Direct incorporation of [18F] into aliphatic systems: A promising Mn-catalysed labelling technique for PET imaging
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Abstract
[bookmark: _GoBack]One of the challenges in positron emission tomography (PET) is labelling complex aliphatic molecules. We report here on the optimisation of an aliphatic C-H to C-18F bond transformation catalysed by a Mn(porphyrin) complex. The successful oxidation of 11 aliphatic molecules including progesterone are reported. Radiochemical Incorporations (RCIs) up to 69% were achieved within 60 min without the need for pre-activation or specialist equipment. The method features mild conditions (60 °C) and promises to constitute a valuable approach to labelling of biomolecules and drug substances.
[bookmark: _Hlk45009468]Introduction
The molecular imaging technique of Positron Emission Tomography (PET) has become widely used for clinical disease diagnosis and monitoring,1 for the development of pharmaceuticals,2,3 and for theranostic4 applications.5 Fluorine-18 is one of the most commonly used radioisotopes in PET due to its favourable balance of long half-life, high photon flux, and low positron energy (109 min, 97% β+ and 0.6 MeV Eβ+, respectively),6 as well as the prevalence of fluorine in marketed drugs. Currently, approximately 25% of all pharmaceuticals contain a fluorine atom (cf. only 2% in 1970),7 in part reflecting increased awareness of the beneficial pharmacokinetic properties that fluorine can impart on drug substances.8 Consequently, there is high demand for the development of [18F]tracers to build upon the notable success of clinical agents such as [18F]fluorodeoxyglucose9 and [18F]fluorodopa10 which have been widely used in oncology and neurology, respectively.
Methods of [18F]radiofluorination can be broadly categorised as using either electrophilic (i.e. F+) or nucleophilic (i.e. F-) fluorine-18, with nucleophilic methods generally being preferred as fluoride anion can be routinely prepared with high specific activity.11,12 Thus anhydrous [18F]potassium fluoride, usually in the presence of a Phase Transfer Catalyst (PTC) such as the cryptand Kryptofix222, is used routinely to effect C-[18F] bond formation in aromatic tracers by aromatic nucleophilic substitution (SNAr) with activated (i.e. electron deficient) aryl precursors and in aliphatic tracers by bimolecular nucleophilic substitution (SN2) with alkyl precursors.11 However, the sometimes harsh reaction conditions and low functional group tolerance associated with these approaches has encouraged the development of alternative methods suitable for late stage labelling.13,14 Of note for aromatic tracers are Ritter’s Pd-15,16 and Ni-mediated17–19 haloarene fluorination protocols, Sandford’s Cu-mediated fluorination of aryliodonium salts,20,21 boronic acids22 and arylstannanes, and Gouverneur’s Cu-mediated fluorination of aryl boronic acids.23 Of note for aliphatic tracers is Doyle’s Co(salen)F catalyzed enantioselective epoxide opening,24a Doyle’s photoredox catalyzed decarboxylative fluorination protocol,24b and recent C-H activation methods which obviate the requirement for installation of a suitable leaving group in the labelling precursor molecule such as Gouverneur’s organocatalytic -fluorination of aliphatic aldehydes,25,26  Britton’s photoactivated decatungstate-catalyzed fluorination of branched -amino acids,27 and Groves’ benzylic fluorination of benzylic positions using Mn(salen)OTs28,29 and most recently unactivated aliphatic positions using a Mn(porphyrin)OTs pre-catalyst.30
[bookmark: _Hlk48573359][bookmark: _Hlk48573443]We also recently disclosed a protocol similar to that of Groves et al.28 for the efficient preparation of benzylic [18F]-trifluoromethyl-containing compounds using the commercially available Jacobsen-type Mn(salen)Cl pre-catalyst.31 We report here an extension of our work to the [18F]-labelling of non-benzylic aliphatic molecules using a Mn(III) tetramesityl porphyrin coordinated with a chloride ligand, (TMP)MnCl. Once again our protocol is similar to that recently reported by Groves et al.30 but is differentiated by employing this more readily available pre-catalyst; Groves uses Mn(III) tetrakis(pentafluorophenylporphyrin coordinated with a tosylate ligand, Mn(PFP)OTs. Although numerous commercial drugs and candidate pharmaceuticals comprise alkyl moieties, late-stage [18F] fluorination of saturated positions, prior to the aforementioned disclosure of Groves, has not hitherto been possible.32 The direct C-H to C-[18F] bond transformation of non prefunctionalised aliphatic tracer precursors using Mn(porphyrin) pre-catalysts is a simple, functional group tolerant transformation, which significantly expands the diversity of methods in a radiochemists toolbox for labelling complex molecules.
Results and Discussion
For our development studies, three pre-catalysts [(TMP)Mn-Cl (1a), (DCP)Mn-Cl (1b), and Jacobsen’s pre-catalyst (2)], and three substrates (norbornane, cycloheptane and indane) were investigated (Table 1).
Table 1: Optimisation of conditions for [18F]radiolabelling of norbornane, cycloheptane and indane using pre-catalysts 1a, 1b and 2.


