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Résumeé

Parmi les groupments fluorés émergents, le pentafluorosulfanyle 5B suscitéun
intérét considérable au cours des dernieres décennies en raison de ses propriétés remarquables.
Desapplicationsde cette fonctionnalité on&té rapportéesdans divers domaines, tels que la
chimie médicinale et les matériaux. Néanmoins, l'introductiongroupeSk dans les composés
organiquesdemeureun défi significatif nécessitant généralement des conditions de réaction
difficiles. La recherchexposéedans cette thése décrit nos efforts pour développer de nouvelles

méthodes pour la synthese de compogentafiuorosulfanylés

Pour accédera des cyclopropanes pentafluorosulfanylés une cyclopropanation
intramoléculaire de cyanodiazoacétates catalysée par le rhodium enést& au pointgénérant
R S dactones fusionnées avec des cyclopropanes substituéteparoupe<k et Sk avec un
trés bon rendemeri. De plus des recherches ont été menée®ncernantla synthese de

cyclopropanepentafluorosulfanylésiafluoration oxydative de disulfures de dicyclopropyle.

En parallélela conception et la synthésedhouveauxéactifs de transfert de Sfont été
explorées. Les difficultés rencontrées nous ont incités a développermeéthode pour la
synthese en flux continu dthloropentafluorure de soufreSfsC), principalréactifutiliséa ce jour
pour la synthese de composés pentafluorosulfanylds réacteur sur mesure a été congour
f QF 3A G G A,pgrmeRadt ladsgnthdsk Ggide, sire et trés efficace dsCBFjui peut

ensuite réagir de maniere télescopée avec des alcynes dans des réactions d'addidafaire

Des pyrazolepentafluorosulfanyléesnt égalementété synthétisés par cycloadditios
1,3dipolaire d'alcynespentafluorosulfanylés avedes composés diazoiques non stabilisés.
5 QI dzii NdBs rdclemdfiepréliminairessur la synthése et la réactivité d'un azoture de vinyle
pentafluorosulfanyléont mis en lumiérela formation d'ure céténimine pentafluorosulfanylée

avec une réactivité polyvalente prometteuse.

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

pyrazole, céténimine.



Abstract

Amongst new emerging fluorinated groupdjet pentafluorosulfagl (SE) 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 Sfgroup into organic compounds remains a significant challenge,
generally requirindnarsh reaction conditionsThe research presented in the thesis describes our

endeavor to develop new methods for the syntheslisSk-substituted compounds.

To access $&Bubstituted cyclopropanes, a rhodiyoatalyzed intramolecular
cyclopropanation of cyanodiazoacetates was developed, yielding a@8& SE-substituted
cyclopropanef dz& $aBtonesin high yield. Furthermore, investigations were conducted on the
synthesis of SFsubstituted cyclopropanes through oxidative fluorination of dicyclopropyl

disulfides.

Additionally, the design and synthesis of new-B&nsfer reagents were explored. The
difficulties encountered have prompted us to develop a continuous flow synthesis©f Bie
most prevalent SFreagent to date. Acustommade stirringpackedbed reactor was designed
allowing for the rapid, safe and highly efficient synthesis o§@&Fwhich can therreactin a

telescoped mannewith alkynesin radical additiorreactions.

Sk-substituted pyrazoles were also synthesized through the 1,3 dipolar cycloaddition
reactions of S&substituted alkynes and nestabilized diazo compounds. Moreovergliminary
investigations on the synthesis and reactivity of an-s&bstituted vinyl azide revealed the

formation of an Sf-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 thePentafluorosulfanyl Group
(Sk)

Fluorine is the most electronegative element in the periodic talvid the secondsmallest
atom after hydrogenThe GF bond is the strongest bond that carbonnd®rm.!? Thus, the
introduction of fluorine atomsinto organic molecules can significantly alter their physical and
biological properties.Consequently,organofluorine compoundshave found applicationin
materiak science as well as in thegrochemicahnd pharmaceuticaindustries® Particularly,
the latter, the presence of fluorine atoms can exert a desirable influence on lipophilicity,
conformation, binding affinity, and metabolic stabilityAs suchorganofluorinecompoundsow
represent about 20% of marketed drug§simong the various fluorinated substituentthe
trifluoromethyl group (C§ is the mostommon but other fluorinated motifhlaveemerged, such
as the difluoromethyl (CHF the trifluoromethoxy (OGJ; trifluoromethylthio (SG and the
pentafluorosulfanyl (S§ groups.The first structure containinghe Sk group wasreported by
Silvey and Cady in 1950 hefirst introduction of the Sk groupto aromatic compoundsvasby
Sheppardin 1960 and the subsequent introduction taliphatic compounds by Hoover and
Coffmanin 1964.4 Due to the difficult and unsafe synthesis okSBbstitutedcompoundswhich
requiresharsh conditions such as autoclaand highly toxic reagents such as sulfur tetrafluoride
(Sh), the substituentremained largelyinexploredfor almost forty yearsin the last two decades
however,the Sk grouphas received significant increase in research intergsith the number

of publicatiors on the subjecgrowingexponentially since 2000 (Figutel).?

1 (a) O'Hagan, DChem. Soc. Re2008 37, 308. (b) Hagmann, W. K. Med. ChenR008 51, 4359. (c) Purser, S.; Moore, P. R,;

Swallow, S.; Gouverneur, hem. Soc. Re2008 37, 320330. (d) Chandra, G.; Singh, D. V.; Mahato, G. K.; Pai#e®. Pap.

2023 77, 4085.

2lnoue, M.; Sumii, Y.; Shibata, ACS Omeg202Q 5, 10633.

3G. A. Silvey, G. H. CadyAm. Chem. Sd95Q 72, 3624.

4 (a) Sheppard, W. A. Am. Chem. Sd960Q 82, 4751 (b) Hoover, F. W.; Coffman, D.JDOrg. Cheni964 29, 3567.

5http://app.dimensions.a® [/ NAGSNA LY WLISYy (il Ft d2NRadzA FIyetQ Ay FdzZf REFEGE® 9E
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Figurel.1 Number of publications mentioning the Sgroup over the last twenty yearsall
areas of chemistry combined

Due toits increased electronegativity, higher lipophilicity, steric demand, and unique octahedral
geometry,the Sk group is nowreferred to as asuper trifluoromethyl (Cdj¢ or even as the
ésubstituent of the futuré!® A few methodshave been publishetb overcome the limitations
associated withthe synthesis of Sfeontaining moleculesand applications haverecently
emerged in many fieldsincluding synthetic chemistry materials sciencg and medicinal

chemistry?©
1.1.1. Propertiesand Applicationsof the Sk Group

1.1.1.1.Level of FluorinationiGeometry NMRCharacteristicand Seric Properties
The sulfur atomexhibits the capacityfor forming hypervalent molecules in which its
oxidation state is Vlparticularly with fluorine substituents as in the case (ifetero)arytS’!

fluoride. Arecent comprehensive review blge group of Cornellaategorized aryB’ compounds

6 Thayer, A.MChem. & Eng. Nev2906 84, 27.

7Kordnezhadian, R.; Li,-B.; Zogu, A.; Demaerel, J.; De Borggraeve, W. M.; Ism&&jeid. Eur. 2022,28, €202201491.

8 (a) Noonikara Poyil, A.; Mufigastro, A.; Boretskyi, A.; Mykhailiuk, P. K.; Diagiem. ScR021, 43, 14618. (bNistanaki, S. K.;
Williams, C. G.; Wigman, B.; Wong, J. J.; Haas, B. C.; Popov, S.; Werth, J.; Sigman, M. S.; Houk, K. N.; ISeisoc&92R).
378,1085.

9(a) Chan,.J. Mater. Chen019,7, 12822. (b) Gao, H.; Sevilla, A. R.; Hobold, G. M.; Melemed, A. M.; Guo, R.; Jones, S. C.; Gallant,
B. M.,Proc. Natl. Acad. S€022,119, e2121440119.

10(a) Altomonte, S.; Zanda, M.,Fluor. Chen2012,143 57. (b) Sowaileh, M. F.; Hazlitt, R. A.; Colby, @h&mMedCher2017,

12, 1481.(c) Sani, M.; Zanda, MBynthesi®2022,54, 4184.
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based on their fluorination lev¥! (Figure 1.2)Arylsulfonyl and arylsulfonimidoyl fluoridese
classified as level 1, representitige lowest level of fluorination. Thetractures have been
studied for sulfusfluoride exchange reactions (SuFBDiarylsulfur oxide difluorides (level 2) and
arylsulfinyl trifluorides (level 3) haveceivedthe leastattention in research andxhibit atrigonal
bipyramidal geometryLevel 4 and 5 coprise of aryltetrafluoro<¢-sulfanes (AiSk-R) and
pentafluoro(aryl)<t-sulfanes (ASE). ¢ KS vy 2 Y S y® indicatezNdhstaddard valence
states of formally neutralteuctures's, and can thereforebe used for all thghetero)arytS”
fluorides presented Although it is generally onlyincluded for aryltetrafluoro-<¢-sulfanes
Pentafluoro(aryh<t-sulfanes (AiSk) are more commonlyeferred to assulfanyl pemafluorides
The focus of the present thesis the pentafluorosulfanyl groupyhich represents théighest

level of fluorination.

Sulfanyl pentafluorides

/f**’ Level 4 - —X
/
/ F.ﬁ R \\
/ 8 Tetrafluoro-Aé-

LF
/ ©/F sulfanes \
/ \
\

Level 2 & 3 \
/ 'I= (o] R ,I: \\
/ sz £$=0
¢ F Sulfinyl |': Sulfur
/ oxytrifluorides oxydifluorides \\
/
Level 1

\\ -0

o 1
‘\S’,N Sulfonimidoyl
©’ Sulfonyl fluorides ©/ ‘¢ fluorides

\
\

A

Figurel.2 Different levek of fluorination of (hetero)arytS’' fluorides.

11 Magre, M.; Ni, S.; Cornella,Ahgew ChemInt. Ed 2022 €202200904.

12(a)Dong, J.; Krasnova, L.; Finn, M. G.; Sharpless2®&L853, 9430.(b) Liang, BD.; Streefkerk, D. E.; Jordaan, D.; Wagemakers,
J.; Baggerman, J.; Zuilhof,2820,59, 7494.(c) Xu, R.; Xu, T.; Yang, M.; Cao, T.; LidatSCommun2019,10, 3752.

13Moss, G. PPure Appl. Chenil984, 56, 769.
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The octahedral geometryf the SEgroup,AXE according to VSEPR theoiy guiterare
in organic moleculeswith one fluorine atom irthe axial position and four ithe equatorial
position (Figurel.3). The octahedral arrangement presents characteristic signatseit® NMR
spectrum always represented by an ASignal pair; a doublet for the four equatorial fluorines,
and aquintet for the axial fluorine (Figure 1.4).s8fubstituted compounds have positive chemical
shifts generally in the range of B® ppm, with thequintet generally appearing at a lower field
than the doublet, except in the case ofsSiikynes. The &fFax coupling constant between the
two types of fluorine atoms is generally between 140 and 160 Hz. The influence okt S
on 'H and®*C NMR is also characteristic, with only the equalddtiorines coupling to adjacent

hydrogen or carbon atoms resulting irgaintet.'4

Figurel.3 Octahedral geometry of the Sigroup, exemplifiedoy Ph-Sks.

s e
ST S
Cl
S
4“‘4 L
& A

Figurel.4 Typical*®F NMR of the SFyroup.

14 W. R. Dolbier, in 7. Compounds and Substituents with Fluorine Directly Bound to a HeterGatiol@,to Fluorine NMR for
Organic Chemist® Ed., Wiley, HobokeB016 273.
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Besides the specific octahedral geometry and the charactetfgtislMR signals of the SF
group, its steric hindrance is often highlighted and compared to other grolips. steric
hindrance of the Sfgroup is highethanthat of Ckand close to tht of thetert-butyl group {Bu)

(Tablel.1). The SfandtBu groups are therefore often considertalbe isosteres’*®

Tablel.1 Comparison of the intrinsic volume of the §§roup to theCkandtBu groups.

Group ‘ CF, ‘ SF; | tBu

Intrinsic volume Vg, (A%) ‘ 427 ‘ 61.4 | 75.1

1.1.1.2.ElectronicProperties,Lipophilicity andSability

The Skgrouphas often been comparetb the Ck group asthey are similarin terms of
hydrophobicity and electronegativity. However, the §®up has higher inductive and resonance
effects (Hammett parameter *| = 0.55, r = 0.11) than CE ("1 = 0.39, r = 0.12)!%16 |ts
electronegativity is slightly higher than £F3.66 vs 336 respectively, similar tothe
electronegativity ofa nitro group (N@).”16 It is alsomore lipophilicthan CE with regardto the
Hanschydrophobicityparametero 5(Sk) =1.23@ &,(CE) =0.88).” Therefore peingboth highly
electron withdrawingand highly lipophilicthe Sk group isof great interestin the fields of
medicinal chemistry and materistience Additionally its dipolar moment is also higher thérat
of CERdzS (2 (GKS KAIK ydzYoSNI 2F TFi-8EENIWAS > T2 ¥aabc Ll
PhCE).1” The SEkgroup also shows both high chemical atitermal stability’® making it
appealing for the design of new functiomalterials such as liquid crystals and polymérghe

comparison of the characteristics of thes@Rd SEgroups is presented ifable1.2.”

15 (@) Savoie, P. R.; Welch, JCiem. Re\2015 115 1130. (b) Westphal, M. V.; Wolfstadter, B. T.; Plancher, J. M.; Gatfield, J.;
Carreira, E. MChemMedCher015 10, 461.

16 Kirsch, PModern Fluoroorganic ChemisWILEYCVH Verlag GmbH & C2004

17 Sheppard, W. Al. Am. Chem. Sdk962 84, 3072.

18 Bowden, R. D.; Comina, P. J.; Greenhall, M. P.; Kariuki, B. M.; Lovedaya, A.; Attpehéairor2000 56, 3399.

19Kenyon, P.; Mecking, $.Am. Chem. Sq017, 139, 13786.
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Tablel1.2 Comparison of the characteristics of the £B5Fk and SCégroups.

R (0]
o~ | el O
i : =- 5.
“ [3 @ /"
@ Intrinsic volume | Hydrophobicity | Electronegativity | Hammett parameter | Dipolar moment
VvdW (A3) np X OP “’ (D)
CF, 42.7 0.88 3.36 0.54 2.60
SF; 61.4 1.23 3.65 0.68 3.44
SCF; - 1.44 - 0.50 -

1.1.1.3.BExamples ofApplications of the Sf&roup

The ability of fluorinated groups to modulate key properties of molecules is well kAown.
Over thepast two decadesassynthetic bottleneck$o access SFeompoundshave begunto be
addressed, SFeompounds hae started to appear invariousfields In materials chemistryor
example, the Sk group has been incorporated intaovel polymers, liquid crystals and
luminescent functional materialsas well as in optoelectronid8?° It hasalso recentlybeen
introduced in ligand$or catalyst design, outperforming thek analog® Thefunctionalityhas also
been incorporated into drugandidatessuchasseveral antimalarial?’2® cannabinoid ligand&'c
enzyme inhibitorgd NK1 receptor ligangg¢ bactericidal agenf"9" and anticancer and
antifungal agent$? A recent report also descriks¢he use of the SFgroup asa probe in medical

imaging?? A few selected examples are presentedrigure 1.5.1%23

20 (a) Shavaleev, N. M.; Xie, G.; Varghese, S.; Cordes, D. B.; Slawin, A. M. Z.; Momblona, C.; Orti, E.; Bolink, H. J.;\amuel, |. D
ZysmarColman, Elnorg. Chem2015 54, 5907. ) Chan, J. M. W. Mater. Chen2019 7, 12822.

21(a) Coteron, J. Met al.J. Med. Chen2011, 54, 5540.(b) Duparc, Set al. Lancet Infect. Di018 18, 874.(c) Zanda, Met al.

RSC Adwe014 4, 20164 (d) Diederich, Fet al. Chembiocher2009, 10, 79.(e) Witoszka, K.; Matalinska, J.; Misicka, A.; Lipinski, P.

F. JChemMedCher023 €202300315.ff Pormohammad, A.; Moradi, M.; Hommes Josefien, W.; Pujol, E.; Naesens, L.; Vazquez,

S.; Surewaard Bas, G. J.; Zarei, M.; VazGaezra, M.; Turner Raymond,Microbiol. Spectr2024 0:e00071.(h) Shinya, S.;

Kawai, K.; Kobayashi, N.; Karuo, Y.; Tarui, A.; Sato, K.; Otsuka, M.; OrBaverdyl. Med. Chen2024,99, 117606.

22Ma, J.; Veeragoni, D.; Ghosh, H.; Mutter, N.; Barbosa, G.; Webster, L.; Schobert, R.; Sande, W. v. d.; Dandawaté&, B.; Biersac
Biomedicines2024 12, 1621.

23 Prinz, C.; Starke, L.; RamspothFT.Kerkering, J.; Martos Riafio, 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.; ved. }iendbrfT.; Nazaré,

M.; Waiczies, ACS Sen021, 6, 3948.
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Figurel.5 Selected examples of §Bubstituted molecules and their applications

1.1.1.4.GreenChemistryConsiderations

The European Union is planning to ban the manufacture, use, and supply -carger
polyfluoroalkyl substanceFAS), a significant portion of which containing theg@p, due to
their persistence and bioaccumulatidhNotably, the mineralization of bioactive compounds
containing a GHunit may generate the formation of highly persistent and toxic trifluoroacetic
acid (TFA). In #t context, several studies have explored the @#up as a potential substitute,
with findings indicating that it can degrade under mild, environmentally friendly condiffons.
With further investigation in the forthcoming years, thes§Foupmay bea suitable replacement

that could lead to an increase irs@pplications.
1.1.2. Functionalization of Organic Molecules withe Sk Group

1.1.2.1.Functionalizatiorof Aromatic Compounds

Although aromatic compourgiwere functionalized with theSk group by Sheppard in

24 Scott, AC&EN The battle ovePFAS in Europ2023 31
25 (@) Jackson, D. A.; Mabury, SEAviron. Toxicol. Che®009,285 My cc® 060060 Yl @yl 3IKZI 9T 2AYyYy>X
N. K.; Beier, P.; Murphy, C.Environ.Sci. Pollut. Re2014,21, 753.
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1960, it remainedunderexploreduntil the 215t centurydue to the harsh conditionequiredand

the toxicity of the reagentsused and the intermediatesformed. In 2000, Jaren and Philp
reported the synthesis ofdesired arySk compoundsfrom arytdisulfidesin low to moderate
yields(25-41%)using Xefand E respectively?® Then, thefirst effectivesynthesis of aryBEwas
reported by Umemotg’ patented in 2008 and published in 20(@cheme 1.1)The synthesisf
arylSkwas performedntwo steps Frst, anoxidative chlorination and several chlorifleoride
exchanges lead to the ar§izCl intermediate The intermediate is unstable to air, and therefore
not isolated. It ishen converted to the desired ank by a final chloriddluoride exchange
requiring another fluorine sourcethe conditions required are variable and truly substrate
dependentselected examples are presented scheme The mechanism of thisrmation of the

aryFSRECI intermediateproposed by Umemoto ishownin ssheme 12.

Cl

KF or CsF ZnF,, HF or SbFg
Ar/S\S,Ar or Ar/SH Ar/SF40I Ar/SF5
CH3CN,0°Ctort,upto 18 h
21 eXampIeS 9 examp|es
52-98% 36-79%
Selected Examples E
SF,ClI SF,Cl F Br SF,CI SF,CI
O,N H3CO,S CIF4S
F
60% 97% 80% 86% 52%
F
SF5 SF5 F
O,5N H,C
36% 71% 59% 78%

Schemel.1 Synthesis of AISEby Umemotovia Ar-SkCI intermediates.

26 (@) Ou,X.;JanzenA. FJ. FluorChem 2000Q 101, 279;283. (b)Bowden, R. D.; Comina, P. J.; Greenhall, M. P.; Kariuki, B. M.;

Loveday, APhilp,D. Tetrahedror2000, 56, 3399.
27(a) Umemoto, T. U.S. Patent US20080234520A1, 2008mr(ejnoto, T.; Garrick, L. M.; Saito,Beilstein J. Org. Che@012 8,

461.
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1/2 Cl, KF cl

1/2 Ar—S—S-Ar — > Ar—SCl ——» Ar—SF ——=» Ar—SFCl,
2KF | -2 KCl
1/2 Cl, KF
Ar—SF,Cl -«——— Ar—SF, K" Ar—SF3;
—KCl

Schemel.2 Proposed mechanism for the formation of ARCI intermediate.

Inthe yearsF 2 f f 2 6 A y 3 warkyrfilfeg doradiiains were investigated by several
groups forthe final CI/F exchang® such as the use of silver fluoride (AgRpwever, the
formation of the arydlSECI intermediatestill required the use of hazardous gasisreagents until
¢23AYyAQa ¢ 2 MNyeprdgsghtedHamilestabe in the development ofa safe andmore
accessible synthesif the arylSk scaffoldvia the replacement of Glgaswith the inexpensive
and easyto-handle solid trichloroisocyanuric acid (TCCAghich iscommerciallysold as a
common swimming pooldisinfectantb ¢ Kdzid = ¢ 2 ByhenieaB) WB&ITKEARand
potassium fluoride (KF) in large excess provides (heterojarytSkE compounds from
corresponding disulfidegathe SECI intermediatesThe desired (hetero)arls compoundsare
obtainedin good yieldsaand with agoodfunctional group toleranceselected examples are shown

in scheme 1.2°

28 (a) Kanishchev; O. S. Dolbier, WARgew. Chem. Int. EA015 54, 280284. p) Cui, B.; Jia, S.; Tokunaga, E.; SaitGhibata
N. Chem. Comn2017, 53, 12738. ¢) Lummer, K.; Ponomarenko, M. V.; Réschenthaled/.GBremer, M.Beier, PJ. Fluorine
Chem2014 157, 79.

29 (a)Pitts, C. R.; Bornemann, D.; Liebing, P.; Santschadwi; AAngew. Chem. Int. EB019 58, 1950.(b) Kraemer, Y.; Bergman,
E. N.; Togni, ARitts,C. RAngew. Chem. Int. EB022 61, e202205088.
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CI< )J\N,CI

N
41\ /& TCCA
(¢} l}l e}
Cl (18.0 equiv)
KF (32.0 equiv)

. /S\S/Ar TFA (0.1 equiv) o SFCl AgF (1.0 to 4.0 equiv) . _SFs
r CH3CN, rt, 18 h r CH,Cl,, 100 or 120 °C, 48 h r
27 exemples 7 examples
40-86% 57-81%
Selected Examples
~N
SF,4CI BzO SF,Cl N SF,ClI N\ SF,4CI N7\
Ul F4Cl
IO & S & S & S A
~ ~
02N O2N Br \Ph
86% 53% 81% 72% 82%
(o]
/©/SF5 Et020\©/SF5 /©/SF5
AcO NPhth ‘ ‘\ SF,
7% 57% 80% 57%

Schemel.3 Synthesis ofryls-Sk compoundsusingTCCA/KF conditions developed by Togni.
The group of Shibata publishedsimilar methodust one year later, in 2019 without
trifluoroacetic acid (TFAP Since then, therange of compatible starting materialhas been
extended from disulfides to sulfenyldilimides and arylphosphorothiolates by Cornella in 2020
and 20213 More recently, Nozaki proposed a more straightforward alternative synthésised
2y  { KS LILJ*WiR Qdnesieg Mdtegy using silver(ll) fluoride (Ag¥# While interesting
b 21 I dpgrd@ch sesa muchmore expensive reagent (Ags TCCAfhat is stillrequired in
large excesslhe contentwas published ithemRxiv and nan a peefreviewed journahbs of the
time of writing the thesisThetimeline of the developments ofhe syntheic methods to obtain

arySkcompoundss summarized ifkigure 1.6.

30 Saidalimu, I.; Liang, Y.; Niina, K.; Tanagawa, K.; Saito, N.; Shikata, Ghem. Fron2019 6, 1157.
31 (@)Wang, L.CornellaJ.Angew. Chem. Int. EB02Q 59, 2351¢23515. (b) Cornelld,.Synthesi®021, 53, 4308.
32Gatzenmeier T, Liu Y, Akamatsu M, Okazoe T, NoZakekiRxi\2023
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= One step from disulfide
= Unstable intermediaite
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= Two steps from disulfide
* Solid, cheap, safeand

easy-to-handle reagents

= One step to Ar-SF,CI

from sulfenylphtalimide

= Solid, cheap, safeand

easy-to-handle reagents

= One step from thiophenol

derivatives

= Quite expensive reagent

= Low yields = Low yields * Good yields = Good yields * Good yields
Sheppard (1960) Philp (2000) Togni (2018) Cornella (2020) Nozaki (2023)
AgF, 10 % Fa/N, TCCA, KF, TFA TCCA, KF, TFA AgF,, NEtCI
| | |
| || | | |
1 1

Janzen (2000)

Umemoto (2012)
Cl,, KF

Shibata (2019)
TCCA, KF
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R
-

Cornella (2021)

TCCA, KF, TFA

XeF,

= One step from disulfide
= Expensivelexplosive

oxidant/fluorine source
= Low yields

= Two steps from disulfide
= Solid, cheap, safe and

easy-to-handle reagents
= Good yields

= Two steps from
arylphosphorothiolate

= Solid, cheap, safeand
easy-to-handle reagents

= Two steps from disulfide
= Hazardous gas reagents
= Good yields

Figurel.6 Chronological development of the synthesis of at§k compounds

1.1.2.2.Functionalization oAliphatic Compounds

The preparation of SFsubstituted aliphatic compounds is gendyaless practical and
often involves the relatively eargtageintroduction of the S&group in the synthesis of more
complex moleculesThe methods using Cb/KF or TCCA/KF conditiorfer functionalization of
aromatic compoundss in most casesincompatible with aliphatic starting materials. Only one
recent paper reports the oxidative chlorotetrafluorinatiéeading to the formation of the SEI
intermediate from aliphatic thiols in moderate yield83-67%)(Scheme #).33 The reaction is
performed in a twechamber reactor, Clis generated in chamber A and used in chamberie.
pentafluoro(phenethyb®-sulfane 1.1 (Scheme 1) is the onlyisolated example ofan Sk
substituted aliphatic compoundsyntheszed via the two-steps process of oxidative
chlorotetrafluorinationand Cl/FexchangeTheproduct was obtained in an overalield of 22%

from 2-phenylethanel-thiol.

