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ABSTRAKT

Tento projekt byl zacilen na vyvoj novych metodologii (syntetickych postupli) pro
selektivni zavedeni tetrafluorethylovych a tetrafluorethylénovych skupin do organickych
molekul. Vyzkum byl zaméfen na reaktivitu fluorovanych sulfonti a sulfidd jako

tetrafluoralkyla¢nich reagentd.

V ¢&asti Uvod této disertadni prace jsou nastinény hlavni aspekty organofluorové chemie a
je zde také ilustrovan efekt fluoru na fyzikalni, chemické a biologické vlastnosti organickych
slouCenin. Jsou popsany obecné syntetické metody pro selektivni zavedeni atomu fluoru a
fluoralkylovych skupin do organickych molekul. Zvlastni pozornost je vénovana reaktivité a
pouziti latek s CF,CF, skupinou v souvislosti s obtizemi v syntetickych pfistupech pfi
tetrafluoralkylaci.

Cast Vysledky a diskuze popisuje reaktivitu ¢tyfech novych fluorovanych organosirnych
reagentl jako tetrafluorethylovych a tetrafluorethylénovych stavebnich blokd. Pouziti téchto
reagentti jako riznych karbaniontovych a radikdlovych syntonti se ukéazalo byt vyhodné pfi
zavadéni CF,CF;, skupin. Je popsana Uspésna synteticka strategie zalozena na nukleofilni a
radikalové adici téchto reagentli na rizné druhy substrati jako napf. karbonylové slou€eniny,

enaminy a alkeny.

Experimentalni C¢ast obsahuje detailni postupy pfipravy a kompletni charakterizaci

produktt.



ABSTRACT

This project was aimed at developing new methodologies for selective introduction of
tetrafluoroethyl and tetrafluoroethylene groups into organic molecules. The study was focused

on reactivities of fluorinated sulfones and sulfides as tetrafluoroalkylation reagents.

In the Introduction part of the thesis, main aspects of organofluorine chemistry are outlined,
illustrating beneficial effects of fluorine atoms on physical, chemical and biological properties
of organic compounds. General synthetic methods for the selective introduction of fluorine
atoms and fluoroalkyl groups to organic molecules are described. Particular attention is given
to reactivity and applications of CF,CF,-containing compounds, indicating challenges in

synthetic approaches toward tetrafluoroalkylation.

The Results and discussion part describes reactivities of four new fluorinated organosulfur
reagents as tetrafluoroethyl and tetrafluoroethylene building blocks. The application of these
reagents as various carbanionic or radical synthons proved to be effective for the incorporation
of CF,CF, moieties. The successful synthetic strategy based on nucleophilic and radical
additions of these reagents is reported for different kinds of substrates, such as carbonyl

compounds, enamines and alkenes.

The Experimental section contains detailed synthetic procedures and full characterization

of products.



1. Uvod

V poslednich nékolika dekadach predstavuji organofluorové slouceniny do jisté miry
centrum védeckého a komercniho zajmu. Organické slouceniny obsahujici atomy fluoru jsou
velmi rozsifené v riznych oblastech od medicindlni chemii az po materidlovou védu.
V posledni dobé je ve struktufe aktivnich latek okolo 20% vSech farmaceutik a 40% vSech
agrochemikalii obsaZen alespoti jeden atom fluoru.* Vé&tsina vyznamnych efektd zpiisobenych
ptitomnosti atomt fluoru v molekule vyplyvaji z fundamentalnich a strukturnich vlastnosti
fluoru: extrémni elektronegativita, mala velikost a velmi silnd vazba s atomem uhliku. I pfes
relativné vysoké zastoupeni fluoru v zemské kuife jsou ptirodni organické latky obsahujici fluor
velmi vzacné.? Dusledkem této skuteCnosti je, Ze organofluorovd chemie je vyhradnd
synteticka oblast a nové a efektivni zptsoby zavedeni fluorovanych struktur jsou velmi zadané.

