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Abstract

The lack of simple, efficient ['®F]fluorination processes and new target-specific organofluorine
probes remains the major challenge of fluorine-18-based positron emission tomography (PET).
We report here a fast isotopic exchange method for the radiosynthesis of aryl ['®F]fluorosulfate
based PET agents enabled by the emerging sulfur fluoride exchange (SuFEx) click chemistry. The
method has been applied to the fully-automated '3F-radiolabeling of twenty-five structurally
diverse aryl fluorosulfates with excellent radiochemical yield (83—100%) and high molar activity
(up to 281 GBq umol™') at room temperature in 30 seconds. The purification of radiotracers
requires no time-consuming high-performance liquid chromatography (HPLC), but rather a simple
cartridge filtration. The utility of aryl ['®F]fluorosulfates is demonstrated by the in vivo tumor

imaging by targeting poly(ADP-ribose) polymerase 1 (PARP1).
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Main Text

The non-invasive molecular imaging technique—positron emission tomography (PET),
especially that based on the radionuclide fluorine-18, is a widely used technique for tracking
biological processes in vivo'*. PET imaging has found successful clinical applications in the
diagnosis of malignant tumor or neurodegenerative diseases, and the efficacy evaluation of
therapeutic treatment. The ever-growing fluorination methodologies over the past decades with a

focus on the formation of C—'8F bonds sparked the expansion of '3F-based toolbox of radiotracers’

11

Despite a few state-of-the-art methods reported to date!?!®, harsh reaction conditions and
laborious purification that a common C—'8F forming process requires have significantly limited
the substrate scope to which fluorine-18 can be introduced. ['*F]Fluorodeoxyglucose (FDG), an
agent developed half a century ago to map glucose metabolism?’, remains the predominant

shareholder of the clinically used PET radiopharmaceuticals.

As noted by Fowler, radiochemists are working against time' due to the short half-life of
fluorine-18 (109.77 min). Taking these challenges into consideration?!, an ideal '®F-radiosynthesis
should be: (i) a rapid, mild, and clean '®F-incorporation in the final step of a synthetic sequence;
(i1) effective for a diverse spectrum of biologically active organofluorine compounds with
reasonable in vivo stability; and (iii) compatible with automation. These stringent criteria mirror

those set for click chemistry?2.

The newly developed sulfur(VI) fluoride exchange (SuFEx) reactions naturally bridges click
chemistry and '®F-radiosynthesis. As demonstrated in the first SUFEx manifesto?® and subsequent
reports, aryl fluorosulfate (ArOSO.F) tops the rank of the stability hierarchy of the most demure

electrophiles (Cf. sulfonyl fluoride, RSO2F). This functional group may only become reactive in
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the presence of a proper catalyst in organic solvents or upon encountering a specific protein
partner, if any, that possess both a nucleophilic amino acid side chain and juxtaposed side chains,
e.g. arginine to provide hydrogen bonding networks for the extraction and transport of the
departing fluoride in the binding site. In most cases, nevertheless, aryl fluorosulfates simply remain
intact in aqueous solutions near neutral conditions in the presence of nucleophilic amino acids, e.g.
lysine, serine, threonine, and tyrosine (see Supplementary Information), and even in an entire
proteome?*. Importantly, our proof-of-principle pharmacokinetic evaluations have provided strong

evidence of the inertness of several bioactive aryl fluorosulfates in vivo*>26.

On the other hand, one can certainly imagine the possibility of an isotopic exchange event in
which the 'F-enriched fluoride anion enables its own nucleophilic displacement of the other
fluorine atom of an aryl fluorosulfate?’. This interchange process may actually be much less
energy-demanding than a typical SuFEx reaction with amine or alcohol nucleophiles—the
extraneous fluoride anion per se compensates the stringent requirements in the latter scenario for
the stabilization or solvation of the departing fluoride from an SV'-F site. Significantly, compared
to the traditional Sn2-based C—F formation SuFEx with F© might engage the 3d-orbital of SV,
rendering a much lower Kinetic barrier?®-*3, Computational study estimated the activation barrier
to be 8.8 kcal mol™! (Fig. 1¢). Thus, we hypothesize that such a process may take place facilely at
room temperature. Given the inertness of many aryl fluorosulfates under physiological conditions,
such '8F-labeled aryl fluorosulfates may serve as ideal probes for PET imaging. Here we report
the development of a fast '®F-radiolabeling process of preparing aryl fluorosulfate-based probes

and their application to PET imaging based on the above principle.

