importantly, competition experiments 

revealed superior kinetics for the Au-mediated system over the Pd-mediated system, with a ratio 

of 9:1.35 We therefore hypothesized that an 18F-labeled Au(III)-aryl oxidative addition complex 

could be prepared by using a radiolabeled aryl iodide such as 4-[18F]fluoroiodobenzene and 

subsequently used for rapid radiolabeling of biomolecules.39  

 Despite differences in the stoichiometry by several orders of magnitude when transitioning 

to fluorine-18, we reasoned that the high efficiency of the oxidative addition and the rapid reaction 

kinetics of the Au(III) arylation could provide a powerful platform for the chemoselective 

radiofluorination of thiols. Here, we report the synthesis of a Au(III)-[18F]fluoroaryl complex and 

its application toward Au-mediated radiofluorination of thiol-containing substrates to afford stable 

S-[18F]fluoroaryl bioconjugates (Figure 5.1b). This approach is, to our knowledge, the first gold-

mediated methodology for chemoselective 18F-labeling of thiol-containing substrates.40 
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5.3. Results and Discussion 

Table 5.1. Preparation of Au(III)-[18F]Fluoroaryl Complex [18F]1 

 

entrya Au(I)/AgSbF6 
(mg)b 

solvent time 
(min) 

temp. 
(C) 

RCY 
(%)c 

1 10/5 (1.5 equiv) DCM 10 55 38  27 

2 8/4 (1.2 equiv) DCM 10 55 49  15 

3 6/3 (0.9 equiv) DCM 10 55 95  7 

4 6/3 (0.9 equiv) DCM 20 55 87  16 

5 6/3 (0.9 equiv) DCE 10 60 87  8 

6 6/3 (0.9 equiv) DCE 10 80 83  15 

7 6/3 (0.9 equiv) DCE 20 80 94  6 
aConditions: [18F]5.2 (~500 Ci) per reaction, solvent (1.5 mL). bequiv are relative to ylide 
precursor 5.3. cRCY was determined by radio-TLC analysis of complex [18F]1, n > 3 for all entries. 
 

 We first sought to prepare a radiolabeled aryl iodide that could undergo oxidative addition 

with the (Me-DalPhos)AuCl complex in the presence of AgSbF6 to generate the radiolabeled 

Au(III)-aryl complex, [(Me-DalPhos)Au(4-[18F]fluorobenzene)Cl][SbF6] ([18F]5.1).35, 38 

Synthesis of 4-[18F]fluoroiodobenzene ([18F]5.2) was achieved using a one-step radiofluorination 

protocol via a spirocyclic hypervalent iodonium ylide (Table 5.1).41, 42 Following a slightly 

modified literature protocol, iodonium yilde 5.3 was prepared and subsequently subjected to 

radiofluorination.43, 44 Preparation of [18F]5.2 was fully automated on the ELIXYS FLEX/CHEM 

radiochemical synthesis module (Sofie Biosciences) and conducted using [18F]Et4NF in DMF at 
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120 C for 20 min which, after HPLC purification, furnished aryl iodide [18F]5.2 in 26  8% 

isolated radiochemical yield (RCY), decay-corrected (Table 5.1).  

 We next focused on the oxidative addition reaction to yield [18F]5.1 (Table 5.1). In contrast 

to 4-fluoroiodobenzene, which can be employed at 3-fold excess, 4-[18F]fluoroiodobenzene is the 

limiting reagent that is present in nanomolar or picomolar concentration, severely altering the 

stoichiometry of the oxidative addition step. Formation of [18F]5.1 proceeded in 38%  27% RCY 

upon the treatment of 4-[18F]fluoroiodobenzene in CH2Cl2 with (Me-DalPhos)AuCl (1.5 equiv) in 

the presence of AgSbF6 (1.5 equiv) heated at 55 C in a sealed vial for 10 min (Table 5.1, entry 

1). We initially screened the stoichiometry of (Me-DalPhos)AuCl and AgSbF6, keeping the 

relative 1:1 ratio of gold to silver reagents consistent with the previous report,35 and observed that 

lowering the stoichiometry of Au(I) to 0.9 equiv afforded [18F]5.1 in 95%  7% RCY at 55 C in 

10 min (Table 1, entry 3). Further lowering the Au(I) equivalents resulted in no observable product. 

The reaction was also evaluated in DCE at elevated temperatures and [18F]5.1 was obtained in 

comparable yields albeit at slightly extended reaction times (Table 5.1, entries 5-7). Of note, these 

reactions were performed in a sealed reaction vial with no rigorous exclusion of oxygen or water 

and conducted using commercial, unpurified solvents. Precursor 5.3 showed excellent stability 

when stored in the dark at -20 C for up to 18 months with no detectable degradation or loss in 

RCY. The Au(I) complex could be stored on the benchtop and the AgSbF6 in the glovebox with 

exclusion from light for up to 3 months and used with no detectable degradation. 
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Table 5.2. Thio Arylation of L-Glutathione with Au(III)-[18F]Fluoroaryl Complex [18F]5.1 

 

entrya solvent 
Time 

(min) 

temp. 

(C) 

RCY 

(%)b 

1 PBS pH 7.4 30 23 16  13 

2 HEPES pH 7.3 30 23 43  18 

3 Tris pH 8.0 30 23 54  16 

4 Tris pH 8.0 30 35 93  1 

5 Tris pH 8.0 30 45 95  1 

6 Tris pH 8.0 20 35 72  14 

7 Tris pH 8.0 15 35 78  12 

8 Tris pH 8.0 10 35 44  1 

9 Tris pH 8.0/MeOH, 3/1 15 35 97  3 

10c Tris pH 8.0/MeOH, 3/1 15 35 97  4 

11d Tris pH 8.0/MeOH, 3/1 15 35 91  5 

12e Tris pH 8.0/MeOH, 3/1 15 35 70 

13f Tris pH 8.0/MeOH, 3/1 15 35 52 
aConditions: Au(III) complex [18F]5.1 (~1 mCi) per reaction, L-glutathione 5.4 (16 mol), solvent 
(1 mL). bNon-isolated RCY is estimated by radio-HPLC analysis of crude peptide [18F]5.7, n = 2-
6. cPeptide = H-Asp-Arg-Lys-Cys-Ala-Thr-NH2 5.5 (7 mol). dPeptide = H-Cys-Arg-Gly-Asp-
NH2 5.6 (11 mol). eL-glutathione 5.4 (0.71 mol), n = 1. fL-glutathione 5.4 (0.39 mol), n=1. 

 

 Product identity and purity of [18F]5.1 were determined by analytical HPLC analysis, 

comparing the radio-trace of [18F]5.1 with the UV-trace of the 19F-reference standard, via 

coinjection. Rapid and clean conversion of 4-[18F]fluoroiodobenzene to [18F]5.1 enabled its direct 
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use without the need for HPLC purification. The crude reaction mixture containing [18F]5.1 was 

simply filtered and concentrated under mild heating to afford [18F]5.1, which was directly used in 

subsequent thioarylation reactions (see Figure 5.11).  

 The reactivity of the novel Au(III)-complex, [18F]5.1, was examined and optimized with 

L-glutathione as a model peptide substrate (Table 5.2). Initial thioarylation was observed in 16% 

 13% RCY upon treatment of L-glutathione 4 (16 mol) with [18F]5.1 in PBS buffer (pH 7.4) at 

23 C in 30 min (Table 5.2, entry 1). A buffer screen revealed that Tris buffer (pH 8.0) increased 

the yield to 54  16% but the reaction remained sluggish at ambient temperature (Table 5.2, entry 

3). Upon slight heating to 35–45 C, the [18F]fluoroaryl product [18F]5.7 was generated in 93–95% 

RCY (Table 5.2, entries 4-5). Attempts to shorten the reaction time led to a reduction in yield with 

a significant drop for reactions under 15 min (Table 5.2, entries 6-8). 

 From our previous results with peptide conjugation chemistry,45 co-solvents have proven 

valuable in improving reagent solubility; we predicted that a co-solvent could further boost the 

Au(III)-[18F]fluoroaryl solubility and facilitate complete reaction conversion. Employing a Tris 

buffer/methanol (3/1) solvent system improved the reaction conversion and provided the 

[18F]fluoroaryl conjugate [18F]5.7 in 97%  3% RCY in 15 min (Table 5.2, entry 9). Similarly, 

peptide substrates 5.5 and 5.6 also revealed a significant improvement in RCY with addition of 

methanol to the reaction mixture (Table 5.2, entries 10-11). High radiolabeling efficiency while 

using low micromolar amounts of peptide precursor is advantageous in the context of radiolabeling 

expensive peptides with limited availability, and allows for a simplified purification process of the 

18F-labeled product. With sub-micromolar peptide loading, 18F-thioarylation was achieved in 70% 

RCY using 0.71 mol 4 and in 52% RCY using 0.39 mol 4 (Table 5.2, entries 12-13) 
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 The optimized S-arylation conditions were applied to a series of thiol-containing substrates 

to establish the versatility and scope of our methodology (Figure 5.2). High chemoselectivity for 

S-arylation of thiol-containing substrates in the presence of a variety of additional functional 

groups was observed in Tris buffer (pH 8.0)/methanol (3/1) within 15 min in 72–97% RCY. 

Substrates containing a free carboxylic acid, primary or secondary amine, guanidine residue, and 

thioether functional groups were well tolerated as well as sugar-based substrates containing free 

alcohols. Additionally, S-arylation of peptides in which the cysteine residue is positioned at the N-

terminus ([18F]5.9) or within an intrachain position ([18F]5.10) still maintained high efficiency. 

Performing the 18F-thioarylation with 3 mol L-glutathione 5.4, afforded 18F-labeled conjugate 

[18F]5.7 in 97%  1% RCY (Figure 5.2). A hexapeptide containing a nucleophilic lysine residue 

cleanly delivered the S-aryl conjugate [18F]8 in 97%  4% RCY with 7.0 mol precursor loading. 

