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SAISINAJUMI/ABBREVIATION

Ac —acetil-/acetyl

Ar —aril-/aryl

Bn — benzil-/benzyl

cat. — catalyst

COX - ciklooksigenaze/cyclooxygenase

Cy — cikloheksil-/cyclohexyl

d. r. — diastereoméru attieciba/diastereomeric ratio

DAST - dietilaminoséra trifluorids/diethylaminosulfur trifluoride
DCE — 1,2-dihloretans/1,2-dichloroethane

DCM - dihlormetans/dichloromethane

DFT - density functional theory

DMF — N,N-dimetilformamids/N,N-dimethylformamide

EAG - elektronakceptora grupa

ED — electrondonors

ekviv. — ekvivalenti

equiv. — equivalents

Et —etil-/ethyl

EW — electron withdrawing

EWG — electron withdrawing group

HetAr — heteroaril-/(hetero)aryl

ICso — half maximal inhibitory concentration

ist. t. — istabas temperatiira

kat. — katalizators

KMR - kodolu magnétiska rezonanse

kvant. — kvantitativi

LiIHMDS - litija heksametildisilizans/lithium bis(trimethylsilyl)amide
mCPBA — meta-hloroperoksibenzoskabe/meta-chloroperoxybenzoic acid
Me — metil-/methyl

Ms — mezil-/mesyl

MTBE — metil-terc-butiléteris/methyl tert-butyl ether

NBS — N-bromsukcinimids/N-bromosuccinimide

NFSI — N-fluorbenzsulfonamids/N-fluorobenzenesulfonimide
NMR — nuclear magnetic resonance

OMe — metoksi-/methoxy

Ph — fenil-/phenyl

RDS — atrumu noteico$a stadija/rate determining step

rt — room temperature

Tf — triflil-/triflyl

THF — tetrahidrofurans/tetrahydrofuran



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Udenraza atoma bioizostéra aizvieto$ana ar fluora atomu zalu vielu strukttira biezi vien
uzlabo to fizikali kimiskos raditajus — matabolisko stabilitati, biopieejamibu, ka arT saistiSanos
ar enzimiem.* Saskana ar ASV Partikas un zalu parvaldes datiem vairak neka 20 % zindmo zalu
vielu satur vismaz vienu fluora atomu, kas liecina par fluora atoma nozimigumu biologiskas
aktivitates nodro§inasana.? Fluora augsta elektronegativitate, atoma mazais izmérs, ka ari C—F
saites stiprums un spé&ja veidot spécigas Gdenraza saites atskir fluoru no pargjiem halogéniem
un tiem raksturigajam parvértibam, jo klasiskas halogénu ievadisanas metodes fluoru saturosu

bavbloku ievadisanai molekula biezi vien nav efektivas.®

Fluoru saturo$u savienojumu iegiiSana

[S]
F vai F @F

Nukleofilie Elektrofilie
fluorésanas reagenti fluorésanas reagenti
Fluoru saturosi bavbloki
SFs cl
/\/N\/\ F " (0] |/
H3CO OCH; R )j\ A\ SN o
Deoxo-Fluor EFS | R4 R/@ R F SH [%j 2BF,
CsF NN : F ®II::J
KF DAST SelectFluor F
TBAF (?\ '{‘ e
xc) o 0% %0
MeNF Q ﬁ R BF, vai 10 Ph  Ph
A NFSI
HF/Py i NI JI\)@j\
Pr \\ =
R? N R3
[IPrH][H,F 3] F

1. att. C—F saites veidosanai visbiezak izmantotie reagenti.

Drosu un videi draudzigu reagentu izstrade fluora ievadiSanai organiskajos savienojumos ir
nozimigs izaicindjums un aktuals p&tniecibas virziens organiskaja kimija.*

Gazveida fluors (F2), ta agresivas regétspéjas, zemas selektivitates, augstas bistamibas, ka
arT1pasa laboratorijas aprikojuma nepiecieSamibas d€l netiek plasi pielietots organiskas sintezes
laboratorijas apstaklos.® Hidratétam fluorida jonam novérojama zema nukleofilitate, tacu
beziidens fluoridjona iegiiSana ir apgritinata tam piemito$o higroskopisko Ipasibu dél, turpreti
fluortidenradim (HF) piemit augsta toksicitate. Lai izvairTtos no tieSas F2 vai HF pielietoSanas
laboratorijas apstaklos, izstradati gan nukleofilie®, gan elektrofilie’ fluorésanas reagenti
selektivai C—F saites veidosanai (1. att.).®

Zinatniskaja literatlira Tpasa uzmaniba veltita tieSi monofluorétu biivbloku attistibai, kas
skaidrojams ar viena fluora atoma ievadi$anas metozu un reagentu iztrikumu.®

Vienkarsakais C-F saturosais fragments ir fluormetiléngrupa,’® un tas ievadisanai mérka
molekula izmanto monofluormetiléngrupas parneses reagentus (2. att.), kas galvenokart ietver
viegli virstosu, videi nedraudzigu freonu tipa savienojumu CHF X izmantosanu fluorkarbénu®?
ka arT fluorkarbenoidu'® generdsanai. Viens no veiksmigakajiem piemériem tiedai
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monofluormetiléngrupas parnesei ir fluoréts sulfoksimins, tacu ta pielietoSanas iespg&jas ir
demonstratas tikai uz Veinreba amidiem.*?

Reagenti tieai CHF grupas parnesei H(S/F

CHF grupas parneses
metodologijas attistiba

) F
O NTs BF4§ . .
S
CHFX ® /A A\
O Ot & LA LA,
R R R
Heinz 1968, X = Br Hu 2012 Veliks 2019

Furukawa 1971, X = |
Charette 2013, X = F,|
Luisi 2019, X = |,H

2. att. Literatara zinamie fluormetiléngrupas parneses reagenti.

Séra ilidi* kalpo ka karbéna sintétiskie ekvivalenti, ko sekmigi pielieto organiskaja kimija
mazaka karbocikla — ciklopropana — sintézei Korija—Caikovska ciklopropangsanas reakcijas
apstaklos.’® Séra ilida fragmentu saturosiem fluormetiléngrupas parneses reagentiem,
musuprat, ir liels potencials monofluorétu savienojumu iegiiSanai. Misu grupa pirmo reizi
demonstr&ja sintétisko pielietojumu  séra fluormetilidam, ko izdevas generét no
diarilfluormetilsulfonija sals, lai ieglitu monofluor&tus epoksidus reakcijas ar aldehidiem un
ketoniem.'® Sada veida tika demonstrdts jauns reakcijas virziens diarilfluormetilsulfonija
reagentam — fluormetiléngrupas parnese, jo Iidz §im vienigais zinamais pielietojums $ada tipa
reagentam bija elektrofila fluormetilésana, ko sakotngji aprakstija Olah un Prakash grupa.t’

Izpeétot literatiru par fluormetilsulfonija salu pielietojumu, trikst informacijas par §1
savienojuma in situ generéta séra ilida potencialu, kas, musuprat, ir atsléga selektivam
monofluormetiléngrupas parneses parvertibam, ieglstot maz izpetitus fluoru saturoSus
savienojumus.

Pétijuma mérkis un uzdevumi

Promocijas darba meérkis ir jaunu, efektivu un praktisku fluormetiléngrupas parneses
reagentu izstrade, ka arl min&to reagentu izmanto$ana jaunu sint€zes metozu attistiSanai
fluorétu bavbloku sintézei.

Darba mérka isteno$anai tika definéti divi uzdevumi:

1) izpétit fluormetilsulfonija salu un to atvasinajumu sintStiska pielietojuma iespg&jas
monofluorgtu savienojumu iegiiSanai;

2) sintezét literatiira maz pétitus monofluorétus buvblokus/fragmentus, izpétit to talako
sintétisko pielietojumu, ka arT potenciali nozimigu zalu vielu fluorétu analogu iegtisanu.



Zinatniska novitate un galvenie rezultati

Promocijas darba rezultata izstradata:

1) organiskas sintézes metodologija monofluormetiléngrupas parnesei reakcijas ar
aktivétiem  alkéniem, diarilfluormetilsulfonija  sals  klatbatne  Korija—Caikovska
ciklopropangsanas reakcijas apstaklos:

a) diastereoselektiva vinilsulfonu un vinilsulfonamidu fluorciklopropang$ana;

b) dubultaktivétu Maikla akceptoru — arilidénmalonatu, arilidéncianoesteru, sulfonu —
fluorciklopropané&sana, reakcijas limitacijas petijumi;

¢) fluormetilsulfonija sals struktiiras optimizéSanas pétljumi reakcijas ar
nitroalk&niem, ka arf ar citiem Maikla akceptoriem;

2) organiskas sint€zes metodologija monofluorciklopropilidénu iegiiSanai no aldehidiem
un ketoniem Dzilija-Koc¢inska reakcijas apstaklos, pielietojot  5-(1R*,2R*)-2-
fluorciklopropilsulfonil-1-fenil-1H-tetrazolu ka reagentu;

3) zalu vielas ibuproféna fluoru saturo$a analoga sintéze, fluorciklopropanam kalpojot ka
izopropilgrupas izostéram.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par
fluormetiléngrupas parneses reagentu un metodologijas izstradi reakcijas ar dazadiem Maikla
akceptoriem, ka arT par iegiito savienojumu — fluorciklopropanu — atvasinasanu citu nozimigu
fluoru saturosu savienojumu iegiiSanai.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti piecas zinatniskajas originalpublikacijas,
viena apskatraksta un viena raksta kimisko reagentu enciklop&dija. Pétjjuma rezultati prezenteti
sesas zinatniskajas konferences.

Zinatniskas publikacijas:

1) Melngaile, R.; Sperga, A.; Baldridge, K. K.; Veliks, J. Diastereoselective
Monofluorocyclopropanation Using Fluoromethylsulfonium Salts. Org. Lett. 2019, 21 (17),
7174-7178. DOI: 10.1021/acs.orglett.9b02867.

2) Kazia, A.; Melngaile, R.; Mishnev, A.; Veliks, J. Johnson-Corey—Chaykovsky
Fluorocyclopropanation of Double Activated Alkenes: Scope and Limitations. Org. Biomol.
Chem. 2020, 18, 1384-1388. DOI: 10.1039/C90B02712B.

3) Sperga, A.; Melngaile, R.; Kazia, A.; Belyakov, S.; Veliks, J.
Monofluoromethylsulfonium Reagents for Fluoromethylene Transfer Chemistry. J. Org. Chem.
2021, 86 (4), 3196-3212. DOI: 10.1021/acs.joc.0c02561.

4) Muhamadejev, R.; Melngaile, R.; Paegle, P.; Zibarte, I.; Petrova, M.; Jaudzems, K.;
Veliks J. Residual Solvent Signal of CDCIls as a gNMR Internal Standard for Application in
Organic Chemistry Laboratory. J. Org. Chem. 2021, 86 (5), 3890-3896. DOI:
10.1021/acs.joc.0c02744.

5) Melngaile, R.; Veliks, J. Synthetic Applications of Monofluoromethylsulfonium Salts.
Synthesis 2021, 53 (24), 4549-4558. DOI: 10.1055/a-1548-8240.
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6) Melngaile, R.;  Veliks, J. Sulfonium, (Fluoromethyl)phenyl(2,3,4,5-
tetramethylphenyl)-, Tetrafluoroborate(1-) (1:1)'. Encycl. Reagents Org. Synth. 2021, 1-4.
DOI: 10.1002/047084289X.rn02379.

7) Melngaile, R.; Videja, M.; Kuka, J.; Kinens, A.; Zacs, Dz.; Veliks, J. Synthetic Access
to Fluorocyclopropylidenes. Org. Lett. 2023, 25 (13), 2280-2284.

Zinatniskas konferences, kuras prezentéeti darba rezultati:

1) Melngaile, R. Fluoromethylene Transfer From Diarylfluoromethylsulfonium Salts. 20"
Tetrahedron Symposium, Bangkoka, Taizeme, 18.—-21. junijs 2019.

2) Melngaile, R. Diastereoselective Monofluorocyclopropanation Using Fluoro-
methylsulfonium Salts. 11" Paul Walden Symposium, Riga, Latvija, 19.—20. septembris 2019.

3) Melngaile, R. Synthesis of Fluorocyclopropylidenes via Julia—Kocienski Olefination.
12" Paul Walden Symposium. Tiessaisté, 28.—29. oktobris 2021.

4) Melngaile, R. Synthesis of Fluorocyclopropylidenes via Julia—Kocienski Olefination.
Balticum Organicum Syntheticum, Vilna, Lietuva, 3.—6. jalijs 2022.

5) Melngaile, R. Synthesis of Fluorocyclopropylidenes via Julia—Kocienski Olefination.
2" Drug Discovery Conference 2022, Riga, Latvija, 22.—24. septembris 2022.

6) Melngaile, R. Recent Advances in Fluoromethylene Transfer. 2" LIOS conference,
Riga, Latvija, 29.-30. novembris 2022.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Diastereoselektiva monofluorciklopropanésana vinilsulfonu reakcijas
ar diarilfluormetilsulfonija sali

Uzsakot $o pétijumu, literatiira nebija atrodami piemé&ri monofluorciklopropanu iegiiSanai
Korija-Caikovska  ciklopropangsanas reakcija. Misu grupa veiksmigi realizéta
fluormetiléngrupas parnese reakcijas ar aldehidiem wun ketoniem 2, izmantojot
diarilfluormetilsulfonija sali 1a (3. att., A), iedrosinaja paplasinat $o pieeju fluorciklopropanu
5 jeglisanai.’® Bazes klatiené generétam séra fluormetilidam reaggjot ar specigu Maikla
akceptoru — vinilsulfonu — Korija—Caikovska reakcijas apstaklos, izdevas paradit efektivu
pieeju jaunu monofluorétu biivbloku — fluorciklopropilsulfonu — iegfisanai.'®

Sakotngji ka modelsubstratu izvéloties fenilvinilsulfonu 4a, realiz€jam reakciju deiteréta
hloroforma, kas ar KMR analizi |ava identificét vélama produkta veido$anos 5a (3. att., B) ar
zemu iznakumu (26 %) un apmierinoSu diastereoselektivitati (d.r. = 6:1). Reakcijas rezultata
noverojam, ka trans-izomérs 5a veidojas ka pamatprodukts.

