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Résumé 

Parmi les groupements fluorés émergents, le pentafluorosulfanyle (SF5) a suscité un 

intérêt considérable au cours des dernières décennies en raison de ses propriétés remarquables. 

Des applications de cette fonctionnalité ont été rapportées dans divers domaines, tels que la 

chimie médicinale et les matériaux. Néanmoins, l'introduction du groupe SF5 dans les composés 

organiques demeure un défi significatif, nécessitant généralement des conditions de réaction 

difficiles. La recherche exposée dans cette thèse décrit nos efforts pour développer de nouvelles 

méthodes pour la synthèse de composés pentafluorosulfanylés. 

Pour accéder à des cyclopropanes pentafluorosulfanylés, une cyclopropanation 

intramoléculaire de cyanodiazoacétates catalysée par le rhodium a été mise au point, générant 

ŘŜǎ ʴ-lactones fusionnées avec des cyclopropanes substitués par les groupes CF3 et SF5 avec un 

très bon rendement. De plus, des recherches ont été menées concernant la synthèse de 

cyclopropanes pentafluorosulfanylés via fluoration oxydative de disulfures de dicyclopropyle.  

En parallèle, la conception et la synthèse de nouveaux réactifs de transfert de SF5 ont été 

explorées. Les difficultés rencontrées nous ont incités à développer une méthode pour la 

synthèse en flux continu du chloropentafluorure de soufre (SF5Cl), principal réactif utilisé à ce jour 

pour la synthèse de composés pentafluorosulfanylés. Un réacteur sur mesure a été conçu pour 

ƭΩŀƎƛǘŀǘƛƻƴ ŘŜ ǎƻƭƛŘŜǎ, permettant la synthèse rapide, sûre et très efficace du SF5Cl, qui peut 

ensuite réagir de manière télescopée avec des alcynes dans des réactions d'addition radicalaire. 

Des pyrazoles pentafluorosulfanylées ont également été synthétisées par cycloadditions 

1,3-dipolaire d'alcynes pentafluorosulfanylés avec des composés diazoïques non stabilisés. 

5ΩŀǳǘǊŜ ǇŀǊǘ, des recherches préliminaires sur la synthèse et la réactivité d'un azoture de vinyle 

pentafluorosulfanylé ont mis en lumière la formation d'une céténimine pentafluorosulfanylée 

avec une réactivité polyvalente prometteuse. 

Mots-clés : Pentafluorosulfanyl, cyclopropane, composé diazoïque, chimie en flux continu, 

pyrazole, céténimine. 
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Abstract 

Amongst new emerging fluorinated groups, the pentafluorosulfanyl (SF5) group has 

received considerable attention over the past few decades due to its remarkable properties. It 

has shown applications in various fields, such as medicinal chemistry and materials. Nevertheless, 

the introduction of the SF5 group into organic compounds remains a significant challenge, 

generally requiring harsh reaction conditions. The research presented in the thesis describes our 

endeavor to develop new methods for the synthesis of SF5-substituted compounds. 

To access SF5-substituted cyclopropanes, a rhodium-catalyzed intramolecular 

cyclopropanation of cyanodiazoacetates was developed, yielding CF3 and SF5-substituted 

cyclopropane-ŦǳǎŜŘ ʴ-lactones in high yield. Furthermore, investigations were conducted on the 

synthesis of SF5-substituted cyclopropanes through oxidative fluorination of dicyclopropyl 

disulfides.  

Additionally, the design and synthesis of new SF5-transfer reagents were explored. The 

difficulties encountered have prompted us to develop a continuous flow synthesis of SF5Cl, the 

most prevalent SF5 reagent to date. A custom-made stirring packed-bed reactor was designed, 

allowing for the rapid, safe and highly efficient synthesis of SF5Cl, which can then react in a 

telescoped manner with alkynes in radical addition reactions. 

SF5-substituted pyrazoles were also synthesized through the 1,3 dipolar cycloaddition 

reactions of SF5-substituted alkynes and non-stabilized diazo compounds. Moreover, preliminary 

investigations on the synthesis and reactivity of an SF5-substituted vinyl azide revealed the 

formation of an SF5-substituted ketenimine with a promising versatile reactivity.  

 

  

Keywords: Pentafluorosulfanyl, cyclopropane, diazo compound, continuous flow chemistry, 

pyrazole, ketenimine. 
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Chapter 1 : Introduction 

1.1. Organofluorine Compounds and the Pentafluorosulfanyl Group 

(SF5) 

Fluorine is the most electronegative element in the periodic table and the second smallest 

atom after hydrogen. The C-F bond is the strongest bond that carbon can form.1a Thus, the 

introduction of fluorine atoms into organic molecules can significantly alter their physical and 

biological properties. Consequently, organofluorine compounds have found application in 

materials science as well as in the agrochemical and pharmaceutical industries.1 Particularly, in 

the latter, the presence of fluorine atoms can exert a desirable influence on lipophilicity, 

conformation, binding affinity, and metabolic stability.1 As such, organofluorine compounds now 

represent about 20% of marketed drugs.2 Among the various fluorinated substituents, the 

trifluoromethyl group (CF3) is the most common, but other fluorinated motifs have emerged, such 

as the difluoromethyl (CHF2), the trifluoromethoxy (OCF3), trifluoromethylthio (SCF3) and the 

pentafluorosulfanyl (SF5) groups. The first structure containing the SF5 group was reported by 

Silvey and Cady in 1950.3 The first introduction of the SF5 group to aromatic compounds was by 

Sheppard in 1960 and the subsequent introduction to aliphatic compounds by Hoover and 

Coffman in 1964.4 Due to the difficult and unsafe synthesis of SF5-substituted compounds, which 

requires harsh conditions such as autoclaves and highly toxic reagents such as sulfur tetrafluoride 

(SF4), the substituent remained largely unexplored for almost forty years. In the last two decades, 

however, the SF5 group has received asignificant increase in research interest, with the number 

of publications on the subject growing exponentially since 2000 (Figure 1.1).5   

 
1 (a) O'Hagan, D. Chem. Soc. Rev. 2008, 37, 308. (b) Hagmann, W. K. J. Med. Chem. 2008, 51, 4359. (c) Purser, S.; Moore, P. R.; 
Swallow, S.; Gouverneur, V. Chem. Soc. Rev. 2008, 37, 320-330. (d) Chandra, G.; Singh, D. V.; Mahato, G. K.; Patel, S. Chem. Pap. 
2023, 77, 4085. 
2 Inoue, M.; Sumii, Y.; Shibata, N. ACS Omega 2020, 5, 10633. 
3 G. A. Silvey, G. H. Cady, J. Am. Chem. Soc. 1950, 72, 3624. 
4 (a) Sheppard, W. A. J. Am. Chem. Soc. 1960, 82, 4751. (b) Hoover, F. W.; Coffman, D. D. J. Org. Chem. 1964, 29, 3567. 
5 http://app.dimensions.aiΦ /ǊƛǘŜǊƛŀΥ ΨǇŜƴǘŀŦƭǳƻǊƻǎǳƭŦŀƴȅƭΩ ƛƴ Ŧǳƭƭ ŘŀǘŀΦ 9ȄǇƻǊǘŜŘ ƛƴ 5ŜŎŜƳōŜǊ нлноΦ 

http://app.dimensions.ai/
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Figure 1.1 Number of publications mentioning the SF5 group over the last twenty years, all 

areas of chemistry combined.  

Due to its increased electronegativity, higher lipophilicity, steric demand, and unique octahedral 

geometry, the SF5 group is now referred to as a άsuper trifluoromethyl (CF3)έ or even as the 

άsubstituent of the futureέ!6 A few methods have been published to overcome the limitations 

associated with the synthesis of SF5-containing molecules, and applications have recently 

emerged in many fields7 including synthetic chemistry,8 materials science,9 and medicinal 

chemistry.10  

1.1.1. Properties and Applications of the SF5 Group  

1.1.1.1. Level of Fluorination, Geometry, NMR Characteristics and Steric Properties 

The sulfur atom exhibits the capacity for forming hypervalent molecules in which its 

oxidation state is VI, particularly with fluorine substituents as in the case of (hetero)aryl-SVI 

fluoride. A recent comprehensive review by the group of Cornella categorized aryl-SVI compounds 

 
6 Thayer, A.M. Chem. & Eng. News 2006, 84, 27. 
7 Kordnezhadian, R.; Li, B.-Y.; Zogu, A.; Demaerel, J.; De Borggraeve, W. M.; Ismalaj, E. Chem. Eur. J. 2022, 28, e202201491. 
8 (a) Noonikara Poyil, A.; Muñoz-castro, A.; Boretskyi, A.; Mykhailiuk, P. K.; Dias, R., Chem. Sci. 2021, 43, 14618. (b) Nistanaki, S. K.; 
Williams, C. G.; Wigman, B.; Wong, J. J.; Haas, B. C.; Popov, S.; Werth, J.; Sigman, M. S.; Houk, K. N.; Nelson, H. M. Science 2022, 
378, 1085. 
9 (a) Chan, J. J. Mater. Chem. 2019, 7, 12822. (b) Gao, H.; Sevilla, A. R.; Hobold, G. M.; Melemed, A. M.; Guo, R.; Jones, S. C.; Gallant, 
B. M., Proc. Natl. Acad. Sci. 2022, 119, e2121440119. 
10 (a) Altomonte, S.; Zanda, M., J. Fluor. Chem. 2012, 143, 57. (b) Sowaileh, M. F.; Hazlitt, R. A.; Colby, D. A., ChemMedChem 2017, 
12, 1481. (c) Sani, M.; Zanda, M., Synthesis 2022, 54, 4184.  
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based on their fluorination level11 (Figure 1.2). Arylsulfonyl and arylsulfonimidoyl fluorides are 

classified as level 1, representing the lowest level of fluorination. The structures have been 

studied for sulfur-fluoride exchange reactions (SuFEx).12 Diarylsulfur oxide difluorides (level 2) and 

arylsulfinyl trifluorides (level 3) have received the least attention in research and exhibit a trigonal 

bipyramidal geometry. Level 4 and 5 comprise of aryltetrafluoro- 6˂-sulfanes (Ar-SF4-R) and 

pentafluoro(aryl)- 6˂-sulfanes (Ar-SF5). ¢ƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ά˂6έ indicates nonstandard valence 

states of formally neutral structures13, and can therefore be used for all the (hetero)aryl-SVI 

fluorides presented. Although, it is generally only included for aryltetrafluoro- 6˂-sulfanes. 

Pentafluoro(aryl)- 6˂-sulfanes (Ar-SF5) are more commonly referred to as sulfanyl pentafluorides. 

The focus of the present thesis is the pentafluorosulfanyl group, which represents the highest 

level of fluorination.  

 

Figure 1.2 Different levels of fluorination of (hetero)aryl-SVI fluorides. 

 
11 Magre, M.; Ni, S.; Cornella, J. Angew. Chem. Int. Ed. 2022, e202200904. 
12 (a) Dong, J.; Krasnova, L.; Finn, M. G.; Sharpless, K. B. 2014, 53, 9430. (b) Liang, D.-D.; Streefkerk, D. E.; Jordaan, D.; Wagemakers, 
J.; Baggerman, J.; Zuilhof, H. 2020, 59, 7494. (c) Xu, R.; Xu, T.; Yang, M.; Cao, T.; Liao, S. Nat. Commun. 2019, 10, 3752. 
13 Moss, G. P. Pure Appl. Chem., 1984, 56, 769. 
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The octahedral geometry of the SF5 group, AX6E0 according to VSEPR theory, is quite rare 

in organic molecules, with one fluorine atom in the axial position and four in the equatorial 

position (Figure 1.3). The octahedral arrangement presents characteristic signals in the 19F NMR 

spectrum, always represented by an AB4 signal pair; a doublet for the four equatorial fluorines, 

and a quintet for the axial fluorine (Figure 1.4). SF5-substituted compounds have positive chemical 

shifts generally in the range of 55-90 ppm, with the quintet generally appearing at a lower field 

than the doublet, except in the case of SF5-alkynes. The Feq/Fax coupling constant between the 

two types of fluorine atoms is generally between 140 and 160 Hz. The influence of the SF5 group 

on 1H and 13C NMR is also characteristic, with only the equatorial fluorines coupling to adjacent 

hydrogen or carbon atoms resulting in a quintet.14 

  

Figure 1.3 Octahedral geometry of the SF5 group, exemplified by Ph-SF5. 

 

 

  

 

 

 

 

Figure 1.4 Typical 19F NMR of the SF5 group. 

 
14 W. R. Dolbier, in 7. Compounds and Substituents with Fluorine Directly Bound to a Heteroatom, Guide to Fluorine NMR for 
Organic Chemists, 2 Ed., Wiley, Hoboken, 2016, 273. 
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Besides the specific octahedral geometry and the characteristic 19F NMR signals of the SF5 

group, its steric hindrance is often highlighted and compared to other groups. The steric 

hindrance of the SF5 group is higher than that of CF3 and close to that of the tert-butyl group (tBu) 

(Table 1.1). The SF5 and tBu groups are therefore often considered to be isosteres.7,15 

Table 1.1 Comparison of the intrinsic volume of the SF5 group to the CF3 and tBu groups. 

 

1.1.1.2. Electronic Properties, Lipophilicity and Stability 

The SF5 group has often been compared to the CF3 group as they are similar in terms of 

hydrophobicity and electronegativity. However, the SF5 group has higher inductive and resonance 

effects (Hammett parameters: Ì = 0.55, ̀ R = 0.11), than CF3 ( Ì = 0.39, ̀ R = 0.12).15a,16 Its 

electronegativity is slightly higher than CF3, 3.65 vs 3.36 respectively, similar to the 

electronegativity of a nitro group (NO2).7,16 It is also more lipophilic than CF3 with regard to the 

Hansch hydrophobicity parameter όp̄(SF5) = 1.23 Ǿǎ ˉp(CF3) = 0.88).7 Therefore, being both highly 

electron withdrawing and highly lipophilic, the SF5 group is of great interest in the fields of 

medicinal chemistry and material science. Additionally, its dipolar moment is also higher than that 

of CF3 ŘǳŜ ǘƻ ǘƘŜ ƘƛƎƘ ƴǳƳōŜǊ ƻŦ ŦƭǳƻǊƛƴŜ ŀǘƻƳǎ ǇǊŜǎŜƴǘ ό˃ Ґ оΦпп 5 ŦƻǊ tƘ-SF5Σ Ǿǎ ˃ Ґ нΦсл 5 ŦƻǊ 

Ph-CF3).17 The SF5 group also shows both high chemical and thermal stability,18 making it 

appealing for the design of new functional materials such as liquid crystals and polymers.19 The 

comparison of the characteristics of the CF3 and SF5 groups is presented in Table 1.2.7,17 

 

 
15 (a) Savoie, P. R.; Welch, J. T. Chem. Rev. 2015, 115, 1130. (b) Westphal, M. V.; Wolfstadter, B. T.; Plancher, J. M.; Gatfield, J.; 
Carreira, E. M. ChemMedChem 2015, 10, 461. 
16 Kirsch, P. Modern Fluoroorganic Chemistry WILEY-CVH Verlag GmbH & Co., 2004 
17 Sheppard, W. A. J. Am. Chem. Soc. 1962, 84, 3072. 
18 Bowden, R. D.; Comina, P. J.; Greenhall, M. P.; Kariuki, B. M.; Lovedaya, A.; Philpa, D. Tetrahedron 2000, 56, 3399. 
19 Kenyon, P.; Mecking, S. J. Am. Chem. Soc. 2017, 139, 13786. 
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Table 1.2 Comparison of the characteristics of the CF3, SF5 and SCF3 groups. 

 

1.1.1.3. Examples of Applications of the SF5 Group  

The ability of fluorinated groups to modulate key properties of molecules is well known.2 

Over the past two decades, as synthetic bottlenecks to access SF5-compounds have begun to be 

addressed, SF5-compounds have started to appear in various fields. In materials chemistry for 

example, the SF5 group has been incorporated into novel polymers, liquid crystals and 

luminescent functional materials, as well as in optoelectronics.19,20 It has also recently been 

introduced in ligands for catalyst design, outperforming the CF3 analog.8 The functionality has also 

been incorporated into drug candidates such as several antimalarials,21a,b cannabinoid ligands,21c 

enzyme inhibitors,21d NK1 receptor ligands,21e bactericidal agents21f,g,h, and anticancer and 

antifungal agents.22 A recent report also describes the use of the SF5 group as a probe in medical 

imaging.23 A few selected examples are presented in Figure 1.5.19-23 

 
20 (a) Shavaleev, N. M.; Xie, G.; Varghese, S.; Cordes, D. B.; Slawin, A. M. Z.; Momblona, C.; Ortí, E.; Bolink, H. J.; Samuel, I. D. W.; 
Zysman-Colman, E. Inorg. Chem. 2015, 54, 5907. (b) Chan, J. M. W. J. Mater. Chem. 2019, 7, 12822. 
21 (a) Coteron, J. M. et al. J. Med. Chem. 2011, 54, 5540. (b) Duparc, S. et al. Lancet Infect. Dis. 2018, 18, 874. (c) Zanda, M. et al. 
RSC Adv. 2014, 4, 20164. (d) Diederich, F. et al. Chembiochem 2009, 10, 79. (e) Witoszka, K.; Matalinska, J.; Misicka, A.; Lipinski, P. 
F. J. ChemMedChem 2023, e202300315. (f) Pormohammad, A.; Moradi, M.; Hommes Josefien, W.; Pujol, E.; Naesens, L.; Vázquez, 
S.; Surewaard Bas, G. J.; Zarei, M.; Vazquez-Carrera, M.; Turner Raymond, J. Microbiol. Spectr. 2024, 0:e00071. (h) Shinya, S.; 
Kawai, K.; Kobayashi, N.; Karuo, Y.; Tarui, A.; Sato, K.; Otsuka, M.; Omote, M. Bioorg. Med. Chem. 2024, 99, 117606. 
22 Ma, J.; Veeragoni, D.; Ghosh, H.; Mutter, N.; Barbosa, G.; Webster, L.; Schobert, R.; Sande, W. v. d.; Dandawate, P.; Biersack, B. 
Biomedicines, 2024, 12, 1621. 
23 Prinz, C.; Starke, L.; Ramspoth, T.-F.; Kerkering, J.; Martos Riaño, V.; Paul, J.; Neuenschwander, M.; Oder, A.; Radetzki, S.; 
Adelhoefer, S.; Ramos Delgado, P.; Aravina, M.; Millward, J. M.; Fillmer, A.; Paul, F.; Siffrin, V.; von Kries, J.-P.; Niendorf, T.; Nazaré, 
M.; Waiczies, S. ACS Sens. 2021, 6, 3948. 
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Figure 1.5 Selected examples of SF5-substituted molecules and their applications. 

1.1.1.4. Green Chemistry Considerations  

The European Union is planning to ban the manufacture, use, and supply of per- and 

polyfluoroalkyl substances (PFAS), a significant portion of which containing the CF3 group, due to 

their persistence and bioaccumulation.24 Notably, the mineralization of bioactive compounds 

containing a CF3 unit may generate the formation of highly persistent and toxic trifluoroacetic 

acid (TFA). In that context, several studies have explored the SF5 group as a potential substitute, 

with findings indicating that it can degrade under mild, environmentally friendly conditions.25 

With further investigation in the forthcoming years, the SF5 group may be a suitable replacement 

that could lead to an increase in its applications. 

1.1.2. Functionalization of Organic Molecules with the SF5 Group 

1.1.2.1. Functionalization of Aromatic Compounds 

Although aromatic compounds were functionalized with the SF5 group by Sheppard in 

 
24 Scott, A. C&EN, The battle over PFAS in Europe. 2023, 31. 
25 (a) Jackson, D. A.; Mabury, S. A. Environ. Toxicol. Chem. 2009, 28Σ муссΦ όōύ YŀǾŀƴŀƎƘΣ 9ΦΤ ²ƛƴƴΣ aΦΤ DŀōƘŀƴƴΣ /Φ bΦΤ hΩ/ƻƴƴƻǊΣ 
N. K.; Beier, P.; Murphy, C. D. Environ. Sci. Pollut. Res. 2014, 21, 753.  
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19604a, it remained underexplored until the 21st century due to the harsh conditions required and 

the toxicity of the reagents used and the intermediates formed. In 2000, Janzen and Philp 

reported the synthesis of desired aryl-SF5 compounds from aryl-disulfides in low to moderate 

yields (25-41%) using XeF2 and F2, respectively.26 Then, the first effective synthesis of aryl-SF5 was 

reported by Umemoto,27 patented in 2008 and published in 2012 (Scheme 1.1). The synthesis of 

aryl-SF5 was performed in two steps. First, an oxidative chlorination and several chloride-fluoride 

exchanges lead to the aryl-SF4Cl intermediate. The intermediate is unstable to air, and therefore 

not isolated. It is then converted to the desired aryl-SF5 by a final chloride-fluoride exchange 

requiring another fluorine source, the conditions required are variable and truly substrate 

dependent, selected examples are presented scheme 1.1. The mechanism of the formation of the 

aryl-SF4Cl intermediate proposed by Umemoto is shown in scheme 1.2.  

 

Scheme 1.1 Synthesis of Ar-SF5 by Umemoto via Ar-SF4Cl intermediates. 

 

 
26 (a) Ou ,X.; Janzen, A. F. J. Fluor. Chem. 2000, 101, 279ς283. (b) Bowden, R. D.; Comina, P. J.; Greenhall, M. P.; Kariuki, B. M.; 
Loveday, A.; Philp, D. Tetrahedron 2000, 56, 3399. 
27 (a) Umemoto, T. U.S. Patent US20080234520A1, 2008. (b) Umemoto, T.; Garrick, L. M.; Saito, N. Beilstein J. Org. Chem. 2012, 8, 
461. 
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Scheme 1.2 Proposed mechanism for the formation of Ar-SF4Cl intermediate. 

In the years ŦƻƭƭƻǿƛƴƎ ¦ƳŜƳƻǘƻΩǎ work, milder conditions were investigated by several 

groups for the final Cl/F exchange,28 such as the use of silver fluoride (AgF). However, the 

formation of the aryl-SF4Cl intermediate still required the use of hazardous gaseous reagents until 

¢ƻƎƴƛΩǎ ǿƻǊƪ ƛƴ нлмуΦ29 It represented a milestone in the development of a safe and more 

accessible synthesis of the aryl-SF5 scaffold via the replacement of Cl2 gas with the inexpensive 

and easy-to-handle solid, trichloroisocyanuric acid (TCCA), which is commercially sold as a 

common swimming pool disinfectantΦ ¢ƘǳǎΣ ¢ƻƎƴƛΩǎ ƳŜǘƘƻŘ (Scheme 1.3) uses TCCA and 

potassium fluoride (KF) in large excess to provides (hetero)aryl-SF5 compounds from 

corresponding disulfides via the SF4Cl intermediates. The desired (hetero)aryl-SF5 compounds are 

obtained in good yields and with a good functional group tolerance, selected examples are shown 

in scheme 1.2.29  

 
28 (a) Kanishchev; O. S. Dolbier, W. R. Angew. Chem. Int. Ed. 2015, 54, 280-284. (b) Cui, B.; Jia, S.; Tokunaga, E.; Saito, N.; Shibata, 
N. Chem. Comm. 2017, 53, 12738. (c) Lummer, K.; Ponomarenko, M. V.; Röschenthaler, G.-V.; Bremer, M.; Beier, P. J. Fluorine 
Chem. 2014, 157, 79. 
29 (a) Pitts, C. R.; Bornemann, D.; Liebing, P.; Santschi, N.;Togni, A. Angew. Chem. Int. Ed. 2019, 58, 1950. (b) Kraemer, Y.; Bergman, 
E. N.; Togni, A.; Pitts, C. R. Angew. Chem. Int. Ed. 2022, 61, e202205088. 
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Scheme 1.3 Synthesis of aryls-SF5 compounds using TCCA/KF conditions developed by Togni. 

The group of Shibata published a similar method just one year later, in 2019, without 

trifluoroacetic acid (TFA).30 Since then, the range of compatible starting materials has been 

extended from disulfides to sulfenylphthalimides and arylphosphorothiolates by Cornella in 2020 

and 2021.31 More recently, Nozaki proposed a more straightforward alternative synthesis, based 

ƻƴ {ƘŜǇǇŀǊŘΩǎ ǿƻǊƪ,4 with a one-step strategy using silver(II) fluoride (AgF2).32 While interesting 

bƻȊŀƪƛΩǎ approach uses a much more expensive reagent (AgF2 vs TCCA) that is still required in 

large excess. The content was published in ChemRxiv and not in a peer-reviewed journal as of the 

time of writing the thesis. The timeline of the developments of the synthetic methods to obtain 

aryl-SF5 compounds is summarized in Figure 1.6.  

 
30 Saidalimu, I.; Liang, Y.; Niina, K.; Tanagawa, K.; Saito, N.; Shibata, N. Org. Chem. Front. 2019, 6, 1157. 
31 (a) Wang, L.; Cornella, J. Angew. Chem. Int. Ed. 2020, 59, 23510ς23515. (b) Cornella, J. Synthesis 2021, 53, 4308. 
32 Gatzenmeier T, Liu Y, Akamatsu M, Okazoe T, Nozaki K. ChemRxiv. 2023. 
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Figure 1.6 Chronological development of the synthesis of aryl-SF5 compounds.  

1.1.2.2. Functionalization of Aliphatic Compounds  

The preparation of SF5-substituted aliphatic compounds is generally less practical and 

often involves the relatively early-stage introduction of the SF5 group in the synthesis of more 

complex molecules. The methods using Cl2/KF or TCCA/KF conditions for functionalization of 

aromatic compounds is in most cases incompatible with aliphatic starting materials. Only one 

recent paper reports the oxidative chlorotetrafluorination leading to the formation of the SF4Cl 

intermediate from aliphatic thiols in moderate yields (33-67%) (Scheme 1.4).33 The reaction is 

performed in a two-chamber reactor, Cl2 is generated in chamber A and used in chamber B. The 

pentafluoro(phenethyl)- 6˂-sulfane 1.1 (Scheme 1.4) is the only isolated example of an SF5-

substituted aliphatic compound synthesized via the two-steps process of oxidative 

chlorotetrafluorination and Cl/F exchange. The product was obtained in an overall yield of 22% 

from 2-phenylethane-1-thiol. 