Notably, [18F]8 was furnished in 49%  6% RCY when using only 0.62 mol precursor.  

 A critical motif utilized for noninvasive PET imaging of angiogenesis is the RGD sequence 

and numerous peptide-based analogues have demonstrated value, including clinical benefit.46, 47 

The Au(III)-mediated 18F-thioarylation of peptides containing the RGD sequence was successfully 

executed to provide peptide conjugates [18F]5.9 and [18F]5.10 in 72%  11% and 94%  5% RCY, 

respectively. In addition, synthesis of an 18F-labeled -amyloid peptide fragment48 was 

successfully accomplished, using 4 mol peptide precursor, to afford [18F]fluoroaryl conjugate 

[18F]5.11 in 77%  10% RCY. Finally, the protocol was applied to sugar-based substrates to assess 

compatibility with alternative thiol-containing constructs containing free alcohols. Thio--D-

glucose and thio--D-galactose underwent efficient [18F]fluoroarylation in MeCN/H2O (1/1) in 

93%  8% and 88%  11% RCY, respectively. 
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 Cyclodextrin-based polymers have been used as carrier systems for chemotherapeutics or 

small molecule drugs and their unique properties, such as enhanced solubility, improved 

pharmacokinetics and increased efficacy compared to the small molecules, have garnered interest 

towards utility in biomedical imaging applications.49-51 For example, a cyclodextrin polymer-based 

nanoparticle containing the chemotherapeutic camptothecin was labeled with 64Cu and imaged in 

tumor-bearing mice to noninvasively determine multi-organ pharmacokinetics, whole-body 

biodistribution and tumor localization.52 Limited examples of 18F-labeled -cyclodextrins in the 

literature prompted us to investigate our protocol for radiofluorination of the cyclic 

oligosaccharides. The Au(III)-mediated 18F-thioarylation was performed with 4 mol of a 

monothiolated -cyclodextrin precursor to furnish construct [18F]5.14 in 90%  5% RCY.  

 To evaluate the practicality of our approach, S-aryl glutathione conjugate [18F]5.7 was 

synthesized from using 6-8 mCi of [18F]5.1 and subjected to HPLC purification which afforded 

isolated [18F]5.7 in 23%  5% activity yield (non-decay-corrected, n=3) with a molar activity of 

2.9  1.8 Ci·mol-1 (108  68 GBq·mol-1). ICP-OES analysis revealed that the purified product 

contained 44  7 ppb of Au (n=3), which is well below the acceptable limit for human injection.53 

The focus of this work is the design, optimization and efficient construction of a novel AuIII-

[18F]fluoroaryl complex for the 18F-labeling of unprotected peptides and sugars. Future work is 

directly aimed at automating the full protocol and conducting PET imaging studies with a labeled 

peptide in preclinical mouse models. 
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Figure 5.2. 18F-Labeling of peptides via AuIII-mediated S-arylation. Reaction conditions: substrate 
(5 mg), [18F]5.1 (0.5 – 2.0 mCi), Tris buffer pH 8.0 (750 L), MeOH (250 L), 35 C, 15 min. 
Radiochemical purity (RCP) was calculated by dividing the integrated area of the 18F-labeled 
product peak by the total integrated area of all 18F-labeled peaks, as determined by radio-HPLC. 
The decay-corrected radiochemical yield (RCY) was calculated by dividing final activity of the 
labeled product by starting [18F]5.1 activity, multiplied by the RCP. Identity of each labeled 
product was confirmed by co-injection with the 19F-reference standard. aSubstrate (3 mol). 
bSubstrate (0.62 mol), Tris buffer pH 8.0 (562 L), MeOH (188 L). cMeCN (500 L), H2O (500 
L). 
 

5.4. Conclusions 

 In summary, we report a robust Au(III)-[18F]fluoroaryl reagent [18F]5.1 for the 18F-labeling 

of thiol-containing substrates via S-arylation in aqueous media. To our knowledge, this is the first 

Au-mediated 18F-labeling methodology of unprotected peptides and thiol-containing constructs. 

The practical advantages of our method are highlighted by the mild reaction conditions, broad 

substrate scope and rapid reaction kinetics. The oxidative addition complex [18F]5.1 was rapidly 

generated in 10 min and directly used to furnish 18F-labeled conjugates in excellent 

chemoselectivity and high molar activity in 15 min. The protocol was applied to a diverse range 

of thiol-containing substrates, including unprotected peptides, and could achieve RCYs up to 97% 

using sub micromolar peptide loading. This work expands on the growing space of organometallic 

reagents that are applied towards radiochemical modifications which demand rapid reaction rates. 

We anticipate the availability of [18F]5.1 will further advance the accessible radiolabeling space 

for biomedical imaging applications.  
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5.5. Experimental Section 

 Materials and Methods 

All chemicals and reagents were purchased from commercial sources and used without further 

purification. (Me-DalPhos)AuCl was purchased from Sigma Aldrich and 4-fluoroiodobenzene was 

purchased from Strem Chemicals and both were used as received. AgSbF6 (Sigma Aldrich) was 

stored under an inert atmosphere of purified N2 in a Vacuum Atmospheres NexGen glovebox prior 

to use. [(Me-DalPhos)Au(4-fluorobenzene)Cl][SbF6] was prepared according to a previously 

reported procedure.35 The c(Arg-Gly-Asp-Phe-Cys) peptide was purchased from Bachem 

Americas Inc. and the amyloid-β fragment H-Gly-Cys-Gly-Lys-Lys-Gly-Met-Val-Gly-Gly-Val-

Val-OH was purchased from Biopeptek Pharmaceutricals LLC. and both were used as received. 

All other peptides were synthesized via solid-phase peptide synthesis as described in Section 5.5.2. 

All deuterated solvents were obtained from Cambridge Isotope Laboratories and used as received. 

Unless otherwise noted, reactions were carried out in oven-dried glassware using commercially 

available anhydrous solvents. Solvents used for extractions and chromatography were not 

anhydrous. Reactions and chromatography fractions were analyzed by thin-layer chromatography 

(TLC) using Merck precoated silica gel 60 F254 glass plates (250 μm) and visualized by ultraviolet 

irradiation or by staining with permanganate solution. Flash column chromatography was 

performed using E. Merck silica gel 60 (230−400 mesh) with compressed air.  

 

For the preparation of 19F reference standards (peptides, sugars, cyclodextrin): All manipulations 

were performed under open atmosphere conditions in a fume hood unless otherwise indicated. 

Solvents (dichloromethane (DCM), acetonitrile (MeCN), dimethylformamide (DMF), diethyl 

ether (Et2O), trifluoroacetic acid (TFA), 4-methylpiperidine, Milli-Q H2O) were used as received 
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without further purification unless otherwise specified. L-glutathione (reduced) was purchased 

from Sigma Aldrich and stored at -20 °C prior to use. Na[1-thio-β-D-glucose] (Sigma Aldrich), 

Na[1-thio-β-D-galactose] (ChemImpex International), mono-(6-mercapto-6-deoxy)-β-

cyclodextrin (Zhiyuan Biotechnology), and triisopropylsilane (TIPS, Strem Chemicals) were used 

as received and stored at -20 °C prior to use. 1-Hydroxy-7-azabenzotriazole solution (HOAt, 0.6 

M in DMF), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU), N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTU), Fmoc-rink amide resin (0.7-0.9 mmol/g, 70-90 mesh), Fmoc-L-

Arg(Pbf)-OH, Fmoc-L-Ala-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Gly-OH, Fmoc-L-Asp(OtBu)-

OH, Fmoc-L-Lys(Boc)-OH, and Fmoc-L-Thr were purchased from ChemImpex International and 

stored at 4 °C prior to use. Aqueous solutions of Tris (tris(hydroxymethyl)aminomethane) buffer 

were prepared by dissolution of Tris•HCl (Sigma Aldrich) in Milli-Q water and adjusted to the 

indicated pH with an aqueous solution of NaOH (1 M).  

 

NMR spectra were recorded on a Bruker ARX 400 (400 MHz for 1H; 100 MHz for 13C, 376 MHz 

for 19F) or a Bruker ARX 500 (500 MHz for 1H; 126 MHz for 13C, 471 MHz for 19F) spectrometer. 

Chemical shifts are reported in parts per million (ppm, δ) using the residual solvent peak as the 

reference. The coupling constants, J, are reported in Hertz (Hz), and the multiplicity identified as 

the following: br (broad), s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet). High-

resolution electrospray mass spectrometry (ESI-HRMS) data were acquired with a Thermo 

Scientific™ Q-Exactive Plus Spectrometer with a quadrupole mass filter and Orbitrap mass 

analyzer. For some samples, high-resolution mass spectra were obtained on a Thermo ScientificTM 

Exactive Mass Spectrometer with DART ID-CUBE, an Agilent 1260 Infinity 6530 Q-TOF ESI 
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instrument using an Agilent ZORBAX 300SB-C18 column (2.1 × 150 mm, 5 µm), or on a Waters 

LCT-Premier XE Time of Flight Instrument controlled by MassLynx 4.1 software (Waters 

Corporation, Milford MA). The instrument was equipped with the Multi Mode Ionization source 

operated in the electrospray mode. A solution of Leucine Enkephalin (Sigma Chemical, L9133) 

was used in the Lock-Spray to obtain accurate mass measurements. Samples were infused using 

direct loop injection on a Waters Acquity UPLC system. Fluorine-19 reference standards were 

synthesized from the peptide precursors and high-performance liquid chromatography (HPLC) 

purification of the arylated bioconjugates were performed on an Agilent Technologies 1260 

Infinity II HPLC instrument equipped with a Variable Wavelength Detector (VWD, 254, 214 nm) 

and using an Agilent ZORBAX SB-C18 (9.4 × 250 mm, 5 µm) reversed-phase column. 

