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SAISINAJUMI / ABBREVIATION

A —  angstréms / angstrom

Ac — acetil- / acetyl

Acac - acetilacetonats / acetylacetonate

Ar - aril-/aryl

BCP —  Dbiciklo[1.1.1]butans/bicyclo[1.1.1]butane

Boc — tert-butiloksikarbonil- / tert-butyloxycarbonyl

Bz —  benzoil- / benzoyl

d.r. —  diastereom@ru attieciba / diastereomeric ratio

DCC - N,N'-dicikloheksilkarbodiimids / N,N dicyclohexylcarbodiimide
DCE - 1,2-dihloretans / 1,2-dichloroethane

DCM -  dihlormetans / dichloromethane

DFT —  blivuma funkcionala teorija / density functional theory

DIPEA - N,N-diizopropiletilamins / N,N-diisopropylethylamine

DMAP -  4-dimetilaminopiridins / 4-dimethylaminopyridine

DMSO -  dimetilsulfoksids / dimethyl sulfoxide

EAG - clektronatvelkoSa grupa

ekviv. — ekvivalenti

eq — equivalents

Et —  etil-/ ethyl

eV — elektronvolti / electronvolts

EWG - electron withdrawing group

FG —  funkcionala grupa / functional group

Hal —  halogéns / halogen

iPr — izopropil- / isopropyl

IRAK4 —  interleikina-1 receptora saistita kinaze 4 / interleukin-1 receptor-associated
kinase 4

ist.t. — istabas temperatiira

kcal —  kilokalorija / kilocalories

KMR -  kodolu magnétiska rezonanse

KPhth —  Kkalija ftalimids / potassium phthalimide

LG —  aizejosa grupa / leaving group

LpxC -  UDP-3-O-(acil)-N-acetilglikozamina deacetilaze / UDP-3-O-(acyl)-N-
acetylglucosamine deacetylase

LUMO - zemaka neaiznemta molekulara orbitale / lowest unoccupied molecular orbital
mMCPBA —  meta-hlorperoksibenzoskabe / meta-chloroperoxybenzoic acid
Me —  metil- / methyl

NBS -  N-bromsukcinimids / N-bromosuccinimide

NCS -  N-hlorsukcinimids / N-chlorosuccinimide

NHPI  —  N-hidroksiftalimids / N-hydroxyphthalimide

nm —  nanometri / nanometers



NMR
Nu
Ph
PIDA
Py
r.r.

rt
TBAI
Tf
THF
TMS
TTP
Trp
Ts
TS
TTMSS
Tyr
AG

nuclear magnetic resonance

nukleofils / nucleophile

fenil- / phenyl

(diacetoksijod)benzols / (diacetoxyiodo)benzene
piridins / pyridine

regioizomeru attieciba / regioisomeric ratio

room temperature

tetrabutilamonija jodids / tetrabutylammonium iodide
trifluormetansulfonil- / trifluoromethanesulfonyl
tetrahidrofurans / tetrahydrofuran

trimetilsilil- / trimethylsilyl

tetrafenilporfirins / tetraphenylporphyrin

triptofans / tryptophan

tozil- / tosyl

parejas stavoklis / transition state
tris(trimetilsilil)silans / tris(trimethylsilyl)silane
tirozins / tyrosine

Gibsa brivas energijas izmaina / Gibbs free energy change
globala elektrofilitate / global electrophilicity



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Fluora atoma ievadisana molekula ir plasi lietota stratégija jaunu zalvielu izstrada.!
Funkcionalo grupu vai Udenraza atoma aizvietoSana ar fluoru sp&j butiski modificét
molekulas farmakologiskas ipasibas — metabolisko stabilitati, biopieejamibu un mijiedarbibu
ar mérka enzimu. Nemot veéra plaso fluororganisko savienojumu lietojumu medicinas kimija,
agrokimija un materialzinatné, nozimiga ir efektivu metozu izstrade fluoru saturosu
savienojumu iegﬁﬁanai.2

Fluoré$anai tiek izmantoti elektrofilie 4-6 vai nukleofilie 7-10 fluora avoti oglekla-

fdenraza saites 1 vai funkcionalo grupu 2 parvér$anai par fluorétiem savienojumiem 3
(1. att).?
. "F"
—H vai —FG —— —F
1 2 3

——————————————————————— Plasi izmanoti fluoréSanas reagenti  -----------------------

NS o o7 2,0 \ o
[ szF4 s, ) BF,
Ph" N" Ph N
No F F
F
4 5 6
Pr iPr
SN N__N
KF Py*(HF), | Dal
SF; F F
Pr 'Pr
7 8 9 10

1. att. Reagenti monofluorétu savienojumu iegtiSanai.

Strategiski atskiriga pieeja ir molekulas funkcionalizésana ar fluorétiem sintoniem, kuros
fluors ir tiedi saistits ar reagétspgjigo oglekla atomu (2. att.). Lai ar bieZi lietota metode
trifluormetil->" un difluormetil-* grupu ievadisanai, monofluorétu sintonu® analogiskas
parvertibas ir retak pétitas. Tomér pedejas desmitgades laika ir izstradati vairaki reagenti 13-

17 efektivai monofluorétu sintonu parnesei.’®

Ir iesp&jams veikt fluorkarbénu 18,
elektrofilo 19, nukleofilo 20 un pat radikalu 21 monofluormetildalinu parnesi. Izmantojot
fluorétu sintonu pieeju, var iegt produktus 11, 12, ko bitu griiti vai pat neiesp&jami sintez&t

ar tieSajam fluor&Sanas reakcijam.



"C1F1" si =
4 vai _fG C sintonu parnese —CH,F vai >CHF

1 2 11 12
*************** Zinamie monofluorétu sintonu parneses reagenti ---------------

O (0]
FH,C— M—cH,F | CHF
. 0—|—0 ! ol “x°
|—CH,F Li—CH,F I/CHF AT
13 14 16 17
15
777777777777777777777777777777 "C1F1" sintoni --------------------o-ooooooon
SR Y N
H Hi
E # oF NAF
18 19 20 21

2. att. Monofluorétu sintonu parnese.

No minétajiem reagentiem Ipasa uzmaniba japiever$ sulfonija salim 17, kas var kalpot par
multifunkcionalu avotu karbeéna 18, elektrofila 19 un radikala 21 sintoniem (3. att.).* Sulfids
ir laba aizejoS$a grupa, lidz ar to reakcijas ar nukleofiliem 22 tas kalpo par elektrofilas
fluormetilgrupas 19 avotu.”® Viena elektrona reducé$ana tas fragmentdjas par
fluormetilradikali 21, kas spgj pievienoties alkéniem 24.'° Promocijas darba autora un vina
kolégu grupas lidz§ingjos p&tijumos ir izstradatas formalas fluormetiléngrupas 18 parneses
reakcijas. Bazes klatbutné veidojas séra ilids 26, kas stajas reakcija ar aldehidiem 27",
aktivatiem alkéniem 29, 31*°, veidojot monofluorétus tris vai piecloceklu ciklus 28, 30 un
32. Savukart metala katalizatora klatbtitné ir iesp&jams veikt arT neaktivétu alkénu 24
ciklopropan@$anu un citas reakcijas.?’

& H-
F 24 +& Ox rF ® 22
Y o |CHeF 5@ CHF |[— muF
OH 2 Ph” ™ ~Ar
25 21 17 19 23
lBéze
F
e
| s® | I
Ph” " Ar NO,
(e} A 26
EAG %COQEt F
27 29 31 24
F H™ °F F
O,
O 18 \I\CI-D*Oe F
g ~E Formala fluormetiléna % é
EAG parnese CO.Et
2

28 30 32 33

3. att. Fluormetilsulfonija sals 17 lietojums.
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Aizvietoti monofluormetilsulfonija sali zinatniskaja literatiira ir maz aprakstiti.”* ** Lidz
ar to tika nolemts izstradat modificétus sulfonija salus 34, ievadot papildu funkcionalas
grupas pie reagétsp&jiga oglekla centra, tadgjadi panakot funkcionaliz&tu monofluorétu
sintonu parneses reakcijas, kuru rezultata tiktu iegiiti produkti 35 (4. att.). ST pétijuma gaita
bija paredz&ts ievadit funkcionalas grupas, kas ir nozimigas medicinas kimija vai kuras varétu
paklaut talakam modific€Sanas iespg&jam pe&c pirmas sintona parneses reakcijas. Turklat
meérkis bija noskaidrot, ka papildu aizvietotajs ietekmé sulfonija sals reagétsp&ju.

F
”XG F\l/. o - * Medicinas Kimija nozimiga grupa
S ~ « Papildu modificé$anas iespé&jas
Ph"@ “Ar * letekme uz reagétspéju
34 35

4, att. Aizvietoti fluormetilsulfonija sali 34.

Pétijuma merkis un uzdevumi

Promocijas darba mérkis ir izstradat jaunus fluormetilsulfonija reagentus, kas spétu
efektivi veikt funkcionaliz&€tu monofluorétu sintonu parnesi.

Meérka sasniegSanai tika definéti divi uzdevumi.

1. Sintezet funkcionaliz&tus fluormetilsulfonija salus.

2. lzstradat jaunas sint€zes metodes fluortu sintonu parnesei no sulfonija saliem.

Zinatniska novitate un galvenie rezultati

Promocijas darba rezultata izstradatas:

1) fluorhalometilsulfonija salu sintézes metodes;

2) alkénu fluorhalociklopropangsanas reakcijas, pielietojot sulfonija salus;
3) etoksikarbonilaizvietota fluormetilsulfonija sals sintéze;

4) metalu kataliz&tas sulfonija sala reakcijas ar alkéniem un alilsulfidiem;
5) biciklopentilaizvietotu fluormetilsulfonija salu sintgze;

6) nukleofilas aizvieto$anas reakcijas ar sulfonija saliem.

Darba struktiira un apjoms
Promocijas darbs ir tematiski vienota zinatnisko publikaciju kopa par jaunu sulfonija salu
iegiSanas metodém un to lietojumu fluorétu sintonu parneses reakcijas.
Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti tris zinatniskajas orginalpublikacijas un
viena apskatraksta. P&tTjuma rezultati prezentéti se§as konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Fluorhalokarbénu parnese no fluorhalometilsulfonija saliem

Sulfonija sali kalpo par efektivu platformu monofluorétu C1 sintonu parnesei. Lai ievaditu
papildus vektoru talaku modificéSanu veikS$anai, nolémam izstradat reagentus, kas satur
papildu geminalu halogéna atomu (Hal = CI, Br, I) fluormetilsulfonija salu 36 struktiiras
(5.att.).” Lai gan difluorometilaizvietotu sulfonija salu lietojums ir zinams nukleofilajas

2628 1 .= o 21029 - ¢ e _
, ka arT radikalu™ un karbénu gener€sana, citu halogénu

aizvietoSanas reakcijas
atvasingjumi Iidz $im nav bijusi pétiti. Pavisam nesen Wang un lidzstradnieki aprakstija
bromfluorciklopropanu talaku funkcionalizeSanu®, tadgjadi iegistot daudzveidigus
monofluorétus savienojumus un paradot $is stratégijas potencialu.

Promocijas darba autors un kolégi uzskatija, ka fluorhalometilsulfonija sali 36 varétu biitu
efektivi reagenti karbénu generéSanai. Nenukleofilas bazes klatbutné tie tiktu deprotonéti,
veidojot s€ra ilidu 37, kas péc sulfida a-eliminéSanas veidotu fluorhalokarbénu 38.

Dihalokarbéns 38 vargtu talak reagét ar alkéniem 24, tadgjadi iegistot ciklopropanus 39.

AN -
F._ _Hal F.© Hal F.__Hal
© Baze N 24
X \Sr® — ?Sr® —| F Hal | — A\
Ph” " MAr Ph” " Ar
36 37 38 39
Hal = C|, Br, |

5. att. Fluorhalokarb&nu generé$ana no sulfonija saliem.

Karbeni ir neitrali divalenti oglekla starpsavienojumi, kas satur divus nesaparotus valences
elektronus un divus aizvietotajus. So dalinu elektronisko struktiiru un reagétspgju bitiski
ietekmé to aizvietotaji. Fluorhalokarb&éniem 38 singleta stavoklis ir energétiski izdevigaks par
tripleta stavokli, jo notiek efektiva fluora nedalito elektronu paru parklasanas ar karbéna brivo
p-orbitali (6. att.).*" Karbenu reagetspéja ir atkariga no spinu multiplicitates. Singleta karbénu
gadijuma parsvara notiek vienlaicigu sai$u veidoSana ar substrata molekulu, savukart tripleta
stavokli reakcija noris caur radikalu starpproduktiem.* %

Fluorhalokarbénu grupa difluorkarbénam 38-F ir viszemaka veidosanas entalpija, un tas ir
termodinamiski visstabilakais.>* Dihalokarbénu stabilitate samazinas, fluora atomu aizvietojot
ar smagaku halogéna atomu (:CFClI, :CFBr, :CFl), jo p-orbitales parklasanas ar otru halogéna
atomu kliist mazak efektiva. ST rezultata karbéna oglekla atoms kliist elektronnabadzigaks, un

lidz ar to ta elektrofilitate pieaug.®" *

13



Hal Hal
F F
Singleta karbéns  Tripleta karbéns

Br F |

F_F F._Cl F\“/ ~7
38-F 38-Cl 38-Br 381

VeidoSanas entalpija un elektrofilitate

6. att. Fluohalokarb&nu pasibas.