Pirmais piemeérs fluormetilengrupas parnesei ar sulfonija sali 1a

A
F
C,;)F4 r o o o R' = alkil-, Ar
s NaH R2 0 R2 = H, alkil-
S . RZH\R1 AN R? = H, alkil
MeCN R! F O 20 pieméri
1a 2 0°C 3 O Iznakumi: Iidz pat 98%
B 1a 0. .0
\\s’/ NaH \\S’/ F . \\S//II oF
SRR v
4a trans-5a cis-5a
maZzorais minorais
CDCl, 26%, d.r. = 6:1
THF 86%, d.r. = 4,4:1

3. att. Fluormetiléngrupas parnese Korija—Caikovska fluorciklopropangsana.

Skidinataju, temperatiiras, $kiduma koncentracijas, ka arf reakcijas komponensu attiecibu
optimizeéSanas eksperimenti deva iespgju atrast vispiemérotakos apstaklus augstaka kopgja
iznakuma iegtsanai (86 %, d.r. =4,4:1), tadel substratu 4 klasta pétijjumus veicam $ados
apstaklos: 1a (2 ekviv.), 60 % NaH (4 ekviv.), THF (0,1 M), argona atmosféra, ist. t. Jaatzimg,
ka prakstisku iemeslu d&] reakcijas diastereoselektivitati noteicam diastereom&ru maistjumam,
bet reakcijas iznakumu péc hromatografiskas attiriSanas noteicam tikai galvenajam
diastereom@ram trans-5.

Substratu 4 Klasta pétjjumu gaitd parliecindgjamies par dazadu funkcionalo grupu
savietojamibu ar izstradatajiem reakcijas apstakliem (4. att.). Sakotngji parbaudijam dazadus
aizvietotajus vinilsulfona 4 benzola orto, meta un para pozicijas. Novérojam, ka labu
reagétspéju uzradija ne tikai ar halogéniem (F, Br, Cl) aizvietoti substrati 4b—d, bet arT ar
elektronus akceptoram grupam (CN, Ms, CFs, CO.Me, NO>). Aizvietoti arilvinilsulfoni 4e—i
benzola meta un orto pozicijas veidoja vélamos produktus trans-5e—i ar vid&jiem lidz labiem
iznakumiem (42—75 %) un vid&ju diastereoselektivitati (d. r. = 2,9:1-3,9:1).
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BF iemari
o [0 0, 0 NaH (4 ekviv) O 226 plemeii

S + o8 —_—— (wF ) [0 Iznakumi: Iidz 75%
©/® R ] THF, ist.t. W O d.r. = 2,4->20:1

2-3h O trans-selektivitate

Izvélétie pieméri:

Cl
O, O O, .0 [eNge] (O]
‘ 7 t S WF B : S GF \©\/“s”. WF NC. : S GF
5¢ 5d 5e
73% 65% 1% 51% 56%
dr.=43:1 d.r.=3,8:1 d.r.=3,5:1 d.r.=28:1 d.r.=3:1
\\ / O\ /O
\@/ \ CF3\©/ /@/ /©/ W
5f 5g MeO,C 5i
60% 75% 42% 64%
d.r.=2,9:1 d.r.=3,9:1 d.r.=3,2:1 d.r.=3,4:1

oo &Y S

72% 6% 61% 2%
d.r. = 3,6:1 d.r.= 3,511 d.r.=3,3:11 d.r. = 3,6:1
O\ /O \\ / F O\ /O \\ /,
OV XYY Oy Sy
47% 61% 70% 26%
dr.=24:1 dr.=7,8:1 dr.=41:1 d.r.=>21:1

4. att. Fluorciklopropan&$anas reakcijas substratu 4 klasta p&tijumi.

Reakciju gaita parbaudijam ari substratus ar elektrondonoram grupam (OMe, Me) meta,
orto un para pozicijas (4j—I), ka arT benzil-, naftil- un cikloheksil- aizvietotus vinilsulfonus
(4d,m,n), ka rezultata ieguvam fluorciklopropilsulfonus 5d,m,n ar vidgjiem un labiem
iznakumiem (47-72 %).

Reakcijas apstakliem paklavam ari heterociklus saturoSus vinilsulfonus 40-r, ieglstot
monofluorétus ciklopropanus 50—r ar zemiem lidz labiem iznakumiem (2670 %). Interesanti,
ka reakcija ar benztiazola atvasinajumu 4r produktu 5r izdalfjam ar zemu iznakumu (26 %),
toties augstako noveroto diastereoselektivitati (d. r. = >21:1). Augstu selektivitati (d. r. = 7,8:1)
novérojam ari metiltiazola atvasinajuma 50 gadijuma. Jauzsver, ka reakcijas apstaklos zemako
diastercoselektivitati (d.r.=2,4:1) novérojam tie$i reakcija ar alifatisku substratu —
cikloheksilvinilsulfonu 4n.

Lai  parliecinatos, vai pec izstradatas metodes iesp&jams  ieglit  arl
fluorciklopropilsulfonamidus 7, mé&s veicam fluorciklopropanésanas reakcijas ar N-
aizvietotiem vinilsulfonamidiem 6a—d (5. att.). Lai panaktu pilnu izejvielas 6 konversiju, bija
nepiecie$ams palielinat pievienota diarilfluormetilsulfonija sals la, ka art NaH daudzumu.
Atbilstosos fluorciklopropilsulfonamidus ieguvam 7a—d ar zemiem lidz vidgjiem iznakumiem
(35-55 %) un ar vid&ju diastereoselektivitati. Masuprat, zemaki produktu trans-7 iznakumi ir
skaidrojami ar vinilsulfonamidu 6 zemaku reagétsp&ju ar séra ilidu un izveidojusos produktu 7
dal&ju sadaliSanos bazes parakuma reakcijas maistjjuma.
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BF
s [0 0P NaH(Bekviv) g1 ©

N\
S Rl _Nam b exviv) | i} \F
+ 8\
©/ ® Nl THRocceiste Y AV
A R 24h R
a

6 trans-7
(3 ekviv.)
“s’ F %P MeO % “s L F
N oF A N” w
Ph N
IS S ]@Q v %
Ph 7d
55% 2% 41% 35%
d.r.=3,7:1 d.r.=3,6:1 d.r.=4:1 d.r.=4:1

5. att. Vinilsulfonamidu 6 klasta p&tijumi monofluorciklopropilsulfonamidu trans-7 iegiiSanai.

Nakamais pétijuma solis ietvéra fluorciklopropilsulfona trans-5a talaku funkcionaliz€$anas
iespgju izpéti. Sim noliikam vélgjamies parliecinaties, vai ir iespéjams realizét alkileSanas
reakciju bazes klatiene ar tadiem elektrofiliem ka alil- un benzilbromidiem, ka ari ar
benzaldehida atvasinajumu (6. att.). Reakcijas ar alil- un benzilbromidiem LiHMDS klatbttné
ieguvam vélamos fluorciklopropilsulfona atvasinajumus 8a—c ar loti labiem iznakumiem (79—
84 %). Japiebilst, ka izveidojusies produkti 8a—d saglabaja savu relativo konfiguraciju, proti,
fluora atoma trans novietojumu attieciba pret sulfonilgrupu, kas liecina par termodinamiski
stabilaka karbanjona veidosanos. Savukart reakcija ar benzaldehidu ieguvam spirta grupu
saturoSu fluorciklopropilsulfona atvasinajumu 8d ka hromatografiski neatdalamu divu
diastereoméru maisijumu (49 %, d. r. = 1:1) teor&tiski iesp&jamo Cetru vieta.

1) E (4 ekviv.)

\\ P 2) LIHMDS (2 ekviv.) O\\S’/o
_2) LIRMDS (2 ekviv.)
©/ W DMF/THF (5:1) ©/ b,”
78 °C-istt., 3-18 h 8 F
N ‘\S”O N o

o, YD oY okl
8a 8b 8c 8d
83% 84% 79% 49%

6. att. Fluorciklopropilsulfona 5a atvasinaSanas reakcijas ar elektrofiliem.

Lai iegiitu padzilinataku priekSstatu par fluorciklopropan&Sanas norises mehanismu un
diastereoselektivitates c€loniem, realiz&jam kontroleksperimentus ar izol&tiem cis-5a un trans-
5a produktiem (7. att., I). Gan paklaujot katru no diastereomériem reakcijas apstakliem, gan ari
tos vienkar$i maisot NaH klatiene THF vide, noverojam pamatdiastereom&ra trans-5a
veidosanos neatkarigi no izmantotas izejvielas sakotngjas konfiguracijas. Sie rezultati apliecina
termodinamiski stabilaka anjona veido$anos, kas novirza lidzsvaru trans-5a izoméra
veidoSanas virziena.

Paklaujot abus diastereomérus identiskiem alkiléSanas apstakliem C ar alilbromidu
(7. att., 11), novérojam selektivu trans-produkta 8a veidoSanos (d.r.=>20:1) ar augstiem
reakcijas iznakumumiem (83—-87 %), kas apstiprinaja izvirzito pien€mumu par termodinamiski
stabilaka karbanjona veidoSanos sulfona 5a deproton&Sanas rezultata.
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A: 1a (1 ekviv.), NaH (2 ekviv.), THF, ist.t., 72 h
B: NaH (2 ekviv.), THF, ist.t., 3,5 h

0, 0 o, 0 0, 0
©)S/'W‘\\F Avai B @)S’\ oF 4 ©)\S/Z, oF
trans-5a trans-5a cis-5a

TA. 86% 4%
1B 98% <2% &
0. ,0 ) 0.0 0.0
©)‘ . WF _AvaiB ©)\S’2 oF ©/s oF
cis-5a trans-5a cis-5a

C: Alilbromids (4 ekviv.), LIHMDS (2 ekviv.), DMF/THF (5:1), -78 °C-ist.t., 18 h

O P F C apstakli Oz P
-

Sl v

trans-5a 8
83%
d.r.=>20:1
O“s’,’? F C apstak|i o\\s,,o
O T O
cis-5a 8a

87%
d.r.=>20:1

7. att. Fluorciklopropilsulfonu 5a kontroleksperimenti.

Lai analizétu fluorciklopropanésanas mehanismu un labak izprastu reakcijas
diastereoselektivitates célonus, izmantojam datormodel&Sanas programatiiras kvantu kimisko
aprékinu metodes. Saskana ar mehanismu (8. att., A) in situ generétam séra ilidam 1’
pievienojoties Maikla akceptoram 4, veidojas syn- un anti-betaini B! un B?, kas pec C-C saites
rotacijas un sulfida eleminéSanas nakamaja soli veido attiecigos cikliz€Sanas produktus —
fluorciklopropanus cis-5a un trans-5a. Reakcijas mehanisma parejas stavoklu energiju
datoraprékini liecina (R =3-MePh-, R!=R?=Me-, 8.att., B), ka betainu C! un C2
ciklizésanas, kura sulfids kalpo par aizejoSo grupu, ir §is parvertibas atrumu noteicosa stadija
RDS. Aprekinata parejas stavokla energijas barjera produkta cis-5a veidoSanai ir par
0,9 kcal/mol augstaka neka trans-5a gadijuma. ST energijas starpiba (AE.=0,9) nosaka
sakotngjo kinétisko diastereoméru sadalfjumu, kas atbilst diastereoméru attiecibai
d. r.=2,56:1, ko, iespgjams, var€tu skaidrot ar stériskiem traucéjumiem starp fluora atomu un
sulfonilgrupu.

Jaatzimé, ka galaprodukts trans-5a ir ari par —1,19 kcal/mol termodinamiski stabilaks neka
cis-5a, kas reakcijas gaita bazes klatbuitné termodinamiska lidzsvara cela veido trans-produktu.
Datoraprékinos iegitie dati apstiprina kontroleksperimentos novéroto Cis-5a izomeriz&$anos
par trans-5a NaH klatbatné (7. att., I).

15



Ilida pievienoSanas Ciklizésanas
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" cis-5a 24,77
" trans-5a -25,96
AAG =-1,19 kcal/mol

8. att. Vinilsulfonu 4 fluorciklopropan&$anas mehanisms.

2. Dubultaktivétu alkénu fluorciklopropanésana Korija—Caikovska
reakcijas apstaklos

Miisu grupa ieprieks§ veiktie pétfjumi par fluormetiléngrupas parnesi Korija—Caikovska
epoksidésanas reakcijas apstaklos ar aldehidiem un ketoniem,® ka arf izstradata metodologija
reakcijas ar vinilsulfoniem un vinilsulfonamidiem'® iedrosindja turpinat pétfjumus $aja
virziena. Nakamais uzdevums bija noskaidrot uz séra ilidiem balstitas fluormetiléngrupas
parneses potencialu un ierobezojumus, tadgjadi tika parbaudits plasaks Maikla akceptoru klasts
fluorciklopropan&sanas reakcija.®

Lai gutu priek$statu par piemérotakajiem reakcijas apstakliem dubultaktivétu alkénu 9
gadijuma, ka modelsubstratu izvelgjamies etilbenzilidéncianoesteri 9a. Reakcijas apstaklu
optimiz&$anas gaita tika noskaidrots, ka veiksmigai reakcijas norisei nepiecieSams sauss 1,4-
dioksans, 1,6 ekviv. sulfonija sals 1a, 4 ekviv. NaH, ist. t., argona atmosfera.

