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Reagent design is at the cornerstone of modern organofluorine chemistry. The past decades have seen the emergence of diverse families of reagents with the aim of introducing fluoroalkylthio or seleno groups in an efficient and selective way. Among them, highly versatile fluoroalkyl thiosulfonates and selenosulfonates are in the foreground of the recent developments. Their applicability will be discussed in details in this minireview with a specific interest on the reactivity and activation modes.

Introduction

Since its groundbreaking isolation in the 19 th century, one of the smallest atoms, namely fluorine, has aroused a wide interest. [1] Due to unique properties, fluorine is nowadays occupying a central role in pharmaceuticals, [2] agrochemicals [3] as well as materials. [4] In fact, the incorporation of fluorinated moieties, such as the venerable trifluoromethyl group, is usually accompanied by an increased lipophilicity and metabolic stability. [2a, 2d, 5] During the last years, the scientific community turned its attention to emerging fluorinated motifs. [START_REF]Emerging Fluorinated Motifs: Synthesis, Properties and Applications[END_REF] Among them, the association of fluoroalkyl moieties with chalcogen atoms has proven to be extremely relevant as the new functional groups exhibit striking properties. In this context, the trifluoromethoxy has received a particular consideration and was accommodated to biorelevant molecules. [7] In comparison, the thiolated and selenylated analogues have not been extensively studied. However, several elegant methodologies relying on well design reagents have emerged to introduce the fluoroalkylthio and, in a lesser extent, the fluoroalkylseleno group. [7d, 8] In this context, fluoroalkyl chalcogenosulfonates are the converging point toward a versatile incorporation of the fluorinated motif. These bench stable reagents can be classified into two categories:

1-On the one hand, the fluorinated moiety is spaced from the sulfur or the selenium atom by the SO2 group (Figure 1, top). 2-On the other hand, the fluoroalkyl moiety is directly linked with the chalcogen atom (Figure 1, bottom). From synthesis to reactivity, the application realm of fluoroalkyl thiosulfonates and selenosulfonates will be detailed in the following sections. This review aims to provide the readers a comprehensive overview of those reagents and thus foster the developments to come to introduce novel fluorinated motifs.

Fluoroalkyl Thiosulfonates

Beyond trifluoromethoxylation reactions, the past two decades have witnessed an unprecedented interest for the trifluoromethylthio group and its higher homologs. Indeed, by comparison with the oxygenated counterpart, the stability and the handling of fluoroalkylthiolating agents attracted the attention of the scientific community. Moreover, sulfur-containing fluorinated motifs are easily introduced, thus allowing a better modulation of the physico chemical properties of targeted compounds. In this purpose, fluoroalkyl thiosulfonates were employed in various synthetic strategies which will be discussed below.

SO2-(fluoroalkyl) Thiosulfonates

Trifluoromethylthiosulfonates with the CF3 motif onto the SO2 moiety were easily synthesized from trifluoromethanesulfinate (triflinate) salts 1 (Scheme 1). Thus, sodium triflinate can simply react with sulfenyl chloride to provide the expected products. [9] Because the low commercial availability of such compounds and to avoid their tedious synthesis, the direct use of disulfides was also envisaged. In presence of bromine (Br2) [9] or [bis(trifluoroacetoxy)iodo]benzene (PIFA), [10] triflinate salt 1 reacts with disulfides to yield to the corresponding trifluoromethylthiosulfonates.

Noteworthy, norbornyl trifluoromethylthiosulfonates was also obtained by reaction of corresponding thiones with triflic anhydride. [11] Scheme 1. Synthesis of SO2-(trifluoromethyl) thiosulfonates.

The SO2-S bond can be homolytically cleaved under UV irradiation to furnish RS • and CF3SO2 • radicals. The latter is unstable and rapidly undergoes SO2 extrusion to provide the CF3 • radical. Formally, CF3 • and RS • radicals recombine to give corresponding trifluoromethylthioethers 2. However, because both transient radicals were not produced in same time, the observed yields were low. To circumvent this drawback, additional corresponding disulfides were added to more efficiently trap the trifluoromethyl radical (Scheme 2, A). At the end of the reaction, one equivalent of disulfide, arising from the dimerization of sulfenyl radical, is recovered (Scheme 2, C). [12] If the reaction gave rise to good results with alkylthiosulfonates, only poor yields were obtained with arylthiosulfonates. In view of the previous mechanism, SO2-(trifluoromethyl) thiosulfonates were also considered to obtain other fluorinated compounds, namely b-sulfenylated trifluoromethyl compounds. Thus, olefins were considered as potential radical traps. Unfortunately, the expected products were not obtained (or in very low yields), whereas formation of corresponding alkyl trifluoromethylated compounds 3 were observed (Scheme 2, B). Because the yields did not exceed 50%, it was supposed that these products came from the allylic hydrogen abstraction from alkenes (Scheme 2, C). [13] In extension, SO2-(trifluoromethyl) thiosulfonates were also used as chain-transfer agent for the photochemical telomerization of VDF (vinylidene fluoride) and for the cotelomerization of VDF and HFP (hexafluoropropylene). [14] Among trifluoromethylthiolated molecules, oxidation of sulfur can lead also to interesting products with various applications. [2c, 3c] Consequently, SO2-(trifluoromethyl) thiosulfonates were considered as reagent for direct trifluoromethylsulfonylation, thus precluding the tedious step of oxidation of CF3S moiety. [8a] Due to the high electron-withdrawing character of CF3SO2 moiety, the sulfur atom was suspected electrophilic. Consequently, electrophilic reactions were considered. By heating SO2-(trifluoromethyl) thiosulfonates I-S in presence of cyclic alkenes, without solvent (neat conditions), electrophilic additions were observed to provide the corresponding b-sulfenyl triflones 4 (Scheme 3). [15] The reaction occurs via the formation of episulfonium, thus leading to trans stereoselectivity. Unusually, in case of cyclohexene, exclusive trans-1,2-diaxial conformation
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was observed. This was rationalized by an electrostatic repulsion between CF3 group and lone-pairs of electron of sulfur atom. Scheme 3. Electrophilic addition of SO2-(trifluoromethyl) thiosulfonates onto cyclic alkenes.