 

Gold ICP-OES analysis was conducted using an Agilent 5110 ICP-OES (inductively coupled 

plasma-optical emission spectrometer). Volumetric glassware (pipets and flasks) was used to 

create a dilution series of aqueous Au standards. A Sigma-Aldrich 1000 ppm (Lot value: 999 ppm 

± 2 ppm, 5% w/w HCl) Gold Standard for ICP was used as a stock solution to create standards of 

concentrations 100 ppm, 10 ppm, 1 ppm, and 100 ppb. The subsequent calibration curve was 

generated for each standard by integrating the signal corresponding to the characteristic Au 

emission (242.79 nm). 
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 Experimental Procedure and Characterization Data 

5.5.2.1. Preparations of iodonium ylide precursor 

I

I

HO OTs

O

O

O

O

KOH (dry),

CH2Cl2
23 °C, 4 h

37%

I

I

O

OO

O

5.15

5.16

5.3

 

[Hydroxy(tosyloxy)iodo]-4-iodobenzene 5.15 and 6,10-Dioxaspiro[4.5]decane-7,9-dione 5.16 

were synthesized according to literature procedure.43, 44 The 1H and 13C NMR spectroscopic data 

were consistent with previously reported values. To a slurry of [hydroxy(tosyloxy)iodo]-4-

iodobenzene 5.15 (486 mg, 0.94 mmol) and dione 5.16 (173 mg, 1.02 mmol) in dichloromethane 

(10 mL) was added dry KOH (400 mg, 7.13 mmol). The slurry was stirred at 23 °C for 4 h and the 

mixture was filtered over celite and concentrated. The crude solid was triturated in hexanes and 

sonicated in a 0 °C water bath. The mixture was allowed to stand at 4 °C for 20 h and the solids 

filtered to yield iodonium ylide 5.3 (170.7 mg, 0.35 mmol, 37% yield) as a light-yellow powder, 

which was used without further purification.  

 

1H NMR (500 MHz, DMSO-d6, δ): 7.82 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 8.5 Hz, 2H), 2.00-1.97 

(m, 4H), 1.70-1.67 (m, 4H) ppm. 

13C NMR (125 MHz, DMSO-d6, δ): 164.0, 140.1, 134.7, 116.2, 112.7, 98.5, 59.3, 37.3, 23.2 ppm. 

Mass Spec m/z: calc’d for [M+H]+ for C14H13I2O4 498.89034; found 498.88911 

 

5.5.2.2. Preparations of peptides 5.17 and 5.18 

General Procedure for Solid-Phase Peptide Synthesis 

Resin preparation:  
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Rink amide resin (1 g, 0.7-0.9 mmol/g) was suspended in a 50/50 (v/v) mixture of DCM/DMF (10 

mL) and the suspension was allowed to stir for 1 h to allow the resin to adequately swell. The 

suspension was subsequently transferred to a coarse-porosity fritted-25 mL peptide synthesis 

vessel and the resin was washed with DMF (3 × 10 mL), DCM (3 × 10 mL), and DMF (3 × 10 

mL). 

 

Resin deprotection: 

A 4-methylpiperidine/DMF (20:80, v/v, 10-15 mL) solution was transferred to the vessel, and the 

suspension was shaken for 20 min. The solution was removed from the vessel, and the resin was 

washed with DMF (10 mL). To the vessel was added a fresh solution of 4-methylpiperidine/DMF 

(20:80, v/v, 10-15 mL), and the vessel was shaken for an additional 5 min. The solution was 

removed, and the resin was washed with DMF (3 × 10 mL). 

 

Amino acid coupling: 

To a DMF (10 mL) solution of each amino acid (3 equiv with respect to resin) and HBTU (2.9 

equiv with respect to resin) was added N,N-diisopropylethylamine (6 equiv with respect to resin), 

and the mixture was allowed to stir for 1 min and then transferred to the vessel containing the 

resin. The vessel was shaken for 45 min, after which the solution was removed, and the resin was 

thoroughly washed with DMF (3 × 10 mL). The deprotection procedure (vide infra) was performed 

following each amino acid coupling step.  
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Cysteine coupling only: 

Coupling was performed following a method adapted from the literature to minimize the 

occurrence of cysteine racemization.54 To a DCM/DMF (50:50, v/v, 12 mL) solution of cysteine 

(3 equiv with respect to resin), HATU (4 equiv with respect to resin), and HOAt (0.6 M in DMF, 

4 equiv with respect to resin) was added 2,4,6-trimethylpyridine (4 equiv with respect to resin), 

and the mixture was quickly transferred to the vessel. The mixture was shaken for 1 h, after which 

the resin was thoroughly washed with DMF (5 × 10 mL). 

 

Amino acid deprotection: 

After each coupling procedure, a solution of 4-methylpiperidine/DMF (20:80, v/v, 10-15 mL) was 

transferred to the vessel and the vessel was shaken for 10 min, at which point the solution was 

removed, and the resin was washed with DMF (10 mL). To the vessel was transferred a solution 

of 4-methylpiperidine/DMF (20:80, v/v, 10-15 mL), and the vessel was shaken for an additional 5 

min. The solution was removed, and the resin was then thoroughly washed with DMF (3 × 10 mL). 

 

Peptide cleavage from resin: 

After deprotection of the final amino acid residue, the resin was washed with DCM (3 × 10 mL), 

and then transferred to a 50 mL round bottom flask. A light stream of N2 was flowed over the resin 

for 5 min to evaporate residual DCM. To the dry resin was added a cleavage cocktail consisting 

of a 95:2.5:2.5 (v/v/v) mixture of TFA:H2O:TIPS. The slurry was stirred under an atmosphere of 

N2 for 3-4 h (cleavage time is dependent on the amino acid composition). The suspension was then 

transferred back to the peptide vessel, and the solution was filtered away from the resin. The 

resulting filtrate was transferred to a 50 mL conical tube and concentrated under a stream of N2 to 
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a final volume of ca. 5 mL. To this solution was added cold (-20 °C) Et2O (40 mL), resulting in 

the precipitation of the crude peptide. The suspension was centrifuged (2,500 × g, 5 min), and the 

supernatant was removed and discarded. To the tube containing the solids was added Et2O (40 

mL), and the tube was sonicated (5 min) to suspend the crude peptide. The suspension was 

centrifuged (2,500 × g, 5 min), the supernatant was decanted, and the crude peptide was dried 

under reduced pressure and stored at -20 °C prior to purification.  

 

Purification: 

The crude product was purified by reversed-phase HPLC using an Agilent Technologies 1260 

Infinity II HPLC instrument equipped with a Variable Wavelength Detector (VWD, 254, 214 nm) 

and using an Agilent ZORBAX SB-C18 reversed-phase column (9.4 × 250 mm, 5 µm). The HPLC 

method was run with gradient elution consisting of a mobile phase composed of H2O (spiked with 

0.1% (v/v) TFA, solvent A) and MeCN (spiked with 0.1% (v/v) TFA, solvent B) solutions and 

with a flow rate of 3 mL/min using the specific solvent gradient as indicated. The fractions 

containing the pure product were combined and the solvent was lyophilized to afford the purified 

peptide, which was stored at -20 °C prior to use. 

 

H-Cys-Arg-Gly-Asp-NH2 (5.17) 

The general method for solid-phase peptide synthesis was performed, and the following solvent 

gradient was used for HPLC purification: 0–15 min, A (100%); 15–35 min, A (100–60%) : B (0–

40%); 35–40 min, A (60–0%) : B (40–100%); 40–44 min, B (100%). The fractions containing the 

pure product were combined and the solvent was lyophilized to afford the purified peptide, which 

was stored at -20 °C prior to use.  
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Figure 5.3. LC-MS data of H-Cys-Arg-Gly-Asp-NH2 (5.17). 

 

H-Asp-Arg-Lys-Cys-Ala-Thr-NH2 (5.18) 

The general method for solid-phase peptide synthesis was performed, and the following solvent 

gradient was used for HPLC purification: 0–10 min, A (100%); 10–55 min, A (100–60%) : B (0–

40%); 55–65 min, A (60–0%) : B (40–100%); 65–70 min, B (100%). The fractions containing the 

pure product were combined and the solvent was lyophilized to afford the purified peptide, which 

was stored at -20 °C prior to use. 

 

 

Figure 5.4. LC-MS data of H-Asp-Arg-Lys-Cys-Ala-Thr-NH2 (5.18). 
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 Preparation of 19F-Fluorinated Reference Standards 

General Procedure for Peptide Thiol Arylation 

To a cooled (-20 °C) DCM solution (0.75 mL) containing (Me-DalPhos)AuCl (3 equiv with respect 

to peptide) and 4-fluoroiodobenzene (15 equiv with respect to peptide), was added a cooled (-20 

°C) DCM solution (0.75 mL) of AgSbF6 (3 equiv with respect to peptide) under protection from 

light. The reaction mixture immediately changed color from colorless to bright yellow concomitant 

with the precipitation of yellow precipitate. The reaction mixture was filtered through a pad of 

Celite to remove liberated AgI, and the resulting bright yellow filtrate was dried under reduced 

pressure to yield the crude [(Me-DalPhos)Au(4-fluorobenzene)Cl][SbF6] salt as a yellow residue. 

The crude product was dissolved in MeCN (1 mL) and added to an aqueous Tris-buffered solution 

(1 mL, 200 mM, pH 7) of the peptide at ambient temperature. Pale yellow solids immediately 

precipitated from the reaction mixture upon addition, and the resulting pale-yellow suspension was 

vortexed to ensure efficient mixing, and then allowed to stand for a total of 5 min. All volatiles 

were removed from the reaction mixture, and then the crude product was purified by reversed-

phase HPLC using an Agilent Technologies 1260 Infinity II HPLC instrument equipped with a 

Variable Wavelength Detector (VWD, 254, 214 nm) and using an Agilent ZORBAX SB-C18 

reversed-phase column (9.4 × 250 mm, 5 µm). Gradient elution consisted of a mobile phase 

composed of H2O (with 0.1% (v/v) TFA, solvent A) and MeCN (with 0.1% (v/v) TFA, solvent B) 

solutions and with a flow rate of 3 mL/min using the specific solvent gradient as indicated. The 

fractions containing the pure product were combined and the solvent was lyophilized to afford the 

arylated bioconjugates as powders. 
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L-Glutathione S-(4-fluorophenyl) (5.7) 

The general procedure for peptide thiol arylation was followed using (Me-DalPhos)AuCl (26 mg, 

0.039 mmol, 2.0 equiv), AgSbF6 (13 mg, 0.039 mmol, 2.0 equiv), p-fluoroiodobenzene (22 µL, 

0.19 mmol, 10 equiv), and L-glutathione (6 mg, 0.02 mmol, 1 equiv). Yield: 4 mg, 0.01 mmol, 

50%. The following solvent gradient was used for HPLC purification: 0–5 min, A (100%); 5–65 

min, A (100–60%) : B (0–40%); 65–75 min, A (60–0%) : B (40–100%). 