 
33 Kordnezhadian, R.; Zogu, A.; Borgarelli, C.; Van Lommel, R.; Demaerel, J.; De Borggraeve, W. M.; Ismalaj, E. Chem. Eur. J. 2023, 
29, e202300361. 
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Scheme 1.4 Oxidative chlorotetrafluorination of aliphatic thiols in a two-chamber reactor 

and final Cl/F exchange to pentafluoro(phenethyl)- 6˂-sulfane 1.1. 

The development of methods for the functionalization of aliphatic compounds with the 

SF5 group has lagged behind that of (hetero)aromatics, for which methods using TCCA/KF 

conditions are both convenient and efficient. In 2002, Dolbier developed a method for 

introducing the SF5 group onto aliphatic compounds that is still the most widely used today 

(Scheme 1.5).34 The method is a radical chain-type chloropentafluorosulfanylation of unsaturated 

bonds using pentafluorosulfanyl chloride (SF5Cl), a toxic reagent that is gaseous at room 

temperature (b.p. ς21°C) and triethylborane (Et3B), coupled with oxygen (O2), as radical initiator.  

 

Scheme 1.5 5ƻƭōƛŜǊΩǎ Ǌadical addition of SF5Cl to alkenes. 

tŀǉǳƛƴΩǎ ƎǊƻǳǇ ƛƴǾŜǎǘƛƎŀǘŜŘ ŀƭǘŜǊƴŀǘƛǾŜ ƻǊƎŀƴƛŎ ƛƴƛǘƛŀǘƻǊǎ35 and photochemical conditions36 to 

avoid the use of Et3B which is pyrophoric. However, the methods are generally less efficient. 

 
34 S. Ait-Mohand, W. R. Dolbier, Jr., Org. Lett. 2002, 4, 3013. 
35 Gilbert, A.; Langowski, P.; Delgado, M.; Chabaud, L.; Pucheault, M.; Paquin, J.-F. Beilstein J. Org. Chem. 2020, 16, 3069. 
36 (a) Gilbert, A.; Birepinte, M.; Paquin, J.-F. J. Fluorine Chem. 2021, 243, 109734. (b)Shou, J.-Y.; Xu, X.-H.; Qing, F.-L. J. Fluor. Chem. 
2022, 261, 110018. (b) Birepinte, M.; Champagne, P. A.; Paquin, J. F. Angew. Chem. Int. Ed. 2022, 61, e202112575. (c) Ouellet-Du 
Berger, M.-R.; Boucher, M.; Paquin, J.-F. J. Fluorine Chem. 2023, 268, 110131. 
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Earlier in 2024, two decades ŀŦǘŜǊ 5ƻƭōƛŜǊΩǎ ǎŜƳƛƴŀƭ ǿƻǊƪΣ ǘƘŜ ƎǊƻǳǇǎ ƻŦ .ƛȊŜǘ ŀƴŘ /ŀƘŀǊŘ ǊŜǇƻǊǘŜŘ 

an improved method for the reaction of SF5Cl with alkynes using THF as both solvent and activator 

(Scheme 1.6).37 With the approach, no additional reagent or light activation is required. 

Moreover, the SF5-substituted alkenes can generally be obtained in higher yields compared to 

using Et3B/O2 conditions.  

 

Scheme 1.6 Radical chloropentafluorosulfanylation of alkynes using THF. 

The introduction of the SF5 group within aliphatic compounds through radical addition of 

SF5Cl is not limited to alkenes and alkynes. In 2022, Pitts reported the strain-release 

pentafluorosulfanylation of [1.1.1]propellane using SF5Cl and white LEDs as radical initiator 

(Scheme 1.7 A).38 Later, Pitts extended the methodology to the strain-release 

pentafluorosulfanylation of [1.1.0]bicyclobutanes39, resulting in moderate to good yields of 

sulfone- (Scheme 1.7 B) and carbonyl-containing SF5-cyclobutanes (Scheme 1.7 C).  

 
37 Nguyen, T. M.; Popek, L.; Matchavariani, D.; Blanchard, N.; Bizet, V.; Cahard, D. Org. Lett. 2024, 26, 365. 
38 Kraemer, Y.; Ghiazza, C.; Ragan, A. N.; Ni, S.; Lutz, S.; Neumann, E. K.; Fettinger, J. C.; Nothling, N.; Goddard, R.; Cornella, J.;Pitts, 
C. R. Angew. Chem. Int. Ed. 2022, 61, e202211892.  
39 Kraemer, Y.; Buldt, J. A.; Kong, W. Y.; Stephens, A. M.; Ragan, A. N.; Park, S.; Haidar, Z. C.; Patel, A. H.; Shey, R.; Dagan, R.; 
McLoughlin, C. P.; Fettinger, J. C.; Tantillo, D.; Pitts, C. R. Angew. Chem. Int. Ed. 2024, e202319930. 
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Scheme 1.7 Strain-release pentafluorosulfanylation of [1.1.1]propellane and 

[1.1.0]bicyclobutanes. 

SF5Cl can also be used as (chloro)pentafluorosulfanylating reagent with diazo compounds, as 

published by Qing in 2022 (Scheme 1.8).40 The method could be used for a three-component 

reaction, in which an alkene is added to react with the carbon radical generated in situ, yielding 

the desired products in moderate yields (Scheme 1.9).41 

 

 
40 Shou, J. Y.; Xu, X. H.; Qing, F. L. Angew. Chem. Int. Ed. 2021, 60, 15271.  
41 Shou, J. Y.; Qing, F. L. Angew. Chem. Int. Ed. 2022, 61, e202208860. 
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Scheme 1.8 Hydro(Chloro)pentafluorosulfanylation of diazo compounds with SF5Cl. 

 

 

Scheme 1.9 Example of three-component reaction of SF5Cl, an alkene and a diazo compound. 

The synthesis and handling of SF5Cl, the most prevalent pentafluorosulfanylation reagent 

to date, is an important issue in all the above-mentioned research. Problems with its commercial 

availability, as well as its high price (100 gr/2475 USD$ from Synquest), have prompted the search 

for affordable alternatives. Qing, inspired by the work of Winter and Togni,42 reported an 

accessible synthesis of SF5Cl from sulfur powder (S8), TCCA, and spray-dried KF (Scheme 1.10). 

The method ŘƻŜǎƴΩǘ ǊŜǉǳƛǊŜ ǘƘŜ ǳǎŜ ƻŦ ǘƻȄƛŎ ƎŀǎŜƻǳǎ ǎǳƭŦǳǊ ǘŜǘǊŀŦƭǳƻǊƛŘŜ ό{C4) and very harsh 

conditions (autoclave).40  However, glass high-pressure vessels are needed, as well as very inert 

conditions. The reaction can be scaled up to 32 mmol with an average yield of 47%, affording the 

desired SF5Cl in solution in n-hexane (0.15 M), after extraction from the reaction mixture which 

contains byproducts such as SOF2 and SO2F2. 

 
42 (a) Winter, R. WO2009152385, 2009. (b) Pitts, C. R.; Santschi, N.; Togni, A. WO2019229103, 2019. 
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Scheme 1.10 Synthesis of SF5Cl as a solution in n-hexane from S8. 

Additionally, to avoid the handling of SF5Cl, a few research groups have recently explored 

an ex situ strategy. Tlili reported a method for the generation of SF5Cl using a new SF5-based 

reagent (1.2) derived from SF6 and tetrakis(dimethyl-amino)ethylene (TDAE) (Scheme 1.11).43 A 

similar strategy was employed by De Borggraeve, who generated SF5/ƭ ŦǊƻƳ пΣпΩ-dipyridyl 

disulfide 1.3 (Scheme 1.11).44 In both cases, the SF5Cl formed is used directly for radical addition 

on alkynes or alkenes, using BEt3/O2 conditions, within the second chamber of the two-chamber 

reactor. The safer strategies are practical for laboratory-scale research purposes, but the required 

use of a two-chamber reactor limits their scalability. There is still an undeniable need for new 

scalable and more user-friendly methods to render SF5 chemistry more accessible, especially for 

the synthesis of aliphatic compounds.  

 

Scheme 1.11 Ex situ strategies for generation and consumption of SF5Cl. 

1.1.3. SF5-Substituted Building Blocks 

In the absence of a more user-friendly SF5 transfer reagent, and with late-stage 

pentafluorosulfanylation seemingly out of reach for the time being, much research has been 

devoted to the synthesis of SF5-containing small molecules. Simple scaffolds are used as building 

 
43 Taponard, A.; Jarrosson, T.; Khrouz, L.; Medebielle, M.; Broggi, J.; Tlili, A. Angew. Chem. Int. Ed. 2022, 61, e202204623. 
44 Kordnezhadian, R.; De Bels, T.; Su, K.; Van Meervelt, L.; Ismalaj, E.; Demaerel, J.; De Borggraeve, W. M., Org. Lett. 2023, 25, 
8947. 
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blocks for the construction of more complex molecules with potentially broad application.45 In 

the present thesis, we were mainly interested in the synthesis of SF5-substituted cyclopropanes 

and SF5-substituted five membered ring nitrogen-containing heterocycles.  

1.2. Properties, Interest, and Synthesis of Fluorinated Cyclopropanes 

1.2.1. Properties and Interest of the Cyclopropyl Fragment  

 The cyclopropyl fragment is the smallest existing carbocycle, with unique structural 

characteristics such as the coplanarity of the three carbon atoms, the relatively short C-C and C-

H bonds, the ring strain and the 60° angle between the C-C bond. It is present in a wide range of 

naturally occurring bioactive molecules46 and thus is used in medicinal chemistry to induce 

changes in the physical and biological properties of molecules. Therefore, the cyclopropyl moiety 

has a prominent place in drug candidates, it is the 6th most frequent ring system in FDA-listed 

compounds.47 Fluorinated cyclopropanes, which combine the features of both fluorinated 

compounds and cyclopropanes, are scaffolds of great interest in medicinal chemistry as well as in 

synthetic chemistry.48 Figure 1.7 shows five examples of bioactive fluorinated-cyclopropanes: 

Sitafloxacin, an antibiotic used to treat severe bacterial infections, especially involving resistant 

bacteria;49 Zosuquidar, a Phase III clinical candidate for use as an antineoplastic drug,50 

Voxilaprevir, a hepatitis C virus (HCV) nonstructural (NS) protein 3/4A protease inhibitor,51 MK-

5046, a selective bombesin receptor subtype-3 agonist used for the treatment of obesity, and 

ACT-709478, a Phase I clinical candidate as a brain-penetrating T-type calcium channel blocker.52  

 
45 Haufe, G. Tetrahedron 2022, 109, 132656. 
46 (a) Donaldson, W. A. Tetrahedron 2001, 57, 8589. (b) Chen, D. Y. K.; Pouwer, R. H.; Richard, J.-A. Chem. Soc. Rev. 2012, 41, 4631. 
(c) Fan, Y.-Y.; Gao, X.-H.; Yue, J.-M. Sci. China Chem. 2016, 59, 1126. 
47 (a) Taylor, R. D.; MacCoss, M.; Lawson, A. D. G. J. Med. Chem. 2014, 57, 5845. (b) Talele, T. T. J. Med. Chem. 2016, 59, 8712. (c) 
Bauer, M. R.; Di Fruscia, P.; Lucas, S. C. C.; Michaelides, I. N.; Nelson, J. E.; Storer, R. I.; Whitehurst, B. C. RSC Med. Chem. 2021, 12, 
448. (d) Shearer, J.; Castro, J. L.; Lawson, A. D. G.; MacCoss, M.; Taylor, R. D. J. Med. Chem. 2022, 65, 8699. 
48 (a) Bos, M.; Poisson, T.; Pannecoucke, X.; Charette, A. B.; Jubault, P. Chem. Eur. J. 2017, 23, 4950. (b) Pons, A.; Delion, L.; Poisson, 
T.; Charette, A. B.; Jubault, P. Acc. Chem. Res. 2021, 54, 2969. 
49 Anderson, D.L. Drugs Today. 2008, 42, 489. 
50 Cripe, L. D.; Uno, H.; Paietta, E. M.; Litzow, M. R.; Ketterling, R. P.; Bennett, J. M.; Rowe, J. M.; Lazarus, H. M.; Luger, S.; Tallman, 
M. S.Blood 2010, 116, 4077. 
51 Heo, Y.-A.; Deeks, E. D. Drugs 2018, 78, 577. 
52 (a) Phelan, J. P.; Lang, S. B.; Compton, J. S.; Kelly, C. B.; Dykstra, R.; Gutierrez, O.; Molander, G. A. J. Am. Chem. Soc. 2018, 140, 

8037. (b) Chen, T.; Zhang, Y.; Fu, Z.; Huang, W. Asian J. Org. Chem. 2019, 8, 2175. 

https://en.wikipedia.org/wiki/Antineoplastic
https://en.wikipedia.org/wiki/Drug
https://en.wikipedia.org/wiki/Hepatitis_C_virus
https://en.wikipedia.org/wiki/NS3_(HCV)
https://en.wikipedia.org/wiki/NS4A
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Figure 1.7 Examples of bioactive fluorinated cyclopropanes. 

1.2.2. Synthesis of Fluorinated Cyclopropanes 

Since the discovery of cyclopropane by Freund in 1881,53 several general strategies toward 

their synthesis have been developed, some of which are applicable to the synthesis of fluorinated 

cyclopropanes. The following section focuses on two different methods: the use of zinc 

carbenoids (Simmons-Smith), and the transition metal-catalyzed decomposition of diazo 

compounds (Scheme 1.12).54 The general methods are presented below, followed by their known 

application toward the synthesis of fluorinated cyclopropanes.  

 
Scheme 1.12 Two common strategies for the synthesis of cyclopropanes. 

 
53 Freund, A. J. fǸr Prakt. Chem. 1881, 26, 625. 
54 Lebel, H.; Marcoux, J.-F.; Molinaro, C.; Charette, A. B. Chem. Rev. 2003, 103, 977. 
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1.2.2.1. The Simmons-Smith Cyclopropanation Reaction 

The addition of zinc carbenoids to alkenes to form cyclopropanes was reported by 

Simmons and Smith in 1958 (Scheme 1.13).55 Several zinc carbenoids have been developed, 

generally prepared by exchange between an alkyl group of an organozinc reagent (usually 

diethylzinc, Et2Zn) and a dihalomethane (often diiodomethane, CH2I2).56   

 

Scheme 1.13 Simmons-Smith cyclopropanation. 

A stereoselective version of the Simmons-Smith reaction is possible if a directing group, 

usually a Lewis base, such as an alcohol, can chelate the zinc and a chiral additive is employed 

(Scheme 1.14). A dioxaborolane ligand (L*), developed in our group, is widely used for asymmetric 

synthesis of cyclopropanes.57 It is important to note that in the asymmetric Simmons-Smith 

reaction, the zinc carbenoid is electrophilic and therefore reacts faster and more efficiently with 

electron-rich alkenes. As such the strategy may be problematic with electron-poor fluorinated 

alkenes.58 However, cis and trans monofluorocyclopropanes have recently been obtained in high 

yields and high enantioselectivities in the case of both (E) and (Z) monofluorinated allylic alcohols 

(Scheme 1.14).59   

 
55 Simmons, H. E.; Smith, R. D. J. Am. Chem. Soc. 1958, 80, 5323. 
56 (a) Charette, A. B.; Beauchemin, A. J. Organomet. Chem. 2001, 617, 702. (b) Voituriez, A.; Zimmer, L. E.; Charette, A. B. J. Org. 
Chem. 2010, 75, 1244. 
57 (a) Charette, A. B.; Juteau, H. J. Am. Chem. Soc. 1994, 116, 2651. (b) Charette, A. B.; Beauchemin, A. J. Organomet. Chem. 2001, 

617, 702. 
58 Morikawa T., Sasaki H., Hanai R., Shibuya A., and Taguchi T. J. Org. Chem. 1994, 59, 97. 
59 Delion, L.; Poisson, T.; Jubault, P.; Pannecoucke, X.; Charette, A. B. Can. J. Chem. 2020, 98, 516. 
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Scheme 1.14 Synthesis of monofluorocyclopropanes from monofluorinated allylic 
alcohols using the Simmons-Smith approach. 

To avoid the mismatch of an electrophilic carbenoid with a poorly nucleophilic fluorinated alkene, 

the fluorine atom could instead be installed via the carbenoid. Exploiting halogen scrambling on 

the zinc carbenoid, an iodofluoromethylzinc carbenoid (1.4) was prepared from EtZnI and ICHF2 

(Scheme 1.15).60 The enantioselective synthesis of monofluoro-cyclopropanes was then achieved 

from allylic alcohols using iodofluoromethylzinc carbenoid 1.4 formed in situ (Scheme 1.16). 

 

Scheme 1.15 Preparation of iodofluoromethylzinc carbenoid 1.6 via halogen scrambling. 

 

 

 
60 (a) Beaulieu, L.-P. B.; Schneider, J. F.; Charette, A. B. J. Am. Chem. Soc. 2013, 135, 7819. (b) Navuluri, C.; Charette, A. B. Org. Lett. 
2015, 17, 4288. 
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Scheme 1.16 Enantioselective synthesis of monofluorocyclopropanes via a Simmons-
Smith reaction using iodofluoromethylzinc carbenoid 1.4. 

 Although the Simmons-Smith cyclopropanation reaction has demonstrated success in 

producing monofluorocyclopropanes, the method was not attempted with alkenes containing 

more complex fluorinated groups such as CF3. The halogen scrambling technique is limited to a 

single fluorine atom and cannot be extended to other fluorinated groups. Thus, the use of a 

fluorinated olefin would remain the only option. Nevertheless, the electron-poor character of the 

trifluoromethylated olefins is hardly compatible with the electrophilic nature of the zinc 

carbenoid in the Simmons-Smith reaction. Thus, since CF3 is a closely related group to SF5, 

examining the existing syntheses of CF3-substituted cyclopropanes can provide a starting point 

for elaborating toward the synthesis of SF5-substituted cyclopropanes, the first goal of the present 

thesis. 

1.2.2.2. Transition Metal-Catalyzed Decomposition of Diazo Compounds as a Route to 

Cyclopropanes 

1.2.2.2.1. Use of CF3-Substituted Diazo Compounds  

The retrosynthetic analysis of CF3-substituted cyclopropanes leads to the use of an alkene 

and a CF3-substituted carbene or equivalent as starting materials.61 The strategy is common in 

the literature for the enantioselective synthesis of CF3-cyclopropanes, used notably by Müller62a, 

Simoneaux62b, Davies62c, Carreira62d, Fasan62e and Iwasa62f.48b A diazo reagent or precursor (1.5-

1.7) is used with a transition-metal catalyst, which may be chiral, to form a reactive metal carbene 

 
61 Grygorenko, O. O.; Artamonov, O. S.; Komarov, I. V.; Mykhailiuk, P. K. Tetrahedron 2011, 67, 803. 
62 (a) MǸller, P.; Grass, S.; Shahi, S. P.; Bernardinelli, Tetrahedron 2004, 60, 4755. (b) Le Maux, P.; Juillard, S.; Simonneaux, G. R. 
Synthesis 2006, 2006, 1701. (c) Denton, J. R.; Sukumaran, D.; Davies, H. M. L. Org. Lett. 2007, 9, 2625. (d) Morandi, B.; Mariampillai, 
B.; Carreira, E. M. Angew. Chem. Int. Ed. 2011, 50, 1101. (e) Tinoco, A.; Steck, V.; Tyagi, V.; Fasan, R. J. Am. Chem. Soc. 2017, 139, 
5293. (f) Kotozaki, M.; Chanthamath, S.; Fujii, T.; Shibatomi, K.; Iwasa, S. Chem. Commun. 2018, 54, 5110. 
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that then reacts with the alkene to form the desired cyclopropane (Scheme 1.17). The metal 

carbene is electrophilic (Fisher type), similar to the carbenoids found in the Simmons-Smith 

reaction. Therefore, electron-rich alkenes are also more reactive. Several metals have been used, 

including rhodium(II) (Rh), copper(I/II) (Cu), ruthenium(II) (Ru), iridium(III) (Ir), and cobalt(II) (Co). 

The nature of the diazo compound plays a key role in the choice of the most efficient metal 

catalyst. Diazo compounds are usually divided into three classes, depending on the electronic 

character of the alpha substituents (Figure 1.8).54  

 

Scheme 1.17 General mechanism for the metal-catalyzed cyclopropanation by 
decomposition of a diazo compounds and CF3-substituted reagents used. 

 

Figure 1.8 Different types of diazo compounds. 

Diazo compounds bearing at least one electron withdrawing group are stabilized, therefore 

CF3-substituted diazo compounds fall into that category. Their stability comes at the cost of a loss 

of reactivity. Diazo compounds bearing at least one aryl group are semi-stabilized due to the 

inductive effect, but the degree of stabilization depends on the nature of the substituents on the 

aryl motif. Alkyl and unsubstituted diazo compounds are non-stabilized and therefore the most 
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reactive. The development of methods for stereoselective cyclopropanation featuring a stabilized 

diazo compound with two electron-withdrawing groups is quite recent.48 As the least reactive 

diazo species, they have been less investigated, the first example (using diazo compound 1.8) with 

good enantioselectivity being reported by Müller in 2004 (Scheme 1.18).62a aǸƭƭŜǊΩǎ ǿƻǊƪ ǿŀs 

also the first report of the synthesis of trifluoromethylated cyclopropanes via a strategy of metal-

catalyzed decomposition of a diazo compound using Rh2[(S)-DOSP]4 as the catalyst.  

 
 

Scheme 1.18 Rh-catalyzed synthesis of CF3-substituted cyclopropanes reported by Müller. 

1.2.2.2.2. Use of CF3-Substituted Olefins 

More recently, a complementary approach to the synthesis of CF3-substituted 

cyclopropanes from CF3-substituted alkenes has also been investigated using Rh2[(S)-BTPCP]4 as 

catalyst (Scheme 1.19).63 As mentioned above, the electron-poor nature of CF3-substituted 

olefins and the steric hindrance of the CF3 group make cyclopropanation using such starting 

materials challenging, resulting in degradation of the diazo reagent and/or in condensation of two 

diazo molecules, often referred to as dimerization, instead of the desired transformation. Of the 

diazo compounds screened, two were able to overcome the challenges and lead to the synthesis 

of CF3-substituted cyclopropanes: -hcyanodiazoacetates and h -phenyl diazoacetates 

(Scheme 1.19). The results highlight the possibility that an electrophilic Rh-carbene can react with 

electron-deficient alkenes such as those substituted by CF3 groups in high yields and with high 

 
63 Huang, W.-S.; Schlinquer, C.; Poisson, T.; Pannecoucke, X.; Charette, A. B.; Jubault, P. Chem. Eur. J. 2018, 24, 10339. 
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stereoselectivities. 

 

Scheme 1.19 Rh-catalyzed cyclopropanation of CF3-substituted alkenes. 

The substitution pattern on the diazo partner appears to be crucial for the success of such 

reactions. With electron withdrawing groups such as carbonyls (C(O)R) or nitro (N2O), the metal 

carbene can adopt an out-of-plane conformation, which is more stabilized than the in-plane 

conformation in which the electrophilic metal carbene and the electron withdrawing group are 

conjugated (Figure 1.9). On the contrary, in the case of the h-cyanocarbene, the carbene is forced 

to remain in the in-plane conformation, which enhances its electrophilic character and its 

reactivity, allowing it to react with electron-poor olefins. Moreover, the low steric hindrance of 

the nitrile functionality also leads to a less hindered metal carbene.64   

  

Figure 1.9 Possible conformations of C(O)R- versus CN-substituted metal-carbenes. 

1.2.2.2.3. Synthesis of Fused Cyclopropanes through Intramolecular Cyclization 

Cyclopropanes can be prepared with high levels of diastereoselectivity through 

intramolecular cyclization (Scheme 1.20). When the diazo moiety and the olefin are on the same 

molecule, cyclopropanation would form a bicyclo[n+2.1.0]alkane that can eventually be opened 

 
64 Lindsay, V. N. G.; Fiset, D.; Gritsch, P. J.; Azzi, S.; Charette, A. B. J. Am. Chem. Soc. 2013, 135, 1463. 
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to afford a highly substituted cyclopropane. The nature of the bicyclic scaffold formed depends 

on the length and nature of the linker between the diazo moiety and the alkene. In particular, the 

approach has been used to access cyclopropane-ŦǳǎŜŘ ʴ-lactones, a motif found in biologically 

active compounds.65 

 

Scheme 1.20 Intramolecular cyclopropanation via a metal-catalyzed decomposition of a diazo 

compound. 

Fluorinated versions of the intramolecular approach to cyclopropane-ŦǳǎŜŘ ʴ-lactones with Cu66 

and Rh67,47b catalysis were reported with generally good diastereomeric ratios (drs). Scheme 1.21 

shows a recent example, affording cyclopropane-ŦǳǎŜŘ ʴ-lactones from fluorinated alkenes in 

moderate to good yields.48b An enantioselective version of the reaction has been explored with 

several chiral Rh-based catalysts. The best one, Rh2[(S)-IBAZ]4, afforded cyclopropane-ŦǳǎŜŘ ʴ-

lactone 1.9 in 48% yield with an enantiomeric excess (ee) of 63% (Scheme 1.21), unfortunately 

the ee could not be improved by further modification of the reaction conditions.  