Neskatoties uz aprakstitajiem stabilizéSanas efektiem, fluorhalokarbéni ir loti reag€tsp&jigi
starpsavienojumi. Difluorkarbénu 38-F reakcijas ir visbiezak pétitas, un ir izstradati vairaki
reagenti 40-44 ta genercSanai (7.att).*** Parsvara tos ieglist, attiecigo prekursoru
deprotongjot, dekarboksilgjot vai desilil§jot bazes vai paaugstinatas temperatiiras ietekmé, ka
rezultata veidojas karbanjons 45, kas p&c halogéna vai citas aizejosas grupas a-elimin&anas
veido karbénu 38-F. Difluorkarbéniem 38-F piemit elektrofilas pasibas, kas raksturo to
kimiskas ipaSibas, ka ari plafo lietojumu sintéz€. Tas piedalas stereospecifiskas [2+1]
ciklopievienos$anas reakcijas ar alkéniem 24 un alkiniem. Difluorkarbéns pievienojas oglekla,
skabekla, slapekla un séra nukleofiliem 22. Izmantojot So karbénu, var veikt arT olefin€sanas
un parejas metalu katalizetas Sk&rssametinasanas reakcijas.

TsN /O
CHCIF, CF,Br,
Ph” > CF,H
40 M o
F;/\LG
FSO,CF,CO,TMS TMSCF; 45
43 44

7. att. Difluorkarbénu gener&Sana un reagétspeja.

Savukart citu fluorhalokarbénu reakcijas ir ievérojami retak pétitas. Ve&sturiski
fluorhalokarbénu 38 generdsanai ir lietoti fluorhalometani 50%, tadu Siem savienojumiem
piemit ozona slani noardo3as ipasibas (8. att.).** P&d&ja desmitgadé ir izstradati jauni reagenti
— silani 51% un esteri 52% — efektivai fluorhalokarbenu 38 parnesei.*** Turklat ir arl
paplasinats lietojuma klasts, proti, ir iesp&jams veikt ne tikai alkénu 24 ciklopropané&sanu, bet
ari karbénu ievietodanos biciklobutana 53 C-C saitg® un pirolu 55 ciklopaplaginasanu.*’

Karbénu generéSanai dazkart ir nepiecieSami skarbi apstakli — paaugstinata temperattira un
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nukleofilu bazu izmantoSana. Turklat fluorjodkarbéna generésana ir arkartiga reta, ka ari §im
mérkim lietots tikai viens reagents — CHFI,.% Nemot véra min&tos trikumus, tika uzskatits,

ka fluorhalometilsulfonija sali 36 sp&tu sniegt vienotu pieeju fluorhalokarbénu 38 parnesei
maigos apstaklos.

AN
|
24 F_ Hal
CHFHal, / N
50 39
FXSiMeg, % Hal_ F
Hal’ Hal — { FHal 53 %}
51
38 Y 54
0 Hal = Cl vai Br D
F Hal = | (loti rets ‘
%OB ¢ ) N T ANCF
Hal Hal 55 \
- i~ ~,
52 5’%

8. att. Fluorhalokarb&nu generésana un lietojums.

Pétijjuma sakuma tika izstradatas fluorhalometilsulfonija salu 36 sintézes metodes,
sakotngji veicot hloru saturo$a savienojuma 36-Cl sintézi (9. att.). Pirmaja stadija bazes
klatbiitné tika alkiléts tiofenols (57) ar etilfluorhloracetatu (58), ka rezultata tika iegits sulfids
59. Savienojums 59 tika oksidéts lidz sulfoksidam 60 un hloréts, iegiistot dihaloesteri 61.
Savienojuma 61 Krapco dekarboksilésana deva sulfoksidu 62 ar labu iznakumu detras
stadijas. Nosleédzosaja soli sulfoksids 62 tika paklauts Fridela-Kraftsa tipa ariléSanai ar
sekojosu anjonu apmainu, veidojot fluorhlormetilsulfonija sali 36-Cl.

1) NBS (3 ekviv.)

. o
SH ¢ CO,Et Et3N (1,3 ekviv. _S_CO,Et MeOH, H,0,0°C
OO0t B ( L eh YO s S _coget
F THF p 2) Na,SO3 Ph" Y~
F
57 58 (1,2 ekviv.) 59 60
' ' 1. m-ksilols (1 (.EkVIV.) F c ©
NCS (1,2 ekviv.) e} LiCl (2 ekviv.) 0 Tf,0 (1 ekviv.) Y BF,
i S H,0 (2 ekviv.) Et,0, —10 °C S
Et3N (1,5 ekviv. 2 _S.__Cl , P
60 -3 (1,5 ekviv.) Ph/s COEt 27 w777 o 2 PR S
MeCN, 0 °C—ist.t. F~ cl DMSO, 130 °C F 2. NaBF,
61 62 36-Cl
45 %; d.r. 2,1:1 78 %; d.r. 1,3:1

péc Cetram stadijam
9. att. Ar hloru aizvietota sulfonija sals 36-Cl sintéze.
Talak tika sintezets ar bromu aizvietotu sulfonija sals 36-Br (10. att.). Sakotngji tika

veikta analogiska tiofenola (57) alkilésanas reakcija. Tam sekoja oksidéSana un bromé$ana
vienas kolbas reakcija. Peéc Krapéo dekarboksilé$anas tika iegtti tris produkti — 60, 63 un 64,
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merka savienojums 63 veidojas ar viduv€ju iznakumu trijas stadijas. Abi blakusprodukti —
etilesteris 60 un dibromatvasinagjums 64 — tika parvérsti nepiecieSamaja sulfoksida 63.
Dibrométais savienojums 64 tika reducéts ar natrija sulfitu. Savukart esteris 60 tika paklauts
halogené&$anai un atkartotai Krapto dekarboksiléSanai. Sulfoksida 63 arilésanas reakcija tika
iegiits mérka savienojums 36-Br ar labu iznakumu.

/IL Na,SO; (2 ekviv)
MeOH, H,O
1.C17 > CO,E e e
58 (1,2 ekviv.) ¥ 97 %; dr. 1,1:1
EtsN (1,3 ekviv.) 0 o o
SH THF S._CO,Et S._Br S._B
~ 2 -~ ~ r
Ph \r + Ph X
. +
©/ 2. NBS (3,5 ekviv.) T E F Br
o MeOH, H,0, 0 °C . o o
3. LiBr (2 ekviv.) 33 % 28 % 12 9
H20 (2 ekviv.) d.r. 1:1 dr. 1,11
DMSO, 90 °C
1. LiBr (2 ekviv.)
NBS (1,2 ekviv.) 0 H20 (2 ekviv.) o
. 0, B
0 Et3N (1,5 ekviv.) Ph/S CO,Et DMSO, 90°C Ph/s\r r © o
MeCN, 0 °C-ist. t. F Br 2. Na,SO3 F 8%
65 63 d.r. 1,1:1
72 %; d.r. 1,21 61 %
d.r.1,2:1
1. m-ksilols (1 ekviv.) o
0 Tf,0 (1 ekviv.) FY Br B,
_S._Br  Et0,-10°C 3
Ph™Y" Ph" &
F 2. NaBF,
63 36-Br

76 %; d.r. 1:1,4

10. att. Bromfluormetilsulfonija sals 36-Br iegtisana.

Veiksmigai jodu saturosa sulfonija sals 36-1 sintézei tika istenota estera 60 hidrolize un
skabes 66 halodekarboksilésana zilaja gaisma (11. att.). Sulfoksids 67 tika iegiits ar labu
iznakumu Cetras stadijas, sakot no tiofenola (57). Savukart ariléSanas reakcijai tika izmantots
elektronbagataks aréns — tetrametilbenzols, kas palidzgja uzlabot reakcijas iznakumu un

produkta 36-1 kristaliskumu.
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o o PIDA (1,5 ekviv.) n

S |
I f ; n : -
ph/s\(C%Et LiOH (1,5 ekviv.) Ph/s COH I (1 ekviv.) Ph \’/
F THF, MeOH, H,0O \Fr DCE, 450 nm F
60 0 °C-ist. t. 67
66 49 %; d.r. 2,0:1

sakot no tiofenola

1. (1 ekviv.)
F_1 ©
BF,
Tf,0 (1 ekviv.) /\é/
Et,0, -10 °C Ph" @
67
2. NaBF,

36-1
66 %; d.r. 1,7:1

11. att. Jod&ta sulfonija 36-1 sals iegiiSana.

Pétijuma turpindgjuma tika noskaidroti optimalie reakcijas apstakli alkénu 24
ciklopropané$anas reakcijai (12. att.). Augstakie produkta 39 iznakumi tika sasniegti, veicot
1enu sulfonija sals 36 $kiduma pievienoSanu alkéna 24 un bazes maisijumam. Lai sasniegtu
pilnu alkéna 24 konversiju, nacas izmantot sulfonija sals 36 parakumu. Labakos ciklopropana
39 iznakumus sniedza bazes natrija hidrida, ka arT $kidinataju 1,4-dioksana un dihlormetana
maisTjuma izmantoSana.

Optimalos reakcijas apstaklos tika veikta alkénu 24 substratu klasta izpéte (12. att.).
Reakcija veiksmigi noris ar visiem trim (Hal = CI, Br, 1) sulfonija saliem 36. Reakcijas
apstakli toleré heterocikliskas sistémas 24d un 24e, ka art 1,1- un 1,2-diaizvietotus alkénus
24f un 24h. Turklat nekonjugétu dubultsaisu 24k un 24l ciklopropan&sana norit ar augstu
iznakumu. Tadas funkcionalas grupas ka metoksi- 24h, metoksikarbonil- 24j, ciano- 24m, ka
arli Boc aizsargats amins 24| ir savietojamas ar ciklopropang$anas apstakliem, veidojot
produktus 39 ar labiem lidz izciliem iznakumiem ka divu diastereom&ru maisijumu.
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I
Ph @ - NaH (5 ekviv.) 1 é Hal
/\, 1,4-dioksans, DCM
B':4 \

36 (1,9- 2 2 ekviv.) 39a-m
ffffffffffffffffffffffffffffffffff Produkta klasta piemeéri R

T QY o C&f?

Ph
39a-Cl 93 %; d.r. 1,3:1 9e 39f
39b-Br 91 %; d.r. 1,211 45 %; d.r. 1,6:1 80 %; d.r. 1,5:1 97 % 85 %; d.r. 2,0:1
39¢-173 %; d.r. 1 2:1
MeO: :
MeO.C BOC©A<

MeO Y2
39h-Br 65 %; d.r. 2,6:1 39j 39k

39i-1 85 %; d.r. 2,6:1 75 %; d.r. 1,41 82 %; d.r. 1,6:1 95 % 85 %, d.r. 1,2:1

12. att. Ciklopropanu 39 klasts.

Lai parliecinatos par fluorhalokarbéna intermediata veidoSanos, reakcijas apstaklos tika
veikti konkurgjosi eksperimenti (13. att.), vispirms apliikojot elektronbagata alkéna 24a un
eletronnabadziga alkéna 29a reagétsp&ju ar sulfonija sali 36-Cl. Ja reakcijas apstaklos
veidotos elektrofils dihalokarbéns, tad elektronbagats alkéns 24a biitu privilegéts substrats un
lidz ar to uzraditu augstaku produkta 39a iznakumu. Savukart, ja ciklopropané$ana noris caur
ilida pievieno$anos dubultsaitei un tam sekojosu iek§molekularu ciklizé$anu, tad vinilsulfons
29a butu labveligs substrats. Veicot $adu reakciju, tika novérots tikai alkéna 24a
ciklopropanésanas produkts 39a, kas liecina par dihalokarbéna 38-Cl veidoSanos reakcijas
apstaklos. Turklat kvantu kimiskie aprékini liecina, ka a-elimingé$ana ilida 37-Cl ir
termodinamiski labveligs process.

18



S)
FYCI BF,
_S
Ph"®
O 36-Cl (1 ekviv.) ACI
/©/\ . Ph-t \ NaH (5 ekviv.)
I o =
Ph o) DCM, 1,4-dioksans Ph Ph” ‘0
24a 29a 39a 68
(5 ekviv.) (5 ekviv.) (66 % d.r. 1,4:1)° nenovéro
24a+29a
- PhSAr (Il)
36-Cl F._Cl
AG =7 kealimol®
37-Cl 38-Cl

a Reakcijas produktu izndkums un d.r. noteikts ar '"H KMR no tehniska reakcijas maisTjuma, izmantojot EtOAc
par iek$éjo standartu.
b Gibsa briva energija karbéna 38-Cl veidodanai. Optimizéts ar m062x/Def2SVP metodi.

13. att. Sulfonija sals 36-Cl reagétspgjas salidzinajums ar alkéniem 24a un 29a.

Talaka darba izstrades gaita tika salidzinata ari monofluormetilsulfonija sals 17a reakcija
ar Siem paSiem alkéniem (14. att.). Attiecigi, ja reakcija norisinatos caur fluorkarbéna 18
starpproduktu, bitu sagaidama alkéna 24a ciklopropané$ana. Tacu $aja gadijuma tika
novérota selektiva elektronnabadziga alkéna 29a ciklopropané$ana, kas liecina, ka reakcija
noris, visticamak, caur ilida 26a starpproduktu, nevis briva karb&na 18 iesaisti. Turklat kvantu
kimiskie aprékini liecina, ka monofluoréta karbéna 18 veidoSanas ir termodinamiski

neizdevigs process.