Hlavni zplsoby pftipravy fluorovanych organickych molekul zahrnuji pfimou fluoraci
elementarnim fluorem a fluoroalkylaci, kde je pfenos atomu fluoru uskute¢nén pomoci riznych
stavebnich blokti obsahujicich fluorované fragmenty ve své struktute. Selektivni fluoroalkylace
jsou obecné zaméteny na zavedeni trifluormethylové skupiny a delSich perfluoralkylovych
skupin®, difluormethyl a difluormethylénovych skupin® a skupin —(CF,).— (kde n > 2)° pomoci
nukleofilnich, elektrofilnich a radikalovych reakci. Pfimé syntetické zavedeni
tetrafluorethylovych (-CF,CF,H) a tetrafluorethylénovych (-CF,CF,—) skupin je stéle
povazovano za naro¢ny ukol. To je zpusobeno zejména nedostupnosti nebo vysokou cenou
halotetrafluorethanti pro generovani tetrafluorethylovych radikalii nebo karbaniontii, nebo také
snadnou eliminaci B-halogenu u organokovovych intermediatd odvozenych od 1,2-
dihalotetrafluorethant,’ i kdyz jsou znamé fetézové radikdlové reakce 1,2-
dihalotetrafluorethant s alkeny nebo alkyny.” Tento piistup byl pouzit napt. Linclauem a
spolupracovniky pfii jejich enantioselektivni syntéze tetrafluorovanych derivati glukozy a
galaktézy zalozené na radikalové adici bromiodtetrafluorethanu na alken.® Nahrazeni CHOH
skupin CF; skupinou ptedstavuje atraktivni strategii pii navrhu novych derivatt karbohydrata.
Tato zaména mize ovlivnit lipofilicitu a elektrostatické interakce a vést tak ke zvySeni
interakce s fyziologickym receptorem.® Dalsi syntetické piistupy k latkdm obsahujicim CF,CF»
skupinu jako reakce 1,2-dikarbonylovych slouc¢enin s SF4/HF pouzivaji velmi toxicka ¢inidla a
vysoky tlak, zatimco reakce zalozené na pouziti méné agresivniho Deoxofluoru jsou omezeny
na jednoduché derivaty benzilu.® Vzhledem k témto omezenim v soucasné dob& neexistuje

zadna obecnéa metoda pro piimé zavedeni tetrafluorethylovych a tetrafluorethylénovych skupin.



2. Cile prace

Hlavnim cilem tohoto projektu je vyvoj novych syntetickych piistupti pro zavedeni
tetrafluorethylovych a tetrafluorethylénovych skupin do organickych molekul.

Hlavnim cilem bylo prozkoumat reaktivitu reagenti 1-4 obsahujicich atom siry jako

karbaniontové nebo radikalové syntony pro piipravu latek obsahujicich CF,CF, skupinu.

F F F F F F F F
Reagent PhS&Br PhS&SiMeS Ph\//s\&SiM% Ph\//S\&H
F F F F O OF F OOF F
1 2 3 4
Synton  PhSCF,CF; PhSCF,CF,~ PhSO,CF,CF, "~ CF,CF,H
HCF,CF,’ HCF,CF,~ "CF,CF,
"CF,CF,’ "CF,CF,

Vyzkumnym zdmérem bylo nalézt optimalni reakéni podminky pro aktivaci radikalovych
nebo aniontovych center reagentll a vyzkum jejich reaktivity pfi nukleofilnich a radikalovych

reakcich.



3. Material a metody

'H a F NMR spektra byla potizena na piistroji Bruker 400 MHz pii 400, resp. 376 MHz.
3C NMR spektra byla pofizena na pristroji Bruker 400 MHz, Bruker 500 MHz and Bruker 600
MHz pii 100, resp. 125 a 150 MHz. Spektra byla pofizena pfi laboratorni teplot¢ v CDClI3
pouzitim NMR kyvet s pramérem 5 mm. **C a '°F NMR spektra byla dekaplovana vodikem.

GCMS spektra byla potizena na plynovém chromatografu Agilent 7890A propojeném
s kvadrupdlovych hmotnostnim  detektorem s elektronovou ionizaci (EI) (70 eV).
Chromatografické déleni probihalo na kolon¢ Agilent HP 19091S-433 5% methyl phenyl
siloxane (30mx250 pm s tloustkou filmu 0.25 pm). Vsechny latky byly méfeny pouzitim
nasledujici GCMS metody: objem nastiiku 1 pL (50:1 split pomér), pritok hélia jako nosného
plynu 1 mL/min; teplotni profil: 50 °C po 2.5 min, pak 20 °C/min do 300 °C po 5 min (celkovy
¢as 20 min); zpozdéni zapnuti MS detektoru 4 min; MS maéd scan 30-600 amu, 2.58 skent/s.

Hmotnostni spektra s vysokym rozliSenim (HRMS) byla pofizena na plynovém
chromatografu 7890A propojeném s Waters GCT Premier orthogonal acceleration time-of-
flight detektorem s elektronovou (EI) nebo chemickou (Cl) ionizaci nebo na pfistroji LTQ
Orbitrap XL pouzitim electrospray (ESI) ionizace.

Infradervena spektra byla méfena na piistroji NICOLET 6700 v rozsahu 3800-400 cm ™
jako film. Nejdfive byl vzorek rozpustén v CHCl3. Jedna kapka tohoto roztoku byla nanesena
na povrch sklenéné cely. Rozpoustédlo bylo odpaieno dosucha a vznikly film byl pfimo
analyzovan.

Body tani byly méfeny ve sklenénych kapilarach na pfistroji Biocote (Cat No. SMP10).