 
65 (a) Doyle, M. P.; Hu, W. H.; Chapman, B. M., A. B.; Peterson, C. S.; Vitale, J. P.; Stanley, S. A. J. Am. Chem. Soc. 2000, 122, 5718. 
(b) Kirkland, T. A.; Colucci, J.; Geraci, L. S.; Marx, M. A.; Schneider, M.; Kaelin, D. E.; Martin, S. F. J. Am. Chem. Soc. 2001, 123, 
12432. (c) Barluenga, J.; Aznar, F.; Gutierrez, I.; Martin, J. A. Org. Lett. 2002, 4, 2719. (d) Reichelt, A.; Martin, S. F. Acc. Chem. Res. 
2006, 39, 433. (e) Xu, Z. J.; Fang, R.; Zhao, C.; Huang, J. S.; Li, G. Y.; Zhu, N.; Che, C. M. J. Am. Chem. Soc. 2009, 131, 4405. (f) Xu, X.; 
Lu, H.; Ruppel, J. V.; Cui, X.; Lopez de Mesa, S.; Wojtas, L.; Zhang, X. P. J. Am. Chem. Soc. 2011, 133, 15292. (g) Newhouse, T. R.; 
Kaib, P. S.; Gross, A. W.; Corey, E. J. Org. Lett. 2013, 15, 1591. (h) Min, L.; Zhang, Y.; Liang, X.; Huang, J.; Bao, W.; Lee, C. S. Angew. 
Chem. Int. Ed. 2014, 53, 11294. (i) Chandgude, A. L.; Ren, X.; Fasan, R.. J. Am. Chem. Soc. 2019, 141, 9145. (j) Inoue, H.; Phan Thi 
Thanh, N.; Fujisawa, I.; Iwasa, S. Org. Lett. 2020, 22, 1475.   
66 (a) Nakazato, A.; Kumagai, T.; Sakagami, K.; Yoshikawa, R.; Suzuki, Y.; Chaki, S.; Ito, H.; Taguchi, T.; Nakanishi, S.; Okuyama, S. J. 
Med. Chem., 2000, 43, 4893. (b) Wong, A.; Welch, C. J.; Kuethe, J. T.; Vazquez, E.; Shaimi, M.; Henderson, D.; Davies, I. W.; Hughes, 
D. L., Org. Biomol. Chem. 2004, 2, 168. 
67 Lin, W.; Charette, A. B. Adv. Synth. Catal. 2005, 347, 1547. 
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Scheme 1.21 Intramolecular cyclopropanation to access monofluorinated cyclopropane-fused 

-ɹlactones. 

1.2.2.2.4. Using N-Sulfonyltriazoles as Carbene Precursors 

Since 2009, Fokin has demonstrated that N-sulfonyltriazoles can serve as stable and readily 

accessible synthetic equivalents of diazo compounds.68 Upon heating with Rh catalysts, the 

triazoles can be ring-opened to ŦƻǊƳ ʰ-diazoimines, which upon loss of nitrogen, generate metal-

carbenes (Scheme 1.22).  

 

Scheme 1.22 N-Sulfonyltriazoles as diazo equivalents and metal carbene precursors. 

Among the various reactions that can be performed with the in situ generated metal carbenes, a 

cyclopropanation similar to the one described in Scheme 1.22 is possible.68 Recently, Davies 

 
68 (a) Chuprakov, S.; Kwok, S. W.; Zhang, L.; Lercher, L.; Fokin, V. V. J. Am. Chem. Soc. 2009, 131, 18034. (b) Grimster, N.; Zhang, 
L.;Fokin, V. V. J. Am. Chem. Soc. 2010, 132Σ нрмлҍнрммΦ (c) Kwok, S. W.; Zhang, L.; Grimster, N. P.; Fokin, V. V. Angew. Chem. Int. 
Ed. 2014, 53, 3452. 
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reported the use of triazoles for the synthesis of oxygen-substituted cyclopropanes in such a 

manner (Scheme 1.23).69 To date, the strategy has not been applied to the synthesis of fluorinated 

cyclopropanes.  

 

Scheme 1.23 Cyclopropanation using N-sulfonyltriazoles as carbene precursors. 

1.2.3. SF5-Substituted Cyclopropanes   

In 2021, while our group was working on developing a synthetic route towards 

SF5-substituted cyclopropanes, Cossy and Meyer reported the first synthesis of such 

compounds.70 5ƻƭōƛŜǊΩǎ ƳŜǘƘƻŘ34 of radical addition of SF5Cl (described in Section 1.2.2) was 

applied to cyclopropenes (Scheme 1.24). The cyclopropenes used as starting materials were 

synthesized by reaction of the corresponding terminal alkynes with ethyl or benzyl diazoacetate 

in the presence of Rh2(OAc)4 as catalyst (method described in section 1.2.2.2.). Moreover, the SF5-

substituted cyclopropanes were obtained in yields and diastereoselectivities that were 

dependent on the substituents on the cyclopropenes. For example, cyclopropenes bearing two 

electron-withdrawing groups at C3 do not react with SF5Cl. Additionally, the outcome of the 

reaction was sensitive to steric hindrance. For the second selected example (Scheme 1.24), the 

steric hindrance of the silyloxy group lead to a decrease of the efficiency of the chlorine atom 

transfer from SF5Cl at C2, and so of the whole radical chain mechanism (45% yield, 70:30 dr).70  

 
69 Kubiak, R. W., 2nd; Tracy, W. F.; Alford, J. S.; Davies, H. M. L. J. Org. Chem. 2022, 87, 13517. 
70 Lefebvre, G.; Charron, O.; Cossy, J.; Meyer, C. Org. Lett. 2021, 23, 5491. 
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Scheme 1.24 Synthesis of SF5-substituted cyclopropanes by addition of SF5Cl to 

cyclopropenes. 

In parallel with our efforts to develop new robust and more direct method to access SF5-

cyclopropanes that do not rely on SF5Cl, we have explored the possibility of synthesizing SF5Cl 

under continuous flow conditions. The prospective benefits of the approach are described in the 

following section.  

1.3. Continuous Flow Chemistry  

1.3.1. Generality and Advantages  

Traditionally, organic chemistry is performed in batch with round-bottomed flasks, test 

tubes, or closed vessels. However, the implementation of new and innovative technologies such 

as flow chemistry has attracted a lot of attention from organic chemists over the last few 

decades.71 Flow chemistry involves the use of tubing to conduct a reaction in a continuous stream 

rather than in a flask.71 The advantages of flow chemistry are now well known, including better 

mixing, facile scale-up, efficient heat transfer, and safe handling of unstable or toxic reagents and 

intermediates.72 Better handling of hazardous reagents is of particular interest for SF5 chemistry, 

(Section 1.1.2). Kappe recently published a deoxyfluorination method using sulfur tetrafluoride 

 
71 Plutschack, M. B.; Pieber, B.; Gilmore, K.; Seeberger, P. H. Chem. Rev. 2017, 117, 11796. 
72 Heretsch, P. Beilstein J. Org. Chem. 2023, 19, 33. 
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(SF4), a highly toxic gas, which could be handled safely due to continuous flow chemistry (Scheme 

1.25).73  

 

Scheme 1.25 Deoxyfluorination using SF4 under continuous flow conditions. 

In addition to the handling of hazardous reagents, efforts were also made to generate them on-

site and on-demand, thus avoiding the problems of their transportation and storage. The efforts 

led to the concept of a chemical generator for continuous on-site on-demand production of toxic, 

explosive, and short-lived reagents.74 The methods have recently been applied by Noël to the 

controlled generation of sulfonyl fluoride (SO2F2)75a and thionyl fluoride (SOF2)75b, two other 

highly toxic gases. In the work, the first reactor generates SO2F2 or SOF2 from SO2Cl2 or SOCl2, 

respectively, via chlorineςfluorine exchange in a KF-filled packed-bed reactor. The resulting SO2F2 

or SOF2 is then used directly in a second reactor (Scheme 1.26). Such strategies would be 

advantageous for SF5 chemistry.  

 
73 Polterauer, D.; Hanselmann, P.; Littich, R.; Bersier, M.; Roberge, D. M.; Wagschal, S.; Hone, C. A.; Kappe, C. O. Org. Process Res. 
Dev. 2023, 27, 2385. 
74 Dallinger, D.; Gutmann, B.; Kappe, C. O. Acc. Chem. Res. 2020, 53, 1330. 
75 (a) .ŜǊƴǵǎΣ aΦΤ aŀȊȊŀǊŜƭƭŀΣ 5ΦΤ {ǘŀƴƛŏΣ WΦΤ ½ƘŀƛΣ ½ΦΤ ¸ŜǎǘŜ-Vázquez, A.; Boutureira, O.; Gargano, A. F. G.; Grossmann, T. N.; Noël, T. 
Nat. Synth. 2024, 3, 185. (b) aŀȊȊŀǊŜƭƭŀΣ 5ΦΤ {ǘŀƴƛŏΣ WΦΤ .ŜǊƴǵǎΣ aΦΤ aŜƘŘƛΣ !Φ {ΦΤ IŜƴŘŜǊǎƻƴΣ /Φ WΦΤ .ƻǳǘǳǊŜƛǊŀΣ hΦΤ bƻšƭΣ ¢Φ JACS Au 
2024.  
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Scheme 1.26 Generation and use of SO2F2 and SOF2 under continuous flow conditions.  

1.3.2. Continuous Flow Synthesis of SF5-Substituted Compounds 

The TCCA/KF conditions developed by Togni29a (Section 1.1.2.1) were actually the subject 

of a transfer to continuous flow chemistry by the group of Pascali in 2021.76 In the work, the 

synthesis of Ph-SF4Cl intermediates from the corresponding diphenyl disulfide (PhS)2 under 

continuous flow conditions was investigated. TCCA and (PhS)2 in solution in acetonitrile were 

mixed with a T-mixer then passed through a KF-filled packed-bed reactor (Scheme 1.27).  

 

Scheme 1.27 Set-up for the synthesis of Ph-SF4Cl with TCCA/KF in flow. 

 
76 Surjadinata, G.; Hunter, L.; Matesic, L.; Pascali, G. J. Flow Chem. 2021, 11, 107. 
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The resulting Ph-SF4Cl was obtained in only 11% on an analytical-scale, suggesting that flow 

conditions may be viable. Unfortunately, their attempt toward a telescoped approach affording 

PhSF5 ŘƛŘƴΩǘ ǇǊƻǾƛŘŜ ǘƘŜ ŘŜǎƛǊŜŘ ǇǊƻŘǳŎǘΣ Ǉƻǎǎƛōƭȅ ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ ƻŦ ǇǳǊƛŦƛŎŀǘƛƻƴ or the instability 

of the SF4Cl intermediate. To date, the report by Pascali76 is the first and only example of the use 

of TCCA/KF conditions in flow chemistry to attempt the synthesis of SF5-substituted compounds. 

1.4. Fluorinated Five Membered Ring Nitrogen-Containing 

Heterocycles: Pyrazoles and Triazoles 

1.4.1. Interest in Fluorinated Five-Membered Ring Nitrogen-Containing 

Heterocycles 

Nitrogen-based five-membered ring heterocycles have been extensively studied because of 

their valuable applications in fields such as agrochemicals, material science, organometallic, and 

medicinal chemistry. In fact, more than 75% of FDA-approved drugs on the market possess N-

heterocyclic moieties.77  

From the impressive number of ring systems belonging to the class of nitrogen-based five-

membered ring heterocycles, the following section focuses on fluorinated pyrazoles and 

triazoles.78 As with the combination of the cyclopropyl fragment and fluorine-based substituents, 

the addition of fluorine to form fluorinated pyrazoles79 and triazoles80 can afford compounds with 

attractive properties. Some selected examples of bioactive CF3-substituted pyrazoles and CF3-

substituted triazoles are shown in Figure 1.10.77 -81  

 
77 Kerru, N.; Gummidi, L.; Maddila, S.; Gangu, K. K.; Jonnalagadda, S. B. Molecules 2020, 25, 1909. 
78 KIRK, Kenneth L. Fluorinated five-membered nitrogen-containing heterocycles. Fluorinated Heterocyclic Compounds: Synthesis, 
Chemistry, and Applications, WILEY-CVH Verlag GmbH & Co., 2009, 91. 
79 Mykhailiuk, P. K. Chem. Rev. 2021, 121, 1670. 
80 Ullah, I.; Ilyas, M.; Omer, M.; Alamzeb, M.; Adnan; Sohail, M. Front. Chem. 2022, 10, 1.  
81 Cheung, K. P. S.; Tsui, G. C. Org. Lett. 2017, 19, 2881.  
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Figure 1.10 Selected examples of bioactive CF3-substituted pyrazoles and triazoles. 

Pyrazoles and triazoles are also attractive because they serve as potential stating materials 

for the synthesis of cyclopropenes and cyclopropanes, respectively. On the one hand, pyrazoles, 

especially 3H-pyrazoles, are known precursors of cyclopropenes via N2 extrusion (Scheme 1.28).82 

On the other hand, as described in section 1.2.2.2.4, N-sulfonyl-triazoles can serve as carbene 

precursors in cyclopropanation reactions (Scheme 1.29).68-69 

 

Scheme 1.28  Synthesis of cyclopropenes from 3H-pyrazoles. 

 

Scheme 1.29 Synthesis of cyclopropanes from N-sulfonyltriazoles. 

1.4.2. Synthesis of Fluorinated Five-Membered Ring Nitrogen-Containing 

Heterocycles 

1.4.2.1. Synthesis of Pyrazoles and Triazoles via 1,3-Dipolar Cycloadditions  

  One common synthetic route to access both pyrazoles and triazoles is via a 1,3-dipolar 

cycloaddition (Scheme 1.30). In such a reaction, a 1,3-dipole is used; a diazo compound for 

pyrazole synthesis and an azide for triazole synthesis. The 1,3-dipoles undergo a [3+2] 

 
82 Rulliere, P.; Benoit, G.; Allouche, E. M. D.; Charette, A. B. Angew. Chem. Int. Ed. 2018, 57, 5777. 
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cycloaddition with an alkyne dipolarophile. The regioselectivity of such reactions is determined 

by the different substituents present on the two reactants involved.  

 

Scheme 1.30 1,3-Dipolar cycloadditions to access 3H-pyrazoles and 1,2,3-triazoles. 

1.4.2.2. Isomeric Structures of Pyrazoles and Use in the Synthesis of Cyclopropenes  

Three isomeric structures of pyrazole derivatives are shown in Figure 1.11. 1H-Pyrazoles, 

the aromatic isomer, are usually the most stable. The 1,3-dipolar cycloaddition of diazomethane 

or monosubstituted diazomethanes with alkynes initially gives 3H-pyrazoles, which undergo a 

prototropic shift to rearrange to the more stable 1H-pyrazoles. Although, when a disubstituted 

diazo compound is used, the 3H-pyrazoles disubstituted at the 3-position, also called 

pyrazolenines, can sometimes be isolated.83 

 

Figure 1.11 Isomeric structures of pyrazoles. 

The stable fully substituted 3H-pyrazoles were of particular interest as suitable precursors of 

cyclopropenes (Section 1.4.1). Among the different types of diazo compounds, diazoalkanes are 

 
83 Sammes, M. P. ; Katritzky A. R. The 3H-pyrazoles. Advances in heterocyclic chemistry. Academic Press, 1983. 34, 1. 
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the most reactive, but also the most unstable, as explained in Section 2.2.2.1., therefore limiting 

their use. However, our group has published a method to handle and unlock the potential of the 

reactive and unstable compounds by generating them in situ.82,84 An example is shown in Scheme 

1.31, in which hydrazone 1.10 is oxidized by silver oxide (Ag2O) to form the corresponding diazo 

compounds 1.11 in situ. The [3+2] cycloaddition reaction is then carried out on an alkyne to give 

the desired pyrazole 1.12 in 80% yield. A subsequent photochemical extrusion of N2 leads to the 

corresponding cyclopropene 1.13 in 69% yield.  

 

Scheme 1.31 Synthesis of 3H-pyrazole 1.12 using in situ generated 2-diazopropane 1.11 

followed by photochemical N2 extrusion to cyclopropane 1.13. 

1.4.2.2.1. Synthesis of CF3-Substituted 3H-Pyrazoles 

The synthesis of CF3-substituted 3H-pyrazoles by 1,3-dipolar cycloaddition of diazo 

compounds and CF3-substituted alkynes was first reported in the 19улΩǎ.85 In 2014, Reissig86 

reported a similar reaction (Scheme 1.32 A) but using ethyl 2-diazo-3,3,3-trifluoropropanoate 

(1.8), the CF3 group being a substituent of the diazo compounds and yielding the desired CF3-

substituted-pyrazole (1.14). The diazo compound (1.8) was then treated with various alkynes 

often leading to mixture of regioisomers and/or rearranged products. Indeed, [1,5] sigmatropic 

rearrangements known as van Alphen-Huttel87 rearrangement can occur, either spontaneously 

or under thermal conditions.83 The cyclopropene (1.15) could also be obtained in 24% yield after 

heating at 180°C for 24 h (Scheme 1.32 B).86 

 
84 Allouche, E. M. D.; Charette, A. B. Chem. Sci. 2019, 10, 3802. 
85 (a) Cullen, W. R.; Waldman, M. C. Can. J. Chem., 1970, 48, 1885. (b) Kennewell, P. D.; Matharu, S. S.; Taylor, J. B.; Westwood, R.; 
Sammes, P. G. J. Chem. Soc. Perkin trans. 1983, 2563. 
86 DƭŀŘƻǿΣ 5ΦΤ 5ƻƴƛȊπYŜǘǘŜƴƳŀƴƴΣ {ΦΤ wŜƛǎǎƛƎΣ IΦ ¦Φ Helvetica Chimica Acta 2014, 97, 808. 
87 (a) van Alphen, J. Recl. des Trav. Chim. des Pays-Bas 1943, 62,491. (b) HǸttel, R.; Riedl, J.; Martin, H.; Franke, K. Chem. Ber. 1960, 
93, 1425. 
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Scheme 1.32 Synthesis of CF3-substituted 3H-pyrazole 1.14 and to CF3-substituted 

cyclopropene 1.15 reported by Reissig. 

1.4.2.2.2. Synthesis of SF5-Substituted Pyrazoles 

Since the seminal work of Hoover and Coffman in 1964,4b examples of SF5-substituted 

pyrazoles have been reported by Shreeve for the synthesis of energetic materials.88 The synthesis 

was performed with diazomethane or diazo compound 1.18 (Scheme 1.33) and SF5-substituted 

alkynes and yielded the aromatic isomers, 1H-pyrazoles (1.16, 1.17 and 1.19). 

 

Scheme 1.33 Synthesis of SF5-substituted pyrazoles as energetic materials by Shreeve. 

 
88 Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R. G.; Twamley, B.; Shreeve, J. M. Org. Lett. 2007, 9, 3841. 
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Recently, Paquin reported the use of stabilized diazoacetates in analogous 1,3-dipolar 

cycloaddition reactions leading to SF5-substituted-1H-pyrazoles (Scheme 1.34).89 The reaction 

conditions employed are quite harsh, necessitating the use of flow chemistry to safely heat the 

diazoacetates to 145 °C.  

 

Scheme 1.34 Synthesis of SF5-substituted 1H-pyrazoles using diazoactetates by Paquin. 

1.4.2.3. Synthesis of 1,2,3-Triazoles 

As described previously (section 1.4.2.1.), triazoles are also attractive motifs that can be 

synthesized by 1,3-dipolar cycloaddition. The thermal Huisgen [3+2] cycloaddition90 between 

azides and alkynes to form triazoles was originally poorly regioselective. In 2002, Medal91 and 

Sharpless92 reported a metal-catalyzed variant, now commonly referred to as Copper(I)-catalyzed 

Azide-Alkyne Cycloaddition (CuAAC), which allows the regioselective synthesis of the 1,4-

 
89 Paquin, P.; DeGrâce, N.; Bélanger-Chabot, G.; Paquin, J.-F. J. Org. Chem. 2024, 89, 3552. 
90 R. Huisgen, Angew. Chem. 1963, 75, 604. 
91 Tornøe, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67, 3057. 
92 Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41, 2596. 



66 

regioisomers of 1,2,3-triazoles from an azide and a terminal alkyne. Several metals, such as Rh 

and Ru,93 have been used in similar reactions. The wide range of applications of the reaction led 

to both chemists, together with Bertozzi, being awarded the Nobel Prize in Chemistry in 2022 for 

the development of Click chemistry and bioorthogonal chemistry.  

1.4.2.3.1. Synthesis of CF3-Substituted 1,2,3-Triazoles 

Given the attractive features and properties of fluorinated 1,2,3-triazoles, several 

synthetic routes have been developed towards them, including 1,3-dipolar cycloadditions.94 In 

particular, the convenient CuAAC approach has been used to synthesize CF3-sibstituted 1,2,3-

triazoles. For example, Shreeve reported the synthesis of CF3-substituted poly-1,2,3-triazoles as 

energetic materials (Scheme 1.35 A).88,95 3,3,3-Trifluoropropyne was treated with various azides 

in the presence of a copper catalyst. Years later, a more general strategy (Scheme 1.35 B) was 

adopted by several groups using a trifluoromethylating reagent, such as TMSCF3 or Togni reagent, 

which was used for the trifluoromethylation of key triazolide intermediates formed by CuAAC of 

various alkynes with several azides.96 The interrupted CuAAC reaction enables the synthesis of 

1,4,5-trisubstituted 1,2,3-triazoles (Scheme 1.35 B). 

 
93 (a) Song, W.; Zheng, N.; Li, M.; Dong, K.; Li, J.; Ullah, K.; Zheng, Y. Org. Lett. 2018, 20, 6705. (b) Johansson, J. R.; Beke-Somfai, T.; 
Said Stålsmeden, A.; Kann, N. Chem. Rev. 2016, 116, 14726. 
94 Usachev, B. I. J. Fluorine Chem. 2018, 210, 6. 
95 Garg, S.; Shreeve, J. M. J. Mater. Chem. 2011, 21, 3841. 
96 (a) Fu, D.; Zhang, J.; Cao, S. J. Fluorine Chem. 2013, 156, 170. (b) Wei, F.; Zhou, T.; Ma, Y.; Tung, C.-H.; Xu, Z. Org. Lett. 2017, 19, 
2098. (c) Cheung, K. P. S.; Tsui, G. C. Org. Lett. 2017, 19, 2881. 
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Scheme 1.35 Synthesis of CF3-substituted 1,2,3-triazoles via copper-catalyzed [3+2] 

cycloaddition. 

1.4.2.3.2. Synthesis of SCF3-Substituted 1,2,3-Triazoles 

The synthesis of trifluoromethylthiol (SCF3)-substituted 1,2,3-triazoles was also studied. 

The SCF3 group is considered an emerging fluorinated motif. Its properties are similar to the SF5 

with a higher lipophilicity ( p̄(SCF3) = 1.44), lower Hammett parameter ( p̀ (SCF3) = 0.50) and 

different geometry and volume.97 Specifically, Billard reported the synthesis of SCF3-substituted 

4,5-disubstituted 1,2,3-triazole 1.21 from the previously synthesized SCF3-substituted alkyne 1.20 

using NaN3 in DMF at 60°C (Scheme 1.36 A).98 The triazole was obtained in 54% yield without 

optimization of the reaction conditions. Subsequently, the metal-catalyzed azide-alkyne 

cycloaddition (AAC) was also explored with Rh (RhAAC)99, Ru (RuAAC)100, and Cu (CuAAC)96b 

catalysis for the regioselective synthesis of fully substituted 5-trifluoromethylthio-1,2,3-triazoles 

(Scheme 1.36 B and C). While the reported RhAAC and RuAAC reactions use SCF3-substituted 

alkynes as starting materials (Scheme 1.36 B), the CuAAC is an interrupted strategy via a bench-

 
97 (a) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165. (b) Toulgoat, F.; Liger, F.; Billard, T. Chemistry of OCF3, SCF3, and 
SeCF3 Functional groups. In Organofluorine Chemistry: Synthesis, Modeling, and Applications; Szabó, K., Selander, N., Eds.; Wiley 
VCH, 2021; 49. 
98 Alazet, S.; Zimmer, L.; Billard, T. Angew. Chem. Int. Ed. 2013, 52, 10814. 
99 Song, W.; Zheng, N.; Li, M.; He, J.; Li, J.; Dong, K.; Ullah, K.; Zheng, Y. Adv. Synth. Catal. 2018, 361, 469. 
100 Guo, Y.; Chen, Q.-Y.; Huang, Y.-g.; Shen, Q.; Han, E.-j. Synthesis 2015, 47, 3936.  
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stable stannyl triazole, followed by the use of a trifluoromethylthiolating reagent (N-

trifluoromethylthiosaccharin) (Scheme 1.36 C). 

 

 

Scheme 1.36 Synthesis of SCF3-substituted 1,2,3-triazoles by [3+2] cycloaddition.  

1.4.2.3.3. Synthesis of SF5-Substituted 1,2,3-Triazoles 

For SF5-substituted 1,2,3-triazoles, Shreeve reported their synthesis from SF5-substituted 

acetylene in moderate to good yields (Scheme 1.37).88 The 1,4-disubstituted triazoles thereby 

reported by Shreeve were the only examples of SF5-substituted 1,2,3-triazoles, until 2023, when 

Bizet published the hydroelementation of SF5-substituted alkynes101 with N, O and S nucleophiles. 

 
101 Popek, L.; Cabrera-Trujillo, J. J.; Debrauwer, V.; Blanchard, N.; Miqueu, K.; Bizet, V. Angew. Chem. Int. Ed. 2023, 62, e202300685. 
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In the work, when NaN3 was used as the nucleophile with alkyne 1.22 a mixture of the expected 

ʲΣZ-N3 addition product (1.23) and the 4,5-disubstituted triazole (1.24) resulting from the 1,3-

dipolar cycloaddition, was obtained (Scheme 1.38). In an attempt to improve the selectivity, the 

reaction was conducted at 60°C and/or with a longer reaction time, but the ratio of products 

remained similar. Curiously, the use of copper iodide (CuI) as an additive resulted only in 

formation of vinyl azide 1.23 in 60% yield and the triazole was no longer observed. No further 

investigation was reported by the authors.   