©

Fﬁ BF,
_S
Ph"®
(0]
N i 17a (1 ekviv.)
/©/\ v Ph i N\ NaH (5 ekviv.) O\\SAF F
v \ +
Ph DCM, 1,4-dioksans Ph" %o Ph
24a 29a 30a 33a
(5 ekviv.) (5 ekviv.) (48 % d.r. 1,7:1)3 nenovéro
ﬁ@
s 24a+29a
NaH
17a—— > ©/® - PhSAr () Fu_H
26a AG = 19 kcal/mol® 18

2 Reakcijas produktu iznakums un d.r. noteikts ar "H KMR no tehniska reakcijas maisfjuma, izmantojot EtOAc
par iek§€jo standartu.
b Gibsa briva energija karbéna 18 veidosanai. Optimizéts ar m062x/Def2SVP metodi.

14. att. Sulfonija sals 17a reagétspgjas salidzinajums ar alkéniem 24a un 29a.
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Iegiitos rezultatus var skaidrot, salidzinot singleta karbéna struktiiras (15. att.), kas
halokarbénu gadijuma ir energiski izdevigakas par tripleta stavokli. Salidzinot ar
monohalokarbénu 18, divus halogéna atomus saturoSiem karbéniem 38 ir iesp&jama
rezonanses stabilizéSana no abiem halogéna atomiem, kas sp& donét elektronu blivumu no
nedalitajiem elektronu pariem tukSaja karbéna p-orbitale. Lidz ar to dihalokarbénu 38
veido$anas ir termodinamiski izdevigaka neka monohalokarbénu 18.

38

15. att. Halokarb&nu salidzinajums.

2. Metalu katalizeéta fluoracetilkarbénu parnese no sulfonija saliem

Nakamaja pétijuma posma tika nolemts pieveérsties ar estera grupu funkcionalizétam
fluormetilsulfonija salim 69 (16. att.).>" Tika izvirzita hipotéze, ka reagents 69 bazes un
parejas metdla katalizatora klatbGtné bitu sp&jigs generét elektrofilu metala karbéna
kompleksu 70. Tas pavértu iesp&jas lietot savienojumu 69 metalu karbénu kompleksiem
raksturigas reakcijas, pieméram, Doyle-Kirmse pargrup&$anas reakcija ar alilsulfidiem 71 vai
ari alkénu 24 ciklopropangsana. Turklat estera grupa dotu iesp&jas turpmakam
funkcionalizé$anas reakcijam. S1  stratégija batu 7Ipasi lietderiga, jo attiecigais
diazosavienojums 74 nav zinams.

~ /S\/\
Baze 71 _S =
F CO,Et M] F CO,Et F CO,Et
s® x© o 72
AT AR M] X
69 70 24 ACOzEt
73
F 74 CO,Et
nav zinams

16. att. Sulfonija sali ka fluoracetilkarbénu avots.

Metala karbéna kompleksiem organiskaja kimija ir plass lietojums.* Metala karbéna saite
ietver karbéna elektronu para o-donéSanu metala centram un w-atpakaldon&Sanu (-
backdonation) no metala karbéna tuk3aja p-orbitale.”*>* Elektroniskie efekti metila karbena
kompleksos ir loti atkarigi no metala, ta oksidé$anas pakapes, ligandiem un karbéna
aizvietotajiem.”® Atkariba no iem faktoriem karbeéna fragments var uzradit nukleofilas vai
elektrofilas Tpasibas vai ari darboties ka inerts ligands, kas ietekmé pasa metala reagétsp&ju.
Metala katalizatoru un ta ligandu modificéSana sniedz iesp&ju bitiski ietekmet karbéna centra
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elektroniskos un stériskos efektus, tad€jadi uzlabojot kemoselektivitati, regioselektivitati un
paverot iespgjas asimetriskam transformacijam.>’
Metala karbéna kompleksi 70a parasti ir loti reag€tsp&jigi starpsavienojumi. Klasiski to

5%%0 un to prekursori — nirozoamini 76, hidrazoni
+1i4m4:61-62

generéSanai tiek lietoti diazosavienojumi 7

spradzienbistamibu un toksicitati, ir pétiti jauni karb&na avoti. Sulfonija, sulfoksonija ilidi
79%, a-aciloksihalidi 80, dihalosavienojumi 81% un jodonija ilidi 82% sniedz lidzvertigu
reag€tsp&ju parejas metalu katalizetas karbénu parneses reakcijas.

Elektrofilie metala karbéna kompleksi uzrada lidzigu reagétsp&ju ka brivi karbéni. Tie
piedalas [2+1] ciklopievienoS$anas reakcijas ar alkéniem 24 un alkiniem.®® Ir iespgjams veikt
karbéna fragmenta parnesi uz dazadiem nukleofiliem 84, ka ari veikt ievietosanos C-H saite.®’
Turklat tie piedalas ilidu 87 veido$ana, $kérssametinasanas®® un citas reakcijas, paradot to
daudzveidigo reagétspéju.

AN - R R
|

24 \/A/

83

N, ON., .Ts RHN. NH, R

N
\

5 S N G 4 P
75 76 77 78 85
. ROR
R\0 OBz R R__R h
RS 1 xS
- N

R)\R R” °Cl Hal” "Hal IPh  [M]=Cu, Rh, 87

79 80 81 82 Pd, Fe, Co

Ar\rR

R

88

17. att. Metala karbénu kompleksu generé$ana un lietojums.

Pétjjumu iesakot, bija zinams, ka fluoracetilkarbénu parnesi var veikt ar
organodzivsudraba reagentu 89%°, kas paaugstinta temperatiira reagé ar alkéniem 24, veidojot
ciklopropanus 73. Turklat ari dibromofluoracetats 90" ir piemérots savienojums formalai
fluoracetilkarbéna parnesei reakcijas ar aktivétam dubultsaittm 29 (18.att). Ta ka
a-fluorkarbonilstruktiirelements ir sastopams vairakos biologiski aktivos savienojumos 92-
94’77 autoraprat, sulfonija sals 69 biitu perspektivs reagents, kas spétu funkcionalizét
substratu, vienlaikus ievadot gan fluora, gan estera grupu.
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77777777777777777777777777777777777 Fluoracetilkarbénu parnese ---------------------------

Hg__CO,Et F_ CO,Et
PR O 2 * X - >
F B PhH, 125 °C

89 24 73
F. CO,Et
F.__CO,Et i EWG
7( 2 N J\KEWG Zn, L|C|OC
8’ Br THF, -20
90 29 91
———————————————————— Fluoracetilgrupu saturosi biologiski aktivi savienojumi = ---------------
F
O OH A
e \NH HN
‘ o
(¢} SN
H,N =
92 93 o] 94
LpxC inhibitors Histonu deacetilazes inhibitors IRAK4 inhibitors

18. att. Fluoracetilkarbénu parnese un a-fluorkarbonilgrupu saturosi biologiski aktivi
savienojumi.

Pétfjuma sakuma tika iegits sulfonija sals 69 (19. att.). Vispirms tika alkiléts tiofenols
(57), kam sekoja sulfida oksidé$ana lidz sulfoksidam 60. Esteris 60 tika paklauts Fridela-
Kraftsa ariléSanai un ar labu iznakumu iegiits sulfonija sals 69 ka divu diastercoméru
maisfjums.

¢ 1. (1 ekviv.)
1. F)\COZEt A
58 (1,2 ekviv.) EtOZCYF BF,
sy EtN (1.3 ekviv) o TH0 (1 ekv;w) /S®
©/ THF s CO,Et Et,0, -10 °C Ph
2. NBS (3 ekviv.) P 2. NaBF,
EtOH, H,0, 0°C F
57 60 69
87 %; d.r. 1:1 65%; d.r. 2,2:1

péc divam stadijam
19. att. Etoksiacetilaizvietota sulfonija sals 69 sintéze.

Tika parbaudita reagenta 69 spgja veikt fluoracetilkarbénu parnesi uz alilsulfidu 71a, ka
rezultata veidotos [2,3]-Sigmatropas pargrupésanas produkts — fluoru saturo§s homoalilsulfids
72a (20. att.). Tika atklats, ka augstako produkta 72a iznakumu ir iesp&jams sasniegt ar vara
katalizatoru, par bazi lietojot diisopropiletilaminu. Lidzigi ka dihalokarbénu reakcijas, bija
nepiecie$ams veikt 1&€nu sulfonija sals 69 pievienoSanu reakcijas maisijumam.

Optimalos reakcijas apstaklos tika veikta substratu klasta izp&te (20. att.). Reakcijas
apstaklus var piem@rot ciano- 71b, metoksi- 71c, nitro- 71d, brom- 71e trifluormetil- 71f
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funkcionalo grupu saturoSiem alilsulfidiem 71. Turklat ar divam metilgrupam aizvietots
alilfragments 71g veiksmigi viedo attiecigo pargrup&Sanas produktu 72g. lzstradato metodi
var piemérot alilcisteIna atvasinajuma 71h funkcionalizé$anai.

EtOzc
DIPEA (3 ekviv.) -
PR o A~ CulMeCN)BF4 (5 mol%) R/SW
! DCM F~ "CO,Et
69 (2,1 ekviv.) 71 72a-h

7777777777777777777777777777777777 Produkta klasta pieméri R

S S =
N

Oz

72a 720 72¢ 72d
89 % 82 % 65 % 54 %
Br\©/s NHBoc
F’ Co,Et s
2 \©/ COAEt ©/ F CO,Et MeOZC/'\/ NF
Fco,Et
72e 72f 729 72h
7% 1% 78 % 89 % d.r. 1,1:1

20. att. [2,3]-Sigmatropas pargrup&sanas produkti.

Ar savienojumu 72a tika veikta funkcionalizéSanu reakciju izpéte (21.att.). Vispirms
sulfids 72a tika oksidéts lidz sulfonam 95. Savukart estera grupu savienojuma 95 var
veiksmigi hidrolizet, ieglistot skabi 96. Paklaujot savienojumu 95 dekarboksilés$anai, tika
ieglits homoalilsulfons 97 ar loti labu iznakumu. Ar skabi 96 var veikt diastereoselektivu
jodlaktonizé$anu, iegtstot y-laktonu 98, un sintez&t aktivétu esteri 99.
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S =
(Y Pom

72a
mCPBA (3 ekviv.)
DCM
LiCl (2 ekviv.) 0,0 o0
\ 7/ . . .
H,0O (2,5 ekviv. .S ~ LiOH (1,2 ekviv. N/,
SN HOLEAN B o LR K o
E DMSO, 130 °C F° COEt THF MeOH,H,0 P
F” "CO,H
97 95 96
80 % 81 % 97 %
\ 7/
S Z
) Ph
Io (1 ekviv.) NHPI (1,1 ekviv.) IS¢
008 Nal (3 ekviv.) 0o DCC (1,1 ekviv.) g o
Ph/S«_Co NaHCO; (3 ekviv.) Ph/\‘S’W DMAP (0,1 ekviv) N
F H,0 F’ Co,H DCM 0 °C-ist. t. o
98 | 96 99
42 %; d.r.>20:1 58 %

21. att. Savienojuma 72a modificesanas iespgjas.

Darba turpinajuma tika aplikota stirolu 24 ciklopropanéSanas reakcija ar sulfonija
reagentu 69 (22. att.), atklajot, ka kobalta porfirins kombinacija ar cézija karbonatu ka bazi
dihlormetana ir piemerotakie reakcijas apstakli alkénu 24 ciklopropangSanai. Turklat Saja
gadijuma nav nepiecie$ams veikt 1&nu sulfonija sals 69 pievienosanu reakcijas maisijumam.
Produkti 73a-d veidojas ar zemiem lidz labiem iznakumiem ka divu diastereoméru maisijums
ar vidgji labu selektivitati.

Veicot alkéna 24a ciklopropangsanu bez metala katalizatora, produkta 73a veido$anas
netika novérota. Ka substratu izmantojot vinilsulfonu 29a, tika novérota ciklopropana 73e
veidoganas arf bez metala katalizatora. Sie novérojumi liecina, ka briva karbéna veidosanas no
sulfonija sals 69 bazes klatbitng, visticamak, nenotiek.
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Ph

Etoch F Cs,CO;3 (3 ekviv.)
s CoTPP (5 mol%) CO,Et
Ph"® + A —m——— A 2= pn Ph
o DCM R F
BF,
69 (2,1 ekviv.) 24, 29a 73a-e Ph
CO,Et
F
Ph Br
73a 73b 73c 73d 73e
84 %; d.r. 4,9:112 39 %; d.r. >20:12 71 %; d.r. 6,3:12 59 %; d.r. >20:1 (8 %; d.r. 1:1)P°
(d.r. 4,1:1)° (d.r. 4,3:1)° (d.r. 6,2:1)° (d.r. 6,8:1)°
(0%)°>*

a |zolétais iznakums. P Noteikts no tehniska reakcijas maisijuma. ¢ Bez katalizatora.

22. att. Alkénu ciklopropan&s$anas produkti.

Doyle-Kirmse reakcijas mehanisma izpétei tika veikti DFT aprekini (23. att.), sakotngji
aplakojot briva karbéna IV veidoSanas iesp&ju (Cel§ A), tacu saskana ar aprékiniem tas ir
termodinamiski neizdevigs process. Tas atbilst iepriek$€jiem novérojumiem, kuros alkéna 24a
ciklopropangsana nenotiek bez katalizatora. Savukart ilida | koordin&Sanas pie metala (Cel$
B) ir termodinamiski izdeviga. Metala karbéna kompleksa V veidosanas, elimingjot
diarilsulfidu 111, ir reakcijas limitéjosa stadija un energetiski neizdeviga, tadu joprojam
sasniedzama istabas temperatira. Nakamaja soli seko alilsulfida 71a koording€Sanas pie
elektrofila karbéna centra, ilida VI veido$anas un metala katalizatora atgrieSana katalitiskaja
cikla. Visbeidzot ilids V11 veic [2,3]-sigmatropo pargrupésanos, veidojot galaproduktu 72a’.
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23. att. Iespgjamais Doyle-Kirmse reakcijas mehanisms.