S-(fluoroalkyl) Thiosulfonates

In this section, the fluorinated motif is spaced from the SO2 moiety by the sulfur atom. Even though some reviews are covering the recent advances made with S-(fluoroalkyl) arylthiosulfonates II-S, the aim herein is to provide a complementary approach on the activation modes of these reagents. [16] Indeed, this class of reagents was mostly employed in radical processes delivering the fluoroalkylthiolated moiety through diverse activation mechanisms; which will be discussed below. A straightforward synthesis was firstly described in 1967 by Weidner. [17] In this pioneering work, the author obtained the expected product II-S, S-(trifluoromethyl) toluenethiosulfonate, from zinc sulfinate hydrate 5 and trifluoromethylsulfenyl chloride ClSCF3 in DMF. Since then, the majority of syntheses are still relying on this strategy, namely the use of a sulfinate salt 5 and an electrophilic source of SCF3 (Scheme 4, A). Interestingly, Shen and coworkers developed a panel of different declinations of the SCF3 analogue by introducing other fluoroalkyl chains including SCF2H, SCH2F or SC2F5 thus enabling a better modulation of the targeted compound. [18] They were recently joined in this endeavor by the group of Besset which provides access to difluoromethylphosphonylated derivatives. [19] Note that in 2017, two consecutive reports described the one-pot formation of S-(trifluoromethyl) arylthiosulfonates from readily available anilines 6 [20] and sulfonyl chlorides 7 [21] respectively (Scheme 4, B). Worth mentioning, both starting materials are in situ converted to their corresponding sulfinate salt analogue before being subjected to the Billard-Langlois reagent as electrophilic source of SCF3 under acidic conditions. The reactivity of these reagents was explored through group 11 mediated processes, namely copper and silver, by several research groups (Scheme 5). In 2016, Lu & Shen reported the radical difluoromethylthiolation of both aromatic and aliphatic boronic acids under oxidative conditions (Scheme 5, A left). [18a] The reaction presents a broad functional group tolerance encompassing electronically different substituents and is not inhibited by ortho substitution in the aromatic series. However, when a heterocycle is engaged like a pyridine derivative, the yield dramatically decreases since only traces of product 8 are detected (<5%). Note that this strategy was employed by the group of Li in 2020 with a benzylic pinacol ester affording the product in 53% yield. [22] Primary boronic acids are boded well under the same conditions. Nevertheless, the difluoromethylthiolation is less effective for secondary as well as tertiary boronic acids, these latter leading to decompositions. To tackle this issue, readily available aliphatic carboxylic acids were selected as starting material, thus providing the corresponding SCF2H-containing analogues 9 after a fast decarboxylation step (Scheme 5, A right). Mechanistic studies, including radical clock experiments, suggested the generation of a C-centered radical after either deborylation or decarboxylation of the precursor. One year after their first report, Lu & Shen described the monofluoromethylthiolation of aromatic boronic acids under copper catalysis (Scheme 5, B). [18b] If the authors did not mention the compatibility of their procedure toward heteroaromatic or aliphatic derivatives, it should be however specified that bio relevant boronic acids can be converted in high yields. Experimental evidences revealed the transient formation of an anionic boronate in methanol although no mechanism was clearly postulated. In 2018, Hu & Shen reported a silver-catalyzed tandem ring-opening/di-or trifluoromethylthiolation of cyclic alcohols (Scheme 5, C). [23] The mechanism relies on the oxidative generation of a cycloalcoxyl radical which undergoes a ringopening event leading to the corresponding C-centered radical.

