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ABSTRACT: Recently, a protocol for radiolabeling of aryl fluorosulfates (“SuFEx click radiolabeling”) 

using ultrafast 18F/19F isotopic exchange has been reported. Although promising, the original proce-

dure turned out to be rather inefficient. However, systematic optimization of the reaction parame-

ters allowed for development of a robust method for SuFEx radiolabeling which obviates the need for 

azeotropic drying, base addition and HPLC purification. The developed protocol enabled efficient 18F-

fluorination of low nanomolar amounts of aryl fluorosulfates in highly diluted solution (micromolar 

concentrations). It was successfully used to prepare a series of 29 [18F]fluorosulfurylated phenols – 

including modified ezetimibe, α-tocopherol and etoposide, the two tyrosine derivatives Boc-

([18F]FS)Tyr-OMe and H-([18F]FS)Tyr-OMe, the FAP-specific ligand [18F]FS-UAMC1110, and the DPA-

714 analog [18F]FS-DPA – in fair to excellent yields. Preliminary evaluation demonstrated sufficient in 

vivo stability of radiofluorinated electron rich or neutral {Boc-Tyr([18F]FS)-OMe) and H-([18F]FS)Tyr-

OMe} aryl fluorosulfates. Furthermore, [18F]FS-DPA was identified as a promising tracer for visualiza-

tion of TSPO expression. 

KEYWORDS: imaging agents, positron emission tomography (PET), radiochemistry, radiopharmaceu-

ticals, SuFEx click chemistry  
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1. Introduction 

Positron emission tomography (PET) is a non-invasive imaging technique that allows for in vivo visual-

ization and quantification of biochemical processes at the molecular level, by applying probes labeled 

with β+-emitting isotopes [1]. As such, PET imaging has become an indispensable part of clinical prax-

is that is widely used for various diagnostic and prognostic applications, especially in the fields of 

oncology and neurology [1,2]. Among the available PET radionuclides, fluorine-18 (18F) remains the 

most popular one [3], which is mainly attributable to its convenient availability in no carrier added 

(n.c.a.) form as [18F]fluoride ([18F]F–) in amounts of up to 500 GBq. Furthermore, 18F possesses favor-

able decay properties, comprising a low kinetic energy of emitted positrons (Eβmax=0.634 MeV) and a 

half-life (109.8 min) which is optimal for many applications [3]. Additional advantages of 18F over 

other radionuclides include certain physicochemical properties of fluorine, such as a low steric bulk 

and the ability to form strong, oftentimes hydrolytically and metabolically stable, covalent bonds 

with carbon as well as with heteroatoms like sulfur, silicon, phosphorus and boron [4].  

Recently, Zheng et al. applied sulfur (VI) fluoride exchange (SuFEx) click chemistry for the preparation 

of aryl [18F]fluorosulfates via instant 18F/19F isotopic exchange [5]. The novel procedure was reported 

to afford most radiolabeled products in >90% radiochemical conversions (RCCs; analytical radiochem-

ical yields determined by HPLC) at ambient temperature using 160–500 nmol precursor [5]. Being 

interested in the utilization of novel, highly efficient radiofluorination protocols for accelerated de-

velopment of PET probes [6–10], we selected SuFEx 18F-fluorination for the rapid preparation of nov-

el radiolabeled candidate tracers. However, in our hands, 18F-incorporation under literature condi-

tions was significantly lower than originally reported. This encouraged us to identify the factors un-

derlying this discrepancy and to develop an alternative approach for SuFEx radiofluorination. The 

latter was successfully applied for the preparation of several radiolabeled model compounds and PET 

tracers, including amino acid esters, a novel FAP-inhibitor and a TSPO ligand.  

 

 

2. Results and discussion 

Initially, we studied SuFEx radiofluorination of 4-methoxyphenyl fluorosulfate (1) as a model sub-

strate using the published procedure. Accordingly, 1 (20–50 µg) in MeCN (500–1000 µL) was briefly 

treated at ambient temperature with aliquots (15–35 MBq, 100–500 µL) of azeotropically dried 

[18F]KF/K2CO3/K2.2.2 that had been redissolved in MeCN. However, only 53±1% (n = 3) of the 18F-

activity could be resolubilized, indicating that the procedure was associated with significant losses of 

radioactivity to the vessel walls. In a first attempt to circumvent this problem, a solution of the pre-

cursor was directly added to the vial containing the dried [18F]KF/K2CO3/K2.2.2 and the reaction time 



was increased to 20 min. However, these modifications only led to a minor improvement of radioac-

tivity resolubilization. Likewise, even if the reaction volume was increased to 10 mL (cf. SI of [5], p. 

S108), 40±8% (n = 4) of the [18F]F– still remained adsorbed to the reactor walls. In addition, the radio-

labeling outcome varied strongly from run to run, so that RCCs of 12–85% (54±25%, n = 8) and 32–

60% (n = 2) were observed for aliquot and one-pot 18F-fluorinations, respectively. Similar results were 

also obtained with 3-ethynylphenyl sulfurofluoridate (2) (see Supporting Information for further de-

tails). A possible explanation for the almost quantitative conversions apparently obtained by Zheng 

et al. could be the strongly acidic mobile phase (10–100% MeCN in 0.5% TFA) which was used for 

HPLC analyses of the radiofluorinated products on silica-based SunFire C18 columns [5]. Under these 

conditions, [18F]HF formed at pH < 3 was previously reported to be strongly retained on the station-

ary phase [11]. In order to evaluate if this was the case, we analyzed the crude 4-methoxyphenyl 

[18F]fluorosulfate ([18F]1) on SunFire C18 columns as used in the seminal publication or on SpeedROD 

C18 columns usually applied in our lab, both under neutral and acidic conditions (Fig. 1). Surprisingly, 

SunFire C18 columns adsorbed unreacted [18F]F– almost completely, both under acidic and neutral 

conditions (Fig. 1 A, B). In contrast, recovery of radioactivity from SpeedROD C18 columns under acid-

ic and neutral conditions was consistently >95% (Fig. 1 C, D).  

   

Figure 1. Radio-HPLC traces of crude [18F]1 obtained using: SunFire® C18 100 Å, 3.5 µm, 4.6 × 150 mm 

(A and B) and Chromolith® SpeedROD RP-18e C18 130 Å, 2 µm, 4.6 × 50 mm (C and D) columns. Con-

ditions: injection loop: 20 µL, injection: 60 µL; A: eluent  0 min: 10% MeCN, 18 min: 100% MeCN, 18–

25 min: 100% MeCN, flow rate: 1 mL/min; B: 0 min: 10% MeCN in 0.1% TFA, 18 min: 100% MeCN, 

18–25 min: 100% MeCN, flow rate: 1 mL/min; C  0–2 min: 10% MeCN, 15 min: 90% MeCN, 15–20 



min: 90% MeCN, flow rate: 2 mL/min; D: 0–2 min: 10% MeCN in 0.1% TFA, 15 min: 90% MeCN in 

0.1% TFA, 15–20 min: 90% MeCN in 0.1% TFA, flow rate: 2 mL/min. Chromatograms are corrected for 

decay. The corresponding non-decay corrected chromatograms are provided in the Supporting In-

formation (SI, Fig. S1). The post-column injection peak corresponds to the total radioactivity amount 

loaded onto the column. The difference between the decay-corrected integral of the post-column 

injection peak and the sum of the integrals of all decay-corrected peaks in the chromatogram pro-

vides an estimate of radioactivity (mainly [18F]F–) retained on the column. Abbreviations: p.imp – 

polar impurities (presumably [18F]HSO3F); u.s.p. – unknown side product.  

In order to eliminate the solubility problem and avoid azeotropic drying, we tested the application of 

different organic salts for SuFEx radiolabeling (Fig. 2). To this end, [18F]F– was loaded onto an anion 

exchange resin and eluted with a solution of the corresponding salt (10 µmol) in MeOH (1 mL) 

[12,13]. MeOH was removed at 80–90 °C within 3–7 min, and the residue was taken up in a solution 

of 1 (20 µg, 97 nmol) in MeCN (1 mL). The reaction mixture was then incubated without stirring at 

40 °C for 5 min followed by addition of H2O (0.5 mL). Under these conditions, the [18F]F– elution effi-

cacy was about 95% for all studied salts except DMAP·TfOH (Fig. 2). Me4N salts enabled efficient 

[18F]F– elution but were unsuitable for the subsequent radiolabeling reaction, presumably owing to 

their low solubility in MeCN. Application of the strongly basic salts Bu4NOMe and Bu4NOEt delivered 

highly irreproducible radiolabeling results, while incorporation yields of 60–85% and marginal (<5%) 

radioactivity adsorption on the reactor walls were observed for most other salts. In particular, radio-

labeling reactions with the neutral salts Bu4NClO4 and BnEt3NCl afforded RCCs of about 85%. Among 

the latter, BnEt3NCl, which cannot act as an oxidant like Bu4NClO4, afforded more reproducible 18F-

incorporation rates, and was therefore applied in most of the following experiments. Interestingly, 

using the neurotransmitter acetylcholine (ACh) as its chloride or iodide salt for [18F]F– elution, [18F]1 

could be produced in moderate RCCs of 33–35%.  



 

Figure 2. 18F-Recovery and -incorporation using different salts: Bar graph shows the [18F]F– elution 

efficacy (light blue bars) and radiochemical conversion (RCC, orange bars) for the reaction depicted 

above with the indicated salts. Conditions: Unless noted otherwise, [18F]F− (10−30 MBq) was eluted 

from an anion exchange QMA cartridge with a solution of the corresponding salt (10 µmol) in MeOH 

(1 mL). MeOH was evaporated in a stream of Ar at 70–90 °C, the residue was taken up with a solution 

of 1 (20 µg, 97 nmol) in MeCN (1 mL) and the reaction mixture was heated at 40 °C for 7 min. There-

after, H2O (0.5 mL) was added to quench the reaction and solubilize surface-adsorbed [18F]F− and the 

RCC was determined by radio-HPLC. Unless noted otherwise, all experiments were carried out at 

least in triplicate. * – experiments were carried out in duplicate; # – elution of [18F]F− was carried out 

with 1.7 µmol (AChCl) or 1.5 µmol (AChI) of the corresponding salt in 0.7 mL MeOH. Abbreviations: 

ACh – acetylcholine. 

Next, we evaluated the influence of solvent and reaction temperature on RCCs (Fig. 3). Whereas 18F-

incorporation rates in DMSO and propylene carbonate were only slightly lower than in MeCN (about 

80%), radiolabeling in other solvents was less efficient (Fig. 3A). With regard to the reaction tempera-

ture, SuFEx 18F/19F isotopic exchange demonstrated a marked tolerance (Fig. 3B). At ambient tem-

perature, [18F]1 was formed in RCCs of 74±0.4% after incubation for 3 min. At 40–70 °C, incorporation 

yields after 3 min amounted to >80%. When the reaction temperature was further increased, RCCs 

showed a gradual decrease (to 77±7% and 67±4% at 80 °C and 90 °C, respectively) indicating partial 

decomposition of the radiolabeled fluorosulfate [18F]1 at higher temperatures.  