33 Kordnezhadian, R.; Zogu, A.; Borgarelli, C.; Van Lommel, R.; Demaerel, J.; De Borggrael@msajiVEChem. Eur. 2023
29, e202300361.
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Chamber A : Ca(OCl);, H;SO,4, 0 °C to rt
Chamber B : KF, CH1CN, rt

_SH _ __SFCl
R R
SF,Cl SF4CI
o e
33% 50% n=734%
n=557%
n=367%
SF4Cl AgBF, (2.0 equiv) SFs
CH.,Cl,, rt, 16h
1.1
67%

Schemel.4 Oxidative chlorotetrafluorination of aliphatic thiols in a twechamber reactor
and final CI/F exchange to pentafluoro(phenethy$-sulfane 1.1

Thedevelopmentof methods for the functionalization of aliphatic compounds with the
Sk group has lagged behind that of (hetero)aromaticéor which methods using TCCA/KF
conditions are both convenient andefficient In 2002, Dolbier developed a method for
introdudng the Sk group onto aliphatic compoundshat is still the mostwidely used today
(Schemel 5).3 The method is a radical chaitype chloropentafluorosulfanylation of unsaturated
bonds using pentafluorosulfanyl chloride ($El), a toxic reagent that is gaseous at room

temperature (b.pg21°C) andriethylborane (E4B), coupled withoxygen (©Q), as radical initiator.

SF5CI (1.5 equiv)

BEt; (0.1 equiv) / O, cat. Cl
M - F s\)\/\/
Hexanes, —=30 °C, 3 h 5
98%

Schemel.55 2 f 0 JadidslladditioNDbf S§I to alkenes
t FljdzAy Qa 3INRdzL) Ay @SaidA 3 IHiabdRohokothénBchllconditiod® 2 NA |y

avoid the useof E&B which ispyrophoric However, the methods are generally less efficient.

34S. AitMohand, W. R. Dolbier, JOrg. Lett2002 4, 3013.

35Gilbert, A.; Langowski, P.; Delgado, M.; Chabaud, L.; Puchealaddin, 3F.Beilstein J. OrgChem 2020 16, 3069.

36 (a) Gilbert, A.; Birepinte, M.; Paquinf]J. Fluorine Cheri021, 243 109734. (b)Shou,-¥.; Xu, XH.; Qing, FL.J. FluorChem.
2022 261, 110018. (b) Birepinte, M.; Champagne, P. A.; PaquinAdgEw. Chem. Int. EA022 61, €202112575. (c) Ouell&@u
Berger, M:R.; Boucher, M.; Paquin;B.J. Fluorine Cher2023 268, 110131.
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Earlierin 2024, twodecadésT 1 SN 52f 0 ASNR& &aSYAylLf 62NJ =

an improved methodor the reaction of SEI with alkynesising THF as both solvent and activator

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

Moreover, he Sk-substituted alkenes cagenerallybe obtained in higher yields compared to

using E4B/O; conditions

RZ

R? SF . i
% 5Cl (2.0 equiv) - C'\%\SF
R THF, —40 °C, 2-12 h e 5
R' = (Het)Aryl, alkyl 32 examples

13-99% yield

R? = H, alkyl, ester, ketone E configuration

Schemel.6 Radical chloropentafluorosulfanylation of alkynes using THF.

The introduction of the SFyroup within aliphatic compoundshrough radical addition of
SECI is not limited to alkenes and alkynelm 2022, Pitts reported the strairrelease
pentafluorosulfanylation of [1.1.1]propellane usingsSFand white LEDs aadical initiator
(Schemel.7 A).3® Later, Pitts extended tk methodology to the strainelease
pentafluorosulfanylation of [1.1.0]bicyclobutaris resulting in moderate to good yields of

sulfone (Schemel.7 B) and carbonycontaining SécyclobutanegSchemel.7 O.

3”Nguyen, T. M.; Popek, L.; Matchavariani, D.; Blanchard, N.; Bizet, V.; Cakingl, [[2tt2024 26, 365.
38Kraemer, Y.; Ghiazza, C.; Ragan, A. N.; Ni, S.; Lutz, S.; Neumann, E. K_; Fettinger, J. C.; Nothling, N.; Goddard].Ritf<Cornel
C. RAngew. Chem. Int. EB022 61, €202211892.
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39 Kraemer, Y.; Buldt, J. A.; Kong, W. Y.; Stephens, A. M.; Ragan, A. N.; Park, S.; Haidar, Z. C.; Patel, A. H.; Sh&; R.; Dagan

McLoughlin, C. P.; Fettinger, J. C.; TantilloRits, C. RAngew. Chem. Int. EA024 €202319930.
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SF5CI (1.5 equiv)

hv (white LEDs)
A FsS cl
Et,0, 30 °C, 4 h

86%
SF5Cl (1.5 equiv) SO,R
B SOR 1y (white LEDs) Cl
EtOAc, rt, 18 h /
FsS
16 examples
25-92% yield
anti:syn 1:1to 2.5:1
SF5CI (3.0 equiv)
0] hv (white LEDs) ®) R
c R K3POy4 (1.0 equiv)‘ cl
EtOAc, rt, 18 h
FsS
3 examples

52-60% yield
anti:syn 1:1 to 2.5:1

Schemel.7 Strainrelease pentafluorosulfanylation ofl.1.1]propellane and
[1.1.0]bicyclobutanes.

SECI can also be useas (chloro)pentafluorosulfanylating reagewith diazo compoundsas
publishedby Qingin 2022 (Scheme B).*° The method could be used foa threecomponent
reaction in which an alkene is added to react with the carbon radical geneiatsdy yielding

the desired products in moderate yiel{&heme 19).4

40Shou, J. Y.; Xu, X. H.; Qing, Bngew. Chem. Int. EA021, 60, 15271.
41Shou, J. Y.; Qing, FAngew. Chem. Int. EA022 61, €202208860.
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SF5Cl (1.5 equiv) o
K3POy4 (1.5 equiv) '
SF :

R)K/ 5

o) CHaClz 1t 31 14 examples O Q
N 33-82% yield |
R 2 SF5CI (0.5 equiv) ; — 7\
' /
Wa

Y Cu(CH4CN),PFg (5.0 mol%) o

ligand L7 (6.0 mol%) : N
CH20|2, rt, 3h X

Cl
17 examples :
35-95% vyield

Scheméel.8 Hydro(Chloro)pentafluorosulfanylation of dieo compounds with SEI.

o SF;5CI (1.5 equiv) 0
Ph)j\’//Nz . \/\ph K3POy4 (1.5 equiv) N Ph)J\(\(\/Ph
H CHJCl,, rt, 3 h SF. Cl
55% yield

(syn:anti = 1.5:1)

Schemel.9 Example of threecomponent reaction of €I, an alkene and a diazo compound.

Thesynthesis and handlingf SECI the most prevalentpentafluorosulfanylation reagent
to date,is an important issue in all trebovementionedresearch Problemswith its commercial
availability as well as its high pri¢@00gr/2475U3$ from Synquedthave prompted the search
for affordable alternatives. Qing inspired by the work of Winter and Togrireported an
accessible synthesis ofsSFrom sulfurpowder (8), TCCA, ansgpraydried KF(Scheme 1.10).
ThemethodR2 Say Qi NBI|jdZANB (GKS dzasS 27T 4 éakketyCharshl a S 2 dz
conditions (autoclave’)? However,glasshigh-pressure vessslare needegas well @ very inert
conditions The reactiorcan bescaled ugo 32 mmolwith an average yield of 47%ifordingthe
desired SECI in solution im-hexane (0.15 M)after extraction from the reaction mixture which

contains byproducts such as S@Rd SG.

42 (a) Winter, R.W020091523852009 (b) Pitts,C. R.SantschiN.; Togni,A. W020192291032019
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KF (9.0 equiv) Extraction
TCCA (4.5 equiv) SFsCl with n-hexane
Sg + _— SF;sCl in n-hexane
CH3CN, rt, overnight SOF, SO,F,

Schemel.10 Synthesis of SEI as a solution im-hexane from &

Additionally, b avoid the handling 06kCl a few research groups have recently explored
an ex situ strategy. Tlili reported a methotbr the generation of SElusing a new Sfhased
reagent(1.2) derived flom Sk and tetrakis(dimethyamino)ethylene (TDAE$cheme 1.11% A
similar strategy was employed by De Borggraewbp generatedSk/ f T NRligyridgl Z n Q
disulfide1.3 (Scheme 1.11% In both casesthe SEClformed is used directly for radical addition
on alkynes or alkenessingBE#/O> conditions within the second chamber of the twohamber
reactor.The safer strategies are practical fordaftory-scale research purposes, but the required
use of a twechamber reactor limits their scalabilitfhere is still an undeniable need for new
scalable and more usédriendly methodsto render Sk chemistrymore accessibleespeciallyfor

the synthesis of aliphatic compounds

i Tlili De Borggraeve i

F@\@)N-L | < X S> --------------------------------------
i \T%Ne\ Nl _ A i E Chamber 2: Consumption of SF;CI E
N_SFs 13 sF,cl R SFs |
! 1.2 + TCCA ! ' R—== + BEt3 ——— === !

in n-hexane Cl

______________________________________

+ TCCA in CH3CN +KF in CH3CN

Schemel.11 Ex situstrategies for generation and consumption of $&H.

1.1.3. SE-Qubstituted Building Blocks
In the absence ofa more userfriendly SFE transfer reagent,and with late-stage
pentafluorosulfanyation seemingly outof reach forthe time being much research has been

devoted tothe synthesis of SFontaining smalmoleculesSmple scaffolds are used as building

4 Taponard, A.; Jarrosson, T.; Khrouz, L.; Medebielle, M.; Broggi, J.; Atiiesx Chem Int. Ed. 2022 61, e202204623.
44 Kordnezhadian, R.; De Bels, T.; Su, K.; Van Meervelt, L.; Ismalaj, E.; Demaerel, J.; De Borggravey. LettvR023,25,
8947.
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blocks for the construction of more complex molecules with potentially broad applicétimn.
the presentthesis we were mainlyinterested in the synthesis of Sgubstituted cyclopropnes

and SE-substituted five membered ring nitrogecontaining heterocycles

1.2. Properties, Interest, and Synthesis ofHuorinated Cyclopropanes

1.2.1.Properties andnterest of the GyclopropylFragment

The cyclopropyl fragment is the smallest existing carbocycle, wiilque structural
characteristics such as the coplanarity of the three carbon atoms, the relatively skiban@ €
H bonds, the ring strain and the 6@ngle between the-C bond|t is present in a wide range of
naturally occurring bioactive molecufésand thus isused in medicinal chemistryto induce
changes in the physical and biological properties of moleculesefidre, thecyclopropyl moiety
has a prominent place in drug candidatésis the 6" most frequent ring system inFDAlisted
compounds*’ Huorinated cyclopropangswhich combine the features of both fluoriated
compoundsand cyclopropnes, are scaffolds ofjreatinterest in medicinal chemistry as well as in
synthetic chemistry® Fgure 1.7 shows five examples of bioactivéluorinated-cyclopropanes:
Sitafloxacinan antibiotic usedo treat severe bacterial infections, especially involving resistant
bacterig?® Zosuquiday a Phase Il clinicatandidate for use as an antineoplastic drug°
Voxilaprevir a hepatitis C viru§HCV) nonstructural (NS) prote3hdA protease inhibitoPP! MK-
5046 a selective bombesin receptor subtyf3eagonist used fothe treatment of obesity, and

ACT709478, éPhase | clinical candidate abrain-penetrating Ftype calcium channel blockét.

45 Haufe, GTetrahedror2022 109, 132656.

46 (a) Donaldson, W. Aetrahedror2001, 57, 8589. (b)Chen, D. Y. K.; Pouwer, R. H.; Richafl Chem. Soc. Re2012 41, 4631.

(c)Fan, Y-Y.; Gao, XH.; Yue, M. Sci. China Cher2016 59, 1126.

47 (a) Taylor, R. D.; MacCoss, M.; Lawson, A. D.Med. Chen2014 57, 5845. (b) Talele, T. J.Med. Chen2016 59, 8712. (¢)

Bauer, M. R.; Di Fruscia, P.; Lucas, S. C. C.; Michaelides, I. N.; Nelson, J. E.; Storer, R. |.; WhiteB@Gd&2l. Che2021, 12,

448.(d) Shearer, J.; Castro, J. L.; Lawson, A. D. G.; MacCoss, M.; TaylbiMBd.lzhem 2022, 65, 8699.

48(a) Bos, M.; Poisson, T.; Pannecoucke, X.; Charette, A. B.; Juli@dnEur. J2017, 23, 4950. (b) Pons, A.; Delion, L.; Poisson,

T.; Charette, A. B.; Jubault,&&c ChemRes 2021, 54, 2969.

49 Anderson, D.LDrugs Today2008 42,489

50Cripe, L. D.; Uno, H.; Paietta, E. M.; Litzow, M. R.; Ketterling, R. P.; Bennett, J. M.;Roweazdrus, H. M.; Luger, S.; Tallman,

M. SBlood2010, 116, 4077.

51Heo, Y-A.; Deeks, E. Drugs2018 78, 577.

52(a) Phelan, J. P.; Lang, S. B.; Compton, J. S.; Kelly, C. B.; Dykstra, R.; Gutierrez, O.; Moldanden. Gham. S&018 140,
8037 (b) Chen, T.; Zhang, Y.; Fu, Z.; Huand\sfdn J. Org. Chei2019 8, 2175.
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F / _/ HN! e
Cl . -1CF,H
O Zosuquidar
HN R Phase Il clinical 0
Sltafl'O).(aFln trial antineoplastic Voxilaprevir
Antibiotic drug HCV NS protein
N= 3/4A protease inhibitor
1
CF3 N}
Nﬁ/ﬁ/@
\ .
NH HO CFj /(\
MK-5046 ACT-709478
Selective bombesin receptor subtype-3 agonist T-type calcium channel blocker

Figurel.7 Examples of bioactivfluorinated cyclopropanes

1.2.2. Synthesis oHuorinated Cyclopropanes

Sincethe discoveryof cyclopropanédoy Freund in 188% severalgeneral strategies toward
their synthesidave been developedomeof which are applicable to the synthesis of fluorinated
cyclopropanes The following section focuseson two different methods the use of zinc
carbenoids (SimmonsSmith), and the transition metalcatalyzed decomposition of diazo
compoundgSchemel.12).5* Thegeneralmethodsare presentedbelow, followed bytheir known

application tavard the synthesis dtuorinated cyclopropanes

Zinc carbenoids Transition-metal catalyzed decomposition of diazo compounds
6 5 1 4
5 R\”/R + R . R Intermolecular
ZnCHRSX RS RS M cat. =
R' R N2 RZ2 R®
—( T—— R AR —T—
R2 R3 R6=H R2 R3 R2_ R4
R3 Intramolecular
N,
R']

Schemel.12 Two common strategies for the synthesis oyclopropanes

53Freund, A. JNr Prakt. Cheml881, 26, 625.
54 ebel, H.; Marcoux,-F.; Molinaro, C.; Charette, A. hem. Re\x2003 103, 977.
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1.2.2.1.TheSmmons-Smith CyclopropanationReaction

The additionof zinc carbenoids talkenesto form cyclopropanesvas reported by
Simmons and Smith in 1958cheme 1L.3).5° Several zinc carbenoids have been developed,
generally prepared by exchange between an alkyl group of an organozinc reagent (usually

diethylzing EbZn) and a dihalomethane (often diiodomethai@Hly).6

#
X
Zn\-;l
R" R? XZn - CH
e R1 /"2 R2 R‘l R2
R R3 X=IEt CHyl R* RS -ZnXI R* R®

Schemel.13 SimmonsSmith cyclopropanation

A stereoselective version of éhSimmonsSmith reaction is possibléf a directing group,
usually a Lewis bassuchas an alcohglcanchelate the zinc and a chiral additiveeisiployed
(Scheme 1.14A doxaborolandigand (L*) developed in our groujis widely usedor asymmetric
synthesisof cyclopropanes’ It is important to note thatin the asymmetric SimmorSmith
reaction, the zinc carbenoid is electrophilic and therefore redatgerand more efficiently with
electronrich alkenes As such the strategyay be problematic with electrepoor fluorinated
alkenes®® However,cisandtrans monafluorocyclopropanesaverecentlybeen obtained in high
yieldsand highenantioselectivities in the case of botB @nd g monofluorinated allylic alcohols

(Scheme 11.4).5°

55 Simmons, H. E.; Smith, RJDAmM. Chem. Sd®58 80, 5323.

56 (a) Charette, A. B.; Beauchemin JAOrganomet. Cher2001, 617, 702. (b) Voituriez, A.; Zimmer, L. E.; Charette, 4. Brg.

Chem201Q 75, 1244,

57(a) Charette, A. B.; Juteau, HAm. Chem. Sd994 116, 2651. (b) Charette, A. B.; Beauchemin].ZOrganomet. Cher001,
617, 702.

58 Morikawa T., Sasaki H., Hanai R., Shibuya A., and TagiicBir§l. Chem.994 59, 97.

59 Delion, L.; Poisson, T.; Jubault, P.; Pannecoucke, X.; Charett€ah. B. Cher2020, 98, 516.
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/_(*OH CHyly, EtyZn, L* - f ~—OH

R F CH,Cl,,0°Ctort, 16 h R F Me,NOC
(2) cis CONMe,
F CH,l,, EtyZn, L* F O\
212, ElpZn, N —
/:& . > NG A ©
R OH CH,CIl,,0°Ctort, 16 h R nBu
(E) trans chiral dioxaborolane L*

F>JOH CH,l,, Et,Zn, L*
’ ' F'/A v~
— - v/ \N"~0H

CH,Cly, 0°C to rt, 16 h R

cis
19 examples
51-95% vyield
ee 89-98%

Schemel.14 Synthesis of monofluorocyclopropanes from monofluorinated allylic
alcoholsusing the SimmonsSmith approach

To avoidhe mismatchof anelectrophilic carbenoiavith apoorly nucleophilidluorinated alkene
the fluorine atomcould instead be installediathe carbenoid Exploitinghalogen scramblingn
the zinc carbenoidan iodofluoromethylzinc carbenoid..4) was prepared from EtZnl and IGHF
(Xhemel.15).5°The enantioselective synthesis of monofluargclopropanes was then achieved

from allylic alcohols using iodofluoromethylzinc carbenb#iformedin situ(Scheme 1.16).

| ICHF F Znl F ZnF
Et,;Zn —2» IZnEt ——% T — T
F |

1.4

Schemel.15 Preparation of iodofluoromethylzinc carbenoid & via halogen scrambling

60(a)Beaulieu, l-P. B.; Schneider, J. F.; Charette, A. Bm. Chem. S&013 135, 7819.(b) Navuluri, C.; Charette, A.®rg. Lett.
2015 17, 4288.
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1) Et,Zn F

2) L*
/:fOH HA@\OH

R 3) EtZnleEtO,, ICHF, R H
CH,Cl,, 78 °C to —40°C, 15 h

13 examples
46-76% yield
dr 4:1 to >20:1

ee 82-99%

Schemel.16 Enantioselective synthesis ahonofluorocyclopropanesiaa Simmons
Smith reaction using iodofluoromethylzinc carbenoid4l.

Although the SimmonS$mith cyclopropanation reactiohas demonstrated success in
producing monofluorocyclopropanegthe method was not attemptedwith alkenes containing
more complex fluorinated groups such as.CHe halogen scrambling technique is limited to a
single fluorine atom and cannot be extended to other fluorinated groups. Thus, the use of
fluorinated olefin wouldemainthe only option. Neverthelesshe electronpoor character of the
trifluoromethylated olefinsis hardly compatible with theelectrophilic nature of the zinc
carbenoid in theSimmonsSmith reaction Thus, since GHs a closely related group to $5F
examiningthe existing syntheses of &§ubstituted cyclopropanes can provide a startpmjnt
for elaboratngtowardthe synthesis of Sfsubstituted cyclopropanes, the first goal oktpresent

thesis.

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

Cyclopropanes

1.2.2.2.1 Use of C&Qubstituted DiazoGompounds

The etrosynthetic analysis of @Bubstituted cyclopropanes leads to the use of an alkene
and a Cksubstituted carbene or equivalent as starting matesfalThe strategyis commonin
the literature for the enantioselective synthesis of:@clopropanesused notably by Kler6?,
Simoneau$%®, Davie&”, Carrdéra®?, Fasaf® and Iwasé&.*® A diazo reagenbr precursor {.5-

1.7)is usedwith a transitionmetal catalyst, whicimaybe chiral, to form a reactive metal cahe

61 Grygorenko, O. O.; Artamonov, O. S.; Komarov, I. V.; MykhailiukT €&rahedror2011, 67, 803.

62 (a) MNler, P.; Grass, S.; Shahi, S. P.; Bernardihethiahedron2004 60, 4755.(b) Le Maux, P.; Juillard, S.; Simonneaux, G. R.
Synthesi2006 2006 1701.(c) Denton, J. R.; Sukumaran, D.; Davies, H.Q#gLLett2007, 9, 2625.(d) Morandi, B.; Mariampillai,

B.; Carreira, E. Mingew.Chem. Int. EQ2011, 50, 1101. (e) Tinoco, A.; Steck, V.; Tyagi, V.; FasdnAR. Chem. S&017, 139,
5293.(f) Kotozaki, M.; Chanthamath, S.; Fujii, T.; Shibatomi, K.; i8a&8hem Commun2018 54, 5110.
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that then reacts with the alkene to fon the desired cyclopropanestheme 117). The metal
carbene is electrophili¢Fisher type) similar to thecarbenoids found in the&SimmonsSmith
reaction. Therefore, electrench alkenes are also more reactigeveral metals have been used,
including rhodium(ll) (Rh), copper(l/Il) (Cu), ruthenium(ll) (Ru), iridium(lll) (Ir), and cobalt(ll) (Co).
The nature of the diazo compound plays a key role in the choice of the most effmetat
catalyst. Diazo compounds are usually divided into three classes, depending on the electronic

character of the alpha sulitents (Figure 1.8)%

1 R2 . R!__CF,

R\n/ e

N, N2
R! ,R? LM metal carbene formation 15
RG/A\R4 N2 , Ar CF3
5 R3 . \ﬁ
1 N\
: NH,
N E 1.6
# R'. R -
R bl : CF,
WM R? ML, |
AN ; NH;Cl
RC ./ R !
?—‘< s : 1.7
R R '
6 4 ' CF3-substituted
[2+1] Cycloaddition RO R | reagents used
+ (diazo and diazo
R® R ' precursor)

Schemel.17 General mechanism for the metalatalyzed cyclopropanation by
decomposition of a diazo compounds and &ibstituted reagents used.

Less reactive Very reactive
More stable Very unstable

N, N N N; N; N> N; N; N, N;
EWGAEWG EWG)'k EWG)J\ EWG)]\AII( )l\ )L )J\Alk )J\ )J\Alk Alk)J\Alk
Stabilized Non-stabilized

Figurel.8 Different types of diazo compounds
Diazo compounds bearing at least one electwithdrawing group are stabilized, therefore
CR-substituted diazo compounds fall intodhcategory. Their stability comexd the cost of a loss
of reactivity. Diazo compounds bearing at least argl groupare semistabilizeddue to the
inductive effectbut the degree of stabilization depends on the nature of the substituents on the

aryl motif. Alkyl and unsubstituteddiazo compounds are nestabilized andherefore the most
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reactive The development of methafor sterecselective cyclopropanatiofeaturing a stabilized

diazo compound with two electrewithdrawing groupss quite recent*® Asthe least reactive

diazo species, they have been less investigated, the first exdogiey diazo compountl.8) with

good enantioselectivitpeing reported byMidiller in 2004(Scheme 118).62a Nf f SN &

also thefirst report ofthe synthesis ofrifluoromethylated cyclopropanegiaa strategy of metal

catalyzed decomposition @fdiazo compoundisingRh[(S-DOSP: asthe catalyst

B tBu |
Rh,[(S)-DOSP],
0=5=0
Th——q N 5 mol%
>

NEa®

— — 4

F . Eto2C\”/CF3 > EtOZC/A
R N, CH,Cly, 1t F,¢ R
1.8 up to 80% yield

up to 7:3 dr, up to 75% ee

Schemel.18 Rhcatalyzed synthesis of GSubstituted cyclopropanes reported by Miller

1.2.2.2.2 Use of C&bstitutedOlefins

More recently, a complementary approach to the synthesis of sG&bstituted

cyclopropanes from Gfubstitutedalkeneshas also beeimvestigated usindgRh[(S-BTPCR]Jas

catalyst (Schemel.19).53 As mentioned above, the electrgmoor nature of Cisubstituted

62 NJ|

olefins and the steric hindrance of the {froup make cyclopropanation using such starting

materials challenging, resulting in degradation of the diazo reagent amiémndensatiorof two

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

diazo compounds screened, two were able to overcdheechallengesnd lead to the synthesis

of CR-substituted cyclopropanes: h-cyanodiazoacetates andh-phenyl diazoacetates

(Schemel.19) The results highlight the possibility that an electrophiliecBtbene caneact with

electrondeficient alkenes such as those substituted by @Bupsin high yields and with high

63Huang, W.S.; Schlinquer, C.; Poisson, T.; Pannecoucke, X.; Charette, A. B.; Jubhety.FEur. 2018 24, 10339.
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stereoselectivities.