 

 

Figure 5.5. LC-MS data of L-glutathione S-(4-fluorophenyl) 5.7. 

 

H-Asp-Arg-Lys-Cys(4-fluorophenyl)-Ala-Thr-NH2 (5.8) 

The general procedure for peptide thiol arylation was followed using (Me-DalPhos)AuCl (17 mg, 

0.026 mmol, 2.0 equiv), AgSbF6 (9 mg, 0.03 mmol, 3 equiv), p-fluoroiodobenzene (15 µL, 0.13 

mmol, 15 equiv), and H-Asp-Arg-Lys-Cys-Ala-Thr-NH2 (5.17) (6 mg, 0.009 mmol, 1 equiv). 

Yield: 3 mg, 0.004 mmol, 42%. The following solvent gradient was used for HPLC purification: 

0–5 min, A (100%); 5–45 min, A (100–60%) : B (0–40%); 45–60 min, A (60–0%) : B (40–100%). 

The fractions containing the pure product were combined and the solvent was lyophilized to afford 

the purified peptide, which was stored at -20 °C prior to use. 
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Figure 5.6. LC-MS data of H-Asp-Arg-Lys-Cys(4-fluorophenyl)-Ala-Thr-NH2 5.8. 

 

H-Cys(4-fluorophenyl)-Arg-Gly-Asp-NH2 (5.9) 

The general procedure for peptide thiol arylation was followed using (Me-DalPhos)AuCl (22 mg, 

0.034 mmol, 2.0 equiv), AgSbF6 (12 mg, 0.034 mmol, 2.0 equiv), p-fluoroiodobenzene (20 µL, 

0.17 mmol, 10 equiv), and H-Cys-Arg-Gly-Asp-NH2 (5.18) (8 mg, 0.02 mmol, 1 equiv). Yield: 5 

mg, 0.009 mmol, 47%. The following solvent gradient was used for HPLC purification: 0–5 min, 

A (100%); 5–40 min, A (100–60%) : B (0–40%); 40–60 min, A (60–0%) : B (40–100%). The 

fractions containing the pure product were combined and the solvent was lyophilized to afford the 

purified peptide, which was stored at -20 °C prior to use. 

 

 

Figure 5.7. LC-MS data of H-Cys(4-fluorophenyl)-Arg-Gly-Asp-NH2 5.9. 
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c(Arg-Gly-Asp-Phe-Cys(4-fluorophenyl)) (5.10) 

The general procedure for peptide thiol arylation was followed using (Me-DalPhos)AuCl (10 mg, 

0.016 mmol, 3.0 equiv), AgSbF6 (5 mg, 0.02 mmol, 3 equiv), p-fluoroiodobenzene (9 µL, 0.08 

mmol, 15 equiv), and c(Arg-Gly-Asp-Phe-Cys) (3 mg, 0.005 mmol, 1 equiv). Yield: 2 mg, 0.003 

mmol, 59%. The following solvent gradient was used for HPLC purification: 0–5 min, A (100%); 

5–40 min, A (100–60%) : B (0–40%); 40–60 min, A (60–0%) : B (40–100%). 

 

 

Figure 5.8. LC-MS data of c(Arg-Gly-Asp-Phe-Cys(4-fluorophenyl)) 5.10. 

 

Amyloid-β fragment H-Gly-Cys(4-fluorophenyl)-Gly-Lys-Lys-Gly-Met-Val-Gly-Gly-Val-

Val-OH (5.11) 

The general procedure for peptide thiol arylation was followed using (Me-DalPhos)AuCl (11 mg, 

0.016 mmol, 3.0 equiv), AgSbF6 (5 mg, 0.02 mmol, 3 equiv), p-fluoroiodobenzene (9 µL, 0.08 

mmol, 15 equiv), and H-Gly-Cys-Gly-Lys-Lys-Gly-Met-Val-Gly-Gly-Val-Val-OH (6 mg, 0.005 

mmol, 1 equiv). Yield: 4 mg, 0.003 mmol, 67%. The following solvent gradient was used for 

HPLC purification: 0–5 min, A (100%); 5–45 min, A (100–60%) : B (0–40%); 45–65 min, A (60–

0%) : B (40–100%). 
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Figure 5.9. LC-MS data of H-Gly-Cys(4-fluorophenyl)-Gly-Lys-Lys-Gly-Met-Val-Gly-Gly-Val-

Val-OH 5.11. 

 

β-D-Glucose S-(4-fluorophenyl) (5.12) 

 

To a cooled (-20 °C) DCM solution (0.75 mL) containing (Me-DalPhos)AuCl (21 mg, 0.032 

mmol, 1.0 equiv) and p-fluoroiodobenzene (18 µL, 0.16 mmol, 5.0 equiv) was added a cooled (-

20 °C) DCM solution (0.75 mL) of AgSbF6 (11 mg, 0.032 mmol, 1.0 equiv) under protection from 

light. The reaction mixture immediately changed color from colorless to bright yellow concomitant 

with the precipitation of yellow precipitate. The reaction mixture was filtered through a pad of 

Celite to remove liberated AgI, and the resulting bright yellow filtrate was dried under reduced 

pressure to yield the crude [(Me-DalPhos)Au(4-fluorobenzene)Cl][SbF6] salt as a yellow residue. 

To a solution of Na[1-thio-β-D-glucose] (7 mg, 0.03 mmol, 1 equiv) in H2O (1 mL) was added a 

solution of the crude [(Me-DalPhos)Au(4-fluorobenzene)Cl][SbF6] salt in MeCN (1 mL) at 25 °C. 

Pale yellow solids precipitated from the reaction mixture immediately upon addition, and the 
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resulting suspension was sonicated for 15 min at 25 °C, and then all volatiles were removed from 

the resulting colorless suspension under reduced pressure. To the solid residue was added H2O (2 

mL), resulting in a colorless suspension. The suspension was centrifuged (2,200 × g, 5 min), and 

the supernatant was removed and filtered through a 0.45 µm PTFE filter. The H2O was lyophilized 

to afford the S-aryl conjugate 5.12 (6 mg, 0.02 mmol, 69% yield) as a colorless powder.  

 

1H NMR (400 MHz, D2O, 25 °C, δ): 7.59 (dd, J = 8.0, 8.0 Hz, 2H), 7.14 (t, J = 8.0 Hz, 2H), 4.68 

(d, J = 12.0 Hz, 1H), 3.87 (d, J = 12.0 Hz, 1H), 3.70 (dd, J = 12.0, 8.0 Hz, 1H), 3.49-3.30 (m, 3H), 

3.28 (t, J = 8.0 Hz, 1H) ppm. 

13C NMR (125 MHz, D2O, 25 °C, δ): 162.6 (d, J = 243.8 Hz), 134.6 (d, J = 8.8 Hz), 126.5 (d, J = 

2.5 Hz), 116.0 (d, J = 21.3 Hz), 87.4, 79.7, 77.0, 71.4, 69.2, 60.6 ppm. 

19F NMR (376 MHz, D2O, 25 °C, δ): -113.88 ppm. 

HRMS: m/z [M+Na]+ Calc’d for C12H15FO5SNa 313.0522; Found 313.0522. 

 

β-D-Galactose S-(4-fluorophenyl) (5.13) 

 

To a cooled (-20 °C) DCM solution (0.75 mL) containing (Me-DalPhos)AuCl (21 mg, 0.032 

mmol, 1.0 equiv) and p-fluoroiodobenzene (18 µL, 0.16 mmol, 5.0 equiv) was added a cooled (-

20 °C) DCM solution (0.75 mL) of AgSbF6 (11 mg, 0.032 mmol, 1.0 equiv) under protection from 

light. The reaction mixture immediately changed color from colorless to bright yellow concomitant 

with the precipitation of yellow precipitate. The reaction mixture was filtered through a pad of 

Celite to remove liberated AgI, and the resulting bright yellow filtrate was dried under reduced 

pressure to yield the crude [(Me-DalPhos)Au(4-fluorobenzene)Cl][SbF6] salt as a yellow residue. 
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To a solution of Na[1-thio-β-D-galactose] (7 mg, 0.03 mmol, 1 equiv) in H2O (1 mL) was added 

a solution of the crude [(Me-DalPhos)Au(4-fluorobenzene)Cl][SbF6] salt in MeCN (1 mL) at 25 

°C. Pale yellow solids precipitated from the reaction mixture immediately upon addition, and the 

resulting suspension was sonicated for 15 min at 25 °C, and then all volatiles were removed from 

the resulting colorless suspension under reduced pressure. To the solid residue was added H2O (2 

mL), resulting in a colorless suspension. The suspension was centrifuged (2,200 × g, 5 min), and 

the supernatant was removed and filtered through a 0.45 µm PTFE filter. The H2O was lyophilized 

to afford the S-aryl conjugate 13 (4 mg, 0.01 mmol, 46% yield) as a colorless powder. 

 

1H NMR (400 MHz, D2O, 25 °C, δ): 7.59 (dd, J = 8.0, 4.0 Hz, 2H), 7.13 (t, J = 8.0 Hz, 2H), 4.66 

(d, J = 12.0 Hz, 1H), 3.96 (d, J = 4.0 Hz, 1H), 3.76-3.64 (m, 4H), 3.57 (dd, J = 8.0, 8.0 Hz, 1H) 

ppm. 