Uzsakot substratu 9 klasta pétijumus (9. att.), sakotngji parbaudijam cianoesteru
atvasinajumus (9a-f) un ieguvam atbilstoSos fluorciklopropanus 10a—f ka diastercoméru
maistjumu ar zemiem lidz izciliem iznakumiem (15-99 %).

Saskana ar miisu novérojumiem arilatvasinatu cianoesteru 9 fluorciklopropang$ana noritgja
ar cianogrupas un arilgrupas relativas cis-konfiguracijas saglabasanos (C1, C3) produkta 10, ka
rezultata attiecigi fluorciklopropans 10a veidojas ka 2 diastereoméru maisijums no teorétiski
Cetriem iesp&jamajiem.
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e} F F Q 22 pieméri
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10a 10b 10c 10d 10e
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10f 10g 10h 10i
(92%) 13% (51%) 87% (kvant.) 91% (kvant.)
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dr.=1:2,6 dr.=1:22 dr.=1:18

9. att. Dubultaktivétu alkénu fluorciklopropanésana.

Pieméram, metilaizvietota fluorciklopropana 10b gadijuma novérojam zemu reakcijas
iznakumu (28 %), ka arT zemu selektivitati, veidojoties Cetru izoméru maisjjumam. Savukart
parvertibas ar dialkilaizvietota cianoesteru atvasindgjumiem 9c,d ieguvam dimetil- un
cikloheksilidénaizvietotus fluorciklopropanus 10c,d ar vidgjiem lidz labiem izdalitajiem
iznakumiem (41-68 %).

Interesanti, ka, paklaujot reakcijas apstakliem piridin-3-il- aizvietotu substratu 9e, vélamais
produkts 10e neveidojas, bet atguvam izejvielu. Lai gan furanilcianoestera 9f gadijuma
vélamais produkts 10f veidojas ar teicamu KMR iznakumu (92 %), attiri§anas procesa produkts
10f pilniba sadalijas.

Turpmakie substratu klasta petijumi paradija, ka fluormetiléngrupas parnesi iesp&jams
realizét ar arilidén- un heteroarilidénmalonata atvasinajumiem 9, veidojot vélamos produktus
10 ka diastereom&ru maisijumu ar zemiem lidz loti augstiem iznadkumiem (13-91 %).
Interesanti, ka reakcija ar benzilidénmalonata atvasinajumu 9g izveidojies produkts 10g
reakcijas apstaklos nebija stabils, un ta rezultata izdalitais iznakums bija zems (13 %), lai gan,
ievadot alkéna benzola gredzena elektronus atvelkosas funkcionalas grupas (NO2, CN, CFs), ka
ar1 halogénus (F, Br), produkti veidojas ar vidgjiem Iidz teicamiem izdalitajiem iznakumiem
(31-91 %), toties ar zemu un vid&u diastereoselektivitati. Furanilgrupu satuross
fluorciklopropans 10k, lidzigi ka furanilcianoestera 9f gadijuma, nebija hromatografiski
izdalams nestabilitates dél. P&tot B-neaizvietotu dubultaktivétu alkénu 91-n reagétsp&ju, més
konstat€jam stabilu fluorciklopropanu 10l-n veidoSanos ar vid&iem Ilidz loti labiem
iznakumiem (35-83 %).
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Apkopojot eksperimentos gito informaciju par mono- un diaktivétiem Maikla akceptoriem
(10. att.), konstat€jam, ka olefinu reagétspgja tiesa veida korele ar to elektrofilitati. Tadi
monoaktiveti alkéni, pieméram, kanglskabes etilesteris un kanglskabes nitrils, nav pieméroti
substrati  fluormetiléngrupas parneses reakcijam Korija—Caikovska apstaklos. ~Ari
vinilsulfoksids $ajos apstaklos vispar nereagg, toties ar sulfonilgrupu monoaizvietoti alkéni jau
ir pietieckami spécigi Maikla akceptori veiksmigai reakcijas norisei.

A F F :
BFy [© :
3 . RNEAG EAG :
©/@ EAG R EAG !
1a 9 10 :
Reagétspéja Stabilitate
vs
@ R = elektroniem bagati aréni 5 ® R = elektroniem nabadzigi aréni, alkil-, H
@ 2x stipras EAG i\ ® EAG=CO0,Bn
© 1x EAG 1 © R =Ph, elektroniem bagati aréni
© vajas EAG i © stipras EAG
° CN (IS)I e &7
©/\/002E1 ©/%/ e XSph “Ph
x x x v v
(o]
YsozPh R’YCO?B R/yCOZEt RNCN AN N
SO,Ph CO,Et CN CN o N 0

v v v ® !

10. att. Aktivetu olefinu 9 fluorciklopropangsanas ierobezojumi.

Rungjot par dubultaktivétiem arilidén- un alkilidénatvasinajumiem — cianoacetatiem un
malonatiem — stipras EA grupas veicina produkta veido$anos, lai gan dazreiz novérojama
nestabilu produktu veidoSanas. Toties stipras ED grupas arilgredzena liclakoties veicina
fluorciklopropana atvasinajumu sadaliSanos reakcijas apstaklos, ko varétu skaidrot ar
elektrondon&josu grupu veicinatu ciklopropana cikla atvérianos.?

3. Fluormetiléngrupas parneses reagenta optimizésana

Lai gan 2,3,4,5-tetrametilfenilaizvietota sulfonija sals la efektivitati veiksmigi
demonstréjam reakcijas ar tadiem Maikla akceptoriem ka aldehidiem, ketoniem,
vinilsulfoniem, vinilsulfonamidiem, ka arT ar dubultaktivétiem alkéniem ar labiem rezultatiem.
Jaatzimé, ka reagenta la sintSzei raksturigas augstas izmaksas 1,2,3,4-tetrametilbenzola
ierobezotas pieejamibas del, ka arT zema atomekonomija.?!

Lidz Sim literatira nebija aprakstita aizvietotaju ietekme uz fluormetilsulfonija salu 1
reag€tspéju, stabilitati, ka arT kristaliskumu. Saskana ar eso$o literatiiru vairums sulfonija salu
1 pastav ka viskozas ellas, kas bitiski apgritina reagenta praktisko pielietojumu.??
Kopsakaribas, kas varétu veicinat érti lietojama, kristaliska reagenta izstradi, taja pasa laika
nezaudgjot ta efektivitati, nebija zindmas. Musu interes€s bija struktliras optimiz€Sanas cela
atklat efektivu sulfonija sals struktiiru, samazinot ta sintézei nepiecieSamos resursus un
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uzlabojot ta reag€tspéju jau attistitajas fluormetilengrupas parneses reakcijas zemas
reagétspéjas substratiem.

Fluormeriléngrupas parneses reakcijas ar nitroalkéniem, pielietojot klasisko S-
monofluormetil-S-fenil-2,3,4,5-tetramtilfenilsulfonija tetrafluorboratu (1a), més novérojam
zemu reag€tsp&ju un niecigus reakciju iznakumus, tadéjadi secindjam, ka sals la nav
piemérotakais reagents nitrofluorciklopropanu iegiSanai. Masu uzdevums bija izpétit, vai
iepgjams ar fluormetilsulfonija sals 1 aizejo$as grupas struktiiras modifikaciju palidzibu
veicinat efektivaku fluorciklopropangsanas reakcijas norisi.2

P&tijumu gaita izdevas izstradat efektivaku fluormetilsulfonija sals 1 sintézes celu (11. att.),
aizvietojot bistamu un neérti lietojamu fluorésanas reagentu DAST? ar drosaku un &rtaku
elektrofilo fluorésanas reagentu Selectfluor. Uzlabota sintéze ari lava krietni samazinat reakciju
laikus, ka rezultata ieguvam 25 dazadus fluormetilsulfonija salus 1 efektiva Cetru stadiju
sint€z&, sakot no tioanizola atvasinajumiem 11.

D N
1) SelectFluor X 1
(1,25 ekviv.) (1 ekviv.) o F 0 25 pieméri
Et3N (1,25 ekviv.) Q Tf,0 (1 ekviv.) BF, ( 0 Iznakumi:18-75%
0 —
NS MeCN, 0 °C S F _Et0,-10°C
| P 2) NBS (2-3 ekviv.) | P 2) 1M NaBF,
7 MeOHH;0,0°C ’\
1 12

11. att. Fluormetilsulfonija salu 1 sintgzes cels.

Ka modelsubstratu sulfonija salu 1 izpétei sakotngji tika izvélgjamies S-nitrostirolu (13a).
Lai raksturotu aizvietotaju ietekmi, diarilsulfonija sals 1 fenilgredzenus apzimé&jam ar A un B
(12. att., A).

levadot Me- un MeO- grupas dazadas pozicijas sulfonija sals 1 benzola gredzena B, bet
gredzenu A saglabajot neaizvietotu, ievérojami uzlabojumi reakcijas iznakumos, salidzinajuma
ar sakotngjo reagentu la, netika noveroti. Svarigi uzsvért, ka, lai gan m-ksilolu saturosa
sulfonija sals 1c izmantoSana nedeva butisku reakcijas iznakuma paaugstina§anos
(53 %, d. r. = 74:17:9), toties ta sintézes izmaksas ir ievérojami zemakas neka la gadijuma.
Savukart papildus ievadot Me- grupas benzola gredzena A (1d), novérojam pat vélama
produkta 14a iznakuma samazinas$anos (40 %).
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A
© LF F F
BF, [
PN NO, NaH 3 ekviv.)
1 2+ “, 1 W
RTOR ©/\/ TTHF (0.025M) “N “N v NO,
1 13a 0°C 14a"
(2 ekviv.) maZzorais

Izvélétie piemeri:

ST G, T T

51% 42% 53% 40% 61%
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BF“ r _ & nav svarigs

« regiokontrole reagenta sintézé

reagétspéja: 7~ i~ nav svarigs
F, Br, CF3, Cl
[l Me, OMe

12. att. Fluormetilsulfonija sals 1 iegtiSanas shéma.

Sulfonija sals 1 benzola gredzena A ievadot halogénaizvietotajus (Cl, Br, F) vai
trifluormetilgrupu, saglabajot benzola gredzena B ne vairak ka divas Me- grupas, novérojam
iznakuma paaugstinasanos 1idz 70 % sulfonija sals 1f gadijuma. Turpinajuma, ievadot sals
benzola gredzena A orto un meta pozicijas divus hlora atomus, bet gredzena B samazinot
metilgrupu skaitu [idz divam (1g,h), izdevas sasniegt §1s parvertibas augtstako kopg&jo iznakumu
(84-85 %), bet vidgju diastereoselektivitati.

Sulfonija salu reagétspgjas petijumos noskaidrojam, ka, sulfonija sals benzola gredzena A
ievadot halogénus (F, Br, Cl) vai trifluormetilgrupu, novérojami augstaki fluorciklopropanu 14
iznakumi, savukart ED grupas (Me, OMe) veicina produktu veidoSanos ar zemakiem
iznakumiem (12. att.). Sulfonija sals 1 benzola gredzena B metilgrupagrupa orto pozicija
nodrosina sals kristalisko TpaSibu saglabasanos, toties Me grupa para pozicija veicina
regioselektivitati fluormetilsulfoksida 12 elektrofilas aizvietoSanas reakcija (11. att.).

Interesanti, ka fluorciklopropanéSanas reakcija ar fluormetilfenilmetilsulfonija sali 1i
novérojam tikai mazora diastereoméra 14a veidoSanos ar niecigu iznakumu (11 %), kas liecina,
ka min&tas parvértibas realiz&$anai batiski izmantot diarilaizvietotus fluormetilsulfonija salus.

Sulfonija sals 1 struktiiras optimizé$anas gaita reagents 1h uzradija augstako reag€tspéju,
tadeél to izmantojam turpmakajos nitroalkénu 13 substratu klasta pétijumos (13. att.). Alkil-,
aril-, ka ar1 heteroarilnitrofluorciklopropanus 14b-i ieguvam ar vidgjiem lidz loti labiem
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iznakumiem (41-84 %), toties ar vid&ju diastereoselektivitati. Izstradatie reakcijas apstakli ir
savietojami ar plasu funkcionalo grupu klastu izejvielas 13 benzola gredzena, pieméram, ED
grupas (metil- 13b, metoksi- 13c), halogeni (F 13d, Br 13e), EA grupas (nitro- 13g, esteri 13h,
trifluormetilgrupa) benzola gredzena. Reakcija ar konjugétu diénu 13j, vélamais produkts 14j
veidojas selektivi, lai gan ar vid&ju iznakumu (41 %).

F
NaH (3 ekviv.) /A ° —
15 pieméri

NO, ———— .

\©/ \©\ RPXA"2 T 02sM)  RT NO, 0 iznakumi 41-84%
BF4 0°c
14
(2 ekvw maZorais

Izvélétie piemeéri:

F F
™ o O,
14b 14c 14d 14e 14f

84% 69% 67% 71% 71%
d.r. = 60:24:24 d.r. = 57:6:37 d.r. = 54:23:22 d.r. = 69:20:11 d.r. = 69:20:11
F F
14g MeO,C 14h 14i 14 14k
84% 42% (62%) 41% 47%
d.r. = 60:24:24 d.r. = 100:0:0 (d.r. = 69:21:10) d.r. = 100:0:0 d.r. = 62:0:38

13. att. Nitroalkénu 13 fluorciklopropanéSanas substratu klasts.