Rh,[(S)-BTPCP],

1 mol%

F3C EtO,C.__CNor Ar? L _
— + hid 4 _ EtO,C,, /\ CF3

Ar' N2 CH,Cl,, —20 °C Ar? or NC Ar!

up to 98% vyield
up to 20:1 dr, up to 99% ee

Schemel.19 Rhcatalyzed cyclopropanation of GSubstituted alkenes

The substitutionpattern on the diazo partnermppears to becrucial for the success of such
reactions With electron withdrawing groups such as carbonyls (C(O)R) or nitf),(fNe metal
carbene can adopt aout-of-plane conformation which ismore stabilizedthan the in-plane
conformation in which the electrophilic metal carbene and the electron withdrawing group are
conjugated (Figure ). On the contraryin the case of the-cyanocarbene, the carbene is forced
to remain in the in-plane conformation which enhan@s its electrophilic characterand its
reactivity, allowing it to reacwvith electronpoor olefins.Moreover, the low steric hindrance of

the nitrile functionality ado leads to a ledsinderedmetal carbene?

| ~ EWG | ~ EWG | ~ [EWG
—Rh= — R Vs R
"N = Y e,
R 0 N
in-plane conformation out-of-plane conformation inherent in-plane conformation
L,M=C fully conjugated to C=0 L,M=C not conjugated to C=0 L,M=C forced to be conjugated to CN
more electrophilic carbene less electrophilic carbene more electrophilic carbene

Figurel.9 Possible conformations of C(O)RersusCNsubstituted metalcarbenes

1.2.2.2.3.Synthesis of Fused Cyclopropanes throangtrmolecularCyclization
Cyclopropanes can be preparedwith high levels of diastereoselectivig through
intramolecularcyclization(Scheme 1.20Whenthe diazo moiety and the olefin are on the same

molecule cyclopropanation wouldorm a bicyclo[n+2.1.0]alkane that can eventually be agukn

64 indsay, V. N. G.; Fiset, D.; Gritsch, P. J.; Azzi, S.; Charette AAnBChem. Si013 135, 1463.

53



to afford a highly substituted cyclopropan&he nature of the bicyclic scaffold formed depends
on the lengthandnature of the linker between the diazo moiety and the alkefreparticular, the
approach has been used to access cyclopropamizd $aBtones, a motif found in biologically

active compound§®

cyclopropane-fused
Bicyclo[n+2.1.0Jalkanes ycloprop

) 4 . y-lactone
3 R4 R R : 3 ot
R R v M cat = : ivi
R2 R1 :j R%R1 :j R3 X R2 R1
7& N, :
RS R 5
n R1 ! o ©

Schemel.20 Intramolecular cyclopropanatiorvia a metakcatalyzed decomposition o diazo
compound

Huorinated versios of the intramolecular approach to cyclopropaifedza $aBtoneswith Cif®

and RH"4™ catalysisvere reportedwith generally goodliastereomeric ratiosdrs). Scheme 21
shows a recent example, affording cyclopropand& dza Satonesfrom fluorinated alkenesn
moderate to good yield&® An enantioselective version of the reaction has been explored with
several chiraRhbasedcatalysts. The best one, R{9-IBAZ}, affordedcyclopropanef dza SR
lactone1.9in 48% yield witran enantiomeric excess (ee) @8%(Scheme 1.21ynfortunately

the eecould 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.; StalleynSChem. S®00Q 122, 5718

(b) Kirkland, T. A.; Colucci, J.; Geraci, L. S.; Marx, M. A.; Schneider, M.; Kaelin, D. E.; MartiAn8Cikem. So001, 123,

12432. (cBarluenga, J.; Aznar, F.; Gutierrez, |.; Martin, Qr@.Lett. 2002 4, 2719. ¢) Reichelt, A.; Martin, S. ARcc. Chem. Res.

2006 39, 433. (e)Xu, Z. J.; Fang, R.; Zhao, C.; Huang, J. S.; Li, G. Y.; Zhu, N.; Ghap@Cihém. SoQ009 131, 4405. (fXu, X,;

Lu, H.; Ruppel, J. V.; Cui, X.; Lopez de Mesa, S.; Wojtas, L.; ZhahgAX.Chem. So011, 133, 15292 (g) Newhouse, T. R;

Kaib, P. S.; Gross, A. W.; Corey,@&gl.Lett2013 15, 1591. (hMin, L.; Zhang, Y.; Liang, X.; Huang, J.; Bao, W.; Le&nGeB.

Chem. Int. EQR014 53, 11294. {) Chandgude, A. L.; Ren, X.; Fasan].Rm. Chem. S&019 141, 9145.(j) Inoue, H.; Phan Thi

Thanh, N.; Fujisawa, |.; lwasaQ®g. Lett2020 22, 1475.

66 (a)Nakazato, A.; Kumagai, T.; Sakagami, K.; Yoshikawa, R.; Suzuki, Y.; Chaki, S.; Ito, H.; Taguchi, T.; NakanishiSSl; Okuyama,
Med. Chem.2000 43, 4893 (b)Wong, A.; Welch, C. J.; Kuethe, J. T.; Vazquez, E.; Shaimi, M.; Henderson, D.; Davies, |. W.; Hughes,
D. L.Org. Biomol. Chen2004 2, 168.

67Lin, W.; Charette, A. Bdv. Synth. Cata005 347, 1547.
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Th Q;) < Rh,[OPiv]4
N Rh1-O 0.5 mol% ForH PhorF

F NC 4 F
H CN
&=, ngo g >
P —O0 CH,Cl,, 40 °C, 30 min
2Ll o ~O
33-65% vyield
) dr >99%
Rh———p
A
Il?h——N/ Rh,[(S)-IBAZ],
N, 1 mol %

Ph
NC CO,i-Bu |, B
o - F CN
Ph o}

\:( CH20|2, 40 oC, 30 min 0 e}

1.9
48% yield
63% ee

Schemel.21 Intramolecular cyclopropanation to access monofluorinated cyclopropdesed
i -lactones.

1.2.2.2.4.UsingN-Qulfonyltriazolesas CarbenePrecursors

Since2009, Fokirhasdemonstrated thatN-sulfonyltriazolesan serve as stable and readily
accessible synthetic equivalents of diazo compoufiddpon heating with Rh catalysts, the
triazoles carbering-opened to¥ 2 N3iazémines, which upon loss of nitrogegenerate metal

carbenes (Scheme2R).

R20,S. R20,S. 2
2 N \ ; A 2 N= ; RhZLn R OZS\N/
Mo TR T R = . R'
N N2 N, L.Rh
N-Sulfonyltriazoles a-diazoimine Rh-azavinyl carbene

Schemel.22 N-Sulfonyltriazoles as diazo equivalesand metal carbene precursors.

Among the various reactions that can be performed wita ith situgenerated metal carbersga

cyclopropanationsimilar to the one describedin Scheme 1.22s possibleé® Recently, Davies

68 (a) Chuprakov, S.; Kwok, S. W.; Zhang, L.; Lercher, L.; Fokid, Am\Chem. So@009 131, 18034. (b) Grimster, N.; Zhang,

L.;Fokin, V. M. Am. Chem. SA&2010 132 H p m n(¢) Kvoky 8.4V.; Zhang, L.; Grimster, N. P.; Fokin Avigé¢w. Chem. Int.
Ed.2014 53, 3452.
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reported the use of triazoles for thesynthesis of oxygesubstituted cyclopropanes isuch a

manner (Scheme 23).5°To date, tle strategy has not been applied to the synthesis of fluorinated

cyclopropanes.
RN f 9
Rh,[(S)-NTTL], or 0 ! 0 O
R'0,S. Rh,[(S)-DPCP], (2 mol%) | ; Rh—O
/>_0Ar 4 7 ; RhT-0 N | ‘>“,1A-\-\Ph
o Pl > © Rh—0 H
K>CO3, MeOH/H,0 R2 Rh—+0O t-Bu . Ph 4
up to 80% yield | -
up to >30:1 dr, up to 71% ee Rh[(S)-NTTL], Rh,[(S)-DPCP],

Schemel.23 Cyclopropanation usingN-sulfonyltriazoles as carbene precursors.

1.2.3. Sk-Qubstituted Gyclopropanes

In 2021, whileour group wasworking on develomg a synthetic route towards
Sk-substituted cyclopropanes, Cossy and Meyer reported the fisstnthesis of such
compounds™®5 2 f 6 A S N &f radiGall &iditiBn ofSECI (describedin Section 1.2.2) was

applied to cyclopropenegScheme 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 R{DAQ4 as catalyst (method described in section 1.2.2Mqgreover,the Sk
substituted cyclopropanes were obtained in yields addstereoselectivities that were
dependent on the substituents on the cyclopropenEsr example, cyclopropenes bearing two
electronwithdrawing groups at C3 do not react withs6F Additionally,the outcome of the
reactionwassensitive to steric hindrancé-or the second selected example (Scheme 11h4),
steric hindrance of the silyloxy group lead talecreag of the efficiency of the chlorine atom
transfer from S§CI at C2andso ofthe whole radical chain mechanis@5% yield, 70:30 dry

69 Kubiak, R. W., 2nd; Tracy, W. F.; Alford, J. S.; Davies, Hl. 1@r¢;.. Chen2022 87, 13517.
70 efebvre, G.; Charron, O.; Cossy, J.; Mey@r@.Lett2021, 23, 5491.
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3 ) SF5CI (1.5-2 equiv) 3 2
RI JR®  Et3B (10 mol%), air (O, cat.) R” R

cl., A
CH,Cl,, -40 °Ctort, 2 h

10-83% yield
dr up to >95:5

Selected Examples

CO,Et CO,Et AcO OAc
e 72 Ph, /~o0Ac
cl, cl, cl., e
SF; TBDPSO SFs 4 SFs  TBDPSO SFs

BzO
83% 45% 17% 53%
85:5dr 70:30 dr 77:23 dr >95:5 dr

Schemel.24 Synthesis of SFsubstituted cyclopropanes by addition o8ECl to
cyclopropenes

In parallel with our efforts to developew robust and moredirect method to accessSk-
cyclopropaneghat do not rely onSECI, we have explored the possibility of synthesiZkf|
under continuous flow conditiong he prospective benefits of #approachare described in the

following section.

1.3. Continuous Flow Chemistry

1.3.1.Generality and Advantages

Traditionally, organic chemistry is performed in batch with rotnadtomed flasks, test
tubes, orclosed 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’! Flow chemistry involves the use of tubing to conduct a reaction in a continuous stream
rather than in a flask! The advantages of flow chemistry are now well known, including better
mixing,facilescaleup, efficient heat transfer, anslafehandling of unstable or toxic reagents and
intermediates’? Better handling of hazardous reagents is of particular interest fecls#mistry,

(Section 1.1.2. Kapperecently published a deoxyfluorination method using sulfur tetrafluoride

" plutschack, M. B.; Pieber, B.; Gilmore, K.; Seebergerherh. Rev2017, 117, 11796.
72Heretsch, PBeilstein J. Org. Che2023 19, 33.
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(Sk), a highly toxic gas, which could be hanidafelydueto continuous flow chemistryScheme
1.25)73

R-OH j\ j\ EtsN
R”H R” “OH

P

Schemel.25 Deoxyfluorination using Sfinder continuous flowconditions.

In addition to the handling diazardougeagents, efforts were also made to generate them on
site and ordemand, thus avoiding the problems of their transportation and storage.€Fforts
led to the concept o chemical generator for continuous esite orrdemand production of toxic,
explosive, and shottived reagentd* The methods have recently been applied by Noél to the
controlled generation of sulfonyl fluoride (&7 and thionyl fluoride(SOE)"®, two other
highly toxic gass In the work, the first reactor generates S8 or SOk from SQCb or SOC)
respectivelyyviachlorinefluorine exchange in a KHed packedbed reactor. The resulting S0

or SOF is then used directly in a second react@cheme 1.26)Such strategies would be

advantageous$or Sk chemistry.

73 Polterauer, D.; Hanselmann, P.; Littich, R.; Bersier, M.; Roberge, D. M.; Wagschal, S.; Hone, C. A.; KQppeR©cEss Res.
Dev.2023 27, 2385.
74 Dallinger, D.; Gutmann, B.; Kappe, CA€. Chem. Re®02Q 53, 1330.

B@. SNYygasz adT al il NBf f-WVazqudr AT Boutiiréirs, .6 Gargadd A. F1AK: IGrossmavirdT. N.; Neé, .5
Nat. Synth2024 3,185.(0)a | T T I NSt f I & 5dT {GFyAdTX WHT . SNYygar adACSABKRAZ
2024
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| Y *
' cl” el

____________________________________________________

Chemical generator
O

E I
AN 4
' Cl” Cl

____________________________________________________

Schemel.26 Generation and use of S& and SOEunder continuous flow conditions.

1.3.2.Continuous Flow Synthesis of sSBibstituted Compounds

The TCCA/KF conditions developed by P&yigection 1.1.2.3were actually the subject
of a transfer to continuous flow chemistry by the group of Pascali in 20Rithe work, the
synthesis ofPhSECI intermediatesfrom the corresponding diphenwlisulfide (PhS) under
continuous flow conditions was investigated. TCCA @1t5) in solution in acetonitrile were

mixed with a Tmixer then passed through a fiked packedbed reactor (Scheme 27).

(PhS),
TFA
CH4CN

CH3;CN
TCCA
CH4CN )——* ’ > l
Ph-SF,CI
CH4CN (Vial under N,)

Schemel.27 Setup for the synthesis oPh-SECI with TCCA/KF in flow.

76 Surjadinata, G.; Hunter, L.; Matesic, L.; Pascali, Bow Chen2021, 11, 107.
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The resulting P#sRClwas obtained in only 11% on an analytisehle suggestinghat flow

conditionsmay be viableUnfortunately, their attempt taard a telescoped approach affording

PhSERA RY Qi LINPQPARS (KS RSaANBR LINE RBrdho instability2 & & A 0 f

of the SECI intermediate. To date, ehreport by Pascdfiis the first and only example of the use

of TCCA/KF conditions in flow chemistry to attempt the synthesissedubistituted compounds.

1.4.Fluorinated Hve Membered Rng Nitrogen-Containing

Heterocycles:Pyrazoles andlriazoles

1.4.1.Interest in Huorinated Fve-Membered Rng Nitrogen-Containing

Heterocycles

Nitrogentbasedfive-membered ringheterocycleshave been extensively studied because of
their valuable applications in fields such as afpemicals materialscience organometallicand
medicinal chemistry. In fact, more than 75% of Fipfiroved drugs on the markgtossesa\-

heterocyclic moieties’

From the impressive number ohg systens belonging to tke classof nitrogenbased five
membered ring heterocyclesthe following section focuses orfluorinated pyrazoles and
triazoles’® As with the combination of the cyclopropyl fragment and fluerbased substituents
the addition of fluorine taform fluorinated pyrazole® and triazole® can afford compounds with
attractive properties Some selected examples of bioactive-Slibstituted pyrazoles and GF

substitutedtriazoles are shown in Figure 0.17-8!

77Kerru, N.; Gummidi, L.; Maddila, S.; Gangu, K. K.; Jonnalagadddlo®&diles2020, 25, 1909.

78KIRK, Kenneth L. Fluorinated fimembered nitrogercontaining heterocycles:luorinated Heterocyclic Compounds: Synthesis,
Chemistry, and ApplicationgV/ILEXCVH Verlag GmbH & Cp009 91.

79 Mykhailiuk, P. KChem. Rex2021,121, 1670.

80Ullah, I.; llyas, M.; Omer, M.; Alamzeb, M.; Adnan; Sohalrdht. Chem2022 10, 1

81Cheung, K. P. S.; Tsui, QOfg. Lett2017, 19, 2881.
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Pyrazoles 1,2,3-Triazoles

9 :
s L H N&\F H  N=N
X LN | N A N=Ar
\ O o N NW)\«
1 0 o 0 CF3

Celecoxib

Antiinflammatory Pyroxasulfone

Herbicide Thinopyrimidine-triazole conjugates CF;-analog of ruflnamlde
drug 1 Anticancer activit o milanf
SO,NH, ! Y Antiepilectic

Figurel.10 Selected examples of bioactive E€substituted pyrazoles and triazoles.
Pyrazoles and triazoles are also attraebecausdhey serve apotential stating materia
for the synthesis o€yclopropenes and cyclopropanes, respectively. On the one hand, pyrazoles,
especially8H-pyrazoles, are known precursors of cyclopropengaN; extrusion Schemel.28) .82
On the other hand, as described in section 1.2.2.R-4ulfonykriazoles can serve as carbene

precursors in cyclopropanation reactions (Scheme 1529).
R3

R3
R4
e
N=\” R N R R?

Schemel.28 Synthesis of gclopropenes from 3H-pyrazoles.
R

R'0,S T
29\ [M] cat. I
NN
i -
N:N -N2 ~ R

-SO,R'NH, R®
Schemel.29 Synthesis of gclopropanes from N-sulfonyltriazoles.

1.4.2.Synthesis of Huorinated Hve-Membered Ring Nitrogen-Containing

Heterocycles

1.4.2.1.Synthesis of Pyrazoles and Triazefesl,3-Dipolar Gycloadditions
One commonsynthetic route toaccess botlpyrazolesand triazolesis via a 1,3-dipolar
cycloaddition(Schemel.30). In such areaction, a 1,&ipole is used a diazo compound for

pyrazole synthesis an@n azide for triazole synthesis. The -tljfoles undergo a [3+2]

82Rulliere, P.; Benoit, G.; Allouche, E. M. D.; Charette,And&w. Chem. Int. EB018 57, 5777.
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cycloadditionwith an alkynedipolarophile.The regioselectivity of such reactions is determined

by the differentsubstituentspresent on the two reactants involved.

| 3H-Pyrazoles | 11,3-Dipoles| ! Dipolarophiles !
| R3 X : N X E R3 :
| R w2 | L Ng !
e R = N I E I
o Ny : P RURZ D ge
' 1,2,3-Triazoles ' ' ' : '
| > : L R
P RSORT : E"@ o !
T i VPR e S R |
L Ne NTRT ! o 1 !
: |  RET 0 R

Schemel.30 1,3-Dipolar cycloadditions to acces3H-pyrazolesand 1,2,3triazoles

1.4.2.2.1someric Structures of Pyrazoles and Wsine Synthesis ofCyclopropenes

Three isomeric structures of pyrazalerivativesare shown in Figure 111 1H-Pyrazoles,
the aromatic isomer, are usually the most stabillée 1,3dipolar cycloaddition of diazomethane
or monosubstituted diazomethanes with alkynes initially givelsp@razoles, which undergo a
prototropic shift to rearrange tahe more stablelH-pyrazoles. Although, when a disubstituted
diazo compound is used, th8H-pyrazoles disubstituted at the3-position, also called

pyrazolenines, can sometimes be isolatéd.

R R RO R
| \ R2 — RZ
N~ : ' )—R2
N NQN R N\N
R1
1H-pyrazole 3H-pyrazole 4H-pyrazole
or pyrazolenine or isopyrazole

Figurel.11lsomeric structures of pyrazoles.
The stable fully substituted3H-pyrazoks were of particular interest asuitable precursors of

cyclopropenes§ectionl.4.1). Among the different types of diazo compounds, diazoalkanes are

83 Sammes, M. P Katritzky A. R. The 3byrazolesAdvances in heterocyclic chemistAcademic Pres4983 34, 1.
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the most reactivebut also the most unstable, as explained®ction 2.2.2.1, therefore limiting
their use However, our groufhaspublished a methodo handle and unlock the potential of the
reactiveandunstable compoundby generating themin situ®28* An exampldés shown irScheme
1.31, in whichhydrazonel.10is oxidized bilveroxide (AgO)to form the corresponding diazo
compoundsl.11 in situ The[3+2] cycloaddition reaction is then carried out on aryatto give
the desired pyrazolé.12 in 80%yield. A subsequent photochemiattrusion of N leads to the
corresponding cyclopropenk13in 69% vyield.

AgZO
(1.2 equiv)
KoCO3 MeO,C—==—CO,Me CO,Me
. CO,M
NH2 (2.0 equiv) N, (1 equiv) Meozoﬁg hv Me
l )K ~
)\ Flow conditions neat, rt, 5 min N=y EtZO’Nrt’ 3h MeO,C
H,Cl,, —20 ° -
149 CHeClz—20°Ctort ) 1.12 2 1.13
80% 69%

Schemel.31 Synthesis o8H-pyrazolel.12 usingin situ generated2-diazopropanel.l1l
followed by photochemicaN. extrusionto cyclopropane 1.3.
1.4.2.2.1.Synthesis o€k-Qubstituted3H-Pyrazoks
The synthesisof Ck-substituted 3H-pyrazoks by 1,2dipolar cycloaddition of diazo

compound and CRk-substituted alkynes was first reported in the19 n.8 & 2014 Reissitf
reported asimilar reaction (Scheme B2 A) but using ethyl 2diaza3,3,3trifluoropropanoate
(1.8), the CEgroup being a substituent of the diaommmpounds andjielding the desired GF
substitutedpyrazole {.14). The diazo compoundl(@) was thentreated with various alkynes
often leading to mixture of regioisomers and/or rearranged produlstdeed,[1,5] sigmatropic
rearrangemens known asvan AlpherHutteP’ rearrangementcanoccur, either spontaneously
or under thermal condition&3 The cyclopropenel(15) could also be obtained in 24% yield after

heating at 180°C for 24 ($cheme B2 B).86

84 Allouche, E. M. D.; Charette, A.Bem. ScR019 10, 3802.

85(a)Cullen, W. RWaldman, M. CCan. J. Chenil970Q 48, 1885. (bKXennewell, P. D.; Matharu, S. S.; Taylor, J. B.; Westwood, R.;
Sammes, P. @.Chem. Soc. Perkin trank983 2563

8Df  R26%X 5&®T 52y Al nY SHelveich ChinyioAd BcRE14I7, 8085 A &44A 3 | & ! o

87 (a) van Alphen, Recl. des Trav. Chim. des PBgs1943 62,491.(b) H\ttel, R.; Riedl, J.; Martin, H.; FrankeCKem. Berl960,

93, 1425.
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N, Et,N CHs NEt,

H3C
) IS s =\__COOEt
F;C~ “COOEt Et,0,32°C,3h N=\" CFs
18 1.14
81%
B Py a0 e oab /A
F;C~ “COOEt 180 °C, 24 h Ph Ph
1.8 1.15
24%

Schemel.32 Synthesis of GFsubstituted 3H-pyrazolel.14 andto Ck-substituted
cyclopropene 1.5 reported by Reissig.
1.4.2.2.2.Synthesis oBk-QubstitutedPyrazoles
9nce the seminal work of Hoover and Coffman in 196dxamples of SFsubstituted
pyrazoleshave beerreported by Shreeve for the synthesis of energetic mateffltie synthesis
was performed with diazomethaner diazo compound..18 (Scheme 13) and Sk-substituted

alkynesand yielded the aromatic isomgrlH-pyrazoleq1.16, 1.17 and 1.19).

R SFs
FsS CH2N» 5\ j\
\ /
\R E,0, -5°C, 15min ' IN\~sF;  HN
116 R = H : 85% (40:60)
1.7 R = TIPS : 95% (100:0)
Y e
_N
\r (1.0 equiv) Nj
3
FsS 1.18 HN-N N=(
\% g ~ \ /N
EtOH, 70 °C, 24 h N—
SFs N3
1.19

59%

Schemel.33 Synthesis of SFsubstituted pyrazoles agnergetic materials by Shreeve.

88Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R. G.; Twamley, B.; Shree®eg.l dt. 2007, 9, 3841.
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Recently, Paquin reported the use dftabilized diazoacetatesin analogous 1,3-dipolar
cycloaddition reactions leading t8k-substituted1H-pyrazoles(Scheme 1.34% The reaction
conditionsemployedare quite harshnecessitating the use of flow chemistry to safely heat the

diazoacetates to 14%C.

R SF
FsS R'0,C.__N, Flow conditions N= + N=
x * \|¢ AN A~sE, HN__~~Rr
R H Toluene, 145 °C, 53 min
(2.0 equiv) COyR! CO,R'
R = Alkyl or Aryl 21 examples
61-90%

R'=Et, tBuorB
voren ratio up to 27:73

Selected Examples

Ph SF5 SFs
N=
/N_ + Hl\i _ Ph HN + HN OBz
HN_ SFs V7 SF5

CO,Bn COzBn CO,E COEt
71% (36:64) 68% (43:57)
HN ~~SFs CO,Et
CO,Et

88% (59:41)
Schemel.34 Synthesis of SFsubstituted 1H-pyrazoles using diazoactetates by Paquin.

1.4.2.3.Synthesis o1,2,3Triazoles

As described previously (section 1.4.2.1.), triazoles are also attractive motifs that can be
synthesized by 1:8ipolar cycloadditionThe thermal Huisgen [3+2] cycloadditi®ribetween
azides and alkynes to form triazoles was originally poorly regioselective. In 2@d2fMand
Sharples¥reported a metalcatalyzed variant, now commonly referred to as Coppedtalyzed

AzideAlkyne Cycloaddition (CuAAC), which allows the regioselective synthesis of the 1,4

89Paquin, P.; DeGrace, N.; Bélan@abot, G.; Paquin-B.J. OrgChem2024 89, 3552.

90 R. HuisgenAngew. Cheml963 75, 604

%1 Tornge, C. W.; Christensen, C.; MeldalJMDrg. Chen2002 67, 3057.

92Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; SharpleséngeR. Chem. Int. EA002 41, 2596.
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regioisomers of 1,2;&iazoles from an azide and a terminal alkyne. Several metath asRh
andRu® have been used in similar reactions. The wide range of applicationg oédletion led
to both chemists, together with Bertozzi, img awarded the Nobel Prize in Chemistry in 2022 for

the development ofdick chemistry and bioorthogonal chemistry.

1.4.2.3.1.Synthesis o€k-Qubstituted 1,2,3Triazoles

Given the attractive features and properties of fluorinated 1;R2i&zoles, several
synthetic routes have been developed towards them, includingdip8lar cycloaddition8? In
particular, the convenient CUAAC approach has been used to synthesizéd€ifuted 1,2,3
triazoles. For example, Shreeve reported the synthesis gs@istituted polyl,2,3triazoles as
energetic materials (Scheme3b.A).88% 3,3,3 Trifluoropropyne wasdreated with various azides
in the presence of a copper catalyst. Years later, a more general strg@eggme B5 B) was
adopted by several groups using a trifluoromethylating reagent, such as EbISKOigni reagent
which was used for the trifluoromethylation of key triazolide intermediates formed by CuAAC of
various alkynes with several azid€sThe interrupted CuAAGeaction enables the synthesis of

1,4,5trisubstituted 1,2,3triazoles(Scheme RB5 B).