 

Figure 3. Dependence of radiochemical conversions (RCCs) on reaction solvent (A) and reaction tem-

perature (B). Conditions: [18F]F− (10−30 MBq) was eluted from an anion exchange QMA cartridge with 

a solution of BnEt3NCl (2.3 mg, 10 µmol) in MeOH (1 mL). MeOH was evaporated in a stream of Ar at 

80–90 °C, the residue was taken up with a solution of 1 (20 µg, 97 nmol) in the appropriate solvent 

(A) or MeCN (B) (1 mL) and the reaction mixture was heated at 40 °C (A) or at the indicated tempera-

tures (B) for 5 (A) or 3 (B) min. Thereafter, H2O (0.5 mL) was added to quench the reaction and solu-

bilize surface-adsorbed [18F]F− and the RCC was determined by radio-HPLC. Experiments were carried 

out at least in duplicate. Abbreviations: DMA – dimethylacetamide; DMI – 1,3-dimethyl-2-

imidazolidinone; DMF – dimethylformamide; DMSO – dimethyl sulfoxide; MeCN – acetonitrile; 

MeTHF – 2-methyltetrahydrofuran; NMP – N-methyl-2-pyrrolidone; PC – propylene carbonate. 

Additionally, the radiolabeling kinetics were studied (Fig. 4A). At 40 °C, RCCs of >60% and >80% were 

already observed after 1 and 2 min, respectively, while a plateau of 85% was reached after 5 min. 

 

 

Figure 4. Kinetics and precursor amount dependence of radiolabeling. Shown is the dependence of 

radiochemical conversions (RCCs) on the reaction time (A) and amount of precursor (B). Note that B 



was plotted with a base-10 logarithmic scale on the x-axis to facilitate visualization of the whole data 

range. Conditions: [18F]F− (10−30 MBq) was eluted from an anion exchange QMA cartridge with a 

solution of BnEt3NCl (2.3 mg, 10 µmol) in MeOH (1 mL). MeOH was evaporated in a stream of Ar at 

80–90 °C, the residue was taken up with a solution of 1 [20 µg, 97 nmol (A) or the indicated amounts 

(B)] in MeCN (1 mL) and the reaction mixture was heated at 40 °C for the indicated time periods (A) 

or for 5 min (B), respectively. Thereafter, H2O (0.5 mL) was added to quench the reaction and solubil-

ize surface-adsorbed [18F]F− and the RCC was determined by radio-HPLC. Experiments were carried 

out at least in duplicate.  

PET-tracers prepared via isotopic exchange are inevitably contaminated with comparably large 

amounts of the corresponding isotopically unmodified compound (“carrier”) [14]. High carrier 

amounts can impair the image quality and may even lead to adverse pharmacological effects, imped-

ing clinical application of the tracers. Consequently, the novel radiolabeling protocol was evaluated 

with respect to the influence of precursor amount on RCCs (Fig. 5B). Precursor loadings of ≥36 

nmol (≥7.5 µg) reliably afforded [18F]1 in RCCs of 80% or more. Progressive reduction of the precursor 

amount from 36.4 to 4.9 nmol (from 7.5 to 1 µg) led to a gradual decrease of the incorporation yields 

to 66%. Impressively, even with precursor amounts as low as 2.4 or 0.5 nmol 1 (0.5 or 0.1 µg, respec-

tively), 18F-incorporation yields of 52% or 32%, respectively, were achieved, highlighting the extreme-

ly high efficacy of SuFEx radiolabeling.  

To demonstrate the versatility of the procedure, we next radiofluorinated a series of structurally 

diverse model aryl fluorosulfates (Fig. 5 and 6). Moderately electron deficient, electron neutral and 

electron rich aryl fluorosulfates ([18F]2–17) were prepared in RCCs of 65–93% at reaction tempera-

tures of 23–40 °C. In the majority of cases, the optimal incubation time amounted to 3–5 min. Only 

for 18F-labeled aldehyde [18F]6, which was not completely stable under longer incubation times, the 

reaction time was reduced to 1 min. Highly electron deficient products, like [18F]19–21 and moder-

ately electron deficient [18F]18 were markedly unstable under the selected reaction conditions. Thus, 

highest RCCs of up to 85% were in these cases obtained at 0 °C with incubation times of ≤30 s and 5 

min, respectively. Noteworthy, 2-benzaldehyde derivative 19 was insufficiently stable even under 

such mild conditions, presumably owing to the destabilizing ortho-effect of the strongly electron-

withdrawing carbonyl group, so that [18F]19 could at best be prepared in a moderate RCC of 48±2%. 

Nevertheless, after dilution of the reaction mixture with H2O (1 mL), such radiolabeled compounds 

remained stable for at least 80 min. Likewise, after addition of 0.1 M NaH2PO4 or 0.1 M Na2HPO4 (1 

mL), [18F]20 was not hydrolyzed for at least 70 min or 30 min, respectively. For the highly electron-

rich carbazole derivative 22, the highest 18F-incorporation rate of 77±3% was obtained at 90 °C. 



 

Figure 5. Substrate scope (model compounds) of the novel SuFEx radiolabeling protocol. Radiochem-

ical conversions (RCCs) are indicated as mean±SD [%] (n=2–5). Conditions: precursor (20 µg), 

BnEt3NCl (0.4 mg), MeCN (1 mL), 40 °C, 5 min. a Reaction time: 3 min. b Reaction temperature: 

6040 °C. c Reaction time: 1 min. d Reaction temperature: 25 °C. e Reaction time: 2 min. f Reaction 

time: 0.5 min. g Reaction temperature: 0 °C. h Reaction temperature: 90 °C.  

Using the optimized protocol, we also successfully prepared radiolabeled analogs of more complex 

compounds like ezetimibe, α-tocopherol and etoposide ([18F]23–25, Fig. 6). Ezetimibe derivative 23 



was not completely stable under radiolabeling conditions, presumably due to opening of the sensi-

tive β-lactam ring. In this case, a reduced incubation time of 2 min afforded [18F]23 in an RCC of 

57±1% without noticeable formation of side products. For extremely electron-rich and sterically hin-

dered fluorosulfates derived from α-tocopherol and etoposide, [18F]24 and [18F]25, the highest 18F-

incorporation rates were observed at 105 °C and 4 min reaction time, amounting to 60±5% and 

26±6%, respectively. Further increases of the reaction temperature and/or incubation time did not 

improve the RCCs but instead gave rise to formation of [18F]FSO3
– as a side product, indicating a lim-

ited stability of the respective aryl fluorosulfates at >100 °C. 

 

Figure 6. Substrate scope (analogs of natural compounds and pharmaceuticals as well as PET-tracers) 

of the novel SuFEx radiolabeling protocol. Radiochemical conversions (RCCs) are indicated as 

mean±SD [%] (n=2–5). Activity yields (AYs; non-decay corrected yield of analytically pure tracer) of 

SPE-purified and formulated radiolabeled compounds are shown in parentheses. Conditions: precur-



sor (20 µg), BnEt3NCl (0.4 mg), MeCN (1 mL), T, t. a Reaction temperature: 25 °C. b Reaction time: 2 

min. c Reaction temperature: 105 °C. d Reaction time: 4 min. e Reaction temperature: 40 °C. f Reaction 

time: 7 min. g Et4NOH was used instead of BnEt3NCl. h Reaction time: 3 min. 

In order to assess the metabolic stability of radiolabeled fluorosulfate-substituted aromatic amino 

acids, we produced Boc-Tyr([18F]SO2F)-OMe ([18F]26) and subjected it to a preclinical evaluation in 

healthy mice (Fig. 7). [18F]26 was prepared by the standard protocol, isolated by solid phase extrac-

tion (SPE) and formulated as a ready-to-use solution with an activity yield (AY; non-decay corrected 

yield of analytically pure tracer) of 22% and a radiochemical purity of >98% within 50 min. The tracer 

demonstrated strong and sustained accumulation in liver (maximum SUVbw 474±77, 0–30 min p.i.) 

and gastrointestinal tract (maximum SUVbw 2043±935, 90–120 min p.i.), while bone radioactivity 

uptake was low (maximum SUVbw 155±43, 90–120 min p.i.), indicating a high stability of [18F]26 

against in vivo defluorination (Fig. 7 and Tab. 1). 

 

Figure 7. Evaluation of Boc-Tyr([18F]SO2F)-OMe ([18F]26) in healthy mice (n=4) using µPET. Shown are 

summed images over 30 min of two individual mice in horizontal orientation. During the first 30 min 

(A), the tracer accumulated mainly in the liver, and was then released into the intestinal tract (B). 

Time-activity curves (C) demonstrated slow washout from the liver and high concentration in the 

intestine, reaching a plateau 100 min p.i. Abbreviations: b – bone (humeral head); G – gall bladder; I 

– intestine; K – kidney; L – liver. Scale bar: 1 cm. 

Table 1. Biodistribution of Boc-Tyr([18F]SO2F)-OMe ([18F]26) from PET images in SUVbw (mean±SD; 

n=4). 

SUVbw 30 min 60 min 90 min 120 min 

brain 17.54 ± 4.96 7.71 ± 3.04 7.22 ± 2.86 7.64 ± 4.49 
muscle (neck) 12.99 ± 3.43 12.66 ± 3.18 12.59 ± 2.97 11.69 ± 3.04 
lung 57.56 ± 17.44 25.99 ± 9.18 21.69 ± 7.44 18.28 ± 6.57 
heart 56.14 ± 14.62 33.56 ± 9.94 26.26 ± 8.32 21.35 ± 6.90 
liver 474.27 ± 76.69 456.94 ± 82.15 354.75 ± 77.18 271.53 ± 66.96 
gall bladder 361.58 ± 54.23 999.41 ± 503.25 1120.30 ± 528.42 1888.52 ± 1253.99 



intestine 130.58 ± 129.31 775.42 ± 386.55 1673.83 ± 571.20 2042.63 ± 934.56 
kidney 75.38 ± 28.51 49.22 ± 20.35 37.32 ± 17.05 28.70 ± 14.15 
urinary bladder 12.19 ± 4.18 21.10 ± 8.48 25.65 ± 13.69 26.83 ± 14.24 
bone (pelvis) 25.39 ± 5.65 60.50 ± 13.83 104.95 ± 27.44 155.34 ± 43.27 

With an efficient procedure for SuFEx radiolabeling in hand, we next turned to the preparation of 

clinically relevant PET tracers. Radiolabeled amino acids can be used to visualize the upregulation of 

amino acid transporters and/or increased protein synthesis rates in peripheral and especially cere-

bral tumors [15,16]. For example, O-(2-[18F]fluoroethyl)tyrosine ([18F]FET) is widely used for the diag-

nosis of brain tumors [17]. Quite recently, we demonstrated how methylation of the carboxylic acid 

function can significantly increase the cerebral uptake of PET-tracers bearing an amino acid moiety 

[10]. With this in mind, we produced the methyl ester H-Tyr([18F]SO2F)-OMe ([18F]27, prepared from 

15 µg 27) (Fig. 6) in the form of an injectable solution in an AY of 21% within 55 min and with excel-

lent radiochemical purity. Similar to 1, 1 µg of 27 (3.6 nmol) was sufficient to prepare the radio-

labeled amino ester in good RCCs of 45±4% (SI, Tab. S9). The hydrolytic stability of [18F]27 in buffered 

media was evaluated in the pH range of 5.2–12 at ambient temperature (SI, Fig. S39). No defluorina-

tion of the tracer occurred at pH 8.9 or lower. At the same time, significant demethylation was ob-

served at pH > 7. At pH 9.9, roughly half of the [18F]27 was hydrolyzed within 100 min and this was 

accompanied by mild defluorination (< 5% at the same time-point). At pH 12, the radiolabeled ester 

was completely hydrolyzed within 15 min, which was accompanied by a defluorination of approxi-

mately 37%. H-Tyr([18F]SO2F)-OMe was evaluated in rats bearing orthotopic U87 MG tumor xeno-

grafts (Fig. 8). These experiments demonstrated clear visualization of the tumors, with a signal-to 

noise ratio that amounted to 1.38±0.05 at 30–60 min p.i. Bone uptake during the 60 min measure-

ment reached an SUV of 104±3.3, indicating defluorination on a level comparable to that of [18F]FET. 