Worth mentioning, the b-scission of the cyclic alcohol is regioselective and preferentially form the most substituted radical carbon. Radical scavengers such as TEMPO, BHT or dinitrobenzene completely inhibited the reaction. Finally, silvermediated formation of trifluoromethylthiolated oxindoles 12 was reported by Zhao and coworkers in 2018 (Scheme 5, D). [24] Mechanistic studies demonstrated the necessity of the oxidant. Moreover, the reaction seems to occur through a radical pathway since no product was detected in the presence of TEMPO. Based on their experiments, the authors proposed the formation of Ag I SCF3 as the active intermediate. The latter is oxidized by potassium peroxodisulfate giving rise to an unstable Ag II SCF3 species which, after decomposition, gives the radical SCF3. Subsequent addition of the S-centered radical onto the double bond followed by an intramolecular cyclization afforded the radical intermediate. Further oxidation and deprotonation lead to the final products. The radical difunctionalization of alkenes has always been widely coveted by synthetic chemists since it permits access to highly functionalized molecules in a single step with complete atom economy. Naturally, this approach is well suited for S-(fluoroalkyl) arylthiosulfonates II-S and was applied by the group of Lu & Shen in two successive reports (Scheme 6, A & B). [18a, 18b] Mono-and difluoromethylthiolated products (13 & 14) were prepared in moderate to excellent yields in a fully regioselective manner by mean of silver (I) nitrate and potassium peroxodisulfate. Overall, both scopes showed the broad applicability of the developed strategies, even with unactivated alkenes as starting materials. Interestingly, a silver-free alternative was also developed for the difluoromethylthiolation (A), although accompanied with a marginal to significant decrease of the yield in most of the cases. This strategy was also applied by Besset and coworkers to prepare the difluoromethylthiophosphonate analogue 15 although in low yield (Scheme 6, C). [19] Despite some evidences to identify radical intermediates, no mechanism was proposed for this transformation. In 2019, Shen and coworkers reported a cobaltcatalyzed method for the hydro di-and trifluoromethylation of alkenes (Scheme 6, D). [25] In the presence of a silylated hydrid source as well as a radical initiator, the authors were able to prepare a wide variety of fluoroalkylthiolated molecules from terminal alkenes. The reaction does not seem to be hampered by steric hindrance nor unactivated substrates as the yields are generally very good. From a mechanistic point of view, the Co II source is initially oxidize by the peroxide in the presence of silanes yielding a new Co III -H species. The latter realizes the hydrometallation of the double bond to form the internal organocobalt (III) species. This highly unstable intermediate undergoes homolysis of the C-Co bond, affording a carbon centered radical which further reacts with a SRF motif to ultimately release the product 16. The resulting Co II complex can be reoxidized by the tosyl radical thus regenerating the Co III -H species. Finally, a photocatalyzed alternative was developed by the group of Maes in 2020 (Scheme 6, E). [26] If only one example is reported (17), it is however interesting to note the efficiency of such process with a very low catalyst loading. Dual photocatalysis received a lot of interest in the past decade. Indeed, a synergetic combination of transition metal based catalyst with a photocatalyst unlocked the access to densely functionalized products under mild conditions. In this regard, Xu and coworkers selected gold as it permits several accessible oxidation states via SET (Scheme 7). In their first report, they described the difunctionalization of p-conjugated olefins with a total regioselectivity where the fluorinated group is introduced is the less hindered site (Scheme 7, A). [27] A very good functional group tolerance is observed in the styrene series for both electron donating and withdrawing groups. More interestingly, when a conjugated alkyne is present on the substrate, the addition selectively takes place on the double bond, although in moderate yield. Dienes were also converted under these conditions affording the 1,4-addition products. Internal alkenes lead to the major formation of the trans-product independently of the nature of the starting olefin (E, Z or a mixture of both). The reaction pathway relies on the in situ generation of the very active Au 0 complex, which readily reacts with PhSO2SCF3 to generate the sulfonyl radical and Au I -SCF3. As demonstrated in their control experiments, the latter can be isolated and displays reactivity toward the formation of the product. The carbon centered radical resulting from the attack of the sulfonyl radical onto the double bond reacts with the Au I -SCF3 complex generating a new Au II complex. Further oxidation by the photocatalyst lead to the final Au III complex, active species for the reductive elimination and the formation of product 18 (Scheme 7, E). One year after, the same group reported the difunctionalization of alkynes with a similar system affording the a-fluoroalkylthiolated vinylsulfones 19 (Scheme 7, B). [28] In all the reported examples, the fluoroalkylthio group is introduced in the internal or benzylic position, thus confirming the C-SRF bond formation as the last step. Once again, the scope of the reaction clearly shows a broad applicability realm. It should be pointed out that the E isomers are the only products formed for terminal alkynes. However, increasing the steric bulk lead to an erosion of the selectivity until an almost equal E/Z ratio if a n-butyl group is present. In their endeavor to provide complexity from simple systems, the authors turned their attention to the tandem difunctionalization/cyclization of enynes under the same conditions (Scheme 7, C & D). Thus, dihydropyran, tetrahydrofuran, piperidine, pyrrolidine or cyclopentyl can be easily constructed in a single step with a complete regioselectivity (20 and 21). Worth mentioning, the substitution of the alkyne governs the size of the formed ring since the resulting double bond ends up in endo (C) or exo (D). Control experiments confirmed the implication of radicals in the process. Moreover, the cyclopropyl-substituted alkyne was successfully opened after the addition of a phenylsulfonyl radical onto the triple bond. With a measured quantum yield of 1.4, the authors were able to propose a chain mechanism. The initial stage of the reaction remains unclear but the authors assumed a radical cleavage of the SO2-SRF bond triggered by both the photo and the Au I catalysts. Assisted by the Lewis acidity of the latter, the phenylsulfonyl radical attacks the alkyne generating a new carbon centered radical able to react with the reagent, thus perpetuating the chain propagation. In this scenario, the oxidation state of the gold catalyst remains unchanged. An alternative mechanism was also envisaged in which a SET takes place between an organogold (II) complex and PhSO2SRF giving rise to a transient Au III complex able to reductively eliminate the product 19 (Scheme 7, F). Aldehydes are ubiquitous moieties in natural products as well as in bio relevant molecules. Therefore, this very abundant feedstock was envisaged for radical fluoroalkylthiolation by several research groups, thus enabling the access to their corresponding fluoroalkylthio esters (Scheme 8). In all the presented examples, the active acyl radical is generated through a HAT from either radical initiators (Scheme 8, A, B & C), [29] in situ generated azide radical (Scheme 8, D & E) [18c, 19] or a triplet state photocatalyst (Scheme 8, F). [30] The simple operational conditions make these protocols robust as highlighted by the broad scopes depicted in all the reports including electronically different (hetero)aromatic, aliphatic or a,b-unsaturated starting materials. Interestingly, the group of Wang (Scheme 8, A, B & C) observed a positive impact when the reaction mixture is irradiated by visible light resulting in better yields. In fact, they also provided the proof of concept that the reactions can be performed at room temperature under a simple LED or sunlight irradiation without adding an additional radical initiator. Worth mentioning, the work of Wang, Hu & Shen unified these strategies in a simple protocol (Scheme 8, D). This was further completed by the group of Besset introducing the difluoromethylthiophosphonate motif onto aldehydes (Scheme 8, E). In the context of photocatalysis, aryldiazonium salts are valuable radical partners as they are easily prepared from readily available anilines and present a very accessible reduction potential. Thus, 3 different groups reported the conversion of aryldiazonium tetrafluoroborate salts to their corresponding di-or trifluorothiolated derivatives 28 under visible light irradiation catalyzed by ruthenium-based complexes (Scheme 9, A, B & C). [31] The scope of the reaction encompasses different functional groups including both electron donating or withdrawing groups, ortho-substituents as well as heteroaromatic cores. Two main mechanisms were proposed by the different groups. On the one hand, the aryl radical resulting from the reduction of the aryldiazonium salt by the photocatalyst traps the fluoroalkylthiolated moiety affording the desired product 28. In this stepwise scenario, either an external sacrificial reductant (namely sodium ascorbate, A) or the tosyl radical (C) regenerates the photocatalyst in its ground state. On the other hand, the group of Billard & Tlili performed a thorough experimental study to unveil the mechanism. Indeed, the quantum yield of the reaction unambiguously indicates a chain propagation mechanism. Supported by EPR spectroscopy, the authors proposed the formation of a trigonal thiolated radical resulting from the reaction of the dimer CF3SSCF3 with the aryl radical. The latter can undergo a SET with another aryldiazonium salt, therefore propagating the chain. Weak nucleophiles such as DMSO can release the desired product 28 (B). From a practical point of view, a single flask operation is a valuable addition to this methodology. In this regard, Zhao and coworkers devoted their efforts to develop a one-pot procedure in which the aniline is virtually converted to its fluorinated analogue 29 (Scheme 9, D). [31c] With a similar efficiency, Rose Bengal was preferred to the previously employed ruthenium complex, thus providing a significant improvement to this strategy. In 2021, the group of Protti & Zhao employed arylazo sulfones as aryl radical sources under simple blue light irradiation to achieve the trifluoromethylthiolation or arenes (Scheme 9, E). [32] One more step is mandatory to convert the aryldiazonium salts into arylazo sulfones but it however circumvents the use of a photocatalyst. Nonetheless, it should be pointed out that the yields are usually moderate or even low when the substrate is not a para-substituted benzene derivative. Remote trifluoromethylthiolation has also been studied to selectively functionalize unactivated alkyl chains. In both cases, the mechanism relies on a 1,5-HAT between an heteroatom centered radical and a C -H bond. The formed alkyl radical reacts with the appropriate S-(trifluoromethyl) arylthiosulfonate leading the corresponding product. The group of Studer reported the use of allyl sulfonamides in combination with dilauroyl peroxide as radical initiator (Scheme 10, left). [33] The cascade decomposition of their reagent upon the addition of a radical on the allyl moiety and the subsequent SO2 extrusion generated the nitrogen centered radical; productive intermediate toward the remote functionalization of the substrate. More recently, Besset and coworkers were able to functionalize aliphatic alcohols in the presence of a hypervalent iodine as oxidant under blue light irradiation (Scheme 10, right). [34] Keeping in mind the volatility of the formed products 32, the yields remained moderate. Moreover, it appears that the reaction is sensitive to steric hindrance when secondary or tertiary alcohols were evaluated. Involvement of radical intermediates was unambiguously demonstrated in the presence of 5 equivalents of BHT as the product was not detected. According to the authors, the mechanism starts with an exchange between the alcohol and the acetate from PIDA. Light irradiation can then trigger the radical cleavage of the I -O bond leading the aforementioned radical intermediate that enables the 1,5-HAT event.