Lai noskaidrotu fluora atoma ietekmi uz metala karbéna kompleksa ipasibam, tika veikta
ladinu sadaliSanas analize fluoracetil- V-F un acetilkarbéna V-H metala kompleksam
(24. att.). Izmantojot $o metodi, tiek aprakstits karbéna o elektronu doné$ana (d) metala
tuksajas orbitalés un attiecigi metala atpakaldonéSana (b) (back donation) liganda tuks$aja
orbitale.>* "

Fluoréta karbéna V-F gadijuma tika novérota augstaka don€Sanas vértiba (d) metala
centram neka nefluoréta karbéna V-H gadijuma. To varétu skaidrot ar fluora nedalito
elektronu paru un karbéna elektronu atgruiSanos. Savukart atpakaldonéSana fluoréta karbéna
V-F gadijuma ir mazaka, jo, visticamak, fluora nedalitic elektronu pari dal&ji aizpilda karbéna
tukso orbitali. Sie rezultati liecina, ka fluora atoms darbojas ka elektrondongjoss aizvietotajs.
Savukart LUMO energija fluorkarbéna V-F gadijuma ir negativaka, un ta globala
elektrofilitate (w) augstaka, kas liecinatu par V-F augstaku reagétspju reakcijas ar
nukleofiliem.
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(@] (0]
F H
[e) o
Cu(MeCN), Cu(MeCN),

V-F V-H
donésana (d) 0,326 0,287
atpakaldonésana (b) 0,035 0,050
&Lumo (eV) -7,220 -6,843
o 11,608 10,203

24. att. Fluoréta V-F un nefluoréta V-H karbéna metala kompleksa elektroniskie efekti.

3. Fluormetilbicklo[1.1.1]pentana parnese no sulfonija saliem

Turpinot monofluorétu sintonu parneseS pétijumus no fluormetilsulfonija saliem, tika
saskatita iespgja izstradat ar bicklo[1.1.1]pentilgrupu (BCP) aizvietotus reagentus 108
(25. att.).” Biciklo[1.1.1]pentani 100 ir nozimigi medicinas kimija, jo tie var kalpot ka
benzola 101, alkinu 102 un t-butilgrupu 103 bioizostéri.”® '’ Benzola bioizostéra aizvietosana
palielinat $kidibu udent, jo tiek mazinatas starpmolekularas n—n mijiedarbibas.”®

Lidzsingjas metodes monofluormetilaizvietotu BCP 105 iegiiSana balstas funkcionalo
grupu parvertibas’® vai fluormetilradikalu 107”°® pievienosana [1.1.1]propellanam (106).

Lidz ar to tika izvirzita hipotéze, ka sulfonija sali 108 varétu kalpot modularai ar
fluormetiléngrupu saistitu BCP atvasindjumu konstru&$anai. Proti, diarilsulfida grupa kalpotu
ka aizejoda grupa reakcijas ar nukleofiliem®, turklat joda aizvietotajs BCP grupa batu papildu
vektors talakai funkcionalizéSanai, tadgjadi iegustot benzilfluorida 111 piesatinatus
trisdimensionalus bioizosterus 110.
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25. att. Biciklopentilgrupas lietojums un iegti$ana.

Petijuma sakuma tika izstradatas sintézes metodes BCP fluormetilsulfonija salu 108 un
108-H iegiiSanai (26. att.). Sulfoksids 67 violetaja gaisma ir sp&jigs pievienoties propellanam
106, ka rezultata tika ieguts biciklopentans 112 ar izcilu iznakumu. Turklat joda atomu
savienojuma 112 var efekfivi dehalogenét ar silanu. Seit vérts izcelt, ka propellana uzikel3ana
noris bez iniciatoru un fotokatalizatoru klatbitnes. Talak attiecigos sulfoksidus 112 un 112-H
var parverst sulfonija salos 108 un 108-H reakcija ar trifluormetansulfonskabes anhidridu un
trimetoksibenzolu 113. Si elektronbagata aréna 113 izmanto$ana bija nepiecie$ama, lai
nodro$inatu augstu produkta 108 iznakumu.
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68 %; d.r. 1,9:1

péc divam stadijam 108-H

86 %; d.r. 3,6:1
26. att. BCP aizvietotu fluormetilsulfonija salu 108 iegisana.

Optimalos reakcijas apstaklos tika veikta substratu klasta izp&te (27. att.). Labu Iidz izcilu
produktu iznakumu novéro reakcijas ar fenoliem 22a-h, karbonskabeém 22i-k un tioliem 22m-
n. Seit jaatzimg, ka reakcija selektivi tiek alkiléts fenola skabekla atoms, atstajot benzilspirta
grupu 22h neskartu. Tadas funkcionalas grupas ka nitro- 22c, trifluormetil- 22d, ciano- 22e,
metoksikarbonil- 229, metoksi- 22f, halogéna atomi 22b, alkéni 22K un alkini 22j ir saderigas
ar optimizgtajiem reakcijas apstakliem. Heterociklu saturosi nukleofili 221, 22n un 220 ari ir
saderigi ar izstradato metodi.
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27. att. 108 alkiléSanas substratu klasts.

Pétijuma turpinajuma tika aplikota ari dejodeta sals 108-H spgja staties nukleofilajas
aizvietoSanas reakcijas (28. att.). Tadas dabasvielas ka vanilins, eugenols un estrons tiek
veiksmigi alkil&tas, veidojot produktus 114a-c ar viduvgjiem lidz labiem iznakumiem. Metodi
var veiksmigi lietot arT dazadu aminoskabju un zalvielu funkcionalizéSanai. Reakcijas
lietojums tika paplasinats ar trikarboksilata skabekla alkilé$anu un N-heterociklu
funkcionalizé$anu, ka rezultata iegtti produkti 114i-k.

30



@\/F OMe H-Nu (22, 1 ekviv.)
®g Cs,CO;3 (1 ekviv.) F
Ph” <>—(
© DCM Nu
BF4 Meo OMe

108-H (1 ekviv.) 114a-k
———————— Vanilins----------- Eugenols ----------------- Estrons --------------- Boc-Tyr-OMe ------
< > 4@1 w Cone
BocHN
114a, 81 % 114b, 64 % 114c, 51 % 114d, 64 %; d.r. 1:1
ffffff Ac-Trp-OH --------------- Paracetamols ------------ Ataluréns -------------- Indometacins ---

i F S e
Folor o

N
H
114e, 88 %; d.r. 1:1 114f, 83 % 1149, 20 % F é114h 84%

; O
Et0— N N
CO,Et Ny <\N
EtO,C
114i, 71 %, r.r. 8,3:12 114j, 63 %; r.r. 3,4:12 114k, 29 %
@ Regioizoméru attieciba noteikta no tehniska reakcijas masitjuma.

28. att. 108-H alkilésanas substratu klasts.

Talaka darba gaita tika veiktas joda atoma funkcionalizéSanas reakcijas savienojumam
109a (29. att). Jodidu 109a var veiksmigi lietot iridija fotokataliz&€tai pievienoSanai
vinilsulfonam 29a, ka rezultata tika ieguts 1,3-diaizvietots biciklopentans 110a ar teicamu
iznakumu.®® Turklat savienojumu 109a var paklaut vara veicinatai C-N saites veidosanai ar
amidu 115, iegiistot aminganas produktu 110b ar viduvéju iznakumu.®
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29. att. Jodida 109a funkcionalize$anas reakcijas.
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SECINAJUMI

1. Sulfoksids 60 ir strateégisks starpsavienojums, lai iegltu funkcionaliz&tus
fluormetilsulfonija salus 36, 69 un 108. Estera 60 funkcionalas grupas parvertibas ir efektivs
panémiens, lai ievaditu otru halogéna atomu un iegiitu dihalometilsulfoksidus 62, 63 un 67.
Sos sulfoksidus var parvérst par dihalometilsulfonija saliem 36 vai pievienot propellanam, lai
iegutu biciklopentilaizvietotus fluormetilsulfonija bavblokus 108.

S Hal /S -
h — Pn
F

/7‘ 62,63,67\ 36 !

? R S

S._CO,Et FX

©/ he o] Ove
F

60 Ph/8:©\

\ MeO OMe

108 (R = |, X = OT¥),
108-H (R = H, X = BF,)
Et0,C. _F ©O

Y | BFg
S
Ph"®
69

2. Dihalometilsulfonija sali 36 bazes klatbaitné reagé ar alkéniem 24, veidojot
dihalociklopropanus 39 ar viduvgjiem Iidz teicamiem produkta iznakumiem ka divu
diastereomeru maistjumu. Konkurgjosie eksperimenti un DFT aprékini liecina par elektrofila
dihalokarbéna 38 generésanu reakcijas apstaklos.

)
FYHaI BF,
I
Ph/(% - : NaH X ﬁ Hal
B N 1,4-dioksans, DCM .
36 i 24 39
‘ 45-95 %
d.r.1,2:1-2,6:1
Baze F.g Hal .. 24
—_— P
s F Hal
Ph” @ Ar
37 38

3. Etoksikarbonilaizvietots fluormetilsulfonija sals 69 bazes un metala katalizatora
klatbiitn€ reagg ar alilsulfidiem 71 un alkéniem 24, veidojot [2,3]-sigmatropas pargrup&sanas
produktus 72 un ciklopropanus 73. DFT aprékini un kontroleksperimenti liecina, ka sulfonija
sals 69 bazes un metala katalizatora klatbiitné veido elektrofilu metala karbéna kompleksu 70.

33



71 S =
Baze
EtOZCYF <§F4 ¢ co,et
s M F._CO,Et 72
Ph’® i 54-89 %
DCM M]
69 70 S CO,Et
24 A/
F
73
39-84 %

4. Biciklo[1.1.1]pentilaizvietoti fluormetilsulfonija sali 108 kalpo ka elektrofili
fluoralkilgrupas avoti. Fenoli, tioli, karbonskabes un citi nukleofili tiek efektivi alkil&ti
maigos apstaklos, iegiistot fluoralkilaizvietotus produktus.

108 (R = I, X = OTH), 109. 114
108-H (R =H, X = BFy) = ArO, RCO,, ArS un citi
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GENERAL OVERVIEW OF THE THESIS

Introduction

The introduction of a fluorine atom into a molecule is a frequently used strategy in the
development of new pharmaceuticals.” Replacement of a functional group or a hydrogen atom
with fluorine can significantly modify pharmacological properties such as metabolic stability,
bioavailability, and interaction with the target protein. Regarding the broad applications of
organofluorine compounds in medicinal chemistry, agrochemistry, and materials science, the
development of efficient strategies for accessing fluorinated compounds is of high interest.?

Traditionally, fluorination relies on electrophilic 4-6 or nucleophilic 7-10 fluorine sources
to transform carbon-hydrogen bonds 1 or to convert functional groups 2 into fluorinated
compounds 3 (Fig. 1).2

-
—H or —FG —— —F
1 2 3

77777777777777777777777777 Commonly used reagents B

N® o O\\S,(,) (\)\S,/O ‘ N o
2BF NN - BF
[j 4 P N ph N
Ne F F
F
4 5 6
Pr Pr
P N__N
KF Py*(HF)n ! x
SF; F F
'Pr 'Pr
7 8 9 10

Fig. 1. Reagents for monofluorinated compound synthesis.

An alternative strategy is to functionalize molecules with fluorinated synthons bearing
fluorine directly attached to the reactive carbon atom (Fig. 2).* While methods for introducing
trifluoromethyl->” and difluoromethyl-® groups are well established, analogous
transformations of monofluorinated synthons” have been less frequently studied.
Nevertheless, several reagents 13-17 have been developed over the last decade for the
efficient transfer of monofluorinated synthons.®®*® It is possible to transfer fluorocarbene 18,
electrophilic 19, nucleophilic 20 and even monofluoromethyl radical 21 species. Using the
fluorinated synthon transfer approach, it is possible to access novel structural motifs 11, 12
that would be challenging to synthesize via direct fluorination reactions.
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Fig. 2. Monofluorinated synthon transfer.

Among the reagents mentioned, special attention should be drawn to sulfonium salt 17,
which can serve as carbene 18, electrophilic 19, and radical 21 synthons (Fig. 3).* Sulfides
are good leaving group; therefore, in the reactions with nucleophiles 22, they serve as a
source of the electrophilic fluoromethyl 19 group.”® Upon one electron reduction, they
fragment to a fluoromethyl radical 21, which can add to alkenes 24.' In our group, we have
previously developed various formal fluoromethylene transfer reactions. In the presence of a
base, they form sulfur ylides 26, which can react with aldehydes 27" or activated double
bonds 29'%, 31" to give monofluorinated three or five membered cycles 28, 30 and 32.
Furthermore, in the presence of a metal catalyst, it is possible to cyclopropanate unactivated
alkenes 24 among other transformations.”