Lai salidzinatu strukturali uzlaboto sulfonija salu 1c un 1h reagétsp&ju ar sakotngjo 1a, mes
demonstrgjam fluormetiléngrupas parneses reakcijas ar malonata atvasinajumiem 9,0,
vinilsulfonu 4s un ketonu 2a (14. att.).

Reakcija ar sulfonija sali 1¢ bija novérojami produktu 100 un 5s iznakumu paaugstinasanas
salidzinajuma ar klasisko sali 1a, toties loti reagétsp&jigiem substratiem, pieméram, malonatam
9l un aldehidam 2a, piemérotaks izradijas 2,3-dihlorbenzolu saturo$s sulfonija sals 1h, ka
rezultata izdevas iegit produktu 10l ievérojami augstaku iznakumu (60 %), savukart
fluorepoksidu 3a ar nedaudz uzlabotu diastereoselektivitati 1saka reakcijas laika. Savukart
substratiem, kas reagé lenak (90,4s), sals veicindja fluorciklopropanéSanas iznakuma
samazinasanos salidzinajuma ar originalo sulfonija sali 1a.
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1h

Reakcijas laiks

F
BFy [© X R'  NaH R!
R $kidinataj X 2
RV ® "R R?  Skidinatajs R®  Ix=0, CH(EAG), C(EAG),
1 2, 4vai9 3,5vai10
(2 ekviv.)
¢ F F
: o\ /O [o]
. CO,Et CO,Et CI o83 F
: A( 251 0,N 2 W“‘ O,N .
: CO,Et CO,Et
! 101 100 5s 3a
. THF THF THF MeCN
L 35% 74% 70% 85%
E 35 min dr.=1:13 d.r.=3,6:1 dr.=12:1
: 1h 15 min 1 h 30 min 2 h 30 min
L 359 99% 78% 85%
. 35min dr.=1:1,2 d.r.=3,8:1 dr.=11:1
: 1h 43 min 2 h 30 min
i 60% 61% 64% 86%
v 35min dr.=1:14 d.r.=10,5:1 d.r.=1,4:1
' 20 min 30 min 1h

14. att. Sulfonija salu 1a,c,h salidzinajums reakcijas ar dazadam substratu klasem.

Pétljumu  turpindjuma més parbaudijam  sulfonija sals 1c  reag€tsp&ju
fluorciklopropangsanas reakcijas ar vinilsulfoniem 4a,h,i,t ka ari ar arilidénmalonatu
atvasinajumiem 9i,p. So eksperimentu rezultata (15. att., B) novérojam ne tikai augstakus
vélamo produktu iznakumus (iznemot 10i gadijuma), bet arT diastereoselektivitates

uzlabojumus.

F F
s F S FF
/@/ W“‘ q W-“ CO,Et CO,Et
S CO,Et CN
5h: R = CO,Me 5t 10i 10p
5i:R =NO,
5h: 42% 69% 91% 89%
d.r.=32:1 d.r.=3,6:1 d.r.=1,2:1 d.r.=1:1
5i: 64%
d.r.=3,4:1
78% 5h: 56% 76% 85% 91%
dr.=63:1 d.r. =3,4:1 d.r. =4,4:1 dr.=1,2:1 dr.=1,1:1
5i: 68%
d.r.=4,5:1

15. att. Sulfonija sals 1¢ reag@tsp&jas petijumi.
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4. Fluorciklopropilidénu sintéze, izmantojot 5-(1R*,2R*)-2-
fluorciklopropilsulfonil-1-fenil-1H-tetrazolu

Organiskaja sint&zé ciklopropilidéni jeb metilénciklopropani augsta cikla sprieguma®* un
reag@tspéjas del zinami ka stratégiski buavbloki citu veértigu savienojumu ieguSanai
ciklopaplasinasanas un ciklopievienosanas reakciju rezultata.”®> Demonstr&jot fluorciklo-
propilsulfonu 5 sintézes metodologiju un realizgjot to reakcijas ar dazadiem elektrofiliem, miisu
uzmanibu piesaistija sulfona 5a reakcija ar aldehidu, veidojoties spirta atvasindgjumam 8d
(6. att.). a-Hidroksilaizvietoti sulfoni ir nozimigi Dzilija-Koginska olefing$anas®® reakcijas
starpprodukti, kas liecinaja par §Ts pieejas potencialu fluorciklopropilidénu sintéze.

Sakotn&ji miisu uzdevums bija iegtit olefiné$anai nepiecieSamo reagentu 5u, kas paredzgja
etru sintézes solu procediru — 1-fenil-1H-tetrazol-5-tiola 15 alkilé$anu ar 1,2-dihloretanu,
iegtita haloalkilsulfida 16 oksidéSanu ar NalOs katalizatora RuCls-H>O Kklatbiitng, bazes
veicinatu HCI elimin&$anu no sulfona 17, ta fluorciklopropangsanu Korija—Caikovska reakcijas
apstaklos (16. att.). Vinilsulfona 4u iegfisanu realiz&jam ka vienas kolbas sintézi, kur radas
problémas HCI elimingSanas sol1.?’ Starpprodukts 17 uzradija izteiktu nestabilitati EtsN
parakuma, tadel bija nepiecieSama ripiga reakcijas apstaklu piemekl&Sana.

NalO4
Q Cs,CO3 Q (1(2:ekviv_()3
(3 ekviv.) RuCl3™Hy Et;N
SH DCE (2 mol%) O\\ ,/O (1,2 ekviv.) O\\ ,,O

N N S~y ———— NS Ny ——
N T mecnsooc N T € cHel, NI ¢ v N\\ \I/ j
N-N 3 dienas N-N MeCN NN 0°C
15 16, kvant. H,0 17, 74%
KMR tiriba: 82 wt.% kvant
BF4 ( |
1c (2 ekviv.) ( \\ //
NaH (2 ekviv.) Y W

H,0 (3 ekviv.) N-N
THF, ist.t. trans-5u
78%

16. att. Dzulija—Kocinska olefinéSanas reagenta 5u sintéze.

Lai noskaidrotu, cik daudz bazes japievieno starpproduktam 17 eliming$anas stadija, m&s
veicam optimiz&Sanas eksperimentus ar EtsN tados $kidinatajos ka DCM, Et,O un MTBE ist.t.
un 0 °C temperatura (4.1. tab.). KMR iznakumu produktam 4u pirms un p&c hromatografiskas
attiriSanas noteicam péc musu izstradatas analitiskas metodes, izmantojot nedeiteréta CHCls
atlikuma signalu ka ieksgjo standartu.?’

Par piemérotakajiem apstakliem vinilsulfona 4u sintézei pienémam apstaklus Nr. 4, kur HCI1
elimingé$anas stadiju veicam ar 1,12 ekviv. EtsN, MTBE, 0 °C 15 min laika ar izcilu iznakumu
(99,5 %) un augstu vielas tiribu (97 %) (4.1 tab., Nr. 4).

Pedgja soli més fluorciklopropilsulfonu trans-5u ieguvam fluorciklopropangsanas cela,
piclietojot optimizétas struktiiras fluormetilsulfonija sali 1c. Rezultata ieguvam
fluorciklopropilsulfonu 5u ka trans-diastereoméru ar labu iznakumu (78 %).
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4.1. tabula

Reakcijas apstaklu optimizésana, izmantojot gKMR

4u KMR iznakums, %  Noteikts ar lab. 4u KMR

Nr. Apstakli .
petae neattiritam izolgtam svariem, % tirtba, %

DCM, ist. t., 4 h, EtaN

! (2,5 ekviv.) 8 ) ) i
L EOLSEMAN g w w
, EOLSEmA
T w m

Pétfjumu turpinajuma Dzilija—Kocinska olefing$anas apstaklu optimize$anai izvélgjamies
3-nitrofenilbenzaldehidu 2a un 4-nitrobenzaldehidu 2b ka modelsubstratus.?® Pétijuma gaita
noskaidrojam, ka optimali reakcijas apstakli ir: 2 ekviv. aldehida 2 vai ketona 2°, 1,72 ekviv.
LiIHMDS (1M THF), —78 °C, argona atmosféra, sausa THF/DMF (4:1). Svarigi atzimét, ka
reakcijas apstaklos produkti 18 veidojas ka hromatografiski neatdalams E- un Z-izoméru
maistjums, lai gan ka pamatizom@rs veidojas tiesi Z-fluorciklopropilidéns. Substratu klasta
pétijumu gaita (17. att.) més paradijam orto-, meta-, para-aizvietotu benzaldehidu 2a—j
fluorciklopropilidésanu, ka rezultata iegutie produkti 18a—j veidojas ar loti labiem lidz
teicamiem iznakumiem (17. att., A).

Z-Selektivitate ir skaidrojama ar to, ka, visticamak, reakcija norit caur ciklisku parejas
stavokli, kura fluora atoms ir versts prom no aldehida arilaizvietotaja, tad&jadi samazinot
destabilizgjosas fluora un arilgrupas n-sistémas dipoludipolu mijiedarbibas.

Interesanti, ka, pieméram, substrata 2e gadijuma, E/Z-selektivitate krietni pazeminajas, kas,
iesp&jams, liecina par ste€riski apjomiga arilaizvietotaja ietekmi uz reakcijas norisi. Iesp&jams,
ka stériski apjomigu aizvietotaju gadijuma reakcija noris caur atvértu parejas stavokli,
pazeminot selektivitati.

Reakcijas ar ketoniem 2’ bija novérojami zemaki fluorciklopropilidénu 18k—0 iznakumi
(17. att., B), ko varctu skaidrot ar substratu 2’ karbonilgrupas elektrofilitates samazinasanos, ka
arT ar iespgjamam aldolam blakusreakcijam bazes parakuma. Arl alfiatisku ketonu 2’
parvertibas veicam ar augstiem iznakumiem.
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0]

o
v O R = Ar, HetAr

R" "H R "R R(H) 0 R?= alkil-
O\\S/’O 2 (2 ekviv.) 2' (2 ekviv.) N 0 25 pieméri
N~( b,.\p LIHMDS (1 72 eki R 0 Iznakumi: 48-93%
Ne ' (1.7-2 ekviv,) O Z/E = 45:55-91:9
N° THF/DMF (4:1), -78 °C F
trans-5u 18

lzvélétie pieméeri:

OMe
A F
F O2N F CN g 3 MeO OMe
NO, OMe
18a 18b 18c 18d 18e
88% 88% 79% 67% 84%
Z/E =919 Z/E=87:13 Z/E=TT:23 Z/E = 67:33 Z/E = 45:55
MeO. N N N ’ A | IENOMEN
0 Z
MeO F F Br F F N E
OMe Br
18f 18g 18h 18i 18j
81% 92% 80% 89% 93%
Z/E = 63:37 Z/E =79:21 Z/E = 75:25 Z/E =70:30 Z/E = 84:16
B
A X A F z F
_N
g EtO,C F F Boc’
CN
18k 18l 18m 18n 180
64% 64% 60% 64% 88%
Z/E = 65:35 Z/E = 69:31 Z/E=71:29 Z/E = 82:18

17. att. Dzilija—Kocinska olefin€sanas substratu klasts.

P&c substratu klasta p&tijumiem bija nepiecieSams parbaudit iegiito fluorciklopropilidénu
reagétspeju dazadas parvertibas (18. att.), tapéc pétijam fluorciklopropilidénu 18e,0,p
epoksidesanas/ciklopaplaginasanas reakcijas (18. att., A).2°

Substratu 180,p divu solu reakcija ar MCPBA un katalitisku daudzumu Luisa skabes LiOTf
ieguvam a- un S-pozicija fluoraizvietotus ciklobutanonus 200, 210 un 20p, 21p ar izcilu
iznakumu, toties ka neatdalamu regioizoméru maisijumu, kur ka maZzorais regioizomérs bija
tiesi 200 un 20p. Produktu hromatografiska attiriSana $aja gadijuma nebija iesp&ama, jo
savienojumi nebija stabili uz silikagéla. Produktu 20e un 21e gadijuma papildu Luisa skabes
pievienosana cikliz€Sanas ierosinasanai nebija nepieciesama. Fluorciklobutanonus 20e un 21e
izdaltjam ar vid&ju iznakumu (64 %), papildus tam noverojams, ka $aja reakcija ciklobutanons
21e veidojas ka pamatizom@rs, toties otrs regioizomérs 20e laika gaita sadalijas, elimingjot
fluoriidenradi un veidojot ciklobuténona blakusproduktu 22e.

Saskana ar literatiiru monofluorciklopropilidénu hidrogen&sana nav pétita,® jo, iespgjams,
skarbos hidrogen&sanas apstaklos norit cikla atverSanas un fluora atoma elimingSana. Savukart
ciklopropilidénu hidrogen&sanu visbiezak veic, izmantojot Pd/C, Reneja-Ni, Ir katalizi.®! Lai
gan parbaudijam vairakus hidrogen€Sanas apstaklus, ka piemeram, Vilkinsona katalizatoru,
Pd/C ka ari citus, novérojam neidentificétu defluorétu produktu veidosanos. Noskaidrojam, ka
Crabtree’s katalizators nodro$ina maigu un efektivu fluorcikloproilidénu hidrogenésanu, ka
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rezultata ieguvam fluorciklopropanus 23 (18. att., B) ar vid&jiem un labiem iznakumiem (42—
72 %), pamata veidojoties cis-produktam.