Izolace produktt byla provedena pomoci flash kolonové chromatografie na silikagelu 60.
Tentovrstva chromatografie (TLC) byla provedena pouzitim DC-Fertigfolien ALUGRAM®
Xtra Sil G/UV254 desek vizualizovanych pomoci ultrafialového zafeni (254 nm) nebo pomoci
roztoku KMnOy (3g KMnQy, 20 g K,CO3, 0.25 g NaOH, 400 ml H,0).



4. Vysledky a diskuze

Sulfid 1 byl ptipraven z 1,2-dibromtetrafluorethanu reakci s thiofenoldtem sodnym podle
literatury™* Barbiertv kapling latky 1 s hot¢ikem a trimethylsilyl chloridem poskytl produkt 2
v excelentnim vytézku.""*? Reagent 4 byl piipraven redukei 1 s NaBH4/LiCl and naslednou
oxidaci PhSCF,CF;H s 3-chlorperoxybenzoovou kyselinou (m-CPBA). Oxidace latky 2 s m-
CPBA poskytla sulfon 3 ve vysokém vytézku (Schéma 1).

R F R F R F

B PhSH, NaH B Mg, Me5SiCl i
Br& " DMF, —-50° to r‘: PhS r THE 7; tort PhS Sifes
s T y — or
F F 35 h F F 3t F F
1, 90% 2,92%
NaBH rt CH,Cl,
EiC| 4 1h m-CPBA | 0°C tort
24 h
R F F F R F

oh_ &H m-CPBA &H Ph.g >$<Si|vle3

o/’S‘b F F CH,Cly oS O OF F

0°Ctort, 24 h FF
4, 90% 64% 3, 90%

Schéma 1. Syntéza vychozich ¢inidel.

Reagent 2 byl pouzit jako synton ‘CF,CF, a HCF,CF, pfi nukleofilni adici na karbonylové
slou¢eniny a naslednou radikalovou substituci skupiny PhS za vodik nebo intramolekularni
cyklizaci. Sulfid 2 reagoval s aldehydy a ketony za pfitomnosti katalytického mnozstvi fluoridu
za vzniku aduktd 5. Aromatické aldehydy obsahujici eletronakceptorni nebo elektrondonorni
skupiny reagovaly stejné dobie a dobré vytézky adukti 5 byly dosazeny také u alifatickych
aldehydd. Skupina PhS byla snadno substituovana za vodik pouzitim ptebytku n-BuzSnH and
katalytického mnozstvi AIBN ve vroucim toluenu za vzniku pfislusnych sekundarnich nebo
terciarnich alkohold 6 obsahujicich tetrafluorethylovou skupinu v dobrych az vysokych
vytézcich. Byla uskute¢néna 6-exo cyklizace allyl etheri aduktt 7 za podminek radikalové
reakce. Takto byla piipravena série tetrafluor-tetrahydropyranovych derivata 8 v dobrych

vytézcich a s trans stereoselektivitou (Schéma 2)."



R3

o S)S(snvl% TBAT (1 mol%) MesSiQ CFyCF.SPh HCl,;  HO_ CF,CF,SPh
e R "R® " THF, it, 1h R'" "R t1h R UR?
2 5 (36-91%)
NX-"NBr NaH (2 equi ‘
R Br_NaH (2 equiv) AIBN (15 mol%.)
BusSnH (1.75 equiv)
tol., reflux
R3
AIBN (15 mol%.) s
e OYCFZCF2SPh BuSnH (1.75 equiv) o R o HO CF,CF,H
= 1 R1\M$/ + R F
R tol., reflux F I E R R2
7 (59-91%) trans-8 cis-8

6 (65-92%)
53-84%, trans:cis = 77:23 to 90:10

Schéma 2 Pouziti ¢inidla 2 jako syntonu tetrafluorethylén radikal aniontu pfi nukleofilni adici

na aldehydy a radikalové reakci.

Tato metodologie byla rozsifena na cyklické imidy pti syntéze tetrafluorethyl-obsahujicich

hydroxylaktami 9 a tetrafluorovanych 1-azabicyklickych slouc¢enin 10. Substituce hydroxylové

skupiny za vodik v aduktech 8 and 9 pomoci triethylsilanu poskytla pfislusné N-methyl

pyrrolidinony a isoindolinony 11 a 12 ve vysokych vyt&zcich (Schéma 3).*

55-78%, cis:trans = 76:24 to 90:10

~ HO CF,CF,SPh Et;SiH ~ CF,CF,SPh
1.F (cat), THF = BF3OEt, = 7 °
-R ————— | | N-R ' | N-R
2. HF Sy DCM Say-
O g (54-72%) ©
11 (92-96%)
AIBN (cat.),BuzSnH R = Me
tol., reflux
CF,CF,H
F _ HO GF,cRH - e
y AN Et;SiH e Ny
| : _ | i —Me
o NMe TR OB e
cis-10 @) o

9 (92-94%) 12 (90-93%)

Schéma 3 Nukleofilni adice 2 na cyklické imidy a nasledna radikalova substituce skupiny PhS

nebo cyklizace a redukce hydroxylové skupiny.