F H-

o © F 22
F 24 + X ®
e
OH 2 Ph™ "~ Ar
25 21 17 19 23
lBase
F
°f;
| Ph/S?A | |
r
NO
~ : ()
(o) N 26
EWG = CO,E F
27 29 31 24
F H™ °F F._o
O 18 NS F
/‘/—\F Formal fluoromethylene % /A
EWG transfer CO,Et
28 30 32 33

Fig. 3. Synthetic application of fluoromethylsulfonium salt 17.
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Substituted monofluoromethylsulfonium salts 34 have been rarely described in the
scientific literature.” >* Therefore, we envisioned modifying the sulfonium structure by
adding a functional group next to the reactive carbon center, thereby enabling functionalized
monofluorinated synthon transfer reactions, which afford product 35 (Fig. 4). In this study,
the author aimed to incorporate functional groups that are important in medicinal chemistry or
that could provide further modification possibilities after the first reaction. Furthermore, the
goal was to determine how these additional groups affect the reactivity of the sulfonium salt.

F” F\I/. . _ * Important group in medicinal chemistry
S I ~ « Additional modification possibilities
Ph”® Ar - Effects on the reactivity
34 35

Fig. 4. Substituted fluoromethylsulfonium salts.

Aims and objectives

The doctoral thesis aims to develop novel fluoromethylsulfonium reagents, which could
effectively transfer functionalized monofluorinated synthons.
To achieve the goal, the following tasks were defined:
1) synthesis of functionalized fluoromethylsulfonium salts;
2) development of fluorinated synthon transfer reactions from sulfonium salts.

Scientific novelty and main results

As a result of the Doctoral Thesis, the following results were accomplished:
1) synthesis methods of fluorhalomethylsulfonium salts;
2) fluorohalocyclopropanation of alkenes using sulfonium salts;
3) synthesis of ethoxycarbonyl substituted fluoromethylsulfonium salt;
4) metal-catalyzed fluoracetyl carbene transfer to alkenes and allyl sulfides;
5) synthesis of bicyclopentyl substituted fluoromethylsulfonium salts;
6) development of nucleophilic substitution reaction with sulfonium salts.

Structure of the Thesis

The Thesis is a thematically unified set of scientific publications about the synthesis of
novel sulfonium salts and their application for fluorinated synthon transfer reactions.

Publications and approbation of the Thesis

The results of the thesis are summarized in three scientific publications and one review
article. The results were presented in six conferences.
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MAIN RESULTS OF THE THESIS

1. Fluorohalomethylsulfonium salts as a fluorohalocarbene source

Sulfonium salts can serve as an efficient platform for monofluorinated C1 synthon
transfer. In order to insert an additional vector for further functionalization possibilities, the
author decided to develop sulfonium reagents 36 bearing additional geminal halogen atom
(Hal = ClI, Br, 1) (Fig. 5).® Although difluoromethylsulfonium salts are known to undergo
nucleophilic substitution reactions®® ?® and to generate radicals® and carbenes, other halogen
derivatives have not been reported. Recently, Wang and co-workers reported the
functionalization of bromofluorocyclopropane® to access diverse monofluorinated products,
highlighting potential of this strategy.

The author hypothesized that reagents 36 could serve as effective fluorohalocarbene
sources. Upon deprotonation with a non-nucleophilic base, an ylide 37 could form, which,
followed by o-elimination of the sulfide, could generate a dihalocarbene 38 that could be
trapped with alkenes 24 to form dihalocyclopropanes 39.

/\(/
|
F.__Hal F.Q Hal F_ Hal
© Base N 24
X \Sr@) — {@ —| F"OHal | — A\~
Ph” " Ar Ph” ™ Ar N
36 37 38 39

Hal =Cl, Br, |

Fig. 5. Fluorohalocarbene generation from sulfonium salts 36.

Carbenes are neutral divalent carbon intermediates bearing two substituents and two
nonbonding valence electrons. Their electronic structure and reactivity are strongly influenced
by the nature of substituents. Fluorohalocarbenes 38 preferentially adopt the singlet electronic
state, which is energetically more favourable than the triplet state due to effective overlap of
the fluorine lone pairs with the empty p-orbital of the carbene (Fig. 6).** Carbene reactivity
depends on spin multiplicity. Singlet carbenes typically undergo concerted, single step
reactions, whereas triplet carbenes react via stepwise pathways involving diradical
intermediates.®* %

In the series of fluorohalocarbenes, difluorocarbene (:CF,) is the most thermodynamically
stable, exhibiting the lowest enthalpy of formation.* Stability decreases with substitution by
heavier halogens (:CFCI, :CFBr, :CFI) because orbital overlap with second halogen atom
becomes less efficient. As a result, the carbene carbon becomes more electron deficient and
electrophilicity increases across the series."
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Fig. 6. Fluorocarbene properties.

Despite these stabilization effects, fluorohalocarbenes 38 are highly reactive
intermediates. Within the series of fluorohalocarbenes, difluorocarbene 38-F is the most
extensively studied (Fig. 7).**® It can be generated from a variety of reagents 40-44.
Typically, its formation involves the generation of a carbanionic intermediate 45 through
deprotonation, decarboxylation or desilylation under basic or thermal conditions. The
resulting intermediate subsequently undergoes a-elimination of a halide or other leaving
group, leading to carbene 38-F formation.

The general reactivity of difluorocarbene 38-F is governed by its electrophilic character. It
participates in a wide range of transformations, including stereospecific [2+1] cycloaddition
reactions with alkenes 24 and alkynes as well as addition reactions with carbon, oxygen,
nitrogen and sulfur nucleophiles 22. Difluorocarbene is also employed in olefination and
transition metal-catalyzed cross-coupling reactions.

/\" F__F
24 /K(
39
TsN O F
CHCIF, CF,Br, 3
Ph™ > CF,H )\F
40 4 42 o 46
— R
FioLe .
FSO,CF,CO,TMS TMSCF4 45 s
43 44 47
F
Ar)\F
49

Fig. 7. Difluorocarbene generation and reactivity.

Reactions of other fluorohalocarbenes are far less studied (Fig.8). Historically,
fluorohalocarbenes 38 have been generated using fluorohalomethanes 50°! among other
reagents. However, fluorhalomethanes possess ozone layer depleting properties.** Therefore,
over the past decade, novel reagents like silanes 54*° and esters 55*® have been developed for
effective fluorohalocarbene transfer.***’ Furthermore, the recent studies have successfully
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expanded the substrate scope not only to alkene 24 cyclopropanation, but also to insertion in
bicyclobutanes 53 C-C bonds*® and skeletal editing in pyrroles 55.%°

Despite these advances, the reactivity of fluorohalocarbenes remains less developed
compared to difluorocarbene. Additionally, harsh conditions, such as elevated temperatures
and nucleophilic bases, are often required for fluorohalocarbene generation. In addition,
fluoroiodocarbene generation is rare, with only a single reagent reported — CHFI,*
Considering these drawbacks, the author thought that fluorohalomethylsulfonium salts 36
could provide a unified approach for fluorohalocarbene 38 transfer under mild conditions.

/\,

24 F_ Hal

CHFHal, / \

50 39

FXSiMeg, < > Hal F
Hal’ Hal —_— { F” Hal } 53 %}
51

38 : 54
0 Hal = Cl or Br m
E oFt Hal = | (extremely rare) . H . ‘\ F
Hal” Hal 55 . | N
52 56

Fig. 8. Fluorohalocarbene generation and application.

The author began the study by developing a synthetic route to fluorohalomethylsulfonium
salts 36. As an initial target, chlorinated salt 36-Cl was synthesized (Fig. 9). In the first step,
thiophenol (57) was alkylated with ethyl chlorofluoroacetate (58) under basic conditions to
obtain a sulfide 59. Compound 59 was oxidized to sulfoxide 60, followed by chlorination to
afford dihaloester 61. Krapcho decarboxylation of 61 afforded sulfoxide 62 in good yield over
four steps. In the final step, Friedel-Crafts type arylation was performed with the sulfoxide
62, and after anion exchange chlorofluoromethylsulfonium salt 36-CI was obtained.

1) NBS (3 eq) o
SH cl.__CO.Et EtN(1.3e S. _CO.Et MeOH, H,0,0°C
Y BO2D oy N — _S.__CO,Et
F THF F 2) Na,SO; Ph 1/
57 58 (1.2 eq) 59 60
. 1. m-xylene (1 eq) F cl ©
NCS (1.2 eq) o} LiCl (2 eq) 0 Tf,0 (1 eq) | B
S H20 (2 eq) Et,0, —10 °C S
Et3N (1.5 2 S cl , P
60 3N (1.5 eq) Ph/SXCOZEt PH” 2 PR
MeCN, 0 °C—rt F"cl  DMSO, 130°C E 2. NaBF,
61 62 36-Cl
45%; d.r. 2.1:1 78%; d.r. 1.3:1

over four steps
Fig. 9. Chlorine-substituted sulfonium salt 36-ClI synthesis.
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The author continued the study with the synthesis of bromine-substituted sulfonium salt
36-Br (Fig. 10). As in the previous case, thiophenol (57) was alkylated. The sequence was
followed by a one-pot oxidation and bromination reaction. After Krapcho decarboxylation, a
mixture of three products, 60, 63 and 64 was obtained, with the target product 63 forming in a
mediocre yield over three steps. Luckily, both side products, 60 and 64, were converted into
the necessary intermediate 63. The dibrominated compound 64 was reduced using sodium
sulfite, while the sulfoxide 60 was subjected to a bromination reaction and Krapcho
decarboxylation. Finally, arylation of sulfoxide 63 afforded the target compound 36-Br.

j\ Na,SO; (2 eq)
MeOH, H
1.C17 > CO,Et eOH, H,0
58 (1.2 eq) Y 97% d.r. 1.1:1
o EtsN (1.3 eq) 0 0 o
THF S.__CO,Et _S._Br B
PROOY TR L PR s Ph/SX '
2.NBS (3.5eq) E F F Br
57 MeOH, 10, 0 °C 60 63 64
3. LiBr (2 eq) 339 28% 12%
H20 (2 eq) d.r. 1:1 dr.1.1:1
DMSO, 90 °C
1. LiBr (2 eq)
NBS (1.2 eq) 9 H,0 (2 eq) 9
EtsN (1.5e _S.__CO,Et DMSO, 90°C _S._Br
3 ( q) Ph X 2! Ph \r 4 60
MeCN, 0°C—rt F Br 2. N32803 F 8%
65 63 dr.=1.1:1
72% d.r. 1.2:1 61%
d.r.1.2:1
1. m-xylene (1 eq) o)
o THO (1 eq) FY Br R,
_S._Br Et,0, -10 °C s
PR Ph 3
F 2. NaBF,
63 36-Br

76%; d.r. 1:1.4

Fig. 10. Bromofluoromethylsulfonium salt 36-Br synthesis.

For successful iodine-containing sulfonium salt 36-1 synthesis, the ester 60 was
hydrolyzed, and the acid 66 was halodecarboxylated under blue light irradiation (Fig. 11). The
key intermediate 67 was obtained with good yield over four steps starting from thiophenol
(57). For the successful arylation reaction, a more electron-rich arene — tetramethylbenzene
was selected, which improved the reaction yield and crystallinity of the product 36-1.
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Fig. 11. lodinated sulfonium salt 36-1 preparation.

The author continued with the determination of the optimal reaction conditions for the
alkene 24 cyclopropanation reaction (Fig. 12). The highest product yields were achieved by
employing slow addition of the sulfonium salt 36 to the alkene 24 and base mixture. In order
to achieve full alkene 24 conversion, an excess of sulfonium salt 36 was needed. The best
cyclopropane 39 yields were obtained using sodium hydride as the base with a 1,4-
dioxane/dichloromethane solvent mixture.

With the optimized reaction conditions, the author explored the alkene 24 substrate scope
(Fig. 12). The reaction proceeded successfully with all three (Hal = CI, Br, I) sulfonium salts
36. The reaction conditions tolerated heterocyclic systems 24d and 24e, as well as 1,1- and
1,2-disubstituted alkenes 24f and 24h. Furthermore, non-conjugated alkenes 24k and 241 were
cyclopropanated in high yield. Functional groups such as methoxy 24h, ester 24j, cyano 24m,
and Boc-protected amine 241 were well tolerated under the cyclopropanation conditions,
forming products 39 in good to excellent yields as a mixture of two diastereomers.
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Fig. 12. Cyclopropane 39 scope.

To confirm the formation of the carbene intermediate under the reaction conditions,
competition experiments were performed (Fig. 13). Initially, the author compared the
reactivity of an electron-rich alkene 24a and an electron-poor alkene 29a with the sulfonium
salt 36-Cl. If the reaction proceeded via an electrophilic dihalocarbene, then the electron-rich
styrene 24a would be the preferential substrate, forming the product 39a in higher yield.
Alternatively, if cyclopropanation occurred through ylide addition to the double bond
followed by intramolecular cyclization, the vinylsulfone 29a would be the favoured substrate.
The experiment exclusively afforded the styrene 24a-derived cyclopropane 39a, strongly
supporting fluorohalocarbene 38-Cl generation under the reaction conditions. In addition,
DFT calculations indicated that a-elimination from ylide 37-Cl is a thermodynamically
favoured process.
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Fig. 13. Alkene reactivity comparison with the 36-ClI.

Next, the reactivity of fluoromethylsulfonium salt 17a with the same alkenes (Fig. 14) was
compared. If the reaction proceeded via a fluorocarbene 18 intermediate, styrene 24a
cyclopropanation would be expected. However, in this case only the vinylsulfone 29a
cyclopropanation was observed, indicating that the reaction proceeds through an ylide 26a
reaction with the activated double bond 29a, rather than through carbene 18 transfer.
Consistently, DFT calculations suggest that monofluorocarbene 18 formation from ylide 26a

is thermodynamically unfavourable.
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DCM, 1,4-dioxane Ph" o Ph
24a 29a 30a 33a
(5 eq) (5 eq) (48% d.r. 1.7:1) not observed
\’6
NaH s 24a+29a
17a a ©/® - PhSAr (Il Fo_H
26a AG = 19 kcal/mol® 18

@ "H NMR yield and d.r. determinded from the crude reaction mixture using EtOAc as internal standard.
b Gibbs free energies of carbene 18 formation. Optimization using m062x/Def2SVP method.