Epoksidésanal/Ciklopaplasinasana

F
A
mCPBA o LiOTf
=z F (2 ekviv.) (0 2 ekviv.)
— s
o DCM,0°C | gog™ DCE, 50°C  Boc
18 h
180 190 0o 10
88% 99%, 2,2: 1
Piemeri:
OMe O
c@¢ c@& MeoQ-'--é +MeoQ----%>
kvant., 3,3:1 5 64%, 1:2
i 8 2
Hidrogenésana R%(H) H, (1 atm) R2 N _I®
kat. (6 mol%) F
B R : R1JV | ZN,, “R, o
DCM, ist.t., 18 h NS PFs
F CysP \
18 23
Piemeéri: OMe F F
Y, ‘\\F ‘\\F A A
OO Y A A
MeO' OMe Br N o}
Boc”
23e 23h 230 O 23
46% 46% 72% 42%
trans/cis = 1:1,8 trans/cis = 1,2:1 trans/cis = 1:2,1 transicis = 1:1,9

18. att. Fluorciklopropilidénu 18 atvasinasanas iespgjas.

Lai paraditu izstradatas fluorciklopropilidésanas metodologijas izmantoSanas potencialu
medicinas  kimija, Tstenojam labi zinamas zalu vielas — ibuprofena® —
monofluorciklopropilanaloga 26 sintézi (19. att., A) un veicam biologiskas aktivitates testus uz
enzimiem COX-1 un COX-2 (19.att., B). Fluorciklopropilgrupu saturo$a ibuproféna
atvasinajuma 26 sintézi realiz&jam piecas stadijas, sakot no 4-brombenzaldehida 2h. Pd(OAcC)2
katalizeta Skérssametinasanas reakcija savienojums 2h ar dietilmalonatu veidoja starpproduktu
24. Malonata atvasinajuma 24 alkiléSanas reakcija ar metiljodidu ieguvam Dzulija—Kocinska
olefing$anai nepiecieSamo dietilmalonatu 25.

Fluorciklopropilidé$anas reakcija ieguvam nepiecieSamo produktu 18r ar labu iznakumu
(75 %) un labu E/Z attiecibu. Hidrogenés$anas rezultata ieguvam attiecigo fluorciklopropana
atvasingjumu 23r produktu — cis- un trans-izoméru maisfjumu — ar loti labu iznakumu.
Nakamaja solt hidroliz&jam malonata atvasinajumu 23r un dekarboksil&jam starpsavienojumu,
lai ieglitu vélamo zalu vielas analogu 26 ar vid€ju iznakumu (55 %). Hiralas preparativas
hromatografijas cela izdevas attirit tris frakcijas, kuram tika noteikta enzimu COX-1 un COX-
2 inhibicijas® spgja (19. att., B).
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Dietilmalonats

Pd(OAc), B0 20
Br JohnPhos Mel trans-5u
K3PO4 Cs,CO; LIHMDS
P i
Ox 1,4—dioksans Oy Et DMF Ox OEt THF/DMF (4:1)
120 °C 70°C -78°C
2h 24,51% 25, 85%
EtO __O H, (1 atm) o] 1) MeOH/THF
F 1M NaOH F
O kat. 65 °C o
X OEt PCM 2) Cu,0 OH
ist.t. MeCN
18r 23r 26, 55%
75% 81%
Z/E =74:36 cis/trans = 1,3:1
Biologiskas aktivitates testi
O E O
OH OH
Ibuprofen (rac)-trans-26 (+)-cis-26* (-)-cis-26*
COX-1 IC50= 134 uM IC50 =25 pM 1C50=>500 uM I1C50=>500 uM
COX-2 ICsp = 443 UM IC50= 1071 puM IC50= 681 uM IC5o = >2000 uM
S, c-1/c-2 0,30 0,023 n/a n/a
*Relativa konfiguracija

19. att. A Fluorciklopropilgrupu saturosa ibuproféna analoga 26 sintéze. B Savienojuma 26
biologiskas aktivitates noteik$ana

Parbaudot biologisko aktivitati, (rac)-trans-26 uzradija augstaku inhibicijas selektivitati
attieciba uz COX-1, salidzinot ar ibuprofénu. Toties (+)-Cis-26 gadijuma savienojums uzradija

zemaku aktivitati neka originala zalu viela, tau augstaku selektivitati uz COX-2 neka uz COX-
1, kas ir vEélamais mérkproteins.
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SECINAJUMI

1) Aril-, heteroaril- un cikloheksilaizvietotu vinilsulfonu 4 un N-alkil-, fenilaizvietotu
vinilsulfonamidu 6 fluorciklopropangsanas reakcija ar diarilfluormetilsulfonija tetrafluorboratu
la iesp&jams iegut trans-fluorciklopropilsulfonus 5 un trans-sulfonamidus 7 ar labiem
iznakumiem un vidgju diastereoselektivitati.

By Sr AP aH O P R = Cy, Ar, HetAr, NR'R?
©/@ * R j R W R, R2 = Bn, alkil-, Ph, alil-
1a 4 vai 6 trans-5 vai 7

2) Fluorciklopropana 5a funkcionalizé$anas reakcijas ar elektrofiliem novérojama trans-
fluorciklopropanu 8 veidosanas, kas liecina par termodinamiski stabilaka karbanjona
veidoSanos deprotonéSanas soll neatkarigi no ta, vai reakciju realize ar cis- vai trans- izejvielu.

\w/

©/ W “oLAMDs ©/ h g

trans-5a 8a-d

3) Fluormetiléngrupas parneses reakcijas ar dubultaktivétiem alkéniem 9 novérojami §is
reakcijas ierobezojumi, substratu reagétspéjai korel€jot ar to elektrofilitati. Elektroniem
nabadzigiem aizvietotajiem un/vai stipram elektronatvelko$am funkcionalam grupam aizvietoti
alkeni veicina reakcijas norisi, toties elektronu donoras grupas un elektroniem bagatas sisteémas

— =

samazina iegtito fluorciklopropanu stabilitati, veicina to sadaliSanos attirisanas laika.

: i ! 0 EAG = CN, CO,Et,
i BF < EAG £aG § | COsBn, SOPh, Ph
: (f) + R/y — = ! OR=Ar, alkil-, HetAr, H
; EAG EAG !
: 9 10 :
Reagétspéja vs Stabilitate

@ R = elektroniem nabadzigi aréni, alkil-, H

@ R = elektroniem bagati aréni
® EAG = CO,Bn

@ 2x stipras EAG
© 1x EAG © R = Ph, elektroniem bagati aréni
© vajas EAG © stipras EAG

4) Halogenaizvietotdji fluormetilsulfonija sals arilgredzena paaugstina ta reaggtsp&ju
reakcija ar nitroalkéniem, toties 2,4-dimetilaizvietota arilsistéma nodro$ina sals kristalisko
agregatstavokli. Augstakos reakcijas iznakumus un diastercoselektivitati nitroalkénu
fluorciklopropangsanas reakcija iesp&ams panakt, izmantojot 1h. Lai gan iegito
fluornitrociklopropanu 14 iznakumi bija zemaki, toties sintézes izmaksu zina visizdevigak biitu
izmantot 1c.
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© (F

BF, r

S

R@ R F F F
o, SUNRIUN
©/\, o "I'NOZ ©\\\\ ""NOZ ©\‘“ NO,
13a 14a 14a’ 14a"
mazorais
F F F
Cl
r o of
®S S Cl S
Erel Ck 5
BF, BF, BF,
1a 1c 1h
51% 53% 84% (80%)
d.r.=73:10:18 d.r.=74:17:9 d.r. = 62:25:13

5) Fluormetiléngrupas parneses reakcijas ar vinilsulfoniem 4 augstakus fluorciklopropanu
5 atvasinajumu iznakumus, ka ari diastercoselektivitati nodrosindja ar m-ksilolu aizvietots
fluormetilsulfonija sals 1c, savukart arilidénmalonatu gadijuma viennozimiga tendence,
izmantojot uzlabotas strukttiras sulfonija salus 1c vai 1lh, netika novérota. Reakcija ar 3-
nitrobenzaldehidu 2a butiskas prieksrocibas, izmantojot modificgtas struktiiras sulfonija salus,
nebija novérojamas.

6) Dzulija—Koc¢inska olefiné$ana, ka reagentu izmantojot N-feniltetrazolu saturo$u
fluorciklopropilsulfonu  5u, no aldehidiem 2 un Kketoniem 2’ iespgams iegit
fluorciklopropilidénus 18 ar labiem iznakumiem, pamata veidojoties tieSi Z-izom&ram.

o) o o R" = Ar, HetAr

2 _ .
)J\ J.]\ R%(H) O R“ = alkil-
0 R"™ "H vai R "R? O 25 pieméri
RN )
N~(S 2 2 R O Iznakumi: 48-93%
wF iy .
W v LiHMDS O Z/E = 45:55-91:9

-
F
N trans-5u 18

7) Fluorciklopropilidénu 18 hidrogenésanas reakcijas Crabtree’s katalizatora klatbiitng
iespgjams iegit attiecigos fluorciklopropanus 23 ar zemiem lidz vid&jiem iznakumiem ka cis
un trans-izoméru maistjumu. Savukart fluorciklopropilidénu 18 reakcija ar mMCPBA un Kat.
daudzumu LiOTf epoksidesanas/ciklopaplasinasanas rezultata veidojas fluorciklobutanona
atvasingjumi 20 un 21 ar vidgjiem lidz izciliem rezultatiem ka divu regioizom@ru maisijums.
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Epoksidésanal/Ciklopaplasinasana
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8) Fluorciklopropilidésanas metodologiju iesp&jams &rti izmantot zalu vielas ibuproféna
fluorciklopropilsaturosa analoga 26 sintézei. Biologiskas aktivitates testos uz enzimiem COX-
1 un COX-2 iespgjams novérot biitiskas fluoréta zalu vielas analoga 26 stereoizoméru
selektivitates atSkiribas, salidzinot ar originalo zalu vielu.
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GENERAL OVERVIEW OF THE THESIS

Introduction

The bioisosteric replacement of a hydrogen atom with a fluorine atom in the molecular
structure of drug molecules often improves their physicochemical properties — metabolic
stability, bioavailability, as well as binding to enzymes.* According to the US Food and Drug
Administration data, more than 20 % of registered medicinal substances contain at least one
fluorine atom, demonstrating the importance of the fluorine atom in ensuring biological
activity.? The high electronegativity of fluorine, the small size of the atom, as well as the
strength of the C—F bond and the ability to form hydrogen bonds distinguish fluorine from other
halogens and their characteristic transformations, hence using classical halogenation methods
to introduce fluorine-containing building blocks into a molecule are often not effective.?

Access to fluorinated compounds
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Fig. 1. Most commonly used reagents for C—F bond formation.

The development of safe and environmentally friendly reagents for the introduction of
fluorine into organic compounds is an important challenge and significant research direction in
organic chemistry.*

The fluorine gas F», due to its aggressive reactivity, low selectivity, significant safety
concerns, as well as the need for special laboratory equipment, is not widely used in organic
synthesis laboratory conditions.> On the other hand, hydrated fluoride ion has low
nucleophilicity, and obtaining anhydrous fluoride ion is difficult due to its inherent hygroscopic
properties. In contrast, hydrogen fluoride (HF) possesses high toxicity. To avoid direct
application of F, or HF in laboratory conditions, both nucleophilic® and electrophilic’
fluorination reagents have been developed for selective C—F bond formation (Fig. 1).8

In the literature, special attention has been devoted to the development of monofluorinated
building blocks, which can be explained by the difficult methods of introducing one fluorine
atom and the lack of appropriate reagents.®

The simplest C—F-containing fragment is a fluoromethylene group® that can be introduced
into the target molecule using monofluoromethylene group transfer reagents, which are mainly
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volatile, environmentally concerning freon-type compounds CHFX for the generation of
fluorocarbenes'?, as well as for fluorocarbenoids (Fig.2).*? One of the most successful
examples of direct transfer of monofluoromethylene group is fluorinated sulfoximine, but its
application possibilities have been demonstrated only on Weinreb amides.™

F

Reagents for direct CHF group transfer 6/

CHF group transfer methodology
development

(e} F
O, NTs BF, g F F
S A
CHFX :>
’ ©/ j: ©/® 1“0 1 2
R R R
Heinz 1968, X = Br Hu 2012 Veliks 2019

Furukawa 1971, X = |
Charette 2013, X = F,|
Luisi 2019, X = |,H

Fig. 2. Fluoromethylene group transfer reagents known in literature.

Sulfur ylides!* serve as synthetic equivalents of carbene, which are successfully used in
organic chemistry for the synthesis of the smallest carbocycle — cyclopropane — under the
Corey—Chaykovsky reaction conditions.*® In our view, fluoromethylene group transfer reagents
based on sulfur ylides have great potential for obtaining monofluorinated compounds. Our
group demonstrated for the first time the synthetic application of sulfur fluoromethylide, which
has been successfully generated from a diarylfluoromethylsulfonium salt. When the ylide
intermediate reacted with aldehydes and ketones, monofluorinated epoxides were successfully
formed.’® In this way, a new potential reaction mode was presented for the
diarylfluoromethylsulfonium reagent — transfer of the fluoromethylene group. Until now, the
only known application of this type of reagent was electrophilic fluoromethylation, which has
been originally developed by the Olah and Prakash group.'’

When examining the literature on the use of fluoromethylsulfonium salts, at the beginning
of our study, there was a lack of information on the potential of this compound to generate in
situ sulfur ylide, which we believed to be the key to selective transfer of the
monofluoromethylene group, yielding little studied fluorine containing compounds.

Aims and objectives

The aim of the Doctoral Thesis is the development of new, effective and practical
fluoromethylene group transfer reagents, as well as the development of new methods for the
synthesis of fluorinated building blocks.