13C NMR (125 MHz, D2O, 25 °C, δ): 162.4 (d, J = 243.8 Hz), 134.1 (d, J = 7.5 Hz), 127.2 (d, J = 

2.5 Hz), 116.0 (d, J = 22.5 Hz), 88.3, 78.8, 73.8, 69.0, 68.5, 60.8 ppm. 

19F NMR (376 MHz, D2O, 25 °C, δ): -114.26 ppm. 

HRMS m/z [M+Na]+ Calc’d for C12H15FO5SNa 313.0522; Found 313.0522. 
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Mono-(6-S-(4-fluorophenyl)-6-deoxy)-β-cyclodextrin (5.14) 

 

To a cooled (-20 °C) DCM solution (0.75 mL) containing (Me-DalPhos)AuCl (9 mg, 0.01 mmol, 

1 equiv) and 4-fluoroiodobenzene (8 µL, 0.07 mmol, 5 equiv) was added a cooled (-20 °C) DCM 

solution (0.75 mL) of AgSbF6 (5 mg, 0.01 mmol, 1 equiv) under protection from light. The reaction 

mixture immediately changed from colorless to bright yellow concomitant with the precipitation 

of yellow precipitate. The reaction mixture was filtered through a pad of Celite to remove liberated 

AgI, and the resulting bright yellow filtrate was dried under reduced pressure to yield the crude 

[(Me-DalPhos)Au(4-fluorobenzene)Cl][SbF6] salt as a yellow residue. To a solution of mono-(6-

mercapto-6-deoxy)-β-cyclodextrin (15 mg, 0.013 mmol, 1.0 equiv) and K3PO4 (8 mg, 0.04 mmol, 

3 equiv) in H2O (1 mL) was added a solution of the crude [(Me-DalPhos)Au(4-

fluorobenzene)Cl][SbF6] salt in MeCN (1 mL) at 25 °C. Pale yellow solids precipitated from the 

reaction mixture immediately upon addition, and the resulting suspension was sonicated for 15 

min at 25 °C, and then all volatiles were removed from the resulting colorless suspension under 

reduced pressure. To the solid residue was added H2O (4.5 mL), resulting in a colorless suspension. 

The suspension was sonicated (5 min), and then centrifuged (2,200 × g, 5 min), and the supernatant 

was removed and filtered through a 0.45 µm PTFE filter into a Pall Microsep™ Advance 1K 
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Omega Centrifugal Filter sample reservoir. The device was capped and centrifuged for 75 min at 

7,500 × g. The device was then removed from the centrifuge, the solution in the filtrate receiver 

tube removed, and H2O (5 mL) was added to the reservoir containing the aqueous solution of the 

product. This process was repeated twice more for a total of three centrifuge cycles. After the third 

cycle, the solution in the sample reservoir (ca. 0.5 mL) was removed, transferred to a 15 mL conical 

tube, and the H2O was lyophilized overnight to afford the S-aryl conjugate 5.14 (8 mg, 0.006 mmol, 

49% yield) as a colorless powder. 

 

1H NMR (400 MHz, D2O, 25 °C, δ): 7.53 (dd, J = 8.5, 5.5 Hz, 2H), 7.13 (t, J = 8.8 Hz, 2H), 5.14-

4.99 (m, 7H), 3.93-3.40 (m, 37H) ppm.  

13C NMR (125 MHz, D2O, 25 °C, δ): 164.7 (d, J = 371.3 Hz), 129.3, 125.3, 115.9 (d, J = 21.3 

Hz), 101.8, 81.1, 73.7, 73.3, 73.3, 73.1, 72.8, 72.2, 72.1, 72.0, 71.9, 71.8, 71.8, 71.4, 60.1, 59.8 

ppm. 

19F NMR (376 MHz, D2O, 25 °C, δ): -113.41 ppm. 

HRMS m/z [M+H]+ Calc’d for C48H73FO34S 1245.3688; Found 1245.3766. 

 

 Radiochemistry 

5.5.4.1. General materials and methods 

No-carrier-added [18F]fluoride was produced by the 18O(p,n)18F nuclear reaction in a Siemens 

RDS-112 cyclotron at 11 MeV using a 1 mL tantalum target with havar foil. Unless otherwise 

stated, reagents and solvents were commercially available and used without further purification. 

(Me-DalPhos)AuCl was purchased from Sigma Aldrich and 4-fluoroiodobenzene was purchased 

from Frontier Scientific and both were used as received. HPLC grade acetonitrile and 
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trifluoroacetic acid were purchased from Fisher Scientific. DI water was obtained from a Water 

Purification System. Anhydrous dimethylformamide was purchased from Acros Organics and 

used as received. Reaction glass vials were purchased from Chemglass. Sep-Pak tC18 plus short 

cartridges (Part No. WAT036810) were purchased from Waters Corporation. Pre-conditioned Sep-

Pak® Light QMA cartridges (Part No. K-920) were purchased from ABX advanced biochemical 

compounds GmbH. Radio-TLCs were analyzed using a miniGITA* TLC scanner. HPLC 

purifications were performed on a Knauer Smartline HPLC system with inline Knauer UV (254 

nm) detector and gamma-radiation coincidence detector and counter (Bioscan Inc.). Semi-

preparative HPLC was performed using Phenomenex reverse-phase Luna column (10 × 250 mm, 

5 μm). Final purity and identity of compounds were determined by analytical HPLC analysis 

performed with a Phenomenex reverse-phase Luna column (4.6 × 250 mm, 5 μm). All 

chromatograms were collected by a GinaStar (Raytest) analog to digital converter and GinaStar 

software. 

 

HPLC Eluents 

Eluent A 

 Solvent A = H2O + 0.1% TFA, Solvent B = MeCN + 0.1% TFA, Flow rate = 1.5 mL/min 

 0 – 2 min = 95% A 

 2 – 5 min = 95% A to 60% A 

 5 – 20 min = 60% A to 5% A 

 20+ min = 5% A 
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Eluent B 

 Solvent A = H2O + 0.1% TFA, Solvent B = MeCN + 0.1% TFA, Flow rate = 4 mL/min 

 0 – 15 min = 95% to 30% A 

 15 – 30 min = 30 to 5% A 

 30+ min = 5% A 

 

Eluent C 

 Solvent A = H2O + 0.1% TFA, Solvent B = MeCN + 0.1% TFA, Flow rate = 1 mL/min 

 0 – 30 = 80% A  

 

Eluent D 

 Solvent A = H2O + 0.1% TFA, Solvent B = MeCN + 0.1% TFA 

 0 – 5 min = 95% A; 2 mL/min to 95% A; 3 mL/min 

 5 – 30 min = 95% A; 3 mL/min to 60% A; 3 mL/min 

 30 – 50 min = 60% A; 3 mL/min 

 50 – 60 min = 60% A; 3 mL/min to 5% A; 3 mL/min 

 

Cartridge Preconditioning: 

Sep-Pak tC18 plus short cartridges were preconditioned by sequentially pushing absolute ethanol 

(5 mL) and H2O (10 mL) through the cartridge. QMA cartridges were used as received, without 

further preconditioning. 
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5.5.4.2. Preparation of 4-[18F]fluoroiodobenzene [18F]5.2 

 

4-[18F]Fluoroiodobenzene [18F]5.2 was prepared via a spirocyclic hypervalent iodine(III)-

mediated radiofluorination methodology.41 Radiofluorination of iodonium ylide 5.3 was 

performed on an ELIXYS automated radiosynthesizer (Sofie Biosciences). [18F]Fluoride was 

delivered to the ELIXYS in [18O]H2O (1 mL) via nitrogen gas push and trapped onto a QMA 

anion-exchange cartridge to remove the [18O]H2O. Trapped [18F]fluoride was subsequently eluted 

into the reaction vial using a solution of Et4NHCO3 (4.8 – 5.2 mg, 25 – 27 μmol) in acetonitrile 

and water (1.2 mL, 9:3 v:v). The vial contents were evaporated by heating the vial to 110 °C while 

applying a vacuum for 5 min, with stirring. Acetonitrile (1.2 mL) was passed through the QMA 

cartridge to wash remaining activity into the reaction vial. The combined contents in the reaction 

vial were dried by azeotropic distillation (heating to 110 °C while applying a vacuum, with stirring) 

for 5 min. Anhydrous acetonitrile (1.2 mL) was directly added to the reaction vial and azeotropic 

distillation was repeated once more until dryness, 5 min. The reaction vial was cooled to 30 °C 

under nitrogen pressure. To the dry [18F]fluoride, freshly prepared* iodonium ylide 5.3 (5 mg, 10 

μmol) in anhydrous DMF (1.2 mL) was added and the contents were stirred at 120 °C for 20 min. 

The reaction mixture was cooled to 23 °C and quenched with H2O (3.8 mL). 

 

Note: The iodonium ylide 5.3 must be freshly prepared in solution. Rapid decomposition of the 

ylide precursor was observed when it was allowed to sit in solution for prolonged periods of time 

(1-2 h) which resulted in a significant decrease in radiochemical yield of 4-[18F]fluoroiodobenzene 
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[18F]5.2. See image below of precursor ylide 5.3 in DMSO-d6 at 23 °C, on the benchtop after 20 

min, 4 h and 24 h time periods. 

 

 

An aliquot of the crude reaction mixture was spotted on a silica gel coated TLC plate, developed 

in a glass chamber using EtOAc as the eluent and analyzed by radio-TLC using a miniGITA* TLC 

scanner. The radiochemical yield, RCYTLC, was calculated by dividing the integrated area of the 

18F-fluorinated product peak by the total integrated area of all peaks on the TLC and multiplying 

by 100 to convert to percentage units. Analytical HPLC was used to confirm product identity and 

purity via UV absorbance at 254 nm by coinjection with the 19F-reference standard. An aliquot of 

the crude reaction mixture was added to the 19F-reference standard (1 mg/mL) in methanol and the 

sample was injected into the analytical HPLC. 