Scheme 10. Remote radical fluoroalkylthiolation reactions via 1,5-HAT. DLP: dilauroyl peroxide. PIDA: (diacetoxyiodo)benzene.

As it has been largely discussed in the presented examples, S-(fluoroalkyl) arylthiosulfonates readily react with carbon centered radicals to form the fluoroalkylthiolated analogues. In this context, the design of the substrate can be finally studied to undergo a controlled decomposition revealing a new alkyl radical. Thus, the group of Zhao engaged a variety of cyclic oxime esters with TsSCF3 (Scheme 11, A). [35] At 100 °C, the reductive cleavage of the N -O bond is effective through a SET between DMA and the substrate, thus unveiling a rather unstable imine radical, which rapidly evolves into an open-chain nitrile bearing a C(sp 3 ) centered radical. The latter is able to intercept the SCF3 group, leading to the concomitant formation of the radical tosyl, which reduces the radical cation from DMA. Despite an elegant methodology, the scope of the reaction remains limited as it relies on the synthesis of the starting materials. Therefore, only a handful of mono-substituted starting material were engaged. In the past few years, [1.1.1] propellanes have receive a lot of attention. Indeed, they can be considered as three-dimensional bio isosteres of para disubstituted phenyl rings in medicinal chemistry. Interestingly, under thermal or photo activation, propellanes can be opened via the homolysis of the weak central C -C bond affording the bis radical species. The group of Zhu demonstrated the difunctionalization of these under mild conditions (Scheme 11, B). [36] Mechanistic studies revealed the implication of paramagnetic intermediates since radical scavengers suppressed the reaction. Moreover, the homolysis of the C -C bond appeared to be faster than the SO2 -SRF cleavage according to EPR spectroscopy. Cross-over experiments also proved a stepwise radical recombination as an almost statistical distribution of products were analyzed after the experiment. The scope of the reaction encompasses a wide diversity of different sulfones including for the first time vinylic and aliphatic ones. Finally, they were able to perform the reaction on a gram scale without significant erosion of the yield. Cyclopropyl groups are known to rearrange under radical conditions, the strain release being the driving force. In this regard, Xu & Xu developed a photocatalyzed process in which the trifluoromethylthiolated group is ultimately trapped by the primary alkyl radical issued from the ring opening (Scheme 11, C). [37] Herein, sodium dodecasulfonate helps to solubilize the components in water and, according to the authors, is not involved in the photocatalytic cycle. It has been proposed that the reaction is triggered by an SET between Eosin Y and the fluoroalkylthiolated reagent affording the aryl sulfonate radical. The addition of the latter on the double bond causes the rearrangement. It should be mentioned that the ratios between Z and E isomers vary depending on the properties of the starting materials. Nevertheless, the Z isomer is always the major one. Finally, another methodology was exploited taking advantage on the 2 steps oxidation/fragmentation of furan derivatives published by Gui (Scheme 11, D). [38] With a low catalyst loading, the starting furan is oxidized by singlet oxygen in methanol to the corresponding dihydrofuran bearing a peroxide group. A control fragmentation of the latter in the presence of stoichiometric amounts of iron releases the active carboncentered radical which intercepts the fluoroalkylthiolated group leading to the expected products 36. In 2018, the group of Li reported a visible-light mediated difluoromethylthiolation of rich aromatic rings using catalytic amounts of iodides (Scheme 12). [39] A wide scope is presented, with a particular interested on heterocyclic scaffolds, highlighting the compatibility and the mildness of this protocol towards sensitive functional groups (such as unprotected protic moieties). The mechanism is initiated by either the homolysis of the SO2 -S bond or a photo-induced electron transfer (PET) mediated by iodides. If the involvement of sulfur centered radicals is clearly demonstrated (both HCF2S and PhSO2) by radical trapping experiments, the coupling with the aryl partner remains unclear. Indeed, the authors postulated a radical addition of the SCF2H followed by a subsequent hydrogen abstraction by the remaining PhSO2 radical. However, the observed regioselectivity seems to follow the canonical SEAr pattern, which is further corroborated by the sole presence of electron-enriched substrates.

Scheme 12. Visible-light mediated direct C-H difluoromethylthiolation of electron rich arenes.

Nevertheless, the reactivity of S-(fluoroalkyl) arylthiosulfonates is not only restricted to C -SRF bond formation. As proved by Besset and coworkers, (hetero)aromatic as well as aliphatic thiols and disulfides readily react in a metal-free process affording a variety of different unsymmetrical disulfides 38 bearing the difluoromethyl diethylphosphonate group (Scheme 13, left). [19] Overall, the scope encompasses electronically different substrates with however a significant decrease of the yields with electron deficient rings as well as heterocycles. Worth mentioning, the authors did not comment on the reaction mechanism. Earlier this year, the group of Chen reported the synthesis of Smonofluoromethyl phosphorothioates 39 from both diarylphosphine oxides or H-phosphonates (Scheme 13, right). [40] Remarkably, the reaction takes place at room temperature with 1 equivalent of trimethylamine if either R 1 or R 2 is an alkoxide group. It should be pointed out that no deficient diarylphosphine oxide was engaged. In addition, the desired product is not detected if the starting phosphonate is decorated with t-butoxide groups. The addition of TEMPO or BHT dramatically slowed down the reaction since the targeted molecules was formed in 13 and 12% yield respectively. Marginal diminution of the yield could be observed in the presence of 1 equivalent of SET inhibitors (para-and metadinitrobenzene). Based on these observations, the authors postulated a SET between the 2 partners yielding the phosphorylated radical cation along with the S-(fluoromethyl) phenylthiosulfonate radical anion. The former further evolves to give the phosphorus centered radical. A subsequent reaction with the reagent affords the desired product 39 together with PhSO2 radical which perpetuates the radical chain abstracting a proton from the H -P V species.