For the implementation of the goal, two tasks were defined:

1) to explore synthetic applications of fluoromethylsulfonium based reagents for synthesis
of monofluorinated compounds;

2) to synthesize poorly known monofluorinated building blocks/fragments and study their
further synthetic application, as well as methodology demonstration for the synthesis of
fluorinated analogues of potentially important drug molecules.
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Scientific novelty and main results

As a result of the Doctoral Thesis, the following results were achieved:

1. Organic synthesis methodology for the transfer of the monofluoromethylene group to
activated alkenes using diarylfluoromethylsulfonium salt under the Corey—Chaykovsky
reaction conditions:

a) diastereoselective fluorocyclopropanation of vinylsulfones and vinylsulfonamides;

b) fluorocyclopropanation of double activated Michael acceptors — arylidene malonates,
arylidene cyanoesters, sulfones, and the reaction limitation studies;

¢) fluoromethylsulfonium reagent structure optimization studies using nitroalkene and
other Michael acceptor fluorocyclopropanation as a model reaction.

2. Organic synthesis methodology for obtaining monofluorocyclopropylidenes from
aldehydes and ketones under the Julia—Kocienski reaction conditions using 5-(R*,2R*)-2-
fluorocyclopropylsulfonyl-1-phenyl-1H-tetrazole as a reagent.

3. Demonstration of the synthesis of a fluorine-containing analogue of the drug molecule
ibuprofen, with fluorocyclopropane serving as an isostere of the isopropy! group.

Structure of the Thesis

The Doctoral Thesis was prepared as a thematically unified set of scientific publications on
the development of fluoromethylene group transfer reagents and methodology in reactions with
various Michael acceptors, as well as on the further application of the obtained compounds —
fluorocyclopropanes for the discovery of other important fluorine containing compounds.

Publications and approbation of the Thesis

The main results of the Doctoral Thesis were summarized in 5 scientific publications, 1
review and 1 article in the encyclopedia of chemical reagents. Results of the research were
presented at 6 scientific conferences.

Scientific publications:

1) Melngaile, R.; Sperga, A.; Baldridge, K. K.; Veliks, J. Diastereoselective
Monofluorocyclopropanation Using Fluoromethylsulfonium Salts. Org. Lett. 2019, 21 (17),
7174-7178. DOI: 10.1021/acs.orglett.9b02867.

2) Kazia, A.; Melngaile, R.; Mishnev, A.; Veliks, J. Johnson-Corey—Chaykovsky
Fluorocyclopropanation of Double Activated Alkenes: Scope and Limitations. Org. Biomol.
Chem. 2020, 18, 1384-1388. DOI: 10.1039/C90B02712B

3) Sperga, A.; Melngaile, R.; Kazia, A.; Belyakov, S.; Veliks, J.
Monofluoromethylsulfonium Reagents for Fluoromethylene Transfer Chemistry. J. Org. Chem.
2021, 86 (4), 3196-3212. DOI: 10.1021/acs.joc.0c02561.

4) Muhamadejev, R.; Melngaile, R.; Paegle, P.; Zibarte, I.; Petrova, M.; Jaudzems, K.;
Veliks J. Residual Solvent Signal of CDCIls as a gNMR Internal Standard for Application in
Organic Chemistry Laboratory. J. Org. Chem. 2021, 86 (5), 3890-3896. DOI:
10.1021/acs.joc.0c02744.

5) Melngaile, R.; Veliks, J. Synthetic Applications of Monofluoromethylsulfonium Salts.
Synthesis 2021, 53 (24), 4549-4558. DOI: 10.1055/a-1548-8240.
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6) Melngaile, R.;  Veliks, J. Sulfonium, (Fluoromethyl)phenyl(2,3,4,5-
tetramethylphenyl)-, Tetrafluoroborate(1-) (1:1)'. Encycl. Reagents Org. Synth. 2021, 1-4.
DOI: 10.1002/047084289X.rn02379.
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Results of the Thesis were presented at the following conferences:

1. Melngaile, R. Fluoromethylene Transfer from Diarylfluoromethylsulfonium Salts. 20"
Tetrahedron Symposium, Bangkok, Thailand, 18-21 June 2019.

2. Melngaile, R. Diastereoselective Monofluorocyclopropanation Using Fluoro-
methylsulfonium Salts. 11™ Paul Walden Symposium, Riga, Latvia, 19-20 September 2019.

3. Melngaile, R. Synthesis of Fluorocyclopropylidenes via Julia—Kocienski Olefination.
12" Paul Walden Symposium. Online, 28-29 October 2021.

4. Melngaile, R. Synthesis of Fluorocyclopropylidenes via Julia—Kocienski Olefination.
Balticum Organicum Syntheticum, Vilnius, Lithuania, 3-6 July 2022.

5. Melngaile, R. Synthesis of Fluorocyclopropylidenes via Julia—Kocienski Olefination.
2" Drug Discovery Conference 2022, Riga, Latvia, 22—24 September 2022.

6. Melngaile, R. Recent Advances in Fluoromethylene Transfer. 2" LIOS conference,
Riga, Latvia, 29-30 November 2022.
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MAIN RESULTS OF THE THESIS

1. Diastereoselective monofluorocyclopropanation of vinyl sulfones with a
fluoromethyldiarylsulfonium salt

At the start of this study, no examples for the synthesis of monofluorocyclopropanes via the
Corey—Chaykovsky reaction could be found in the literature. Our group’s successfully
developed fluoromethylene transfer reaction with aldehydes and ketones 2 exploiting
diarylfluoromethylsulfonium salt 1a (Fig. 3, A) encouraged us to extend this approach to access
fluorocyclopropanes.'® We managed to demonstrate an effective approach that afforded new
monofluorinated building blocks — fluorocyclopropyl sulfones — under Corey—Chaykovsky
reaction conditions in a reaction between a strong Michael acceptor — vinyl sulfone and a base
generated sulfur fluoromethylide.®

Initially, with phenyl vinyl sulfone 4a as a model substrate, we carried out the reaction in
deuterated chloroform, which allowed us to identify by NMR the formation of the desired
product 5a (Fig. 3, B) in a low yield (26 %) and satisfactory diastereoselectivity (d. r. = 6:1).
Trans-isomer 5a was formed as the major reaction product.

First examples of fluoromethylene transfer using sulfonium salt 1a

A F

§F4 ( o o o R"=alkyl, Ar
3 ”\ NaH RZ /A 0 R?=H, alkyl
® * RTOR!
MeCN R! F O 20 examples
1a 2 0°C 3 O Yields: up to 98%
B 1a
7 NaH A F o, %y ? WF
TV Oy v
4a trans-5a cis-5a
major minor
CDCl3 26%, d.r. = 6:1
THF 86%, d.r. = 4.4:1

Fig. 3. Fluoromethylene transfer in Corey—Chaykovsky fluorocyclopropanation.

Screening of solvents, temperature, solution concentration, as well as the ratio of the
reaction components allowed us to find conditions that gave the highest vyield
(86 %, d. r. = 4.4:1), therefore we further carried out substrate scope studies with vinyl sulfones
4 under the following conditions: 1a (2 equiv.), 60 % NaH (4 equiv.), THF (0.1 M), argon
atmosphere, room temperature. It should be noted that, the reaction diastereoselectivity was
determined for a crude reaction mixture, but the yield is shown for chromatographically purified
major product trans-5 diastereomer.

While studying the scope of substrate 4, we verified the compatibility of various functional
groups with the developed reaction conditions (Fig. 4). Initially, we tested various aryl
substituents at the ortho, meta, and para positions of arylvinylsulfones 4. We observed that not
only halogen (F, Br, CI) substitutents 4b—d, but also substrates containing electron acceptor
groups (CN, Ms, CFs, CO2Me, NO>) showed good reactivity. Substituted aryl vinyl sulfones
4e—i at the meta and ortho positions afforded the desired products trans-5e—i in moderate to

good yields (42-75 %) and moderate diastereoselectivities (d. r. = 2.9:1-3.9:1).
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Fig. 4. Substrate 4 scope studies of fluorocyclopropanation reaction.

During the scope studies, we also tested substrates with electron donating groups (OMe,
Me) in meta, ortho, and para positions (4j—1), as well as benzyl-, naphthyl- and cyclohexyl-
substituted vinyl sulfones (4d,m,n), as a result of which we obtained fluorocyclopropyl sulfones
5d,m,n with moderate to good yields (4772 %).

We also subjected heterocycle containing vinyl sulfones 4o0-r to the reaction conditions and
obtained monofluorinated cyclopropanes 50-r in low to good yields (26-70 %). Interestingly,
in the reaction with the benzthiazole derivative 4r, the product 5r was isolated with a low yield
(26 %), but the highest observed diastereoselectivity (d. r. = >21:1). High diastereoselectivity
(d. r.=7.8:1) was also observed in the case of methylthiazole derivative 4o. It should be
emphasized that under these reaction conditions, the lowest diastereoselectivity (d. r. = 2.4:1)
was observed in the reaction with an aliphatic substrate — cyclohexyl vinyl sulfone 4n.

To verify whether the developed method is also suitable for obtaining
fluorocyclopropylsulfonamides 7, we performed fluorocyclopropanation reactions with N-
substituted vinyl sulfonamides 6a—d (Fig. 5). To achieve full conversion of starting material 6,
it was necessary to increase the amount of diarylfluoromethyl sulfonium salt 1a as well as NaH.
As a result of the transformations, we obtained monofluorinated cyclopropylsulfonamides 7a—
d in low to moderate yields (35-55 %) and with moderate diastereoselectivities. In our opinion,
the decreased yields of products trans-7 could be explained by the lower reactivity of vinyl
sulfonamides 6 with sulfur ylide and partial degradation of the formed products 7 in the
presence of excess base in the reaction mixture.
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Fig. 5. Vinyl sulfonamide 6 scope studies for the preparation of monofluorocyclopropyl-
sulfonamides trans-7.

The next step in this study involved further functionalization of the
fluorocyclopropylsulfone trans-5a. For this purpose, we opted to verify whether it is possible
to carry out alkylation reactions in the presence of base with electrophiles such as allyl and
benzyl bromides, as well as with a benzaldehyde derivative (Fig. 6). In reactions with allyl and
benzyl bromides in the presence of LIHMDS we obtained the desired fluorocyclopropylsulfone
derivatives 8a—c in very good yields (79-84 %). It should be noted that the formed products
8a-d kept their relative configuration, namely, the trans position of the fluorine atom in relation
to the sulfone group, which indicates the formation of the thermodynamically most stable
carbanion. However, in the reaction with benzaldehyde 2a, we obtained hydroxy-containing
fluorocyclopropylsulfone derivative 8d as a chromatographically inseparable mixture of two
diastereomers (49 %, d. r. = 1:1) instead of the theoretically 4 possible isomers.

1) E (4 equiv.)

2) LIHMDS (2 equiv.) Oz P
\F S
©/ /"~ OMFTHF 1) ©/ B..,F
5a -78°C-rt, 3-18 h 8
O P QP O P 5P
Y. O oY oRl
8a 8b 8c 8d
83% 84% 79% 49%
dr.=1:1

Fig. 6. Functionalization reaction of fluorocyclopropylsulfone 5a with electrophiles.

In order to gain deeper understanding of the fluorocyclopropanation mechanism and the
causes of diastereoselectivity, we performed control experiments with isolated cis-5a and trans-
5a products (Fig. 7, I). By exposing each of the diastereomers to the reaction conditions, and
also by simply stirring them in the presence of NaH in THF medium, we observed the formation
of the main diastereomer — trans-5a, regardless of the initial configuration of the substrate used.
These results confirm the formation of the thermodynamically most stable anion, which shifts
the equilibrium towards the formation of the trans-5a isomer.

By subjecting both diastereomers to identical alkylation conditions C with allyl bromide
(Fig. 7, 1), we observed the selective formation of trans-product 8a (d. r. = >20:1) with high
reaction vyields (83-87 %), which confirmed the hypothesis of formation of the
thermodynamically most stable carbanion as a result of deprotonation of sulfone 5a.
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A: 1a (1 equiv.), NaH (2 equiv.), THF, rt, 72 h
B: NaH (2 equiv.), THF, rt, 3.5 h
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Fig. 7. Control experiments of fluorocyclopropyl sulfones 5a.

In order to analyze the mechanism of fluorocyclopropanation and to better understand the
causes of the reactions diastereoselectivity, we performed quantum chemical calculations.
According to the mechanism (Fig. 8, A), when in situ generated sulfur ylide 1' adds to Michael
acceptor 4, syn- and anti-betaines B! and B2 are formed, which after C-C bond rotation and
sulfide elimination in the next step, form the corresponding cyclization products —
fluorocyclopropanes cis-5a and trans-5a. DFT calculations for the transition state energies of
the reaction mechanism (R =3-MePh, R! = R? = Me, Fig. 8, B) show that the C' and C?
cyclization of betaines, in which sulfide serves as the leaving group, is the rate-determining step
(RDS) of this transformation. The calculated transition state energy barrier for the formation of
the product cis-5a is 0.9 kcal/mol higher than for trans-5a. This energy difference (AEa = 0.9)
determines the initial kinetic distribution of diastereomers, which corresponds to the ratio of
diastereomers d. r. = 2.56:1, that could be explained by the steric hindrance between the fluorine
atom and the sulfone group.

It should be noted that the final product trans-5a is thermodynamically more stable by —
1.19 kcal/mol than the cis-5a, which during the reaction transforms into a trans-product in the
presence of a base through thermodynamic equilibrium. The obtained data in computer
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calculations confirm the isomerization of cis-5a to trans-5a in the presence of NaH observed in
control experiments (Fig. 7, 1).
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Fig. 8. Mechanism of fluorocyclopropanation of vinyl sulfones 4.