93 (a) Song, W.; Zheng, N.; Li, M.; Dong, K.; Li, J.; Ullah, K.; Zlt&mg,étt2018 20, 6705. (b) Johansson, J. R.; B8kenfai, T;
Said Stalsmeden, A.; KannQthem. Re\2016 116, 14726.

94 Usachev, B. 0. Fluorine Cher2018 210, 6.

% Garg, S.; Shreeve, J. MMater. Chen2011, 21, 3841.

9% (a)Fu, D.; Zhang, J.; CaoJ)$luorine Chen2013 156, 170.(b) Wei, F.; Zhou, T.; Ma, Y.; TungHG.Xu, ZOrg.Lett. 2017, 19,
2098. (cXCheung, K. P. S.; Tsui, GOfg. Lett2017 19, 2881.
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Cul (10 mol%)

H RN3 (1.0 equiv) N
| | 2,6-lutidine (1.0 equiv) R~N" SN
A el —_—
CH,Cly, —196 °Ctort, 12 h X’QCF
CF, :
6 examples
61-80%
H or | RNa N
[Cu] cat. RN SN
L 3 reagent FyC R?
1 /N\
' R -N” SN
via —
R2 I or [M]

Schemel.35 Synthesis of GFsubstituted 1,2,3triazolesvia coppercatalyzed [3+2]
cycloaddition.
1.4.2.3.2.Synthesis 0BCEkQubstituted 1,2,3Triazoles

The synthesis of trifluoromethylthiol (S¢}fsubstituted 1,2,3riazoleswas also studied
The SCkgroup is considered aemerging fluorinated motifits propertiesare similar to the S
with a higher lipophiliaty (" p(SCE) =1.44) lower Hammett parametel , (SCk) = 0.50) and
different geometry and volume’ Specifically, Billard reported the synthesis of Sibstituted
4,5-disubstitutedl,2,3triazole1.21from the previously synthesized SGkbstitutedalkynel.20
using NaMin DMF at 60°C (Scheme3@ A).%® The triazole was obtained in 54% yield without
optimization of the reaction conditionsSubsequently,the metatcatalyzed azidalkyne
cycloaddition (AAC) was also explored with Rh (RHAAR) (RUAAEY, and Cu (CuAA®)
catalysidor the regioselective synthesis of fully substitutedriiluoromethylthio-1,2,3triazoles
(Scheme B6 B and Q. While the reported RhAAC and RUAAC reactions usesSkitituted
alkynes as starting materials (Schemg61B), the CUAAC is an interrupted strategg a bench

97 (a)HanschC.; LepA.; Taft R. W.Chem. Rew 991, 91, 165. (b) Toulgoat, E.Liger, E.Billard, TChemistry of OGFSCE; and
SeCEkFunctional groupsin Organofluorine Chemistry: Synthesis, Modeling, and Applicat8zabo, KSelander, N.Eds. Wiley
VCH 2021, 49.

% Alazet, S.; Zimmer, L.; Billard Ahgew. Chem. Int. EB013 52, 10814.

% Song, W.; Zheng, N.; Li, M.; He, J.; Li, J.; Dong, K.; Ullah, K.; ZRdangSynth. Cata2018 361, 469.

100Gupo, Y.; Chen, €..; Huang, ¥g.; Shen, Q.; Han,-ESynthesi2015 47, 3936.
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stable stannyl triazole, followed by the use of a trifluoromethylthiolating reag@xt

trifluoromethylthiosaccharinfSchemel.36 C).

OCH,

/N\
N” NH
NaNj; (1.5 equiv —
A 3(1.5eq )= SCF,
| | DMF, 60 °C, 4 h
H;CO
SCF3 ’ 1.21
1.20 54%
Cp*RuCl(cod) (5-10 mol%)
Ar or [Rh(CO)Cl], (2.5 mol%) N R
5 || R'N; (1.0-1.5 equiv) N” N7
benzene or CH,Cly, t, 12 - 24 h H
SCF, 2 A’ SCFs
16 examples
68-92%
1. R1N3 (1.5 equiv), CuCl (10 mol%)
Bu3zSnOMe (2.0 equiv)
THF, 50 °C, 15 h
2. N-SCF3-saccharin (1.5 equiv)
H AICl3 (30 mol%) N. R
THF, rt, 18h N” N
c =L
1 N\ R2 SCF3
R? ~ R-NTON
via —
9 examples

2
R [Sn] 21-57% (over 2 steps)

Schemel.36 Synthesis of SGsubstituted 1,2,3triazoles by [3+2] cycloaddition.

1.4.2.3.3.Synthesis obk-Qubstituted 1,2,3Triazoles

For Sk-substituted 1,2,3riazoles Shreeve reported thie synthesis from SFsubstituted
acetylene in moderate to good yields (Schem@&718 The 1,4-disubstituted triazoleshereby
reported by Shreevevere the only examples of $Bubstituted1,2,3triazoles,until 2023,when

Bizet published the hydroelementatiari Sk-substituted alkyne¥*with N, O and S nucleophiles

101pPgpek, L.; Cabrefaruijillo, J. J.; Debrauwer, V.; Blanchard, N.; Miqueu, K.; BiZetg€w. Chem. Int. EA023 62, 202300685.
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In the work, when Nahlwas used as the nucleophidgth alkynel.22a mixture of the expected

i ZNs addition product {.23) and the 4,5disubstituted triazole 1.24) resulting from the 1,3
dipolar cycloaddition, was obtaing@&cheme 1.38)n 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 (Cul) as an additive resulted only in
formation of vinyl azidel.23in 60% yield andhe triazole was no longer observed. No further

investigation was reported by the authors.

Cul (10 mol%)

RN; (1.0 equiv) N

| | 2,6-lutidine (1.0 equiv) R-N" °N
CH,Clp, —196 °C to rt, 12 h =
SF;
SF;
6 examples
55-73%

Schemel.37 Synthesis of SFsubstituted 1,2,3triazolesvia coppercatalyzed [3+2]
cycloaddition.

Ph N
Ns  SFs N” "NH
NaN, (2.0 equiv —
3( q ) + SF5
I DMSO, rt, 16 h
PH
PH
SFs
1.22 1.23 1.24
35% 48%

Schemel.38 Hydroelementation of Sisubstituted alkynes with NaN and competitive
triazole formation.

1.5. Research Goals

1.5.1.RhodiumCatalyzed Intramolecular Cyclopropanation of Ck- and
Sk-Qubstituted Allylic Gyanodiazoacetates

The first goal of th thesis was to develop synthetic route® Sk-substituted
cyclopropanes, highlighted in secti@r? asvaluablecompoundsThe method published by Cossy

and Meyer? (section2.3) has some limitationsiotablythe required synthesis of cyclopropenes
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as starting materialsthereby restricting potential substitutions,and leading to variableyields
dependng on the substituents Consequentlyan alternative approach involving thmetal
catalyzed decomposition of diazo compoungss exploredThe absence of §Bubstituteddiazo
compounds irthe existing literature, likely due to stability concerns, prompted the utilization of
accessible Sfsubstitutedalkenes as startingaterial However, such electredeficient alkenes
are known to be less reactive towards cyclopropanation with an electrophilic carbereedress
the challenge, an investigation into the intramoleculaariant was conducted. Theecond
chapterof the thesisreports onthe rhodiumcatalyzed intramolecular cyclopropanation ofsCF

and SEsubstituted allylic cyanodiazoacetatesspublished in Organic Letters in 2023.

1.5.2. Toward More Direct Pentafluorosulfanylation Methods for Aliphatic

compounds

1.5.2.1.Synthesis ofSk-Cyclopropaned)sing TCCA/KF conditions

The synthesis of an8 compoundgpresented irsectionl.1.2.1. with TCCA/KF conditions
developed by Togf® from aryl disulfides is notreadily adaptableto aliphatic disulfides.
However there has been no investigation into usidigyclopropybisulfides as starting materials.
The specific properties ofthe cycloprogyl moiety may allow such a straightforward
pentafluarosulfanyation, eliminating the needor SECI and therby enhancing the accessibility
of Sk-substituted cyclopropanes. Thus, another goal oktthesis was to explore the direct
pentafluorosulfanylation oflicyclopropy! disulfides and derivative®ne main challenge is the
synthesis of such starting materiatsf, which exiding methodsare scarce in the literaturelur
efforts in developing a more direct method to synthesize-Sbstituted cyclopropanesare
detailedin the first part of chapter thregfocusing particularly on the synthesis of suitable starting

materials for use with TCCA/KF conditions.

1.5.2.2.Design andittempted Synthesis ofa Sk TransferReagent
In parallelith our efforts toward a more direct pentafluorosulfanylatiomethodyielding
Sk-substituted cyclopropanesthe desigrand synthesis of a potentially more usétendly Sk

transfer reagentwas investigated.Transfer reagents are commonly employedr fother
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fluorinated groups such as €&nd SC#, andgreatly facilitae the development of subsequent
chemistry. Noteworthy examples includé Y SY 2#2and ¢ 2 3 4A @agens for
trifluoromethylation, as well as . Aff | NRQa& 0 NfehdmidesNE 161S i K @ f
trifluoromethylthiolation, among others A similaly effective andeasyto-handle reagent for
pentafluorosulfanylatiorrepresentsthe holy grail of SFchemistry?® Our efforts towards the

development ofsuchan SEtransfer reagentire presented inthe second part o€hapterthree.

1.5.3.Synthesis ofPentafluorosulfanyl Chloride (SECI) using Continuous How
Chemistry

The difficultyin designng and synthesing a Sk transfer reagented us to return to the
synthesis of SEI.The toxic gas, highlighted in section 1.1.2r2mains the most widely used and
effective pentafluorosulfanylating reageotrrently available.While Qing developed method
to synthesize it in batch as a solutionnirhexand®, the approach stilllaisessafety concerns.
Conversely, thex situgenerationof SECI offers a safer option, albeit challenging to sagle
beyond a laboratory settintf** Asdiscusgd insectionl.3, continuous flow chemistrgtands out
asan attractive technology for the generation and handling of hazardous compoespite
the unsuccessful attempts by Pascali (as documented in section 1.3.2) to prodisteSttuted
compoundsin continuousflow, their work served as a source of inspiration for anotbeal of
the thesis¢ the development of a continuous flow system for the-@@mand synthesis of §H.
Indeed we envisioned that continuous flow chemistry coalddressboth the safetyissuesand

the scalabilityconstrains. Chapter dur outlines our endeavors in pursuit ofifobjective.

1021 j, M.; Xue, XS.; Cheng,-P.Acc.Chem. Re02(Q 53, 182.

103 Umemoto,T.;Ishihara,S.J. Fluor. Cheni998 92, 181.

104 Charpentier,J.;Friih,N.; Togni,A. Chem. Re\2015 115, 650.
105GlenadelQ.; Tlili, A.; Billard, T.Eur. J. Org. Cher2016 11, 1955
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1.5.4.Investigation of SEubstituted 3H-Pyrazoles andTriazoles asPotential
Sarting Materials for the Synthesis of Sk-Substituted CGyclopropenes and
CyclopropanesRespectively

Another aim of tlke thesis was to investigate the synthesisS#-substitutedpyrazolesand
triazolesfrom Sk-substituted alkynes,highlighted insection1.4.1. as interesting motifs. One
reasonfor our interest, as explained isectionsl.2.2.2.4. and 1.3.2.3., is the potential usethe
synthesis ofSk-substituted cycloprognes and cycloprognes, respectively Sk-substituted
alkynes, availableia5 2 f 0 A S NI & bylthN.Bdical Ratitiah of SEI to alkenes followed by

elimination(section1.1.2.2) were identified as suitable starting materials fa ithvestigatiors.

1.5.4.1.Synthesis 08k-Qubstituted 3H-Pyrazoles

In the fifth chapter of tre thesis, the synthesis oSk-substituted 3H-pyrazolesis
presented. Tk work explores the reaction of variouss&fibstitutedalkynes with several nen
stabilized diazo compounds by id$olar cycloaddition reaction. The [1;8lgmatropic
rearrangements of theSk-3H-pyrazolesas also investigated.Moreover, ghotochemical and
thermal approaches for Nextrusion to form Sfsubstituted cyclopropenes were explored.
Additionally DFT calculations were used to gain inssginto the 1,3-dipolar cycloaddition

reaction as well as the rearrangements.

1.5.4.2 Attempts TowardsSk-Qubstituted Triazoles

In the sixth and lastchapter of tte thesis, the attemptdowardsthe synthesis ofSk-
substitutedtriazoles are presented with the objective to expand the work of Shi¥gsection
1.4.2.3.3) to disubstituted S&=substitutedalkynes ando investigate the regioselectivity afe
1,3-dipolar cycloadditionreaction. TheSk-substitutedtriazolesare also of interest tdbe tested
as starting materials for a cyclopropanation similar to the work of Fdkiescribed insection
1.2.2.2.4.
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Chapter 2. RhodiumCatalyzed Intramolecular
Cyclopropanation of Trifluoromethyland Pentafluorosulfanyt

Substituted Allylic Cyanodiazoacetates

Lauriane C. PeyricdlMarie-Rose OuelleDu Bergef! Maxim Bouchel! Mélodie Birepinte®
JeanFrancois Paquililand André B. Charetifé
M ' YADBSNBEAGS RS a2y iNBIfX Cwvb¢ /SYiNB Ay DNE

| KSYAAGNBXKSNWS 8 @v2AdfEF2 a2 yiNBFtX v/ [/ FyFERFE | H#
@ twhe¢ohx // /3 5SLINISYSYd RS OKAYASSZI vdzSo S

Org. Lett2023 25, 24872491
Contributions:

1 Lauriane Peyricaynthesized the SfSubstituted 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 asymmetniersion of the reaction as well as GO analyses.
She was involved in writing the manuscript and the experimental section.

1 Marie-Rose OuelleDu BergerMaxim Boucher, and Mélodie Birepinte synthesized the
starting Sk-substituted allylic alcohols. MarRose was also involved in the writing of the
experimental section referring to the synthesis of the-Skbstituted allylic alcohols.

1 JeanFrancois Paquiand André B. Charett@ere involved in setting up the experiments

and writing the manuscript.
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2.1. Abstract

The synthesis of trifluoromethyl (€F and pentafluorosulfanyl ($fsubstituted
cyclopropanef dza Slattones was carried out through Résp)-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 functionalizeda@d Sk
substituted cyclopropanes. These novek-Slbstituted 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 opHilpcity, conformation,
binding affinity, and metabolic stabilifyThus, they represent about 20% of marketed dréigs.
Among the various fluorinated substituents, the trifluoromethyl groups)@Rthe most common,
but other fluorinated motifs are emerging, such as the trifluoromethoxy CF
trifluoromethylthio (SC#, and pentafluorosulfanyl (8% 3INB dzLJa® ¢ KS € GG SNJ A 3
CRE RdzS (G2 Ada AYyONBlIaSR StSOUNRYySIFGAGAGEST |
octahedral geometry.In the past decade, methods have been developed predominantly for the
synthesis of SFsubstituted (hetero)aromaticéand only a few accounts of aliphatic derivatives

are describe®. The radical addition of $El to unsaturated compounds is the most common

160 hQlGhéh JoE. R&RWE 372 onybomopd 0606 d Med ChefiR0P8/53> 2ndo pYdge)n o ¢ h
Purser, S.; Moore, P. R.; Swallow, S.; Gouvernel€h¥m. Soc. Re&200§37> oHnboon®

2Inoue, M.; Sumii, Y.; Shibata, ACS Omeg20205~ Mncoobmncnn®

3 (a) Savoie, P. R.; Welch, J.Chem. Rev2015 115 MmMonbMMdpn ® 600 Syrthgshs22&4pT %I Y R
nMynbnHANPOD

4 (a) Das, P.; Tokunaga, E.; Shibata, NetRahedron Lett2017,58% nynobnymp® o600 tAGG&axT [ c
Liebing, P.; Santschi, N.; TogniAAgew. Chem. Int. EB01958 wmdppnb mcpn @

5 (a) Falkowska, E.; Laurent, M. Y.; Tognetti, V.; Joubert, L.; Jubault, P.; BodllpRadnecoucke, Xetrahedron

2015 71X y n c 1(B) YalitancAD Plancher, J. M.; Carreira, EAMjew. Chem. Int. EA016 552 HMMObHMMT ® 0
Zhao, Q.; Vuong, T. M. H.; Bai, X. F.; Pannecoucke, X.; Xu, L. W.; Bouillon, J. P.; Ziemlt,Br. 2018 24,
pcnnbpcpm® 6RO DAf 0 SNIQrg. Letd018 2&ENITNIpyTRET H-cTd  t0ISIj0dzV yE 22 dxtidh SOy
Paquin, J. FOrg.Lett.201921> oyccboyTtnd 6F0 5dzRRTAYyalAI tdT | dzaaidiSRG:
G.Org. Biomol. Chen2021,195 pc n T b p ¢ H o Tetrahetior2022 109 132656D() Qing, E.; Shou, I ;

Xu, XH.Angew. Chem. Int. EB021, 605 MPHTMbMPHTP® OAOG C¢FLIR2YINRZ ! ®T Wk NNJ
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means to access the latté#® Meanwhile, the cyclopropyl fragment is also extensively used,
inducing interesting changes in the physical and biological properties of molééules.
Consequently, combining features of fluorinated groups and cyclopropanes leads to highly
interesting molecule$® To date, the first and only examples ofs-SEbstituted cyclopropanes
have recently been reported by Cossy, Meyer, andvodkers through the radical addition of
SECI to cyclopropenes (Scheme 2.18MJew robust methods to access such scaffolds are
therefore undeniably needed. A variety of cyclopropanation methods exist, including the
{AYY2yab{ YAlK NiBita®d kirdyydosurg AaOK krabditiometal-catalyzed
decomposition of diazoalkan€3\e focused our research on the latter and in particular on the
intramolecular approach that allows the synthesis of cycloprop@irdza Sagtones, a motif
found in biologically active compounds, both natural (e.g., sterelactéhes)d synthetict!
Moreover, they constitute versatile intermediates to highly substituted cyclopropanes and a wide
range of medicinally relevant compountfsThe use of transition metal catalysis is a common
method for the synthesis of cyclopropan®yut recently a biocatalytic and a metlnke method

were reported by Fasafhand He'® respectively. The latter is one of the rare few examples with

Broggi, J.; Tlili, Angew. Chem. Int. EB022 61, €202204623. (j) Gilbert, A.; Langowski, P.; PagdmTétrahedron

2021, 98, 132424.

6 (a) AitMohand, S.; Dolbier, W. Rrg. Lett20024> onmobonmp @ ¢ 6MohaBR $.;058hEMdBT. 2; d wdT
Sergeeva, T. A.; Cradlebaugh, J. A.; MitanGéd, G. L.; Winter, R. W.; Thrasher, J.Fluorine Cherg006 127,
MONHLMOMA®

7(a) Pons, A.; Delion, L.; Poisson, T.; Charette, A. B.; Jub&wdt,. Ehem. Re®021,54> H dbc b HPpPnd® 0060 ¢
J. Med. Chen2016592 yTMHbLyTpcCc®

8 Lefebvre, G.; Charron, O.; Cossy, J.; Mey@®r@.Lett2021,235 pndmbpndp @

9(a) Lebel, H.; Marcoux;B.; Molinaro, C.; Charette, A.Ghem. Re2003103F Tt TbMapn® 60600 2dzZ 2 @
H.Org. Biomol. Chen2018 16X ToMpbLTOH QP

10 Opatz, T.; Kolshorn, H.; Anke JHAntibiot2008 61, 563567.

11 Ansiaux, C.; N'Go, |.; Vincent, SCRem. EurJ2012 18, 1486014866.

12(a) Barluenga, J.; Aznar, F.; Gutierrez, |.; Martin,QrALett. 2002 4, 27192722. (b) Min, L.; Zhang, Y.; Liang, X.;

Huang, J.; Bao, W.; Lee, CAsgew. Chem. Int. EB014 53, 1129411297. (c) Newhouse, T. R.; Kaib, P. S.; Gross, A.

W.; Corey, E. Org. Lett.2013 15, 15911593. (d) Reichelt, A.; Martin, S.Aec. Chem. Re8006 39, 433442. (e)

Kirkland, T. A.; Colucci, J.; Geraci, L. S.; Marx, M. A.; Schneider, M.; Kaelin, D. E.; MdrtlanSChem. Sd2001,

123 1243212433.

13 (a) Doyle, M. P.; Forbes, D.Ghem. Rev1998 98, 911:936.(b) Denton, J. R.; Davies, H. MOLg. Lett.2009 11,

787-790. (c) Xu, X.; Lu, H.; Ruppel, J. V.; Cui, X.; Lopez de Mesa, S.; Wojtas, L.; ZBar®gnXhem. So2011,

133 1529215295. (d) Doyle, M. P.; Hu, W.; Chapman, B.; Marnett, A. B.; Peterson, C. S.; Vitale, J. P.; Stanley, S.

Am. Chem. So2000 122, 57185728. (e) Inoue, H.; Thanh, N. P. T.; Fujisawa, |.; lwadeg.3.ett.2020 22, 1475

1479. (f) Xu, Z. J.; Fang, R.; Zhao, C.; Huang, J. S.; Li, G. Y.; Zhu, N.; ChenCChem. S&009 131, 44054417.

14 Chandgude, A. L.; Ren, X.; Fasad, Rm. Chem. S&019 141, 91459150.

15Zhang, J.; Hao, J.; Huang, Z.; Han, J.; Bhem. Comn2020, 56, 1025110254
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electron-deficient alkenes? the field being dominated by electrerich alkenes due to the
electrophilic nature of the metabound carbenes. The use of olefins substituted with fluorinated
groups is therefore challenging, as they become even more elecke@inient. Herein, we report
the intramolecular cyclopropanation of €nd SE-substituted alkenes, providing access te-CF

and SEsubstituted cyclopropand dza $aBones (Scheme 2.1 B).

A. Only reported examples of SFs-substituted cyclopropanes

R3 R2 SF5Cl (1.5-2 equiv) ? R2

R
Et3B (10 mol%), air (O, cat.) p 19 examples
CH,Cl,, -40 °C 2 h= cl, 10 - 83% yield
R1 2Ll - tort, R1 SF5

B. This work: access to CF; and SFs-substituted cyclopropane fused
y-lactones and scope with allylic substituents

O

R'R2 O Rhy(esp), NC NC
cat. WwR3
CN
@ " @ e -
N A 'I/R4
[F]=CF3orSF5 2 H R1R? H
12 examples Post-
Up to 99% yield functionnali
dr up to 99:1 zations

Scheme2.1 CyclopropaneC dza & Rctones and SFSubstituted Cyclopropanes

2.3. Results andiscussion

We began our investigation with the synthesis Bf4,4,4trifluorobut-2-en-1-yl-2-cyance2
diazoacetate?.3astarting from commercially available ethyl 4,4r#luorocrotonate2.1. Several
parameters were screened for the intramolecular cyclopropanation of die&asuch as different
metal catalysts, temperatures, solvents, additives, addition rates of the diazo to the metal
solution, and catalyst loadings. The use of rhodium catalysts, especiglsBh gave improved
results relative to other metals tested for this transformation. The rate of addition of the diazo
compound to the metal catalyst solution wan important parameter to limit the formation of
the undesired condensation product of dia2@a An addition rate of 6.5 mL/h was found to be
2LIAYLFE 0¢l106fS HPMEI SYUiINARSE MboO® t SNF2NNAY3

16 (a) Nakagawa, Y.; Chanthamath, S.; Shibatomi, K.; Iwadm. $ett2015 17, 27922795. (b) Lin, W.; Charette, A.
B.Adv. SynthCatal.2005 347, 15471552.
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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.

Table2.1 Optimization of Reaction Conditioris

21 2.3a 2.4a

9y iGr! RRAGA ¢SYLISNI /dFtea , AS&R

O0Yf KK ocl/ 0 oYyz2f 2%
M H n H ny
H c ®dp n H cn
0 M O n H ny
n c ®p H H H cn
P c dp H H H®p TP

2Reaction conditions2.3a (0.1 mmol), REesp} (X mol%) in GiEk (35 mM) at the indicated temperature for 1 h

under argon atmospheré !H-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 GFand SEsubstituted. The synthesis of the substituted allylic alcohols
2.282.2m as starting material is detailed in the Supporting InformafibrSubsequent
esterification and diazo transfer reactidfigfforded the desired GFand SEsubstituted allylic

cyanodiazoacetate®.3a2.3m(Scheme 2.2).

17 (a) Dumitrescu, L.; Mai Huong, D. T.; Van Hung, N.; Crousse, B.;-Betpmt, DEur. J. MedChem.201Q 45,
32133218. (b) Yamazaki, T.; Ichikawa, M.; Kawabkakasuka, T.; YamadaJSFluorine Cher@013 155, 151-154.
(c) Falkowska, E.; Suzenet, F.; Jubault, P.; Bouill®n,Rannecoucke, Xetrahedron Lett2014,55, 48334836.

18 Chiara, J. L.; Suarez, JARv.Synth. Cat2011, 353, 575579.
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1. [F] = CF3 Conditions A

1 R2 L
T [F] = SF5 Conditions B R'RZ O
AN OH X O)J\[(CN
2. NfN3 (1.2 equiv) I
2.2a-2.2m PS-NEt; (1.1 equiv) - )
CH,Cly, rt, 30 min 2.3a-2.3m
[F] = CFs Step 1 Step 2
23aR'=R?=H 81% 70%

23bR'=C¢Hyy R?
23cR'=CsH,; R2
2.3dR'=Ph 2
2.3e R' = pCF;Ph R?
2.3f R' = pMeOPh R?
2.3gR'=Me R2
23hR'=R?2=Me R?