 

The crude solution was injected into the semi-preparative HPLC for purification using Eluent B. 

The purified 4-[18F]fluoroiodobenzene [18F]5.2 was collected in a glass walled centrifuge tube (50 

mL) containing water (40 mL) and passed through a Sep-Pak tC18 plus short cartridge. The trapped 

20 
min 

4 h 
24 
h 
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4-[18F]fluoroiodobenzene [18F]5.2 was dried with pressurized nitrogen and subsequently eluted 

from the cartridge into a 20 mL borosilicate scintillation vial with DCM (2 mL). The isolated RCY 

was determined by measuring the final activity of the HPLC-purified 4-[18F]fluoroiodobenzene 

[18F]5.2 versus starting [18F]fluoride activity and is decay corrected. 

 

Table 5.3. Preparation of 4-[18F]fluoroiodobenzene [18F]5.2 

Entry 

Starting 

Activity 

(mCi) 

Isolated 

Activity 

after 

Purification 

(mCi) 

Synthesis 

Time 

(min)a 

RCYTLC 

(%)b 

Isolated 

RCY 

(%)c 

1 65.5 5.6 105 33 17 

2 45.5 6.7 95 44 27 

3 76.5 18.4 87 70 42 

4 79.6 12.4 84 59 27 

5 78.2 10.3 94 48 24 

6 74.6 16.5 98 70 41 

7 103.2 12.8 102 45 24 

8 72.5 17.4 83 53 41 

9 75.5 13.0 85 48 29 

10 94.0 12.0 94 32 23 

11 104.8 18.3 105 58 34 

12 107.7 11.5 94 45 19 

13 117.8 15.0 80 66 21 

14 177.5 20.2 92 43 20 

15 116.4 11.3 88 43 17 

16 125.8 16.4 85 47 22 

17 115.5 15.6 86 61 23 

18 139.3 16.1 87 47 20 

19 147.1 17.8 95 44 22 

20 144.3 22.1 89 40 27 

Mean ± SD   91 ± 7 50 ± 11 26 ± 8 
aCalculated as the time to obtain HPLC-purified 4-[18F]fluoroiodobenzene [18F]5.2 relative to 
aqueous [18F]fluoride; bRCYTLC was determined by radio-TLC analysis of the crude product; 
cIsolated RCY is decay corrected. 
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Figure 5.10. Analytical HPLC trace. Coinjection of purified 4-[18F]fluoroiodobenzene [18F]5.2 

(radio-HPLC trace = blue) with the authentic 19F reference standard (UV trace = orange) 

 

5.5.4.3. Preparation of [(Me-DalPhos)Au(4-[18F]fluorobenzeneCl][SbF6] [18F]5.1 

 

To a 1-dram scintillation vial with (Me-DalPhos)AuCl (6 mg, 9 µmol) was added 4-

[18F]fluoroiodobenzene [18F]5.2 (~500 μCi) in DCM (0.5 – 1.0 mL). The solution was stirred and 

a suspension of AgSbF6 (3 mg, 9 µmol) in DCM (0.5 – 1.0 mL) was added. The vial was sealed 

with a Teflon lined cap and heated at 55 °C in an aluminum heating block while stirring for 10 

min. The reaction mixture was allowed to cool to room temperature for 5 min. The cooled solution 

was filtered through Celite (Figure 5.11) to yield crude [18F]5.1 in DCM (1.5 mL). 

 

-20

0

20

40

60

80

100

120

140

160

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0 5 10 15 20

m
A

u

m
V

Time (min)

Radio-trace

UV-trace



 

267 

 

Figure 5.11. Picture of the homemade cartridge for filtration of AgI. A filter frit was added to a 

disposable polypropylene column. To it, was added Celite and another filter frit. The disposable 

column was fitted with luer-slip style adapter and the bottom was loosely taped to a reaction vial 

with a stir bar (not shown). The crude reaction suspension was transferred to the homemade 

cartridge using a needle and syringe. The solution was filtered through the Celite using air, pushed 

from a 10-mL syringe attached to the luer-slip adapter. The cartridge and tape were then removed 

to yield the filtrate in the reaction vial 

 

An aliquot of the crude reaction mixture was spotted on a silica gel coated TLC plate, developed 

in a glass chamber with EtOAc as the eluent and analyzed using a miniGITA* TLC scanner. The 

[18F]5.1 complex is highly polar and remains on the baseline of the TLC while the unreacted 4-

[18F]fluoroiodobenzene [18F]5.2 travels with the solvent front. Because all unreacted [18F]fluoride 

has been removed by HPLC purification, the baseline peak is presumed to be solely [18F]5.1. The 

RCYTLC was calculated by dividing the integrated area of the 18F-fluorinated product peak (on the 

baseline) by the total integrated area of all peaks on the radio-TLC and multiplying by 100 to 
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convert to percentage units. Analytical HPLC was used to confirm product identity and purity via 

UV absorbance at 254 nm by coinjection with the 19F-reference standard. 

 

Table 5.4. Preparation of Gold(III) complex [18F]5.1 

Entry 
RCYTLC (%)a 

(10 min) 

1 83 

2 94 

3 86 

4 100 

5 100 

6 95 

7 100 

8 100 

9 100 

Mean ± SD 95 ± 7 
aRCYTLC was determined by radio-TLC analysis of the crude product. 

 

 

Figure 5.12. Radio-TLC scan of crude [18F]5.1 (green) and unreacted [18F]-4-fluoroiodobenzene 

[18F]5.2 (red). TLC plate mobile phase = EtOAc. 
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Figure 5.13. Analytical HPLC trace. Coinjection of crude [18F]5.1 (radio-HPLC trace = blue) with 

the authentic 19F reference standard (UV trace = orange) 
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5.5.4.4. 18F-Oxidative addition optimization 

 

Table 5.5. Optimization of precious metal mass for oxidative additiona 

Entry 
Au(I) amountb 

mg 

AgSbF6 amountb 

mg 

RCYTLC 

(%)b 

RCYTLC (%) 

Mean ± SD 

(Count) 

1 10 (1.5 equiv) 5 (1.5 equiv) 18 

38 ± 27 

(n = 4) 

2 10 (1.5 equiv) 5 (1.5 equiv) 33 

3 10 (1.5 equiv) 5 (1.5 equiv) 22 

4 10 (1.5 equiv) 5 (1.5 equiv) 77 

5 8 (1.2 equiv) 4 (1.2 equiv) 55 

49 ± 15 

(n = 4) 

6 8 (1.2 equiv) 4 (1.2 equiv) 66 

7 8 (1.2 equiv) 4 (1.2 equiv) 33 

8 8 (1.2 equiv) 4 (1.2 equiv) 41 

9 6 (0.9 equiv) 3 (0.9 equiv) 83 

93 ± 8 

(n = 5) 

10 6 (0.9 equiv) 3 (0.9 equiv) 94 

11 6 (0.9 equiv) 3 (0.9 equiv) 86 

12 6 (0.9 equiv) 3 (0.9 equiv) 100 

13 6 (0.9 equiv) 3 (0.9 equiv) 100 
aReaction conditions: 4-[18F]fluoroiodobenzene (~500 μCi), dichloromethane (1.5 mL), 55 °C, 10 
min. RCYTLC was determined by radio-TLC analysis of the crude product. bequiv are relative to 
ylide precursor 5.3.  
 

Table 5.6. Optimization of reaction temperature and time for Oxidative Addition 

Entry Solvent 
Time 

(min.) 

Temperature 

(°C) 

RCYTLC 

(%) 

RCYTLC (%) 

Mean ± SD 

(Count) 

1 DCM 10 55 83 

95 ± 7 

(n = 9) 

2 DCM 10 55 94 

3 DCM 10 55 86 

4 DCM 10 55 100 

5 DCM 10 55 100 

6 DCM 10 55 95 

7 DCM 10 55 100 

8 DCM 10 55 100 

9 DCM 10 55 100 
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10 DCE 10 60 79 
87 ± 8 

(n = 3) 
11 DCE 10 60 87 

12 DCE 10 60 94 

13 DCE 10 80 91 

83 ± 15 

(n = 7) 

14 DCE 10 80 98 

15 DCE 10 80 99 

16 DCE 10 80 77 

17 DCE 10 80 60 

18 DCE 10 80 91 

19 DCE 10 80 68 

20 DCE 20 80 88 

94 ± 6 

(n = 5) 

21 DCE 20 80 100 

22 DCE 20 80 97 

23 DCE 20 80 98 

24 DCE 20 80 87 

25 DCM 20 55 45 

87 ± 16 

(n = 27) 

26 DCM 20 55 87 

27 DCM 20 55 95 

28 DCM 20 55 96 

29 DCM 20 55 96 

30 DCM 20 55 95 

31 DCM 20 55 93 

32 DCM 20 55 84 

33 DCM 20 55 87 

34 DCM 20 55 100 

35 DCM 20 55 100 

36 DCM 20 55 100 

37 DCM 20 55 100 

38 DCM 20 55 98 

41 DCM 20 55 75 

42 DCM 20 55 95 

43 DCM 20 55 100 

44 DCM 20 55 100 

45 DCM 20 55 100 

46 DCM 20 55 74 

47 DCM 20 55 73 

48 DCM 20 55 86 

49 DCM 20 55 46 

50 DCM 20 55 83 
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51 DCM 20 55 53 

52 DCM 20 55 100 

53 DCM 20 55 95 
aReaction conditions: 4-[18F]fluoroiodobenzene [18F]5.2 (~5 mCi), (Me-DalPhos)AuCl (6 mg, 0.9 
equiv), AgSbF6 (3 mg, 0.9 equiv), solvent (1.5 mL). RCYTLC was determined by radio-TLC 
analysis of the crude product. 
 

 Thiol Arylations 

5.5.5.1. Optimization of thiol arylation 

Commercial L-glutathione was used for all optimization screens unless otherwise noted. The tables 

in each section describe the reaction conditions used, with the variable being tested denoted in the 

table title. 