2. Fluorocyclopropanation of double activated alkenes under Corey—
Chaykovsky conditions

Our group's previous studies on the transfer of the fluoromethylene group under Corey—
Chaykovsky epoxidation reaction conditions with aldehydes and ketones'®, as well as the
developed methodology in reactions with vinyl sulfones, vinyl sulfonamides®® encouraged
further research in this direction. The next task was to clarify the potential and limitations of
the developed sulfur ylide based fluoromethylene transfer, thus it was decided to test a wider
range of Michael acceptors in the fluorocyclopropanation reaction.®

In order to find the most suitable reaction conditions for double activated alkenes 9, we used
ethylbenzylidene cyanoester 9a as a model substrate. During the optimization of the reaction
conditions, it was found that dry 1,4-dioxane, 2 equiv. of sulfonium salt 1a using 4 equiv. of
NaH at room temperature under argon atmosphere gave the best results.

Initiating studies of the substrate scope (Fig. 9), we at first screened cyanoester derivatives
(9a—f) and obtained the corresponding fluorocyclopropanes 10 as a diastereomer mixture (10a—
f) in low to excellent yields (15-99 %).
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Fig. 9. Fluorocyclopropanation of double activated alkenes.

According to our observations, the fluorocyclopropanation of aryl-derived cyanoesters 9
proceeded with the preservation of the relative cis-configuration (C1, C3) of the cyano group
and the aryl group in product 10, resulting in the formation of fluorocyclopropane 10a as a
mixture of 2 diastereomers instead of the theoretically 4 possible ones.

For example, in the case of methyl substituted fluorocyclopropane 10b, we observed a low
reaction yield (28 %), as well as low selectivity where a mixture of four isomers was formed.
On the other hand, the transformations with dialkyl substituted cyanoester derivatives 9c,d,
resulted in dimethyl- and cyclohexylidene substituted fluorocyclopropanes 10c,d with
moderate to good isolated yields (41-68 %).

Interestingly, under the reaction conditions 3-pyridinyl-substituted substrate 9e did not form
the desired product 10e, however the starting material was recovered. Although in the case of
furanyl cyanoester 9f the desired product 10f was formed in excellent NMR vyield (92 %), the
product 10f completely decomposed during the purification process.

Further substrate scope studies revealed that transfer of the fluoromethylene group can be
realized with arylidene- and heteroarylidene malonate derivatives 9, forming the desired
products 10 as a mixture of diastereomers in low to very good yields (13-91 %). Furthermore,
the product 10g formed in the reaction with the benzylidene malonate derivative 9g was not
stable under the reaction conditions, as a result of which the isolated yield was low (13 %).
Although the introduction of electron withdrawing functional groups (NO2, CN, CF3) as well
as halogens (F, Br) resulted in products in moderate to excellent isolated yields (31-91 %), but
with low to moderate diastereoselectivities. When furanyl malonate 9k was subjected to the
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reaction conditions, similarly as in the case of furanyl cyanoester 9f, the corresponding
fluorocyclopropane 10k turned out to be unstable, consequently, its chromatographic isolation
was not successful. Investigating the reactivity of g-unsubstituted doubly activated alkenes 91—
n, we observed formation of stable fluorocyclopropanes 10l-n in moderate to very good yields
(35-83 %).

Summarizing the results obtained in the experiments with mono- and deactivated Michael
acceptors (Fig. 10), we found that the reactivity of olefins is directly correlated with their
electrophilicity. Monoactivated alkenes such as cinnamic acid ethyl ester and cinnamic acid
nitriles are not suitable substrates for fluoromethylene group transfer reactions under Corey—
Chaykovsky conditions. Vinyl sulfoxide does not react at all under these conditions, but alkenes
monosubstituted with sulfonyl groups are already strong enough Michael acceptors for a
successful reaction.

AL o F F
i BF [©
H s EWG EWG
H + R —_—
: ©/® EWG R EWG
: 1a 9 10
Reactivity Stability
vs
® R = electron rich arenes . ® R = electron poor arenes, alkyl, H
@ 2x strong EWG i+ ® EWG =CO0,Bn
© 1x EWG ¢ © R =Ph, electron rich arenes
© weak EWG . © strong EWG
B oN g' O\\Soo O\\S//O
Ej/\/COZEt ©/\/ X%ph X p “Ph
x % x v v
o
YSOZPh R/yCOZEt RNCOZB RNCN A N/
SO,Ph CO,Et CN CN o T/&o

Fig. 10. Limitations of fluorocyclopropanation of activated olefins 9.

Regarding double activated arylidene- and alkylidene derivatives — cyanoacetates and
malonates — strong EW groups favor product formation, although the generation of unstable
products sometimes has been observed. However, strong ED groups in the aryl ring mostly
contribute to the decomposition of fluorocyclopropane derivatives under reaction conditions,
which could be explained by the opening of the cyclopropane ring promoted by electron
donating groups.?

3. Optimization of the fluoromethylene transfer reagent

Although we successfully demonstrated the effectiveness of 2,3,4,5-tetramethylphenyl
substituted sulfonium salt 1a in reactions with Michael acceptors such as aldehydes, ketones,
vinyl sulfones, vinyl sulfonamides, as well as double activated alkenes with good results, it
should be noted that the synthesis of reagent 1a is expensive, due to the limited availability of

1,2,3,4-tetramethylbenzene, furthermore it has as low atomic economy.?
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Until now, the influence of substituents on the reactivity, stability and crystallinity of
fluoromethylsulfonium salts 1 was not known in the literature. According to the literature, most
sulfonium salts 1 exist as viscous oils, which significantly complicates the practical application
of the reagent.?? The properties that could contribute to the development of an easy-to-use,
crystalline reagent, while maintaining its efficiency, were not known. Our aim was to discover
an effective sulfonium reagent through structural optimization, reducing the resources needed
for its synthesis, as well as improving its reactivity in the already developed fluoromethylene
transfer reactions for low efficiency substrates.

In the fluoromethylene group transfer reactions with nitroalkenes, using the original S-
monofluoromethyl-S-phenyl-2,3,4,5-tetramethylphenylsulfonium tetrafluoroborate (l1a), we
observed low reactivity and negligible reaction yields, thus salt 1a is not the most suitable
reagent for obtaining nitrofluorocyclopropanes. Our task was to investigate whether it is
possible to promote fluorocyclopropanation more efficiently by modifying the structure of the
leaving group of the fluoromethylsulfonium salt 1.3

During the research studies, we developed a synthesis route for fluoromethylsulfonium salt
1 (Fig. 11), replacing the dangerous and inconvenient fluorination reagent DAST?? with the
safer and more convenient electrophilic fluorination reagent Selectfluor. The improved
synthesis also enabled a significant decrease in reaction times, as a result of which 25 different
fluoromethylsulfonium salts 1 were synthesized in an efficient 4 step synthesis starting from
thioanisole derivatives 11.

"
1) SelectFluor X 1

(1.25 equiv.) (1 equiv.)

EtsN (1.25 equiv.) 0 TH,0 (1 equiv.) §F4 (F

s MeCN, 0 °C & F  EHO,-10°C 0 25 examples

S N —— Xy —_—> A g A O Yields up to: 18-75%
| _ 2)NBS (2-3 equiv.) || _ 2) 1M NaBF, | _ |
7 MeOH/H,0, 0 °C % 7 X

R n R 12 R 1
Fig. 11. Synthetic route for fluoromethylsulfonium salts 1.

We initially chose g-nitrostyrene (13a) as a model substrate to study performance of
sulfonium salts 1. In order to evaluate the effect of substituents, the phenyl rings of
diarylsulfonium salt 1 were labeled as A and B (Fig. 12).

Introduction of Me- and MeO- groups at different positions in the benzene ring B of
sulfonium salt 1, while keeping ring A unsubstituted, gave no significant improvements in
reaction yields compared to the original reagent 1a. However, it is important to emphasize that
although the use of m-xylene containing sulfonium salt 1c did not result in significant increase
in the reaction yield (53 %, d.r. = 74:17:9), its synthesis turned out to be more cost efficient in
comparison to 1a. We found out that the methyl substituent in the ortho position preserved the
crystalline properties of the salt. On the other hand, when additional methyl groups were
introduced into the benzene ring A (1d), we observed a decrease in the yield of the desired
product 14a (40 %).

43



0 25 examples
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BF4 r _ - not crucial
=« regiocontrol for the reagent synthesis
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F, Br, CF3, Cl
Il Me, OMe

Fig. 12. Preparation of the fluoromethylsulfonium salt 1.

By introducing halogen substituents (CI, Br, F) or a trifluoromethyl group into the benzene
ring A of sulfonium salt 1, and keeping no more than two methyl groups in benzene ring B, we
observed an increase in the yield up to 70 % in the case of sulfonium salt 1f. Further, by
introducing two chlorine atoms in the ortho and meta positions of the benzene ring A, and
reducing the number of methyl groups to two in ring B (1g,h), it was possible to achieve the
highest overall yield (84-85 %) for this transformation, but moderate diastereoselectivity.

In the reactivity studies of sulfonium salts 1, we found that when halogens (F, Br, Cl) or a
trifluoromethyl group are introduced into the benzene ring A, higher yields of
fluorocyclopropanes 14 were observed, while ED groups (Me-, MeO-) resulted in lower yields
of the desired product (Fig. 12). In the benzene ring B of sulfonium salt 1, a methyl group in
the ortho position ensures the crystalline properties of the salt, while a Me group in the para
position facilitates desired regioselectivity in the electrophilic substitution reaction of
fluoromethyl sulfoxide 12 (Fig. 11).

Interestingly, in  the  fluorocyclopropanation  reaction  with  fluoromethyl
phenylmethylsulfonium salt 1i we observed only the formation of the major diastereomer 14a,
but its yield was negligible (11 %), which indicates that it is essential to use diaryl substituted
fluoromethylsulfonium salts for the realization of the mentioned transformation.
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During the structure optimization of the sulfonium salt 1, reagent 1h showed the highest
reactivity, therefore we used it for further studies of the substrates scope of nitroalkenes 13
(Fig. 13). Alkyl-, aryl-, as well as the heteroaryl nitrofluorocyclopropane 14i was obtained in
moderate to very good yields (41-84 %), but with moderate diastereoselectivity. The developed
reaction conditions were compatible with a wide range of functional groups, such as ED groups
(methyl-13b, methoxy-13c), halogens (F-13d, Br-13e), EA groups (nitro-13g, ester-13h,
trifluoromethyl group) in the benzene ring. In addition, the reaction with conjugated diene 13j
selectively formed 14j, although with an average yield (41 %).

F
NaH (3 equiv.) /A o
15 examples
NO —_— ‘s,
\©/ \©\ RN T (0.025M) R ‘NO; 0 Yields: 41-84%
BF4 0°c

14

(2 equw) major

Selected examples:

F
/, A o,
“NO, "NO, "N OO “NO,
14b 14c 14d 14 14f

84% 69% 67% 71% 71%
d.r. = 60:24:24 d.r.=57:6:37 d.r. = 54:23:22 d.r. =69:20:11 d.r. = 69:20:11
NO,
1, ’I/ // "/ '/,
149 MeO,C 14h 14| 14j 14k
84% 42% (62%) 41% 47%
d.r. = 60:24:24 d.r.=100:0:0 dr—692110 d.r.=100:0:0 d.r. = 62:0:38

Fig. 13. Substrate scope for the fluorocyclopropanation of nitroalkenes 13.

To compare the reactivity of the structurally improved sulfonium salts 1c and 1h with the
original 1a, we demonstrated fluoromethylene group transfer reactions with malonate
derivatives 91,0, vinyl sulfone 4s, ketone 2a (Fig. 14).

We observed that in the reaction with sulfonium salt 1c, an increase in the yield of products
100 and 5s was observed compared to classical salt 1a. However, in the case of highly reactive
substrates, such as malonate 9l and aldehyde 2a, 2,3-dichlorobenzene containing sulfonium salt
1h turned out to be more suitable; as a result we managed to obtain product 10l with a
significantly higher yield (60 %), while fluoroepoxide 3a was obtained with a slightly improved
diastereoselectivity in a shorter reaction time. However, for the slower reacting substrates
(90, 4s), the salt contributed to a decrease in yield compared to the original sulfonium salt 1a.
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Fig. 14. Comparison of sulfonium salts 1a,c,h in reactions with different classes of substrates.

Continuing our research, we tested the reactivity of sulfonium salt 1c in
fluorocyclopropanation reactions with vinyl sulfones 4a,h,i,t as well as with arylidenemalonate
derivatives 9i,p. As a result of these experiments (Fig. 15, B), we observed not only higher
yields of desired products (except in the case of 10i), but also improvement in
diastereoselectivity.

: F
: 7 DA WF WF F F
oV qw
: COzEt CN
: 5h: R = CO,Me 10p
H 5i: R =NO,
F VA
o[ ;
S : 73% 5h: 42% 69% 91% 89%
©/@ v dr=43:1 d.r.=3.2:1 d.r. =3.6:1 d.r.=1.2:1 d.r.=1:1
BF, H 5i: 64%
1a : d.r.=3.4:1
F i B
@Sr :
: 78% 5h: 56% 76% 85% 91%
S ! dr=63:1 d.r. = 3.4:1 d.r. = 4.4:1 d.r=1.2:1 dr.=1.1:1
4 : 5i: 68%
1c H d.r.=4.5:1

Fig. 15. Reactivity studies of sulfonium salt 1c.
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4. Synthesis of fluorocyclopropylidenes using 5-(1R*,2R*)-2-
fluorocyclopropylsulfonyl-1-phenyl-1H-tetrazole

Cyclopropylidenes or methylenecyclopropanes in organic chemistry are known as strategic
building blocks for obtaining other valuable compounds as a result of ring expansion or
cycloaddition reactions facilitated by their high ring strain?* and reactivity.?® During the
development of synthetic methodology towards fluorocyclopropylsulfones 5 and performing
their reactions with various electrophiles, our attention was drawn to the reaction of sulfone 5a
with an aldehyde in which the alcohol derivative 8d (Fig. 6) formed. a-Hydroxy substituted
sulfones are important intermediates in the Julia—Kocienski olefination®® reaction, which
indicated the potential of this approach in the synthesis of fluorocyclopropylidenes.