H 43% 84% [F]=SFj4 Step1 Step 2
H 54% 87% 23i R'=R2=H 79% 75%
H 40% 71% 23j R'= C¢Hyy R2=H 46% 72%
H 53%° 81% 2.3k R'=CzHy;y R%2= H 44% 78%
H
H
H

A
nn

53%2 71% 2.31 R'= Me R?2= H 51% 82%
50%? 77% 2.3m R!'=R?%=Me 22%? 70%
71%2  70%

Scheme2.2 Synthesis of GFand SE-SubstitutedAllylic Cyanodiazoacetatés
aConditions A were used with increased equivalents of cyanoacetic acid and DCC (see the Supporting Information).
°Conditions A are as follows: cyanoacetic acid (1.0 equiv) and dicyclohexyl carbodiimide (DCC) (1.1 eg@iN) in CH
FG& NI 2@8SNYAIKIGD /2yRAGAZ2YE . | NBlisopioopylFaghodiingddé EDYC) @@ | y 2 I O
equiv), DMAP (1.0 equiv), and HOBt (1.1 equiv) yC8kat rt overnight.
Optimized conditions with the model substrate.3a were then used for intramolecular
cyclopropanation with diazo compounds3bb2.3m (Scheme 2.3). For the £&nalogues, a
cyclohexyl substituent at the allylic positich 3b) gave a very good yield of 8324b) and a five
carbontlong chain2.39 gave an even better yield of 92%4a) = ¢ A G K RA L 23 SNB 2 Y S NJ
of 81:19 and 82:18 respectively. In the case of a phenyl substitueBt)( we observed
competition for the cyclopropanation with a dble bond of the phenyl group forming the
cycloheptatriened @ pKRAWN as the Buchner ring expansiSnin a 69% yield to the detriment

of the desired cyclopropan& dza $aBtone2.4d, which was obtained in only a 24% vyield.

The addition of an electrowithdrawing group (G on the aromatic Z.3€) allowed the
production of the desired produ@.4ein an increased yield of 34% and limited the formation of
the corresponding Buchner produet ® r(46% yield), but the latter remained the major product.
In contrast, the addition of an electremonating group (OMe) to the aromati@.@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.; Poissddrgl.LEtt. 2021, 23, 306-304.
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observed. To our delight, substitution by a methyl gro@B¢ gave an excellent yield of 95%

R4 BALK | KAIK RONID 2 gemdimerhg @ffectorcsh expli? tNAIS L L y 3
quantitative yield obtained in the case of the intramolecular cyclopropanation of d&toto

2.4h. Then for the SFanalogues, the desired cyclopropafiedza SaRtones2.4ib2.4m were

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

more electrondeficient character of the $Bubstituent. The pentafluorosulfanylated compound
unsubstituted at the allylic positior2(3i) gave2.4iin a 55% yield on the 1 mmol scalerax
crystallographic analysis was performed on this substrate. A cyclohexyl substituent at the allylic
position @.3)) gave a betr yield of 62%2.4j) and a fivecarbon long chain2(3k) gave an even

better yield of 71%2.4k) = A GK RO®NPQa& 2F TpYHp YR TcYHRNnI |
ANRdzL) fa2 3OS I OSNEB 3I22R @ASEtR 2F wer 6AGK
dimethyl effect again allowed the production of an even higher yield of 86% for the dimethyl
analogue2.4m. It is interesting to highlight that the §&nd Ckexamples follow the same trend

in terms of yield improvement influenced by theffdrent 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

T dz& $aRones products wer obtained. This highlights the key role of the cyano group in the
reactivity of the metal carbene. Indeed, while RC@d (OEHP(O) substituted metal carbene
intermediates can adopt aout-of- planeconformation,h -cyanocarbenes are forced to maintain

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

carbene?!

Thus, as CNubstituted metal carbenes are more electrophilic, they are compatible with less
nucleophilic aliphatic alkenes such as the-@Rd SEsubstituted ones used in this work. The
intramolecular cyclopropanation conditions developed in this article were also tried sra@F

Sk-substituted homoallylic cyanodiazoacetates, but without sucééss.

20Beesley, R. M.; Ingold, C. K.; Thorpe, J.Ghem. Sot915 107, 10861106.

21 (a) Lindsay, V. N.; Nicolas, C.; Charette, A. Bm. Chem. Sdz011, 133 89728981. (b) Lindsay, V. N.; Fiset, D.;

Gritsch, P. J.; Azzi, S.; Charette, A. Bm. Chem. Sa&013 135, 14631470.

22Doyle, 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. JJ. AmChem. Sod995 117, 57635775.
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| 1R2 O NC :
i RR CN Rhy(esp)z (2.5 mol%) !
@~ o
\ CHLClo, rt, 1 h \
! [F] = CF3 or SF; N2 H p1R?
A 23 24 |
Trifluoromethyl analogs
o Buchner
NC Product
@%o FsC o) F@%:lé FsC o
H CN
2.4a 2.4b 2, 4c
71% 83% 92% 2.4d /2.4d"
1 mmol scale 81:19 dr 82:18 dr 24% / 69%
>Q0-
Buchner 99:1 dr
Product
o ; :/; %i
2.4g 2.4h
CF, F4C 95% 99%
2.4e | 2.4¢' 9T:9 dr
34% / 46%"°
92:8 dr ‘,\ A
(' i X-Ray structure
Pentafluorosulfanyl analogs S fr—‘ = '\‘ of 2.4i
o CCDC 2201609

2.4i 2. 4k 2.4 2.4m
55%"° 71% 84% 86%
1 mmol scale 75:25dr 76:24 dr 95:5dr

NG D NG D
58%0 FsS O O FsS O FsS
H H
2.4j
2%

Scheme2.3 Scope of the Intramolecular Cyclopropanation
dsomers could not be separated, yields are given according to the NMR"Tedtibd (10 mol %) was used as an
additive.
Having evaluated the scope of the intramolecular cyclopropanation, subsequent
transformations were investigated to access tetad trisubstituted cyclopropanes with &&nd

Sk groups (Schem@.4). These synthons are highly valuable in total synthesis and medicinal
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chemistry’™ The bicyclic lactone2.4aand 2.4i obtained by the present method are versatile
intermediates toward them. To illustrate this poit4aand2.4iwere treated with benzylamine

in the presence of LiCl to afford the tetrasubstituted cyclopropahBaand?2.5iin 97% and 86%
yields, respectively (Scheme 2.4 A). Then, reduction of lactaresand 2.4i using DIBAH
afforded product2.6aand?2.6iin very good yields of 80% and 76%, respectively (Scheme 2.4 B).

BnNH, (1.2 equiv)
NEts (0.2 equiv) 0 /—Q
LiCl (1.0 equiv) NC. N“—NH

A. .
[F] = CF; or SF; EtOH, rt, overnight ., ~OH
NC [F] = CF, 2.5a, 97%
o [F] = SF5 2.5i, 86%
X-Ray of 2.6i
H CCDC 2205900
2.4a, 2.4i ne  OH 8
B.\| DIBAL (1.1 equiv) | \
> (0] g —-(f \
Et,0,-80 °C, 1 h H [ N
!

[F] = CF; 2.6a, 80% 95:5 dr?
[F] = SF5 2.6i, 76% 99:1 dr®
Scheme2.4 PostFunctionalizations of the Cyclopropar@ dza & Rctones

aDiastereomeric ratio (dr) determined Bid NMR.

Having developed an efficient route to racemie-@GRd SE-substituted oxabicyclic[3.1.0]
systems, we turned our attention to thelaboration of an enantioselective version of the
reaction. Several catalysts were screened for this purpose (see the Supporting Information for
details). RASnapy> | OF Gl ftead RS@OSt2LISR o6& 5dz .2Aa I
amination?® proved useful for enantiocontrol (Scheme 2.5). However, since carboxamidates
usually exhibit a lowereactivity for diazo decomposition than carboxylatésthe higher
selectivity was accompanied by a significant decrease in yield. Thus, after a brief optimization of
the reaction conditions, the cyclopropasfedza $aBtones2.4aand 2.4i were obtained in 19%

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

23 Zalatan, D. N.; Du BoisJJAmChem. So2008§ 130, 92209221.
2 Doyle, M. PJ. Org. Chen2006 71, 92539260.
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9 Rhy(S: )4 (10 mol%) NG [
2(S-nap), mol%
WOHCN MO
N, CH,CI,, 30 °C, 22 h ¥

2.3a, 2.3i 2.4a, 2.4i
[F] = CF; or SF5

[F] = CF; 2.4a,19%, 62% ee®
[F] = SF5 2.4i, 8%, 66% ee”
Scheme2.5 Asymmetric RhodiurCatalyzed Intramolecular Cyclopropanation Attempt

aEnantiomeric excess (ee) determined by chiral GC analysis.

These results are promising for the asymmetric synthesis of-s\@fstituted
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
pentafluorosulfanylsubstituted cyclopropand& dza Sl&ctones via the Riesp)-catalyzed
intramolecular cyclopropanation of the corresponding allylic cyanodiazoacetates in up to 99%
yields. These interesting scaffolds can be further used to access highly functionatizatiCSs
substituted cyclopropanes. The s&fbstituted analogues join the very short list of available
pentafluorosulfanysubstituted intermediates. An enantioselective version of the reaction is

under development, with promising ressilalready obtained with R{&nap.
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Chapter 3: Toward More Direct Pentafluorosulfanylation

Methods for Aliphatic compounds

3.1.Synthesis of SFSubstituted Cyclopropanes Using TCCA/KF

Conditions

3.1.1.Introduction

Among the synthetic methods toward sS$tbstituted compounds, the use of safe and
easyto-handle solids TCCA and KEgveloped by Toghiand Shibat& using (hetero)aromatic
disulfidesis particularly attractive (Section 1.1.2.1.). TRéCA/Kimethod overcomes theeed
for hazardous fluorinating reagents and/or gaseous reagsuath as G(Scheme 3.1)Cornelld
subsequently usedhe TCCA/Ktrategy on two other starting materials: aryl halid@sand
arylphosphorothiolate® (Scheme 3.2). The former proceeds through the formation of aryl

sulfenykphthalimide intermediates.

Togni, )
2019 TCCA (18.0 equiv)
KF (32.0 equiv)
i AgF (1.0 to 4.0 equi
rctriogySeg - (HEDAT TFA (0.1 equiv) Aoy SFEC gF (1.0 to 4.0 equiv) - t/SFs
r(Het) CHACN, 1t, 18 h r(Het) CH,Cl,, 100 or 120 °C, 48 h  Ar(Het)
27 examples 7 examples
40-86% 57-81%
Shibata,
2019 TCCA (20.0 equiv) Ae.CO. (1.0 oai
A t/s\s/(Het)Ar KF (20.0 equiv) - t/SF4CI 92C03 (1.0 equiv) . _SFs
r(Het) CHaCN, rt, 48 h r(Het) CH,Cl,, 1t, 48 h r
20 examples 2 examples
52-94% 45-51%

Scheme3.1 Literature precedent using TCCA/KF conditions to convert (hetero)aromatic
disulfides to the corresponding SfSubstituted arenes.

1Pitts, C. R.; Bornemann, D.; Liebing, P.; Santschi, N.; Togngedv. Chem. Int. EA019 58, 1950.
2Saidalimu, I.; Liang, Y.; Niina, K.; Tanagawa, K.; Saito, N.; Shikatp, Ghem. Fron2019 6, 1157.
3(a) Wang, L.; Cornella,Ahgew. Chem. Int. EB02Q 59, 23510. (b) Wang, L.; Ni, S. Cornell8yathesi®021, 53, 4308.
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1. Mg, LiCl, ZnCl, or iPrMgCI-LiCl
Cornella,

2020 2 o

.CI/S\N (1.2 equiv)
5 o TCCA (18.0 equiv)
s KF (32.0 equiv)
x  THF, CH,Cl,, 0 °C to rt, 40 min PN TFA (0.1 equiv) SE,CI
Ar(Het)” Ar(Het)” N Ar(Het)” > 4
CH3CN, rt, 18 h
X=Brorl @) 12 examples

37-72%

I/
Cornella, TCCA (18.0 equiv)
2021 .
OFEt KF (32.0 equiv) ) SF
LS.y TFA (0.1 equiv) AgBF, (2.0 equiv) 5
Ar” T P _SF,Cl
i OFEt Ar
o CHSCN, 1t, 24 h CH,Cl,, 100 °C, 48 h B
12 examples Ar = pBr-Ph 68%

5-76%

Schemes.2 Use of TCCA/KF conditions to convaryl halides and arylphosphorothiolates to
the corresponding S and S§-substituted arenes.

TheTCCA/KRmethods are currently limited to aromatic substrates. As previoastiined
in the introduction (Section 1.2), the cyclopropyl moiety exhibits unique propertieasitinusual
02YR |y3dftSaxz /t/ o62yRa GKIFIG FNBE RAAGZ2NILSR
more ofp character than expectetiPrior to the development of our rhodiumatalyzed approach
described in the previouschapter, only one synthetic method toward sSfbstituted
cyclopropanes was reported in the literatdréSection 1.2.3). Both methods rely on the use of
toxic gaseougentafluorosulfanyl chloride (SEl). Consequently, it would be of interest to

investigate the suitability of theTCCA/KFmethods for the synthesis of &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{@henylcyclopropyh®-sulfane 3.1. The phenyl substituent was

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

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

Sk-substituted cyclopropan8.1based on the abovenentioned literature (Scheme 3.1 and 3.2):

the dicyclopropy! disulfide3.2, the cyclopropykulfenytphthalimide 3.3 and the cyclopropy!

4 (a)Hamilton, J. G.; Palke, W.JEAmM. Chem. Sd993 115, 4159. (b) Fowler, P. W.; Baker, J.; LillingtonT ieor. Chem. Acc.

2007,118 123. (c)Galano, A.; Alvareldaboy, J. R.; Vivi@unge, ATheor. Chem. Ac2007,118, 597. (d) Galimova, G. R.; Mebel,
A. M.; Goettl, S. J.; Yang, Z.; Kaiser,ARyk. Chem. Chem. PH3@22 24, 22453. (e) Wu, W.; Ma, B:ChiaWu, J.; Schleyer, P. v.
R.; Mo, YChem. Eur. 2009, 15, 9730.

5Lefebvre, G.; Charron, O.; Cossy, J.; Mey@r@ Lett. 2021, 23, 5491.
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phosphorothiolate3.4 (Scheme 3.3). The present chapter outlines our attempted syntheses of
the three potential starting material3(2, 3.3 and 3.4) and the results obtained under TCCA/KF
conditions to ultimately yiel&k-substituted cyclopropan8.1, where applicable. The work was
conducted with Chloé Stoll under my supervision during an internship in our laboratory during
KSNJ YI aiSNRa -AugBt2022).Y 6 WI y dzI NEB

FsS~  “Ph
3.1
s
Ph 70
EtO” \
g okt

NP 3.4

P

Ph \V/ S\SAPh
3.2

3.3

Scheme3.3 Potential starting materials for the synthesis of &&ubstituted cyclopropane 3.1
under TCCA/KF conditions.

3.1.2.Implementation of the Laboratory SeUp for the Use of TCCA/KF

Conditions

3.1.2.1.Technical Challenges

Prior to investigating the synthesis of the potential starting mater&a® 3.3, and 3.4,
some adjustments had to be made in our laboratorygeto enable the use of TCCA/KF methods
reported in the literature by Toghand Shibatd The SKI 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 gjlevebox, 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 CI/F exchange, which

required heating dicloromethane to 120C, highpressure vessels were purchased and used. The
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different setups for workup under inert atmosphere and the use of Riyassure vessels are

presented in Figure 3.1.

Figure3.1 A - Canula for filtration under inert atmosphere. BFiltration under inert
atmosphere. G Evaporation under inert atmosphere. QPreparation of the NMR tube under
inert atmosphere. K High-pressure vessel.

3.1.2.2.Synthesis of Sk-Benzothiazole

¢ K S -dithibhigfbenzothiazole}.5was selected as the starting material for testing the
laboratory setup for TCCA/KF conditions, following an adapted procedure from the reports of
Tognt and Shibatd 6 { OKSYS o0 & withidbis(ltekzEthiazel®)B.Xis a lowcost,
commercially available reagent. Moreover, th&B-benzothiazole8.7 formed will be of interest
for the development of a potential Skransfer reagent, an additional approach to the synthesis
of Sk-substituted compounds that will be developed in the second part & ¢hapter. The
formation of the SKCI intermediate3.6 was observed by’F NMR, and the-8k-benzothiazole
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3.7was obtained in 4% yield over two steps (Scheme 32he results validated our laboratory
setup for the use of TCCA/KF conditions. The synthesis of the potential starting made2jals
3.3, and 3.4 was therefore evaluated, with the objectivef subjecting each of them to the

TCCAJ/KF conditions for the synthesis gfsibstituted cyclopropan8.1(Section 3.1)

S TCCA (20.0 equiv)
KF (32.0 equiv) S AgF (2.0 equiv) S
s. S )—SF4Cl )—SFs
>—s N
¥ CH4CN, rt, 48 h N CH,Cly, 120 °C, 48 h N
35 3.6 3.7

44%
(over 2 steps)

Scheme3.4 Synthesis of SF& dzo & G A (1 dzi SR 0 S y Withidbis(bendotrisz8le) FNE Y

3.1.3.Exploration of Three Potential Starting Materials for the Synthesis of-SF
Substituted Cyclopropanes

3.1.3.1.Investigations on Dicyclopropyl Disulfid®2 as Suitable Starting Material for the
Synthesis of SFSubstituted Cyclopropanes

3.1.3.1.1.Synthesis of Dicyclopropy! Disulfgi2
As described in the introduction chapter, disulfides were reported as suitable starting
materials for the synthesis of ar§flis compoundsvia arytSECI intermediates. The strategy was
used by Umemot§ Tognt, and Shibatd among other% (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 disulBde A review of the literature revealed that there
were a few efficient syntheses dicyclopropyl disulfides reportetiwe focused on theynthesis

of 1,2dicyclopropydisulfane3.10from bromocyclopropan&.8reported by Dixorin 1992% The

6(a) J. R. Schmid, P. Prohm, P. VolRnacker, G. Thiele, M. Ellwanger, S. Steinhauer,EirRiettebrg. Cher202Q 2020, 4497.
(b) O. I. Guzyr, V. N. Kozel, E. B. Rusanov, A. B. Rozhenko, V. N. Fetyukhin, Y. G. ShdrrRblovicPhen202Q 239, 109635.
(c) Guzyr, O. I.; Potikha, L. M.; Shishkina, S. V.; Fetyukhin, V. N.; ShermoloviChe¥igry of Heterocyclic Compou223
59, 304.

7Umemoto, T.; Garrick, L. M.; Saito,Béilstein J. Org. Che2012 8, 461.

8 (a) Sheppard, W. A. Am. Chem. Sdt96Q, 82, 4751 (b) Ou,X.; Janzen, AJ.R-luor. Chen200Q 101, 279. (c) Bowden, R. D;
Comina, P. J.; Greenhall, M. P.; Kariuki, B. M.; Loveday, A.; Piigxadbedron2000 56, 3399.

9 (a) Block, E.; Penn, R. E.; Ennis, M. D.; Owens, T. A:LY,A8n. Chem. Sd978 100, 7436. (b) Blocks.;SchwanA.; Dixon
D. AJ. Am. Chem. Sd®92 114, 3492. (c) Maderna, A.; VernierM. Ardea Biosciences INC, CA2768728C8 (d) Changjiang,
X. CN1144783338022
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synthesis was accomplished in four stepsthe cyclopropanethioB.9, affording the desired 1;2

dicyclopropydisulfane producB.10in an overall yield of 38¥@cheme 3.5).

1. Mg (1.0 equiv),

THF, 50 °C, 3 h

2. Sg (0.1 equiv),

THF, 50 °C, 3 h

3. LiAlH4 (0.6 equiv), Na|OE(§ (70.7 eguiv)

.7 equiv
[ . THF, reflux, 0.5 h R o 2 ( quiv) AS/S
[ EtOH, rt, 0.5 h W
3.8 3.9 3.10

38% (over 4 steps)

Scheme3.5 Synthesis ofL,2-dicyclopropytdisulfane 3.10reported by Dixon.
The strategy was adapted to the synthesisdadyclopropyl disulfide3.2 (Scheme 3.6). Styrene
3.11 was employed as the starting material for the cyclopropanation reaction, conducted
following a procedure reported by Zhang and cowork&mBromoform 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 bromofornt by
elimination, affording the desired 2@&bromocyclopropane.12in 67% yield (Scheme 3.6). In
the subsequent step, an hydrodebrominatidmvas performed to remove a single bromine atom
from 3.12 vyielding (2bromocyclopropyl)benzene3.13 in 48% vyield as a mixture of
diastereoisomersojstransratio 2:1). The bromocyclopropa®el3g | & G KSy &dz 2S04 SR
condition$® (Scheme 3.6) to form the thiol intermediaB214 and subsequently dicyclopropyl
disulfide3.2. Unfortunately, the foustep sequence afforded the desired dicyclopropyl disulfide
3.2in only 4% yield (Scheme 3.6). Nevertheless, a sufficient quantity of material was synthesized
to explore its use in the synthesis péntafluoro(2phenylcyclopropyh®-sulfane 3.1 under
TCCA/KF conditions.

101 . An, FF. Tong, S. Zhang, X. Zhahdim. Chem. S&020 142, 11884.
11]J. R. Al Dulayymi, M. S. Baird, |. G. Bolesov, A. V. Nizovtsev, V. V. Tveitkz0ksky, Soc. Perkin Trah2000, 1603.
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CHBr3 (3.0 equiv)

NaOH 20 M (4.0 equiv) Br_ Br EtMgBr (1.1 equiv)
BTEAC (0.015 equiv) Ti(OiPr)4(10 mol%) 5
> r
neat, 0 °C to rt, 30 min neat,0 °Ctort,6 h
then 60 °C, 18 h
3.1 3.12 3.13
67% 48%

1. Mg (1.1 equiv),
THF, 50 °C, 5 h

2. Sg (0.1 equiv),
THF, 50 °C, 17 h

3. LiAlH4 (1.0 equiv),
THF, reflux, 22 h

NaOEt (0.7 equiv)
I, (0.7 equiv)
S\S - SH
EtOH, rt, 0.5 h

3.2 3.14
4%
(Over 4 steps)

Scheme3.6 Synthesis of dicyclopropyl disulfide 3.2.

3.1.3.1.2.Synthesis of $fSubstituted Cycloproparil from Dicyclopropyl Disulfid®.2

The suitability oflicyclopropy! disulfid8.2 as a starting material for the synthesis of the
Sk-substituted cyclopropan8.1under TCCA/KF conditions was investigated. First, the TCCA/KF
conditiong-? for oxidative chlorotetrafluorination were applied to disulfi@e2 (scale 0.24 mmol)
(Scheme 3.7). After 48 hours at room temperatut¥; NMR of the crude mixture (prior to
workup) exhibited the desired peaks of thesSHntermediate3.15at +135.01 ppm, representing
the major product. The saip described in section 3.2.1 was employed for the workup of the
unstable intermediate3.15under inert atmosphereThen, the residue was directly submitted to
the conditions for the final CI/F exchange with A¢Gcheme 3.7). After 48 hours at 120 ¥,
NMR analysis of the crude mixture (post workup) showed the discernible pattern ofsgec8p,
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 synthesizi&ds-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 undmvestigation in the laboratory. For the time being, none of
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the conditions tested have yielded superior results than the fstep process described above.
Consequently, the synthesis of alternative starting materials was also investigated.
TCCA (20.0 equiv)
KF (32.0 equiv) AgF (2.0 equiv)
s°S SF,CI SFs
CH4CN, rt, 48 h 4 CH,Cl,, 120 °C, 48 h
3.2 3.15 3.1
traces

SchemeB.7 Synthesis oSk-substituted cyclopropane 3.1 using TCCA/KF conditions.

faded g
o ?

.............

—— 622184

10317

Figure3.2 1% NMR analysis of the crude mixtushowing characteristic Sfpeaks.

3.1.3.2.Attempted Synthesis dfyclopropyulfenytPhthalimide3.3

Considering the work by Cornella usiagylsulfenyl phthalimide® (Scheme 3.2)pur
objective was to synthese cyclopropyisulfenytphthalimide3.3. 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 Cofiwellaromatic substrates
First, the synthesis of thi-(chlorosulfenyl)phthalimid8.18was required. Following an adapted
procedure from the literatur&?, N-(chlorosulfenyl)phthalimide3.18 was obtained in two steps
from phthalimide3.16in 70% overall yield (Scheme 3.8). @{&-phthalimidyl)disulfane3.17 will
be of interest for the development of a potentialsSFansfer reagent, an additional approach to

the synthesis of Sfsubstituted compounds that will be developed in the second part of the

12Zhu, D.; Gu, Y.; Lu, L.; Shen).@Am. Chem. S&015 137, 10547.
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chapter. In an attempt to synthesize cyclopropsilfenylphthalimide 3.3, N-
(chlorosulfenyl)phthalimide3.18 was reacted with a previously formed cyclopropyl zinc
intermediate 3.19. Cyclopropy! zinc intermediat®.19 was obtained from bromocyclopropane
3.13as a solution in THF. The 37% yield indicated for the formati@l8fwas determined by
titration of the solution following a method described by Knoéhébcheme 3.8). Unfortunately,
no trace of the desiredyclopropyisulfenytphthalimide3.3was obtained Scheme 3.8gnd only
degradation was observed. One hypothesis is tNafchlorosulfenyl)phthalimide3.18 is not

sufficiently electrophilic to react with theyclopropyl zinc intermediat8.19.

(6] S,Cl, (1.2 equiv) o o O
NEt; (1.0 equiv) N—S SO,Cl, (26 equiv)
N—H o N—-S
THE. rt. 2 h S—N neat, 70 °C, 15 h \C|
o o © o
(e}
3.16 3.17 3.18
71% quant.
(crude yield)
Br nBuLi (1.1 equiv) ZnCl 0
ZnCl, 1M (2.0 equiv) 3.18 (1.2 equiv) s
-N
THF, rt, 2 h CHCl, rt, 20 h ©\<f
O
3.13 3.19 3.3
37% 0%

Scheme3.8 Attempted synthesis of cyclopropysulfenykphthalimide 3.3.

3.1.3.3.Attempted Synthesis of cyclopropghosphorothiolate3.4

Building on the work of Cornella usiragyl phosphorothiolate® (Scheme 3.2)the
synthesis of cyclopropyl phosphorothiola3e4 was explored as a potential starting material for
the synthesis of Sfsubstituted cyclopropan8.1. Similar to the synthesis of cycloprogyllifenyt
phthalimide3.3, no precedent in the literature was found for the synthesis of phosphorothiolate
scaffolds with a cyclopropyl motiéiryl phosphorothiolates can be obtained from various starting

materials including thiophenodl§ aryl iodide®®, diazonium salts, and boronic acit§<ornell&

13Krasovskiy, A.; Knochel, Bnthesi®006 2006 890.