A more extensive preclinical evaluation of the novel tracer in comparison with [18F]FET is ongoing and 

will be described in due course. 

 



Figure 8. Visualization of U87 MG tumors in rats (n=2) by H-Tyr([18F]SO2F)-OMe-µPET. Shown are 

individual summed images (30–60 min p.i.) of one rat with corresponding MRI (T2) data in horizontal 

(A–C) and transverse (E–G) orientation. The tumor (arrowheads) was clearly visible against brain 

background. Time-activity curves (D+H) confirmed a stable tumor accumulation without any washout 

during the first 60 min p.i. Bone uptake increased steadily, but did not interfere with tumor detec-

tion. Abbreviations: b – bone (lambdoidal crest). Scale bar: 5 mm. 

Fibroblast activation protein (FAP) is a membrane-bound serine protease that is overexpressed in the 

tumor microenvironment of >90% of all endothelial tumors but shows low expression in normal tis-

sues [18,19]. As such, FAP undoubtedly represents one of the most promising targets for tumor imag-

ing and, possibly, endoradiotherapy [20,21]. We therefore prepared 28, an analog of UAMC1110, 

which is one of the most potent and selective FAP inhibitors [22]. 28 was then labeled using SuFEx 

radiofluorination in an AY of 47% within 40 min (Fig. 6). The molar activity amounted to 4.7 

GBq/µmol (for 154 MBq tracer). [18F]FS-UAMC1110 ([18F]28) was subjected to a biological evaluation 

by µPET imaging in immunodeficient mice bearing subcutaneous fibrosarcoma tumors. Unexpected-

ly, hardly any radioactivity accumulation was observed in the tumors (maximum SUVbw <30), neither 

in wildtype HT1080, nor in FAP-transfected HT1080-FAP tumors (SI, Fig. S48). Instead, the tracer ac-

cumulated strongly in the gall bladder (maximum SUVbw 804±140, 90–120 min p.i.)(SI, Tab. S11). 

Furthermore, radioactivity uptake in bones (maximum SUVbw 211±51, 90–120 min p.i.) demonstrated 

a higher defluorination rate of [18F]28, which contains a [18F]fluorosulfate group attached to an elec-

tron deficient 4-carboxamido substituted quinoline residue relative to the more electron rich aryl 

fluorosulfate-based tracers described above. This finding most likely indicates that highly electron 

deficient radiolabeled aryl fluorosulfates are not sufficiently stable for in vivo imaging applications. 

DPA-714 is a selective agonist at the translocator protein 18 kDa (TSPO), a biomarker with relevance 

for different neurodegenerative and psychiatric diseases, stroke and brain tumors [23–25]. The cor-

responding radioligand [18F]DPA-714 is widely used in preclinical and clinical TSPO PET studies. In the 

present work, [18F]FS-DPA ([18F]29, Fig. 6), a novel [18F]DPA-714 analog that contains a radiolabeled 

fluorosulfate instead of the 2-[18F]fluoroethoxy group, was prepared as an injectable solution in 

42±3% AY within 25 min. Molar activity amounted to 3.5–7.9 GBq/µmol (128–317 MBq tracer). Visu-

alization of neuroinflammation by [18F]FS-DPA-PET was studied in a rat stroke model (Fig. 9). Ischem-

ic stroke was induced by occlusion of the anterior cerebral artery (ACA) using stereotaxic injection of 

endothelin-1 [26]. ACA occlusion resulted in an ischemic lesion in the anterior cingulate cortex. 24 h 

after stroke induction, a T2-weighted MR image was acquired to visualize edema in the ACA territory, 

which should demarcate the area of subsequent neuroinflammation. At day 31 after stroke induc-

tion, the inflammatory processes were studied using [18F]FS-DPA-PET images (0–120 min p.i.). As 



illustrated in Fig. 9, the novel tracer reliably visualized neuroinflammation in the ACA territory. Max-

imum radioactivity uptake (SUVbw) was 412±82 for [18F]FS-DPA, 0–30 min p.i. After 2 h, SUVbw still 

amounted to 260±53. The initial signal-to-noise ratio (SNR) of 3.1±0.5 at 0–30 min p.i. increased over 

time and amounted to 3.8±0.7 at 90–120 min p.i. [18F]FS-DPA underwent fair defluorination with a 

cranial bone SUVbw of 229±25 (90–120 min p.i.), which did not impede the image quality. 

 

Figure 9. In vivo evaluation of [18F]FS-DPA ([18F]29) in a rat stroke model (n=3). Shown are individual 

summed images (30–60 min p.i.) of one rat with corresponding MRI (T2) data in horizontal (A–C) and 

transverse (E–G) orientation. MRI (T2) at 24 h post-stroke showed edema in the ACA territory (ar-

rowheads in A+E). PET images (C+G) were taken 31 days after stroke, the region formerly affected by 

edema is indicated by a red outline. The time-activity curve (D) showed a slow washout of [18F]FS-

DPA from the inflammatory area, and a steadily increasing bone uptake. 

3. Conclusion 

We have established a robust protocol for the efficient preparation of radiolabeled aryl fluorosul-

fates via SuFEx 18F/19F isotopic exchange. Our optimized method overcomes problems associated 

with insufficient solubility of [18F]KF/K2CO3/K2.2.2 in the original procedure. In addition, the procedure 

circumvents time-consuming azeotropic drying steps and allows for the application of neutral salts 

instead of basic K2CO3. Our approach enables efficient radiolabeling using low nanomolar amounts of 

aryl fluorosulfates at micromolar concentrations. The versatility and scope of the radiofluorination 

method was demonstrated by the preparation of a series of 29 18F-labeled fluorosulfates, including 

analogs of complex compounds such as ezetimibe, α-tocopherol and etoposide, in fair to excellent 

yields. Preliminary evaluation demonstrated sufficient in vivo stability of radiolabeled electron rich or 

neutral aryl fluorosulfates. In contrast, electron deficient [18F]FS-UAMC1110 suffered from a faster in 

vivo defluorination. Furthermore, [18F]FS-DPA was identified as a promising imaging probe for visuali-

zation of TSPO under pathophysiological conditions. Taken together, the novel labeling protocol 



demonstrated the enormous potential of SuFEx radiofluorination for accelerated development of 

novel PET tracers. 

4. Experimental 

4.1. General 

Unless noted otherwise, all chemicals and solvents were purchased from VWR International (Radnor, 

PA, USA), Sigma-Aldrich (Steinheim, Germany), ChemPUR (Karlsruhe, Germany), ABCR GmbH (Karls-

ruhe, Germany) or Fluka AG (Buchs, Switzerland) and used without further purification. Fluorosul-

fonates 1, 3, 7, 9, 10, 14, 15 and 19–21 were acquired from Sigma-Aldrich (Steinheim, Germany). The 

purity of these compounds was checked by TLC and impure compounds were purified by column 

chromatography prior to use. 

4.2. Nuclear magnetic resonance (NMR) spectroscopy 

NMR-Spectra were measured at ambient temperature in deuterium oxide (D2O), deuterochloroform 

(CDCl3), deuteromethanol (CD3OD), deuteroacetonitrile (CD3CN), deuteroacetone [(CD3)2CO] or deu-

terodimethylsulfoxide [(CD3)2SO] as indicated using a Bruker Ascend™ 400 (1H: 400 MHz; 13C: 101 

MHz; 19F: 376 MHz). The measured chemical shifts are reported in δ [ppm] relative to residual peaks 

of non-deuterated solvents. The observed signal multiplicities are characterized as follows: s = sin-

glet, sb = broad singlet, d = doublet, t = triplet, m = multiplet and dd = doublet of doublet. Coupling 

constants J are reported in Hertz (Hz). 

4.3. Mass spectrometry (MS) 

Low resolution ESI mass spectra (LRMS-ESI) were measured with an MSQ PlusTM mass spectrometer 

(Thermo Electron Corporation, San Jose, USA). High resolution ESI mass spectra (HRMS-ESI) were 

measured with an LTQ XL™ Orbitrap™ (Thermo Fisher Scientific Inc., Bremen, Germany). High resolu-

tion EI mass spectra (HRMS-EI) were measured with an Exactive™ GC Orbitrap™ (Thermo Fisher Sci-

entific Inc., Bremen, Germany). 

4.4. Column chromatography 

Manual column chromatography was performed with silica gel, 60 Å, 230–400 mesh particle size 

from Fluka AG (Buchs, Switzerland) or silica gel (w/Ca, 0.1%), 60 Å, 230–400 mesh particle size from 

Sigma-Aldrich GmbH (Steinheim, Germany). Automated column chromatography was either per-

formed on a Grace Reverelis X1 (Columbia, Maryland, USA) or on a Büchi Pure C-815 Flash system, 

using Si60 FlashPure cartridges or Reveleris™ C18 reversed phase cartridges, respectively.  



4.5. Thin layer chromatography (TLC) 

TLC was performed using aluminum sheets coated with silica gel 0.25 mm SIL G/UV 254 (Merck 

KGaA, Darmstadt, Germany). Chromatograms were inspected under UV light (λ = 254 nm) and/or 

stained with phosphomolybdic acid (20% in EtOH). 