PhSCF,CF,Br

(1) byl

pouzit

jako synton tetrafluorethylového radikalu a

tetrafluorethylénového diradikalu pro adici na alkeny. Sulfid 2 podléha radikalové adici v

piitomnosti tributylcinhydridu a substochiometrickym mnozstvim triethylboranu na rtzné

alkeny za vzniku produktd 13. Reduktivni substituce fenylsulfanylové skupiny za vodik

8



poskytla slouceniny s tetrafluorethylovou skupinou. Za stejnych podminek ale v pfitomnosti

alkenu probéhla radikalova reakce za vzniku alkand obsahujicich tetrafluorethylénovou

skupinu uprostied uhlikového fetdzce (Schéma 4).%

F F
R2 EtsB RF R" = alkyl, aryl, CH,TMS, CH,OR, OEt, CN, SO,Ph
Br Bu3SnH R! P
PhS + /i\ ,—2 . b R2=H, Ph
FF R"  DpcMm 3
F F R2 R* = alkyl, SO,Ph
1 13 (30-77%)
AIBN (cat.), BusSnH ZR3
toluen, reflux
FF FF
R’ R!
H%(\( Rs/\)g(\(
F F R? FF R2
53% 41-61%

Schéma 4 Pouziti ¢inidla 1 jako syntonu tetrafluorethylového radikdlu a

tetrafluorethylénového diradikalu pfi adici na alkeny.

Byla studovana reaktivita sulfoni 3 a 4 viO¢i karbonylovym slouceninam.
PhSO,CF,CF,SiMe; (3) podléha nukleofilni adici na aldehydy za pfitomnosti
substochiometrického mnozstvi fluoridu cesného. Nasledna redukce adukti 14 hoic¢ikem
v metanolu poskytla alkoholy 6 obsahujici tetrafluorethylovou skupinu. Aktivace
fenylsulfonylové skupiny PhSO,CF,CF,H (4) hoit¢ikem a katalytickym mnozstvim HgCI,

umoznilo jednokrokovou syntézu produkti 6 (Schéma 5).

1. CsF (0.5 equiv),

R F O o HO CF,CF,SO,Ph
Ph\S&SiMe;; N )J\ DMF, -50 °C X 2LF250;
R™ 'H R™ "H
SOF F 2. HClgq,
3 14 (48-70%)
Mg (20 equiv)
MeOH, rt, 2 h
20-91%
R F 1. Mg (3 eq), HgC|2 (3 mol%) HO CF2CF2H
Ph. &H DMF, -50 °C fo rt
N R™ 'H
OF F 2. HClyg
4 20-91% 6

Schéma 5 Nukleofilni adice sulfont 3 a 4 na aldehydy.



Fluoralkylované aminy 15 byly pfipraveny z enamini odvozenych od ketonu. Za
piitomnosti HF dochazelo k nukleofilni fluoralkylaci ¢inidel 2 a 3 na vzniklé iminiové ionty.
Radikalova nebo reduktivni desulfurizace adi¢nich  produktd poskytla aminy
s tetrafluorethylovou skupinou. Hydrogenolyza N-benzylovanych adukti vedla k primarnim a

sekundarnim fluorovanym aminim (Schéma 6).'°

NR,3
PhSO,CF,CF,SiM
n 2 oollVies + R1\/LR2
n=0 2
n=2 3
MeCN
CF3COoH + KHF;, —— HF rt
5-
@ CF,CF,S0O,Ph
NR23 Me\ 2 2 n
1 i—Me
R R2  Me” |
Fo-
n-BuszSnH (1.5 equiv) l
AIBN (2 mol%)
R3,N CF,CF,H 64-80% R3,N CF,CF,SO,Ph Hj, 10% Pd/C (cat.) H,N CF,CF,SO,Ph
R2 or ) R2 R3 =Bn R2
1 Mg (30 equiv) ] R
R MeOH, rt, 4 h R
91% 15, 20-93%

Schéma 6 Syntéza tetrafluorethyl- a tetrafluoroethylén-obsahujicich amini reakci silant

S enaminy.
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5. Zavér

Vyvinuli jsme Cctyfi nové Ccinidla pro zavedeni skupin —CF,CF,H a —CF,CFp—
PhSCF,CF,SiMe3 (2) byl Gspésné pouzit jako tandemovy aniontovy a radikalovy ekvivalent
CF,CF,. Fluoridy-iniciovana nukleofilni adice sloueniny 2 na karbonylové slouceniny
poskytla alkoholy 5. Jejich redukci vznikly alkoholy 6 s tetrafluorethylovou substituci, coz
demonstrovalo pouziti PhSCF,CF,SiMe;s (2) jako ekvivalentu [ CF,CF,H] karbaniontu. Latky
5 byly transformovany na allyl ethery 7 a podléhaly cyklizaci za podminek radikalové reakce
za vzniku substituovanych tetrafluortetrahydropyrana. Sulfid 2 se také nukleofiln¢ adoval na
cyklické imidy za vzniku bud’ odpovidajicich aduktd 9 obsahujicich tetrafluorethylovou
skupinu nebo tetrafluorované 1-azabicyklické slouceniny 10. 1-Azabicyklické systémy
s angularnim substituentem pfipojenym k dusiku piedstavuji strukturni motiv obsazeny
v riznych alkaloidech a bioaktivnich latkach.