14(a) Lecocq, J.; Todd, A.Chem. Sot954 2381. (b) Handoko; Benslimane, Z.; Arora, Br&Lett.2020 22, 5811. (c) Song, S.;
Zhang, Y.; Yeerlan, A.; Zhu, B.; Liu, J.; Jidmgew.Chem. Int. ER017, 56, 2487.

15Chen, X. Y.; Pu, M,; Cheng, H. G.; Sperger, T.; SchoeneBegew. Chem. Int. EA019 58, 11395.

16 (a) Kovacs, S.; Bayarmagnai, B.; Aillerie, A.; Goossefidi. Synth. Cata2018 360, 1913. (b) Xu, J.; Zhang, L. L.; Li, X. Q.;Gao,
Y. Z.; Tang, G.; Zhao, YOFR). Lett2016 18, 1266.
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employed the conditions developed by Zhao and cowoerto synthesize aryl

phosphorothiolatesrom boronic acidsviaa CharEvansLam coupling (Scheme 3.10).

Sg (0.5 equiv)
Cu(OTf), (10 mol%)

HO. _OH bpy (0.2 equiv)
B diethylphosphite (6.0 equiv) ST

NEts (1.0 equiv) OFt
R ~ | R z |
~ CH3CN, air, rt, 20 h ~

32 examples
50-99%

Q. oFt

Scheme3.9 Reported synthesis odiryl phosphorothiolates from boronic acidgia ChanEvans
Lam coupling.

In order to implement the proposed method, it was necessary to synthesize (2
phenylcyclopropyl)boronic acigl21. The company Merck reported its synthesis in a pafeom
substituted allosteric modulators of nicotinic acetylcholine. The conditions reported in the patent
were then applied to bromocycloproparg13, affording (2phenylcyclopropyl)boronic acigl21

in 4% yieldScheme 3.11). The stability of such boronic acids is a common issue that may explain
the low yield obtained® Nevertheless, a sufficient quantity of material was obtained to permit
the exploration of the formation ottyclopropyl phosphorothiolate8.4 via CharEvansLam
coupling. Such coupling has never been reported on cyclopropyl rings. Unfortunately, no trace of

the desired cyclopropyl phosphorothiolaBe4 was observed (Scheme 3.11).

Sg (0.5 equiv)
NaH (11 squiv) Cu(OTf), (10 mol%)
at (1.7 equiv bpy (0.2 equiv
. . HO. __OH py (0.2 equiv)
Br nBuLi (1.1 equiv) B diethylphosphite (6.0 equiv) EtO
B(OiPr); (3.0 equiv) NEt; (1.0 equiv) \F’/(E)t
P = S/ \\
THF, rt, 18 h CH4CN, air, 1t, 20 h 0
3.13 3.21 3.4
4% 0%

Scheme3.10 Synthesis of (phenylcyclopropyl)boronic acid 3.21 and attempted synthesis of
cyclopropyl phosphorothiolate 3.4.

17Xu, J.; Zhang, L.; Li, X.; Gao, Y.; Tang, G.; Zbag, \ett2016 18, 1266.

18 Crowley, B.; Bell, I.; Harvey, A. J.; Campbell, B.; Greshock, T.; Rada, V. MERCK SHARPO& D REIAEL8085170A1.

19(a) Todd, R. C., Josyula, K. V. B., Gorr, K., Priebe, K., andABatr, Pap. Am. Chem. S80607, 233, ORGN780. (b) Knapp, D.
M.; Gillis, E. P.; Burke, M.ID.Am. Chem. S&009 131, 6961.
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3.1.3.4.Conclusion on the Three Potential Starting Materials Evaluated

To achieve the synthesis ofs&fusbtituted cyclopropan8.l, a variety of potential starting
materials were considered: dicyclopropyl disulf@l@, cyclopropysulfenytphthalimide3.3and
cyclopropylphosphorothiolate3.4. Although the synthesis of cycloprogulfenytphthalimide
3.3 and of cyclopropyphosphorothiolate3.4 were unsuccessful, dicyclopropyl disulfi8l€ was
obtained. Therefore, TCCA/KF conditions could be tested on dicyclopropyl diSuffeféording
the desired SIKEI intermediate andltimately the Sk-substituted cyclopropan8.1following the
final CI/F exchange. The results demonstrated the pajafoncept that the gafree conditions
using TCCA/KF developed by Tégnd Shibatadcan 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 patrticularly 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 NewsKarart Rearrangement

Dicyclopropy! disulfidg3.2) was identified as the most promising starting material to
access SFsubstituted cyclopropanes and helped to establish prob€oncept. Consequently,
Alois Foretontinued the project under my supervision duringY I & G S NI dintebddhip & NI Y
our laboratory (September 2028larch 2024). His primary objective was to optimize the
synthesis ofdicyclopropy! disulfides and to explore other substitution patterns if possible. An
approach to dicyclopropyl disulfides was develog®d Prof. Rousseaux at the University of
Toronto, employing the Newmakiwart rearrangemenf (Scheme 3.11 and 3.12). The work was
presented at the ACS Fall 2023 conferemoel published earlier this yedat.Disulfide 3.22
attracted our attention, & potentialstarting material for the synthesis of ss¢yclopropane3.23
(Scheme 3.13).

20Broese, T.; Roesel, A. F.; Prudlik, A.; FranckergR.ett. 2018 20, 7483.
21 Monteith, J. J.; Pearson, J. W.; Rousseaux, SAAgew. Chem. Int. EA024 63, €202402912.
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Ri—/ Ri—/
OH SH
S
CI)J\NMez

Ri_\ j\ O-S-rearrangement . Ri_\ )Oj\

Z 0" NMe, 57 NMe,

O-aryl carbamothiolates ” R@S S-aryl carbamothiolates
o8

Scheme3.11 Classical Newmaiwart rearrangement.

NM62

Ir(ppy)s (0.1 mol%)

DIPEA (2.0 equiv) ,
A = A A
OH o)
\/g?’

DMSO, Blue LEDs, rt, 3 h S\(

ethanolamine (10.0 equiv)
THF, rt, 48 h

2
R! S\RA ’
\V<RZS R
Scheme3.12w 2 dza & &ppozcta dicyclopropyl disulfides.
1. TCCA (20.0 equiv)

Ph KF (32.0 equiv)
CH4CN, rt, 48 h
S—S e eee e » Ph
2. AgF (2.0 equiv) SFs
Ph CH,Cl,, 120 °C, 48 h
3.22 3.23

Scheme3.13 Potential synthesis of Sfsubstituted cyclopropane 3.2&om dicyclopropyl
disulfide 3.22provided by Prof. Rousseaux.

3.1.4.2.Pentafluorosulfanylation Attempt

The suitability oflicyclopropyl disulfid&.22as a starting material for the synthesis of the
Sk-substituted cyclopropane.23 under TCCA/KF conditions was investigated. The TCCA/KF
conditions-? for oxidative chlorotetrafluorination were applied to disulfi@&22 (Scheme 3.14).
Unfortunately, after 48 hours at room temperaturé® NMR of the crude mixture (prior to

workup) did not exhibit the desired peaks of theSRntermediate3.24between +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 dicyclogreyfide3.2,

which afforded the desire®k-substituted cyclopropand.1 (Section 3.1.3.1.2)licyclopropyl
disulfide 3.22 has the phenyl substituent on the same carbon as the sulfur atom. Thereby, the
differing electronic effects of the phenyl group a&lpha position of the reaction site, In
conjunction with the enhanced steric hindrance, may explain the different result obtained with
3.22

Ph TCCA (20.0 equiv)
KF (32.0 equiv)
S-S Ph
VQ CH3CN, rt, 48 h SF,4CI
Ph
3.22 3.24

0%
Scheme3.14 Attempted synthesis ofSECI intermediate 3.24 under TCCA/KF conditions.

3.1.5.Perspectives

Dicyclopropyl disulfid8.2helped to establish proebf-concept for the accessibility of SF
substituted cyclopropanes through TCCA/KF conditions. However, our efforts toward the
development of an efficient and versatile synthesisliafyclopropyl disulfidehave thus far been
unsuccessful. Another substitution pattern of dicyclopropyl disulfide was explored with
dicyclopropyl disulfid&.22through a collaboration with Professor Rousseaux from the University
of Toronto. The attempted synthesis 8k-subgituted cyclopropane3.23highlighted a limitation
of the TCCA/KF method, which could not be carried out on adpbatituted dicyclopropyl
disulfide 3.22 The optimization of the synthesis of suHswbstituted cyclopropanes is still
underway in our laboratory. In parallel, the design of a potential tBihsfer reagent was

investigated with the objective of developing a more direct pentafluorosulfanylation method.
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3.2. Design and Attempted Syntheses ofsSFansfer Reagents

3.2.1.Use of Transfer Reagents for the Functionalization of Organic Compounds

with Fluorinated Groups

The use ofransfer reagents for the functionalization of organic molecules with fluorinated
groups is common. Examples of such reagents are presented in Schenté Seléctfluor and
DAST are two reagents frequently employed in fluorinating reactions. For trifluoromethylation,
the RupperiPrakasi¥® Umemotd® and Togri* reagents are widely used. For
triifluoromethylthiolation, AgSGF CuSCFor (MesN)SCE can be employed as reagerts.
Recently, alternatives have been developed such as the benzothiazolium sSICgBdieveloped
by Hopkinsof? and N(trifluoromethylthio) phthalimide developed by Ruepfifyand further
used by Gloriu&®,

T F /
LN/S:F (H3C)3Si—CF; N®
N\
Nucleophilic k S>_SCF3

Ruppert-Prakash Reagent

DAST BT-SCF3
Cl
S) F O
BF, ®Nr F l,CFs
N N—SCF;
Electrophilic [S] %) @E«O
N® i 0]
E SF CF; 0
4 Umemoto's Reagent Il Togni's Reagent Il N-(Trifluoromethylthio)phthalimide
Selectfluor

Scheme3.15 Examples of transfer reagents used for fluorination, trifluoromethylation and
trifluoromethylthiolation.
The BISCENB I ASy & ¢ &4 RS@St 2 LISBiminaion bf RURME, dkich iéddS A a &

to a relative instability of the S&Fanion when using the more classical nucleophilic

22Njj, C.; Hu, M.; Hu, ChemRev.2015 115, 765.

23 (a) Liu, X.; Xu, C.; Wang, M.; LiuC®em. Re\2015 115, 683. (b) Umemoto, T.; Ishihara,JSFluor. Cheni998 92, 181. (c)
Charpentier, J.; Fruh, N.; TogniGhem. Rex2015 115, 650.

24 (a) Chachignon, H.; Cahard,@hin. J. Chen2016, 34, 445. (c) Barat¥allejo, S.; Bonesi, S.; Postigo,@rg. BiomolChem.
2016 14, 7150.

25 Dix, S.; Jakob, M.; Hopkinson, MQliem. Eur. 2019 25, 7635.

26 (a) Pluta, R.; Nikolaienko, P.; Rueping Adigew. Chem. Int. EB014 126, 1676. (b) Candish, L.; Pitzer, L.; G6®earez, A.;
Glorius, FChem. Eur. 2016 22, 4753.
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trifluoromethylthiolation reagent$’ BFSCEis bench stable and only releases the $Saffon
upon in situ activation, allowing for mild deoxytrifluoromethylthiolation of aliphatic alcohols
(Scheme 3.16% The SCGFanionand a 2alkoxybenzothiazolium salt generatéudl situ can then
react to form the desired SgBubstituted compound and -Bethylbenzothiazole€-one as a

byproduct. The proposed mechanism of the reaction is presented in Scheme 3.16.

N/G)
@[ H—SCF,
S

(1.25 equiv)
NEt(iPr), (2.0 equiv)
HO™ R - F,cS” R
CH;CN,0°Ctort,1-2h 32 examples

38-98%

S
HO™ R Sort o

/ Qory . ;O /

N® NEt(iPr), NO /R, SCF, R K

NM—SCF Mo —> F,CS R + >=
@ES : @ES [HNEt(iPr)2]® ’ @[S ©

SchemeB.16 Trifluoromethylthiolation of aliphatic alcohols using BSCEand proposed
mechanism.

N-(Trifluoromethylthio)phthalimide was used by Glorius as an electrophilie i8&gent for the
functionalization of alkyl carboxylic acid with the $@®up (Scheme 3.17% 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 PCth@&ne 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.; SchoenebeckCRem. Eur. 2018 24, 567.
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0O

(2.0 equiv) . tBu

o
blue LEDs (Apax = 455 nm)

PC1 (2 mol%)
CsOBz (0.2 equiv)

mesitylene or methyl p-toluate (2.0 equiv) v tBu
R-COOH R—-SCF; . -
CeHsF, rt, 4 h 18 examples
36-94% ! PC1

s RCOS’  Co,

N ) R
%oto- R-SCF; ©

I catalytic RCO,
cycle |l Phth-SCF3 Phth®
. hole-
Phih™ catalyst &+ CO,
Q chain
Phth R-SCF,
Phth-SCF,

Scheme3.17 Trifluoromethylthiolation of carboxylic acids using S&phthalimide and
proposed mechanism of the reaction.

3.2.2.Design of Potential SH ransfer Reagents

The possibility of developing similarsSFansfer reagents was questioned in recent
years?® Calculations performed by Conradie using the density functional theory (DFT) method
demonstrated that SFspecies such as LiSEuS§or TMSSfwould be highly unstablé® The
compounds would decompose to toxic and corrosive sulfur tetrafluoride gas (8#ch is known
to release hydrogen fluoride upon exposure to water or moistiNevertheless, a few research
groups have reported the formation of salts containing 88m the activation of S§~Dielmann
reported a bench stable phosphine séitand Tlili, a tetrakis (dimethylamino)ethylene (TDAE)
derived sal® The latter was not directly used as & 8&nsfer reagent but for the formation of

SEClin situwhich would then perform pentafluorosulfanylation. The work of Hopkirgamd

28Kraemer, Y.; Bergman, E. N.; Togni, A.; Pitts,Ahdew. Chem. Int. EA022 €202205088.

29Ghosh, A.; Conradie,Bur. J. Inorg. Cher2015 2015 207.

30(a) BuR, F.; Miekichtenfeld, C.; Mehlmann, P.; DielmannARgew. Chem. Int. EB018 57, 4951. (b) Taponard, A.; Jarrosson,
T.; Khrouz, L.; Medebielle, M.; Broggi, J.; Tlilkngew. Chem. Int. EB022 61, e202204623.
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Gloriug®on SCfransfer reagents described in the previous section prompted us to attempt the
synthesis of SFanalogs of BBBECEand SCéphthalimide to investigate their potential as sSF

transfer reagents (scheme 3.18).

s (@]
SF
\ (©
(e}
3.25 3.26

Scheme3.18 Potential SEtransfer reagents considered.

3.2.3. Synthesis of Sk-Substituted Benzothiazolium Salt 3.25 (E5k)

As presented in section 3.1.22-Sk-benzothiazole3.7 was obtained in two steps in an
overall yield of 46%, following an adapted method from the literattf#&@o access the potential
Sk transfer reagent BBk 3.25 the methylation of the nitrogen atom 08.7 was required
(Scheme 3.19). For EBCE; the methylation was reported in the literature using methyl triflate
(Scheme 3.20%

1. TCCA (20.0 equiv)

s KF (32.0 equiv) s s
CH4CN, rt, 48 h
s, A :@ 3 @[ )—SFs oo - @[ )—SF
s N . 5 5
/> 2. AgF (2.0 equiv) N N®
N CH,Cl,, 120 °C, 48 h 37

3.5 46% 3.25
(over 2 steps)

Scheme3.19 Synthesis oR-Sk-benzothiazole 3.7 and required methylation step to afford
BT-Sk3.25.

/ S)
©:N\>_ MeOTf (3.0 equiv) @EN\>—
SCF; SCF,
S CH20|2, rt, 50 h S

Scheme3.20 Synthesis of BFECEreported in the literature.
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The conditions tested for the formation of 5k (3.25) are presented in Table 3.1. The conditions

found in the literatur@® were employed using methyl triflatéas reagent for the methylation of
2-Sk-benzothiazole3.7 in a series of conditions (Table 3.1, entried)1While traces of the

desired salB.25were obtained Table 3.1, entries-2), the majority of the starting material was
recovered. Several changes were observed in e NMR, which enabled differentiation

between the salB.25and the starting materiaB.7. The inversion of the position of the doublet

YR GKS ljdZAyadSdz I AKAFTE O2 YLk MBRHzBRLBKS aidl N
(m, 1H, B)),and theLINB & Sy OS 2 F (KS (-R3Z (5 I3H, §F. KeXaltyeiesS,NJ | y A

the full characterization could not be performed due to the very low quantity.®bobtained.

Table3.1 Conditions attempted for the methylation of 3.7.

S Conditions S
@ )—SFs )—SFs
N N® o

Vy
3.7 3.25
Entry (:: Z%i?\:) Tem?oeé;ature Solvent T(':)]e \E:)Zl)d
1 MeOTf 22 ChCk 50 4
2 MeOTf 22 CHCk 120 4
3 MeOTf reflux CH:Cb 50 0
4 MeOTf reflux DCE 90 0
5 MesOBR 22 CHCk 50 0
6 Mel 22 ChCk 90 0
7 DMC 120 neat 90 0

Subsequently, different methylation reagents were tesfedTable 3.1, entries -3):
trimethyloxonium tetrafluoroborate (Table 3.1, entry3%) methyl iodide (Table 3.1, entry3®)
and dimethyl carbonate (DMC) (Table 3.1, ent#&¥7)nfortunately, none of the reagents yielded

the desired salB.25. The results might be explained by several factors. Firstly, the higher steric

81 Alder, R. W.; Phillips, J. G. E.; Huang, L.; HuaBgeycl. Reag. Org. Synthohn Wiley & Sons, L2205

32Chen, YChem. Eur. 2019 25, 3405.

33(a) Stahl, I.; Seapy, D.Excycl. Reag. Org. Syntiohn Wiley & Sons, L@D08 (b) Sulikowski, G. A.; Sulikowski, M. M.; Haukaas,
M. H.; Moon, BEncycl. Reag. Org. Synthohn Wiley & Sons, L2005 (c) Tundo, P.; Musolino, M.; AricoGteen Chen018

20, 28.
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hindrance of the SFvs SCHgroups may be a contributing factor. Then, the methylation to be

performed is on a tertiary amine, which are particularly challenging substrates to metliy/late.

3.2.4. Synthesis of SFSubstituted Phthalimide

As outlined in section 3.1.3., di(1-phthalimidyl)disulfane3.17 was synthesized in 71%
yield from phthalimide3.16(Scheme 3.21). We then considered whether submitting the disulfide
3.17to the conditions of formation of the S§roup-?would result in the formation of the desired
Sk-phthalimide3.26 (Scheme 3.21). Unfortunately, tliéscernible pattern of the Sigroup was
not observed in'®F NMR and only degradation of starting mate®al7 was obtained. The
electronic change due to the presenceahitrogen atom directly bonding to the sulfur atoms

may explain the observed difference in reactivity compared to diaryl disulfites.

o $;Cl; (1.2 equiv) ? o " TrgFC(gz(.zoOéoqﬁic\]/l;N) Q?
NEt;3 (1.0 equiv) N—S CH3CN, rt, 48 h
Nt - N—SFs
THF, 1t, 2 h 2. AgF (2.0 equiv)
5 0 4 CH5Cl,, 120 °C, 48 h (0]
3.16 3.17 3.26
71% 0%

Scheme3.21 Synthesis ofli(1-phthalimidyl)disulfane3.17 and attempted formation of S&
phthalimide 3.26.

3.2.5.Conclusions and Perspectives

The potential of an Sktransfer reagent is highly appealing and would facilitate the
implementation of Séchemistry in the community, thanks to the use of safer @adierto-
handle reagents than the current alternatives. Several fluorine chemists have pursued the same
objective?834 However, the synthesis of the two potential sSfFansfer reagents that were
envisaged proved to be challenging. The difficulties encountprethpted are-examinationof
the most prevalent pentafluorosulfanylating reagent:sSE 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 continuaiflow chemistry.

34 Gilbert, A.Doctoral thesisinder the supervision of Paquin;R.,2021
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Chapter 4: On-DemandContinuous Flowsynthesis of

Pentafluorosulfanyl Chloride (SEl)Usinga CustomMade

Stirring PackedBedReactor

Lauriane C. Peyricdlhibaud Mabityanessa Kairouz, and André B. Charette

Submittedto Chem. Eur. J.
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4.1. Abstract

The pentafluorosulfanyl (§ff group has been the subject of a surge of interest in the past decade,
but there is stillittle practicalityassociated with its synthesadinstallation Herein is reported

the first continuous flow synthesis of pentafluorosulfanyl chloridesC§Fthe most common
reagent for the synthesis of Ssubstituted compoundsThe synthesiss based onnexpensive

and easyto-handle reagentssulfur powder (8, triisochlorocyanuric acid (TCCA) and potassium
fluoride (KF)To this end, a custormade stirring reactor was designed to allow for fast, safe, and
highly efficient ordemand synthesis of 8E The resulting SEI solution is showcased in the

radical addition on alkynas a telescoped fashion.

4.2. Introduction

The pentafluorosulfanyt§ks) substituent has received a great deal of attention over the past
decades. Applications of SFcontaining molecules have emerged in various fields such as
synthetic chemistry, materials sciencé,and medicinal chemistfy Thisunique substituent is
2F0Sy NBEFSNNBR (2 CGBO @nd laskiButperforniNg he ldrMNBséveralk & ¢
cases®® due to its high electronegativity, lipophilicity, and unique octahedral geométry.

Recently, new methods for the synthesis of-Sibstitutedarene$ have emergedo overcome

! For recent reviews see) P. R. Savoie, J. T. Welchem.Rev.2015 115, 113031190. b) R. Kordnezhadian;¥B.Li, A. Zogu, J.
Demaerel, W. M. De Borggraeve, E. Ismalagm. Eur. 2022 28, e202201491. dyI. Magre, S. Ni, J. Cornellpgew.Chem. Int.
Ed.2022 61, e202200904. d) M. Abd EI Sater, L. Popek, N. Blanchard, VSBizegsi2024

2a) A. Noonikar&oyil, A. MufioLastro, A. Boretskyi, P. K. Mykhailiuk, H. V. R. Olesn. Sck021, 43, 1461814523. b) S. K.
Nistanaki, C. G. Williams, B. Wigman, J. J. Wong, B. C. Haas, S. Popov, J. W&itmish,3<. N. Houk, H. M. Nelsscience

2022 378,10851091.

3a)J. M. W. Chan]. Mater. Chen019 7, 1282212834. b) H. Gao, A. R. Sevilla, G. M. Hobold, A. M. Melemed, R. Guo, S. C.
Jones, B. M. Gallarroc. Natl. Acad. S@022 119, e2121440119.

4a)S. Altomonte, M. Zandd, Fluor. Chen2012 143, 57-93.b) M. F. Sowaileh, R. A. Hazlitt, D. A. Cd@llwgmMedCher017,

12, 148%11490.c) M. Sani, M. Zand8ynthesi®022 54, 41844209.

5a) J. M. Coteron, M. Marco, J. Esquivias, X. Deng, K. L. White, J. White, M. Koltun, F. El Mazouni, S. KokkondaRK. Katneni,
Bhamidipati, D. M. Shackleford, I. Ang&arturen, S. B. Ferrer, M. B. Jiméidaz, FJ. Gamo, E. J. Goldsmith, W. N. Charrha
Bathurst, D. Floyd, D. Matthews, J. N. Burrows, P. K. Rathod, S. A. Charman, M. AJRYidlchsChen2011, 54, 55405561. b)

S. Altomonte, G. L. Baillie, R. A. Ross, J. Riley, M. B8@aAdR0144> Hnamcn® OO0 Y& 2AG2&T1+HZ Wo al
[ A LIAGhéniMEdCherg023 18, e202300315. (d) V. Jelinkova, A. Dellai, M. Vachtlova, M. Feckova, J. Podlesny, M. Klikar, F.
/I adSiz ' & wadOA6 ] ZJ Phbtochdmnjtdtabiol h2024 448, 115390 (&) A.CdrmohatrMiBdON. Moradi,

J. W. Hommes, E. Pujol, L. Naesens, S. Vazquez, B. G. J. Surewaard, M. Zarei, MCaresquéz J. Turnévlicrobiol. Spectr.

2024, 12, e0007124.

6a) C. R. Pitts, D. Bornemann, P. Liebing, N. Santschi, A Aragaw;. Chem. Int. EA019 58, 19561954. b) I. Saidalimu, Y. Liang,

K. Niina, K. Tanagawa, N. Saito, N. Shilexg, Chem. Fron2019 6, 11571161. c) L. Wang, S. Ni, J. Corn&8athesi2021, 53,
43084312. d) L. Wang, J. Cornehagew. Chem. Int. EA02Q 59, 2351@,23515.
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the previous limitations of the required use of toxic reagents such asd~C{(Schemet.1.1a)’/

In particular Togni reported a major milestortgy treatingdisulfides with trichloroisocyanuric

acid (TCCA) and potassium fluoride ®@A).yY HnumMXZ tFaoOFftA | GGSYLIGSH
conditions in continuous flow chemistfy.Their processyielded only PRSRCI, the key
intermediate toward PKSE, in yields up to 11%, on a 0.1 mmol scal@bablydue to stability
problems(Schemet.1.1b).

The TCCA/KF method is not compatible wiidikyldisulfides and the efficient synthesis ofs&F
substituted aliphatic compounds relies on the radical addition ofCEFSchemet.1.2), an

expensive and toxic gas that is commercially availablkeregularly in short suppl§2°t The

difficult synthesis, handling and/or access ot@FRepresents a significant bottleneck in the

development of SFsubstituted compounds.