O

H
N

OH

O
SH

N
H

NH2

HO

O O

L-Glutathione

Au

P

X
N

18F

SbF6

[18F]5.1

X = Cl/I

solvent, buffer
temperature, time

O

H
N

OH

O
S

N
H

NH2

HO

O O

L-Glutathione S-(4-[ 18F]fluorophenyl)

[18F]5.7

18F

 

Table 5.7. Optimization of reaction solventa 

Entry Solvent 
RCY 

(%) 

RCY (%) 

Mean ± SD 

(Count) 

1 Tris Buffer pH 8.0 42 54 ± 16 

(n = 2) 2 Tris Buffer pH 8.0 65 

3 HEPES pH 7.3 30 43 ± 18 

(n = 2) 4 HEPES pH 7.3 55 

5 PBS 1X pH 7.4 25 16 ± 13 

(n = 2) 6 PBS 1X pH 7.4 6 
aReaction conditions: [18F]5.1 (~1 mCi), L-glutathione (5 mg), solvent (1 mL), 23 °C, 30 min. 
RCY was determined by radio-HPLC analysis of the crude product. 
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Table 5.8. Optimization of reaction temperaturea 

Entry 
Temperature 

(°C) 

RCY 

(%) 

RCY (%) 

Mean ± SD 

(Count) 

1 23 42 54 ± 16 

(n = 2) 2 23 65 

3 35 93 93 ± 1 

(n = 2) 4 35 92 

5 45 92 95 ± 4 

(n = 2) 6 45 97 
aReaction conditions: [18F]5.1 (~1 mCi), L-glutathione (5 mg), Tris buffer pH 8.0 (1 mL), 30 min. 
RCY was determined by radio-HPLC analysis of the crude product. 
 

Table 5.9. Optimization of reaction timea 

Entry 
Time 

(min) 

RCY 

(%) 

RCY (%) 

Mean ± SD 

(Count) 

1 10 43 44 ± 1 

(n = 2) 2 10 45 

3 15 91 

78 ± 12 

(n = 4) 

4 15 76 

5 15 63 

6 15 82 

7 20 56 

72 ± 14 

(n = 6) 

8 20 69 

9 20 77 

10 20 83 

11 20 90 

12 20 58 

13 30 92 93 ± 1 

(n = 2) 14 30 93 
aReaction conditions: [18F]5.1 (~1 mCi), L-glutathione (5 mg), Tris buffer pH 8.0 (1 mL), 35 °C. 
RCY was determined by radio-HPLC analysis of the crude product. 
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Table 5.10. Re-Optimization of reaction solventa 

Entry Solvent 
RCY 

(%) 

RCY (%) 

Mean ± SD 

(Count) 

1b Tris Buffer pH 8.0 63 

78 ± 12 

(n = 4) 

2b Tris Buffer pH 8.0 82 

3b Tris Buffer pH 8.0 91 

4b Tris Buffer pH 8.0 76 

5b Tris Buffer pH 8.0 : MeOH (3:1) 95 97 ± 3 

(n = 2) 6b Tris Buffer pH 8.0 : MeOH (3:1) 99 

7c Tris Buffer pH 8.0 23 
30 ± 7 

(n = 3) 
8c Tris Buffer pH 8.0 31 

9c Tris Buffer pH 8.0 36 

10c Tris Buffer pH 8.0 : MeOH (3:1) 99 97 ± 4 

(n = 2) 11c Tris Buffer pH 8.0 : MeOH (3:1) 94 

12d Tris Buffer pH 8.0 23 
23 

(n = 1) 

13d Tris Buffer pH 8.0 : MeOH (3:1) 81 73 ± 12 

(n = 2) 14d Tris Buffer pH 8.0 : MeOH (3:1) 64 

15e Tris Buffer pH 8.0 : MeOH (3:1) 70 70 (n = 1) 

16f Tris Buffer pH 8.0 : MeOH (3:1) 52 52 (n = 1) 
aReaction conditions: [18F]1 (~1 mCi), L-glutathione (5 mg, 16 µmol), solvent (1 mL), 35 °C, 15 
min. RCY was determined by radio-HPLC analysis of the crude product. bL-Glutathione. cH-Asp-
Arg-Lys-Cys-Ala-Thr-NH2 (7 µmol). dH-Cys-Arg-Gly-Asp-NH2 (11 µmol). eL-glutathione (0.71 
µmol). fL-glutathione (0.39 µmol). 
 

5.5.5.2. Preparation of 18F-labeled conjugate 

Following the filtration of the solution of [18F]5.1, the DCM was removed via mild heating (55 

°C) to afford solid [18F5.]1 for thiol arylation. To a vial containing prepared [18F]5.1 was added, a 

solution of peptide (5 mg) and solvent (Tris buffer pH 8.0, 750 µL : methanol, 250 µL). The 

combined contents were sealed with a Teflon lined cap and the vial was heated on a hot plate to 

35 °C for 15 min. An aliquot of the crude reaction mixture was diluted in buffer (500 µL) and 

subjected to HPLC analysis. The radiochemical purity (RCP) was calculated by dividing the 

integrated area of the 18F-labeled product peak by the total integrated area of all 18F-labeled peaks, 
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as determined by radio-HPLC, and multiplied by 100 to convert to percentage units. The decay-

corrected RCY is relative to [18F]5.1 and was determined by dividing the final activity of the crude 

18F-labeled molecule (decay-corrected) by the starting activity of isolated [18F]5.1, multiplied by 

the RCP. Product identity and purity were determined by analytical HPLC, comparing the radio-

trace of 18F-labled peptide with the UV-trace of the 19F-reference standard, via coinjection. HPLC 

mobile phase: Eluent A. 

 

Note: For thioglucose [18F]5.12, thiogalactose [18F]5.13, and thio-β-cyclodextrin [18F]5.14, the 

solvent system used was MeCN : H2O (500 µL : 500 µL). 

 

L-Glutathione S-(4-[18F]fluorophenyl) ([18F]5.7) 

 

Table 5.11. Thiol arylation to generate L-glutathione S-(4-[18F]fluorophenyl) ([18F]5.7) 

Entry 
Starting Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY (%) 

(d.c.) 

1 0.402 0.360 (0.396 d.c.) 95 93 

2 0.385 0.344 (0.378 d.c.) 99 97 

Mean ± SD   97 ± 3 95 ± 3 

     

3a 0.129 0.116 (0.128 d.c.) 97 96 

4a 0.320 0.286 (0.316 d.c.) 98 97 

Mean ± SD   98 ± 1 97 ± 1 
aL-glutathione (1 mg). 
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Figure 5.14. Analytical HPLC trace. Coinjection of crude L-glutathione S-(4-[18F]fluorophenyl) 

([18F]5.7) (radio-HPLC trace = blue) with the purified 19F reference standard (UV trace = orange). 

 

Table 5.12. Isolated yields of HPLC-purified L-glutathione S-(4-[18F]fluorophenyl) ([18F]5.7) 

 
Starting 

Activity 

(mCi) 

Starting 

Time 

Final 

Purified 

Activity 

(mCi) 

Final 

Time 

Initial 

Activity 

(d.c.) 

(mCi) 

Isolated 

RCY (%) 

(non d.c.) 

Isolated 

RCY (%) 

(d.c.) 

 10.31 12:05 1.21 13:23 6.29 12 19 

 7.53 12:01 2.5 12:58 5.25 33 48 
Mean ± 

SD 
     22 ± 15 33 ± 20 
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H-Asp-Arg-Lys-Cys(4-[18F]fluorophenyl)-Ala-Thr-NH2 ([18F]5.8) 

 

Table 5.13. Thiol arylation to generate H-Asp-Arg-Lys-Cys(4-[18F]fluorophenyl)-Ala-Thr-NH2 

[18F]5.8 

Entry Starting 

Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY 

(d.c.) 

(%) 

1 2.12 1.93 (2.12 d.c.) 99 99 

2 1.277 1.162 (1.27 d.c.) 94 94 

Mean ± SD   97 ± 4 97 ± 4 

     

3a 0.090 0.081 (0.090 d.c.) 53 53 

4a 0.089 0.080 (0.089 d.c.) 45 45 

Mean ± SD   49 ± 6 49 ± 6 
apeptide (0.62 µmol), solvent (750 µL). 
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Figure 5.15. Analytical HPLC trace. Coinjection of crude [18F]5.8 (radio-HPLC trace = blue) with 

the purified 19F reference standard (UV trace = orange). 

 

H-Cys(4-[18F]fluorophenyl)-Arg-Gly-Asp-NH2 ([18F]5.9) 

 

Table 5.14. Thiol arylation to generate H-Cys(4-[18F]fluorophenyl)-Arg-Gly-Asp-NH2 [18F]5.9 

Entry 

Starting 

Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY 

(d.c.) 

(%) 

1 2.09 1.818 (2.05 d.c.) 81 79 

2 1.01 0.915 (1.01 d.c.) 64 64 

Mean ± SD   73 ± 12 72 ± 11 
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Figure 5.16. Analytical HPLC trace. Coinjection of crude [18F]5.9 (radio-HPLC trace = blue) with 

the purified 19F reference standard (UV trace = orange). 

 

c(Arg-Gly-Asp-Phe-Cys(4-[18F]fluorophenyl)) ([18F]5.10) 

 

Table 5.15. Thiol arylation to generate c(Arg-Gly-Asp-Phe-Cys(4-[18F]fluorophenyl)) [18F]5.10 

Entry 

Starting 

Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY 

(d.c.) 