4.6. High pressure liquid chromatography (HPLC) 

HPLC analyses were carried out on a Dionex Ultimate® 3000 System with Ultimate® 3000 variable 

wavelength detector coupled in series with a Berthold LB500 NaI detector. Two Rheodyne 6 port 

injection valves equipped with equal sample loops were installed before and behind the chromato-

graphic column. The UV and radioactivity detectors were connected in series, giving a time delay of 

0.1–0.2 min between the corresponding responses, depending on the flow rate. Semi-preparative 

HPLC was performed on a dedicated semi-preparative system consisting of a Knauer K-100 pump, a 

Knauer K-2501 UV Detector, a Rheodyne 6 port injection valve equipped with a 2 mL injection loop 

and a custom-made Geiger counter. HPLC columns were purchased from Phenomenex (Aschaffen-

burg, Germany) and Merck KGaA (Darmstadt, Germany).  

4.7. Determination of pH values 

The pH values of aqueous solutions were measured with a 766 pH meter (Knick, Berlin, Germany) 

and an Inlab® Micro electrode (Mettler Toledo, Columbus, USA). The pH values of aqueous-organic 

mixtures were determined by spotting a small aliquot on pH 1–14 universal indicator paper (Merck 

KGaA, Darmstadt, Germany). 

4.8. Chemistry 

All reactions were carried out with magnetic stirring. Organic extracts were dried over anhydrous 

Na2SO4 or MgSO4. Air or moisture sensitive reagents were handled under argon (>99.999%, Air 

Liquide GmbH). Solutions were concentrated under reduced pressure (1–900 mbar) at 40–50 °C using 

a rotary evaporator (Büchi Labortechnik, Essen, Germany). Solvent proportions are indicated in a 

volume/volume ratio. 

3-Ethynylphenyl sulfurofluoridate (2) [5], 4-acetamidophenyl sulfurofluoridate (5), 2-oxo-2H-

chromen-7-yl sulfurofluoridate (11) [27], 4-aminophenyl sulfurofluoridate (16) [27], 4-formyl-2-

methoxyphenyl sulfurofluoridate (18) [27], 9H-carbazol-2-yl sulfurofluoridate (22) [27], N,N-diethyl-

2-{2-(4-hydroxyphenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl}-acetamide (O-desmethyl-DPA-

713) (S1) [28] and (S)-1-(2-aminoacetyl)-4,4-difluoropyrrolidine-2-carbonitrile tosylate (S2) [22] were 

prepared according to the literature. 3-Methoxyphenyl sulfurofluoridate (4) [29], 3-formylphenyl 



sulfurofluoridate (6) [30], 4-[(2-ethyl-1-benzofuran-3-yl)carbonyl]phenyl sulfurofluoridate (8), quino-

lin-8-yl sulfurofluoridate (12) [29], 3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-3',6'-diyl 

bis(sulfurofluoridate) (13) [31], 2-amino-1,3-benzothiazol-5-yl sulfuro-fluoridate (17), 4-formyl-2-

methoxyphenyl sulfurofluoridate (18) [32], ezetimibe (23), (±)-α-tocopherol (24) [32], and etoposide 

(25) derived sulfurofluoridates were prepared using AISF [27] according to GP 1. 

4.8.1. Preparation of aryl sulfurofluoridates using AISF in CH2Cl2 – General Procedure 1 (GP 1) 

DBU (164 µL, 0.167 g, 1.1 mmol, 2.2 eq) was added to a solution or suspension of the corresponding 

phenol (0.5 mmol, 1 eq.) in CH2Cl2 (4 mL). Thereafter, AISF (0.204 g, 0.65 mmol, 1.3 eq; in the case of 

etoposide derivative 25 1.05 eq.) was added and the reaction mixture was stirred for 1–3 h. The reac-

tion mixture was directly loaded onto the top of a column filled with dry silica and the desired aryl 

sulfurofluoridates were eluted with a suitable eluent. In the case of tocopherol derivative 24, CH2Cl2 

was removed under reduced pressure and the residue was taken up into hexane. Etoposide deriva-

tive 25 was not completely stable on silica. For the preparation of bis(sulfurofluoridate) 13, 2.2 eq. 

AISF and 4.2 eq DBU were used. 

4.8.2. Synthesis of 3-methoxyphenyl sulfurofluoridate (4) [29] 

4 (0.19 g, 95%; colorless liquid) was prepared from 3-methoxyphenol according to GP 1. Molecular 

formula and mass: C7H7FO4S (206.187 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 7.37 (t, J = 8.3 Hz, 

1H), 6.97 – 6.91 (m, 2H), 6.87 (td, J = 2.4, 0.8 Hz, 1H), 3.84 (s, 3H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] 

= 161.1, 150.9, 130.8, 114.6, 112.8, 107.1, 107.1, 55.9. 19F-NMR [376 MHz, CDCl3]: δ [ppm] = 37.71 (s, 

1F).  

4.8.3. Synthesis of acetamidophenyl sulfurofluoridate (5) 

Prepared as described for 26 below. Colorless solid. Yield: 92%. Molecular formula and mass: 

C8H8FNO4S (233.213 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 7.28–7.23 (d, J = 8.6 Hz, 2H), 7.44 

(sb, 1H, -NH), 7.29 (d, J = 8.7 Hz, 2H), 2.20 (s, 3H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 168.6, 145.9, 

138.3, 121.7, 121.3, 24.7. 19F-NMR [376 MHz, CDCl3]: δ [ppm] = 37.36 (s, 1F). MS-ESI: m/z [M+H]+ 

calculated for [C8H9FNO4S]+ = 234.02, found 234.08. 

4.8.4. Synthesis of 3-formylphenyl sulfurofluoridate (6) [30] 

6 (58 mg, 23%; colorless liquid) was prepared from 3-hydroxybenzaldehyde according to GP 1. Mo-

lecular formula and mass: C7H5FO4S (204.171 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 10.05 (s, 

1H), 7.95 (dt, J = 7.6, 1.2 Hz, 1H), 7.91 – 7.83 (m, 1H), 7.70 (t, J = 7.9 Hz, 1H), 7.62 (ddt, J = 8.2, 2.4, 0.9 



Hz, 1H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 189.9, 150.6, 138.6, 131.5, 130.2, 126.8, 121.3. 19F-

NMR [376 MHz, CDCl3]: δ [ppm] = 38.48 (s, 1F).  

4.8.5. Synthesis of 4-[(2-Ethyl-1-benzofuran-3-yl)carbonyl]phenyl sulfurofluoridate (8) 

8 (0.17 g, 87%; colorless oil) was prepared from benzarone according to GP 1. Molecular formula and 

mass: C17H13FO5S (348.344 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 7.98 – 7.94 (m, 2H), 7.52 – 

7.46 (m, 2H), 7.30 (dddd, J = 7.9, 5.6, 4.6, 1.4 Hz, 2H), 7.21 (ddd, J = 8.1, 7.1, 1.0 Hz, 1H), 2.94 (q, J = 

7.5 Hz, 2H), 1.36 (t, J = 7.5 Hz, 3H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 189.9, 167.5, 153.8, 152.6, 

139.7, 131.6, 126.5, 124.8, 124.0, 121.2, 121.2, 115.7, 111.4, 22.1, 12.4. 19F-NMR [376 MHz, CDCl3]: δ 

[ppm] = 38.89 (s, 1F). HRMS-ESI: m/z [M+H]+ calculated for [C17H14FO5S]+ = 349.05405, found: 

349.05420. 

4.8.6. Synthesis of quinolin-8-yl sulfurofluoridate (12) [29] 

12 (0.12 g, 60%; colorless solid) was prepared from 8-hydroxyquinoline according to GP 1. Molecular 

formula and mass: C9H6NFO3S (227.209 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 9.07 (dd, J = 

4.2, 1.6 Hz, 1H), 8.25 (dd, J = 8.4, 1.6 Hz, 1H), 7.90 (dd, J = 8.3, 1.2 Hz, 1H), 7.76 (dt, J = 7.7, 1.1 Hz, 

1H), 7.63 – 7.57 (m, 1H), 7.55 (dd, J = 8.4, 4.2 Hz, 1H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 152.0, 

146.0, 140.6, 136.1, 130.1, 128.8, 126.0, 122.9, 121.46. 19F-NMR [376 MHz, CDCl3]: δ [ppm] = 40.66 

(s, 1F). MS-ESI: m/z [M+H]+ calculated for [C9H7FNO3S]+ = 228.01, found: 228.16. 

4.8.7. Synthesis of 3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-3',6'-diyl bis(sulfurofluoridate) (13) 

[31] 

13 (84 mg, 42%; colorless solid) was prepared from fluorescein according to GP 1. Molecular formula 

and mass: C20H10F2O9S2 (496.408 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 8.11 – 8.05 (m, 1H), 

7.72 (dqd, J = 14.6, 7.4, 1.2 Hz, 2H), 7.37 (d, J = 2.4 Hz, 2H), 7.21 – 7.15 (m, 1H), 7.11 (ddd, J = 8.8, 2.5, 

0.6 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 168.6, 152.3, 151.5, 150.7, 

136.0, 130.9, 130.3, 125.9, 125.7, 123.9, 119.8, 117.4, 110.5, 80.1. 19F-NMR [376 MHz, CDCl3]: δ 

[ppm] = 38.80 (s, 2F). MS-ESI: m/z [M+H]+ calculated for [C20H11F2O9S2]+ = 496.98, found: 497.04. 

4.8.8. Synthesis of 2-amino-1,3-benzothiazol-5-yl sulfurofluoridate (17) 

17 (48 mg, 29%; colorless solid) was prepared from 2-amino-5-hydroxy-1,3-benzothiazole according 

to GP 1. Molecular formula and mass: C7H5FN2O3S2 (248.246 g/mol). 1H-NMR [400 MHz, (CD3)2CO]: δ 

[ppm] = 7.89 (d, J = 2.0 Hz, 1H), 7.50 (d, J = 8.8 Hz, 1H), 7.38 (ddd, J = 8.8, 2.6, 1.0 Hz, 1H), 7.13 (sb, 

2H). 13C-NMR [101 MHz, (CD3)2CO]: δ [ppm] = 169.3, 154.2, 145.2, 133.8, 119.8, 119.4, 114.8. 19F-



NMR [376 MHz, (CD3)2CO]: δ [ppm] = 35.43 (s, 1F). HRMS-ESI: m/z [M+H]+ calculated for 

[C7H6FN2O3S2]+ = 248.97984, found: 248.98000. 

4.8.9. Synthesis of 4-formyl-2-methoxyphenyl sulfurofluoridate (18) [32] 

18 (0.11 g, 71%; colorless solid) was prepared from vanillin according to GP 1. Molecular formula and 

mass: C8H7FO5S (234.197 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 10.00 (s, 1H), 7.59 (d, J = 1.3 

Hz, 1H), 7.55 – 7.49 (m, 2H), 4.01 (s, 3H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 190.5, 152.2, 142.9, 

137.2, 124.1, 123.3, 112.2, 56.7. 19F-NMR [376 MHz, CDCl3]: δ [ppm] = 41.02 (s, 1F).  