	Entry
	RH
	Pre-catalyst
	[O]
	Additive
	Time
	%RCIa

	1b
	norbornane
	2
	PhIO (16a)
	AgOTs
	30
	tracec

	2
	norbornane
	1a
	PhIO (16a)
	AgOTs
	30
	5

	3
	norbornane
	2
	PhIO (16a)
	AgOTs
	60
	12

	4
	norbornane
	1a
	PhIO (16a)
	AgOTf
	30
	7

	5
	norbornane
	1ad
	PhIO (16a)e
	AgOTf
	30
	20

	6
	norbornane
	1a
	PhIO (16a)
	AgOTf
	60
	46

	7b
	norbornane
	1a
	PhIO (16a)
	AgOTf
	60
	10

	8
	cycloheptane
	1a
	PhIO (16a)
	AgOTf
	30
	15

	9
	cycloheptane
	1b
	PhIO (16a)
	AgOTf
	30
	tracec

	10
	cycloheptane
	1a
	(PhIO)3·SO3 (16d)
	AgOTf
	30
	8

	11
	cycloheptane
	1a
	IBX ester 16cf
	AgOTf
	30
	0

	12
	indane
	1a
	PhIO (16a)
	AgOTf
	60
	69

	13
	indane
	1cg
	PhIO (16a)
	AgOTf
	60
	19



a RCI = radiochemical incorporation calculated from radio-HPLC analysis, all conditions carried out 3 separate times, b acetone as solvent, c RCI detected by radio-HPLC, though too low to be quantified, d four aliquots of the pre-catalyst (i.e. 4 × 1 equiv.) were added at 0.25 h intervals, e four batches of the oxidant (i.e. 4 × 1 equiv.) were added at 0.25 h intervals, f IBX ester is isopropyl 2-iodoxybenzoate, g 1c refers to the oxo-complex corresponding to pre-catalyst 1a (i.e. Mn=O cf. Mn-Cl, where Ar = 2,4,6-Me3C6H2); 1c is simple to prepare from 1a, is air stable and has a characteristic IR absorption at 755 nm.33
[bookmark: _Hlk48573491]Using norbornane as a substrate, AgOTs as additive and iodosylbenzene (PhIO, 16a) as oxidant, tetramesityl porphyrin pre-catalyst [(TMP)Mn-Cl, 1a] was found to give improved radiochemical incorporation (RCI) of [18F]fluoride relative to Jacobsen’s salen complex 2 which we had used previously in our benzylic oxidation work31 (RCI 5% vs. traces; cf. entries 1 and 2). Switching the electron donating mesityl meso-substituents in the pre-catalyst for electron withdrawing 2,6-dichlorophenyl substituents [i.e. (DCP)Mn-Cl, 1b] resulted in poorer performance when using cycloheptane as a substrate, AgOTf as additive and PhIO (16a) as oxidant (RCI 15% vs. traces; cf. entries 8 and 9). Deploying the Mn-oxo complex 1c (see Table 1, footnote g) in place of pre-catalyst 1a was found to be detrimental to performance (RCI 69% vs. 19%; cf. entries 12 and 13). Complex 1a was thereby deemed to be the most suitable pre-catalyst for the process.
Using pre-formed (TMP)Mn-OTf complex, which is presumed to form by reaction of the (TMP)Mn-Cl pre-catalyst with the AgOTf additive under the reaction conditions, led to an identical result with cycloheptane to that achieved with the more convenient in situ mixing (RCI 15%; cf. entry 8, data not shown). A general comparison of AgOTs and AgOTf as additives revealed that although the former additive gave slightly cleaner radio-HPLC traces, the latter led to higher overall RCIs. The high reactivity of AgOTf presumably not only leads to fast chloride exchange but also some isotopic exchange. All reactions were carried out at 60 °C as it was found that at temperatures of 70 °C and higher significantly more side products were formed.
[bookmark: _Hlk48573520]Since PhIO (16a) has relatively low solubility in organic solvents including MeCN, 3 other oxidants were evaluated as potential alternatives. meta-chloroperoxybenzoic acid (m-CPBA) was evaluated with progesterone and pre-catalyst 1a but performed less well than PhIO (RCI 13% vs. 38%; see ESI). Iodone(III) oxidants (PhIO)3·SO3 (16d) and isopropyl(2-iodoxybenzoate) (IBX ester, 16c) were evaluated with cycloheptane as more soluble analogues34 of PhIO (16a). Both oxidants are readily soluble in MeCN at room temperature, but both delivered lower RCIs as compared to PhIO [(PhIO)3.SO3 8% s. IBX ester 0% vs. PhIO 15%; cf. entries 10, 11 and 8). Therefore, the effect of adding further equivalents of PhIO was explored with norbornane (3): it pertained that the batch-wise addition of three additional equivalents of the oxidant and pre-catalyst at 0.25 h intervals had a positive effect on final RCI relative to the addition of just a single equivalent at the start (RCI 20% vs. 7%, cf. entries 5 and 4). When the reaction duration was prolonged from 30 to 60 min, the resulting RCI increased to 46% (entry 6), without the need of batch-wise addition of extra oxidant and pre-catalyst. Optimisation of the reaction duration in a radiochemical labelling reaction invariably reflects a compromise between the radioactive decay and the increasing RCI. Here, the longer reaction time outweighed radioactive decay (i.e. the extra 30 min increased the RCI by almost 50% despite the inevitable 17% loss of activity by decay).
In light of findings by Groves et al.,28 the possibility of using acetone in place of MeCN was briefly explored using norbornane. It was found that a higher RCI was obtained in MeCN than in acetone (RCI 10% vs. 46% entry 7 cf. entry 6).
The final optimised conditions used pre-catalyst 1a, PhIO as oxidant, AgOTf as additive in MeCN for 60 min and gave RCIs of 46%, 15% and 69% for norbornane, cycloheptane, and indane respectively (entries 6, 8 and 12). Control reactions were performed to assure that each component of the mixture was required for fluorination to occur. Radioactivity was measured after 30 min and after 60 min; the measured final activities were 1.57 and 1.30 mCi respectively, indicating no loss in radioactivity and no volatile side products. The synthesis of the cold fluorocycloalkane standards for radiochemical HPLC analysis is detailed in the ESI.
5-10 Membered cycloalkane rings are found in many biologically active and drug molecules,35 and so to exemplify the utility and demonstrate the scope of the method a further 9 substrates containing saturated rings were [18F] labelled under the optimised conditions (Figure 1).
[bookmark: _Hlk45005728][bookmark: _Hlk48573689][bookmark: _Hlk48573678]The ascending RCI values with ring size from 5-18% for formation of the fluorocycloalkanes [18F]4,5,8-10 reflects their relative boiling points; in particular fluorocyclopentane [18F]4 is extremely volatile leading to losses via evaporation. trans-Decalin was labelled to give [18F]7b with an RCI of 9% despite its low solubility in MeCN. Interestingly, there was a divergence of behaviour between the two ester-functionalised cyclohexanes examined: cyclohexylacetate gave [18F]11 in 9% RCI whereas ethyl cyclohexanecarboxylate was inert to the oxidation conditions and no [18F]13 was obtained. Application of our method to the oxidation of two steroid derivatives yielded particularly pleasing results: 16β-fluoro-progesterone [18F]14 and 16β-fluoro-5α-dihydrotestosterone (FDHT) [18F]15 were obtained with RCIs of 38% and 31% respectively.