Scheme 13. Reaction of S-(fluoroalkyl) arylthiosulfonates with heteroatomes.

As S-(fluoroalkyl) arylthiosulfonates are efficient partners to introduce fluoroalkylthiolated moieties into a plethora of organic substrates, different research groups turned their attention to extend the applicability of their strategies with the help of these reagents. For instance, the group of Li was able to generate aryl radicals out of their corresponding trifluoroborate salts in the presence of diacetyl under visible light irradiation in water (Scheme 14, A). [41] Among the studied coupling partners, PhSO2SCF2H was engaged thus leading the corresponding product 40 in 35% yield. As an extension to their method developed for selenium , Toulgoat & Billard demonstrated the 2 electrons reduction of S-(trifluoromethyl) tosylthiosulfonate with TDAE giving rise to the transient formation of SCF3 anion (Scheme 14, B, see section 2.2 for Se). [42] The latter can react with electrophiles in a SN2 fashion as demonstrated by the unoptimized reported example 41. In 2020, Monnereau & Tlili successfully applied a thiolated version of their selenylated protocol to convert benzyl trimethylsilane into the trifluoromethylthiolated analogue 42 in the presence of an organic photocatalyst (Scheme 14, C). [43] The mechanistic features of this reaction are further commented in section 2.2. In his unified protocol to diversify alkyl allyl sulfones reported in 2019, the group of Studer prepared 3 substrates 43 bearing the SCF3 motif in very high yields (Scheme 14, D). [44] Initiated by AIBN, the reaction relies on the cascade decomposition of the substrate to generate the alkyl radical. The latter reacts with the fluorinated reagent affording both the products and a radical tosyl, which pursues the reaction. Finally, an interesting photocatalyzed three-components reaction has been reported by Zhu in 2020 (Scheme 14,E). [45] The reduction of the brominated arm of their reagent generates an alkyl radical which is further trapped in a regioselective way by styrene. A tandem radical migration/SO2 extrusion leads to the stable tertiary alkyl radical which is ultimately quenched by the S-(trifluoromethyl) phenylthiosulfonate affording the product 44 in 47% yield. Scheme 14. Miscellaneous. TDAE: tetrakis(dimethylamino)ethylene. AIBN: Azobisisobutyronitrile.

In the light of the presented examples, it appears clearly that S-(fluoroalkyl) arylthiosulfonates were mostly relegated to their ability to deliver the fluoroalkylthio group in radical processes. This family of reagents is at the cornerstone of the recent developments of novel fluoroalkylthiolation reactions as they provide an easily tunable versatility.

Fluoroalkyl Selenosulfonates

Beside fluoroalkoxylation and fluoroalkylthiolation reactions, the incorporation fluoroalkylselenylated moieties has received less attention. As a matter of fact, despite pioneering efforts reported from the 1960's, this field remained an extension of its thiolated version. Hence, only few examples were reported for almost 30 years. [8g, 46] Nowadays, reagent design is the cornerstone of modern organofluorine chemistry. In this context, fluoroalkyl selenosulfonates have found notorious applications in fluoroalkylselenolation reactions. These sections aim to provide an overview of their reactivity through different activation modes in addition to dedicated reviews.

SO2-(fluoroalkyl) Selenosulfonates

By analogy with SO2-(trifluoromethyl) thiosulfonates, SO2-(trifluoromethyl) phenylselenosulfonate I-Se was also synthesized and studied. Its synthesis could be performed from sodium triflinate 1 and phenylselenelyl chloride or diphenyl diselenide in presence of bromine or PIFA (Scheme 15). [9][10] Scheme 15. Synthesis of SO2-(trifluoromethyl) phenylselenosulfonate.

As in sulfur series, the SO2 -Se bond can be easily cleaved under UV irradiation to provide radicals species. In presence of 1 equivalent of diphenyl diselenide (recovered at the end of the reaction), trifluoromethyl phenylselenide 45 was obtained (Scheme 16, A). [12] Interestingly, by heating SO2-(trifluoromethyl) phenylselenosulfonate at 40°C, in presence of 2 equivalents of diphenyl diselenide, trifluoromethyl phenylselenide 45 was also formed, without irradiation, in better yield (Scheme 16, B). Again, the added diphenyl diselenide was recovered at the end of the reaction. [47] The mechanism was not accurately studied, but an electron transfer through a charge transfer complex between CF3SO2SePh I-Se and PhSeSePh was suspected. Since SO2-(trifluoromethyl) phenylselenosulfonate could be obtained from triflinate salt, diphenyl diselenide and bromine, a one-pot process was developed to produce CF3SePh 45 also with a good yield (Scheme 16, C). [47] Scheme 16. Synthesis of trifluoromethyl phenylselenide.

Because SO2-(trifluoromethyl) phenylselenosulfonate I-Se appeared to be more electrophilic than the sulfur analogues, they were also envisaged to achieve direct trifluoromethylsulfonylation. Consequently, electrophilic addition onto olefines was performed in milder conditions (Scheme 17). [15] Again, selective trans electrophilic addition was observed with cyclic alkenes. As in sulfur series, with cyclohexene, trans-1,2-diaxal conformation was exclusively observed. With acyclic substrates, only terminal double bonds reacted with no regiospecificity. In case of conjugated dienes, either 1,2 or 1,4 additions were observed depending on the steric hindrance. By oxidation of the phenylselenly group, corresponding vinyl triflones were easily obtained by spontaneous elimination of benzeneselenenic acid. [15] Scheme 17. Electrophilic addition of SO2-(trifluoromethyl) phenylselenosulfonate onto alkenes.