4.8.10. Synthesis of ezetimibe-derived sulfurofluoridate (23) 

23 (0.16 g, 67%; colorless solid) was prepared from ezetimibe according to GP 1. Molecular formula 

and mass: C24H20F3NO5S (491.481 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 7.46 – 7.41 (m, 2H), 

7.36 (d, J = 8.5 Hz, 2H), 7.32 – 7.26 (m, 2H), 7.23 – 7.17 (m, 2H), 7.06 – 6.99 (m, 2H), 6.99 – 6.92 (m, 

2H), 4.72 (t, J = 6.1 Hz, 1H), 4.68 (d, J = 2.3 Hz, 1H), 3.07 (td, J = 7.6, 2.3 Hz, 1H), 2.27 (s, J = 10.7 Hz, 

1H), 2.11 – 1.84 (m, 4H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 167.0, 162.4 (d, J = 245.9 Hz), 159.3 

(d, J = 244.2 Hz), 149.9, 140.0 (d, J = 3.0 Hz), 138.7, 133.6 (d, J = 2.7 Hz), 128.0, 127.5 (d, J = 8.0 Hz), 

122.1, 118.4 (d, J = 7.9 Hz), 116.2 (d, J = 22.7 Hz), 115.6 (d, J = 21.2 Hz), 73.3, 60.8, 60.5, 36.7, 25.2. 

19F-NMR [376 MHz, CDCl3]: δ [ppm] = 38.03 (s, 1F), -114.63 (s, 1F), -117.30 (s, 1F). HRMS-ESI: m/z 

[M+Na]+ calculated for [C24H20F3NO5SNa]+ = 514.09065, found: 514.09065. 

4.8.11. Synthesis of (±)-α-tocopherol-derived sulfurofluoridate (24) [32]  

24 (0.25 g, 84%; colorless oil) was prepared from (±)-α-tocopherol according to GP 1. Molecular for-

mula and mass: C29H49FO4S (512.765 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 2.60 (t, J = 6.8 Hz, 

2H), 2.24 (s, 3H), 2.20 (s, 3H), 2.11 (s, 3H) , 1.90 – 1.72 (m, 2H), 1.63 – 1.02 (m, 25H), 0.90 – 0.82 (m, 

12H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 151.2, 142.0, 127.7, 126.2, 124.5, 118.6, 75.9, 40.1, 40.1, 

39.5, 37.7, 37.6, 37.6, 37.5, 37.5, 37.4, 33.0, 32.9, 32.8, 32.8, 31.0, 30.9, 28.1, 25.0, 25.0, 24.6, 24.0, 

22.9, 22.8, 21.1, 20.8, 19.9, 19.8, 19.8, 19.8, 19.8, 13.7, 13.7, 12.9, 12.8, 12.1. 19F-NMR [376 MHz, 

CDCl3]: δ [ppm] = 41.36 (s, 1F).  

4.8.12. Synthesis of etoposide-derived sulfurofluoridate (25) 

25 (25 mg, 17%; colorless foam) was prepared from etoposide according to GP 1. Molecular formula 

and mass: C29H31FO15S (670.610 g/mol). 1H-NMR [400 MHz, CD3CN]: δ [ppm] = 7.07 (s, 1H), 6.66 (s, 

2H), 6.41 (s, 1H), 5.95 (s, 2H), 4.78 (d, J = 4.5 Hz, 1H), 4.71 (q, J = 5.0 Hz, 1H), 4.41 (d, J = 5.5 Hz, 1H), 

4.39 – 4.31 (m, 2H), 4.24 (d, J = 7.8 Hz, 1H), 4.09 – 4.03 (m, 1H), 3.85 (s, 6H), 3.56 – 3.47 (m, 3H), 3.42 

(d, J = 4.2 Hz, 1H), 3.38 (dd, J = 8.6, 4.2 Hz, 1H), 3.24 – 3.14 (m, 4H), 1.26 (d, J = 5.0 Hz, 3H). 13C-NMR 



[101 MHz, CD3CN]: δ [ppm] = 179.8, 153.3, 148.9, 147.5, 145.4, 133.0, 130.0, 109.8, 109.0, 106.8, 

102.6, 102.0, 100.1, 81.0, 76.1, 75.5, 74.2, 69.4, 68.7, 67.1, 57.4, 45.9, 44.0, 40.0, 20.7. 19F-NMR [376 

MHz, CD3CN]: δ [ppm] = 42.43 (s, 1F). HRMS-ESI: m/z [M+H]+ calculated for [C29H31FO15SNa]+ = 

693.12599, found: 693.12579. 

4.8.13. Synthesis of methyl (S)-2-[(tert-butoxycarbonyl)amino]-3-{4-

[(fluorosulfonyl)oxy]phenyl}propanoate (Boc-Tyr(FS)-OMe, 26) 

1,8-Diazabicyclo[5.4.0]undec-7-en (0.891 mL, 0.907 g, 5.96 mmol) was added to a solution of Boc-

Tyr-OMe (0.8 g, 2.71 mmol) and [4-(acetylamino)phenyl]imidodisulfuryl difluoride (AISF) [27] (1.022 

g, 3.25 mmol) in THF (12.5 mL) and the reaction mixture was vigorously stirred for 10 min. The result-

ing heterogeneous mixture was taken up in 100 mL Et2O/H2O (1:1), the organic layer was separated 

and successively washed with 1 M NaHSO4 (3×20 mL), H2O (2×20 mL), 5% NaHCO3 (3×20 mL) and 

brine (2×20 mL). That followed, the organic layer was concentrated under reduced pressure, the 

residue was taken up in EtOAc/hexane (1:2.5) and filtered through a pad of silica (10 g). The resulting 

solution was concentrated under reduced pressure and the residue was recrystallized from pentane 

(–25 °C) to afford the title compound (0.92 g, 90%) as a colorless solid. Molecular formula and mass: 

C15H20FNO7S (377.383 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 7.28–7.23 (m, 4H), 5.04–4.79 (m, 

1 H, -NH), 4.63–4.41 (m, 1H), 3.72 (s, 3H), 3.18 (dd, J = 13.9, 5.6 Hz, 1H), 3.04 (d, J = 13.8, 6.5 Hz, 1H), 

1.40 (s, 9H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 172.0, 155.1, 149.2, 137.4, 131.4, 121.0, 80.4, 

54.3, 52.6, 38.0, 28.4. 19F-NMR [376 MHz, CDCl3]: δ [ppm] = 37.48 (s, 1F). MS-ESI: m/z [M-Boc+H]+ 

calculated for [C10H14FNO5S]+ = 278.05, found: 278.10. Rf value: Rf = 0.36 (EtOAc/hexane = 1:2.5).  

4.8.14. Synthesis of methyl (S)-2-amino-3-{4-[(fluorosulfonyl)oxy]phenyl}propanoate hydrochloride 

(H-Tyr(FS)-OMe·HCl, 27·HCl) 

MeOH (20 µL, 16 mg, 0.50 mmol, 5.0 eq.) was slowly added to an ice-cold solution of AcCl (35 µL, 

38 mg, 0.48 mmol, 4.8 eq.) in EtOAc (1 mL) and the mixture was stirred for 5 min. 26 (38 mg, 100 

µmol, 1.0 eq.) was then added, the cooling bath was removed and the reaction mixture was stirred 

for 30 min. After completion of the reaction, the mixture was concentrated under reduced pressure 

to afford the title compound as a colorless solid (96% yield, 30 mg, 96 µmol). Molecular formula and 

mass: C10H13ClFNO5S (313.724, free base: 277.266 g/mol). 1H-NMR [400 MHz, D2O]: δ [ppm] = 7.55–

7.46 (m, 4H), 4.48 (dd, J = 7.4, 6.2 Hz, 1H), 3.85 (s, -NH3
+ and HOD, 4H), 3.42 (dd, J = 14.6, 6.2 Hz, 1H), 

3.33 (dd, J = 14.6, 7.5 Hz, 1H). 13C-NMR [101 MHz, D2O]: δ [ppm] = 169.9, 149.5, 135.1, 131.6, 121.6, 

53.8, 53.6, 35.0. 19F-NMR [376 MHz, D2O]: δ [ppm] = 37.53 (s, 1F). HRMS-ESI: m/z [M+H]+ calculated 

for [C10H13FNO5S]+ = 278.04930, found: 278.04936, m/z [M+Na]+ calculated for [C10H12FNO5SNa]+ = 

300.03124, found 300.03135. 



4.8.15. Synthesis of (S)-4-{[2-(2-Cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl]carbamoyl}quinolin-6-yl 

sulfurofluoridate (28) 

a) Methyl 6-iodoquinoline-4-carboxylate (S3) 

Sodium pyruvate (2.42 g, 22.0 mmol, 1.2 eq.) was added to a solution of 5-iodoisatine (5.00 g, 

18.3 mmol) in 20% aqueous NaOH (36 mL, 12 eq.) and the reaction mixture was stirred under reflux 

until gas evolution had ceased (4 h). The reaction mixture was vigorously stirred and diluted with 

water (25 mL), cooled with a water-ice bath and neutralized with 12 M HCl (about 20.5 mL) to pH=2. 

The resulting suspension was stirred for 1 h, after which the precipitate was collected by filtration, 

rinsed with water (2×20 mL), MeOH (15 mL) and Et2O (150 mL), and dried under reduced pressure to 

afford 4.70 g (75%) of crude 6-iodo-quinoline-2-4-dicarboxylic acid, which was used for the subse-

quent decarboxylation step without further purification. The crude diacid (4.70 g, 13.7 mmol) was 

placed in a 250 mL 3-neck round bottom flask equipped with a stirring bar, a gas inlet, and a distilling 

bridge connected to a Schlenk flask that was chilled with crushed ice. Nitromethane (90 mL) was 

added with stirring and the reaction mixture was brought to vigorous boiling until 7–10 mL of the 

nitromethane had been distilled off at ambient pressure. The reaction mixture was allowed to cool 

down in a gentle stream of argon, the bridge was replaced by a reflux condenser, and the mixture 

was heated under reflux for another 20 min. Thereafter, it was cooled down to ambient tempera-

ture, diluted with CH2Cl2 (50 mL) and stirred for 1 h. The resulting precipitate was collected by filtra-

tion, washed with CH2Cl2 (3×15 mL), and dried under reduced pressure to give 3.82 g (94%) of crude 

6-iodo-quinoline-4-dicarboxylic acid as an off-white solid. The product could be purified by sublima-

tion, which furnished a colorless solid but was associated with significant losses, so that the subse-

quent esterification step was typically performed without prior purification. Molecular formula and 

mass: C10H6INO2 (299.067 g/mol). 1H-NMR [400 MHz, (CD3)2SO]: δ [ppm] = 13.97 (s, 1H), 9.18 (d, J = 

1.3 Hz, 1H), 9.05 (d, J = 4.3 Hz, 1H), 8.08 (dd, J = 8.8, 1.6 Hz, 1H), 7.97 (d, J = 4.3 Hz, 1H), 7.87 (d, J = 

8.8 Hz, 1H). 13C-NMR [101 MHz, (CD3)2SO]: δ [ppm] = 167.0, 151.1, 147.3, 138.1, 134.2, 134.1, 131.5, 

126.1, 123.04, 95.3, 39.5. MS-ESI: m/z [M+H]+ calculated for [C10H7INO2]+ = 299.95, found 300.02, 

m/z [M-H]- calculated for [C10H5INO2]- = 297.94, found: 297.99. 