Vzhledem K silngjsimu elektron-akceptornovému charakteru fenylsulfonylové skupiny
vykazoval PhSO,CF,CF,SiMe; (3) nizsi reaktivitu ve srovnani s ¢inidlem 2 pfi nukleofilnich
adicich na karbonylové slou¢eniny. Na aktivaci silanu 3 bylo zapotiebi substoichiometrické
mnozstvi fluoridu cesného pro vznik adukti 14, které byly nasledné desulfonylovany hoi¢ikem
v metanolu. Alkoholy 6 substituované tetrafluorethylovou skupinou byly pfipraveny z
PhSO,CF,CF;H (4) nukleofilni adici pies hoic¢ikem zprostfedkovanou desulfonylaci. Tato
piiprava ptedstavuje alternativni jednokrokovy pfistup pro efektivni tetrafluorethylaci
aldehydil vychazejici z jednoduSe dostupnych latek.

Sirnd ¢inidla 2 a 3 se ukazala jako efektivni nukleofilni fluoroalkylaéni reagenty pfi
fluoroalkylaci iminiovych soli za pfitomnosti HF. Tato strategie umozZnila pfipravu terciarnich
amini zatimco hydrogenolyza benzylovych skupin aduktd vzniklych z N-benzyl enamina
poskytla pfislusné primarni a sekundarni aminy. Fluorované aminy pfitahuji vyznamnou
pozornost v bioorganické a medicinalni chemii vzhledem k vyraznym zménam v bazicité
amino skupiny zpiisobené pfitomnosti fluoroalkylové skupiny.

Sulfid PhSCF,CF,Br (1) podléhal homolytickému $tépeni vazeb S-CF, a CF,—Br formalné
za vzniku radikalovych syntonti [PhSCF,CF,], [HCF,CF,], a [[CF,CF,]. Tento proces
predstavuje uzite¢ny piistup k symetrickym a nesymetrickym alkantm s tetrafluorethylenovym
segmentem uvnitt uhlikového fetézce.

Zaveérem lze konstatovat, ze tyto nove predstavené reagenty rozsifuji syntetické moznosti
pro selektivni zavedeni tetrafluorethylovych skupin nukleofilnimi a radikalovymi reakcemi a

poskytuji nové zpiisoby syntézy selektivné fluorovanych sloucenin.
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1. Introduction

Organofluorine chemistry has drawn an extensive scientific and commercial interest during
the last few decades. Organic compounds containing fluorine atoms are widely used in various
applications ranging from medicinal chemistry to material science. Nowadays, around 20% of
all pharmaceuticals and 40% of all agrochemicals contain at least one fluorine atom.* Most of
the significant effects induced by the presence of fluorine atoms in a molecule arise from the
structural and fundamental atomic properties of the fluorine: extreme electronegativity, small
size, and very strong bond with carbon. Despite the relatively high abundance of fluorine in
earth’s crust, naturally occurring organofluorine compounds are rare.? As a result, the field of
organofluorine chemistry is obviously a synthetic field and new efficient methods for selective
introduction of fluorinated species are sought after.

Main approaches towards fluorine-containing organic molecules include direct fluorination
with elemental fluorine and fluoroalkylation methodologies, where transfer of fluorine atoms is
performed using various building blocks, already containing carbon-fluorine fragment in their
structure. Selective fluoroalkylation is generally focused on incorporation of trifluoromethyl
group and longer perfluoroalkyl groups®, difluoromethyl, difluoromethylene®, and —(CF,)—
(where n > 2)° groups by nucleophilic, electrophilic, and radical pathways. Among these
methods direct introduction of tetrafluoroethyl (—CF,CF,H) and tetrafluoroethylene (—CF,CF,—
) moieties remains still a challenge. This is mainly due to unavailability or high price of
halotetrafluoroethanes for the generation of tetrafluoroethyl radical or carbanion species, or
facile  B-halogen elimination of organometallic species derived from 1,2-
dihalotetrafluoroethanes.® However, radical chain reactions of 1,2-dihalotetrafluoroethanes
with alkenes or alkynes are known.” This chemistry has been applied, for example, by Linclau
and co-workers in their enantioselective synthesis of tetrafluorinated glucose and galactose
derivatives starting with radical addition of bromoiodotetrafluoroethane to an alkene.®
Replacing of CHOH groups with CF, groups is an attractive strategy in the design of
carbohydrates. It can affect lipophilicity profile and electrostatic interactions thus providing
enhanced binding to the physiological receptors.’ Other approaches towards CF,CF.-
containing compounds, such as reaction of 1,2-dicarbonyls with SF,/HF, employ highly toxic
reagents and high pressure reaction conditions, whereas reactions using the less aggressive
Deoxofluor are limited to simple aromatic benzyl derivatives.”® Because of these limitations,
there are currently no general methods available for the direct introduction of tetrafluoroethyl
or tetrafluoroethylene moieties.
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2. Aims of the study