To assess the feasibility of SuFEx between an aryl fluorosulfate and a fluoride salt in solution

we performed the '°F nuclear magnetic resonance time-dependent saturation transfer (**F-NMR-
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TDST) experiments. The assay developed by Weiss and Spencer®* enables the differentiation of
the “reactant” (left-hand side, Eq. 1, asterisk for clarity) and the “product” (right-hand side) for
kinetic rate measurements. In this bimolecular system, the fluoride salt signal (“F©*”) was
irradiated for a set of given saturation times (7). If an intermolecular fluoride exchange process
(i.e., SuFEx in Eq. 1) takes place, an apparent drop of the aryl fluorosulfate magnetization (AM)

would be detected due to saturation transfer (Fig. 2a).

SuFE
PhOSO,F + "FO*" ——> PhOSO,F* + "FO" (1)

Toward this end, SuFEx of phenyl fluorosulfate (PhOSO:F, 1, 0.02 mol L!) and
tetrabutylammonium bifluoride (n-BusN®FHFO, 2, 0.2 mol L!) were evaluated in acetonitrile-d3
(MeCN-d3). A set of saturation times (7Si) was applied to the chemical shift of 2 (150 ppm
relative to CFCI3) and the corresponding magnetizations (M) of 1 was recorded. Plotting M; versus
TS;, an exponential decay trend was indeed observed. Using Bloch Equation, the estimated pseudo-
first order rate constant was solved with high coefficient of correlation (kobs = 0.16 s7!, R? = 0.99)
(Fig. 2b). By varying the concentration of 2, the second-order rate constant of the exchange
between 1 and 2 at 298 K was determined, k293x = 0.43 L mol™! s7! (Fig. 2¢). Next, an estimation
of the exchange barrier was obtained by performing TDST-NMR experiments at various
temperatures ranging from 278 to 303 K (Fig. 2d). From Eyring Equation, a low enthalpy of
activation (11.3 kcal mol™') was derived, suggesting the SUFEx process to be a facile reaction at
room temperature. Furthermore, Hammett plot analysis was performed, which yielded a positive
slope greater than unity (p = 1.56), indicating the emergence of negative charge during the reaction

pathway (Fig. 2e).

In parallel, we studied several factors that could influence the SuFEx process. Borosilicate

glass, of which normal NMR tubes are made, showed no significant inhibition or acceleration
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when compared to a plastic reaction vessel (see Supplementary Information). By contrast, solvent
had significant impact on the rate of fluoride exchange. The use of a polar, aprotic solvent, such
as N-Methyl-2-pyrrolidone (NMP), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
or MeCN was found to be essential for achieving a fast SuUFEx process (see Supplementary

Information).

With tetrabutylammonium as the cation, we screened different fluoride anions (Fig. 2f). We
found that “basic” fluoride is more effective than its derivatives complexed by Brensted or Lewis
acids (2-5). Tetrabutylammonium fluoride (6°3H>0), although in its trihydrate form, exhibited the
highest exchange rate, which is approximately 50-fold faster than that of 2. Results from density
functional theory (DFT) calculation (vide supra) suggested that the “naked” fluoride anion (6) is
much more active than its bifluoride counterpart (2), AGeuc*(6) = 10.5 kcal mol™ (Cf: AGexy* (2)

=17.7 kcal mol™).

Subsequently, counter ions of bifluoride salts were investigated. Finely powdered potassium
bifluoride alone did not effect the fluoride exchange in MeCN, albeit its complexes with 18-crown-
6 (7) or 2.2.2-cryptand (8) showed moderate exchange rates. In line with our earlier observation
that tris(dimethylamino)sulonium (TAS®) was a superior cation for SuFEx reactions®, the same

salt (10) showed 10-fold increase in exchange rate compared with 2.