 

Scheme 1.37 Synthesis of SF5-substituted 1,2,3-triazoles via copper-catalyzed [3+2] 
cycloaddition. 

 

Scheme 1.38 Hydroelementation of SF5-substituted alkynes with NaN3 and competitive 
triazole formation.  

1.5. Research Goals 

1.5.1. Rhodium-Catalyzed Intramolecular Cyclopropanation of CF3- and 

SF5-Substituted Allylic Cyanodiazoacetates 

The first goal of the thesis was to develop synthetic routes to SF5-substituted 

cyclopropanes, highlighted in section 1.2 as valuable compounds. The method published by Cossy 

and Meyer70 (section 2.3) has some limitations, notably the required synthesis of cyclopropenes 
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as starting materials, thereby restricting potential substitutions, and leading to variable yields 

depending on the substituents. Consequently, an alternative approach involving the metal-

catalyzed decomposition of diazo compounds was explored. The absence of SF5-substituted diazo 

compounds in the existing literature, likely due to stability concerns, prompted the utilization of 

accessible SF5-substituted alkenes as starting material. However, such electron-deficient alkenes 

are known to be less reactive towards cyclopropanation with an electrophilic carbene. To address 

the challenge, an investigation into the intramolecular variant was conducted. The second 

chapter of the thesis reports on the rhodium-catalyzed intramolecular cyclopropanation of CF3-

and SF5-substituted allylic cyanodiazoacetates, as published in Organic Letters in 2023.  

1.5.2. Toward More Direct Pentafluorosulfanylation Methods for Aliphatic 

compounds 

1.5.2.1. Synthesis of SF5-Cyclopropanes Using TCCA/KF conditions 

The synthesis of aryl-SF5 compounds presented in section 1.1.2.1. with TCCA/KF conditions 

developed by Togni29a from aryl disulfides is not readily adaptable to aliphatic disulfides. 

However, there has been no investigation into using dicyclopropyl disulfides as starting materials. 

The specific properties of the cyclopropyl moiety may allow such a straightforward 

pentafluorosulfanylation, eliminating the need for SF5Cl and thereby enhancing the accessibility 

of SF5-substituted cyclopropanes. Thus, another goal of the thesis was to explore the direct 

pentafluorosulfanylation of dicyclopropyl disulfides and derivatives. One main challenge is the 

synthesis of such starting materials, of which existing methods are scarce in the literature. Our 

efforts in developing a more direct method to synthesize SF5-substituted cyclopropanes are 

detailed in the first part of chapter three, focusing particularly on the synthesis of suitable starting 

materials for use with TCCA/KF conditions. 

1.5.2.2. Design and Attempted Synthesis of a SF5 Transfer Reagent  

In parallel with our efforts toward a more direct pentafluorosulfanylation method yielding 

SF5-substituted cyclopropanes, the design and synthesis of a potentially more user-friendly SF5 

transfer reagent was investigated. Transfer reagents are commonly employed for other 
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fluorinated groups such as CF3 and SCF3102, and greatly facilitate the development of subsequent 

chemistry. Noteworthy examples include ¦ƳŜƳƻǘƻΩǎ103 and ¢ƻƎƴƛΩǎ104 reagents for 

trifluoromethylation, as well as .ƛƭƭŀǊŘΩǎ ǘǊƛŦƭǳƻǊƻƳŜǘƘȅƭ sulfenamides105 for 

trifluoromethylthiolation, among others. A similarly effective and easy-to-handle reagent for 

pentafluorosulfanylation represents the holy grail of SF5 chemistry.29b Our efforts towards the 

development of such an SF5 transfer reagent are presented in the second part of chapter three. 

1.5.3. Synthesis of Pentafluorosulfanyl Chloride (SF5Cl) using Continuous Flow 

Chemistry 

The difficulty in designing and synthesizing a SF5 transfer reagent led us to return to the 

synthesis of SF5Cl. The toxic gas, highlighted in section 1.1.2.2., remains the most widely used and 

effective pentafluorosulfanylating reagent currently available. While Qing developed a method 

to synthesize it in batch as a solution in n-hexane40a, the approach still raises safety concerns. 

Conversely, the ex situ generation of SF5Cl offers a safer option, albeit challenging to scale up 

beyond a laboratory setting.43,44 As discussed in section 1.3, continuous flow chemistry stands out 

as an attractive technology for the generation and handling of hazardous compounds. Despite 

the unsuccessful attempts by Pascali (as documented in section 1.3.2) to produce SF5-substituted 

compounds in continuous flow, their work served as a source of inspiration for another goal of 

the thesis ς the development of a continuous flow system for the on-demand synthesis of SF5Cl. 

Indeed, we envisioned that continuous flow chemistry could address both the safety issues and 

the scalability constraints. Chapter four outlines our endeavors in pursuit of this objective. 

 
102 Li, M.; Xue, X.-S.; Cheng, J.-P. Acc. Chem. Res. 2020, 53, 182. 
103 Umemoto, T.; Ishihara, S. J. Fluor. Chem. 1998, 92, 181. 
104 Charpentier, J.; Früh, N.; Togni, A. Chem. Rev. 2015, 115, 650. 
105 Glenadel, Q.; Tlili, A.; Billard, T. Eur. J. Org. Chem. 2016, 11, 1955. 
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1.5.4. Investigation of SF5-Substituted 3H-Pyrazoles and Triazoles as Potential 

Starting Materials for the Synthesis of SF5-Substituted Cyclopropenes and 

Cyclopropanes Respectively 

Another aim of the thesis was to investigate the synthesis of SF5-substituted pyrazoles and 

triazoles from SF5-substituted alkynes, highlighted in section 1.4.1. as interesting motifs. One 

reason for our interest, as explained in sections 1.2.2.2.4. and 1.3.2.3., is the potential use for the 

synthesis of SF5-substituted cyclopropenes and cyclopropanes, respectively. SF5-substituted 

alkynes, available via 5ƻƭōƛŜǊΩǎ ǇǊƻŎŜŘǳǊŜ34 by the radical addition of SF5Cl to alkenes followed by 

elimination (section 1.1.2.2) were identified as suitable starting materials for the investigations.  

1.5.4.1. Synthesis of SF5-Substituted 3H-Pyrazoles 

In the fifth chapter of the thesis, the synthesis of SF5-substituted 3H-pyrazoles is 

presented. The work explores the reaction of various SF5-substituted alkynes with several non-

stabilized diazo compounds by 1,3-dipolar cycloaddition reaction. The [1,5]-sigmatropic 

rearrangements of the SF5-3H-pyrazoles as also investigated. Moreover, photochemical and 

thermal approaches for N2 extrusion to form SF5-substituted cyclopropenes were explored. 

Additionally, DFT calculations were used to gain insights into the 1,3-dipolar cycloaddition 

reaction as well as the rearrangements. 

1.5.4.2. Attempts Towards SF5-Substituted Triazoles 

In the sixth and last chapter of the thesis, the attempts towards the synthesis of SF5-

substituted triazoles are presented with the objective to expand the work of Shreeve95 (section 

1.4.2.3.3.) to disubstituted SF5-substituted alkynes and to investigate the regioselectivity of the 

1,3-dipolar cycloaddition reaction. The SF5-substituted triazoles are also of interest to be tested 

as starting materials for a cyclopropanation similar to the work of Fokin68 described in section 

1.2.2.2.4. 
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Chapter 2 : Rhodium-Catalyzed Intramolecular 

Cyclopropanation of Trifluoromethyl- and Pentafluorosulfanyl- 

Substituted Allylic Cyanodiazoacetates 

Lauriane C. Peyrical,[a] Marie-Rose Ouellet-Du Berger,[b] Maxim Boucher,[b] Mélodie Birepinte,[b] 

Jean-François Paquin,[b] and André B. Charette[a] 

ώŀϐ ¦ƴƛǾŜǊǎƛǘŞ ŘŜ aƻƴǘǊŞŀƭΣ Cwvb¢ /ŜƴǘǊŜ ƛƴ DǊŜŜƴ /ƘŜƳƛǎǘǊȅ ŀƴŘ /ŀǘŀƭȅǎƛǎΣ 5ŜǇŀǊǘƳŜƴǘ ƻŦ 
/ƘŜƳƛǎǘǊȅΣ мотр ŀǾΦ ¢ƘŞǊŝǎŜ [ŀǾƻƛŜπwƻǳȄΣ aƻƴǘǊŞŀƭΣ v/Σ /ŀƴŀŘŀ Iн± л.о 

ώōϐ twh¢9hΣ //±/Σ 5ŞǇŀǊǘŜƳŜƴǘ ŘŜ ŎƘƛƳƛŜΣΣ vǳŞōŜŎΣ v/Σ /ŀƴŀŘŀ Dм± л!с  

 

Org. Lett. 2023, 25, 2487-2491 

Contributions: 

¶ Lauriane Peyrical synthesized the SF5-substituted esters, diazo compounds, and bicyclic 

products. She optimized the reaction conditions, explored the reaction scope, and 

performed the post functionalization. She was responsible for the screening of chiral 

rhodium catalysts for the asymmetric version of the reaction as well as GC-FID analyses. 

She was involved in writing the manuscript and the experimental section.  

¶ Marie-Rose Ouellet-Du Berger, Maxim Boucher, and Mélodie Birepinte synthesized the 

starting SF5-substituted allylic alcohols. Marie-Rose was also involved in the writing of the 

experimental section referring to the synthesis of the SF5-substituted allylic alcohols. 

¶ Jean-François Paquin and André B. Charette were involved in setting up the experiments 

and writing the manuscript. 
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2.1. Abstract 

The synthesis of trifluoromethyl (CF3)- and pentafluorosulfanyl (SF5)-substituted 

cyclopropane-ŦǳǎŜŘ ʴ-lactones was carried out through Rh2(esp)2-catalyzed intramolecular 

cyclopropanation in up to 99% yields. Twelve examples of this interesting scaffold are reported, 

as well as postfunctionalizations that provide access to highly functionalized CF3- and SF5- 

substituted cyclopropanes. These novel SF5-substituted analogues join the very short list of 

available pentafluorosulfanyl intermediates. 

2.2. Introduction 

Organofluorine compounds are ubiquitous in pharmaceutical, agrochemical, and materials 

research because they can significantly alter the physical and biological properties of molecules. 

The presence of fluorine atoms can exert a desirable influence on lipophilicity, conformation, 

binding affinity, and metabolic stability.1 Thus, they represent about 20% of marketed drugs.2 

Among the various fluorinated substituents, the trifluoromethyl group (CF3) is the most common, 

but other fluorinated motifs are emerging, such as the trifluoromethoxy (OCF3), 

trifluoromethylthio (SCF3), and pentafluorosulfanyl (SF5ύ ƎǊƻǳǇǎΦ ¢ƘŜ ƭŀǘǘŜǊ ƛǎ ƻŦǘŜƴ ŎŀƭƭŜŘ άǎǳǇŜǊ 

CF3έ ŘǳŜ ǘƻ ƛǘǎ ƛƴŎǊŜŀǎŜŘ ŜƭŜŎǘǊƻƴŜƎŀǘƛǾƛǘȅΣ ƘƛƎƘŜǊ ƭƛǇƻǇƘƛƭƛŎƛǘȅΣ ǎǘŜǊƛŎ ŘŜƳŀƴŘΣ ŀƴŘ ǳƴƛǉǳŜ 

octahedral geometry.3 In the past decade, methods have been developed predominantly for the 

synthesis of SF5-substituted (hetero)aromatics,4 and only a few accounts of aliphatic derivatives 

are described.5 The radical addition of SF5Cl to unsaturated compounds is the most common 

 
1 όŀύ hΩIŀƎŀƴΣ 5Φ Chem. Soc. Rev. 2008, 37Σ олуҍомфΦ όōύ IŀƎƳŀƴƴΣ ²Φ YΦ J. Med. Chem. 2008, 51Σ порфҍпосфΦ (c) 
Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V.  Chem. Soc. Rev. 2008, 37Σ онлҍоолΦ 
2 Inoue, M.; Sumii, Y.; Shibata, N. ACS Omega 2020, 5Σ млсооҍмлсплΦ 
3 (a) Savoie, P. R.; Welch, J. T. Chem. Rev. 2015, 115ΣммолҍммфлΦ όōύ {ŀƴƛΣ aΦΤ ½ŀƴŘŀΣ aΦ Synthesis 2022, 54, 
пмупҍпнлфΦ 
4 (a) Das, P.; Tokunaga, E.; Shibata, N. R Tetrahedron Lett. 2017, 58Σ пулоҍпумрΦ όōύ tƛǘǘǎΣ /Φ wΦΤ .ƻǊƴŜƳŀƴƴΣ 5ΦΤ 
Liebing, P.; Santschi, N.; Togni, A. Angew. Chem. Int. Ed. 2019, 58Σ мфрлҍмфрпΦ  
5 (a) Falkowska, E.; Laurent, M. Y.; Tognetti, V.; Joubert, L.; Jubault, P.; Bouillon, J.-P.; Pannecoucke, X. Tetrahedron 
2015, 71Σ улстҍултсΦ (b) Joliton, A.; Plancher, J. M.; Carreira, E. M. Angew. Chem. Int. Ed. 2016, 55Σ нммоҍнммтΦ όŎύ 
Zhao, Q.; Vuong, T. M. H.; Bai, X. F.; Pannecoucke, X.; Xu, L. W.; Bouillon, J. P.; Jubault, P. Chem. Eur. J. 2018, 24, 
рсппҍрсрмΦ όŘύ DƛƭōŜǊǘΣ !ΦΤ .ŜǊǘǊŀƴŘΣ ·ΦΤ tŀǉǳƛƴΣ WΦ CΦ Org. Lett. 2018, 20Σ тнртҍтнслΦ όŜύ /ƭƻǳǘƛŜǊΣ aΦΤ wƻǳŘƛŀǎΣ aΦΤ 
Paquin, J. F. Org. Lett. 2019, 21Σ оуссҍоутлΦ όŦύ 5ǳŘȊƛƴǎƪƛΣ tΦΤ IǳǎǎǘŜŘǘΣ ²Φ {ΦΤ aŀǘǎƴŜǾΣ !Φ ±ΦΤ ¢ƘǊŀǎƘŜǊΣ WΦ {ΦΤ IŀǳŦŜΣ 
G. Org. Biomol. Chem. 2021, 19Σ рслтҍрсноΦ όƎύ IŀǳŦŜΣ DΦ Tetrahedron 2022, 109, 132656. (h) Qing, F.-L.; Shou, J.-Y.; 
Xu, X.-H. Angew. Chem. Int. Ed. 2021, 60Σ мрнтмҍмрнтрΦ όƛύ ¢ŀǇƻƴŀǊŘΣ !ΦΤ WŀǊǊƻǎǎƻƴΣ ¢ΦΤ YƘǊƻǳȊΣ [ΦΤ aŜŘŜōƛŜƭƭŜΣ aΦΤ 
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means to access the latter.4a,6 Meanwhile, the cyclopropyl fragment is also extensively used, 

inducing interesting changes in the physical and biological properties of molecules.7a 

Consequently, combining features of fluorinated groups and cyclopropanes leads to highly 

interesting molecules.7b To date, the first and only examples of SF5-substituted cyclopropanes 

have recently been reported by Cossy, Meyer, and co-workers through the radical addition of 

SF5Cl to cyclopropenes (Scheme 2.1 A).8 New robust methods to access such scaffolds are 

therefore undeniably needed. A variety of cyclopropanation methods exist, including the 

{ƛƳƳƻƴǎҍ{ƳƛǘƘ ǊŜŀŎǘƛƻƴΣ aƛŎƘŀŜƭ-initiated ring closure, and transition-metal-catalyzed 

decomposition of diazoalkanes.9 We focused our research on the latter and in particular on the 

intramolecular approach that allows the synthesis of cyclopropane-ŦǳǎŜŘ ʴ-lactones, a motif 

found in biologically active compounds, both natural (e.g., sterelactones)10 and synthetic.11 

Moreover, they constitute versatile intermediates to highly substituted cyclopropanes and a wide 

range of medicinally relevant compounds.12 The use of transition metal catalysis is a common 

method for the synthesis of cyclopropanes,13 but recently a biocatalytic and a metal-free method 

were reported by Fasan14 and He,15 respectively. The latter is one of the rare few examples with 

 
Broggi, J.; Tlili, A. Angew. Chem. Int. Ed. 2022, 61, e202204623. (j) Gilbert, A.; Langowski, P.; Paquin, J.-F. Tetrahedron 
2021, 98, 132424. 
6 (a) Aït-Mohand, S.; Dolbier, W. R. Org. Lett. 2002, 4Σ олмоҍолмрΦ όōύ 5ƻƭōƛŜǊΣ ²Φ wΦΤ !Ơǘ-Mohand, S.; Schertz, T. D.; 
Sergeeva, T. A.; Cradlebaugh, J. A.; Mitani, A.; Gard, G. L.; Winter, R. W.; Thrasher, J.S. J. Fluorine Chem. 2006, 127, 
молнҍмомлΦ 
7 (a) Pons, A.; Delion, L.; Poisson, T.; Charette, A. B.; Jubault, P. Acc. Chem. Res. 2021, 54Σ нфсфҍнффлΦ όōύ ¢ŀƭŜƭŜΣ ¢Φ ¢Φ 
J. Med. Chem. 2016, 59Σ утмнҍутрсΦ 
8 Lefebvre, G.; Charron, O.; Cossy, J.; Meyer, C. Org. Lett. 2021, 23Σ рпфмҍрпфрΦ 
9 (a) Lebel, H.; Marcoux, J.-F.; Molinaro, C.; Charette, A. B. Chem. Rev. 2003, 103Σ фттҍмлрлΦ όōύ ²ǳΣ ²ΦΤ [ƛƴΣ ½ΦΤ WƛŀƴƎΣ 
H. Org. Biomol. Chem. 2018, 16Σ томрҍтонфΦ 
10 Opatz, T.; Kolshorn, H.; Anke, H. J. Antibiot. 2008, 61, 563-567. 
11 Ansiaux, C.; N'Go, I.; Vincent, S. P. Chem. Eur. J 2012, 18, 14860-14866. 
12 (a) Barluenga, J.; Aznar, F.; Gutierrez, I.; Martin, J. A. Org. Lett. 2002, 4, 2719-2722. (b) Min, L.; Zhang, Y.; Liang, X.; 
Huang, J.; Bao, W.; Lee, C. S. Angew. Chem. Int. Ed. 2014, 53, 11294-11297. (c) Newhouse, T. R.; Kaib, P. S.; Gross, A. 
W.; Corey, E. J. Org. Lett. 2013, 15, 1591-1593. (d) Reichelt, A.; Martin, S. F. Acc. Chem. Res. 2006, 39, 433-442. (e) 
Kirkland, T. A.; Colucci, J.; Geraci, L. S.; Marx, M. A.; Schneider, M.; Kaelin, D. E.; Martin, S. F. J. Am. Chem. Soc. 2001, 
123, 12432-12433. 
13 (a) Doyle, M. P.; Forbes, D. C. Chem. Rev. 1998, 98, 911-936. (b) Denton, J. R.; Davies, H. M. L. Org. Lett. 2009, 11, 
787-790. (c) Xu, X.; Lu, H.; Ruppel, J. V.; Cui, X.; Lopez de Mesa, S.; Wojtas, L.; Zhang, X. P. J. Am. Chem. Soc. 2011, 
133, 15292-15295. (d) Doyle, M. P.; Hu, W.; Chapman, B.; Marnett, A. B.; Peterson, C. S.; Vitale, J. P.; Stanley, S. J. 
Am. Chem. Soc. 2000, 122, 5718-5728. (e) Inoue, H.; Thanh, N. P. T.; Fujisawa, I.; Iwasa, S. Org. Lett. 2020, 22, 1475-
1479. (f) Xu, Z. J.; Fang, R.; Zhao, C.; Huang, J. S.; Li, G. Y.; Zhu, N.; Che, C. M. J. Am. Chem. Soc. 2009, 131, 4405-4417. 
14 Chandgude, A. L.; Ren, X.; Fasan, R. J. Am. Chem. Soc. 2019, 141, 9145-9150. 
15 Zhang, J.; Hao, J.; Huang, Z.; Han, J.; He, Z. Chem. Comm. 2020, 56, 10251-10254. 
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electron-deficient alkenes,16 the field being dominated by electron-rich alkenes due to the 

electrophilic nature of the metal-bound carbenes. The use of olefins substituted with fluorinated 

groups is therefore challenging, as they become even more electron-deficient. Herein, we report 

the intramolecular cyclopropanation of CF3- and SF5-substituted alkenes, providing access to CF3- 

and SF5-substituted cyclopropane-ŦǳǎŜŘ ʴ-lactones (Scheme 2.1 B). 

 

Scheme 2.1 Cyclopropane-CǳǎŜŘ ʴ-Lactones and SF5-Substituted Cyclopropanes 

2.3. Results and Discussion 

We began our investigation with the synthesis of (E)-4,4,4-trifluorobut-2-en-1-yl-2-cyano-2 

diazoacetate 2.3a starting from commercially available ethyl 4,4,4-trifluorocrotonate 2.1. Several 

parameters were screened for the intramolecular cyclopropanation of diazo 2.3a such as different 

metal catalysts, temperatures, solvents, additives, addition rates of the diazo to the metal 

solution, and catalyst loadings. The use of rhodium catalysts, especially Rh2(esp)2, gave improved 

results relative to other metals tested for this transformation. The rate of addition of the diazo 

compound to the metal catalyst solution was an important parameter to limit the formation of 

the undesired condensation product of diazo 2.3a. An addition rate of 6.5 mL/h was found to be 

ƻǇǘƛƳŀƭ ό¢ŀōƭŜ нΦмΣ ŜƴǘǊƛŜǎ мҍоύΦ tŜǊŦƻǊƳƛƴƎ ǘƘŜ ǊŜŀŎǘƛƻƴ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴǎǘŜŀŘ ƻŦ л ϲ/ 

 
16 (a) Nakagawa, Y.; Chanthamath, S.; Shibatomi, K.; Iwasa, S. Org. Lett. 2015, 17, 2792-2795. (b) Lin, W.; Charette, A. 
B. Adv. Synth. Catal. 2005, 347, 1547-1552. 
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increased the yield to 64% (Table 2.1, entry 4). Increasing the catalyst loading to 2.5 mol % 

increased the yield to 75% (Table 2.1, entry 5), although a higher catalyst loading did not further 

improve the yield. 

Table 2.1 Optimization of Reaction Conditionsa 

 

9ƴǘǊȅ !ŘŘƛǘƛƻƴ ǊŀǘŜ 
όƳƭκƘύ 

¢ŜƳǇŜǊŀǘǳǊŜ 
όϲ/ύ 

/ŀǘŀƭȅǎǘ ƭƻŀŘƛƴƎ 
όƳƻƭ ҈ύ 

¸ƛŜƭŘ ō ό҈ύ 

м н л н пу 

н сΦр л н сл 

о мо л н пу 

п сΦр нн н сп 

р сΦр нн нΦр тр 
a Reaction conditions: 2.3a (0.1 mmol), Rh2(esp)2 (X mol%) in CH2Cl2 (35 mM) at the indicated temperature for 1 h 

under argon atmosphere. b 1H-NMR yield calculated with triphenyl methane as internal standard.  

With the ideal conditions in hand, we proceeded to the synthesis of a wide range of allylic 

diazoacetates both CF3- and SF5-substituted. The synthesis of the substituted allylic alcohols 

2.2aҍ2.2m as starting material is detailed in the Supporting Information.17 Subsequent 

esterification and diazo transfer reactions18 afforded the desired CF3- and SF5-substituted allylic 

cyanodiazoacetates 2.3aҍ2.3m (Scheme 2.2).  

 
17 (a) Dumitrescu, L.; Mai Huong, D. T.; Van Hung, N.; Crousse, B.; Bonnet-Delpon, D. Eur. J. Med. Chem. 2010, 45, 
3213-3218. (b) Yamazaki, T.; Ichikawa, M.; Kawasaki-Takasuka, T.; Yamada, S. J. Fluorine Chem. 2013, 155, 151-154. 
(c) Falkowska, E.; Suzenet, F.; Jubault, P.; Bouillon, J.-P.; Pannecoucke, X. Tetrahedron Lett. 2014, 55, 4833-4836. 
18 Chiara, J. L.; Suárez, J. R. Adv. Synth. Cat. 2011, 353, 575-579. 
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Scheme 2.2 Synthesis of CF3- and SF5-Substituted Allylic Cyanodiazoacetatesb 

aConditions A were used with increased equivalents of cyanoacetic acid and DCC (see the Supporting Information). 

bConditions A are as follows: cyanoacetic acid (1.0 equiv) and dicyclohexyl carbodiimide (DCC) (1.1 equiv) in CH3CN 

ŀǘ Ǌǘ ƻǾŜǊƴƛƎƘǘΦ /ƻƴŘƛǘƛƻƴǎ . ŀǊŜ ŀǎ ŦƻƭƭƻǿǎΥ ŎȅŀƴƻŀŎŜǘƛŎ ŀŎƛŘ όмΦл ŜǉǳƛǾύΣ bΣb-diisopropylcarbodiimide (DIC) (2.0 

equiv), DMAP (1.0 equiv), and HOBt (1.1 equiv) in CH3CN at rt overnight. 

Optimized conditions with the model substrate 2.3a were then used for intramolecular 

cyclopropanation with diazo compounds 2.3bҍ2.3m (Scheme 2.3). For the CF3 analogues, a 

cyclohexyl substituent at the allylic position (2.3b) gave a very good yield of 83% (2.4b) and a five-

carbon-long chain (2.3c) gave an even better yield of 92% (2.4cύΣ ǿƛǘƘ ŘƛŀǎǘŜǊŜƻƳŜǊƛŎ Ǌŀǘƛƻǎ όŘΦǊΦΩǎύ 

of 81:19 and 82:18 respectively. In the case of a phenyl substituent (2.3d), we observed 

competition for the cyclopropanation with a double bond of the phenyl group forming the 

cycloheptatriene нΦпŘΩ, known as the Buchner ring expansion,19 in a 69% yield to the detriment 

of the desired cyclopropane-ŦǳǎŜŘ ʴ-lactone 2.4d, which was obtained in only a 24% yield.  