The primary aim of the project was to develop new synthetic methodologies for the
introduction of tetrafluoroethyl and tetrafluoroethylene groups to organic molecules.

The main goal was to explore reactivity of sulfur containing reagents 1-4 as various

carbanionic or radical synthons for the preparation of CF,CF,-containing compounds.

F F F F F F F F
Reagent PhS&Br PhS&SiMeS Ph;/S\&SiMe;; Phjls\&H
F F F F O OF F OOF F
1 2 3 4
Synthon  PhSCF,CF, PhSCF,CF, PhSO,CF,CF, " CF,CFoH
HCF,CF,’ HCF,CF, ™~ "CF,CF,
"CF,CF,’ "CF,CF,

Research objectives were to find optimal reaction conditions for the activation of radical
and anionic centers of the reagents and study their reactivities in nucleophilic and radical

reactions.
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3. Material and methods

'H and *°F NMR spectra were recorded on a Bruker 400 MHz instrument at 400 and
376 MHz, respectively. *C NMR spectra were recorded on a Bruker 400 MHz, Bruker 500
MHz and Bruker 600 MHz at 100, 125 and 150 MHz, respectively. Spectra were recorded at
ambient temperature in CDCls using 5 mm diameter NMR tubes. **C and *°F NMR spectra
were proton decoupled.

GCMS spectra were recorded on an Agilent 7890A gas chromatograph coupled with a
5975C quadrupole mass-selective electron impact (El) detector (70 eV). Chromatographic
separations were performed using an Agilent HP 19091S-433 5% methyl phenyl siloxane
(30mx250 pum with a film thickness of 0.25 pum) column. All compounds were measured by
using the following GCMS method: 1 pL injection volume (50:1 split ratio), 1 mL/min flow of
helium as a carrier gas; temperature profile: 50 °C, hold for 2.5 min, then at 20 °C/min to 300
°C, hold for 5 min (total time 20 min); solvent delay 4 min; MS scan mode 30-600 amu, 2.58
scans/s.

High-resolution mass spectra (HRMS) were recorded on an Agilent 7890A gas
chromatograph coupled with a Waters GCT Premier orthogonal acceleration time-of-flight
detector using electron impact (EI) or chemical (CI) ionizations or on a LTQ Orbitrap XL
instrument using electrospray (ESI) ionization.

Infrared spectra were measured on a NICOLET 6700 instrument in the range of 3800—
400 cm™ using film technique. The sample was first dissolved in CHCls. A drop of this
solution was deposited on surface of glass cell. The solution was then evaporated to dryness
and the film formed on the cell was analyzed directly.

Melting points were determined in Pyrex capillaries using a Biocote (Cat No. SMP10)
heater instrument.

Purifications of products were performed by flash column chromatography using silica
gel 60. Thin layer chromatography (TLC) was performed using DC-Fertigfolien ALUGRAM®
Xtra Sil G/UV254 plates and visualized with ultraviolet light (254 nm) and/or with KMnO,4
staining solution (3g KMnQy, 20 g K,CO3, 0.25 g NaOH, 400 ml H,0).
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4. Results and discussion

Starting from 1,2-dibromotetrafluoroethane sulfide 1 was prepared in the reaction with
sodium benzenethiolate following a previously described procedure.!’ Barbier coupling
reaction of 1 with magnesium metal and chlorotrimethylsilane gave the product 2 in excellent
yield.***? Reagent 4 was prepared by the reduction of 1 with NaBH4/LiCl and subsequent
oxidation of PhSCF,CF,H with m-CPBA. Oxidation of the compound 2 with m-CPBA
provided sulfone 3 in high yield (Scheme 1).

F F F F F F
Br  PhSH, NaH Br Mg, Me;SiCl -
Br& r o 50°torf PhS r e 7;°t t PhS SiMe;
s T y — or
F F 2.5 h F F A F F
1,90% 2, 92%
NaBH, | rt CH,Cl,
EiC|4 1h m-CPBA | 0°Ctort
24 h
R F F F R F
oh_ &H m-CPBA &H F>h\s>$<si|vle3
o cmop P So
0°Cto'rt, 24 h FF
4, 90% 64% 3, 90%

Scheme 1. Synthesis of starting reagents.