Oxalyl chloride (5.00 mL, 3.38 g, 26.6 mmol, 1.8 eq.) was added to an ice-cold suspension of the 

crude 6-iodo-quinoline-4-dicarboxylic acid (4.50 g, 15.0 mmol, 1.0 eq.) in CH2Cl2 (10 mL). The cooling 

bath was removed and the reaction mixture was stirred for 3 h. Thereafter, C2H4Cl2 (20 mL) was add-

ed and the mixture was gradually heated to 65 °C over 2 h. The reaction mixture was allowed to cool 

to ambient temperature and stirred for 16 h, after which it was cooled in a water-ice bath and MeOH 

(3.0 mL, 2.4 g, 74 mmol, 2.8 eq.) followed by Et3N (7.0 mL, 5.1 g, 50 mmol, 1.9 eq.) were added. The 

cooling bath was removed, the reaction mixture was stirred for 2 h and then concentrated under 



reduced pressure. The residue was dissolved in hot EtOAc and the resulting solution filtered through 

Celite™. The filter cake was rinsed with fresh EtOAc and the combined filtrates were washed with 1 M 

citric acid, H2O, 10% NaHCO3, and brine. After drying of the organic phase and removal of EtOAc un-

der reduced pressure, the residue was recrystallized from MeCN to afford S3 (72%, 3.36 g, 10.7 

mmol) as a colorless solid. Molecular formula and mass: C11H8INO2 (313.094 g/mol). 1H-NMR [400 

MHz, CDCl3]: δ [ppm] = 9.24 (d, J = 1.9 Hz, 1H), 9.02 (d, J = 4.4 Hz, 1H), 8.02 (dd, J = 8.9, 1.9 Hz, 1H), 

7.92 (d, J = 4.4 Hz, 1H), 7.88 (d, J = 8.9 Hz, 1H), 4.05 (s, 3H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 

166.2, 150.4, 148.2, 138.9, 134.8, 133.6, 131.6, 126.7, 123.0, 92.5, 53.1. MS-ESI: m/z [M+H]+ calcu-

lated for [C11H9INO2]+ = 313.97, found 314.02. DIP-HRMS-EI (70 eV, 50 °C): m/z [M]+ calculated for 

[C10H6INO2]+ = 312.95942, found: 312.95898. 

b) 6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)quinoline-4-carboxylic acid methyl ester (S4) 

Anhydrous potassium acetate (1.47 g, 15.0 mmol, 3.0 eq.) was added to a solution of 6-iodo-

quinoline-4-carboxylic acid methyl ester (S3) (1.57 g, 5.01 mmol), Pd(dppf)Cl2 (0.15 mmol, 92 mg, 2.5 

mol%), and bis(pinacolato)diboron (1.40 g, 5.50 mmol, 1.1 eq.) in anhydrous DMF (25 mL) and the 

resulting suspension was vigorously stirred under argon at 70 °C for 12 h. The reaction mixture was 

cooled to ambient temperature, diluted with Et2O (100 mL) and filtered through a 2-cm plug of 

Celite™. The filter cake was rinsed with Et2O (2 × 50 mL) and the combined filtrates were concentrat-

ed under reduced pressure at Tbath <45 °C until most of the DMF had distilled off (condensation of 

DMF ceased when the internal pressure reached 6–8 mbar) to afford the crude product as a dark-

brown solid. Subsequent fractional distillation in a Kugelrohr apparatus at 80–150 °C/0.1–1 mbar 

gave the following fractions: 1) b.p. 80–100 °C/1 mbar: 0.49 g of a colorless crystalline material [pre-

dominantly (Bpin)2 + S4 <2% + S3 <12%] which was discarded, and 2) b.p. 110–150 °C/0.1–1 mbar: 

1.20 g of the title compound (77% yield) as a pale-yellow thick oil, which gradually solidified at ambi-

ent temperature. As its NMR-spectrum confirmed sufficient purity, the product was directly used 

without further purification. Molecular formula and mass: C17H20BNO4 (313.160 g/mol). 1H-NMR 

[400 MHz, CDCl3]: δ [ppm] = 9.17 (s, 1H), 9.04 (d, J = 4.4 Hz, 1H), 8.16–8.11 (m, 2H), 7.86 (d, J = 4.4 Hz, 

1 H), 4.06 (s, 3 H), 1.39 (s, 12 H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 166.7, 150.8, 150.5, 135.8, 

134.7, 133.5, 129.1, 124.5, 122.1, 84.4, 52.9, 25.1, missing: Carom.–Bpin. MS-ESI: m/z [M+H]+ calculat-

ed for [C17H21BNO4]+ = 314.16, found 314.24. DIP-HRMS-EI (70 eV, 50–115 °C): m/z [M]+ calculated 

for [C17H20BNO4]+ = 313.14799, found: 313.14766. 

c) 6-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-quinoline-4-carboxylic acid (S5) 

A solution of S4 (361 mg, 1.15 mmol) and anhydrous TMSOK (325 mg, 2.54 mmol, 2.2 eq.) in anhy-

drous THF (5 mL) was stirred for 4 h, after which all volatiles were removed under reduced pressure 



to afford a free-flowing pale-creamy powder. Following addition of 2,3,5,6-tetrafluorophenol (TFP-

OH) (0.422 g, 2.54 mmol, 2.2 eq.) and anhydrous THF (5 mL), the reaction mixture was stirred for 1 h 

and concentrated under reduced pressure. After a subsequent drying step at 25 °C/0.01 mbar for 1 h, 

the residue was dissolved in anhydrous Et2O (10 mL) and stirred until precipitation of the product 

from the reaction mixture was complete. The colorless precipitate was collected by filtration, washed 

with Et2O (2×10 mL) and dried under reduced pressure to afford the title compound as a colorless 

free-flowing powder (308 mg, 79% yield). Molecular formula and mass: C16H18BNO4 (299.133 g/mol). 

1H-NMR [400 MHz, (CD3)2CO]: δ [ppm] = 8.93 (dd, J = 1.4, 0.8 Hz, 1H), 8.77 (d, J = 4.3 Hz, 1H), 7.88 

(dd, J = 8.4, 0.8 Hz, 1H), 7.83 (dd, J = 8.4, 1.4 Hz, 1H), 7.33 (d, J = 4.3 Hz, 1H), 1.34 (s, 12H). 13C-NMR 

[101 MHz, (CD3)2CO]: δ [ppm] = 172.6, 152.2, 151.2, 148.3, 137.2, 133.6, 129.2, 126.3, 121.4, 84.7, 

25.2, missing: Carom.–Bpin. HRMS-ESI: m/z [M+H]+ calculated for [C16H19BNO4]+ = 300.14017, found 

300.14042, [C16H18BNO4Na]+ = 322.12211, found: 322.1221. 

d) 6-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-quinoline-4-carboxylic acid 2,3,5,6-
tetrafluorophenyl ester (S6) 

A solution of S5 (287 mg, 0.960 mmol), EDC (202 mg, 1.05 mmol, 1.1 eq.) and TFP-OH (310 mg, 

1.87 mmol, 2.0 eq.) in anhydrous CH2Cl2 (10 mL) was stirred for 16 h. After concentration under re-

duced pressure and trituration of the residue with a mixture of EtOAc (30 mL) and H2O (20 mL), the 

aqueous phase was extracted with EtOAc (2×20 mL), and the extract was washed with H2O (2×10 mL) 

and brine (30 mL). The organic phase was then dried and volatiles were removed under reduced 

pressure to afford the crude active ester S6 (404 mg, corresponding to 312 mg of the pure com-

pound, as estimated from its 1H-spectrum that showed TFP-OH as the only visible impurity), which 

was used for the next step without further purification (1H-NMR-spectra of the crude product 

showed no impurities other than TFP-OH (approx. 0.8 eq.), which does not interfere with the follow-

ing step and is completely removed during lyophilic drying of the final product S7). Molecular formu-

la and mass: C22H18BF4NO4 (447.193 g/mol). 1H-NMR [400 MHz, CDCl3]: δ [ppm] = 9.29 (m, 1H), 9.16 

(d, J = 4.5 Hz, 1H), 8.29–8.17 (m, 3H), 7.12 (s, 1H, 4'-H of TFP-ester), 6.61 (s, 1H, 4'-H of free TFP-OH), 

1.38 (s, 12H). 

e) 6-(1,1-Dihydroxyboryl)-quinoline-4-carboxylic acid [2-(2-cyano-4,4-difluoro-pyrrolidin-1-yl)-2-

oxoethyl]-amide (S7) 

Anhydrous Et3N (310 µL, 225 mg, 2.22 mmol, 3.2 eq.) was added dropwise and with stirring to an ice-

cold solution of crude S6 (404 mg crude, 312 mg, 0.70 µmol) and (S)-1-(2-amino-acetyl)-4,4-difluoro-

pyrrolidine-2-carbonitrile tosylate (S2) (290 mg, 0.80 mmol, 1.1 eq.) in anhydrous CH2Cl2 (3.5 mL). 

When the addition was complete, the cooling bath was removed and the reaction mixture was 

stirred for another 16 h. After subsequent concentration of the mixture under reduced pressure, the 



residue was triturated with EtOAc (15 mL) and a mixture of H2O (8 mL), brine (0.5 mL) and 1 N HCl 

(1.5 mL). The aqueous fraction was extracted with EtOAc (3×10 mL) and the combined extracts were 

washed with H2O (3×10 mL) and brine (15 mL). The residue obtained after drying of the organic frac-

tion and removal of volatiles under reduced pressure was dissolved in CH2Cl2 and concentrated under 

reduced pressure to afford, after an additional drying step in high vacuum, an off-white foam which 

contained 6-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-quinoline-4-carboxylic acid (S)-[2-(2-

cyano-4,4-difluoro-pyrrolidin-1-yl)-2-oxo-ethyl]-amide S6 and PFP-OH (487 mg of 1:1.9 mixture of S6 

and TFP-OH according to 1H-NMR and 19F-NMR-spectra, which corresponds to approximately 285 mg 

of the pure intermediate S6). Since the pinacol boronic ester readily undergoes decomposition during 

purification by normal or reverse-phase chromatography, it was converted into the corresponding 

boronic acid as follows. The crude pinacol boronic ester was dissolved in hot 40% MeOH (100 mL) 

and the resulting solution was completely evaporated under reduced pressure (Tbath 40-45 °C; three 

times). Thereafter, the residue was dissolved in hot MeOH (10 mL), the resulting solution was heated 

to reflux, and H2O (approx. 120 mL) was added with stirring until a slight turbidity could be observed. 