Se-(fluoroalkyl) Arylselenosulfonates

By analogy to the sulfur series, the fluoroalkyl motif is attached to the selenium atom thus conferring an intrinsic electrophilic character on the latter. The first synthesis was reported in 2017 by Tlili & Billard starting from a commercially available sulfinate salt and an in situ generated fluoroalkylselenyl chloride 48 (Scheme 18, A). Interestingly, this strategy was transposed to four homologs, respectively -CF3, -C2F5, -C3F7 and -C6F13. [48] This family of reagents was further extended in 2020 by two consecutive reports by Lu & Zhao (Scheme 18, B) [49] as well as Zhu (Scheme 18, C) [36] via similar procedures thus enabling a better modulation of the fluoroalkyl-side chain. The electrophilic behavior of these reagents II-Se was first explored by Tlili & Billard in 2017 through the difunctionalization of terminal alkynes (Scheme 19,A). [50] In this example, the authors reported the formation of a putative aryl-(trifluoromethyl)selenirenium ion. This highly constrained threemembered-ring is selectively opened (anti attack) by the tosylate counter ion on the less hindered carbon affording selectively the anti-Markovnikov trans products 49. The reaction encompasses several functionalities and does not seem to be too sensitive to their electronic properties. However, the scope is restricted to aromatic substrates since only low yields were obtained with aliphatic alkynes. Few years later, Billard and coworkers evaluated the reactivity of a,b-unsaturated carbonyl groups under Morita-Baylis-Hillman type conditions (Scheme 19, B). [51] A simple and environmentally benign protocol was disclosed to activate the enones via the 1,4-attack of an oxygenated nucleophile (resulting from the deprotonation of either water or ethanol). Despite a promising efficiency with cyclic or acyclic unsaturated ketones or aldehyde, the reaction is very sensitive to steric hindrance resulting in a significant decrease of the yields. In 2019, the group of Zhao applied the TsSeCF3 reagent to trifluoromethylselenylate electron-rich aromatic compounds with a focus on nitrogencontaining heterocycles (Scheme 19, C). [52] The reaction is performed in water at room temperature with FeCl3 to activate and enhance the electrophilicity of the trifluoromethylselenyl group. Indoles were smoothly functionalized with good to excellent yields. Worth mentioning, introducing electron donating groups (MeO-) or a phenyl group on the nitrogen lead to a slight decrease of the yield. In addition, pyrroles, pyrazoles and their derivatives or 1,3,5-trimethoxybenzene appeared to be suitable substrates under these conditions. Finally, the authors demonstrated the performance of their system on a gram scale reaction without significant erosion of the yield. A similar approach was reported recently by Qiu & Zhao (Scheme 19, D &E). [53] On the one hand, the authors realized the direct 3-trifluoromethylselenolation of a panel of electronically different benzofurans in toluene in the presence of catalytic amounts of TfOH with moderate to good yields. Noteworthy, blocking the position 3 allowed the functionalization of the benzofuran ring in the position 2. In addition to this SEAr type reactivity, the authors demonstrated the feasibility of a tandem trifluoromethylselenolation/cyclization sequence starting from the corresponding 1-methoxy-2ethynylbenzene substrate. It turned out FeCl3 outperformed TfOH in that case yielding the selenylated benzofurans 52 in moderate to very good yields. Mechanistically, the authors proposed the formation of an aryl-(trifluoromethyl)selenirenium cation which can be opened selectively by the oxygen atom in a 5-endo-dig fashion as proposed earlier by Billard in a previous report. [54] Finally, the remaining sulfinate or a chloride can demethylate the oxonium to afford the desired product 52. In a wider context, Se-(fluoroalkyl) arylselenosulfonates II-Se can be valuable partners in copper catalyzed processes. The first evidence was provided in 2017 by Tlili & Billard with boronic acids as substrates (Scheme 20, A). [48a] The authors revealed that a combination of commercially available copper (II) acetate and bipyridine enabled the direct fluoroalkylselenolation of (hetero)aromatic as well as vinylic substrates in low to very good yields. If the in situ reduction of the copper (II) to copper (I) as well as its transmetallation with boronic acids is well documented in the literature, the activation of the fluoroalkylselenylated source remains unexplored. However, the authors observed a rapid decomposition of the reagent yielding the dimer (RFSe)2 in the presence of nucleophiles (e.g. acetates, carbonates or NEt3). Interestingly, when this diselenide is engaged under the reaction conditions as sole source of -SeRF, the authors were able to detect the formation of the corresponding product 53. If the dimer can be the active specie in this reaction, it is however impossible to fully discard the direct activation of the Se-(fluoroalkyl) arylselenosulfonates. Inspired by this result, Lu & Zhao transposed this strategy to access the valuable -SeCF2H containing (hetero)aromatic derivatives with a slightly modified procedure furnishing the difluoromethylselenylated products 54 (Scheme 20, B). [55] In 2018, Billard & Tlili proposed to study the reactivity of TsSeRF reagents with terminal alkynes under copper catalysis (Scheme 20, C & D). [56] Indeed, the direct fluoroalkylselenolation was achieved under mild conditions affording the desired products 55 in low to good yields for both aromatic and aliphatic starting materials. Once again, the formation of an organocopper (I) species, namely alkynyl copper (I), is invoked to activate the fluoroalkylselenylated source. Nonetheless, an unexpected side-reaction occurred when substrates bearing an oxygenated directing atom close to the triple bond were engaged. In fact, the authors postulated a subsequent S-addition of the residual sulfinate in a stereo and regioselective fashion. This serendipitous outcome can be fostered by adding water to the medium, thus permitting the clean formation of the products 56. Earlier this year, the group of Billard reported the ortho C-H functionalization of 8-aminoquinoline benzamide derivatives with palladium catalysis under regular atmosphere (Scheme 20, E). [57] If the monotrifluoromethylselenolated 57 is major in all the cases, the authors observed the difunctionalized products 58 when the 2 ortho positions are available. Noteworthy, by tuning the ratios between the fluorinating reagent and the starting material, they were able to selectively form either the mono-or the bisfluoroalkylselenylated benzamide. Monitoring the fluorinated species overtime resulted in a fast consumption of TsSeRF leading to the concomitant detection of the diselenylated dimer as well as the mono-and bis-decorated products. Even though the direct reactivity of TsSeRF cannot be fully discarded, the authors assumed that the dimer is the main active reagent in their process. Supported by the previous reports in this field, a mechanism was proposed in which the palladium (II) coordinated to the 8aminoquinoline moiety undergoes the C-H activation of the substrate. An oxidative addition step of the fluoroalkylselenylating agent is then proposed affording a palladium (IV) species that enables the formation of the desired product 57 or 58 via reductive elimination. A). [48b] This user-friendly procedure encompasses a large panel of functional groups in good to very good yields. Indeed, the rapid formation of the dimeric (CF3Se)2 was quantitatively monitored within one hour in DMSO upon visible light irradiation. Thus, the latter was engaged in reaction along with a diazonium salt and Eosin Y as photocatalyst yielding the corresponding aryltrifluoromethylselenide 59. Mechanistic experiments indicated the plausible formation of a paramagnetic trigonal selenylated radical resulting from the condensation of an aryl radical and the abovementioned dimer. Two years after their report, Lu & Zhao broadened the scope of this reaction through the