Based on these advanced3ing reportedn 2021the synthesis of SEl as a stock solution
in n-hexane (Scheme4.1.3a) using the TCCA/KF conditions with sulfur powdetead of a
disulfide!! Glasgressure vesselre requiredandthe methodraises some safety concerns due
to the handling of toxicsolutions ofSECI in open glassware durinige work up. To address this
issue,severalresearch groups have recently investigatedearsituapproach using twahamber
reactors (Schemé.1.3b)1213Tlili reported a pentafluorosulfanylation method using as-S#sed

reagent derived form $Rnd tetrakis(dimethybmino)ethylene (TDAE¥ This reagent allows the

7a) X. Ou, A. F. JanzénFluorChem200Q 101, 279283. b) R. D. Bowden, P. J. Comina, M. P. Greenhall, B. M. Kariuki, A. Loveday,
D. Philp,Tetrahedror2000Q, 56, 339%;3408. c) T. Umemoto, L. M. Garrick, N. S&tilstein J. Org. CheR012 8, 461-471.

8 G. Surjadinata, L. Hunter, L. Matesic, G. Pascdipw Chen2021, 11, 107115.

9a)S. AitMohand, W. R. DolbieQrg. Lett2002 4, 30133015. b) W. RDolbier Jr., S. Aiohand, T. D. Schertz, T. A. Sergeeva,

J. A. Cradlebaugh, A. Mitani, G. L. Gard, R. W. Winter, J. S. ThtaBher. Chen2006 127, 1302;1310.

10 For recent selected examples; G. Lefebvre, O. Charron, J. Cossy, C. Meyeil.ett. 2021, 23, 54915495. b) M. Birepinte, P.

A. Champagne, J. F. Paqéingew.Chem. Int. E®R022 61, e202112575. c¢)-¥.. Shou, H.. QingAngew.Chem. Int. ER022 61,
€202208860. d) L. C. Peyrical;R1.OuelleDu Berger, M. Boucher, M. BirepinteFJ.Paquin, A. B. Charetterg.Lett.2023 25,
2487-2491. e)L. Popek, J. J. Cabrdrayjillo, V. Debrauwer, N. Blanchard, K. Miqueu, V. Bizagew. Chem. Int. EA023 62,
€202300685. f) L. Popek, M. Cihan, N. Blanchard, V. Bimggw. Chem. Int. EA023 63, €202315909. g) T. M. Nguyen, L. Popek,

D. Matchavariani, N. Blanchard, V. Bizet, D. Calt@ngl, Lett.2024 26, 365369. h) Y. Kraemer, C. Ghiazza, A. N. Ragan, S. Ni, S.
Lutz, E. K. Neumann, J. C. Fettinger, N. Nothling, R. Goddard, J. Cornella, CARyeRitt$Chem. Int. EA022 61, €202211892.

i) Y. Kraemer, J. A. Buldt, W. Y. Kong, A. M. Stephens, A. N. Ragan, S. Park, Z. C. Haidar, A. H. Patel, R. SheR.R. Dagan, C
McLoughlin, J. C. Fettinger, D. Tantillo, C. R. Rittgew Chem Int Ed Er2§)24 202319930.

j) For a recent review: G. Haufeetrahedror2022 109, 132656.

11J:Y. Shou, Xd. Xu, F. L. Qingngew. Chem. Int. EB021, 60, 1527-15275.

12 Review on ex situ strategy: Demaerel, C. Veryser, W. M. De Borggraeeact. Chem. Eng02Q 5, 615631.

13a) A. Taponard, T. Jarrosson, L. Khrouz\iktebielle, J. Broggi, A. Tllingew. Chem. Int. E@022 61, €202204623. b) R.
Kordnezhadian, T. De Bels, K. Su, L. Van Meervelt, E. Ismalaj, J. Demaerel, W. M. De Bangptaia823 25, 89478951.
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generation of S§EI, which is then used directly in the second chamber of the reactor. A similar
strategy was used by De Borggraeve, to generate 8F T NRipgridyl disulfiie'® These safer
approaches, in which §H is containedvithin the two-chamber reactor, are practical for lab
scale research purposes, but their scalability is greatly limitbdrefore, it is of paramount
importance to develop a safe, efficient, and scalable synthesiss@fi 8Fenhance the synthetic
accessibility and molecular diversity osSEbstituted compounds. A continuous flow synthesis
approach addresses these challenges by enabling the safe handling of hazardeassgas
reagents, and seamless scale over traditional batch chemistif.Consequently, we turned our
attention to the development of a continuous flow method for the synthesis e€E5fcheme

4.1.4).

14 For recent reviews seea) M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seeb@hgen. Re2017, 117, 1179611893. b) L.

Capaldo, Z. Wen, T. No€hem. ScR023 14, 42304247.

Recent examples with toxic gases generation and/or :useB. Polterauer, P. Hanselmann, R. Littich, M. Bersier, D. M. Roberge,

S. Wagschal, C. A. Hone, C. O. Kapp, Process Res. D802327,2385H 0 pH ® 0RO ad . SNygas 5o al i1l
A. Yestevazquez, O. Boutureira, A. F. G. Gargano, T. N. Grossmann, Nato8ynth2024 3, 277277. (e) D. Mazzarella, J.
{GFyAdT ad .SNYygas !od {d aSKRIAGSA0B4 W | SYRSNE2Y I hd . 2dzi dzZNBA |
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1. Synthesis of SF5-substituted aromatic compounds

a) Timeline
Cornella (2020, 2021)

Sheppard (1960) Philp (2000) Togni (2018) TCCA, KF, TFA
AgF, 10%F,/N, TCCA, KF, TFA different sulfur sources
(ArS), L, 1 I 1 I 1 > ArSF;
Janzen (2000) Umemoto (2012)  Shibata (2019)
XeF, Cly, KF TCCA, KF

b) Attempt in continuous flow (Pascali, 2021)

Flow conditions

(PhS),, TCCA, TFA ;
in CH5CN T ' PhSF4CI] —3¢> PhSF;

"""""""""" 11% yield
2. Synthesis of SFs-substituted aliphatic compounds using SF;Cl
N,
° H SFs

1 ———-

HorCI/\/SFs -— @ _ = ﬁ)\CIorH
R

A"

R2
Fssﬁfm )j—m
_________________________________________ P
3. Previous Synthesis of SF5Cl
a) Batch synthesis of SF5Cl in solution (Qing)
s, _ TCCAKF Sggi'z wiixg?hc:)?;ne ~ SFC §ﬁ,anfﬁteydizi;f:.up
CH3CN, overnight + 50,F, (in n-hexane) X long reaction time

STY=0.4gh'L"1
b) Ex situ strategies (Tlili and De Borggraeve)

Chamber 1: Tlili De Borggraeve
@\ -
F '® | AN S ' 'on-demand’
~ )\/N O/ production
T C) o N A A X limited scale-up
_N._SFs + TCCA X long reaction time

+TCCAInCHsCN  +KF in CH,CN
STY=08gh'L" STY=01gh"'L"’

Chamber 2: Alkene or alkyne and BEt3 in n-hexane

___________________________ R
Flow conditions H
H H Cl R
TCCA : KF/SS | [ SF5Clin ] .
in CH3CN ! ! hexanes
| stirting packed-bed reactor | gry = 29 g p L R Sh

development of a new flow reactor  safe handling of toxic gas

+/ 'on-demand’ production
/ fast reaction time
/' scalable with high productivity

Schemed.1 Synthesis of SFsubstituted compounds and of SEI, most common SkFeagent.
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4.3. Results and Discussion

Our initial attempt involved a packeokd glass column filled with a mixture of KF apd S
through which a solution of TCCA was flogae Initial Setup, Supporting Information). Gas
bubbles wereobserved in the tubing and the formation of the desired@Rvas confirmed bi?F
NMR. However, during the reaction a complete clogging of the colocenrred, resulting in a
low vyield for the formation of S§CI Based on the importance of mixing observed in batch
reactions, another attempt was made using magnetic stirrers in the coltirhiowever, due to
the high viscosity of the mixture, efficient stirring was not possible and clogging was still observed.
In addition, glasetching wasobservedafter severalruns The need for a chemically inert and
robust stirring reactor was criticallhe reactor design was based on the following critezase
of use(assembly analeaning), chemical compatibility, cost efiieness small footprint, and
scalability.The designed reactor is made®TFE&Nd features an empty cylinder with an internal
PTFEod with spikes which isonnectedo a motor Eigure 4.}, providing a higktirring efficiency

(more details in the8upportingInformation, Figures3.1-8.6).

Figured.1 Reactor design. a) layer diagram; b) and c) assembled reactor; and d) hexagonal
spikes PTFE stirring rod.

The reactor was characterizedsia residence time distribution (RTD) experiments
conducted at various flow rates and solids loadifige purpose of this study was to evaluate the
mixing characteristics of the reactor anddetermine themean residence times (MRTS) for the

latter reaction optimizatior{Supporting Informatiorior details). Exponentially Modified Gaussian

15M. O'Brien, P. Koos, D. L. Browne, S. V.Qey,Biomol. Chen2012 10, 70317036.
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(EMG) model$ 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 O to 7.8 g), the EMG models fit well with the collected data andtetideal CSTR
models. It suggested that the reactor is well designed for the handling of solids, since no or
negligible dead volumes and bypasses were observean this study, théIRTwas calculated

to be 36.2 minutes a4 flow rate of0.6 mL/min andh loading7.8 g of solid.

The setup 1 was assembled with the stirring reactor andimdfine IR to providen situ
reaction monitoring (Schemé.2).!” The S§CI formation was first performed on a scale of 3.9
mmol of sulfur powder. Sand spraydried KF were combined, homogenized, and loaded into the
reactor within a glovebox (See Supporting Information for det&ilgures 8.25-8.26). As the
reaction proceeded, the desire8F stretchband at 894cnt! increased, while theC=0 stretch
band at1750 cm' decreasechs the TCCA reagent was consurnedsumed but the signal never
phased out as it was converted into the dichlgnmonochlore and/or isocyanuric aciScheme
4.2). The desired solution of &&H (average volumef 80 mL) was collected in approximately 2 to
2.5h. %F NMR analysis confirmed thery clean formatiorof the desired SEI as the main

product,with only trace amounts of SQf-igure4.2).

163) Q. Yang, A. Drak, D. Hasson, R. Seinistiembr. ScR007, 306, 355364. b) Y. Mo, K. F. Jens&gact. Chem. Eng016 1,
501-507. c) A. Pomberger, Y. Mo, K. Y. Nandiwale, V. L. Schultz, R. Duvadie, R. I. Robinson, E. |. Altinoglu, Brd=Pdeocsss,
Res. De2019 23, 26992706. d) U. Gnadinger, D. Poier, C. Trombini, M. Dabros, R. ®@rtRrocess Res. D&024 28, 1860
1868.

17For reference spectrums of TCCA angCE8ee Supporting Information, Fig@e1-8.22
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Intensity
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OYNYO
a My In-line IR |
(0] ™
TCCA in CH;CN . 5
1.5M TCC)=rt |
o
0.6 mL/min solid stirring reactor

Schemet.2 Setup 1 for the continuous flow synthesis of SElwith the stirring packedbed

reactor (100 rpm)andin-line IRmonitoring.
Reaction conditions:s§l25 mg, 3.9 mmol, 1.0 equiv of S i.e. 0.125gpfKF- (2.04 g, 35.1 mmol, 9.0 equiv), TCCA

(4.08g, 17.5 mmol, 4.5 equiv) inOM (11 mL).

et M oo v el o o
_____________ 655 650 645 640 635 630
126
g SOF,
3
| | )
130 125 120 115 110 105 100 a5 a0 85 80 75 70 65 60

L

Figure4.2 *°F NMRspectrumof the collected solution.
An NMR vyield of 37% for s&H (and 6% for S@FRvas calculated usirtgfluorotoluene (PhC# as
internal standard (Tablé.1, entry 1) with a concentration of 0.03 M ofs8Fin CEICN. Increasing
the amount of TCCA (9.0 equiv, still injected as 1.5 M g€RHresulted in a similar yield of 40%
(Table4.1, 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 (Aahlentries 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 (TaBl&, entries 5 to 9)With our custom reactor, a maximum
scale was reached at 15.6 mmol scale affortieel desiredSECI in 57% NMR yield (Table 1,
entries 9). To minimize friction and spare the motor, we decided for this work to use a maximum
loadingof 14.0 mmol, which afforded satisfactory yield of 52% (Taldlé,, entry 8). A notable
increase in the concentration of sk in CBCN from 0.03 M up to 0.12 M was concomitantly

observed along scalingp.

Table4.1 Optimization of flow conditions for the synthesis of SE

Entry TCCA Flowrate Scal®! NMR Yield of SEI
(equiv)  (mL/min)  (mmol) (%)
M nop noc odPd oT
H soJON) noc odd nn
o] nop M P H odPd H N
n neop noo od HO
p nep noc T Oy np
c nop noc MMDT nT
T nop noc MO ®PT pn
y nop noc Mn D5 p H
(09) neop noc Mp dc pT
M K nop noc Mn dn HY
m M nop noc Mn ®n op

[a] Setup 1 was used (Scheme 2): Asia Syrris Pump, stiaicigedbedreactor and idine IRMotor at 100 rpm [b]
Amount of sulfur introduced i.e. maximum expected amount ¢€I9E][Stirring was stopped when &H formation

reached its maximunjd] 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 InformatigrFigures 830-8.32). First the reaction was performed without
stirring, resulting in no SEI formation. Then, the stirring was stopped wherC3Formation
reached its maximumir{-line IR monitoring), resulting in a reduced yield of 28% (Tallgentry

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% (Tabld.1, entry 11). These results demonstrated the importance of continuous
stirring throughout the reaction, highlighting the key role of the custoxade stirringpacked

bedreactor in the efficiency of the process.

With the optimal conditions established, we proceeded to examine the efficacy of the
SECI solution in C¥CN obtained for pentafluorosulfanylation reactions. The radical addition of
SECI to alkenes and alkynes is a prevalent strategy for the synthesis-sfil&ffituted aliphatic
compounds. The reactivity and compatibility ofsSIFin common organic solvents at various
temperatures have been investigated on allyl benzyl etheshowing the compatibility of
acetonitrile. However, when the same reaction was carried out with th€lSfelution in C¥CN
at the outlet of the flow process, only traces (3% NMR vyield) of the desired
pentafluorosulfanylated product were obtained (Supporting Information). Concentration of the
SECI solution in C#N 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 solutionsafl.SF

To maintain the enhanced safety profile of the proposed flow process, we implemented
anin-line extraction with hexanes followed by a membrane separation (Sche®)Setup 2).A
T mixer was used with a feed béxanesat 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 thes8Fproduced being successfully extracted to
hexanes The addition of a loop before therixer, both being cooled tqQ30 °C (Schem&3, Set
up 2) improved the transfer of 88 to thehexanedayer, resulting in up to 25 mL of highly pure

solution of SECI inhexanedn concentration ranging from 0.18 to @M.

18 A, Gilbert, 3F. Paquin]. FluorChem2019 221, 70-74.
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Hexanes

H"".

0.250 mL/min ! Membrane OB-100 CH5CN + salt impurities

T(C)= rt ! ! Zaiput
TCCA in CH3CN Tr =36 min ; ! liquid-liquid

Hexanes
[3F50|]

1 o '
0.6 mL/min stirring packed-bed reactor | TP Yoo ,

In-line IR

ﬂi
1
I
L)

T ! el
B3 "
v.t,g.mh[_"m % x 1

Schemed.3 Setup 2 for continuous flow synthesis of SEI within-line extraction/purification
with hexanes- 3D view of the IR spectrum obtained.

Reactiorconditions: §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 GIEN (40 mL), 100 rpm.

Following the successfinl-line extraction/purification of S&I generated in continuous
flow conditions, we proceeded to tests efficacy for pentafluorosulfanylation reactionshe
radical addition wagerformed on p-tolylacetylene {) using the SEI solution inhexanes
obtained in continuous flow (Schended). Two conditions previously reported in the literature
were used for comparisorConditionsA, the classical BEO, method developed by Dolbiét
and conditions B, the recently published THénly method reported by Bizet and Cahdrc®.
Pleasingly, the results obtained were consistent with thierature, with the desired
pentafluorosulfanylated produc® obtained in 58%and 83%NMR Yyield respectively (Scheme
4.4). With regards tanethodB, as S§I was produced as a solutioriexanesather than directly
condensedn THF, a mixturef hexanesand THF in a 1:1 ratio wased(Details in Supporting

Information).

112



SF5Clin hexanes
(0.2 M, 1.5 equiv)
BEt; (0.1 equiv)
O, cat.

A. -40°C,2h
o]
: SF5Cl in hexanes £
1 B. \_ (0.2 M, 2.0 equiv) / SFs

THF, —40 °C, 2 h A. 58%
B. 83% (THF:hexanes 1:1)

Scheme4.4 Radical addition of S| synthesized in continuous flow chemistry on

p-tolylacetylene 1.
Reaction conditions A: alkyd€70puL, 0.54 mmol, 1.0 equiv), BE4pL, 0.05 mmol, 0.1 equiv), andSHnhexanes

(4 mL, 0.2V, 1.5 equiv). Reaction conditioBs alkynel (70 uL, 0.54 mmol, 1.0 equiv),s8Finhexaneg5.4 mL, 0.2
M, 2.0 equiv) and THF (5.4 mitl. NMR yield were calculated using (Ph@§ internal standard.

We then investigated telescoped conditions for generation and direct use «l,SF
allowing for a safe and efficient pentafluorosulfanylation processupet was adapted into set
up 3 to perbrm the subsequent reaction directly (Schem®, see Supporting Information, Figure
8.35). Atthe end of the collection time of 8F1 inhexanes alkynel was added to the collection
vial as a cold@0 °C) solution in THF. The reaction was then stirred for 3 hogBO&C affording
the desired pentafluorosulfanyied product2 in an isolated yield of 93% (Schem®). The
spacetime yield (STYpr the generation of SEI with our flow process is @D gh* Lwhich is a

25 to 56fold increasé’ compared to batch processés!?

Hexanes

O——

0.250 mL/min [ "7 Membrane OB-100 CH43CN + salt impurities

T(C)= rt ! 1 Zaiput |  mmoemmmmmomemo--e-
TCCA in CH5CN Tr = 36 min ! 3 liquid-liquid Hexanes 3 ‘ ‘ :
! [SFSCl] (0.5 equiv) 3
0.6 mL/min stirring packed-bed reactor 1.=30°C_ . ; in THF : cl
-30°C F5S™ ™

In-line IR : a A S LS

: } -30°C,3h

1 =30°C !

Schemed.5 Set-up 3 for continuous flow synthesis of SEI withsubsequent radical addition
reaction.
Reaction conditions:s$50 mg, 14.0 mmol, 1.0 equiv of S i.e. 0.125pfkF (7.32 g, 126 mmol, 9.0 equiv), TCCA

(14.6 g, 62.9 mmol, 4.5 equiv) in4CN (40 mL). Alkyrie(70 pL, 0.54 mmol, 0.5 equiv oSk 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 prdoeske on
demand production of SEIl as a solution ihexanesand designed a suitable stirripgckedbed
reactor. Its use for the radical addition reaction on alkyne a telescoped manner afforded the
pentafluorosulfanylated produc? in excellent yieldThe implementation of flow chemistry for
the on-demandsynthesis of SEloffers the advantage of enhanced safety and efficiency when

compared to the alternative batch processing methdts.
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Chapter 5: 1,3-Dipolar Cycloaddition of SFAIkynes with Non
Stabilized Diazo: Synthesis bffghly Substituted Sk-3H-

Pyrazoles

Lauriane C. Peyri¢alLaurent Vinet, Emna Azeland André B. Charette

¢KS I dziK2NE O2yGNAROdziSR Sljdzrfte G2 GKAA g2N]
Cwvbe /Aéy,[j NE Ay DNBSy / SRENB & FRNI I 20X Y de2 dz& &
5SLI NUYSyid 2YAOKRBKAGESE NBRS p & KSR IS F[drEF2 AaS2 y (i NB |
vdzS60SO I Hx n.oZ2 [/ |YIlIRIO®

Accepted irOrg.Let.

Contributions:

1 Lauriane C. Peyrical synthesizedG3land the SFsubstituted alkynes. She was involved
in the optimization of the reaction conditions of the cycloaddition, éxploration of the
reaction scope, and the following rearrangement reactions. She was involved in writing
the manuscript and the experimental section.

1 Laurent Vinet synthesized the hydrazones. He performed the test in continuous flow for
the optimization of the reaction conditions of the cycloaddition. He was involved in the
exploration of the reaction scope and the following rearrangement reactionsvasealso
involved in writing the manuscript and the experimental section.

1 Emna Azek performed the DFT studies and calculat®ims.was involved in writing the
manuscript and the experimental section referring to the DFT calculations.

1 André B. Charettevas involved in setting up the experiments and writing the manuscript.
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5.1. Abstract

This work presents the 1,3lipolar cycloaddition of SFalkynes with norstabilized diazo
compounds under mild conditions, producing highly substituted-3#pyrazoles. Eighteen
examples are given, with yields up to 91%. The two regioisomers were obtained irraatoy

from 27:73 to 73:27. The products can undergo a Van Alphetel rearrangement. DFT

calculations were performed to understand the selectivities and rearrangements.

5.2. Introduction

Organofluorine compounds, present in about 20% of dfuais vital in pharmaceutical,
agrochemical, and materials research. The incorporation of fluorine atoms plaperties like
lipophilicity, conformation, binding affinity and metabolic stabififfhe pentafluorosulfanyl ($F
group’ that showcasekigh electronegativity, lipophilicity, and considerable steric bulk has drawn

recent interest?

Meanwhile, fivemembered nitrogercontaining heterocycles, especially pyrazole

derivatives, have applicationin medicinaf agro-,” material® and organometallic chemist®y.

YInoue, M.; Sumii, Y.; Shibata, ACS Omeg202Q 5, 1063310640.

2 (a) O'Hagan, BChem. Soc. Re2008 37, 308319. (b) Purser, S.; Moore, P. R.; Swallow, S.; GouverneCing¥h.
Soc. Rex2008 37, 326:330.

3 (a) Taponard, A.; Jarrosson, T.; Khrouz, L.; Medebielle, M.; Broggi, J.; TAligéw. Chem. Int. E@022,61,
€202204623.1) Kraemer, Y.; Ghiazza, C.; Ragan, A. N.; Ni, S.; Lutz, S.; Neumann, E. K.; Fettinger, J. C.; Nothling, N.;
Goddard, R.; Cornella, J.; Pitts, CARgew.Chem. Int. ER022,61, €202211892(c) Birepinte, M.; Champagne, P.
A.; Paquin, J. FAngew.Chem. Int. E2022,61, €202112575(d) Peyrical, L. C.; OueHBu Berger, MR.; Boucher,

M.; Birepinte, M.; Paquin, -F.; Charette, A. Be) Popek, L.; Cabreffrujillo, J. J.; Debrauwer, V.; Blanchard, N.;
Miqueu, K.; Bizet, VAngew.Chem. Int. ER023 202300685 .ff Nguyen, T. M.; Legault, C. Y.; Blanchard, N.; Bizet,
V.; Cahard, DChem. Eur. 2023,29, e202302914.

4Recent reviews(a) Kordnezhadian, R.; Li, B. Y.; Zogu, A.; Demaerel, J.; De Borggraeve, W. M.; I§thakaj, Eur.
J.2022,28, €202201491(b) Sani, M.; Zanda, Msynthesi2022,54, 41844209L(t) Abd El Sater, M.; Popek, L.;
Blanchard, N.Bizet, V., Recent advances in the chemistry and the applicatiors-cb8fpounds Synthesi2024

> Deweshri, N.; Kishor, D.; Vijayshri, R.; Ruchi, S.; Ujwala, M. Pyrazole Scaffold: Strategies toward the Synthesis and
Their Applications. I8trategies for the Synthesis of Heterocycles and Their Applic&2@2 Ch. 2.

6 Alam, M. AFuture MedChem 2023 15, 201%2023.

7 Gonzéled 6pez, E.; Leddaramillo, J.; Trilleras, J.; GrarAfevar, C.; PeraltRuiz, Y.; Quiroga, J. BrazChem. Soc.
2020 31, 19171925.

8 Luzzio, F. Mdv. Heterocycl. Che2020 132 wmby n @

9(a) Parshad, M.; Kumar, D.; Vermalidrg. Chim. Acta024,560. (b) Parshad, M.; Kumar, D.; Verma) M:luoresc.
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 19908) several trifluoromethyl (G
substituted pyrazoles reaching the market, like tgi-inflammatory drug celecoxit. The Sk
ANRdzLIE 2F0GSy QEf (KSR 12 divelldfridd 18aMdvaBdases, making S&
substituted pyrazoles highly attractive. These compounds can also be useful intermediates for
constructing more complex §Eontaining molecules. Several groups have developedip@ar
cycloaddition reactions to accesssSHEbstituted N-heterocycles? Since the seminal work of
Hoover and Coffman in 19642 a few examples of S$ipyrazoles have been reported (Scheme
5m! 0 ® { KNBS@S adeyikKSaAT SR GKSY T2NJ SySmHSGAO
acetylenes with diazomethan@®Mykhailiuk and Dias esldiazomethane in a threstep process

from pentafluoro(vinyB<t-sulfanellc the resulting H-pyrazoles as ligands on copper. More
recently, Paquin used diazoacetates in similar-digblar cycloaddition reactions to produce
substituted Sk1H-pyrazoles'? These reactions require harsh conditipriacluding heating
diazoacetates to 145 °C using flow chemistry. All examples report the synthesigygfakzoles,

as the initially formed B-pyrazole intermediates cannot be isolated and converted kb 1

pyrazoles due to the use of monosubstituted diazo compoudds.