With kinetic parameters of SuFEx between phenyl fluorosulfate and fluoride salts determined,
we embarked on the development of a procedure for incorporating the radioactive ['*F]fluoride
into aryl fluorosulfates using a fully-automated radiosynthesizer. 3-Ethynylphenyl fluorosulfate
(11) was chosen as the first target for this endeavor. In a typical experiment, 3-ethynylphenyl
fluorosulfate (11, 0.1 mg, 0.5 pmol) in MeCN (0.5 mL) was added to azeotropically dried

potassium ['®F]fluoride (~3.7 GBq) in the presence of 2.2.2-cryptand (8). The “full conversion” of
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['8F]F© was achieved in 30 seconds at room temperature, showing a single '®F-labeled 11 peak on
the crude HPLC traces (Fig. 3a, b). The radiochemical yield (RCY) based on crude HPLC?® was
99.3 + 0.6% (four replicates). Followed by a less-than-one-minute C18-cartridge filtration aryl
['8F]fluorosulfate product ['*F]11 was isolated. As a comparison, a normal C—'®F bond formation
reaction usually takes place at >100 °C, and requires 10—30 min for the reaction and 5—15-min for
the HPLC purification’’*8, To our knowledge, the SuFEx-enabled !'®F-radiolabeling, i.e.

['8F]SuFEXx, is the fastest '*F-incorporation process to date.

Using this strategy, we successfully synthesized twenty five new aryl ['8F]fluorosulfates (Fig.
3¢), including ['®F]fluorosulfate derivatives of nucleosides, e.g. thymidine (21), aromatic amino
acids, e.g. tyrosine (23), and ['®F]aryl fluorosulfates (14-20) bearing orthogonally reactive groups
as modular positron-emitting tags for functionalizing biomacromolecules. All ['®F]SuFEx
reactions afforded excellent radiochemical yields (RCY). Likewise, the '3F-isotopologue of a
human soluble epoxide hydrolase (hsEH) inhibitor (S)-24%, and a selective estrogen receptor
degrader 28 were also synthesized via this approach. Aryl fluorosulfates 29—34 with potential
central nervous system (CNS) targets were synthesized and radiolabeled using the late-stage

['8F]SuFEx protocol with excellent RCY.

The '8F-labeled aryl fluorosulfate (S)-24, was used to assess the in vivo stability of the
ArOSO>—F group. Upon injection into wt C57BL/6 mice via the intravenous (i.v.) route, this
compound was found to be mainly enriched in liver where sEH is most abundantly expressed (see
Supplementary Information). Importantly, we did not detect apparent '®F-associated signal in the
bone—!8F bone deposition would indicate the release of ['*F]F©* from the aryl [!8F]fluorosulfate
via a substitution or hydrolytic reaction. The absence of any '3F-associated signal in the bone

provides a strong evidence of the in vivo stability of this aryl ['*F]fluorosulfate.
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To apply aryl ['®F]fluorosulfates to in vivo PET imaging, we synthesized compound 35 by
adding a pendent aryl fluorosulfate to the solvent-exposed site of olaparib*’, an FDA-approved
anti-cancer drug that inhibits poly(ADP-ribose) polymerase 1 (PARP1). The ICso of 35 against
PARPI1 was determined to be 32.2 nM (Fig. 4a). Mass spectrometry analysis did not detect
covalent adduct formation when recombinant PARP1 was incubated with 35, which suggests that
compound 35 functions as a non-covalent PARP1 inhibitor. In addition, 35 survived “refluxing
aniline” test and aqueous buffer stability test, suggesting that this compound has considerable
stability in aqueous mixtures. Importantly, 35 also exhibited similar stability as olaparib in the
serum of healthy human donors (Fig. 4b). In a Curie-scale radiosynthesis, ['*F]35 was prepared

with molar activity (4m) up to 281 GBq pmol™! (7.59 Ci pmol™!, decay corrected).

A human breast cancer xenograft model was used to assess the '8F-labeled 35 for in vivo PET
imaging. ['®F]35 was i.v. injected into nude mice of subcutaneous human breast cancer xenograft
established using MCF-7, a human breast cancer cell line with upregulated PARP1 expression.
The intensive accumulation of the '*F-labeled olaparib analog in tumors were clearly visualized
with excellent target-to-background ratio after injection (Fig. 4c, e). In a competition experiment,
olaparib (ICsp = 2.88 nM) was dosed before i.v. injection of the ['®F]35, which blocked the
accumulation of 35 in tumor, resulting in significant decrease in the ratio of % ID/g (injected dose
per gram) of tumor-to-muscle from 2.02 = 0.70 to 0.79 + 0.04 (P < 0.05) (Fig. 4f), strongly
supporting the specificity of this probe. During these experiments, we also detected significant '3F-

associated signals in the bone marrow that has abundant PARP1 expression*!#2,

In summary, we have demonstrated a rapid exchange reaction between ['*F]F© and the
otherwise inert aryl fluorosulfate. Via this process, an extremely fast, clean and reliable method

for the radiosynthesis of a new class of PET agents—aryl ['*F]fluorosulfates is developed and