Reagent 2 was used as ‘CF,CF, and HCF,CF, synthons in nucleophilic addition to carbonyl
compounds, followed by radical substitution of PhS group with hydrogen or intramolecular
cyclization. In the presence of catalytic amount of fluoride source sulfide 2 reacts with
aldehydes and ketones providing adducts 5. Aromatic aldehydes with either electron
withdrawing or electron donating groups worked equally well, and good yields of adducts 5
were also obtained starting from aliphatic aldehydes. The PhS group was readily substituted
with hydrogen using an excess amount of n-BusSnH and catalytic amount of an AIBN in
refluxing toluene, giving the corresponding tetrafluoroethyl-containing secondary or tertiary
alcohols 6 in good to high yields. 6-Exo cyclizations were carried out starting from allyl ether
adducts 7 under free radical conditions. A series of tetrafluoro-tetrahydropyran derivatives 8
was synthesized in moderate to good yields with trans stereoselectivity (Scheme 2).%2
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SiMes, Q  TBAT (1 mol%) MesSIQ CF.CFSPh HCl,;  HO_ CF,CF,SPh
PhS g e O e

= 2 THF, rt, 1h R "R t1h  RITOR2
5 (36-91%)

\ .
Ry~ > "Br NaH (2 equiv) ‘ AIBN (15 mol%.)
‘ BusSnH (1.75 equiv)
R3

tol., reflux

AIBN (15 mol%.)

3
JOYCFZCFZSPI“ BusSnH (175 equiv) o R ) o HO><CF2CF2H
— R F+R F
RS R W

tol., reflux F R "R2
F

7 (59'91 %) trans-8 cis-8 6 (65-92%)
53-84%, trans:cis = 77:23 to 90:10

Scheme 2 Application of 2 as tetrafluoroethylene radical anion synthon in nucleophilic

addition to aldehydes and radical reactions.

The methodology was extended to cyclic imides for the synthesis of tetrafluoro-ethyl-
containing hydroxy lactams 9 and tetrafluorinated 1-azabicyclic compounds 10. Substitution of
the hydroxy group for hydrogen in adducts 8 and 9 with triethylsilane gave the corresponding
N-methyl pyrrolidinones and isoindolinones 11 and 12 in high yields (Scheme 3).**

FF . R _ HO crcr,sPh  EtsSiH _ CF,CF,SPh
i e 1.F (cat), THF ="~ BF,-OEt B
Phs&sm% T R e T Sr N e W
F F L\::l/ 2. HFaq '\‘::,/ DCM L\‘\L’
2 © O 8 (54-72%) 0
| 11 (92-96%)
R = a”yl AIBN (Cat.),BU3SnH R =Me
FF tol., reflux
CF,CF,H
S LF _ HQ CF,CRoH . 2672
MO, = EtySiH = "y
o \ ! - | -Me
! o L NMe B R, el
[CNY N
7 cis-10 o) o)
55-78%, cis:trans = 76:24 to 90:10 9 (92-94%) 12 (90-93%)

Scheme 3 Nucleophilic addition of 2 to cyclic imides, followed by radical-mediated cleavage

of the phenyl-sulfanyl group or cyclization, and hydroxy reduction.

PhSCF,CF,Br (1) was developed as tetrafluoroethyl-radical and tetrafluoroethylene-
diradical synthons for addition to alkenes. Sulfide 2 in the presence of tributyltin hydride and
substochiometric triethylborane underwent radical addition to a variety of alkenes to give

bromine-free products 13. Reductive substitution of the phenylsulfanyl group for hydrogen in
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these adducts provided compounds with the tetrafluoroethyl group. Under the same conditions
and in the presence of alkenes, radical addition took place to furnish tetrafluoroethylene-

containing alkanes (Scheme 4).

FF
R2 Et;B R F R' = alkyl, aryl, CH,TMS, CH,OR, OEt, CN, SO,Ph
Br BusSnH R' 2
PhS + /J\ i ————— PhS R°=H, Ph
FF R'  pcMm 3=
F F R2 R* = alkyl, SO,Ph
1 13 (30-77%)

AIBN (cat.), BusSnH ZR3
toluen, reflux

-

RF ) FF
R R!
H%(\( st\r
F F R? FF R2
53% 41-61%

Scheme 4 Application of 1 as tetrafluoroethyl-radical and tetrafluoroethylene diradical

synthons for addition to alkenes.

Reactivies of sulfones 3 and 4 towards carbonyl compounds were studied.
PhSO,CF,CF,SiMe; (3) underwent nucleophilic addition to aldehydes in the presence of
substochiometric amount of cesium fluoride. Subsequent reduction of adducts 14 with
magnesium in methanol provided tetrafluoroethyl-substituted alcohols 6. Activation of
phenylsulfonyl group in PhSO,CF,CF,H (4) with magnesium/HgCl,(cat.) system afforded 1-
step synthesis of products 6 (Scheme 5).