Fig. 14. Alkene reactivity with the sulfonium salt 17a.
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The observed results can be rationalized by comparing structures of carbenes (the singlet
state in halocarbenes is more favoured than the triplet state) (Fig. 15). When two halogen
atoms are adjacent to the carbene centre 38, both can provide resonance stabilization by
electron density donation from their lone pairs into the empty p-orbital of the carbene. In
contrast, a monohalocarbene 18 has only a single halogen atom capable of interacting with the
empty orbital. As a result, dihalocarbene 38 formation is thermodynamically more favourable
than monohalocarbene 18 formation.

38

Fig. 15. Halocarbene comparison.

2. Metal-catalyzed fluoroacetyl carbene transfer from sulfonium salts

In the next step of research, the author decided to explore with ester group functionalized
fluoromethylsulfonium salt 69 (Fig. 16).>! The author hypothesized that salt 69, in basic
media and in the presence of a transition metal catalyst, could generate an electrophilic metal
carbene complex 70. Therefore, it could be employed in characteristic metal-catalyzed
carbene reactions, such as the Doyle—Kirmse rearrangement with allyl sulfides 71 and alkene
24 cyclopropanation. Furthermore, the ester group can be used as a synthetic handle for
additional diversification possibilities. This strategy would be particularly appealing because
the corresponding diazocompound 74 is unknown.

/S\/\
Base 71 _S =
—
F CO,Et M] F CO,Et F CO,Et
® x© DA 72
AT AR M] B
69 70 24 ACOzEt
N2 F
FACO Et &
74 772
unknown

Fig. 16. Fluoroacetyl carbene transfer from sulfonium salt 69.

Metal carbene complexes are widely used in organic chemistry.® Bonding in metal
carbene complexes consists of c-donation from the carbene lone pair to the metal center and
n-backdonation from the metal into the empty p orbital of the carbene carbon.***® Therefore,
the electronic properties of metal carbenes depend strongly on the nature of the metal, its
oxidation state, the ligands, and the carbene substituents.>* Depending on these factors, the
carbene fragment may display nucleophilic or electrophilic character, or even function as an
inert ligand that modulates the reactivity of the metal center.>® Modification of metal catalysts
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and their ligands enables tuning of the electronic and steric properties of the carbene center,
thereby enhancing chemo- and regioselectivity, and enabling asymmetric transformations.>®

Metal carbene complexes 70a are typically highly reactive intermediates. Traditionally,
they are generated from diazocompounds 75°"*° or their precursors, such as nitrosoamines 76,
hydrazones 77, or amines 78 (Fig. 17). However, due to the instability®®®*, explosiveness and
toxicity associated with many diazocompounds, alternative carbene sources have been
developed. Sulfonium and sulfoxonium ylides 79%, a-acyloxy halides 80, dihalocompounds
81%, and iodonium ylides 82°* provide similar reactivity in metal-catalyzed carbene transfer
reactions.

Electrophilic metal carbenes exhibit reactivity patterns that parallel those of free carbenes
(Fig. 17). They participate in [2+1] cycloaddition reactions with alkenes 24 and alkynes,®
transfer carbene fragments to nucleophiles 84, and undergo C-H insertion reactions.®®
Furthermore, they can engage in ylide 86 formation, cross-couplings®’ and other
transformations, highlighting their versatility.
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Fig. 17. Metal carbene complex generation and characteristic application.

At the beginning of the study, it was known that fluoroacetyl carbene transfer can be
accomplished using the organomercury reagent 89%°, which, at elevated temperatures, can
cyclopropanate alkenes 24 (Fig. 18). Additionally, dibromofluoroacetate 907 is a suitable
reagent for formal fluoroacetyl carbene transfer with activated double bonds 29. Since the a-
fluorocarbony! scaffold occurs in various biologically active compounds 92-94™73 the
author proposes that sulfonium salt 69 could be a prospective reagent capable of
functionalizing substrates through the simultaneous installation of fluorine and an ester group.
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Fig. 18. Fluoroacetyl carbene transfer and a-fluorocarbonyl group in biorelevant molecules.

The author began the studies by developing a synthesis of sulfonium salt 69 (Fig. 19). In
the first step, thiophenol (57) was alkylated and subsequently oxidized to the corresponding
sulfoxide 60. Arylation of ester 60 yielded sulfonium salt 69 in good yield as a mixture of two
diastereomers.

Cl 1. (1eq)
)\ (1.2 eq)
1. F7 "CO,Et )
58 EtOZCYF BF,
sy EtN(13eq) o Tf0 (1 eq) &®
THFE g CO,Et Et,0,-10 °C Ph”
Ph”
2.NBS (3 eq) \Fr 2. NaBF, (aq)
EtOH, H,0, 0°C
57 60 69
87% d.r. 1:1 65% d.r. 2.2:1

over 2 steps

Fig. 19. Ethoxyacetyl substituted sulfonium salt 69 synthesis.

With reagent 69 in hand, the author evaluated its ability to undergo fluoroacetyl carbene
transfer to allyl sulfide 71a, which was expected to yield the [2,3]-sigmatropic rearrangement
product — monofluorinated homoallyl sulfide 72a (Fig. 20). It was found that the highest
product yield was achieved wusing a copper catalyst in combination with
diisopropylethylamine as a base. Similar to dihalocarbene transfer, slow addition of sulfonium
salt 69 to the reaction mixture was required.

The reaction tolerated substrates bearing cyano- 71b, methoxy- 71c, nitro- 71d, bromo-
71e and trifluoromethyl- 71f functional groups. In addition, the dimethyl substituted allyl
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fragment 71g successfully rearranged to the product 72g. Furthermore, this methodology can
be applied to an allyl cysteine derivative 71h functionalization.

EtOZC
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Fig. 20. [2,3]-Sigmatropic rearrangement products.

The author subjected compound 72a to a series of functionalization reactions (Fig. 21).
First, the sulfide 72a was oxidized to the corresponding sulfone 95. The ester group in
compound 95 can be readily hydrolyzed to afford the carboxylic acid 96. Decarboxylation of
compound 95 furnished homoallyl sulfone 97 in good yield. The acid 96 can be further
employed in diastereoselective iodolactonization to yield y-lactone 98 as well as in the
synthesis of activated ester 99.
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Fig. 21. Modification possibilities of 72a.

In the continuation of this study, the author explored the cyclopropanation of styrenes 24
using sulfonium reagent 69 (Fig.22). The author discovered that cobalt porphyrin in
combination with cesium carbonate as a base in dichloromethane provided the most suitable
conditions for the cyclopropanation of alkenes 24. Notably, under the developed conditions,
slow addition was not required. Products 73a-d were obtained in moderate to good yields as a
mixture of two diastereomers with moderately good selectivity.

In the absence of the catalyst, the author did not observe cyclopropanation of alkene 24a.
However, when employing vinylsulfone 29a as a substrate, the author observed the formation
of cyclopropane 73e without the catalyst. These observations indicate that the formation of a
free carbene from sulfonium salt 69 in the presence of base is unlikely.
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Fig. 22. Cyclopropanation substrate scope.

The Doyle-Kirmse reaction mechanism was investigated using DFT calculations
(Fig. 23). First, the possibility of free carbene IV generation (path A) was evaluated, which,
according to calculations, is a thermodynamically unfavourable process. Cyclopropanation
experiments further supported this conclusion, since alkene 24a did not undergo
cyclopropanation in the absence of a catalyst. In contrast, coordination of ylide | with the
metal centre proved thermodynamically favoured (path B). The rate-limiting step is the
formation of the metal carbene complex V by elimination of diarylsulfide I11. Although
thermodynamically unfavourable, it remains achievable at room temperature. In the next step,
allylsulfide 61a adds to the electrophilic carbene centre, ylide VII is formed, and the metal
catalyst is returned in the catalytic cycle. Finally, the ylide VI undergoes [2,3]-sigmatropic
rearrangement to furnish the desired product 72a’.
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Fig. 23. Possible Doyle—Kirmse reaction mechanism.

In order to determine how fluorine influences the properties of the metal carbene complex,
charge decomposition analyses were performed for fluoroacetyl- V-F and acetylcarbene V-H
metal complexes (Fig.24). This method characterizes the metal complex by measuring
carbene’s o electron density donation (d) to the vacant orbitals of the metal, as well as metal
to carbene back donation (b) into the empty carbene orbital.>* "

In the case of the fluorinated carbene V-F, we observe an increase in electron donation
density (d) compared to the nonfluorinated analogue V-H, likely due to repulsion between
fluorine’s lone pairs and the carbene’s electron pair. For metal’s back donation to
fluorocarbene V-F, the value decreases, suggesting that fluorine’s lone pairs partly occupy the
carbene’s empty orbital. These results indicate that fluorine acts as an electron-donating
substituent. LUMO value of the fluorinated carbene complex V-F is more negative, and its
global electrophilicity (w) is higher, which indicates that V-F should have higher reactivity
towards nucleophiles.
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Fig. 24. Electronic effects of fluorinated V-F and defluorinated V-H carbene metal
complexes.

3. Fluoromethylbicyclo[1.1.1]pentane transfer from sulfonium salts

Building on monofluorinated synthon transfer reactions from sulfonium salts, the author
identified an opportunity to design reagents 108 incorporating a bicyclo[1.1.1]pentyl (BCP)
group (Fig. 25).” BCPs 100 are important bioisosteres in medicinal chemistry, demonstrating
potential for benzene 101, alkyne 102 and tert-butyl 103 replacement.”®"" Bioisosteric
substitution of benzene with BCP motifs can increase metabolic stability by limiting oxidative
arene metabolism and enhance water solubility through disruption of intermolecular n—7n
stacking.”

Current strategies for the synthesis of monofluorinated BCPs 105 typically involve
functional group interconversion’ or fluoromethyl radical”®® 107 addition to
[1.1.1]propellane (106).

The author envisioned that sulfonium salts 108 could serve for the modular construction
of fluoromethylene-linked BCP derivatives. In the reactions with nucleophiles, the
diarylsulfide could serve as an efficient leaving group.” Furthermore, if an iodine atom were
incorporated into the BCP fragment, it could provide additional modification possibilities,
thus enabling the synthesis of benzylfluoride 111 saturated three-dimensional bioisosters 110.
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Fig. 25. Overview of BCP group.

The author began the study by developing a synthetic methodology for accessing
sulfonium salts 108 and 108-H (Fig. 26). Under violet light irradiation, sulfoxide 67
underwent addition to propellane 106, affording bicyclopentane 112 with excellent yield.
Furthermore, the iodine atom on BCP 112 can be dehalogenated with a silane. Importantly,
the propellane 106 addition proceeds without the need for initiators or photocatalysts. Both
sulfoxides 112 and 112-H can be transformed to sulfonium salts 108 and 108-H by treatment
with 1,3,5-trimethoxybenzene (113) in the presence of triflic anhydride. The use of electron-
rich arene 113 was crucial for high product yields, as previously employed arenes failed to
efficiently deliver sulfonium salt.
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Fig. 26. Fluoromethyl-linked BCP sulfonium salt 108 preparation.

With the optimized reaction conditions, the author explored the substrate scope (Fig. 27).
Reaction proceeds in good to excellent yield with phenols 22a-h, carboxylic acids 22i-k, and
thiophenols 22m-n. Notably, phenolic oxygen was regioselectively alkylated in the presence
of benzylic alcohol 22h. A broad range of functional groups including nitro- 22c,
trifluoromethyl- 22d, ciano- 22e, methoxycarbonyl- 22g, methoxy- 22f, halogen atoms 22b,
alkenes 22k and alkynes 22j were well tolerated under the reaction conditions. Furthermore,
heterocyclic-containing nucleophiles 22n, 220, and 221 also underwent alkylation.
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Fig. 27. 108 Alkylation substrate scope.

Further, the author explored the potential of deiodinated sulfonium salt 108-H to undergo
nucleophilic displacement reaction (Fig. 28). Natural products such as vanillin, eugenol, and
estrone were successfully alkylated, forming products 114a-c in average to good yields. The
methodology was also applied to functionalize various amino acids and drug molecules.
Additionally, the substrate scope was extended to oxygen alkylation in tricarboxylate and N-
heterocycle functionalization.
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Fig. 28. Fluoralkylation substrate scope.

The author further investigated the functionalization of the iodine atom (Fig. 29). lodide
109a was successfully employed in iridium photocatalyzed addition to vinylsulfone 29a,
affording 1,3-disubstituted bicyclopentane 110a.%* Additionally, compound 109a underwent
copper-mediated in C-N bond formation with amide 115 to yield amination product 110b
with mediocre yield.®
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Fig. 29. lodide 109a functionalization reactions.
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CONCLUSIONS

1. Sulfoxide 60 is a strategic intermediate for functionalized fluoromethylsulfonium salt
36, 69, and 108 preparation. Ester 60 functional group interconversion provides an efficient
way to introduce additional halogen atoms, affording dihalomethylsulfoxides 62, 63 and 67.
These sulfoxides can be transformed into dihalomethylsulfonium salts 36 or added to
propellane to obtain bicyclopentyl substituted fluoromethylsulfonium salts 108.