installation of the valuable difluoromethylselenyl moiety under similar conditions (Scheme 21, B). [49] Moreover, despite the facile preparation and purification of aryldiazonium tetrafluoroborate salts, it should be pointed out that they could directly engage anilines as coupling partners; the latter being able to form the transient aryldiazonium salt in situ. In addition, this robust procedure was extended to bio relevant substrates highlighting once again its broad functional group tolerance. Finally, the reaction was carried out on gram scale with a similar outcome. Interestingly, the conclusions on the mechanism are in strike contrast. On the one hand, Billard & Tlili monitored the luminescence of Eosin Y during the reaction time. They observed a progressive photo-bleaching event of the photocatalyst. This observation in addition with the quantum yield measurement over 1 postulate in favor of a radical chain mechanism. Conversely, Lu & Zhao reported a stepwise scenario in which the Rose Bengal photocatalyst is regenerated although no evidence was provided to support this hypothesis. Taking advantage of the uncatalyzed generation of radical species upon visible light irradiation, Billard & Tlili disclosed the tandem tosylation/fluoroalkylselenolation of alkenes as well as alkynes (Scheme 21, C). [58] In this procedure, the reagent and the substrate are mixed in DMSO and irradiated for several hours to yield the addition products 61. Supported by a high quantum yield monitored by both 19 F NMR and luminescence analysis of the media, a radical chain mechanism was unambiguously proposed by the authors. The reaction is initiated by the photolysis of the Se-(fluoroalkyl) arylselenosulfonate affording the tosyl radical and the dimer (RFSe)2. The former can then react with the unsaturated bond generating the most stable carbon-centered radical which can then trap the dimer leading to the formation of the trigonal selenylated radical. The products 61 are finally released after homolysis of the Se-Se bond. In 2020, Xu and coworkers proposed an alternative reactivity of Se-(fluoroalkyl) arylselenosulfonates toward unactivated alkenes. In this report, the authors described a divergent three components reaction catalyzed by Eosin Y to afford the difunctionalyzed products 62 in a very good yields especially for biorelevant substrates (Scheme 21, D). [59] As already shown by Billard & Tlili, a SET is unlikely between Eosin Y and Se-(fluoroalkyl) arylselenosulfonates. [48b] However, the excited state of the photocatalyst can be efficiently quenched by the fluoroalkyl (or trichloromethyl-) radical precursor in a stepwise process. The formed radical reacts with the terminal alkene leading to a secondary carbon-centered radical. As for the reactivity disclosed in equation C, the latter can then trap the corresponding dimer (RFSe)2 in a radical chain mechanism. The reactivity of Se-(fluoroalkyl) arylselenosulfonates in radical processes is not only restricted to its propensity to generate radicals under visible light irradiation. In fact, their reactivity toward alkyl radical precursors has been recently reported. In this context, easily oxidized substrates such as benzyltrimethylsilanes or potassium alkyltrifluoroborate salts were successfully engaged in the presence of an organic photocatalyst under blue LEDs by Monnereau & Tlili in 2020 (Scheme 22, A & B). [43] Despite similar operational conditions, it has been demonstrated that the two classes of alkyl radical precursors behaved differently. If the initial stages are the same, e.g. a SET between the excited state of the photosensitizer and the benzylsilane/alkyl trifluoroborate salt leading to the corresponding carbon-centered radical, the subsequent steps shows disparities. With silylated starting materials (A), the formed radical reacts directly with TsSeRF affording the desired product 63. The ground state of the photocatalyst can be regenerated with the presence of potassium peroxodisulfate as sacrificial oxidant. Noteworthy, the reaction can be carried out under air without any impact on the outcome. Moreover, molecular oxygen alone can play the role of the sacrificial oxidant although the yield decreases dramatically (25%, 5 TON). In the case of borylated starting materials (B), a SET has been demonstrated between the reduced form of the photocatalyst and TsSeRF thus restoring the active photosensitizer and providing the radical -SeRF or its corresponding dimer. The latter is further trapped by the alkyl radical affording the desired products 64. Both mechanisms are supported by thorough examinations by luminescence experiments and EPR spectroscopy. Activated aliphatic carboxylic acids were also envisaged by Magnier & Billard as partners to performed photocatalyzed fluoroalkylselenolation reactions (Scheme 22, C). [60] In their study, the authors proposed a PCET between the excited RTFA and the carboxylic acids which can then evolve to the corresponding carbon-centered radical after a fast decarboxylation of the intermediate. Indeed, as supported by a Stern-Volmer plot, the luminescence quenching of the photocatalyst is almost 10 fold faster with the carboxylic acids rather than the TsSeCF3. The product 66 can be obtained through the reaction of the alkyl radical and the reagent releasing one equivalent of tosylate radical which is further reduced to regenerate the photocatalyst. This robust protocol was extended to continuous flow thus providing a valuable tool in order to increase both the yield and the scale. Finally, this photocatalyzed reaction showed synthetically interesting results when applied to bio relevant substrates. The reactivity of Se-(fluoroalkyl) arylselenosulfonates with radical sources is not only relying on photo-induced processes. Indeed, Studer reported in 2019 a desulfonylative fluoroalkylselenolation of aliphatic substrates initiated by AIBN (Scheme 22, D). [44] As discussed in section 1.2 with thiolated analogues, allyl sulfones can generate alkyl radicals that can react with TsSeCF3 to afford the desired products 65 and a radical tosyl. The latter can be further engaged with another allyl sulfone to perpetuate the radical chain. In 2020, Zhu and coworkers extended the strain-release difunctionalization of [1,1,1]propellanes (see section 1.2) to Se-(fluoroalkyl) arylselenosulfonates (Scheme 22, E). [36] As for the thiolated analogues, thermal activation of the mixture enabled the homolysis of the weak central bond of the substrate which traps the selenylated group yielding a new carbon-centered radical. The latter recombines with the remaining tosyl radical to afford the desired product 67. Recently, it has been shown that Se-(fluoroalkyl) arylselenosulfonates could behave as nucleophilic sources of SeRF under specific conditions. In 2019, Toulgoat & Billard reported the use of an organic reducing agent, namely TDAE (tetrakis(dimethylamino)ethylene), to quantitatively generate in situ the selenylated anion within 5 minutes at room temperature (Scheme 23, left). [42] The addition of alkyl (pseudo)halides onto the salt lead to the formation of the corresponding products 68 in short reaction times. Considering the air and moisture sensitivity of TDAE, Billard and coworkers proposed an alternative activation mode in the presence of iodides (Scheme 23, right). [61] Indeed, mixing their reagent with 1 equivalent of TBAI (tetra-nbutylammonium iodide) can afford ISeRF with an inverted polarity respect to the starting reagent. A second equivalent of TBAI delivers the corresponding ammonium fluoroalkylselenides, which underwent the subsequent nucleophilic substitution. Altogether, these studies highlighted the valuable potential of Se-(fluoroalkyl) arylselenosulfonates as versatile reagents to incorporate the SeRF moiety onto a large panel of substrates. Mechanistic evidences provided in the presented articles brought insights for a better understanding and control of their reactivity. The recent developed strategies have pushed this family of reagents to the foreground for further applications in organofluorine chemistry.