The addition of an electron-withdrawing group (CF3) on the aromatic (2.3e) allowed the 

production of the desired product 2.4e in an increased yield of 34% and limited the formation of 

the corresponding Buchner product нΦпŜΩ (46% yield), but the latter remained the major product. 

In contrast, the addition of an electron-donating group (OMe) to the aromatic (2.3f) led to a 

complex mixture of several Buchner ring expansion products, and no desired bicyclic product was 

 
19 Darses, B.; Maldivi, P.; Philouze, C.; Dauban, P.; Poisson, J. F. Org. Lett. 2021, 23, 300-304. 
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observed. To our delight, substitution by a methyl group (2.3g) gave an excellent yield of 95% 

(2.4gύ ǿƛǘƘ ŀ ƘƛƎƘ ŘΦǊΦ ƻŦ фмΥфΦ ¢ƘŜ ¢ƘƻǊǇŜҍLƴƎƻƭŘ ƻǊ gem-dimethyl effect20 can explain the 

quantitative yield obtained in the case of the intramolecular cyclopropanation of diazo 2.3h to 

2.4h. Then for the SF5 analogues, the desired cyclopropane-ŦǳǎŜŘ ʴ-lactones 2.4iҍ2.4m were 

obtained with only a slight decrease in yield despite the higher steric hindrance and the even 

more electron-deficient character of the SF5 substituent. The pentafluorosulfanylated compound 

unsubstituted at the allylic position (2.3i) gave 2.4i in a 55% yield on the 1 mmol scale. X-ray 

crystallographic analysis was performed on this substrate. A cyclohexyl substituent at the allylic 

position (2.3j) gave a better yield of 62% (2.4j) and a five-carbon long chain (2.3k) gave an even 

better yield of 71% (2.4kύΣ ǿƛǘƘ ŘΦǊΦΩǎ ƻŦ трΥнр ŀƴŘ тсΥнпΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ {ǳōǎǘƛǘǳǘƛƻƴ ǿƛǘƘ ŀ ƳŜǘƘȅƭ 

ƎǊƻǳǇ ŀƭǎƻ ƎŀǾŜ ŀ ǾŜǊȅ ƎƻƻŘ ȅƛŜƭŘ ƻŦ уп҈ ǿƛǘƘ ŀ ƘƛƎƘ ŘΦǊΦ ƻŦ фрΥрΣ ǿƘƛƭŜ ǘƘŜ ¢ƘƻǊǇŜҍLƴƎƻƭŘ ƻǊ gem-

dimethyl effect again allowed the production of an even higher yield of 86% for the dimethyl 

analogue 2.4m. It is interesting to highlight that the SF5 and CF3 examples follow the same trend 

in terms of yield improvement influenced by the different substitutions. With the aim of 

broadening the scope of the reaction, we tried to replace the cyano group with other electron-

withdrawing substituents (ketone, ester, and phosphonate), but in these cases no cyclopropane 

ŦǳǎŜŘ ʴ-lactones products were obtained. This highlights the key role of the cyano group in the 

reactivity of the metal carbene. Indeed, while RC(O)- and (OEt)2P(O)- substituted metal carbene 

intermediates can adopt an out-of- plane conformation, h -cyanocarbenes are forced to maintain 

the in-plane conformation, leading to a more electron-deficient and thus more reactive 

carbene.21  

Thus, as CN-substituted metal carbenes are more electrophilic, they are compatible with less 

nucleophilic aliphatic alkenes such as the CF3- and SF5-substituted ones used in this work. The 

intramolecular cyclopropanation conditions developed in this article were also tried on CF3- and 

SF5-substituted homoallylic cyanodiazoacetates, but without success.22 

 
20 Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915, 107, 1080-1106. 
21 (a) Lindsay, V. N.; Nicolas, C.; Charette, A. B. J. Am. Chem. Soc. 2011, 133, 8972-8981. (b) Lindsay, V. N.; Fiset, D.; 
Gritsch, P. J.; Azzi, S.; Charette, A. B. J. Am. Chem. Soc. 2013, 135, 1463-1470. 
22 Doyle, M. P.; Austin, R. E.; Bailey, A. S.; Dwyer, M. P.; Dyatkin, A. B.; Kalinin, A. V.; Kwan, M. M. Y.; Liras, S.; Oalmann, 
C. J. J. Am. Chem. Soc. 1995, 117, 5763-5775. 
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Scheme 2.3 Scope of the Intramolecular Cyclopropanation 

aIsomers could not be separated, yields are given according to the NMR ratio. bTfNH2 (10 mol %) was used as an 

additive. 

Having evaluated the scope of the intramolecular cyclopropanation, subsequent 

transformations were investigated to access tetra- and trisubstituted cyclopropanes with CF3 and 

SF5 groups (Scheme 2.4). These synthons are highly valuable in total synthesis and medicinal 
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chemistry.7b The bicyclic lactones 2.4a and 2.4i obtained by the present method are versatile 

intermediates toward them. To illustrate this point, 2.4a and 2.4i were treated with benzylamine 

in the presence of LiCl to afford the tetrasubstituted cyclopropanes 2.5a and 2.5i in 97% and 86% 

yields, respectively (Scheme 2.4 A). Then, reduction of lactones 2.4a and 2.4i using DIBAL-H 

afforded products 2.6a and 2.6i in very good yields of 80% and 76%, respectively (Scheme 2.4 B). 

 

Scheme 2.4 Post-Functionalizations of the Cyclopropane-CǳǎŜŘ ʴ-Lactones 

aDiastereomeric ratio (dr) determined by 1H NMR. 

Having developed an efficient route to racemic CF3- and SF5-substituted oxabicyclic[3.1.0] 

systems, we turned our attention to the elaboration of an enantioselective version of the 

reaction. Several catalysts were screened for this purpose (see the Supporting Information for 

details). Rh2(S-nap)4Σ ŀ Ŏŀǘŀƭȅǎǘ ŘŜǾŜƭƻǇŜŘ ōȅ 5ǳ .ƻƛǎ ŀƴŘ ½ŀƭŀǘŀƴ ŦƻǊ ŜƴŀƴǘƛƻǎŜƭŜŎǘƛǾŜ /ҍI 

amination,23 proved useful for enantiocontrol (Scheme 2.5). However, since carboxamidates 

usually exhibit a lower reactivity for diazo decomposition than carboxylates,24 the higher 

selectivity was accompanied by a significant decrease in yield. Thus, after a brief optimization of 

the reaction conditions, the cyclopropane-ŦǳǎŜŘ ʴ-lactones 2.4a and 2.4i were obtained in 19% 

and 8% yields with 62% and 66% ee, respectively. 

 
23 Zalatan, D. N.; Du Bois, J. J. Am. Chem. Soc. 2008, 130, 9220-9221. 
24 Doyle, M. P. J. Org. Chem. 2006, 71, 9253-9260. 
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Scheme 2.5 Asymmetric Rhodium-Catalyzed Intramolecular Cyclopropanation Attempt 

aEnantiomeric excess (ee) determined by chiral GC analysis. 

These results are promising for the asymmetric synthesis of SF5-substituted 

cyclopropanes, which has never been reported. Efforts to improve the yields and selectivities are 

currently underway in our laboratory and will be reported in due course. 

2.4. Conclusion 

In conclusion, we have successfully synthesized a variety of trifluoromethyl and 

pentafluorosulfanyl-substituted cyclopropane-ŦǳǎŜŘ ʴ-lactones via the Rh2(esp)2-catalyzed 

intramolecular cyclopropanation of the corresponding allylic cyanodiazoacetates in up to 99% 

yields. These interesting scaffolds can be further used to access highly functionalized CF3- and SF5-

substituted cyclopropanes. The SF5-substituted analogues join the very short list of available 

pentafluorosulfanyl-substituted intermediates. An enantioselective version of the reaction is 

under development, with promising results already obtained with Rh2(S-nap)4. 
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Chapter 3 : Toward More Direct Pentafluorosulfanylation 

Methods for Aliphatic compounds 

3.1. Synthesis of SF5-Substituted Cyclopropanes Using TCCA/KF 

Conditions 

3.1.1. Introduction 

Among the synthetic methods toward SF5-substituted compounds, the use of safe and 

easy-to-handle solids (TCCA and KF) developed by Togni1 and Shibata2 using (hetero)aromatic 

disulfides is particularly attractive (Section 1.1.2.1.). The TCCA/KF method overcomes the need 

for hazardous fluorinating reagents and/or gaseous reagents such as Cl2 (Scheme 3.1).  Cornella3 

subsequently used the TCCA/KF strategy on two other starting materials: aryl halides3a and 

arylphosphorothiolates3b (Scheme 3.2). The former proceeds through the formation of aryl 

sulfenyl-phthalimide intermediates. 

 

Scheme 3.1 Literature precedent using TCCA/KF conditions to convert (hetero)aromatic 

disulfides to the corresponding SF5-substituted arenes. 

 
1 Pitts, C. R.; Bornemann, D.; Liebing, P.; Santschi, N.; Togni, A. Angew. Chem. Int. Ed. 2019, 58, 1950. 
2 Saidalimu, I.; Liang, Y.; Niina, K.; Tanagawa, K.; Saito, N.; Shibata, N. Org. Chem. Front. 2019, 6, 1157. 
3 (a) Wang, L.; Cornella, J. Angew. Chem. Int. Ed. 2020, 59, 23510. (b) Wang, L.; Ni, S. Cornella, J. Synthesis 2021, 53, 4308. 
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Scheme 3.2 Use of TCCA/KF conditions to convert aryl halides and arylphosphorothiolates to 

the corresponding SF4Cl and SF5-substituted arenes. 

The TCCA/KF methods are currently limited to aromatic substrates. As previously outlined 

in the introduction (Section 1.2), the cyclopropyl moiety exhibits unique properties. It has unusual 

ōƻƴŘ ŀƴƎƭŜǎΣ /ҍ/ ōƻƴŘǎ ǘƘŀǘ ŀǊŜ ŘƛǎǘƻǊǘŜŘ ŀƴŘ ǎƘƻǊǘ όάōŀƴŀƴŀέ ōƻƴŘǎύΣ ŀƴŘ ōŜŀǊǎ ŎŀǊōƻƴǎ ǿƛǘƘ 

more of p character than expected.4 Prior to the development of our rhodium-catalyzed approach 

described in the previous chapter, only one synthetic method toward SF5-substituted 

cyclopropanes was reported in the literature5 (Section 1.2.3). Both methods rely on the use of 

toxic gaseous pentafluorosulfanyl chloride (SF5Cl). Consequently, it would be of interest to 

investigate the suitability of the TCCA/KF methods for the synthesis of SF5-substituted 

cyclopropanes. It was hoped that replacing the aromatic rings by cyclopropyl groups would lead 

to similar reactivity. As an initial test of the feasibility of the proposed approach, we focused on 

the synthesis of pentafluoro(2-phenylcyclopropyl)- 6˂-sulfane 3.1. The phenyl substituent was 

chosen to reduce volatility and to provide UV activity, which would facilitate the monitoring of 

the reaction. Therefore, three potential starting materials were considered for the synthesis of 

SF5-substituted cyclopropane 3.1 based on the above-mentioned literature (Scheme 3.1 and 3.2): 

the dicyclopropyl disulfide 3.2, the cyclopropyl-sulfenyl-phthalimide 3.3 and the cyclopropyl-

 
4 (a) Hamilton, J. G.;  Palke, W. E. J. Am. Chem. Soc. 1993, 115, 4159. (b) Fowler, P. W.; Baker, J.; Lillington, M. Theor. Chem. Acc. 
2007, 118, 123. (c) Galano, A.; Alvarez-Idaboy, J. R.; Vivier-Bunge, A. Theor. Chem. Acc. 2007, 118, 597. (d) Galimova, G. R.; Mebel, 
A. M.; Goettl, S. J.; Yang, Z.; Kaiser, R. I. Phys. Chem. Chem. Phys. 2022, 24, 22453. (e) Wu, W.; Ma, B.; I-Chia Wu, J.; Schleyer, P. v. 
R.; Mo, Y. Chem. Eur. J. 2009, 15, 9730. 
5 Lefebvre, G.; Charron, O.; Cossy, J.; Meyer, C. Org. Lett. 2021, 23, 5491. 
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phosphorothiolate 3.4 (Scheme 3.3). The present chapter outlines our attempted syntheses of 

the three potential starting materials (3.2, 3.3 and 3.4) and the results obtained under TCCA/KF 

conditions to ultimately yield SF5-substituted cyclopropane 3.1, where applicable. The work was 

conducted with Chloé Stoll under my supervision during an internship in our laboratory during 

ƘŜǊ ƳŀǎǘŜǊΩǎ ǇǊƻƎǊŀƳ όWŀƴǳŀǊȅ-August 2022).  

 

Scheme 3.3 Potential starting materials for the synthesis of SF5-substituted cyclopropane 3.1 

under TCCA/KF conditions. 

3.1.2. Implementation of the Laboratory Set-Up for the Use of TCCA/KF 

Conditions 

3.1.2.1. Technical Challenges 

Prior to investigating the synthesis of the potential starting materials 3.2, 3.3, and 3.4, 

some adjustments had to be made in our laboratory set-up to enable the use of TCCA/KF methods 

reported in the literature by Togni1 and Shibata2. The SF4Cl intermediates being highly unstable 

to moisture and air, its workup (NMR, filtration, washes, and evaporation) needed to be 

performed entirely under inert atmosphere. Moreover, dry reagents were required, new spray-

dried KF was purchased and kept in the glovebox, as well as new TCCA, and acetonitrile was 

always distilled right before use. The reactions were performed using Schlenk techniques. 

Additionally, due to the harsh reaction conditions of the final step of Cl/F exchange, which 

required heating dichloromethane to 120 °C, high-pressure vessels were purchased and used. The 
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different set-ups for workup under inert atmosphere and the use of high-pressure vessels are 

presented in Figure 3.1. 

 

Figure 3.1 A - Canula for filtration under inert atmosphere. B - Filtration under inert 

atmosphere. C - Evaporation under inert atmosphere. D ς Preparation of the NMR tube under 

inert atmosphere. E ς High-pressure vessel.  

3.1.2.2. Synthesis of 2-SF5-Benzothiazole  

¢ƘŜ нΣнΩ-dithiobis(benzothiazole) 3.5 was selected as the starting material for testing the 

laboratory set-up for TCCA/KF conditions, following an adapted procedure from the reports of 

Togni1 and Shibata2 ό{ŎƘŜƳŜ оΦмύΦ ¢ƘŜ нΣнΩ-dithiobis(benzothiazole) 3.5 is a low-cost, 

commercially available reagent. Moreover, the 2-SF5-benzothiazole 3.7 formed will be of interest 

for the development of a potential SF5-transfer reagent, an additional approach to the synthesis 

of SF5-substituted compounds that will be developed in the second part of this chapter. The 

formation of the SF4Cl intermediate 3.6 was observed by 19F NMR, and the 2-SF5-benzothiazole 
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3.7 was obtained in 44% yield over two steps (Scheme 3.4).6 The results validated our laboratory 

set-up for the use of TCCA/KF conditions. The synthesis of the potential starting materials 3.2, 

3.3, and 3.4 was therefore evaluated, with the objective of subjecting each of them to the 

TCCA/KF conditions for the synthesis of SF5-substituted cyclopropane 3.1 (Section 3.1). 

 

Scheme 3.4 Synthesis of SF5-ǎǳōǎǘƛǘǳǘŜŘ ōŜƴȊƻǘƘƛŀȊƻƭŜ ŦǊƻƳ нΣнΩ-dithiobis(benzothiazole) 3.7. 

3.1.3. Exploration of Three Potential Starting Materials for the Synthesis of SF5-

Substituted Cyclopropanes 

3.1.3.1. Investigations on Dicyclopropyl Disulfide 3.2 as Suitable Starting Material for the 

Synthesis of SF5-Substituted Cyclopropanes  

3.1.3.1.1. Synthesis of Dicyclopropyl Disulfide 3.2 

As described in the introduction chapter, disulfides were reported as suitable starting 

materials for the synthesis of aryl-SF5 compounds via aryl-SF4Cl intermediates. The strategy was 

used by Umemoto7, Togni1, and Shibata2, among others8 (Section 1.1.2.1). Since the use of 

disulfides as starting materials was a prevalent strategy in the literature, we aimed to test the 

TCCA/KF conditions on dicyclopropyl disulfide 3.2. A review of the literature revealed that there 

were a few efficient syntheses of dicyclopropyl disulfides reported.9 We focused on the synthesis 

of 1,2-dicyclopropyl-disulfane 3.10 from bromocyclopropane 3.8 reported by Dixon in 1992.9b The 

 
6 (a) J. R. Schmid, P. Pröhm, P. Voßnacker, G. Thiele, M. Ellwanger, S. Steinhauer, S. Riedel, Eur. J. Inorg. Chem. 2020, 2020, 4497. 
(b) O. I. Guzyr, V. N. Kozel, E. B. Rusanov, A. B. Rozhenko, V. N. Fetyukhin, Y. G. Shermolovich, J. Fluor. Chem. 2020, 239, 109635. 
(c) Guzyr, O. I.; Potikha, L. M.; Shishkina, S. V.; Fetyukhin, V. N.; Shermolovich, Y. G. Chemistry of Heterocyclic Compounds 2023, 
59, 304. 
7 Umemoto, T.; Garrick, L. M.; Saito, N. Beilstein J. Org. Chem. 2012, 8, 461. 
8 (a) Sheppard, W. A. J. Am. Chem. Soc. 1960, 82, 4751 (b) Ou,X.; Janzen, A. F. J. Fluor. Chem. 2000, 101, 279. (c) Bowden, R. D.; 
Comina, P. J.; Greenhall, M. P.; Kariuki, B. M.; Loveday, A.; Philp, D. Tetrahedron 2000, 56, 3399. 
9 (a) Block, E.; Penn, R. E.; Ennis, M. D.; Owens, T. A.; Yu, S.-L. J. Am. Chem. Soc. 1978, 100, 7436. (b) Block, E.; Schwan, A.; Dixon, 
D. A. J. Am. Chem. Soc. 1992, 114, 3492. (c) Maderna, A.; Vernier, J.-M. Ardea Biosciences INC, CA2768788C, 2018. (d) Changjiang, 
X. CN114478333A, 2022.  
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synthesis was accomplished in four steps via the cyclopropanethiol 3.9, affording the desired 1,2-

dicyclopropyl-disulfane product 3.10 in an overall yield of 38% (Scheme 3.5).  

 

Scheme 3.5 Synthesis of 1,2-dicyclopropyl-disulfane 3.10 reported by Dixon. 

The strategy was adapted to the synthesis of dicyclopropyl disulfide 3.2 (Scheme 3.6). Styrene 

3.11 was employed as the starting material for the cyclopropanation reaction, conducted 

following a procedure reported by Zhang and coworkers10. Bromoform was used with a solution 

of sodium hydroxide and the phase transfer agent benzyltriethylammonium chloride (BTEAC). The 

reaction proceeded through the formation of a carbene intermediate from bromoform by -h

elimination, affording the desired 2,2-dibromocyclopropane 3.12 in 67% yield (Scheme 3.6). In 

the subsequent step, an hydrodebromination11 was performed to remove a single bromine atom 

from 3.12, yielding (2-bromocyclopropyl)benzene 3.13 in 48% yield as a mixture of 

diastereoisomers (cis:trans ratio 2:1). The bromocyclopropane 3.13 ǿŀǎ ǘƘŜƴ ǎǳōƧŜŎǘŜŘ ǘƻ 5ƛȄƻƴΩǎ 

conditions9b (Scheme 3.6) to form the thiol intermediate 3.14 and subsequently dicyclopropyl 

disulfide 3.2. Unfortunately, the four-step sequence afforded the desired dicyclopropyl disulfide 

3.2 in only 4% yield (Scheme 3.6). Nevertheless, a sufficient quantity of material was synthesized 

to explore its use in the synthesis of pentafluoro(2-phenylcyclopropyl)- 6˂-sulfane 3.1 under 

TCCA/KF conditions. 

 
10 L. An, F.-F. Tong, S. Zhang, X. Zhang, J. Am. Chem. Soc. 2020, 142, 11884. 
11 J. R. Al Dulayymi, M. S. Baird, I. G. Bolesov, A. V. Nizovtsev, V. V. Tverezovsky, J. Chem. Soc. Perkin Trans. 2 2000, 1603. 
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Scheme 3.6 Synthesis of dicyclopropyl disulfide 3.2. 

3.1.3.1.2. Synthesis of SF5-Substituted Cyclopropane 3.1 from Dicyclopropyl Disulfide 3.2 

The suitability of dicyclopropyl disulfide 3.2 as a starting material for the synthesis of the 

SF5-substituted cyclopropane 3.1 under TCCA/KF conditions was investigated. First, the TCCA/KF 

conditions1,2 for oxidative chlorotetrafluorination were applied to disulfide 3.2 (scale 0.24 mmol) 

(Scheme 3.7). After 48 hours at room temperature, 19F NMR of the crude mixture (prior to 

workup) exhibited the desired peaks of the SF4Cl intermediate 3.15 at +135.01 ppm, representing 

the major product. The set-up described in section 3.2.1 was employed for the workup of the 

unstable intermediate 3.15 under inert atmosphere. Then, the residue was directly submitted to 

the conditions for the final Cl/F exchange with AgF1 (Scheme 3.7). After 48 hours at 120 °C, 19F 

NMR analysis of the crude mixture (post workup) showed the discernible pattern of the SF5 group, 

a doublet at 62.38 ppm and a quintet at 74.21 ppm (Figure 3.2). Unfortunately, the amount 

obtained (traces only) was insufficient for its proper isolation and full characterization. However, 

the results demonstrated the viability of synthesizing SF5-substituted cyclopropanes using 

dicyclopropyl disulfides as starting materials under TCCA/KF conditions. Nevertheless, an 

optimization of the synthesis of such starting materials was necessary. A variety of conditions 

have been tested and are still under investigation in the laboratory. For the time being, none of 
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the conditions tested have yielded superior results than the four-step process described above. 

Consequently, the synthesis of alternative starting materials was also investigated.  

 

Scheme 3.7 Synthesis of SF5-substituted cyclopropane 3.1 using TCCA/KF conditions. 

 

Figure 3.2 19F NMR analysis of the crude mixture showing characteristic SF5 peaks. 

3.1.3.2. Attempted Synthesis of Cyclopropyl-Sulfenyl-Phthalimide 3.3 

Considering the work by Cornella using arylsulfenyl phthalimides3a (Scheme 3.2), our 

objective was to synthesize cyclopropyl-sulfenyl-phthalimide 3.3. However, despite an extensive 

search of the literature, no precedent could be found for the synthesis of similar scaffolds, with a 

cyclopropyl motif. Thus, we adapted the synthesis described by Cornella3a on aromatic substrates. 

First, the synthesis of the N-(chlorosulfenyl)phthalimide 3.18 was required. Following an adapted 

procedure from the literature12, N-(chlorosulfenyl)phthalimide 3.18 was obtained in two steps 

from phthalimide 3.16 in 70% overall yield (Scheme 3.8). The di(1-phthalimidyl)disulfane 3.17 will 

be of interest for the development of a potential SF5-transfer reagent, an additional approach to 

the synthesis of SF5-substituted compounds that will be developed in the second part of the 

 
12 Zhu, D.; Gu, Y.; Lu, L.; Shen, Q. J. Am. Chem. Soc. 2015, 137, 10547. 
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chapter. In an attempt to synthesize cyclopropyl-sulfenyl-phthalimide 3.3, N-

(chlorosulfenyl)phthalimide 3.18 was reacted with a previously formed cyclopropyl zinc 

intermediate 3.19. Cyclopropyl zinc intermediate 3.19 was obtained from bromocyclopropane 

3.13 as a solution in THF. The 37% yield indicated for the formation of 3.19 was determined by 

titration of the solution following a method described by Knochel13 (Scheme 3.8). Unfortunately, 

no trace of the desired cyclopropyl-sulfenyl-phthalimide 3.3 was obtained (Scheme 3.8), and only 

degradation was observed. One hypothesis is that N-(chlorosulfenyl)phthalimide 3.18 is not 

sufficiently electrophilic to react with the cyclopropyl zinc intermediate 3.19.  

 

Scheme 3.8 Attempted synthesis of cyclopropyl-sulfenyl-phthalimide 3.3. 

3.1.3.3. Attempted Synthesis of cyclopropyl-phosphorothiolate 3.4 

Building on the work of Cornella using aryl phosphorothiolates3b (Scheme 3.2), the 

synthesis of cyclopropyl phosphorothiolate 3.4 was explored as a potential starting material for 

the synthesis of SF5-substituted cyclopropane 3.1. Similar to the synthesis of cyclopropyl-sulfenyl-

phthalimide 3.3, no precedent in the literature was found for the synthesis of phosphorothiolate 

scaffolds with a cyclopropyl motif. Aryl phosphorothiolates can be obtained from various starting 

materials including thiophenols14, aryl iodides15, diazonium salts, and boronic acids.16 Cornella3b 

 
13 Krasovskiy, A.; Knochel, P. Synthesis 2006, 2006, 890. 
14 (a) Lecocq, J.; Todd, A. J. Chem. Soc. 1954, 2381. (b) Handoko; Benslimane, Z.; Arora, P. S. Org. Lett. 2020, 22, 5811. (c) Song, S.; 
Zhang, Y.; Yeerlan, A.; Zhu, B.; Liu, J.; Jiao, N. Angew. Chem. Int. Ed. 2017, 56, 2487. 
15 Chen, X. Y.; Pu, M.; Cheng, H. G.; Sperger, T.; Schoenebeck, F. Angew. Chem. Int. Ed. 2019, 58, 11395. 
16 (a) Kovacs, S.; Bayarmagnai, B.; Aillerie, A.; Goossen, L. J. Adv. Synth. Catal. 2018, 360, 1913. (b) Xu, J.; Zhang, L. L.; Li, X. Q.;Gao, 
Y. Z.; Tang, G.; Zhao, Y. F. Org. Lett. 2016, 18, 1266. 
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employed the conditions developed by Zhao and coworkers17 to synthesize aryl 

phosphorothiolates from boronic acids via a Chan-Evans-Lam coupling (Scheme 3.10). 