10 Mykhailiuk, P. KChem. Re\2021,121, 167061715.

11 (a) Altomonte, S.; Balillie, G. L.; Ross, R. A.; Rileyc, J.; ZarRSOVAd\2014,4, 20164. §) NoonikaraPoyil, A.;
MufiozCastro, A.; Boretskyi, A.; Mykhailiuk, P. K.; Dias, H.Ghd®n. ScR021,12, 1461814623. €) Witoszka, K.;
Matalinska, J.; Misicka, A.; Lipinski, P. EhémMedCher2023 e202300315.d) Jelinkova, V.; Dellai, A.; Vachtlov4,

adT CSO 120t adT t2Rf Sayeéesx WINM Y (tAQ T NEB BastHThem. Phatibioli. >dzNISIOT>
A.2024,449. (e) Pormohammad, A.; Moradi, M.; Hommes Josefien, W.; Pujol, E.; Naesens, L.; Vazquez, S.; Surewaard
Bas, G. J.; Zarei, M.; Vazq@arera, M.; Turner RaymondMicrobiol. Spectr2024,0, e0007124.

12 (@) Hoover, F.W.; Coffman D.D.Org. Cheni964,29,3567e3570. (b) Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R.

G.; Twamley, B.; Shreeve, JOdg.Lett.2007,9, 38413844.(c) Paquin, P.; DeGréace, N.; Bélargkabot, G.; Paquin,

J:-F.J. OrgChem2024 89, 3552;3562.(d) Das, P.; Tokunaga, E.; Shibata,éttrahedron Lett2017,58, 48034815.

(e) Haufe, GTetrahedron2022,109, 1-36. (f) Popek, L.; Nguyen, T. M.; Blanchard, N.; Cahard, D.; Bizetrahedron

2022 117118.

13 Sammes, M. P.Katritzky A. RAdv. Heterocycl. Cherh983 34, 1-52.
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A - Literature precedents of accessible SF5-1H- pyrazoles
N3

v S
HN
SFs N \\8_<N—< Shreeve, 2007

Hoover and Coffman, 1964
Shreeve, 2007

5
SFs N= N=
HN HN i

. . CO,R CO,R
_Mykhallukcand Dias, 2021 Paquin, 2024

B - This work : Synthesis of higly substituted SF5-3H-pyrazoles
using non-stabilized diazo reagents

N
FsS /n SItu
x
R
R = alkyl, aryl, R2R1 Ro R4
(hetero)aryl 18 examples

Up to 91% yield

Schemeb.1 Synthesis of SFPyrazoles Derivatives.

To access the elusivesS¥H-pyrazole scaffold, we envisioned using a [3+2] cycloaddition
between non-stabilized disubstituted diazo reageftsand SEsubstituted alkynes. Our group
previously developed methods tmakeand handle these highly reactive diazo compoutfds.
this work, these reagentare usedfor 1,3-dipolar cycloadditions withvarious S#-alkynes,
resulting in a diverse array of highly substituteds-SiH-pyrazoles (Schem&.1B). We also
investigated th@& subsequent Van AlpheHuttel rearrangement® DFT calculations were

performed to understand the selectivity of the cycloaddition and relative reactivity of the isomers.

1 Patel, R. K.; Jha, P.; Chauhan, A.; Kant, R.; Kurag.Rett2024, 26, 833844.

15(a) Rulliere, P.; Benoit, G.; Allouche, E. M. D.; Charette AhgBw. Chem. Int. EA018,57, 577%5782. (b) Allouche, E.

M. D.; Charette, A. BChem. ScR019,10, 38023806. (c) Vinet, L.; Allouche, E. M. D.; Kairouz, V.; Charette JAFIBw
Chem2024 14, 109118.

16(a) Van Alphen, Recl. Trav. Chim. PaBss19436Z nypbndgpn 06060 | NGGSt X wahem. 8l y1 S=
1960 93> wmn o0 o b Gladawg ER; DondKéttenmann, S.; Reissig, H.Hglv. Chim. Acta014 97, 808.
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5.3. Results and Discussion

The starting SFsubstituted alkyneb.2a was readily prepared from-ghenytl-butyne
using known procedure¥.We adaped a procedure previously reported by our grd@pfor the
in situgeneration of the diazo reagent by the slow addition of benzylacetone hydrez8a¢o
a mixture of iodosylbenzenes.(l) and Sksubstituted alkyne5.2a (Table5.1). The use of 4
equivalents each of benzylacetone hydraz&r&aand the oxidizing agert.1 at ¢20 °C led to the
successful formation of §Byrazolesin a good yield of 68% as a mixture of regioisondetaand
5.n | tat were readily separable by flash chromatography (T&hle entry 1). Reducing the
equivalents of both hydrazorg3aand the oxidant to two decreased the yield to 55% (T&lle
entry 2). The reaction could also be performed at room temperature, resulting in a slight decrease
in yield to 604 (Tablé.1, entry 3). Adding the hydrazone in one portion resulted in a similar yield
of 62%, but the reaction was quite exothermic (Tablg, entry 4). This prompted us to test
continuous flow conditions to better control the exotherm of diazo formation. When a solution
of hydrazone5.3a and alkyne5.2a was flowed through a packed bed of iodosylbenZéfat
ambient temperature, a yield of 55% of the cycloaddition products was obtained (3abkntry
5).

17(a) AitMohand, S.; Dolbier, W. Rrg.Lett.2002,4, 30133015.(b) Cloutier, M.; Roudias, M.; Paquin, Dfg.Lett.2019,
21, 3866.
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Table5.1 Optimization of the Reaction Conditioris

------------------ . _NH
: Ph! N| 2 Ph
\FsS———— |
: 5.2a (1 equiv) E Ph/\)\ ’N \
) : 5.3a (4 equiv) N SF5
v 1 [0.2M]in CHLCI
' PhlO (5.1) (4 equiv) : 2v2 5.4a

| [0:2M]in CH,Cl —20°C|4mL/h _ PHh

N2
oSN
Yy in situ
i, then—20°Ctort 1h
1{)( PH 5.4a
5.4a’
CCDC 2327782
Entry Variation from the standard conditions Yield (%) 6.4a5.n ) €
1 None 68 (47:53)
2 2 equiv of PhlO and hydrazone instead of 4 equiv 55(37:63)
3 25 °C instead af20 °C 60 (37:63)
4 Hydrazone added in one portion. 62 (42:58)

Diazo generated under continuous flow using a Ph
5 packed bed. [0.1 M] instead of [0.2 M=t1.5 min 55 (40:60)
followed by 1 h in batch
@Reaction conditionss.2a (0.2 mmol) and Phl6.1(0.8 mmol) in 1 mL of G&b, 5.3a(0.8 mmol) in 4 mL of G&b.

®NMR yields were measured using Ph&# the internal standard’See supporting information for experimental

details. k= 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 riabilized diazo (Schent2)!®
Various dialkyl hydrazonés3 resulted in good to excellent yields of-88% of the cycloaddition
product with alkyne5.2a (5.4a/5.4a65.4e/5.4eQ 0 ®  lup t& O mindb usings.2a and 5.3b
yielded5.4b/5.n 0ifdSkE-substituted pyrazoles 70% yield. Alkenyl cyclopropyldiazomethane

18Green, S. P.; Wheelhouse, K. M.; Payne, A. D.; Hallett, J. P.; Miller, P. W.; Bly. Pracess Res. D2020Q, 24,
67-84.
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reagents were well tolerated 5@d5.n Q (5.4e/5.n §.Q Semistabilized furyl and
phenyldiazomethane were also compatibi/fi Tatd 4g/n F&B% and 39% vyield respectively),
the latter requiring a longer reaction time (19h)Diazocycloalkanes produced the desired
products (5.4h/5.4hQ and 5.4i/5.n AR A Q good yields (60-61%) The reaction of
diazocyclopentane afforded the regioisomésgli and 5.n Aal@ng with small amounts of Van
AlphenHuttel rearrangemertf product 5.n A Elowever,5.n Acémpletely rearranged t®d.n A €

upon purification on silica and was isolated in 37% yield.

A series of Skalkyneq5.2b-5.2i) were synthesized and tested in the reactions-&8kyne
5.2b reacted with the (2diazobutyl)benzene obtained frof.3a yielding pyrazole$.4j/5.n anQ
62%.Then,2-Diazopropane, obtained from.3b, reacted smoothly with several SilkynesAryt
substituted Skalkynes %.2b-5.2€) led to the pyrazoles §.4k/5.n 15@n/5.n yj ¢h good to
excellent yields (691%).The reaction tolerated a thiophenyl and napththyl substitued@ (1 2 Q
4p/n LIB2% and 88% vyield, respectively). Afigstituted Skalkynes 2h-2i) were also
compatible 4ag/n lja@d4r/4r, 78% and 32% yields, respectively).

Dialkyl diazo reagents led to almost equimolar amounts of thentl 5Sk-pyrazole
regioisomers withs.2a. Slightly higher regioselectivities were observed witace&on-rich aryl
substituted alkynes (65:35 and 73:27 fov'n ya@id4o/n 2ré€spectively)The furyt and pheny
substituted diazo produced a reversal of regioselecti(®¥:66 and 27:73)favoring the 5Sk

pyrazoles isomers faf2in 3 Q
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5.2b:
5.2c:
5.2d:
5.2e:

5.2f:

5.2g:
5.2h:

5.2i:

-thiophenyl

4

P

4
4-MeOCgH,
3-
2-MeO-6-naphthyl
4
1-

-hexyl

PH Ph
5.4a/5.4a'

methoxy-4-oxo-1-butyl 1

5.3a: R' = PhCH,CH,; R? = Me
N NH2 5.3b: R' = Me; R? = Me
emeee o, I 53 (4.0 equiv) R SF,  5-3¢:R' = CHCH,CH=CH,; R? = Me
P FS—=—R ! 17 NR2 N 5.3d: R'= Et; R? = Me
; 5.2 (1.0 equiv) |4mL/h ‘ N \ o * \ R 5.3e: R'= c-C3Hs; R? = Me
+ : 20 °C - 5 5.3f: R' = 2-furyl; R? = Me
: - 1552 1 R2
&h(')%(i'i:,; ! then—20°Ctort, 1h RR asat © 5.3g: R’ =Ph; R? = Me
neaa) | 3 : 5.3h: R’ - R%= cyclohexan-4-one dioxolane
5.3i: R" - R% = cyclopentyl
Ph Ph Ph
SF5 SF5 SF5 SFs
N N N N N
1\ o\ Ph i\ \ ph 2\ A\
Ph N SF N?\/\ N sk, N N sk N Ph
0% (52145 S Sdo ik (51143
’ 88% (58/42) 64% (57/43)

68% (60/40)

L

5.4e / 5.4¢'
53% (45/55)

1 mmol scale
Ph

5.4f | 5.4f
66% (34/66)

5.4g/5.49"
Br 39% (27/73)°

LR

\_/ 5.4h / 5.4h' \_/
60% (46/54)

§8m%f f@}@ ;\@%@

5.4i/ 5.4i' 1 5.4i"
61% (43/48/9)°

5.40/5.40"
62% (73/27)

5.4p / 5.4p'
88% (59/41)

5, 4 154§
62% (64/36)

5.4q/5.4q"

OCHs 78% (57/43)

5.4k /5.4k' R=H
5.41/5.4" R=CH; 91% (58/42)
5.4m/5.4m' R= Br 69% (55/45)
5.4n/5.4n" R=OCH;3 90% (65/35)

72% (53/47)

SFs
oc:H3 !
17?\4‘)\00”3 SFs s

5.4r/5.4r
32% (55/45)

Schemeb.2 Scope of the 1,®ipolar Cycloaddition Reacticrt

2 Combined isolated yield of both regioisomers (separated by flash chromatogr@dRegyioisomeric ratios were

determined by*H NMR of the crude reaction mixturgThe reaction mixture was stirred for 19+6.4A r@arranged

to p ® apén purification givindg.4i/p ® mMBE% yield

Intrigued by the Van AlpheHuttel rearrangementf observed during the purification of

5.4i and 5.n AWE investigated whether this rearrangement could be induced under thermal

conditions.3H-Pyrazoles bearing two carbeubstituents on an sghybridized carbon are known

for their propensity to undergo a thermal [1;Slgmatropic rearrangementVhen isomers.4a

was heated at 110 °C in toluene, a single rearrangement prdilhatvas obtained in 93% yield,

where the longer alkyl chain migrated to the adjacent nitrogen atom (Sche®)eHeating.4b
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under the same conditions producemhly traces of the rearrangement produstsb. However,
heating5.4g led to the migration of the phenyl group yielding prod&cdg in 79% yield. Heating

5n I, &n 0 8" 5.n ILLparately under the same conditions afforded the rearrangement
products5.p I, p § &d5.p 3 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 of78%, 35%, and 78%, respectively (Schéi@g

Ph Ph
Shiftto N
A\ N
N SFs  Toluene, 110°C,  R=N<ZsF,
R overnight
5.4a R = CH,-CH,-Ph 5.5a R = CH,-CH,-Ph 93%
5.4b R = CH3 5.5b R = CHj3 Traces
5.4g R = Ph 5.5g R = Ph 79%
SF
N ° Shift to C SF;
N
N’ \ Ph ——> :
Toluene, 110 °C, NX Ph
R overnight R
5.4a' R = CHp-CHy-Ph 5.5a' R = CH,-CH,-Ph 78%
g RIghs 5.5b' R = CH, 35%?
AR = 5.5g'R = Ph 78%

Schemeb.3 Van AlphenHiittel rearrangement of5.4a/5.n I Q 5Kby5RI0 .Q

aThe reaction mixture was stirred at 110 for 24h.

To understand SRH-pyrazoles formation, regioselectivities, and rearrangements,
Density Functional Theory (DFT) calculations were conducted. First, the mechanisrdipbihB
cycloaddition leading tob.4a and 5.4a" was analyzed. $Bubstituted alkynes exhibited a
polarized triple bond"1° resulting in two transition statesTG and TS, Figure5.1A) governing
the cycloaddition.TS (leading to5.4a) exhibited a slight preference due to greater charge
stabilization (Natural Bond Orbital (NB&alysi3. The difference in free energy betwe@is and
TS 6l a YAY A¥01fkcan&l®, Desulting in almost equivalent ratios &f4a/5.4a'.
Similarly, calculations fds.4n and 5.4n' revealed electronic control of regioselectivity, favoring
54nRdzS G2 Y2NB &Gl oAf &1.SkeambiNIseg aupporird) yaforendtionji S 6 k k

The higher ratios of &k pyrazole obtained with alkynes featuring electraoh aromatics are

19Murata, Y.; Hada, K.; Aggarwal, T.; Escorihuela, J.; ShibAtagédv. Chem. Int. EA024,136, e202318086.
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supported by these finding&ubsequently, we investigated the selective rearrangemebt4d
and5.n I (Elgure5.1B) the shift of the 2phenethyl moiety on adjacent nitrogen, formirkgba
and5.5dviaTS and TS, respectively, or on adjacent carbon, yieldlhge and5.5a'viaTS and

TS, respectively. Transition states exhibited asynchronous tfirde character. TS and TS
AaK2gSR aGFHoOATAT I HDAPEYRTOBKEKB2NYDAEFIR 2F (KS
an activation free energy of 27.4 kealol*and 29.8 kcabnol?, respectivelyTS revealed a T

& K | LJSta&eking of phenyl groups, resulting in a 2.0 woall! less energetic 1;5igmatropic

shift on the carbon atom than on the adjacent nitrogen atdmm (I t@X5.5a’), with an activation

free energy of only 27.8 kaahol*. Then, we studied thenethylsubstituent shift on the adjacent
nitrogen atom forming.5cviaTS and5fviaTS. TS and TS exhibited shorter forming @©l bond
distances and larger cleavingGCbond distances compared {©S and TS, indicating late
transition states with higher activation energy barriers. The absencdisifernible orbital
stabilization and larger geometrical changes in these late transition states suggegilanation

for the absence of methyl migration during the reaction (see supporting information for details).
The selective Van Alphdtuttel rearrangement observed in ssBH-pyrazoles is governed by a
combination of steric and orbital stabilization effects. Specifically, when the adjacent carbon is
occupied byan Sk group (5.4a), migration occurs primarily on the more accessible nitrogen
(5.54). Corwersely, when the adjacent carbon is more accessibldal), migration occurs
primarily on that position§5a'0 @ ¢ KAa &St SOGAGS YA INI-diakkhy A a

interactions between the two phenyl groups.
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A - cycloaddition

B - rearrangement

TS 5=-0.002
Tsl
-

5= m,? §=+0.102

Figure5.1 A. Transition States Leading to the RegioisomBra/5.n | €3Chat 0 °C at
B3LYP/BS3B. Calculated Free Energy Profile for the Formatio® &f (Toluene, 110 °C at
B3LYP/BS3)

5.4. Conclusion

To conclude, we successfully performed the-di@olar cycloaddition of Sfalkynes with
non-stabilized diazo, yielding 88H-pyrazoles in up to 91% yield and regioisomeric ratios from
27:73 to 73:27 of separable regioisomers. The subsequent Van Alplugtel rearrangement
formed different SEpyrazole isomers depending on the substituent at @@lditional
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 o65k-SubstitutedTriazoles as Potential
Starting Materials for the Synthesis &k-Substituted

Cyclopropanes

6.1. Introduction

As described in thantroduction (section 1.4.2.3.), the synthesis of 1;#j8zoles can be
achieved through the 1;8ipolar cycloaddition of an alkyne and an azide. The reaction can be
conducted under thermal conditions or with a metal catalyst. A limited number of exaroples
Sk-substituted 1,2,3riazoles have been reported in the literature (details in section 1.4.213.3).
The present chapter describes our efforts to develop a new method for their synthieaiso

outlines the unexpectedut interestingresultsobtained

6.2. Attempted Synthesis of SFSubstituted 1,2,3Triazoles

6.2.1. Thermally Promoted Alkyn&\zide Cycloaddition

In order to investigate the 1;8ipolar cycloaddition reaction to synthesizesSkbstituted
1,2,3triazoles, S&substituted alkyne6.1 was selected as starting material. Therefores-SF
substituted alkynes.1 was synthesized in 67% vyield frorodzii e y e f 6 Sy 1 Sy S F2f f 2
procedure? Subsequently, the synthesis ofsSfabstituted 1,2,a&riazoles was investigated. As
previously described in section 1.4.2.2.3, the synthesis es@¥stituted 1,2,3riazoles was
reported by Shreeve with &Bubstituted acetylene via copper catalyzed alkyne azide
cycloaddition (CUAAG)The metalcatalyzed conditions for the aziggkyne cycloaddition are

typically carried out with terminal alkynes, which was not the case with the internal atkyne

1(a) Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R. G.; Twamley, B.; Shreé¥y.1. #2007, 9, 3841. (b) Garg, S.; Shreeve, J. M.
J. Mater. Chen011, 21, 3841. (c) Popek, L.; Cabrdmijillo, J. J.; Debrauwer, V.; Blanchard, N.; Miqueu, K.; Biz&hgéw.
Chem. Int. EQR023 62, €202300685.

2 AitMohand, S.; Dolbier, W. Rrg. Lett2002 4, 3013.

3(a) Ye, C.; Gard, G. L.; Winter, R. W.; Syvret, R. G.; Twamley, B.; Shreé¥g.L&t2007, 9, 3841. (b) Garg, S.; Shreeve, J. M.
J. Mater. ChenR011, 21, 3841.
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Therefore, the thermal reaction conditions reported by Bilfawd SCialkynes were selected for
the transformation of alkyné.1. The cyclization of §Bubstituted alkynes.1 was tested with
NaNsin DMF at 60 °C for 1.5 hours (Scheme 6.1). The desigesulsstituted 1,2,3riazole 6.2
was not obtained, buinsteadthe Sk-substituted vinyl azide5.3 was isolated in 28% yield,

resulting fromi -Z-Nz addition.

1. SF5CI (0.15 M in
hexanes, 1.5 equiv)
BEt; (0.1 equiv)/ O, (cat.)
—40°C,3h =
2. LiOH (5.0 equiv) \

_N
oh DMSO, 1t, 2 h b NaNs (1.5 equiv) th I\{N
= FsS——— DMF, 60 °C, 1.5 h Ph _/)_\_

SFs FsS Ph
6.1 6.2 6.3
67% 0% 28%

over two steps
Schemeb.1 First attempt to synthesize of 1,2;3k-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 SFsubstituted alkynes with a specific example in which a mixture of vinyl
azide 1.23 and triazolel.24 was obtained when using NaMnd SEsubstituted alkynel.22
(Scheme 6.2). The structure@Bwas consistent with the data reported in the literature for the
closely related structurd..23° Surprisingly, in our case, no otherspFoducts were observed
upon analysis of the crude mixture BFNMR spectroscopy, nor was there any remaining
starting materiab.1. One hypothesis for the loss of mass balance was the volatility of ak¥ne

Consequently, lower temperatures were investigated for the reaction.

Ph N
N3_ SF5 N’/ \NH
NaN, (2.0 equiv —
3( q ) + SF5
I DMSO, rt, 16 h
Ph
Ph
SF;
1.22 1.23 1.24
35% 48%

Schemeb.2 Hydroelementation of S&substituted alkynes with Nabland competitive
triazole formation.

4 Alazet, S.; Zimmer, L.; Billard Ahgew. Chem. Int. EB013 52, 10814.
5Popek, L.; Cabrefgruijillo, J. J.; Debrauwer, V.; Blanchard, N.; Miqueu, K.; BiZaigéw. Chem. Int. EA023 62, e202300685.
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6.2.2. Temperature Screening of the Reaction ofs&Fubstituted Alkyne6.1 with
NaNs

The reaction of SFsubstituted alkyne6.1 with NaNs was conducted at various
temperatures (Table 6.1). Cooling from ®to room temperature resulted in a slight increase in
yield of 6.3 from 28% to 32% (Table 6.1, entriesvd 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 triazol®.2, but the yield of vinyl azid6.3 was increased up to 75%
(isolated). Various solvents were also screenedrimute of them afforded a better yield of vinyl
azide6.3than DMF In most casesstarting materialé.1 was recoveredThe 75% yield obtained

for vinyl azides.3 prompted us to explore its reactivity.

Table6.1 Temperature screening for the reaction of 6.1 with NaN

©
n=N N, ®
NaNj; (1.5 equiv) L N
HN Ph N

Jph
FsS—— DMF, T, 1 h 30 min SF, h
FsS Ph

N\

6.1 6.2 6.3
Entry Tem?oeé;’““re Yield of6.2 (%) NMR Yield 0%6.3 (%)
1 60 i 28
2 rt - 32
3 710 - 41
4 240 i 50
5 225 - 75 (isolated)

6.3. Reactivity of Vinyl Azides

6.3.1. Attempted Synthesis of 5k-Substituted H-Pyrrole

Vinyl azides are useful synthons for the formation of various nitregeraining

heterocycles, including pyrazoles, pyrroles, imidazoles, thiazoles, triazoles, pyridines, quinolines,
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isoquinolines, and imidazo[1&pyridines® As a preliminary investigation into the reactivity of
vinyl azides.3, the reaction with acetylacetone to form theS¥-substituted H-pyrrole 6.4 was
evaluated, following conditions previously described in the literatul&cheme 6.3).
Unfortunately, the desired pyrrol6é.4 was not obtained (Scheme 6.3). While some examples of
Sk-substituted pyrroles have been reported (Scheme 84dne have used vinyl azides as the
starting materials. Furthermore, in previous cases, the ssibstituent was not located ih-

position of the nitrogen atom but further away on the pyrrole ring (Scheme 6.4).

o O

PN ]

FeS (1.2 equiv) / \
Toluene, 100 °C, 3 h FsS N
H

6.3 6.4
0%

Schemes.3 Attempted synthesis of a Bk-substituted 1H-pyrrole 6.4 from vinyl azide 6.3.

1.xylene, 135 °C, 24 h R

CO,Me 2.0DQ (2.0 equiv), FsS
— SF— CCly, 1t, 3 h M
N * sT— R g N~ COMe

Bu !

(3.0 equiv) (1.0 equiv) ‘Bu
.0 equiv .0 equiv
| d 4 examples
53-78%
1. TFA (0.2 equiv),
CH,Cl,, reflux, 24 h
2.DDQ (1.1 equiv), FsS R
NN
CH,Cly, rt, 2 h
™S N Oy sR——=-Rr 272 2/ \;
Bn N
|
(2.5 equiv) (1.0 equiv) Bn
5 examples
78-96%

Schemeb.4 Synthesis of SFsubstituted pyrroles reported in the literature.

6 (a) Hu, B.; DiMagno, S.@rg. Biomol. Cher2015,13, 38443855. (b) Gholami, F.; Yousefnejad, F.; Larijarij&hgdavi, MRSC
Adv.2023,13, 9901018.

”Ng, E. P. J.; Wang;F; Hui, B. WQ.; Lapointe, G.; Chiba, Rtrahedror2011, 67, 7728.

8 (a) Dolbier, W. R., Jr.; ZhengJZOrg. Chem2009 74, 5627. (b) Dolbier, W. R., Jr.; Zhend, Eluor. Chen2011, 132 389.
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Pyrrole6.4 was not obtained from the reaction of vinyl azie3 with acetylacetone. However,
three Sk-containing products were observed BfF NMR, prompting a purification to isolate and
characterize each of them. A noteworthy observation was that no peaks corresponding to CH
groups resulting from the incorporation afcetylacetone were observed on théd NMR,
suggesting thermal decomposition rather than reaction vatietylacetoneMoreover, only two

of the three products observed on the cruth NMRcould be isolated, prompting the search for

an unstable intermediatelt is wellestablished that such transformations frequently involve
reactive intermediates, most commonl\Hzazirines, sometimes along with the formation of a

small quantity of ketenimin&(Scheme 6.5).

R® R? s R
3
Z—< D Rﬁ/\w — J=C=NR!
g N R R?
azirine Vinyl azide ketenimine

Schemeb.5 Possible reactive intermediates formed by thermal decomposition of vinyl azides.
The major product isolated was identified as the-Sikbstituted acetamidé.5, obtained in 47%

yield. Successful crystallization allowed fora} analysis which confirmed the attributed
structure (Figure 6.1). The acetamide5 was presumably formed from the ketenimine
intermediate6.6 reacting with water (Figure 6.1). The ketenimine intermed@&could be one

of the three Skcontaining products observed in the crud® NMR. Further studies were
conducted to validate the hypothesi¥he minor productisolated was identified as the SF

substituted azirineés.7 (Figure 6.2), obtained in 26 % yield.

6.6 6.5

Figure6.1 Structure of Sk-substituted acetamide 6.5, presumably formed froms5F
substituted ketenimine 6.6, and its-Xay crystal analysis.
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