F. Hal ©

\ MeO OMe
\ 108 (R = I, X = OT¥),
108-H (R = H, X = BF,)
EtOZCYF o

BF,
S
Ph"®
69

2. Dihalomethylsulfonium salts 36 in the presence of base react with alkenes to form
dihalocyclopropanes 39 in moderate to excellent yields as a mixture of two diastereomers.
Competition experiments and DFT calculations suggest electrophilic dihalocarbene 38
generation under the reaction conditions.

S)
F\r Hal
I
Ph/% e ‘ NaH R é Hal
* A - 1,4-dioxane, DCM F
36 i 24 39
‘ 45-95%
d.r. 1.2:1-2.6:1
Base F.o Hal .. 24
s 7 F THa
Ph” @ Ar
37 38

3. Ethoxycarbonyl substituted fluoromethylsulfonium salt 69 in the presence of base and
metal catalyst reacts with allyl sulfides 71 and alkenes 24, forming [2,3]-sigmatropic
rearrangement products 72 and cyclopropanes 73. DFT calculation and control experiments
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indicate formation of electrophilic metal carbene complex 70 from sulfonium salt 69 in the
presence of base and metal catalyst.

/S\/\
71 s 2
Base
E‘OZCYF EFA F CO,Et
) M F.__CO,Et 72
Ph’® . 54-89%
DCM M] o
69 70 o CO,Et
24 /A< 2
F
73

39-84%

4. Bicyclo[1.1.1]pentyl-substituted sulfonium salts 108 serve as an electrophilic
fluoroalkyl group source. Phenols, thiols, carboxylic acids, and other nucleophiles are
efficiently alkylated under mild conditions, affording fluoroalkyl-substituted products 109 and
114,

108 (R = I, X = OTf), 109, 114
108-H (R=H,X=BFy)  Nu= ArO, RCO,, ArS, and others
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The synthesis of monofluorinated compounds is of great
interest because of the vast applications of organofluorine
compounds. Recently, the introduction of monofluorocarbene
synthons has emerged as an important strategy for the
synthesis of fluorine-containing products. In contrast to direct
fluorination, in which C—F bonds are formed, the use of
monofluorinated carbenes and related reactive species involves
C—C or C—X bond formation while delivering valuable fluorine

1. Introduction

Fluorine-containing compounds have been broadly employed
in materials sciences,"” medical diagnostics® and studies on
biochemical mechanisms.”™ The most prominent applications of
organofluorine  compounds are in the design of
pharmaceuticals” and agrochemicals.”! The introduction of a
fluorine atom into a molecule can significantly alter its proper-
ties, including lipophilicity, metabolic stability, conformation,
bioavailability, and interactions with target proteins. Therefore,
the replacement of functional groups or hydrogen atoms with
fluorine is a common strategy in medicinal chemistry. Therefore,
the search for novel methods and reagents to increase access
to organofluorine compounds is a flourishing field of research.

Carbenes, carbenoids, metal carbene complexes, ylides, and
related species have widespread applications in carbon-carbon
and carbon-heteroatom bond formations.® The general feature
of their reactivity is the formation of two bonds with a central
carbon. Fluorinated carbene transfer is an efficient strategy for
the synthesis of organofluorine compounds.” Trifluoroethylene
B, difluoroethylene C, and difluoromethylene D carbene trans-
fers have been widely used for various synthetic applications
(Scheme 1) and have been extensively reviewed.® However,
monofluoromethylene synthon A has been far less frequently
employed and, to the best of our knowledge, no recent reviews
dedicated to monofluoromethylene have been published.
Fluoromethylene is likely the smallest member of the family of
organofluorine compounds.

The aim of this article is to review the recent applications of
monofluoromethylene A synthons to access monofluorinated
compounds (Scheme 2). The scope of this article includes

This review:
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Scheme 1. Fluorinated carbenes.
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atoms into the target structure. Owing to increased knowledge
on carbon-carbon and carbon-heteroatom bond formations,
monofluorinated carbenes have enormous potential for the
synthesis of organofluorine compounds, which, in our opinion,
has not yet been fully exploited. This review summarizes the
recent advances in the synthetic applications of monofluori-
nated carbenes, carbenoids, ylides, and related species.

monofluoromethylene A transfers since 1996 when fluorinated
carbenes were described in an excellent review by Brahms and
Dailey.” Other important reviews that include the application
of monofluorinated carbenes from various perspectives can be
found elsewhere."”

This review does not include the synthesis of monofluor-
olefins; transition-metal-catalyzed cross-couplings; and radical,
nucleophilic, and electrophilic monofluoroalkylations.

2. Monofluorocarbene

Carbene reactivity depends on its spin multiplicity. Triplet
carbenes tend to react via two-step radical processes, whereas
singlet carbenes generally react via concerted single-step
processes." In contrast to methylene carbene, fluorine directly
attached to the carbene center stabilizes the singlet state owing
to the ability of fluorine to donate a lone pair to the vacant p-
orbital (Scheme 3). Another explanation involves fluorine’s
strong negative inductive effect that increases the p-character
of the orbital (Bent's rule) and enhances the s character of the
non-bonding lone-pair orbital, thus stabilizing the singlet
state.'™ In a series of monohalocarbenes (CHX), fluorine is
known to stabilize the carbenes better than other halogens.
The stability increases when moving upward in the halogen
group (F>CI>Br>1)""" because of the increased electronega-
tivity and more efficient 2p-2p orbital overlap for fluorine
compared to heavier halogens."”

Significant efforts were made for determining structural and
thermodynamic properties of fluorinated carbenes. Squires
et al. determined the monofluoromethylene heat of formation
AH 505(CHF) =34.2 4 3.0 kcal/mol."™ The heat of formation of
monohalocarbenes increases as heavier halogens are used.""
The determined energy gap between the singlet and triplet
state was 14.9 0.4 kcal/mol." In a series of monohalomethy-
lenes, the singlet-triplet excitation energies decreased for
increasing halogen weights."" The monofluorinated singlet
state geometry was determined from a laser excitation spec-
trum with values: C-F=1.305A, C-H=1.138 A, and /HCF=
104.1°.17

The generation of monofluorocarbenes was first reported in
1967. Tang and Rowland reacted an energetic tritium atom with
difluoromethane (CH,F,)."® The carbene was subsequently
trapped with an alkene in the gas phase to afford monofluori-
nated cyclopropanes. In the same year, Marolewski and Yang
developed an alternative strategy for generating monofluor-
ocarbenes via the photolysis of CHFBr,."” In 1968, Schlosser
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Scheme 2. Overview of monofluorocarbene sources and application.
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Scheme 3. Structure of monofluorinated carbene.

and Heinz demonstrated the synthesis of monofluorinated
cyclopropanes from dibromofluoromethane (CHFBr,) and n-
butyllithium in the presence of alkenes. However, they did not
differentiate between monofluorocarbenes and carbenoids.””
Since then, several other methods for the synthesis of
monofluorocarbenes have been developed; however, the these
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reactions generally have low yields and limited applications,
mainly the synthesis of cyclopropanes.”” Furthermore, fluoroha-
lomethanes are the only source of fluoromethylene carbenes,
which often have low boiling points, limited availability, and
require nonenvironmentally friendly reagents.

Novel applications of monofluorinated carbenes were
achieved in 2005. Khlebnikov etal. demonstrated a novel
method for the generation and subsequent application of
monofluorocarbenes.?" Dibromofluoromethane (CHFBr,) under-
goes reduction with lead under ultrasound irradiation, forming
fluoromethylenecarbene, which adds to imine 1 to form
azomethine ylide 2 (Scheme 4). The resulting azomethine ylides
2 undergoes cyclization to afford monofluorinated aziridines 3.
However, if the reaction is carried out in the presence of
dipolarophilic dimethyl maleate (4), 1,3-dipolar cycloaddition
becomes the dominant reaction pathway in the reaction with
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Scheme 4. Fluorocarbene addition to imines.

the N-alkylimines of benzaldehydes 1, and after dehydrofluori-
nation, pyrrolidines 5 are obtained. However, this method
suffers from low yields, and the generation of carbenes involves
the use of lead. Only one diastereomer was isolated for
substrates 3c and 3d.

2.1. Monofluorocarbenoids

As a viable alternative to access monofluorinated cyclopro-
panes, the Simmons-Smith reaction between
fluoro(diiodo)methane (CHFI,) and diethylzinc was developed
by Nishimura and Furuka in 1971 In contrast to free
fluorocarbene reactions, this methodology is highly yielding
and has been applied to the synthesis of antibacterials!"**!
functionalized with monofluorinated cyclopropyl amine scaf-
folds. Furthermore, pyrophoric diethylzinc®” can be replaced
with copper.” Unfortunately CHFI, has limited availability,
which limits its broad application.

A novel study on the reactivity and generation of fluoro-
methylene carbenoids was conducted by Charette etal. in
2013.° Researchers developed a method for the diastereo- and
enantioselective conversion of allylic alcohols 6 into chiral
cyclopropanes 7 (Scheme 5). Difluoroiodomethane initially re-
acts with ethyl-zinc iodide to form carbenoid 9, which under-
goes halogen scrambling to produce reactive carbenoid 10
which further reacts with chiral alkene intermediate 11
generated from 6 diethylzinc and dioxoborolane 8. Product 7
was obtained in moderate-to-good yield with excellent diaster-
eo- and enantioselectivity. Furthermore, the reaction tolerated a
wide range of allylic alcohols (6). The reaction proceeded well
with both electron-donating and electron-withdrawing cinnam-
yl alcohol derivatives, and the alkyl-substituted allylic alcohols
were compatible substrates.

In 2015, Navuluri and Charette demonstrated a similar
approach based on halogen exchange in the carbenoid, and
applied it to the diastereoselective cyclopropanation of various
chiral allylic alcohols 12 (Scheme 6).2” Allylic alcohol 12 was
treated with diethylzinc and further reacted with the carbenoids
prepared from EtZnl*Et,0 and CHF,l. The following procedure
allowed the diastereoselective cyclopropanation of various

Chem. Eur. J. 2023, 29, €202301851 (4 of 17)
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6
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Selected examp}lres
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-, /OH % VA /\/A/
Mes ., OH TIPSO ., /OH by /., OH
FsC
7a 7b 7c 7d
69% 62% 70% 73%
d.r.>20:1 d.r. >20:1 d.r.>20:1 d.r.>20:1
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Scheme 5. Fluorocyclopropanation of allyl alcohols.
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R R CH,Cl,, 40 °C
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OH OH
ph F OH nBu nBu
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Ph H PH e PN H
13a 13b 13c  MeO 13d CF3 13e
62% 63% 58% 66% 64%
d.r.=15:1 d.r.=15:1 dr.=2:1 dr.=71 dr. =71

Scheme 6. Diastereoselective fluorocyclopropanation of allylic alcohols.

allylic alcohols 12. Aryl-conjugated allylic alcohols 12, bearing
electron-withdrawing and electron-donating groups, displayed
similar reactivities. However, the sterically smaller groups R® or
Z-alkene geometry in 12 resulted in a drop in d.r.

Authors proposed transitions state TS1 for the observed
diastereoselectivity, where it involves fluorine interactions with
the zinc carbenoid and coordination of the zinc atom with the
n-system (Scheme 7).

TS1 13

Scheme 7. Transition state for diastereoselctive cyclopropanation.
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The developed methodology was further employed in the
cyclopropanation of chiral styryldioxolanes and the one-pot
conversion of cinnamaldehyde to chiral alkoxides, followed by
diastereoselective cyclopropanation.

In 2019, Vittorio Pace and Renzo Luisi developed the
synthesis of a-fluoroepoxides and aziridines (Scheme 8).%® This
strategy is based on the deprotonation of fluoroiodomethane
to give fluoroiodomethyllithium (14) and is followed by
cyclization with ketone 15 to deliver fluorinated epoxide 16 in
low to excellent yields. However, when imine 17 was used,
carbenoid 14 addition product 18 formed in high yield.
Furthermore, when N-sulfonyl-protected ketimine was used as
the substrate, the addition-elimination product aziridine 19 was
obtained. The authors also demonstrated that products 18 can
be cyclized into aziridines under basic conditions.

This reaction tolerates a wide range of functional groups,
such as halogens, alkenes, alkynes, and nitriles, and shows
excellent chemoselectivity towards diarylketones; however, the
acetophenone and formyl groups remain unaffected. In another
study, the generation of highly reactive intermediate 14 was
achieved using flow chemistry.””

In 2019, Luisi etal. exploited the electrophilic nature of
fluoroiodomethyllithium (14) to achieve cyclopropanation of
allylic alcohols 20 (Scheme 9).°® Monofluorinated cyclopro-
panes 21 were obtained in low to very good yields, and in most
cases, with high diastereoselectivity. A wide range of allylic
alcohols, including natural products (geraniol and peryllyl
alcohol) were tolerated by the reaction conditions. However, if
R' and R’ are hydrogen atoms, the reaction would not have
occurred. Moreover, substrates bearing electron-accepting

NPG i
3 NRé R OR?
Ph R® Rar R 15 o R
TN NHPG _ LIN(PrICy Bequiv) |~ LING-PICY (3 equiv) })LRZ
}} \H<R“ THF/ELO (1:1) ! THF/ELO (1:1) ¢
F F 78°C,smin MV 78°C, 5 min
via 16
9732/ 751985”/ i 20-95%

: Gr = 11955 PN dr =5149.95:5

T 1 R2=
3 R4 = 9 = 14 R', R = Alk, Ar

R R*=Ar, H; PG =Ts, Cbz (major o cefned)

Selected examples

O —F Me o—F F
o F o F Q
c
Ph Ph Ph
_0 > on

Me
16a 16b 16c 16d 16e
86% 90% 80% 83% 82%
d.r.=58:42 d.r.=80:20 d.r.=95:5 d.r. = 60:40 d.r. =44:56

Scheme 8. Fluoroiodomethane application for epoxidation and addition
reactions.
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2
FNL RO o LDA(SDequ\v) i R'NR‘
THF,-50°C, 15 min o Sgs
(1equiv) 20 (2 equiv) 21
R" = Alk, Ar, H, Ph; R? = Alk, H; 0-80%
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E F E OH F
3
A ,~OH /\A g /Ag\ Bu MOH
Phi O o .M ppy Me
21a 21b 21c 21d 21e
80% 73% 36% 74% 36%
d.r. =90:10 d.r. > 955 d.r. =90:10 d.r. =70:30 d.r. =70:30

Scheme 9. Fluoroiodomethane for cyclopropanation of allylic alcohols.
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groups in the aryl system are unsuitable. Several other alkenes
were initially tested for cyclopropanation, including allylic
ethers, cynammic acid, homoallylic alcohols, styrene, propargyl
alcohols, and preformed allyl lithium alkoxides, which showed
no or poor reactivity.