 

Scheme 3.9 Reported synthesis of aryl phosphorothiolates from boronic acids via Chan-Evans-

Lam coupling. 

In order to implement the proposed method, it was necessary to synthesize (2-

phenylcyclopropyl)boronic acid 3.21. The company Merck reported its synthesis in a patent18 on 

substituted allosteric modulators of nicotinic acetylcholine. The conditions reported in the patent 

were then applied to bromocyclopropane 3.13, affording (2-phenylcyclopropyl)boronic acid 3.21 

in 4% yield (Scheme 3.11). The stability of such boronic acids is a common issue that may explain 

the low yield obtained.19 Nevertheless, a sufficient quantity of material was obtained to permit 

the exploration of the formation of cyclopropyl phosphorothiolate 3.4 via Chan-Evans-Lam 

coupling. Such coupling has never been reported on cyclopropyl rings. Unfortunately, no trace of 

the desired cyclopropyl phosphorothiolate 3.4 was observed (Scheme 3.11). 

 

Scheme 3.10 Synthesis of (2-phenylcyclopropyl)boronic acid 3.21 and attempted synthesis of 

cyclopropyl phosphorothiolate 3.4. 

 
17 Xu, J.; Zhang, L.; Li, X.; Gao, Y.; Tang, G.; Zhao, Y. Org. Lett. 2016, 18, 1266. 
18 Crowley, B.; Bell, I.; Harvey, A. J.; Campbell, B.; Greshock, T.; Rada, V. MERCK SHARP & DOHME 2018, WO2018085170A1. 
19 (a) Todd, R. C., Josyula, K. V. B., Gorr, K., Priebe, K., and Gao, P. Abstr. Pap. Am. Chem. Soc. 2007, 233, ORGN780. (b) Knapp, D. 
M.; Gillis, E. P.; Burke, M. D. J. Am. Chem. Soc. 2009, 131, 6961. 
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3.1.3.4. Conclusion on the Three Potential Starting Materials Evaluated 

To achieve the synthesis of SF5-susbtituted cyclopropane 3.1, a variety of potential starting 

materials were considered: dicyclopropyl disulfide 3.2, cyclopropyl-sulfenyl-phthalimide 3.3 and 

cyclopropyl-phosphorothiolate 3.4. Although the synthesis of cyclopropyl-sulfenyl-phthalimide 

3.3 and of cyclopropyl-phosphorothiolate 3.4 were unsuccessful, dicyclopropyl disulfide 3.2 was 

obtained. Therefore, TCCA/KF conditions could be tested on dicyclopropyl disulfide 3.2 affording 

the desired SF4Cl intermediate and ultimately the SF5-substituted cyclopropane 3.1 following the 

final Cl/F exchange. The results demonstrated the proof-of-concept that the gas-free conditions 

using TCCA/KF developed by Togni1 and Shibata2 can be compatible with cyclopropyl disulfides as 

starting materials. Nevertheless, for the approach to be viable, the optimization of the synthesis 

of cyclopropyl disulfides is required. As such, we were particularly interested in the work of 

Professor Rousseaux at the University of Toronto.  

3.1.4. Collaboration with Prof. Rousseaux 

3.1.4.1. Synthesis of Dicyclopropyl Disulfides by Newman-Kwart Rearrangement  

Dicyclopropyl disulfide (3.2) was identified as the most promising starting material to 

access SF5-substituted cyclopropanes and helped to establish proof-of-concept. Consequently, 

Aloïs Foret continued the project under my supervision during his ƳŀǎǘŜǊΩǎ ǇǊƻƎǊŀƳ internship in 

our laboratory (September 2023-March 2024). His primary objective was to optimize the 

synthesis of dicyclopropyl disulfides and to explore other substitution patterns if possible. An 

approach to dicyclopropyl disulfides was developed by Prof. Rousseaux at the University of 

Toronto, employing the Newman-Kwart rearrangement20 (Scheme 3.11 and 3.12). The work was 

presented at the ACS Fall 2023 conference and published earlier this year.21 Disulfide 3.22 

attracted our attention, as potential starting material for the synthesis of SF5-cyclopropane 3.23 

(Scheme 3.13).  

 
20 Broese, T.; Roesel, A. F.; Prudlik, A.; Francke, R. Org. Lett. 2018, 20, 7483. 
21 Monteith, J. J.; Pearson, J. W.; Rousseaux, S. A. L. Angew. Chem. Int. Ed. 2024, 63, e202402912. 
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Scheme 3.11 Classical Newman-Kwart rearrangement. 

 
Scheme 3.12 wƻǳǎǎŜŀǳȄΩǎ approach to dicyclopropyl disulfides. 

 
Scheme 3.13 Potential synthesis of SF5-substituted cyclopropane 3.23 from dicyclopropyl 

disulfide 3.22 provided by Prof. Rousseaux. 

3.1.4.2. Pentafluorosulfanylation Attempt  

The suitability of dicyclopropyl disulfide 3.22 as a starting material for the synthesis of the 

SF5-substituted cyclopropane 3.23 under TCCA/KF conditions was investigated. The TCCA/KF 

conditions1,2 for oxidative chlorotetrafluorination were applied to disulfide 3.22 (Scheme 3.14). 

Unfortunately, after 48 hours at room temperature, 19F NMR of the crude mixture (prior to 

workup) did not exhibit the desired peaks of the SF4Cl intermediate 3.24 between +130 and +140 
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ppm. Instead, degradation of the starting material seemed to have happened, as no peaks 

corresponding to the cyclopropane ring were present in the crude NMR. The experiment was 

repeated, and a comparable outcome was observed. In comparison to dicyclopropyl disulfide 3.2, 

which afforded the desired SF5-substituted cyclopropane 3.1 (Section 3.1.3.1.2), dicyclopropyl 

disulfide 3.22 has the phenyl substituent on the same carbon as the sulfur atom. Thereby, the 

differing electronic effects of the phenyl group in alpha position of the reaction site, in 

conjunction with the enhanced steric hindrance, may explain the different result obtained with 

3.22.  

 

Scheme 3.14 Attempted synthesis of SF4Cl intermediate 3.24 under TCCA/KF conditions. 

3.1.5. Perspectives  

Dicyclopropyl disulfide 3.2 helped to establish proof-of-concept for the accessibility of SF5-

substituted cyclopropanes through TCCA/KF conditions. However, our efforts toward the 

development of an efficient and versatile synthesis of dicyclopropyl disulfides have thus far been 

unsuccessful. Another substitution pattern of dicyclopropyl disulfide was explored with 

dicyclopropyl disulfide 3.22 through a collaboration with Professor Rousseaux from the University 

of Toronto. The attempted synthesis of SF5-substituted cyclopropane 3.23 highlighted a limitation 

of the TCCA/KF method, which could not be carried out on alpha-substituted dicyclopropyl 

disulfide 3.22. The optimization of the synthesis of sulfur-substituted cyclopropanes is still 

underway in our laboratory. In parallel, the design of a potential SF5 transfer reagent was 

investigated with the objective of developing a more direct pentafluorosulfanylation method.  
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3.2. Design and Attempted Syntheses of SF5 Transfer Reagents 

3.2.1. Use of Transfer Reagents for the Functionalization of Organic Compounds 

with Fluorinated Groups 

The use of transfer reagents for the functionalization of organic molecules with fluorinated 

groups is common. Examples of such reagents are presented in Scheme 3.15.22 Selectfluor and 

DAST are two reagents frequently employed in fluorinating reactions. For trifluoromethylation, 

the Ruppert-Prakash,23a Umemoto23b and Togni23c reagents are widely used. For 

triifluoromethylthiolation, AgSCF3, CuSCF3 or (Me4N)SCF3 can be employed as reagents.24 

Recently, alternatives have been developed such as the benzothiazolium salt (BT-SCF3) developed 

by Hopkinson25 and N-(trifluoromethylthio) phthalimide developed by Rueping26a and further 

used by Glorius26b. 

 

Scheme 3.15 Examples of transfer reagents used for fluorination, trifluoromethylation and 

trifluoromethylthiolation.  

The BT-SCF3 ǊŜŀƎŜƴǘ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ƛǎǎǳŜ ƻŦ ʲ-elimination of fluoride, which lead 

to a relative instability of the SCF3 anion when using the more classical nucleophilic 

 
22 Ni, C.; Hu, M.; Hu, J. Chem. Rev. 2015, 115, 765. 
23 (a) Liu, X.; Xu, C.; Wang, M.; Liu, Q. Chem. Rev. 2015, 115, 683. (b) Umemoto, T.; Ishihara, S. J. Fluor. Chem. 1998, 92, 181. (c) 
Charpentier, J.; Früh, N.; Togni, A. Chem. Rev. 2015, 115, 650. 
24 (a) Chachignon, H.; Cahard, D. Chin. J. Chem. 2016, 34, 445. (c) Barata-Vallejo, S.; Bonesi, S.; Postigo, A.; Org. Biomol. Chem. 
2016, 14, 7150. 
25 Dix, S.; Jakob, M.; Hopkinson, M. N. Chem. Eur. J. 2019, 25, 7635. 
26 (a) Pluta, R.; Nikolaienko, P.; Rueping, M. Angew. Chem. Int. Ed. 2014, 126, 1676. (b) Candish, L.; Pitzer, L.; Gómez-Suárez, A.; 
Glorius, F. Chem. Eur. J. 2016, 22, 4753. 
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trifluoromethylthiolation reagents.27 BT-SCF3 is bench stable and only releases the SCF3 anion 

upon in situ activation, allowing for mild deoxytrifluoromethylthiolation of aliphatic alcohols 

(Scheme 3.16).25 The SCF3 anion and a 2-alkoxybenzothiazolium salt generated in situ can then 

react to form the desired SCF3-substituted compound and 3-methylbenzothiazole-2-one as a  

byproduct. The proposed mechanism of the reaction is presented in Scheme 3.16. 

 

Scheme 3.16 Trifluoromethylthiolation of aliphatic alcohols using BT-SCF3 and proposed 

mechanism. 

N-(Trifluoromethylthio)phthalimide was used by Glorius as an electrophilic SCF3 reagent for the 

functionalization of alkyl carboxylic acid with the SCF3 group (Scheme 3.17).26b Alkyl carboxylic 

acids are desirable starting materials due to their low cost and abundance. Moreover, the visible 

light-promoted decarboxylative trifluoromethylthiolation reported was performed under mild 

conditions using the iridium photocatalyst PC1 (Scheme 3.17), without the use of an additional 

oxidant. The efficiency of the transformation was demonstrated on primary, secondary, and 

tertiary carboxylic acids. The proposed mechanism of the reaction is presented on Scheme 3.17.  

 
27 Scattolin, T.; Pu, M.; Schoenebeck, F. Chem. Eur. J. 2018, 24, 567. 
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Scheme 3.17 Trifluoromethylthiolation of carboxylic acids using SCF3-phthalimide and 

proposed mechanism of the reaction. 

3.2.2. Design of Potential SF5 Transfer Reagents 

The possibility of developing similar SF5 transfer reagents was questioned in recent 

years.28 Calculations performed by Conradie using the density functional theory (DFT) method 

demonstrated that SF5 species such as LiSF5, CuSF5 or TMSSF5 would be highly unstable.29 The 

compounds would decompose to toxic and corrosive sulfur tetrafluoride gas (SF4), which is known 

to release hydrogen fluoride upon exposure to water or moisture. Nevertheless, a few research 

groups have reported the formation of salts containing SF5
- from the activation of SF6. Dielmann 

reported a bench stable phosphine salt30a and Tlili, a tetrakis (dimethylamino)ethylene (TDAE) 

derived salt.30b The latter was not directly used as a SF5 transfer reagent but for the formation of 

SF5Cl in situ which would then perform pentafluorosulfanylation. The work of Hopkinson25 and 

 
28 Kraemer, Y.; Bergman, E. N.; Togni, A.; Pitts, C. R. Angew. Chem. Int. Ed. 2022, e202205088. 
29 Ghosh, A.; Conradie, J. Eur. J. Inorg. Chem. 2015, 2015, 207. 
30 (a) Buß, F.; Mück-Lichtenfeld, C.; Mehlmann, P.; Dielmann, F. Angew. Chem. Int. Ed. 2018, 57, 4951. (b) Taponard, A.; Jarrosson, 
T.; Khrouz, L.; Medebielle, M.; Broggi, J.; Tlili, A. Angew. Chem. Int. Ed. 2022, 61, e202204623. 
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Glorius26b on SCF3 transfer reagents described in the previous section prompted us to attempt the 

synthesis of SF5 analogs of BT-SCF3 and SCF3-phthalimide to investigate their potential as SF5 

transfer reagents (scheme 3.18). 

 

Scheme 3.18 Potential SF5 transfer reagents considered. 

3.2.3. Synthesis of 2-SF5-Substituted Benzothiazolium Salt 3.25 (BT-SF5) 

As presented in section 3.1.2.2, 2-SF5-benzothiazole 3.7 was obtained in two steps in an 

overall yield of 46%, following an adapted method from the literature.1,2 To access the potential 

SF5 transfer reagent BT-SF5 3.25, the methylation of the nitrogen atom of 3.7 was required 

(Scheme 3.19). For BT-SCF3, the methylation was reported in the literature using methyl triflate 

(Scheme 3.20).25 

 

Scheme 3.19 Synthesis of 2-SF5-benzothiazole 3.7 and required methylation step to afford 

BT-SF5 3.25. 

 

Scheme 3.20 Synthesis of BT-SCF3 reported in the literature. 
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The conditions tested for the formation of BT-SF5 (3.25) are presented in Table 3.1. The conditions 

found in the literature25 were employed using methyl triflate31 as reagent for the methylation of 

2-SF5-benzothiazole 3.7 in a series of conditions (Table 3.1, entries 1-4). While traces of the 

desired salt 3.25 were obtained (Table 3.1, entries 1-2), the majority of the starting material was 

recovered. Several changes were observed in the 19F NMR, which enabled differentiation 

between the salt 3.25 and the starting material 3.7. The inversion of the position of the doublet 

ŀƴŘ ǘƘŜ ǉǳƛƴǘŜǘΣ ŀ ǎƘƛŦǘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭ όʵ тпΦу όŘΣ J = 149.4 Hz, 4H, Feq), 68.0 

(m, 1H, Fax)), and the ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ǘǊƛŦƭŀǘŜ ŎƻǳƴǘŜǊ ŀƴƛƻƴ όʵ -79.34 (s, 3H, CF3)). Nevertheless, 

the full characterization could not be performed due to the very low quantity of 3.25 obtained.  

Table 3.1 Conditions attempted for the methylation of 3.7. 

 

Entry 
Reagent 

(3.0 equiv) 

Temperature 
(°C) 

Solvent 
Time 

(h)  

Yield 

(%) 

1 MeOTf 22 CH2Cl2 50 4 

2 MeOTf 22 CH2Cl2 120 4 

3 MeOTf reflux CH2Cl2 50 0 

4 MeOTf reflux DCE 90 0 

5 Me3OBF4 22 CH2Cl2 50 0 

6 MeI 22 CH2Cl2 90 0 

7 DMC 120 neat 90 0 

Subsequently, different methylation reagents were tested32 (Table 3.1, entries 5-7): 

trimethyloxonium tetrafluoroborate (Table 3.1, entry 5)33a, methyl iodide (Table 3.1, entry 6)33b 

and dimethyl carbonate (DMC) (Table 3.1, entry 7)33c. Unfortunately, none of the reagents yielded 

the desired salt 3.25. The results might be explained by several factors. Firstly, the higher steric 

 
31 Alder, R. W.; Phillips, J. G. E.; Huang, L.; Huang, X. Encycl. Reag. Org. Synth., John Wiley & Sons, Ltd, 2005. 
32 Chen, Y. Chem. Eur. J. 2019, 25, 3405. 
33 (a) Stahl, I.; Seapy, D. G. Encycl. Reag. Org. Synth., John Wiley & Sons, Ltd, 2008. (b) Sulikowski, G. A.; Sulikowski, M. M.; Haukaas, 
M. H.; Moon, B. Encycl. Reag. Org. Synth., John Wiley & Sons, Ltd, 2005. (c) Tundo, P.; Musolino, M.; Aricò F. Green Chem. 2018, 
20, 28. 
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hindrance of the SF5 vs SCF3 groups may be a contributing factor. Then, the methylation to be 

performed is on a tertiary amine, which are particularly challenging substrates to methylate.32 

3.2.4. Synthesis of SF5-Substituted Phthalimide 

As outlined in section 3.1.3.2., di(1-phthalimidyl)disulfane 3.17 was synthesized in 71% 

yield from phthalimide 3.16 (Scheme 3.21). We then considered whether submitting the disulfide 

3.17 to the conditions of formation of the SF5 group1,2 would result in the formation of the desired 

SF5-phthalimide 3.26 (Scheme 3.21). Unfortunately, the discernible pattern of the SF5 group was 

not observed in 19F NMR and only degradation of starting material 3.17 was obtained. The 

electronic change due to the presence of a nitrogen atom directly bonding to the sulfur atoms 

may explain the observed difference in reactivity compared to diaryl disulfites.  

 

Scheme 3.21 Synthesis of di(1-phthalimidyl)disulfane 3.17 and attempted formation of SF5-

phthalimide 3.26. 

 

3.2.5. Conclusions and Perspectives 

The potential of an SF5 transfer reagent is highly appealing and would facilitate the 

implementation of SF5 chemistry in the community, thanks to the use of safer and easier-to-

handle reagents than the current alternatives. Several fluorine chemists have pursued the same 

objective.28,34 However, the synthesis of the two potential SF5 transfer reagents that were 

envisaged proved to be challenging. The difficulties encountered prompted a re-examination of 

the most prevalent pentafluorosulfanylating reagent: SF5Cl. The toxic gas is highly effective for 

pentafluorosulfanylation, but it has significant drawbacks including difficult commercial 

accessibility, challenging handling, as well as safety concerns. Consequently, we opted to address 

the issues with continuous flow chemistry. 

 
34 Gilbert, A. Doctoral thesis under the supervision of Paquin, J.-F., 2021. 



102 
 

Chapter 4 : On-Demand Continuous Flow Synthesis of 

Pentafluorosulfanyl Chloride (SF5Cl) Using a Custom-Made 

Stirring Packed-Bed Reactor 

Lauriane C. Peyrical, Thibaud Mabit, Vanessa Kairouz, and André B. Charette 

¦ƴƛǾŜǊǎƛǘŞ ŘŜ aƻƴǘǊŞŀƭΣ Cwvb¢ /ŜƴǘǊŜ ƛƴ DǊŜŜƴ /ƘŜƳƛǎǘǊȅ ŀƴŘ /ŀǘŀƭȅǎƛǎΣ 5ŜǇŀǊǘƳŜƴǘ ƻŦ 
/ƘŜƳƛǎǘǊȅΣ мотр ŀǾΦ ¢ƘŞǊŝǎŜ [ŀǾƻƛŜπwƻǳȄΣ aƻƴǘǊŞŀƭΣ v/Σ /ŀƴŀŘŀ Iн± л.о 

 

Submitted to Chem. Eur. J.  

Contributions: 

¶ Lauriane Peyrical was involved in the reactor design and in constructing the flow set-ups. 

She participated in the experiments for the characterization of the reactor. She also 

performed all the experiments for the generation of SF5Cl and its optimization, as well as 

for the subsequent radical addition reactions. She was involved in writing the manuscript 

and the experimental section.  

¶ Thibaud Mabit was involved in the experiments for the characterization of the reactor. He 

was responsible for processing the in-line IR raw data, comparing to the ideal CSTR model 

ŀƴŘ ŎŀƭŎǳƭŀǘƛƴƎ ƻŦ ǘƘŜ ǾŀǊƛƻǳǎ ƳŜǘǊƛŎǎ ƻŦ ǘƘŜ ǊŜŀŎǘƻǊΩǎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΦ IŜ ǿŀǎ ŀƭǎƻ 

involved in writing the part of the manuscript and the experimental section referring to 

ǘƘŜ ǊŜŀŎǘƻǊΩǎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΦ  

¶ Vanessa Kairouz was involved in the reactor design, construction of the flow set-ups, and 

manuscript review.  

¶ André B. Charette was involved in setting up the experiments and writing the manuscript. 

 

 

 



103 

4.1.  Abstract 

The pentafluorosulfanyl (SF5-) group has been the subject of a surge of interest in the past decade, 

but there is still little practicality associated with its synthesis and installation. Herein is reported 

the first continuous flow synthesis of pentafluorosulfanyl chloride (SF5Cl), the most common 

reagent for the synthesis of SF5-substituted compounds. The synthesis is based on inexpensive 

and easy-to-handle reagents: sulfur powder (S8), triisochlorocyanuric acid (TCCA) and potassium 

fluoride (KF). To this end, a custom-made stirring reactor was designed to allow for fast, safe, and 

highly efficient on-demand synthesis of SF5Cl. The resulting SF5Cl solution is showcased in the 

radical addition on alkynes in a telescoped fashion. 

4.2. Introduction 

The pentafluorosulfanyl (-SF5) substituent has received a great deal of attention over the past 

decades.1 Applications of SF5-containing molecules have emerged in various fields such as 

synthetic chemistry,2 materials science,3 and medicinal chemistry4. This unique substituent is 

ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǎǳǇŜǊ ǘǊƛŦƭǳƻǊƻƳŜǘƘȅƭ ό-CF3ύέ and has outperformed the latter in several 

cases,2a,5 due to its high electronegativity, lipophilicity, and unique octahedral geometry.1 

Recently, new methods for the synthesis of SF5-substituted arenes6 have emerged to overcome 

 
1 For recent reviews see: a) P. R. Savoie, J. T. Welch, Chem. Rev. 2015, 115, 1130-1190. b) R. Kordnezhadian, B.-Y. Li, A. Zogu, J. 

Demaerel, W. M. De Borggraeve, E. Ismalaj, Chem. Eur. J. 2022, 28, e202201491. c) M. Magre, S. Ni, J. Cornella, Angew. Chem. Int. 

Ed. 2022, 61, e202200904. d) M. Abd El Sater, L. Popek, N. Blanchard, V. Bizet, Synthesis 2024.  
2 a) A. Noonikara-Poyil, A. Muñoz-Castro, A. Boretskyi, P. K. Mykhailiuk, H. V. R. Dias, Chem. Sci. 2021, 43, 14618-14523. b) S. K. 

Nistanaki, C. G. Williams, B. Wigman, J. J. Wong, B. C. Haas, S. Popov, J. Werth, M. S. Sigman, K. N. Houk, H. M. Nelson Science 

2022, 378, 1085ς1091. 
3 a) J. M. W. Chan, J. Mater. Chem. 2019, 7, 12822-12834. b) H. Gao, A. R. Sevilla, G. M. Hobold, A. M. Melemed, R. Guo, S. C. 

Jones, B. M. Gallant, Proc. Natl. Acad. Sci. 2022, 119, e2121440119. 
4 a) S. Altomonte, M. Zanda, J. Fluor. Chem. 2012, 143, 57-93. b) M. F. Sowaileh, R. A. Hazlitt, D. A. Colby, ChemMedChem 2017, 

12, 1481-1490. c) M. Sani, M. Zanda, Synthesis 2022, 54, 4184-4209.  
5 a) J. M. Coteron, M. Marco, J. Esquivias, X. Deng, K. L. White, J. White, M. Koltun, F. El Mazouni, S. Kokkonda, K. Katneni, R. 

Bhamidipati, D. M. Shackleford, I. Angulo-Barturen, S. B. Ferrer, M. B. Jiménez-Díaz, F.-J. Gamo, E. J. Goldsmith, W. N. Charman, I. 

Bathurst, D. Floyd, D. Matthews, J. N. Burrows, P. K. Rathod, S. A. Charman, M. A. Phillips, J. Med. Chem. 2011, 54, 5540-5561. b) 

S. Altomonte, G. L. Baillie, R. A. Ross, J. Riley, M. Zanda, RSC Adv. 2014, 4Σ нлмспΦ Ŏύ YΦ ²ƛǘƻǎȊƪŀΣ WΦ aŀǘŀƭƛƵǎƪŀΣ !Φ aƛǎƛŎƪŀΣ tΦ CΦ WΦ 

[ƛǇƛƵǎƪƛΣ ChemMedChem 2023, 18, e202300315. (d) V. Jelínková, A. Dellai, M. Vachtlová, M. Fecková, J. Podlesný, M. Klikar, F. 

/ŀǎǘŜǘΣ !Φ wǻȌƛőƪŀΣ tΦ tŀǌƝƪΣ hΦ tȅǘŜƭŀΣ CΦ .ǳǊŜǑΣ J. Photochem. Photobiol., A. 2024, 449, 115390. (e) A. Pormohammad, M. Moradi, 

J. W. Hommes, E. Pujol, L. Naesens, S. Vázquez, B. G. J. Surewaard, M. Zarei, M. Vazquez-Carrera, R. J. Turner, Microbiol. Spectr. 