After 30 min, heating was stopped, activated charcoal (210 mg) was added, and the mixture was 

allowed to return to ambient temperature. The solution was then filtered through a thin plug of 

Celite™, the filter cake was washed with 10% MeOH (2×10 mL), and the combined filtrates were con-

centrated under reduced pressure to a volume of approximately 50 mL. The resulting solution was 

frozen by occasional swirling in a liquid nitrogen bath and lyophilized (Tcond. -90 °C, P = 0.2 mbar, 24 h) 

to afford, after an additional drying step in a vacuum-desiccator over Sicapent™ at 20 °C/0.01 mbar 

overnight, 203 mg (75%) of >92% pure (as estimated from its 1H-NMR-spectrum) product S7 as a 

colorless free-flowing powder. Molecular formula and mass: C17H15BF2N4O4 (388.138 g/mol). 1H-

NMR [400 MHz, (CD3)2SO]: δ [ppm] = 8.94 (d, J = 3.6 Hz, 1H), 8.70 (s, 1H), 8.07 (dd, J = 18.6, 7.3 Hz, 

2H), 7.67 (d, J = 4.4 Hz, 1H), 5.54 (d, J = 9.1 Hz, 0.13 H, min.) and 5.17 (dd, J = 9.3, 2.8 Hz, 0.91 H, 

maj.), 4.44 – 4.10 (m, 4H), 3.03 – 2.76 (m, 2H). 13C-NMR [101 MHz, (CD3)2SO]: δ [ppm] = 170.4, 169.5, 

151.4, 144.2, 136.0, 128.3, 127.6 (dd, J = 251, 247 Hz), 120.3, 118.1, 53.0 (t, J = 33 Hz), 45.8 (d, J = 6 

Hz), 42.9, 38.2 (t, J = 25 Hz). 19F-NMR [376 MHz, (CD3)2SO]: δ [ppm] = -96.63 – -98.55 (m, 1 F), -105.19 

– -108.38 (m, 1 F). HRMS-ESI: m/z [M+H]+ calculated for [C17H16BF2N4O4]+ = 389.12272, found: 

389.12203. Rf value: Rf = 0.11 (EtOAc). 

f) (S)-N-[2-(2-Cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl]-6-hydroxyquinoline-4-carboxamide 

(S8) 

m-CPBA (30 mg, max. 77% purity, approx. 130 µmol, 1.3 eq.) was added to an ice-cold solution of S7 

(39 mg, 100 µmol, 1.0 eq.) in EtOH/H2O (2:1; 1.5 mL), the cooling bath was removed and the reaction 

mixture was stirred for 6 h and stored at 4 °C overnight. On the next day, the reaction mixture was 



diluted with H2O (4 mL) and extracted with EtOAc (5×10 mL). The combined organic phases were 

dried and concentrated under reduced pressure to afford the crude product S8 (44 mg). Half of the 

crude product (22 mg) was directly used for the synthesis of 28, while the rest was purified by col-

umn chromatography (EtOAc) to afford analytically pure S8 (13 mg, 36 µmol, 36%) as a colorless sol-

id. Molecular formula and mass: C17H14F2N4O3 (360.1034 g/mol). 1H-NMR [400 MHz, CD3CN/CD3OD]: 

δ [ppm] = 8.72 (d, J = 4.4 Hz, 1 H), 7.98 (d, J = 9.1 Hz, 1 H), 7.62 (d, J = 2.7 Hz, 1 H), 7.54 (d, J = 4.4 Hz, 

1 H), 7.41 (dd, J = 9.1, 2.7 Hz, 1 H), 5.40–5.11 (m, 1 H), 4.54–4.08 (m, 4 H), 2.98–2.77 (m, 2 H). 13C-

NMR [101 MHz, CD3CN/CD3OD]: δ [ppm] = 170.1, 169.5, 157.8, 147.6, 144.6, 141.6, 131.3, 127.6 (dd, 

J = -250.8, -246.6 Hz), 127.3, 123.8, 120.5, 118.2, 107.4, 52.9 (m), 45.7 (d, J = 6.0 Hz), 42.8, 38.0 (t, 

J = 32.2 Hz), 25.2. 19F-NMR [376 MHz, CD3CN/CD3OD]: δ [ppm] = -94.81 – -96.77 (m, 1 F), -103.83 – -

106.83 (m, 1F). MS-ESI: m/z [M+H]+ calculated for [C17H15F2N4O3]+ = 361.11, found: 361.12. DIP-

HRMS-EI (70 eV, 50 –260 °C): m/z [M]+ calculated for [C17H14F2N4O3]+ = 360.10285, found: 

360.10252. Rf value: Rf = 0.15 (EtOAc). 

g) (S)-4-{[2-(2-Cyano-4,4-difluoropyrrolidin-1-yl)-2-oxoethyl]carbamoyl}quinolin-6-yl sulfurofluori-

date (28) 

1-(Fluorosulfuryl)-2,3-dimethyl-1H-imidazol-3-ium trifluoromethanesulfonate (SuFEx-IT) (26 mg, 

79 µmol, 1.3 eq.) was added to an ice-cold solution of the crude phenol S8 (22 mg, 61 µmol) and Et3N 

(13 µL, 9.3 mg, 92 mmol, 1.5 eq.) in CH2Cl2/MeCN (1:3; 4 mL), the cooling bath was removed and the 

reaction mixture was stirred for 1.5 h. Additional Et3N (4 µL, 3 mg, 0.5 eq.) and SuFEx-IT (10 mg, 31 

µmol, 0.5 eq.) were then added and stirring was continued for another 30 min. Thereafter, a saturat-

ed aqueous solution of NH4Cl (2 mL) was added, the mixture was extracted with CH2Cl2 (5×5 mL), and 

the combined organic fractions were dried and concentrated under reduced pressure. The residue 

was purified by column chromatography (EtOAc, Rf = 0.32) to yield the raw product 28 (23 mg, 52 

µmol) as a yellow oil. Further purification of raw 28 (20 mg) by semi-preparative HPLC (Column: Syn-

ergi™ Hydro RP-18e, 80 Å, 4 μm, 21.20×250 mm (Phenomenex, Aschaffenburg, Germany); eluent: 

25% MeCN, flow rate: 7.4 mL/min, tR = 5.8 min) afforded the pure title compound (12%, 3.2 mg, 7.2 

µmol; >96% pure) as a colorless solid. Molecular formula and mass: C17H13F3N4O5S (442.0559 g/mol). 

1H-NMR [400 MHz, CDCl3, product purified by semi-prep. HPLC]: δ [ppm] = 9.07 (d, J = 4.3 Hz, 1 H), 

8.53 (d, J = 2.5 Hz, 1 H), 8.28 (d, J = 9.3 Hz, 1 H), 7.85 (dd, J = 9.3, 2.2 Hz, 1 H), 7.71 (d, J = 4.3 Hz, 1 H), 

7.51 (sb, 1 H), 5.02 (dd, J = 9.0, 3.2 Hz, 1 H), 4.48–3.92 (m, 4 H), 2.90–2.72 (m, 2 H). 13C-NMR [101 

MHz, CDCl3, product purified by column-chrom.]: δ [ppm] = 167.6, 166.5, 151.3, 148.5, 147.6, 140.2, 

133.1, 125.2 (t, J = 252 Hz), 124.9, 123.4, 120.1, 117.5, 116.2, 52.2 (t, J = 32 Hz), 44.5, 42.4, 37.4 (t, J = 

26 Hz). 19F-NMR [376 MHz, CDCl3]: δ [ppm] = 37.50 (s, 1 F), -95.80 – -97.58 (m, 1 F), 104.79 – -107.83 

(m, 1 F). HRMS-ESI: m/z [M+H]+ calculated for [C17H14F3N4O5S]+ = 443.06315, found 443.06288, m/z 



[M+Na]+ calculated for [C17H13F3N4O5SNa]+ = 465.04510, found: 465.04484. Rf value: Rf = 0.26 

(EtOAc). 

4.8.16. Synthesis of 4-{3-[2-(diethylamino)-2-oxoethyl]-5,7-dimethylpyrazolo[1,5-a]pyrimidin-2-

yl}phenyl sulfurofluoridate (FS-DPA, 29) 

O-Desmethyl DPA-713 (S1) (300 mg, 851 µmol) was dissolved in anhydrous CH2Cl2 (50 mL) under 

heating. Next, Et3N (189 µL, 138 mg, 1.36 mmol, 1.6 eq.) and SuFEx-IT [33] (363 mg, 1.11 mmol, 1.3 

eq.) were added, the mixture was stirred for 2 h and then washed with H2O (2×40 mL) and brine 

(40 mL). After drying and concentration under reduced pressure, the residue was purified by column 

chromatography (CHCl3/acetone = 8:1, Rf = 0.30) to afford the desired product as a colorless solid 

(296 mg, 80%). Molecular formula and mass: C20H23FN4O4S (434.349 g/mol). 1H-NMR [400 MHz, 

CDCl3]: δ [ppm] = 8.04 (d, J = 8.9 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 6.56 (s, 1H), 3.93 (s, 2H), 3.56 (q, J = 

7.1 Hz, 2H), 3.40 (q, J = 7.1 Hz, 2H), 2.74 (s, 3H), 2.55 (s, 3H), 1.25 (t, J = 7.1 Hz, 4H), 1.10 (t, J = 7.1 Hz, 

3H). 13C-NMR [101 MHz, CDCl3]: δ [ppm] = 170.0, 158.1, 153.5, 150.1, 147.7, 145.1, 134.8, 130.9, 

121.1, 109.0, 101.8, 42.6, 40.9, 27.9, 24.8, 17.0, 14.6, 13.2. 19F-NMR [376 MHz, CDCl3]: δ [ppm] = 

37.66 (s, 1F). HRMS-ESI: m/z [M+H]+ calculated for [C20H24FN4O4S]+ = 435.14968, found 435.14983, 

[M+Na]+
 calculated for [C20H23FN4O4SNa]+ = 457.13163, found: 457.13162. Rf value: Rf = 0.30 

(CHCl3/acetone = 8:1). 

4.9. Radiochemistry 

[18F]Fluoride was produced by the 18O(p,n)18F reaction by bombardment of enriched [18O]water with 

17 MeV protons at the BC1710 cyclotron (The Japan Steel Works, Tokyo, Japan) or at a GE PETtrace 

(GE Healthcare, Chicago, USA) both of the INM-5 (Forschungszentrum Jülich). Radioactivity was 

measured using a CRC-55tR Dose Calibrator from Capintec, Inc. (Florham Park, Netherlands) and/or a 

Curiementor 2 (PTW, Freiburg, Germany). The following cartridges were used for radiosyntheses and 

solid phase extractions (SPE): Sep-Pak Plus C18 cartridges (130 mg sorbent, Part No WAT023501, pre-

conditioned with 10 mL EtOH and 30 mL H2O), Sep-Pak® Plus Light QMA Carbonate Cartridge (46 mg 

Sorbent per Cartridge, 40 µm, not preconditioned) from Waters GmbH (Eschborn, Germany) and 

Strata™-X 33 µm Polymeric RP cartridges (30 mg sorbent, Part No 8B-S100-TAK; preconditioned with 

3 mL EtOH and 10 mL H2O) from Phenomenex (Aschaffenburg, Germany).  