170

175

180

185

190

applied to in vivo PET imaging in a xenograpft tumor model. We envisage that useful aryl
['8F]fluorosulfates, including those targeting the more challenging CNS, will emerge in the near

future.
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Figure Legends

Fig. 1 | ['®F]SuFEx. a, Mechanistic rationale of three strategies for nucleophilic '3F-incorporation
and the estimated activation energy (Ea). b, Proposed SuFEx of fluorine atom between anionic
fluoride and phenyl fluorosulfate (1). ¢, Energy profile obtained by density functional theory (DFT)
calculations suggests a low barrier for fluoride exchange. d, Optimized geometry of the
pentacoordinated SuFEx intermediate (INT). Color scheme: C, gray; H, white; O, red; S, yellow;

F, green.

Fig. 2 | Intermolecular SuFEx between a nucleophilic fluoride donor and an aryl
fluorosulfate. a, Schematic illustration of using time-dependent saturation transfer (TDST)-NMR
to monitor intermolecular SUFEx between a nucleophilic fluoride donor and an aryl fluoropsulfate.
“FO” refers to any nucleophilic fluoride donors, exemplified by those shown below (f). b, A
representative plot of magnetization versus saturation time, and overlapped spectra of the
corresponding experiments with saturation time ranging from 0.01 s to 25 s. Conditions: phenyl
fluorosulfate (1, 0.02 mol L), tetrabutylammonium bifluoride (2, 0.2 mol L™!), MeCN-d3, 298 K.
¢, Measurement of the second-order rate of the SUFEx reaction between 1 and 2, kxsk = 0.43 L
mol™ s! (R? = 0.99). d, Erying plot of the SuFEx reaction between 1 and 2. The calculated
activation enthalpy was determined, AH*caic = 11.3 keal mol™' (R? = 0.99). e, Hammett plot of the
SuFEx reactions between 2 and para-X-substituted phenyl fluorosulfates, p = 1.56 (R> = 0.93). f,
Pseudo-first-order rate constants for the SuFEx reaction of 1 using various fluoride salts as

nucleophilic fluoride donors. *No exchange detected on NMR.

Fig. 3 | ["®F]SuFEx of aryl fluorosulfates: reaction condition and substrate scope. a,
['8F]SuFEx reaction of 3-ethynylphenyl fluorosulfate (11). Conditions: Compound 11 (0.1 mg,

200 nmol), K["¥F]F (ca. 3.7 GBq), 2.2.2-cryptand, K»CO3, MeCN (0.5 mL), 23 °C, 30 s. RCYs

15
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were determined by HPLC after the reaction crude being quenched by water (0.1 mL). b,
Representative HPLC chromatograms of a reaction crude of ['*F]11, with UV absorption (gray)
and radioactivity (black) traces. ¢, Substrate scope of the [!8F]SuFEx reaction following the
conditions described before (a). *Conditions for Curie-scale synthesis of ['®F]35: Compound 35

(0.1 mg, 17.2 nmol), K['*F]F (~110 GBq), 2.2.2-cryptand, K2COs, MeCN (10 mL), 23 °C, 30 s.

Fig. 4 | PET imaging using ['®F]35. a, Compound 35 is a PARPI inhibitor, ICso = 32.2 nM. b,
The serum stability of Compound 35 is comparable to that of olaparib. ¢, Whole body coronal
(left), and transvers (right) PET/CT images of human MCF-7 bearing nude mice (transplanted
under right shoulder, see white dashed circles) acquired by performing a 55 min dynamic scan
following ['®F]35 administration. d, Transvers PET/CT image of mice pre-treated with excess
olaparib 30 min before ['®F]35 administration. No significant uptake of ['®F]35 was observed at
the tumor site. e, Time plot of percentage of injected dose per gram (%ID/g) of tissue of interest.
Error bars represent the mean plus standard deviation (SD, N = 3). P-values were calculated by
unpaired Student’s #-test; *P < 0.05. f, Comparison of pre-treatment with either vehicle (N = 3) or

50 mg/kg or olaparib (N = 3) on the %ID/g ratio of tumor versus muscle (healthy tissue).
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