2024, 12, e00071-24. 
6 a) C. R. Pitts, D. Bornemann, P. Liebing, N. Santschi, A. Togni, Angew. Chem. Int. Ed. 2019, 58, 1950-1954. b) I. Saidalimu, Y. Liang, 

K. Niina, K. Tanagawa, N. Saito, N. Shibata, Org. Chem. Front. 2019, 6, 1157-1161. c) L. Wang, S. Ni, J. Cornella, Synthesis 2021, 53, 

4308ς4312. d) L. Wang, J. Cornella, Angew. Chem. Int. Ed. 2020, 59, 23510ς23515. 
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the previous limitations of the required use of toxic reagents such as F2 and Cl2 (Scheme 4.1.1a).7 

In particular, Togni reported a major milestone by treating disulfides with trichloroisocyanuric 

acid (TCCA) and potassium fluoride (KF).6a Lƴ нлнмΣ tŀǎŎŀƭƛ ŀǘǘŜƳǇǘŜŘ ǘƻ ǘǊŀƴǎŦŜǊ ¢ƻƎƴƛΩǎ 

conditions in continuous flow chemistry.8 Their process yielded only Ph-SF4Cl, the key 

intermediate toward Ph-SF5, in yields up to 11%, on a 0.1 mmol scale, probably due to stability 

problems (Scheme 4.1.1b).  

The TCCA/KF method is not compatible with dialkyl disulfides and the efficient synthesis of SF5ς

substituted aliphatic compounds relies on the radical addition of SF5Cl (Scheme 4.1.2), an 

expensive and toxic gas that is commercially available but regularly in short supply.9,10,11  The 

difficult synthesis, handling and/or access of SF5Cl represents a significant bottleneck in the 

development of SF5-substituted compounds. 

Based on these advances, Qing reported in 2021 the synthesis of SF5Cl as a stock solution 

in n-hexane (Scheme 4.1.3a) using the TCCA/KF conditions with sulfur powder instead of a 

disulfide.11 Glass pressure vessels are required and the method raises some safety concerns due 

to the handling of toxic solutions of SF5Cl in open glassware during the work up. To address this 

issue, several research groups have recently investigated an ex situ approach using two-chamber 

reactors (Scheme 4.1.3b).12,13 Tlili reported a pentafluorosulfanylation method using an SF5-based 

reagent derived form SF6 and tetrakis(dimethyl-amino)ethylene (TDAE).13a This reagent allows the 

 
7 a) X. Ou, A. F. Janzen, J. Fluor. Chem. 2000, 101, 279-283. b) R. D. Bowden, P. J. Comina, M. P. Greenhall, B. M. Kariuki, A. Loveday, 

D. Philp, Tetrahedron 2000, 56, 3399ς3408. c) T. Umemoto, L. M. Garrick, N. Saito, Beilstein J. Org. Chem. 2012, 8, 461-471. 
8 G. Surjadinata, L. Hunter, L. Matesic, G. Pascali, J. Flow Chem. 2021, 11, 107-115. 
9 a) S. Aït-Mohand, W. R. Dolbier, Org. Lett. 2002, 4, 3013-3015. b) W. R. Dolbier Jr., S. Aït-Mohand, T. D. Schertz, T. A. Sergeeva, 

J. A. Cradlebaugh, A. Mitani, G. L. Gard, R. W. Winter, J. S. Thrasher, J. Fluor. Chem. 2006, 127, 1302ς1310.  
10 For recent selected examples: a) G. Lefebvre, O. Charron, J. Cossy, C. Meyer, Org. Lett. 2021, 23, 5491-5495. b) M. Birepinte, P. 

A. Champagne, J. F. Paquin, Angew. Chem. Int. Ed. 2022, 61, e202112575. c) J.-Y. Shou, F.-L. Qing, Angew. Chem. Int. Ed. 2022, 61, 

e202208860. d) L. C. Peyrical, M.-R. Ouellet-Du Berger, M. Boucher, M. Birepinte, J.-F. Paquin, A. B. Charette, Org. Lett. 2023, 25, 

2487-2491. e) L. Popek, J. J. Cabrera-Trujillo, V. Debrauwer, N. Blanchard, K. Miqueu, V. Bizet,. Angew. Chem. Int. Ed. 2023, 62, 

e202300685. f) L. Popek, M. Cihan, N. Blanchard, V. Bizet, Angew. Chem. Int. Ed. 2023, 63, e202315909. g) T. M. Nguyen, L. Popek, 

D. Matchavariani, N. Blanchard, V. Bizet, D. Cahard, Org. Lett. 2024, 26, 365-369. h) Y. Kraemer, C. Ghiazza, A. N. Ragan, S. Ni, S. 

Lutz, E. K. Neumann, J. C. Fettinger, N. Nothling, R. Goddard, J. Cornella, C. R. Pitts, Angew. Chem. Int. Ed. 2022, 61, e202211892. 

i) Y. Kraemer, J. A. Buldt, W. Y. Kong, A. M. Stephens, A. N. Ragan, S. Park, Z. C. Haidar, A. H. Patel, R. Shey, R. Dagan, C. P. 

McLoughlin, J. C. Fettinger, D. Tantillo, C. R. Pitts, Angew Chem Int Ed Engl 2024, e202319930. 

j) For a recent review: G. Haufe, Tetrahedron 2022, 109, 132656.  
11 J.-Y. Shou, X.-H. Xu, F. L. Qing, Angew. Chem. Int. Ed. 2021, 60, 1527 -15275.  
12 Review on ex situ strategy: J. Demaerel, C. Veryser, W. M. De Borggraeve, React. Chem. Eng. 2020, 5, 615-631.  
13 a) A. Taponard, T. Jarrosson, L. Khrouz, M. Médebielle, J. Broggi, A. Tlili, Angew. Chem. Int. Ed. 2022, 61, e202204623. b) R. 
Kordnezhadian, T. De Bels, K. Su, L. Van Meervelt, E. Ismalaj, J. Demaerel, W. M. De Borggraeve, Org Lett 2023, 25, 8947-8951. 
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generation of SF5Cl, which is then used directly in the second chamber of the reactor. A similar 

strategy was used by De Borggraeve, to generate SF5/ƭ ŦǊƻƳ пΣпΩ-dipyridyl disulfide.13b These safer 

approaches, in which SF5Cl is contained within the two-chamber reactor, are practical for lab-

scale research purposes, but their scalability is greatly limited. Therefore, it is of paramount 

importance to develop a safe, efficient, and scalable synthesis of SF5Cl to enhance the synthetic 

accessibility and molecular diversity of SF5-substituted compounds. A continuous flow synthesis 

approach addresses these challenges by enabling the safe handling of hazardous gaseous 

reagents, and seamless scale-up over traditional batch chemistry.14 Consequently, we turned our 

attention to the development of a continuous flow method for the synthesis of SF5Cl (Scheme 

4.1.4).  

 
14 For recent reviews see:  a) M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seeberger, Chem. Rev. 2017, 117, 11796-11893. b) L. 
Capaldo, Z. Wen, T. Noël, Chem. Sci. 2023, 14, 4230-4247. 
Recent examples with toxic gases generation and/or uses: c) D. Polterauer, P. Hanselmann, R. Littich, M. Bersier, D. M. Roberge, 
S. Wagschal, C. A. Hone, C. O. Kappe, Org. Process Res. Dev. 2023, 27, 2385-нофнΦ όŘύ aΦ .ŜǊƴǵǎΣ 5Φ aŀȊȊŀǊŜƭƭŀΣ WΦ {ǘŀƴƛŏΣ ½Φ ½ƘŀƛΣ 
A. Yeste-Vázquez, O. Boutureira, A. F. G. Gargano, T. N. Grossmann, T. Noël, Nat. Synth. 2024, 3, 277-277. (e) D. Mazzarella, J. 
{ǘŀƴƛŏΣ aΦ .ŜǊƴǵǎΣ !Φ {Φ aŜƘŘƛΣ /Φ WΦ IŜƴŘŜǊǎƻƴΣ hΦ .ƻǳǘǳǊŜƛǊŀΣ ¢Φ bƻšƭΣ JACS Au 2024. 
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Scheme 4.1 Synthesis of SF5-substituted compounds and of SF5Cl, most common SF5 reagent. 
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4.3. Results and Discussion 

Our initial attempt involved a packed-bed glass column filled with a mixture of KF and S8 

through which a solution of TCCA was flown (see Initial Set-up, Supporting Information). Gas 

bubbles were observed in the tubing and the formation of the desired SF5Cl was confirmed by 19F 

NMR. However, during the reaction a complete clogging of the column occurred, resulting in a 

low yield for the formation of SF5Cl. Based on the importance of mixing observed in batch 

reactions, another attempt was made using magnetic stirrers in the column.15 However, due to 

the high viscosity of the mixture, efficient stirring was not possible and clogging was still observed. 

In addition, glass etching was observed after several runs. The need for a chemically inert and 

robust stirring reactor was critical. The reactor design was based on the following criteria: ease 

of use (assembly and cleaning), chemical compatibility, cost effictiveness, small footprint, and 

scalability. The designed reactor is made of PTFE and features an empty cylinder with an internal 

PTFE rod with spikes which is connected to a motor (Figure 4.1), providing a high stirring efficiency 

(more details in the Supporting Information, Figures 8.1-8.6).  

 

Figure 4.1 Reactor design. a) layer diagram; b) and c) assembled reactor; and d) hexagonal 

spikes PTFE stirring rod. 

The reactor was characterized via residence time distribution (RTD) experiments 

conducted at various flow rates and solids loading. The purpose of this study was to evaluate the 

mixing characteristics of the reactor and to determine the mean residence times (MRTs) for the 

latter reaction optimization (Supporting Information for details). Exponentially Modified Gaussian 

 
15 M. O'Brien, P. Koos, D. L. Browne, S. V. Ley, Org. Biomol. Chem. 2012, 10, 7031-7036. 
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(EMG) models16 were used to fit the experimental data collected by FTIR spectroscopy data. 

Considering the conditions (stirring speed of 100 rpm, flow rates from 0.6 to 1.2 mL/min and solid 

mass from 0 to 7.8 g), the EMG models fit well with the collected data and with the ideal CSTR 

models. It suggested that the reactor is well designed for the handling of solids, since no or 

negligible dead volumes and bypasses were observed. From this study, the MRT was calculated 

to be 36.2 minutes at a flow rate of 0.6 mL/min and a loading 7.8 g of solid. 

The set-up 1 was assembled with the stirring reactor and an in-line IR to provide in situ 

reaction monitoring (Scheme 4.2).17 The SF5Cl formation was first performed on a scale of 3.9 

mmol of sulfur powder. S8 and spray-dried KF were combined, homogenized, and loaded into the 

reactor within a glovebox (See Supporting Information for details, Figures 8.25-8.26). As the 

reaction proceeded, the desired S-F stretch band at 894 cm-1 increased, while the C=O stretch 

band at 1750 cm-1 decreased as the TCCA reagent was consumed consumed but the signal never 

phased out as it was converted into the dichloro-, monochloro- and/or isocyanuric acid (Scheme 

4.2). The desired solution of SF5Cl (average volume of 60 mL) was collected in approximately 2 to 

2.5h. 19F NMR analysis confirmed the very clean formation of the desired SF5Cl as the main 

product, with only trace amounts of SOF2 (Figure 4.2).  

 

 
16 a) Q. Yang, A. Drak, D. Hasson, R. Semiat, J. Membr. Sci. 2007, 306, 355-364. b) Y. Mo, K. F. Jensen, React. Chem. Eng. 2016, 1, 

501-507. c) A. Pomberger, Y. Mo, K. Y. Nandiwale, V. L. Schultz, R. Duvadie, R. I. Robinson, E. I. Altinoglu, K. F. Jensen, Org. Process 

Res. Dev. 2019, 23, 2699-2706. d) U. Gnädinger, D. Poier, C. Trombini, M. Dabros, R. Marti, Org. Process Res. Dev. 2024, 28, 1860-

1868. 
17 For reference spectrums of TCCA and SF5Cl see Supporting Information, Figure 8.21-8.22. 
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Scheme 4.2 Set-up 1 for the continuous flow synthesis of SF5Cl with the stirring packed-bed 

reactor (100 rpm) and in-line IR monitoring. 
Reaction conditions: S8 (125 mg, 3.9 mmol, 1.0 equiv of S i.e. 0.125 of S8), KF (2.04 g, 35.1 mmol, 9.0 equiv), TCCA 

(4.08g, 17.5 mmol, 4.5 equiv) in CH3CN (11 mL).  

 

Figure 4.2 19F NMR spectrum of the collected solution. 

An NMR yield of 37% for SF5Cl (and 6% for SOF2) was calculated using trifluorotoluene (PhCF3) as 

internal standard (Table 4.1, entry 1) with a concentration of 0.03 M of SF5Cl in CH3CN. Increasing 

the amount of TCCA (9.0 equiv, still injected as 1.5 M in CH3CN) resulted in a similar yield of 40% 

(Table 4.1, entry 2). When the flow rates were set to 1.2 mL/min and to 0.3 mL/min, a decrease 

in yield was observed with 20% and 23%, respectively (Table 4.1, entries 3 and 4). Then, when the 

reaction was scaled up by increasing both TCCA amount and the loading in the reactor, an 
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increase in yield was observed (Table 4.1, entries 5 to 9). With our custom reactor, a maximum 

scale was reached at 15.6 mmol scale afforded the desired SF5Cl in 57% NMR yield (Table 1, 

entries 9). To minimize friction and spare the motor, we decided for this work to use a maximum 

loading of 14.0 mmol, which afforded a satisfactory yield of 52% (Table 4.1, entry 8). A notable 

increase in the concentration of SF5Cl in CH3CN from 0.03 M up to 0.12 M was concomitantly 

observed along scaling-up.  

Table 4.1 Optimization of flow conditions for the synthesis of SF5Cl.[a] 

Entry TCCA 
(equiv) 

Flow rate 
(mL/min) 

Scale[b] 
(mmol) 

NMR Yield of SF5Cl 
(%) 

м пΦр лΦс оΦф от 

н фΦл лΦс оΦф пл 

о пΦр мΦн оΦф нл 

п пΦр лΦо оΦф но 

р пΦр лΦс тΦу пр 

с пΦр лΦс ммΦт пт 

т пΦр лΦс моΦт рл 

у пΦр лΦс мпΦл рн 

ф пΦр лΦс мрΦс рт 

мл[c] пΦр лΦс мпΦл ну 

мм[d] пΦр лΦс мпΦл ор 

[a] Set-up 1 was used (Scheme 2): Asia Syrris Pump, stirring packed-bed reactor and in-line IR. Motor at 100 rpm. [b] 

Amount of sulfur introduced i.e. maximum expected amount of SF5Cl [c] Stirring was stopped when SF5Cl formation 

reached its maximum. [d] Stirring was stopped at the end of TCCA injection. 

Control experiments were conducted to investigate the impact of stirring on the efficiency of the 

reaction (Supporting Information, Figures 8.30-8.32). First, the reaction was performed without 

stirring, resulting in no SF5Cl formation. Then, the stirring was stopped when SF5Cl formation 

reached its maximum (in-line IR monitoring), resulting in a reduced yield of 28% (Table 4.1, entry 

10). Finally, the stirring was stopped at the end of TCCA injection, which also resulted in a reduced 
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yield of 35% (Table 4.1, entry 11). These results demonstrated the importance of continuous 

stirring throughout the reaction, highlighting the key role of the custom-made stirring packed-

bed reactor in the efficiency of the process. 

With the optimal conditions established, we proceeded to examine the efficacy of the 

SF5Cl solution in CH3CN obtained for pentafluorosulfanylation reactions. The radical addition of 

SF5Cl to alkenes and alkynes is a prevalent strategy for the synthesis of SF5-substituted aliphatic 

compounds. The reactivity and compatibility of SF5Cl in common organic solvents at various 

temperatures have been investigated on allyl benzyl ether18, showing the compatibility of 

acetonitrile. However, when the same reaction was carried out with the SF5Cl solution in CH3CN 

at the outlet of the flow process, only traces (3% NMR yield) of the desired 

pentafluorosulfanylated product were obtained (Supporting Information). Concentration of the 

SF5Cl solution in CH3CN collected from the flow process, showed traces of salt impurities 

derivatives of TCCA that appears to be detrimental to the subsequent radical addition reaction. 

Consequently, an extraction/purification step is required to obtain a pure solution of SF5Cl. 

To maintain the enhanced safety profile of the proposed flow process, we implemented 

an in-line extraction with hexanes followed by a membrane separation (Scheme 4.3, Set-up 2). A 

T mixer was used with a feed of hexanes at a slower flow rate (0.250 mL/min). Other types of 

mixers were tested (active mixer and static mixer), but the efficiency of the extraction process 

remained similar with approximately half of the SF5Cl produced being successfully extracted to 

hexanes. The addition of a loop before the T-mixer, both being cooled to ς30 °C (Scheme 4.3, Set-

up 2) improved the transfer of SF5Cl to the hexanes layer, resulting in up to 25 mL of highly pure 

solution of SF5Cl in hexanes in concentration ranging from 0.18 to 0.20 M.  

 
18 A. Gilbert, J.-F. Paquin, J. Fluor. Chem. 2019, 221, 70-74. 
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Scheme 4.3 Set-up 2 for continuous flow synthesis of SF5Cl with in-line extraction/purification 

with hexanes - 3D view of the IR spectrum obtained.  

Reaction conditions: S8 (450 mg, 14.0 mmol, 1.0 equiv of S), KF (7.32 g, 126 mmol, 9.0 equiv), TCCA (14.6 g, 62.9 mmol, 

4.5 equiv) in CH3CN (40 mL), 100 rpm. 

Following the successful in-line extraction/purification of SF5Cl generated in continuous 

flow conditions, we proceeded to test its efficacy for pentafluorosulfanylation reactions. The 

radical addition was performed on p-tolylacetylene (1) using the SF5Cl solution in hexanes 

obtained in continuous flow (Scheme 4.4). Two conditions previously reported in the literature 

were used for comparison: Conditions A, the classical BEt3/O2 method developed by Dolbier9a 

and conditions B, the recently published THF-only method reported by Bizet and Cahard.10g 

Pleasingly, the results obtained were consistent with the literature, with the desired 

pentafluorosulfanylated product 2 obtained in 58% and 83% NMR yield, respectively (Scheme 

4.4). With regards to method B, as SF5Cl was produced as a solution in hexanes rather than directly 

condensed in THF, a mixture of hexanes and THF in a 1:1 ratio was used (Details in Supporting 

Information). 
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Scheme 4.4 Radical addition of SF5Cl synthesized in continuous flow chemistry on 

p-tolylacetylene 1. 
Reaction conditions A: alkyne 1 (70 µL, 0.54 mmol, 1.0 equiv), BEt3 (54 µL, 0.05 mmol, 0.1 equiv), and SF5Cl in hexanes 

(4 mL, 0.2 M, 1.5 equiv). Reaction conditions B: alkyne 1 (70 µL, 0.54 mmol, 1.0 equiv), SF5Cl in hexanes (5.4 mL, 0.2 

M, 2.0 equiv) and THF (5.4 mL). 19F NMR yield were calculated using (PhCF3) as internal standard. 

We then investigated telescoped conditions for generation and direct use of SF5Cl, 

allowing for a safe and efficient pentafluorosulfanylation process. Set-up 2 was adapted into set-

up 3 to perform the subsequent reaction directly (Scheme 4.5, see Supporting Information, Figure 

8.35). At the end of the collection time of SF5Cl in hexanes, alkyne 1 was added to the collection 

vial as a cold (ς30 °C) solution in THF. The reaction was then stirred for 3 hours at ς30 °C affording 

the desired pentafluorosulfanylated product 2 in an isolated yield of 93% (Scheme 4.5). The 

space-time yield (STY) for the generation of SF5Cl with our flow process is of 20 g h-1 L-1 which is a 

25 to 50-fold increase19 compared to batch processes.11,13 

 

Scheme 4.5 Set-up 3 for continuous flow synthesis of SF5Cl with subsequent radical addition 

reaction. 
Reaction conditions: S8 (450 mg, 14.0 mmol, 1.0 equiv of S i.e. 0.125 of S8), KF (7.32 g, 126 mmol, 9.0 equiv), TCCA 

(14.6 g, 62.9 mmol, 4.5 equiv) in CH3CN (40 mL). Alkyne 1 (70 µL, 0.54 mmol, 0.5 equiv of SF5Cl) in THF (6 mL). 

 
19 See Supporting information for detailed STY calculations. 
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4.4. Conclusion  

To conclude, we have developed a highly efficient continuous flow process for the on-

demand production of SF5Cl as a solution in hexanes and designed a suitable stirring packed-bed 

reactor. Its use for the radical addition reaction on alkyne 1 in a telescoped manner afforded the 

pentafluorosulfanylated product 2 in excellent yield. The implementation of flow chemistry for 

the on-demand synthesis of SF5Cl offers the advantage of enhanced safety and efficiency when 

compared to the alternative batch processing methods.11,13  
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5.1.  Abstract 

This work presents the 1,3-dipolar cycloaddition of SF5-alkynes with non-stabilized diazo 

compounds under mild conditions, producing highly substituted SF5-3H-pyrazoles. Eighteen 

examples are given, with yields up to 91%. The two regioisomers were obtained in ratios ranging 

from 27:73 to 73:27. The products can undergo a Van Alphen-Huttel rearrangement. DFT 

calculations were performed to understand the selectivities and rearrangements. 

5.2. Introduction 

Organofluorine compounds, present in about 20% of drugs,1 are vital in pharmaceutical, 

agrochemical, and materials research. The incorporation of fluorine atoms alters properties like 

lipophilicity, conformation, binding affinity and metabolic stability.2 The pentafluorosulfanyl (SF5) 

group3 that showcases high electronegativity, lipophilicity, and considerable steric bulk has drawn 

recent interest.4 

Meanwhile, five-membered nitrogen-containing heterocycles, especially pyrazole 

derivatives, have applications5 in medicinal,6 agro-,7 material,8 and organometallic chemistry.9. 

 
1 Inoue, M.; Sumii, Y.; Shibata, N. ACS Omega 2020, 5, 10633-10640. 
2 (a) O'Hagan, D. Chem. Soc. Rev. 2008, 37, 308-319. (b) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem. 
Soc. Rev. 2008, 37, 320-330. 
3 (a) Taponard, A.; Jarrosson, T.; Khrouz, L.; Medebielle, M.; Broggi, J.; Tlili, A., Angew. Chem. Int. Ed. 2022, 61, 
e202204623. (b) Kraemer, Y.; Ghiazza, C.; Ragan, A. N.; Ni, S.; Lutz, S.; Neumann, E. K.; Fettinger, J. C.; Nothling, N.; 
Goddard, R.; Cornella, J.; Pitts, C. R., Angew. Chem. Int. Ed. 2022, 61, e202211892. (c) Birepinte, M.; Champagne, P. 
A.; Paquin, J. F., Angew. Chem. Int. Ed. 2022, 61, e202112575. (d) Peyrical, L. C.; Ouellet-Du Berger, M.-R.; Boucher, 
M.; Birepinte, M.; Paquin, J.-F.; Charette, A. B (e) Popek, L.; Cabrera-Trujillo, J. J.; Debrauwer, V.; Blanchard, N.; 
Miqueu, K.; Bizet, V., Angew. Chem. Int. Ed. 2023, e202300685. (f) Nguyen, T. M.; Legault, C. Y.; Blanchard, N.; Bizet, 
V.; Cahard, D., Chem. Eur. J. 2023, 29, e202302914. 
4 Recent reviews: (a) Kordnezhadian, R.; Li, B. Y.; Zogu, A.; Demaerel, J.; De Borggraeve, W. M.; Ismalaj, E. Chem. Eur. 
J. 2022, 28, e202201491. (b) Sani, M.; Zanda, M. Synthesis 2022, 54, 4184-4209.Ш(c) Abd El Sater, M.; Popek, L.; 
Blanchard, N.; Bizet, V., Recent advances in the chemistry and the application of SF5-compounds. Synthesis 2024. 
5 Deweshri, N.; Kishor, D.; Vijayshri, R.; Ruchi, S.; Ujwala, M. Pyrazole Scaffold: Strategies toward the Synthesis and 
Their Applications. In Strategies for the Synthesis of Heterocycles and Their Applications, 2022; Ch. 2. 
6 Alam, M. A. Future Med. Chem. 2023, 15, 2011ς2023. 
7 González-López, E.; León-Jaramillo, J.; Trilleras, J.; Grande-Tovar, C.; Peralta-Ruiz, Y.; Quiroga, J. J. Braz. Chem. Soc. 
2020, 31, 1917-1925. 
8 Luzzio, F. A. Adv. Heterocycl. Chem. 2020, 132Σ мҍупΦ 
9 (a) Parshad, M.; Kumar, D.; Verma, V. Inorg. Chim. Acta 2024, 560. (b) Parshad, M.; Kumar, D.; Verma, V. J. Fluoresc. 
2023, 560, 1-7. 
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Fluorinated pyrazoles therefore represent highly interesting compounds. Interest in these 

scaffolds has grown exponentially since the early 1990s, with several trifluoromethyl (CF3)-

substituted pyrazoles reaching the market, like the anti-inflammatory drug celecoxib.10  The SF5 

ƎǊƻǳǇΣ ƻŦǘŜƴ ŎŀƭƭŜŘ ŀ άǎǳǇŜǊ /C3Σέ Ƙŀǎ ƻǳǘǇŜǊŦƻǊƳŜŘ the latter in several cases,11 making SF5-

substituted pyrazoles highly attractive. These compounds can also be useful intermediates for 

constructing more complex SF5-containing molecules. Several groups have developed 1,3-dipolar 

cycloaddition reactions to access SF5-substituted N-heterocycles.12 Since the seminal work of 

Hoover and Coffman in 1964,12a a few examples of SF5-pyrazoles have been reported (Scheme 

5.м!ύΦ {ƘǊŜŜǾŜ ǎȅƴǘƘŜǎƛȊŜŘ ǘƘŜƳ ŦƻǊ ŜƴŜǊƎŜǘƛŎ ƳŀǘŜǊƛŀƭǎΩ ŀǇǇƭƛŎŀǘƛƻƴǎ ōȅ ŎȅŎƭƻŀŘŘƛǘƛƻƴ ƻŦ {C5-

acetylenes with diazomethane.12b Mykhailiuk and Dias used diazomethane in a three-step process 

from pentafluoro(vinyl)- 6˂-sulfane,11c the resulting 1H-pyrazoles as ligands on copper. More 

recently, Paquin used diazoacetates in similar 1,3-dipolar cycloaddition reactions to produce 

substituted SF5-1H-pyrazoles.12c These reactions require harsh conditions, including heating 

diazoacetates to 145 °C using flow chemistry. All examples report the synthesis of 1H-pyrazoles, 

as the initially formed 3H-pyrazole intermediates cannot be isolated and converted to 1H-

pyrazoles due to the use of monosubstituted diazo compounds.13 

 
10 Mykhailiuk, P. K., Chem. Rev. 2021, 121, 1670-1715. 
11 (a) Altomonte, S.; Baillie, G. L.; Ross, R. A.; Rileyc, J.; Zanda, M. RSC Adv. 2014, 4, 20164. (b) Noonikara-Poyil, A.; 
Muñoz-Castro, A.; Boretskyi, A.; Mykhailiuk, P. K.; Dias, H. V. R. Chem. Sci. 2021, 12, 14618-14623. (c) Witoszka, K.; 
Matalinska, J.; Misicka, A.; Lipinski, P. F. J. ChemMedChem 2023, e202300315. (d) Jelínková, V.; Dellai, A.; Vachtlová, 
aΦΤ CŜŎƪƻǾłΣ aΦΤ tƻŘƭŜǎƴȇΣ WΦΤ YƭƛƪŀǊΣ aΦΤ /ŀǎǘŜǘΣ CΦΤ wǻȌƛőƪŀΣ !ΦΤ tŀǌƝƪΣ tΦΤ tȅǘŜƭŀΣ hΦΤ .ǳǊŜǑΣ CΦ J. Photochem. Photobiol. 
A. 2024, 449. (e) Pormohammad, A.; Moradi, M.; Hommes Josefien, W.; Pujol, E.; Naesens, L.; Vázquez, S.; Surewaard 
Bas, G. J.; Zarei, M.; Vazquez-Carrera, M.; Turner Raymond, J. Microbiol. Spectr. 2024, 0, e00071-24. 
12 (a) Hoover, F.W.; Coffman D.D. J. Org. Chem. 1964, 29, 3567e3570. (b) Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R. 
G.; Twamley, B.; Shreeve, J. M. Org. Lett. 2007, 9, 3841-3844. (c) Paquin, P.; DeGrâce, N.; Bélanger-Chabot, G.; Paquin, 
J.-F. J. Org. Chem. 2024, 89, 3552ς3562. (d) Das, P.; Tokunaga, E.; Shibata, N. Tetrahedron Lett. 2017, 58, 4803-4815. 
(e) Haufe, G. Tetrahedron 2022, 109, 1-36. (f) Popek, L.; Nguyen, T. M.; Blanchard, N.; Cahard, D.; Bizet, V. Tetrahedron 
2022, 117-118. 
13 Sammes, M. P. ; Katritzky A. R. Adv. Heterocycl. Chem. 1983. 34, 1-52. 
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Scheme 5.1 Synthesis of SF5-Pyrazoles Derivatives. 