1. CsF (0.5 equiv),
N o DMF. .50 °C . HO_CF,CF,SO,Ph
Ph.g SiMes  + Il Y4
R™ "H R™H
O// \\O F F 2. HCly,
3 14 (48-70%)
Mg (20 equiv)
MeOH, rt, 2 h
20-91%

R F 1. Mg (3 eq), HgC|2 (3 mol%) HO CF2CF2H
Ph. &H DMF, -50 °C to rt
s R H

OOF F 2. HClyq
4 20-91% 6

Scheme 5 Nucleophilic addition of sulfones 3 and 4 to aldehydes.
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Fluoroalkylated amines 15 were synthesised starting from enamines derived from ketones.
Reagents 2 and 3 were effective in HF-mediated nucleophilic fluoroalkylations of iminium
ions. Radical or reductive desulfurization of the addition products provided amines containing
the tetrafluoroethyl group. Hydrogenolysis of N-benzyl-containing adducts gave access to

fluorinated primary and secondary fluorinated amines (Scheme 6).'°

NR,3
PhSO,CF,CF,SiM
n 2 oollVies + R1\/LR2
n=0 2
n=2 3
MeCN
CF3C02H + KHF2 —_— HF rt
-
@ CF,CF,S0O,Ph
NR23 Me\ 2 2 n
1 i—Me
R R2  Me” |
Fo-
n-BuszSnH (1.5 equiv) l
AIBN (2 mol%)
R32N CF,CF,H 64-80% R32N CF,CF,SO,Ph Haz, 10% Pd/C (cat.) H,N CF,CF,SO,Ph
R2 or ) R2 R3 =Bn R2
1 Mg (30 equiv) ] R
R MeOH, rt, 4 h R
91% 15, 20-93%

Scheme 6 Synthesis of tetrafluoroethyl- and tetrafluoroethylene-containing amines by the

reaction of silanes with enamines.
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5. Conclusions

We have developed four new reagents for the introduction of —CF,CF,H and —CF,CF,—
groups. PhSCF,CF,SiMe; (2) was successfully used as a tandem anion and radical
tetrafluoroethylene equivalent. Fluoride-initiated nucleophilic addition of 2 to carbonyl
compounds provided alcohol adducts 5. Reductions of 5 furnished tetrafluoroethyl-substituted
alcohols 6 demonstrating the application of PhSCF,CF,SiMe; (2) as [ CF,CF,H] carbanion
equivalent. Compounds 5 were converted into allyl ethers 7 and cyclized under free radical
conditions to give substituted tetrafluorotetrahydropyrans. Sulfide 2 was also reactive in
nucleophilic addition to cyclic imides to give either the corresponding tetrafluoroethyl-
containing adducts 9 or tetrafluorinated 1-azabicyclic compounds 10. 1-Azabicyclic ring
systems having angular substituents adjacent to nitrogen are structural motifs found in a variety
of alkaloid natural products and biologically active agents.

PhSO,CF,CF,SiMe; (3) displayed decreased reactivity in nucleophilic additions to
carbonyl compounds in comparison with 2 due to the stronger electron-withdrawing effect of
the phenylsulfonyl group. Substoichiometric amount of cesium fluoride was needed for the
activation of the silane 3 to provide alcohol adducts 14, which were desulfonylated by the use
of magnesium in methanol. Tetrafluoroethyl-substituted alcohols 6 were prepared using
PhSO,CF,CF;H (4) in nucleophilic addition reactions through magnesium-mediated
desulfonylation. The methodology provides an alternative one-step approach for efficient
tetrafluoroethylation of aldehydes with a readily available reagent.

Sulfur reagents 2 and 3 were found to be effective in HF-mediated nucleophilic
fluoroalkylations of iminium ions. This strategy allowed the preparation of tertiary amines,
while hydrogenolysis of benzyl groups in adducts formed from N-benzyl enamines afforded
the corresponding primary or secondary amines. Fluoroalkyl amines continue to receive a
remarkable attention in bioorganic and medical chemistry research due to the profound change
of the basicity of the amine functionality imposed by the fluoroalkyl group.

Sulfide PhSCF,CF,Br (1) underwent homolytic cleavage of the S-CF, and CF,—Br bonds
effectively creating [PhSCF,CF;], [HCF,CF,], and [CF,CF,;] synthons. This process
represents a useful approach to both symmetrical and non-symmetrical alkanes with the
tetrafluoroethylene segment within the carbon chain.

In summary, these newly reported reagents extend the synthetic toolkit for selective
introduction of tetrafluoroethyl groups by nucleophilic and radical additions and provide new
ways to the synthesis of selectively fluorinated compounds.
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