(%) 

1 1.700 1.588 (1.70 d.c.) 90 90 

2 1.540 1.450 (1.54 d.c.) 97 97 

Mean ± SD   94 ± 5 94 ± 5 

 

-20

30

80

130

180

230

280

330

380

430

480

0

50

100

150

200

250

300

350

400

450

500

0 5 10 15 20

m
A

u

m
V

Time (min)

Radio-trace

UV-trace



 

280 

 

Figure 5.17. Analytical HPLC trace. Coinjection of crude [18F]5.10 (radio-HPLC trace = blue) 

with the purified 19F reference standard (UV trace = orange) 

 

Amyloid β fragment, H-Gly-Cys(4-[18F]fluorophenyl)-Gly-Lys-Lys-Gly-Met-Val-Gly-Gly-

Val-Val-OH ([18F]5.11) 
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Table 5.16. Thiol arylation to generate 18F-labeled amyloid β fragment [18F]5.11 

Entry 

Starting 

Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY 

(d.c.) 

(%) 

1 1.117 1.028 (1.02 d.c.) 85 84 

2 1.687 1.517 (1.53 d.c.) 72 69 

Mean ± SD   79 ± 9 77 ± 10 
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Figure 5.18. Analytical HPLC trace. Coinjection of crude [18F]5.11 (radio-HPLC trace = blue) 

with the purified 19F reference standard (UV trace = orange). 

 

β-D-Glucose S-(4-[18F]fluorophenyl) ([18F]5.12) 

 

Table 5.17. Thiol arylation to generate β-D-Glucose S-(4-[18F]fluorophenyl) [18F]5.12a 

Entry 

Starting 

Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY 

(d.c.) 

(%) 

1 1.616 1.409 (1.61 d.c.) 88 88 

2 0.860 0.758 (0.85 d.c.) 99 98 

Mean ± SD   94 ± 8 93 ± 8 
aReaction conditions: Na[1-thio-β-D-glucose] (5 mg), MeCN (500 μL), water (500 μL), 35 °C, 

15 min 
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Figure 5.19. Analytical HPLC trace. Coinjection of crude [18F]5.12 (radio-HPLC trace = blue) 

with the purified 19F reference standard (UV trace = orange) 

 

β-D-Galactose S-(4-[18F]fluorophenyl) ([18F]5.13) 

 

Table 5.18. Thiol arylation to generate β-D-Galactose S-(4-[18F]fluorophenyl) [18F]5.13a 

Entry 

Starting 

Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY 

(d.c.) 

(%) 

1 1.052 0.936 (1.04 d.c.) 81 80 

2 0.956 0.855 (0.95 d.c.) 96 96 

Mean ± SD   89 ± 11 88 ± 11 
aReaction conditions: Na[1-thio-β-D-galactose] (5 mg), MeCN (500 μL), water (500 μL), 35 °C, 

15 min 
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Figure 5.20. Analytical HPLC trace. Coinjection of crude [18F]5.13 (radio-HPLC trace = blue) 

with the purified 19F reference standard (UV trace = orange). 
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Mono-(6-S-(4-[18F]fluorophenyl)-6-deoxy)-β-cyclodextrin ([18F]5.14) 

 

Table 5.19. Thiol arylation to generate the cyclodextrin analogue [18F]5.14a 

Entry 

Starting 

Activity 

(mCi) 

Crude Product 

Activity 

(mCi) 

RCP 

(%) 

RCY 

(d.c.) 

(%) 

1 2.09 1.86 (2.04 d.c.) 95 93 

2 1.522 1.333 (1.47 d.c.) 89 86 

Mean ± SD   92 ± 4 90 ± 5 
aReaction conditions: mono-(6-mercapto-6-deoxy)-β-cyclodextrin (5 mg), MeCN (500 μL), water 

(500 μL), 35 °C, 15 min 

 

Figure 5.21. Analytical HPLC trace. Coinjection of crude 18F-lableled cyclodextrin [18F]5.14 

(radio-HPLC trace = blue) with the purified 19F reference standard (UV trace = orange) 
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 Molar Activity 

A calibration curve was generated from the authentic L-glutathione S-(4-fluorophenyl) 7 reference 

standard, by measuring the integration of the UV absorbance signal at 254 nm for four different 

concentrations (Figure 5.22). To determine the molar activity of L-glutathione S-(4-

[18F]fluorophenyl) [18F]5.7, an aliquot of HPLC-purified [18F]5.7 was injected into an analytical 

HPLC using Eluent D and the UV absorption corresponding to the radiolabeled product was 

measured (performed in duplicate). The mass amount of [18F]5.7 corresponding to the measured 

absorbance was calculated via linear regression analysis of the calibration curve. The molar 

activity of L-glutathione S-(4-[18F]fluorophenyl) [18F]5.7 was determined to be 2.9 ± 1.8 Ci  mol-

1 (108 ± 68 GBq  mol-1).  

 

Figure 5.22. Calibration curve measuring the UV absorbance of different amounts of authentic 

reference standard L-glutathione S-(4-fluorophenyl) 5.7 for molar activity determination. 
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Table 5.20. Calibration curve data measuring the UV absorbance of different amounts of authentic 

reference standard L-glutathione S-(4-fluorophenyl) 5.7 for molar activity determination. 

Volume 

Injected 

(µL) 

Concentration 

(M) 

Moles Injected 

(µmol) 

Absorbance 

(mAu*s) 

Absorbance 

(mAu*s) 

Mean ±SD 

(Count) 

10 6.20E-04 6.20E-02 796.54 
594.29 ± 187.12 

(n = 3) 
10 6.20E-04 6.20E-02 558.99 

10 6.20E-04 6.20E-02 427.33 

10 6.20E-05 6.20E-03 108.92 
74.11± 31.57 

(n = 3) 
10 6.20E-05 6.20E-03 66.06 

10 6.20E-05 6.20E-03 47.34 

10 6.20E-06 6.20E-04 22.60 
17.00 ± 4.94 

(n = 3) 
10 6.20E-06 6.20E-04 15.17 

10 6.20E-06 6.20E-04 13.23 

10 6.20E-07 6.20E-05 3.32 
3.46 ± 0.59 

(n = 3) 
10 6.20E-07 6.20E-05 4.10 

10 6.20E-07 6.20E-05 3.00 

 

Table 5.21. Molar activity data of isolated L-glutathione S-(4-[18F]fluorophenyl) [18F]5.7 (n=2). 

Activity 

Injected 

(µCi) 

Absorbance 

(mAu*s) 

Moles from 

Curve 

(µmol) 

Molar Activity 

(Ci/µmol) 

Molar Activity 

(GBq/µmol) 

680 105.91 1.02E-03 0.67* 24.68* 

316 25.85 1.71E-04 1.84 68.22 

320 15.17 5.83E-05 5.49 203.01 

240 17.19 7.97E-05 3.01 111.37 

72 14.97 5.62E-05 1.28 47.44 

Mean ± SD   2.9 ± 1.8 108 ± 68 

*This data point was collected with AgSbF6 that was >6 months old; the data is left out of the 
mean calculation as we do not believe it accurately reflects the true molar activity due to 
degradation of the silver reagent. New AgSbF6 was received and four additional runs were 
performed which are included in the table. 
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 Determination of Residual Gold Content in the Purified Peptide [18F]5.7 

ICP-OES was used to measure the remaining gold content in the purified peptide [18F]5.7. After 

isolation of [18F]5.7, the purified peptide was allowed to fully decay in the hot cell for 24 h. A ~1 

mL HPLC sample (n = 3) of purified peptide in H2O was passed through a Millex-GV Filter, 0.22 

µm in a 14 mL Falcon tube. The solution was then acidified with1 mL of HNO3 (added via 

Eppendorf pipette) and then sonicated for 20 mins. The solution was diluted to a volume of 10 mL 

and, after mixing, was analyzed. FisherChemical Trace Metal Grade Nitric Acid was used, with a 

certified [Au] < 0.1 ppb. Samples were quantified using the gold emission of 242.79 nm. A 2 ppm 

Yttrium internal standard (371.03 nm) was run simultaneously with all samples. The residual gold 

content was determined to be 44 ± 7 ppb. 

Gold ICP-OES analysis was conducted using an Agilent 5110 ICP-OES (inductively coupled 

plasma-optical emission spectrometer). Volumetric glassware (pipets and flasks) was used to 

create a dilution series of aqueous Au standards. A Sigma-Aldrich 1000 ppm (Lot value: 999 ppm 

± 2 ppm, 5% w/w HCl) Gold Standard for ICP was used as a stock solution to create standards of 

concentrations 600, 300 and 50 ppb. The subsequent calibration curve was generated for each 

standard by integrating the signal corresponding to the characteristic Au emission (242.79 nm). 
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Figure 5.23. Calibration curve for residual gold determination. 
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5.6. Appendix 

 1H, 13C, 19F NMR Spectra 
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1H NMR spectrum of Iodonium Ylide 5.3. DMSO-d6, 500 MHz, 25 °C.  
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13C NMR spectrum of Iodonium Ylide 5.3. DMSO-d6, 125 MHz, 25 °C.  
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1H NMR spectrum of β-D-Glucose S-(4-fluorophenyl) 5.12. D2O, 400 MHz, 25 °C. 
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13C NMR spectrum of β-D-Glucose S-(4-fluorophenyl) 5.12. D2O, 101 MHz, 25 °C.  
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19F-NMR spectrum of β-D-Glucose S-(4-fluorophenyl) 5.12. D2O, 376 MHz, 25 °C.  
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1H NMR spectrum of β-D-Galactose S-(4-fluorophenyl) 5.13. D2O, 400 MHz, 25 °C.  
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13C NMR spectrum of β-D-Galactose S-(4-fluorophenyl) 5.13. D2O, 125 MHz, 25 °C.  
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19F NMR spectrum of β-D-Galactose S-(4-fluorophenyl) 5.13. D2O, 376 MHz, 25 °C.  
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1H NMR spectrum of mono-(6-S-(4-fluorophenyl)-6-deoxy)-β-cyclodextrin 5.14. D2O, 400 MHz, 25 °C.  
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13C NMR spectrum of mono-(6-S-(4-fluorophenyl)-6-deoxy)-β-cyclodextrin 5.14. D2O, 125 MHz, 25 °C. 
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19F NMR spectrum of mono-(6-S-(4-fluorophenyl)-6-deoxy)-β-cyclodextrin 5.14. D2O, 376 MHz, 25 °C.
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