To access the elusive SF5-3H-pyrazole scaffold, we envisioned using a [3+2] cycloaddition 

between non-stabilized disubstituted diazo reagents14 and SF5-substituted alkynes. Our group 

previously developed methods to make and handle these highly reactive diazo compounds.15 In 

this work, these reagents are used for 1,3-dipolar cycloadditions with various SF5-alkynes, 

resulting in a diverse array of highly substituted SF5-3H-pyrazoles (Scheme 5.1B). We also 

investigated their subsequent Van Alphen-Huttel rearrangement.16 DFT calculations were 

performed to understand the selectivity of the cycloaddition and relative reactivity of the isomers. 

 
14 Patel, R. K.; Jha, P.; Chauhan, A.; Kant, R.; Kumar, R. Org. Lett. 2024, 26, 839-844. 
15 (a) Rulliere, P.; Benoit, G.; Allouche, E. M. D.; Charette, A. B. Angew. Chem. Int. Ed. 2018, 57, 5777-5782. (b) Allouche, E. 
M. D.; Charette, A. B. Chem. Sci. 2019, 10, 3802-3806. (c) Vinet, L.; Allouche, E. M. D.; Kairouz, V.; Charette, A. B. J. Flow 
Chem. 2024, 14, 109-118. 
16 (a) Van Alphen, J. Recl. Trav. Chim. Pays-Bas 1943, 62Σ пурҍпфл όōύ IǸǘǘŜƭΣ wΦΤ CǊŀƴƪŜΣ YΦΤ aŀǊǘƛƴΣ IΦΤ wƛŜŘŜƭΣ W. Chem. Ber. 
1960, 93Σ мпооҍмппсΦ όŎύ Gladow, D.; DonizȤKettenmann, S.; Reissig, H. U. Helv. Chim. Acta 2014, 97, 808. 
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5.3. Results and Discussion 

The starting SF5-substituted alkyne 5.2a was readily prepared from 4-phenyl-1-butyne 

using known procedures.17 We adapted a procedure previously reported by our group15b for the 

in situ generation of the diazo reagent by the slow addition of benzylacetone hydrazone 5.3a to 

a mixture of iodosylbenzene (5.1) and SF5-substituted alkyne 5.2a (Table 5.1). The use of 4 

equivalents each of benzylacetone hydrazone 5.3a and the oxidizing agent 5.1 at ς20 °C led to the 

successful formation of SF5-pyrazoles in a good yield of 68% as a mixture of regioisomers 5.4a and 

5.пŀΩ that were readily separable by flash chromatography (Table 5.1, entry 1). Reducing the 

equivalents of both hydrazone 5.3a and the oxidant to two decreased the yield to 55% (Table 5.1, 

entry 2). The reaction could also be performed at room temperature, resulting in a slight decrease 

in yield to 60% (Table 5.1, entry 3). Adding the hydrazone in one portion resulted in a similar yield 

of 62%, but the reaction was quite exothermic (Table 5.1, entry 4). This prompted us to test 

continuous flow conditions to better control the exotherm of diazo formation. When a solution 

of hydrazone 5.3a and alkyne 5.2a was flowed through a packed bed of iodosylbenzene15c at 

ambient temperature, a yield of 55% of the cycloaddition products was obtained (Table 5.1, entry 

5). 

 

 

 

 

 

 

 

 

 

 
17 (a) Aït-Mohand, S.; Dolbier, W. R. Org. Lett. 2002, 4, 3013-3015. (b) Cloutier, M.; Roudias, M.; Paquin, J. F. Org. Lett. 2019, 
21, 3866. 
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Table 5.1 Optimization of the Reaction Conditionsa 

 

Entry Variation from the standard conditions Yieldb (%) (5.4a:5.пŀΩ) 

1 None 68 (47:53) 

2 2 equiv of PhIO and hydrazone instead of 4 equiv 55 (37:63) 

3 25 °C instead of ς20 °C 60 (37:63) 

4 Hydrazone added in one portion. 62 (42:58) 

5 

Diazo generated under continuous flow using a PhIO 

packed bed. [0.1 M] instead of [0.2 M]. tR= 1.5 min 

followed by 1 h in batchc 

55 (40:60) 

aReaction conditions: 5.2a (0.2 mmol) and PhIO 5.1 (0.8 mmol) in 1 mL of CH2Cl2, 5.3a (0.8 mmol) in 4 mL of CH2Cl2.   

bNMR yields were measured using PhCF3 as the internal standard. cSee supporting information for experimental 

details. tR = residence time. 

To assess the reaction scope in batch, we used the slow addition method at low 

temperature for safety due to the hazardous nature of non-stabilized diazo (Scheme 5.2).18 

Various dialkyl hydrazones 5.3 resulted in good to excellent yields of 53-86% of the cycloaddition 

product with alkyne 5.2a (5.4a/5.4aΩ-5.4e/5.4eΩύΦ ! ǎŎŀƭŜ-up to 1 mmol using 5.2a and 5.3b 

yielded 5.4b/5.пōΩ in SF5-substituted pyrazoles in 70% yield. Alkenyl-, cyclopropyldiazomethane 

 
18 Green, S. P.; Wheelhouse, K. M.; Payne, A. D.; Hallett, J. P.; Miller, P. W.; Bull, J. A. Org. Process Res. Dev. 2020, 24, 
67-84. 
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reagents were well tolerated (5.4c/5.пŎΩ, 5.4e/5.пŜΩ). Semi-stabilized furyl- and 

phenyldiazomethane were also compatible (4f/пŦΩ and 4g/пƎΩ, 66% and 39% yield respectively), 

the latter requiring a longer reaction time (19h).  Diazocycloalkanes produced the desired 

products (5.4h/5.4hΩ and 5.4i/5.пƛΩ/5.пƛΩΩ) in good yields (60-61%). The reaction of 

diazocyclopentane afforded the regioisomers 5.4i and 5.пƛΩ along with small amounts of Van 

Alphen-Huttel rearrangement16 product 5.пƛέ. However, 5.пƛΩ completely rearranged to 5.пƛέ 

upon purification on silica and was isolated in 37% yield.  

A series of SF5-alkynes (5.2b-5.2i) were synthesized and tested in the reaction. SF5-alkyne 

5.2b reacted with the (3-diazobutyl)benzene obtained from 5.3a yielding pyrazoles 5.4j/5.пƧΩ in 

62%. Then, 2-Diazopropane, obtained from 5.3b, reacted smoothly with several SF5-alkynes. Aryl-

substituted SF5-alkynes (5.2b-5.2e) led to the pyrazoles (5.4k/5.пƪΩ-5.4n/5.пƴΩ) in good to 

excellent yields (69-91%). The reaction tolerated a thiophenyl and napththyl substituents (4o/пƻΩ-

4p/пǇΩ, 62% and 88% yield, respectively). Alkyl-substituted SF5-alkynes (2h-2i) were also 

compatible (4q/пǉΩ and 4r/4r, 78% and 32% yields, respectively). 

Dialkyl diazo reagents led to almost equimolar amounts of the 4- and 5-SF5-pyrazole 

regioisomers with 5.2a. Slightly higher regioselectivities were observed with electron-rich aryl 

substituted alkynes (65:35 and 73:27 for 4n/пƴΩ and 4o/пƻΩ respectively). The furyl- and phenyl-

substituted diazo produced a reversal of regioselectivity (34:66 and 27:73)  favoring the 5-SF5 

pyrazoles isomers пŦΩ and пƎΩ.  
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 Scheme 5.2 Scope of the 1,3-Dipolar Cycloaddition Reactiona,b  

a Combined isolated yield of both regioisomers (separated by flash chromatography). b Regioisomeric ratios were 

determined by 1H NMR of the crude reaction mixture. c The reaction mixture was stirred for 19h. d 5.4ƛΩ rearranged 

to рΦпέ upon purification giving 5.4i/рΦпƛέ in 61% yield. 

Intrigued by the Van Alphen-Huttel rearrangement16 observed during the purification of 

5.4i and 5.пƛΩ, we investigated whether this rearrangement could be induced under thermal 

conditions. 3H-Pyrazoles bearing two carbon substituents on an sp3-hybridized carbon are known 

for their propensity to undergo a thermal [1,5]-sigmatropic rearrangement. When isomer 5.4a 

was heated at 110 °C in toluene, a single rearrangement product 5.5a was obtained in 93% yield, 

where the longer alkyl chain migrated to the adjacent nitrogen atom (Scheme 5.3). Heating 5.4b 
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under the same conditions produced only traces of the rearrangement product 5.5b. However, 

heating 5.4g led to the migration of the phenyl group yielding product 5.5g in 79% yield. Heating 

5.пŀΩ, 5.пōΩΣ and 5.пƎΩ separately under the same conditions afforded the rearrangement 

products 5.рŀΩ, 5.рōΩ, and 5.рƎΩ, with the migration occurring on the adjacent carbon instead of 

the nitrogen, forming the isopyrazoles. In each case, a single product was observed and isolated 

with yields of 78%, 35%, and 78%, respectively (Scheme 5.3). 

 

 Scheme 5.3 Van Alphen-Hüttel rearrangement of 5.4a/5.пŀΩ ŀƴŘ 5.4b/5.4ōΩ.  

a The reaction mixture was stirred at 110 °C for 24h. 

To understand SF5-3H-pyrazoles formation, regioselectivities, and rearrangements, 

Density Functional Theory (DFT) calculations were conducted. First, the mechanism of 1,3-dipolar 

cycloaddition leading to 5.4a and 5.4a' was analyzed. SF5-substituted alkynes exhibited a 

polarized triple bond,3f,19 resulting in two transition states (TS1 and TS2, Figure 5.1A) governing 

the cycloaddition. TS1 (leading to 5.4a) exhibited a slight preference due to greater charge 

stabilization (Natural Bond Orbital (NBO) analysis). The difference in free energy between TS1 and 

TS2 ǿŀǎ ƳƛƴƛƳŀƭ όҟҟDϟ=0.1 kcalωmol-1), resulting in almost equivalent ratios of 5.4a/5.4a'. 

Similarly, calculations for 5.4n and 5.4n' revealed electronic control of regioselectivity, favoring 

5.4n ŘǳŜ ǘƻ ƳƻǊŜ ǎǘŀōƛƭƛȊŜŘ ǘǊŀƴǎƛǘƛƻƴ ǎǘŀǘŜ όҟҟDϟ=1.1 kcalωmol-1, see supporting information). 

The higher ratios of 4-SF5 pyrazole obtained with alkynes featuring electron-rich aromatics are 

 
19 Murata, Y.; Hada, K.; Aggarwal, T.; Escorihuela, J.; Shibata, N. Angew. Chem. Int. Ed. 2024, 136, e202318086. 
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supported by these findings. Subsequently, we investigated the selective rearrangement of 5.4a 

and 5.пŀΩ (Figure 5.1B): the shift of the 2-phenethyl moiety on adjacent nitrogen, forming 5.5a 

and 5.5d via TS3 and TS6, respectively, or on adjacent carbon, yielding 5.5e and 5.5a' via TS4 and 

TS7, respectively. Transition states exhibited asynchronous three-link character. TS3 and TS6 

ǎƘƻǿŜŘ ǎǘŀōƛƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ŦƻǊƳƛƴƎ ˋ /-b ōƻƴŘ ōȅ ǘƘŜ ˉ ōƻƴŘ ƻŦ ǘƘŜ ǇƘŜƴŜǘƘȅƭ ƎǊƻǳǇ ǊŜǎǳƭǘƛƴƎ ƛƴ 

an activation free energy of 27.4 kcalωmol-1 and 29.8 kcalωmol-1, respectively. TS7 revealed a T-

ǎƘŀǇŜŘ ˉ-stacking of phenyl groups, resulting in a 2.0 kcalωmol-1 less energetic 1,5-sigmatropic 

shift on the carbon atom than on the adjacent nitrogen atom (5.пŀΩ to 5.5a'), with an activation 

free energy of only 27.8 kcalωmol-1.  Then, we studied the methyl substituent shift on the adjacent 

nitrogen atom forming 5.5c via TS5 and 5f via TS8. TS5 and TS8 exhibited shorter forming C-N bond 

distances and larger cleaving C-C bond distances compared to TS3 and TS6, indicating late 

transition states with higher activation energy barriers. The absence of discernible orbital 

stabilization and larger geometrical changes in these late transition states suggest an explanation 

for the absence of methyl migration during the reaction (see supporting information for details). 

The selective Van Alphen-Huttel rearrangement observed in SF5-3H-pyrazoles is governed by a 

combination of steric and orbital stabilization effects. Specifically, when the adjacent carbon is 

occupied by an SF5 group (5.4a), migration occurs primarily on the more accessible nitrogen 

(5.5a). Conversely, when the adjacent carbon is more accessible (5.4a'), migration occurs 

primarily on that position (5.5a'ύΦ ¢Ƙƛǎ ǎŜƭŜŎǘƛǾŜ ƳƛƎǊŀǘƛƻƴ ƛǎ ŦǳǊǘƘŜǊ ŜƴƘŀƴŎŜŘ ōȅ ǘƘŜ ˉ-stacking 

interactions between the two phenyl groups. 
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Figure 5.1 A. Transition States Leading to the Regioisomers 5.4a/5.пŀΩ όCH2Cl2 at 0 °C at 

B3LYP/BS3). B. Calculated Free Energy Profile for the Formation of 5.5 (Toluene, 110 °C at 

B3LYP/BS3). 

5.4. Conclusion  

To conclude, we successfully performed the 1,3-dipolar cycloaddition of SF5-alkynes with 

non-stabilized diazo, yielding SF5-3H-pyrazoles in up to 91% yield and regioisomeric ratios from 

27:73 to 73:27 of separable regioisomers. The subsequent Van Alphen-Huttel rearrangement 

formed different SF5-pyrazole isomers depending on the substituent at C3. Additional 

investigations using DFT calculations, which revealed that the rearrangement is driven by a 

combination of steric and orbital stabilization effects. 
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Chapter 6 : Synthesis of SF5-Substituted Triazoles as Potential 

Starting Materials for the Synthesis of SF5-Substituted 

Cyclopropanes 

6.1. Introduction 

As described in the introduction (section 1.4.2.3.), the synthesis of 1,2,3-triazoles can be 

achieved through the 1,3-dipolar cycloaddition of an alkyne and an azide. The reaction can be 

conducted under thermal conditions or with a metal catalyst. A limited number of examples of 

SF5-substituted 1,2,3-triazoles have been reported in the literature (details in section 1.4.2.3.3).1 

The present chapter describes our efforts to develop a new method for their synthesis. It also 

outlines the unexpected but interesting results obtained.  

6.2. Attempted Synthesis of SF5-Substituted 1,2,3-Triazoles 

6.2.1. Thermally Promoted Alkyne-Azide Cycloaddition 

In order to investigate the 1,3-dipolar cycloaddition reaction to synthesize SF5-substituted 

1,2,3-triazoles, SF5-substituted alkyne 6.1 was selected as starting material. Therefore, SF5-

substituted alkyne 6.1 was synthesized in 67% yield from 3-ōǳǘȅƴȅƭōŜƴȊŜƴŜ ŦƻƭƭƻǿƛƴƎ 5ƻƭōƛŜǊΩǎ 

procedure.2 Subsequently, the synthesis of SF5-substituted 1,2,3-triazoles was investigated. As 

previously described in section 1.4.2.2.3, the synthesis of SF5-substituted 1,2,3-triazoles was 

reported by Shreeve with SF5-substituted acetylene via copper catalyzed alkyne azide 

cycloaddition (CuAAC).3 The metal-catalyzed conditions for the azide-alkyne cycloaddition are 

typically carried out with terminal alkynes, which was not the case with the internal alkyne 6.1. 

 
1 (a) Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R. G.; Twamley, B.; Shreeve, J. M. Org. Lett. 2007, 9, 3841. (b) Garg, S.; Shreeve, J. M. 
J. Mater. Chem. 2011, 21, 3841. (c) Popek, L.; Cabrera-Trujillo, J. J.; Debrauwer, V.; Blanchard, N.; Miqueu, K.; Bizet, V. Angew. 
Chem. Int. Ed. 2023, 62, e202300685. 
2 Aït-Mohand, S.; Dolbier, W. R. Org. Lett. 2002, 4, 3013. 
3 (a) Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R. G.; Twamley, B.; Shreeve, J. M. Org. Lett. 2007, 9, 3841. (b) Garg, S.; Shreeve, J. M. 
J. Mater. Chem. 2011, 21, 3841. 
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Therefore, the thermal reaction conditions reported by Billard4 on SCF3-alkynes were selected for 

the transformation of alkyne 6.1. The cyclization of SF5-substituted alkyne 6.1 was tested with 

NaN3 in DMF at 60 °C for 1.5 hours (Scheme 6.1). The desired SF5-substituted 1,2,3-triazole 6.2 

was not obtained, but instead the SF5-substituted vinyl azide 6.3 was isolated in 28% yield, 

resulting from ̡ -Z-N3 addition.  

 

Scheme 6.1 First attempt to synthesize of 1,2,3-SF5-substituted triazole 6.2. 

At the same time as our attempt, as outlined in section 1.4.2.3.3., Bizet published the 

hydroelementation of SF5-substituted alkynes5, with a specific example in which a mixture of vinyl 

azide 1.23 and triazole 1.24 was obtained when using NaN3 and SF5-substituted alkyne 1.22 

(Scheme 6.2).  The structure of 6.3 was consistent with the data reported in the literature for the 

closely related structure 1.23.5 Surprisingly, in our case, no other SF5 products were observed 

upon analysis of the crude mixture by 19F NMR spectroscopy, nor was there any remaining 

starting material 6.1. One hypothesis for the loss of mass balance was the volatility of alkyne 6.1. 

Consequently, lower temperatures were investigated for the reaction.  

 

Scheme 6.2 Hydroelementation of SF5-substituted alkynes with NaN3 and competitive 
triazole formation.  

 
4 Alazet, S.; Zimmer, L.; Billard, T. Angew. Chem. Int. Ed. 2013, 52, 10814. 
5 Popek, L.; Cabrera-Trujillo, J. J.; Debrauwer, V.; Blanchard, N.; Miqueu, K.; Bizet, V. Angew. Chem. Int. Ed. 2023, 62, e202300685. 
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6.2.2. Temperature Screening of the Reaction of SF5-Substituted Alkyne 6.1 with 

NaN3 

The reaction of SF5-substituted alkyne 6.1 with NaN3 was conducted at various 

temperatures (Table 6.1). Cooling from 60 °C to room temperature resulted in a slight increase in 

yield of 6.3 from 28% to 32% (Table 6.1, entries 1 vs 2). Subsequently, investigations were 

conducted at lower temperatures (Table 6.1, entries 3 to 5). Lowering the temperature did not 

result in the formation of triazole 6.2, but the yield of vinyl azide 6.3 was increased up to 75% 

(isolated). Various solvents were also screened but none of them afforded a better yield of vinyl 

azide 6.3 than DMF. In most cases, starting material 6.1 was recovered. The 75% yield obtained 

for vinyl azide 6.3 prompted us to explore its reactivity. 

Table 6.1 Temperature screening for the reaction of 6.1 with NaN3. 

 

Entry 
Temperature 

(°C) 
Yield of 6.2 (%) NMR Yield of 6.3 (%) 

1 60 - 28 

2 rt  - 32 

3 ɀ10 - 41 

4 ɀ40 - 50 

5 ɀ25 - 75 (isolated) 

6.3. Reactivity of Vinyl Azides 

6.3.1. Attempted Synthesis of 2-SF5-Substituted 1H-Pyrrole 

Vinyl azides are useful synthons for the formation of various nitrogen-containing 

heterocycles, including pyrazoles, pyrroles, imidazoles, thiazoles, triazoles, pyridines, quinolines, 
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isoquinolines, and imidazo[1,2-a]pyridines.6 As a preliminary investigation into the reactivity of 

vinyl azide 6.3, the reaction with acetylacetone to form the 2-SF5-substituted 1H-pyrrole 6.4 was 

evaluated, following conditions previously described in the literature7 (Scheme 6.3). 

Unfortunately, the desired pyrrole 6.4 was not obtained (Scheme 6.3). While some examples of 

SF5-substituted pyrroles have been reported (Scheme 6.4),8 none have used vinyl azides as the 

starting materials. Furthermore, in previous cases, the SF5 substituent was not located in h-

position of the nitrogen atom but further away on the pyrrole ring (Scheme 6.4).  

 

Scheme 6.3 Attempted synthesis of a 2-SF5-substituted 1H-pyrrole 6.4 from vinyl azide 6.3. 

 

Scheme 6.4 Synthesis of SF5-substituted pyrroles reported in the literature.  

 
6 (a) Hu, B.; DiMagno, S. G. Org. Biomol. Chem. 2015, 13, 3844-3855. (b) Gholami, F.; Yousefnejad, F.; Larijani, B.; Mahdavi, M. RSC 
Adv. 2023, 13, 990-1018. 
7 Ng, E. P. J.; Wang, Y.-F.; Hui, B. W.-Q.; Lapointe, G.; Chiba, S. Tetrahedron 2011, 67, 7728. 
8 (a) Dolbier, W. R., Jr.; Zheng, Z. J. Org. Chem.  2009, 74, 5627. (b) Dolbier, W. R., Jr.; Zheng, Z. J. Fluor. Chem. 2011, 132, 389. 
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Pyrrole 6.4 was not obtained from the reaction of vinyl azide 6.3 with acetylacetone. However, 

three SF5-containing products were observed by 19F NMR, prompting a purification to isolate and 

characterize each of them. A noteworthy observation was that no peaks corresponding to CH3 

groups resulting from the incorporation of acetylacetone were observed on the 1H NMR, 

suggesting thermal decomposition rather than reaction with acetylacetone. Moreover, only two 

of the three products observed on the crude 19F NMR could be isolated, prompting the search for 

an unstable intermediate. It is well-established that such transformations frequently involve 

reactive intermediates, most commonly 2H-azirines, sometimes along with the formation of a 

small quantity of ketenimine6 (Scheme 6.5).  

 

Scheme 6.5 Possible reactive intermediates formed by thermal decomposition of vinyl azides. 

The major product isolated was identified as the SF5-substituted acetamide 6.5, obtained in 47% 

yield. Successful crystallization allowed for X-ray analysis which confirmed the attributed 

structure (Figure 6.1). The acetamide 6.5 was presumably formed from the ketenimine 

intermediate 6.6 reacting with water (Figure 6.1). The ketenimine intermediate 6.6 could be one 

of the three SF5-containing products observed in the crude 19F NMR. Further studies were 

conducted to validate the hypothesis. The minor product isolated was identified as the SF5-

substituted azirine 6.7 (Figure 6.2), obtained in 26 % yield.  

 

Figure 6.1 Structure of SF5-substituted acetamide 6.5, presumably formed from SF5-

substituted ketenimine 6.6, and its X-ray crystal analysis. 








































































































































































































































































































































































































































































































































































































































































































































































































































