Figure 1. [18F]Fluorination of eleven cycloalkanes and derivatives using our optimised method (i.e. pre-catalyst 1a and oxidant PhIO (16a) 1:1 equiv. in MeCN for 60 min). The indicated diastereoisomers are tentatively assigned for compounds 6,7b,11 and 14-15; single peaks were observed by HPLC analysis (see ESI).
The reactions to give [18F]14 and [18F]15 (FHDT) displayed remarkable regio- and apparent stereoselectivity as well as functional group tolerance (to alcohol, carbonyl and alkene functions) and were conducted in just 30 min. The conventional [18F]FDHT radiochemical syntheses take ca. 100 min from a pre-functionalised precursor and give similar RCI.36,37 It is notable that the 2 most efficiently labelled substrates are the originally optimised cycloalkanes: norbornane (→ [18F]6, RCI 46%) and indane (→ [18F]12b, RCI 69%) and that the latter labels exclusively in the non-benzylic position. All the labelling reactions were run at least in triplicate and the consistency between repeats was high, indicating a high degree of reproducibility.
Although the final RCIs obtained by this method are moderate, the simplicity of the protocol, combined with the fact that no special precursor derivatives need to be prepared make this approach attractive particularly for applications where access to pre-functionalised derivatives is synthetically problematic. Automation of the protocol should also be feasible although the viscosity of the current reaction mixtures will likely need to be reduced.
Conclusion
In summary, we have described a method for radiolabelling aliphatic molecules via site-selective oxidative C-H fluorination with [18F]fluoride to give [18F]fluorocycloalkane compounds. Optimisation has allowed [18F]fluorination of 11 cycloalkanes with low to moderate RCIs including the labelling of clinically relevant progesterone analogues. This late-stage method is notable for completely circumventing the normal requirement for ‘pre-functionalisation’ or introduction of activating groups into the substrate; the reactions are achieved directly on unmodified target molecules using a simple non-technically demanding protocol. Future studies will focus on further exploring the scope and yield of the method, its application to additional clinically relevant tracers and adapting the method for automated clinical PET probe production.
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