Initially, our task was to obtain the olefination reagent 5u for the transfer of the
fluorocyclopropylidene group. The synthesis involved 4 steps — alkylation of 1-phenyl-1H-
tetrazol-5-thiol 15 with 1,2-dichloroethane, oxidation of the obtained alkyl sulfide 16 with
NalOs in the presence of catalyst RuCls-H20, the base promoted elimination of HCI forming
17 and its fluorocycopropanation under Corey—Chaykovsky reaction conditions (Fig. 16).

Performing a one-pot synthesis of vinyl sulfone 4u, we encountered a problem during the
HCI elimination step, in which the intermediate 17 exhibited pronounced instability in excess
of EtsN.2” Therefore, a careful adjustment of the reaction conditions was necessary.

Nalo,
Q Cs,COs (10 equiv.)
(3 equiv.) RuCl;*"H,0 Et;N
N DCE s (2 mol%) L AP (1.2 equiv.) Oy P

) SH N ~ N ——> ~ N ————
N, T MeCN, 60°C N, g cl CHCI N, g Y \l/ j
\ f \! 3 \
N-N 3 days N-N MeCN N-N 0°C
15 Y 16, quant. H,0 17, 74% 4u
NMR purity: 82 wt. % quant.
BF4 ( |
1c (2 equw \\ // F
o
NaH (2 equiv.) N‘\ \{,\‘/ W
H,0 (3 equiv.) N—=
THF, rt trans-5u

78%

Fig. 16. Preparation of Julia—Kocienski olefination reagent 5u.

To determine the required quantity of base for the elimination step, we performed
optimization experiments with EtsN in solvents such as DCM, Et.O and MTBE at rt and at 0 °C
(Table 4.1). The gNMR vyield for the desired product 4u before and after chromatographic
purification was determined exploiting our developed analytical method — using CHCls residue
signal as an internal standard.?’
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Table 4.1
Reaction condition screening using gNMR

NMR vyield of 4u, % Determined

. . NMR purit
No. Conditions - with laboratory of 45”; y
crude isolated balances, % ) 70
1 DCM, 1t, 4 h EtsN 48 B B B
(2.5 equiv.)
Et,0, 0 °C, 15 min, EtsN
2 (227 equiv.) 87.0 86.4 97 89
Et>0, 0 °C, 15 min, EtzN
3 100 97.1 103 95
(1.12 equiv.)
5 :
4 MTBEOC ISmin BNy, 99.5 103 97
(1.12 equiv.)

The experiments allowed us to develop optimal conditions for the synthesis of vinyl sulfone
4u. The optimal reaction conditions — 1.12 equiv. of EtsN, MTBE, 0 °C, 15 min — gave the
desired product 4u with excellent yield (99.5 %) and high purity (97 %) (Table 4.1, No. 4). In
the final step using the optimized fluoromethylsulfonium salt 1c we obtained trans-
fluorocyclopropyl sulfone 5u in good yield (78 %).

To optimize the reaction conditions for Julia—Kocienski olefination, we chose 3-nitrophenyl
benzaldehyde 2a and 4-nitro benzaldehyde 2b as model substrates.?® In the course of the
research, we found out that the optimal reaction conditions are: 2 equiv. of aldehyde 2 or ketone
2°, 1.7-2 equiv. of LIHMDS (1M THF), —78 °C, under argon atmosphere, THF/DMF (4:1). It
is important to note that under these reaction conditions, products 18 formed as a
chromatographically inseparable mixture of E- and Z-isomers, although Z-
fluorocyclopropylidene was formed as the major isomer. In substrate studies (Fig. 17), we
demonstrated the fluorocyclopropylidation of ortho, meta, para substituted benzaldehyde
derivatives 2, leading to products 18a—j in very good to excellent yields (Fig. 17, A). The
observed Z-selectivity could be rationalized due to the most likely cyclic transition state
involved in the reaction, in which the fluorine atom is directed away from the aryl substituent
of the aldehyde, thus reducing the destabilizing dipole-dipole interactions of the fluorine atom
and aryl m-system.

It is interesting that in the case of substrate 2e, the E/Z-selectivity decreases significantly,
indicating the importance of steric contributions of the bulky substituents. This could be
possibly rationalized by the fact that in the case of sterically bulky substituents the reaction
proceeds via an open transition state, significantly decreasing the selectivity.

Reactions with ketones 2° showed lower yields of fluorocyclopropylidenes 18k—o (Fig. 17,
B), which could be explained by a decrease in the electrophilicity of the carbonyl group of the
substrates 2°, as well as by possible aldol side reactions in the excess of base. We also
demonstrated transformations of aliphatic ketones 2’ in high yields.
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Fig. 17. Substrate scope studies for Julia—Kocienski olefination.

After substrate scope studies, the reactivity of the obtained fluorocyclopropylidenes in
various transformations was investigated (Fig. 18), such as, epoxidation/ring expansion
reactions of fluorocyclopropylidenes 18e,0,p (Fig. 18, A).2°

In the reaction of fluorocyclopropylidenes 180,p with mCPBA and catalytical amount of
Lewis acid — LiOTf, a- and S-fluoro-substituted cyclobutanones 200, 210 and 20p, 21p were
obtained in excellent yields, however, as an inseparable mixture of regioisomers, where 200
and 20p were observed as a major regioisomers.

Chromatographic isolation of the products was not possible in this case, due to the
instability of the compounds on silica gel. In the case of products 20e and 21e, addition of Lewis
acid was not necessary to initiate cyclization. Fluorocyclobutanones 20e and 21e were isolated
with a moderate yield (64 %) where the cyclobutanone 21e was formed as the major isomer,
but the other regioisomer 20e decomposed over time due to hydrogen fluoride elimination
leading to the formation of cyclobutenone byproduct 22e.
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Fig. 18. Derivatization possibilities of fluorocyclopropylidenes 18.

According to the literature, the hydrogenation of monofluorocyclopropylidenes has not
been studied,®® since ring opening and fluorine elimination can occur under harsh
hydrogenation conditions. The hydrogenation of cyclopropylidenes is most often performed
using Pd/C, Raney-Ni, Ir catalysis.3! When we tested several hydrogenation conditions, such as
Wilkinson's catalyst, Pd/C as well as others, we observed the formation of unidentified
defluorinated products. During the research, we found that Crabtree's catalyst provides a mild
and efficient hydrogenation of fluorocycloproylidenes, as a result of which we obtained
fluorocyclopropanes 23 (Fig 18, B) in moderate to good yields (42-72 %), mainly forming the
cis-product.

In order to demonstrate the potential of our developed fluorocyclopropylidenation
methodology in medicinal chemistry, we carried out the synthesis of a monofluorocyclopropyl-
substituted analogue 26 of the well-known drug substance — ibuprofen® (Fig. 19, A) and
performed biological activity tests on COX-1 and COX-2 enzymes (Fig. 19, B). We have
successfully developed the synthesis of ibuprofen derivative 26 in 5 steps (Fig. 19, A), starting
from 4-bromobenzaldehyde 2h. The Pd(OAc). catalyzed coupling reaction of the compound
2h with diethyl malonate formed the intermediate 24. Alkylation of the malonate derivative 24
with methyl iodide yielded the aldehyde component 25 required for Julia—Kocienski
olefination. As a result of the fluorocyclopropylidenation reaction, we obtained the desired
product 18r in good yield (75 %) and good E/Z ratio.
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Fig. 19. Synthesis of fluorocyclopropyl-containing ibuprofen analogue 26 (A) and its

As a result of hydrogenation, we obtained the corresponding fluorocyclopropane derivative
23r — a mixture of cis- and trans-isomers — with a high yield. In the next step, we hydrolyzed
the malonate derivative 23r followed by decarboxylation of intermediate, which yielded the
desired analogue of ibuprofen 26 in a moderate yield (55 %). It was possible to purify 3
fractions by chiral preparative chromatography, for which we determined the enzyme inhibition

biological activity (B).

of COX-1 and COX-2% (Fig. 19, B).

In biological activity tests, (rac)-trans-26 showed higher inhibitory selectivity for COX-1
compared to ibuprofen. However, in the case of (+)-cis-26, the compound showed lower
activity than the parent drug but higher selectivity towards the desired target protein COX-2

over the COX-1.
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CONCLUSIONS

1. The fluorocyclopropanation reaction of aryl-, heteroaryl- and cyclohexyl-substituted
vinyl sulfones 4 and N-alkyl-, phenyl substituted vinyl sulfonamides 6 with
diarylfluoromethylsulfonium tetrafluoroborate 1a provides access to trans-fluorocyclopropyl
sulfones 5 and trans-sulfonamides 7 in good yields and moderate diastereoselectivity.

€] F
BF4 S( Op P NaH O (7 R=Ak Ar HetAr, NR'R?
©/@ + R m - R W“‘ R, R2 = Bn, alkyl, Ph, allyl
1a 40r6 trans-5 or 7

2. In further functionalization reactions of fluorocyclopropane 5a with electrophiles, the
formation of trans-fluorocyclopropanes 8 is observed, which indicates the formation of a
thermodynamically most stable carbanion in the deprotonation step, regardless of whether the
reaction is carried out with the cis- or trans-isomer.

VE:
0\\3//0 ) O\\soo
R\ _— .
©/ W 2) LIHMDS ©/ B :
s
trans-5a 8a-d :

3. The fluoromethylene transfer reaction to double activated alkenes 9 allowed
identification of the scope and limitations of this transformation. The reactivity of the substrates
correlated with their electrophilicity. Alkenes 9 substituted with electron poor substituents and/or
strong electron withdrawing functional groups promote the reaction, whereas electron donating
groups and electron rich systems reduce the stability of the formed fluorocyclopropanes 10,
promoting their decomposition complicating their isolation.

A (F i ! O EWG = CN, COEL,
: ¢ EWG EWG i COBn, SO,Ph, Ph
: C§> + RN — . ! O R =Ar, alkyl, HetAr, H
; EAG EWG |
' 1a 9 10 :
Reactivity vs Stability

® R = electron rich arenes : @ R = electron poor arenes, alkyl-, H

@® 2x strong EWG : @ EWG = CO,Bn

© 1x EWG : © R = Ph, electron rich arenes

© weak EWG R © strong EWG

4. Introduction of halogen substituents in the benzene ring of the fluoromethylsulfonium
salt improves reactivity of the reaction with nitroalkenes 13, but a 2,4-dimethyl-substituted aryl
system ensures the crystallinity of the salts 1. The highest reaction vyields and
diastereoselectivities in the fluorocyclopropanation reaction of nitroalkenes 13 can be achieved

52



using 1h. Although the yields of the obtained fluoronitrocyclopropanes 14 were lower, the
reagent 1c is the most affordable from the perspective of availability of starting materials.

©)
BF, rF

R1@ R2 F

F
o, A
@N T No,
13a 14a’ 14a"

F F
Cl
@Sf of
S0 .
BF, BF4 BF,

1a
51% 53% 84% (80%)
d.r.=73:10:18 d.r.=74:17:9 d.r. = 62:25:13

5. In the fluoromethylene transfer reactions with vinylsulfones 4 higher vyields of
fluorocyclopropane derivatives 5 as well as diastereoselectivity were provided by m-xylene
substituted fluoromethylsulfonium salt 1c, while in the case of arylidene malonates, we did not
observe significant advantages using sulfonium salts 1c or 1h. In the reaction with 3-
nitrobenzaldehyde 2a, optimized sulfonium reagents performed similarly to the original reagent
la.

6. Julia—Kocienski olefination, using N-phenyltetrazole containing
fluorocyclopropylsulfone trans-5u as a reagent allowed obtaining fluorocyclopropylidenes 18
from aldehydes 2 and ketones 2’ with good yields and the Z-selectivity.

0 o 0 R'= Ar, HetAr

I I RE(H) A
R! H or R! R? O 25 examples
N /, B )
Y 2 2 RV O yields: 48-93%
~( v VDS O Z/E = 45:55-91:9

trans-5u 18

F

7. The hydrogenation of fluorocyclopropylidenes 18 in the presence of Crabtree's catalyst
allowed obtaining the corresponding derivatives of fluorocyclopropanes 23 in low to moderate
yields as a mixture of cis- and trans-isomers. On the other hand, epoxidation/ring expansion
reactions of fluorocyclopropylidenes 18 with mCPBA and catalytical amount of LiOTf leads to
fluorocyclobutanone derivatives 20 and 21 in moderate to excellent yields as a mixtures of two
regioisomers.
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Epoxidation/Ring expansion
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H (1 atmc)at - OR?=alkyl H O\l,,lr\\w o
RN R O Yields: 42-72% /7 N\ PFg
Cy;P \

18 F 23

8. The fluorocyclopropylidenation methodology can be conveniently used for the
synthesis of a fluorocyclopropyl containing analogue 26 of the drug molecule ibuprofen. In
biological activity tests on COX-1 and COX-2 enzymes, it is possible to observe significant
differences in stereoisomeric selectivity of the fluorinated analog 26 compared to the original

drug.
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