Conclusion

In the light of the presented methodologies relying on the use of fluoroalkyl thiosulfonates and selenosulfonates, several features can be clearly identified. First of all, the reactivity of these reagents is mostly relegated to their aptitude to deliver the fluorinated motif in the presence of radical partners. Indeed, scarce examples describe electrophilic or nucleophilic introduction of the chalcogen atom. Moreover, several similarities emerge between these two types of fluoroalkyl chalcogenosulfonates. On the one hand, the relative weakness of the SO2-S/Se bond should be pointed out. As a matter of fact, an important part of the presented methodologies relies the relative lability of the sulfur or selenium atom. On the other hand, fluoroalkyl chalcogenosulfonates seem to be well suited for visible-light mediated as well as radical processes. However, if different fluoroalkyl homologs have been evaluated for compounds II, the sulfone counterpart is generally restricted to simple aromatic cores such as phenyl of tolyl groups. As a global overview, it is rather difficult to assess the influence of the substitution on the reaction outcome. Finally, an extremely broad panel of substrates was interrogated by the different contributors in this field placing these reagents in a pivotal role in modern organofluorine chemistry. The developments carried out will certainly push forward the investigations of fluoroalkylthiolated and selenylated molecules as their syntheses are no longer the bottleneck of their study.
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 1 Figure 1. Nomenclature of fluoroalkyl thiosulfonates and selenosulfonates.
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 2 Scheme 2. Homolytic scission of SO2-(trifluoromethyl) thiosulfonates. A) in presence of disulfides. B) in presence of olefins. C) mechanism proposals.
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 4 Scheme 4. Synthesis of S-(fluoroalkyl) arylthiosulfonates. DABSO: 1,4-Diazabicyclo[2.2.2]octane bis(sulfur dioxide) adduct.
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 5 Scheme 5. Ag-and Cu-mediated fluoroalkylthiolation reactions. SDS: sodium dodecasulfonate.
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 6 Scheme 6. Radical difunctionalization of terminal alkenes. NMP: N-methyl-2pyrrolidinone. DMC: Dimethyl carbonate. Tol: 4-methylphenyl.
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 7 Scheme 7. Activation of S-(fluoroalkyl) phenylthiosulfonates under gold/ruthenium dual catalysis. DCE: 1,2-dichloroethane.

  Scheme 8. Radical fluoroalkylthiolation of aldehydes. AIBN: Azobisisobutyronitrile. AMBN: Azodi(2-methylbutyronitrile). DCE: 1,2dichloroethane. PIFA: (bis(trifluoroacetoxy)iodo)benzene. TBADT: tetra-nbutylammonium decatungstate.
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 9 Scheme 9. Radical fluoroalkylthiolation through radical C(sp 2 )-N bond cleavage under visible-light irradiation. bpy: 2,2'-bipyridine. phen: 1,10-phenanthroline. DCE: 1,2-dichloroethane.
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 11 Scheme 11. Fluoroalkylthiolation reactions: generation of alkyl radicals via C -C bonds cleavage. DMA: diemethyl acetamide. SDS: sodium dodecasulfonate.
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 18 Scheme 18. Synthesis of Se-(fluoroalkyl) Arylselenosulfonates.
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 19 Scheme 19. Electrophilic fluoroalkylselenolation reactions.
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 20 Scheme 20. Se-(fluoroalkyl) arylselenosulfonates in transition metal catalyzed processes. 4,4'-diMe-bpy: 4,4'-dimethylbipyridine. TMEDA: N,N,N',N'tetramethylethylenediamine.
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 21 Scheme 21. Visible-light mediated photolysis of Se-(fluoroalkyl) arylselenosulfonates.
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 22 Scheme 22. Reactivity of Se-(fluoroalkyl) arylselenosulfonates with alkyl radical sources. Mes-Acri + : Mesityl acridinium perchlorate. AIBN: Azobisisobutyronitrile. RTFA: Riboflavin tetraacetate.
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 23 Scheme 23. Umpolung reactivity of Se-(fluoroalkyl) arylselenosulfonates in nucleophilic substitutions.

Acknowledgements

C.G. held a doctoral fellowship from la region Rhône Alpes. The authors are grateful to the CNRS, ICBMS (UMR 5246), ICL (Institut de Chimie de Lyon) for financial support. The French Fluorine Network is also acknowledged for its support.

Clément is currently holding a postdoctoral fellowship from the Alexander von Humboldt foundation in the group of Dr. Josep Cornella at the Max Planck Institut für Kohlenforschung. His research topic is the late-stage modification of highly functionalized molecules. Clément was awarded the Dina Surdin prize by the French Chemical Society -Organic Chemistry Division in 2020. Dr. Thierry Billard is CNRS Research Director. He carried out his Ph.D. on fluorine