If needed, the identity of radiolabeled products was confirmed by co-injection of the non-radioactive 

reference compounds, but in most cases the amount of unlabeled precursor was sufficient to be 

reliably detected and used for identification (the chemical properties of SuFEx-precursors are identi-

cal to those of the respective radiolabeled products due to the radiolabeling reaction being an iso-



topic exchange). Radiochemical yields (RCY) corrected for decay to the start of synthesis and/or activ-

ity yields (AY) are provided for analytically pure radiolabeled compounds purified by SPE ([18F]26–29). 

Radiochemical conversions (RCC) were determined by HPLC analysis after dilution of the reaction 

mixtures with H2O. Radioactivity adsorbed to the reactor walls (generally ≤5%) was determined by 

comparison of the total activity in the reaction vessel before and after complete removal of the reac-

tion mixture. RCCs were determined directly by comparing the peak areas for [18F]fluoride and the 

radiofluorinated products. For further verification, the decay corrected product peak areas in the 

chromatograms were compared to the peak area obtained by an injection bypassing the column 

(corresponds to total activity in the sample volume). 

All radiosyntheses were carried out manually according to the radiation protection rules of our insti-

tute using appropriate personal protective equipment and shielding. Unless noted otherwise, 5 mL 

screw top V-Vials® (20-400 thread, 20 mm × 65 mm) were used for all radiosyntheses. Prior to their 

first use and following every 10–15 reactions, the vials were (re)siliconized to minimize adsorption of 

[18F]F- to the vessel walls. To this end, a thin layer of silicone oil (Sigma Aldrich) was applied to the 

inner surface of the V-Vials®, which were then heated at 310 °C for 12 min and slowly cooled to am-

bient temperature. That followed, the vials were rinsed (in this order) with EtOAc, CH2Cl2, acetone, 

H2O, acetone and hot MeOH, after which they were dried at 90 °C for 10 min. 

4.9.1. Preparation of [18F]FO2SO-Ar from FO2SO-Ar – general procedure 2 (GP2) 

A precursor stock solution (PSS) was prepared by dissolving the respective aryl fluorosulfate (1.00 

mg) in the corresponding solvent (1 mL). An aliquot of this solution was further diluted to the desired 

concentration (e.g., 200 µL PSS was diluted to a total volume of 10 mL to afford a stock solution with 

20 µg/mL precursor). While preparing the dilution series, total pipetting errors were in the range of 

2–7%. General protocol: 1. Load [18F]fluoride (approx. 10–30 MBq in 1.0–1.5 mL H2O) onto a Sep-Pak 

Accell Plus QMA carbonate cartridge (130 mg sorbent) from the male side. 2. Wash the cartridge with 

MeOH (2 mL) from the male side. 3. Dry the cartridge with air (20 mL syringe) from the female side, 

measure activity on the QMA-cartridge. 4. Elute [18F]fluoride with a solution of the corresponding salt 

(10 mM or 1.5 mM) in MeOH (1 mL or 0.6 mL, resp.) from the female side into the reactor (V-Vial), 

measure residual activity left on the QMA resin. 5. Evaporate MeOH under reduced pressure in a 

stream of Ar (approx. 400 mbar) for 3–7 min at 70–90 °C (complete removal of MeOH is essential for 

the success of radiolabeling!) followed by another 1–2 min at 10 mbar; briefly cool the reactor in a 

stream of Ar. 6. Add a solution of the corresponding aryl fluorosulfate (0.5–100 nmol, approx. 0.1–20 

μg) in the appropriate solvent, typically MeCN (1 mL), and incubate the reaction mixture at 40 °C for 

3–7 min without stirring; in the case of the electron deficient substrates, the reaction time should be 

reduced to 15–45 s in order to avoid decomposition! 7. Add H2O (≥0.5 mL), shake the resulting mix-



ture vigorously for 30 s and determine the RCC using radio-HPLC or -TLC. For workup and isolation of 

the radiolabeled product, proceed to step 8. Otherwise, transfer the reaction solution to another 

vial/waste and determine residual activity left on the reactor walls. Work-up: 8. Dilute the reaction 

mixture with H2O (10 mL) and load the crude product onto an appropriate RP-cartridge from the 

female side, determine activity left in the reactor. 9. Wash the cartridge with H2O (10 mL) from the 

female side. 10. Dry the cartridge with air or Ar (50–100 mL). 11. Slowly (>30 s) elute the product 

with a water-miscible solvent (e.g., EtOH, DMSO, acetone, etc.; ≥0.6 mL). In the case of biocompati-

ble solvents (EtOH or DMSO) dilute with saline to ≤10% (for EtOH) or ≤4% (for DMSO), respectively. 

Evaporate other organic solvents at 60 °C for 5–10 min and take up the residue in saline or 0.3–1.0% 

Tween 80 in saline. 

4.10. In vivo experiments 

All experiments were carried out in accordance with the EU directive 2010/63/EU for animal experi-

ments and the German Animal Welfare Act (TierSchG, 2006) and were approved by the regional au-

thorities (State Office for Nature, Environment and Consumer Protection of North-Rhine Westphalia 

[LANUV NRW], Dept. Animal Welfare). 

4.10.1. Experiments with Boc-Tyr([18F]SO2F)-OMe ([18F]26) in healthy mice (animal license number: 

84-02.04.2017.A288.) 

Four healthy male C57BL/6 mice (35–40 g) were anesthetized with isoflurane (5% for induction, 2% 

for maintenance) in O2/air (3:7), and a catheter for tracer injection was inserted into the lateral tail 

vein. Mice were placed on an animal holder (Medres, Köln, Germany) and fixed with a tooth bar in a 

respiratory mask. Body temperature was maintained at 37 C by continuous warm water flow 

through the wall of the animal bed. Eyes were protected from drying with Bepanthen eye and nose 

ointment (Bayer, Leverkusen, Germany). A dynamic PET scan in list mode was conducted using a 

Focus 220 micro PET scanner (CTI-Siemens, Erlangen, Germany) with a resolution at the center of 

field of view of 1.4 mm. Data acquisition started with intravenous injection of Boc-Tyr([18F]SO2F)-

OMe (9–11 MBq in 125 µL) and ended after 120 min. This was followed by a 10 min transmission 

scan using a 57Co point source for attenuation correction. After the scan was finished, the catheter 

was removed and the mice were allowed to recover in their home cage. After Fourier rebinning, data 

were reconstructed in two ways: 4 × 30 min frames for visual display and 28 frames (2 × 1 min, 2 × 2 

min, 6 × 4 min, 18 × 5 min) for time-activity curves. An iterative OSEM3D/MAP algorithm with atten-

uation and decay correction was used. The resulting voxel sizes were 0.47 mm x 0.47 mm x 0.80 mm. 

All further analysis was performed with the software VINCI 4.72 (Max Planck Institute for Metabolism 

Research, Cologne, Germany). Standardized uptake values based on body weight (SUVbw) were de-



termined according to the following equation: SUVbw= radioactivity [Bq/g] × body weight [g] × 100 / 

injected dose [Bq] 

4.10.2. Experiments with H-Tyr([18F]SO2F)-OMe ([18F]27) in rats bearing orthotopic U87 MG gliomas 

(animal license number: 84-02.04.2017.A288) 

U87 MG glioma cells (105 cells in 1 µL) were implanted stereotactically under inhalation anesthesia 

(initial dosage of 5% isoflurane in O2/air (3:7), maintenance 3–4% isoflurane) into the brain of two 

immunodeficient male Rowett Nude Rats (Charles River, Sulzfeld, Germany) weighting 268–321 g. 

The stereotactic coordinates were 0.5 mm anterior, 2.5 mm lateral and 3 mm ventral from Bregma. 

MRI scans were performed one, two and three weeks after tumor cell implantation to determine the 

size of the intracranial tumors. The measurements were performed under general anesthesia (initial 

dosage of 5% isoflurane in O2/air (3:7), maintenance 2–2.5% isoflurane) in an MRI scanner (3T 

Achieva®, Philips Healthcare, Best, The Netherlands) in combination with an 8 Channel Volumetric 

Rat Array (Rapid Biomedical GmbH, Rimpar, Germany). Three dimensional T2-weighted MR images 

were acquired using a turbo-spin echo sequence with repetition time = 14 s, echo time = 30 ms, field 

of view = 60 × 60 × 60 mm3 and voxel size = 0.5 × 0.5 × 0.5 mm3. H-Tyr([18F]SO2F)-OMe-PET meas-

urements took place 23 days after tumor implantation as described above, with i.v. application of 

64–66 MBq tracer in 500 µL. Emission data was collected for 60 min, followed by a transmission scan. 

4.10.3. Experiments with [18F]FS-UAMC1110 ([18F]28) in mice bearing subcutaneous HT1080 or 

HT1080-FAP tumors (animal license number: 81-02.04.2020.A348) 

To deactivate natural killer cells, 100 µL of anti-Asialo (0.2 mg/mL 0.9 % NaCl; Fujifilm Wako Chemi-

cals Europe, Neuss, Germany) were injected intraperitoneally 24 h prior to tumor implantation in 

four CB17-SCID mice (Janvier, Le-Genest-Saint-Isle, France) weighting 17–22 g. The following day, two 

CB17-SCID mice (one male and one female) were subcutaneously implanted with 2×106 HT1080 fi-

brosarcoma cells transfected with the human FAP gene (HT1080-FAP, kindly provided by Uwe 

Haberkorn, University Hospital Heidelberg, Germany) in 80 µL Corning Matrigel (Merck, Darmstadt, 

Germany) at the right shoulder. Two additional CB17-SCID mice (one male and one female) were 

implanted with 2×106 wildtype HT1080 cells (DMSZ, Braunschweig, Germany). After two weeks of 

tumor growth, the four mice were measured with [18F]FS-UAMC1110 (9–10 MBq in 125 µL) as de-

scribed above. 

4.10.4. Experiments with [18F]FS-DPA ([18F]29) in a neuroinflammation rat model (animal license 

number: 84-02.04.2017.A288) 



Endothelin-1 (stabilized; 300 pmol in 1.5 µL NaCl; Merck, Darmstadt, Germany) was stereotactically 

injected at the coordinates 1.5 mm anterior, 0 mm lateral and 3.3 mm ventral from Bregma to induce 

transient occlusion of the anterior cerebral artery (ACAo) followed by persistent neuroinflammation 

in three male Sprague Dawley rats (Janvier, Le-Genest-Saint-Isle, France) weighting 758–862 g. MRI 

was performed after 24 h as described above. Four weeks after ACAo, rats were measured with 

[18F]FS-DPA (64–71 MBq in 500 µL) as described above. 

5. Supplementary data: 

Extended experimental information and analytical data are provided in the supplementary infor-

mation (SI). 
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