The authors performed DFT calculations, which revealed the
enhanced electrophilic properties of fluoroiodomethyllithium
carbenoids in THF. The proposed transition state TS2 involves a
carbenoid approach from the less-hindered site and lithium
coordination with the alkoxide. (Scheme 10)

In 2020, Aggarwal et al. demonstrated a novel application of
fluoroiodomethane. Upon deprotonation, fluoroiodomethyl-
lithium (14) is formed, followed by addition to boronate,
resulting in -ate complex I1. Subsequent 1,2-migration results in
formation of a-fluoro-boronic ester 23 (Scheme 11). The key to
achieve successful transformation was selection of the carbe-
noid precursor to ensure: 1) a-elimination does not take place,
forming free carbene; 2) a leaving group is sufficient for 1,2-
migration; and 3) the leaving group does not stabilize the
carbanion to avoid boronate complex dissociation back to the
starting materials. DFT calculations suggested that fluoroiodo-
methyllithium 14 is the optimal candidate.

Matteson homologation product 23 can be used further in
protodeboronation reactions with 4-tert-butylcatechol (TBC)
and trifluoroacetic acid (TFA) to afford diverse monofluorinated
products 24 in low to moderate yields in a stereospecific
manner. Also, a-fluoro-boronic ester 23 can be employed in
fluorodeboronation reactions to obtain difluoromethylated
compounds 25. This two-step transformation produced moder-
ate yields and excellent stereocontrol.

Scheme 10. Proposed transition state for major diastereomer.

TBC (3equv)  F.
TFA (20 mol%) 1

CH,Cly R
25°C,18h 24

. FCHal (3 equiv) F._.Bpin <5% - 62%
Bpin _LDA (3 equiv) \J: dr. =955, er. =99:1
R1*Rz THF/ELO 1:1 R7OR?
2 ~78°C, 30 min Selectfluor

AgNOz or AgOAC  F. F
TFA

23

- .
14 ) -
. © - N
CFBpin & , DCM/H01:3  RIOR
R = Ar, CHAr, Ak 25°C,3h 25
R "R? R%=H, Alk <5%-62%
" d.r.=955, er_=99:1

Selected examples

COOMe CHyF MeO

24a 24a FH,C 24b 25a
21% 20% 52% 51%
er. =991 dr. > 955

Scheme 11. Lithium carbenoid application in the homologation of boronic
esters.
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2.2. Monofluorocarbene metal complexes

In 2022, novel fluoromethylene transfer reactions were devel-
oped by the Veliks group, employing sulfonium salt 26a and
iron porphyrin catalyst Fe(TMOTPP)Cl (Scheme 12).2" A por-
phyrin ligand containing electron-donating groups is the key to
successful iron-catalyzed fluoromethylene transfer. In situ
generation of carbene metal complexes under basic conditions
enabled the fluorocyclopropanation of unactivated alkene 29 to
afford monofluorinated cyclopropanes 30 in moderate-to-
excellent yields with low-to-moderate diastereoselectivities.
Furthermore, the same reaction conditions involving active
monofluorocarbene metal intermediates can be applied for
X—H insertions in boranes, silanes, and hydroxyl groups in low
to moderate yields. Additionally, these reaction conditions were
employed in the Doyle-Kirmse or [2,3] - sigmatropic rearrange-
ment with allyl sulfide 31. This approach obtains diverse highly
valuable monofluorinated products 28, 30, 32.

27 X

= R VF X=B,0,Si
28
<] 9
. BF, w2 1851%
1 Fe(TMOTPP)C! (2.5 mol%) RH\/R:’ F
® NaOH (aq) 29 RZ)A R',R% R3= Ar, Alk, H
DCM o R
26a 30
(2.2-3.6 equiv) 36-89%
dr. =15.3:1 - 156 (trans:cis)
R R
1P SN o
" R VI
OMe 2. mCPBA Ph’s\(\/
R= ove Na,CO;3 F
DeM 32
R R OMe 23%
dr.>201

Selected examples

|
T £
° N —F
- /@A i \>— —\
~o 0N ~o

30a 30b 30c 30d 28a
81% 89% 78% 57% 18%
dr.=121 dr.=1:56 dr.=15.3:1 dr.=151

Scheme 12. Iron catalyzed fluoromethylene transfer.

Q NTs
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33 34 35
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d.r. = 43:57 - 50:50
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (cisitrans) _______

Selected examples

o F 0 F Pho
Ph O F F
nBu
©>Q< /©>Q§ HYAY %
N NC Ph

35a 35b 35¢ 35d
76% 81% (76%) (80%)
d.r. =46:54 d.r. =43:57

Ring-opening reactions of monofluoroepoxides

R2 O R' TiF4or Py*9HF |:RZ 0
RS OF THRGOCC oI,
35 36
28-90%
(starting from ketones 34)

Scheme 13. Sulfoximine 33 application for aldehyde epoxidation.
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Monofluorinated carbene-metal complexes have also been
utilized in alkene metathesis; however, the synthesis of
monofluorinated alkenes has been extensively reviewed®” and
is beyond the scope of this review.

2.3. Formal fluoroalkylene carbene transfer

In addition to carbene transfer, several important formal
fluoroalkylene transfer reactions have recently been developed.

In 2010, Zhang and Hu applied sulfoximine 33 for the
epoxidation of ketone 34 (Scheme 13).%¥ This addition-elimina-
tion reaction afforded epoxides 35 in good yields but with low
diastereoselectivities. The authors observed that the products
lacking electron-withdrawing groups in the aryl system decom-
posed during purification by column chromatography. How-
ever, this instability was efficiently exploited to developed acid
catalyzed epoxide 35 ring opening/1,2-fluorine shift reaction to
obtain various a-fluoro ketones 36.

In 2012, Jinbo Hu etal. developed stereoselective cyclo-
propanation of a,-unsaturated Weinreb amides 37 using chiral
fluorinated sulfoximines 33a (Scheme 14).%¥ Upon deprotona-
tion of sulfoximine 33 a with base it undergoes Michael initiated
ring closure with a,-unsaturated Weinreb amide 37 to form
cyclopropanes 38.

The products were obtained in good-to-excellent yields
with high enantio- and diastereoselectivities. This reaction
tolerates a wide range of Weinreb amides 37 and can also be
applied to construct quaternary fluorine-containing stereogenic
centers. Furthermore, Weinreb amides serve as valuable func-
tional groups for producing diverse monofluorinated cyclo-
propanes. However, the factors governing the stereochemical
outcomes remain unclear.

The Veliks group explored the diaryl fluoromethylsulfonium
salt  26b® as a fluoromethylene transfer reagent
(Scheme 15).%¢ They observed that sulfonium salts, upon treat-
ment with a base in deuterated chloroform, underwent H-D
exchange, suggesting the formation of sulfur fluoromethylide.
This indicates that salt 26b might be a promising reagent for
the Corey-Chaikovsky reaction. Under optimized reaction
conditions, a wide variety of ketones and aldehydes 39 under-
went epoxide formation with average to excellent yields but
low diastereoselectivities. This reaction tolerates a variety of
functional groups; however, it is unsuitable for substrates

o Q NTs FR
), ! . -1 0
J ol S_F LiHMDS (1.3 equiv ,<{
R/\)L'i‘ > Ph \RI/2 THF or PhCH, -78°Ctort R -"‘”\N o
37 33a (1.5 equiv) 38
R = Alk, Ar R2=H, Me 62-97%

Selected examples

. 0 E o ome . j) E, ﬁ\
Ao PN BN SO
e \ | - I

38a 38b 38¢ " 38d

89% 62% 75% 70%

dr.=937,ee=96% d.r.=7519:6, ee=94% d.r.=96:4, ee = 93%

dr.=87:13, ee =76%

Scheme 14. Sulfoximine 33 a application for stereoselective cyclopropana-
tion.
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F.

3 F
@Ph’% + i NaH O&R‘
BF, R R2 MeCN or CHCly 40 R?

26b 3 0-98%

R'=Ar; R? = Alk, H dr. =1:1-2.2.:1

Selected examples

0 0 I o
EtO,C . MeO,S Me,NOC

402 400 40¢ ON 40d
96% 69% 98% 55%
dr.=17:1 dr.=1:1 dr.=1:1 dr=12:1

Scheme 15. Sulfonium salt 26 b in synthesis of monofluoroepoxides 40.

bearing electron-donating groups in aryl systems because the
decomposition of epoxide 40 is observed.

Further, sulfonium salt 26 b was employed in vinyl sulfone
41 cyclopropanation (Scheme 16).*” Under basic conditions,
various alkenes undergo diastereoselective cyclization to form
cyclopropanes 42 in good yields. This reaction tolerates a
variety of functional groups and can also be used to obtain
cyclopropyl sulfonamides but in diminished yields. The reaction
mechanism was investigated using DFT calculations. In the
1% step, ylide addition takes place, followed by rotation, leading
to intermediates 12 and 12’. DFT calculations reveal that ring

D F
-S _ NaH A
Jre v ZVSOR  THFO°C-nt A,
SOR'
BF,
26b 4 42
R = Alk, Ar NR'R? 26-75%

d.r. = 2.4:1 - >20:1 (trans:cis)

Selected examples

Al . O o Nos b

42a 42b 42c 42d
61% 61% 47% 4M%
d.r.=331 dr.=7.8:1 dr.=24:1 dr.=4:1

Proposed reaction mechanism

H,QuSO,R NaH H,Q.S0,R
7N
H F RDS O, 0, RDS F. H
— RS F .S, F e
WP Vo R e v
R'®"R? R'®"R?
12 42 42 12

Scheme 16. Sulfonium salt 26 b for vinylsulfone cyclopropanation.

o
Fﬁ BF, F
Ph/(% fwe NaH (4 equiv. /A<EWG
+R EwG THFor T4-dioxane g ewe
44

26b (1.6 equiv)

99% 68%
dr.=1:1.24 dr. =115

Scheme 17. Double activated alkene cyclopropanation.
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closure is the rate determining step. The transition state leading
to the major diastereomer occurs where 42 lacks fluorine and
sulfone electrostatic repulsions. Furthermore, the trans product
42 is thermodynamically more stable as the cis isomer 42’, but
upon treatment with base isomerizes to 42. The formation of
the thermodynamically more stable carbanion product 42 was
used in a-functionalization of sulfone in diastereoselective
alkylation reactions.

The Veliks group also investigated sulfonium salt 26 b in the
Corey-Chaikovsky cyclopropanation of double-activated al-
kenes (Scheme 17).%% Various double activated alkenes 43 are
suitable for reactions with sulfonium 26 b salts in the presence
of a base. Arylidene malononitriles and malonates formed
cyclopropanes 44 in moderate-to-excellent yields. However,
their stability depends on the substituents on the aryl ring-
electron-donating group-containing products 44, which are
prone to decomposition during column chromatography.
Conversely, electron-withdrawing groups stabilized 44. For
arylidine malonates 43, the ester group R’ considerably affects
the reactivity and diastereoselectivity R"=Bn displayed the best
stability, but R'=iPr had the best reactivity. Furthermore,
several Michael acceptors were evaluated: the reactivity was
dependent on the electrophilicity of the starting materials;
arylidine nitriles formed unstable products, cinnamonitrile, ethyl
cinnamate, and phenyl vinyl sulfoxide were unreactive.

To further explore fluoromethyl sulfonium salt 26b reac-
tivity, the Veliks group focused on nitrostyrene 45 cyclo-
propanation (Scheme 18).°¥ However, salt 26b gave unsatis-
factory results for the cyclopropanation of nitroalkene 45a.
Therefore, the structure of the sulfonium salt 26 was evaluated
to gain insight into the structure-reactivity relationship. Several
sulfonium salts 26 were synthesized and tested in the reaction

O
) BF on NaH (3 equiv),
RISR? ~Z“No, THFO°C-rt /A
Ph NO; Ph' No; Ph" No2
26(2equiv)  45a 462"

" 55%
d.r. = 53:24:24-100:0:0

Evaluation of sulfonium salts

26a 26b 26¢c
53% 51% 40%
d.r. =74:17:9 dr»731018 d.r. =75:8:18

noot té

26d 26
1% 84%
dr.=100:00 dr»661024 dr.= 6226513
Selected examples £
NaH (3 equiv),
26t + RS0, THEOC-t
(2 equiv) R NO,
45 ot
- 0-84%
Re=Alk, Ar dr. = 60:17:22-79:9:12
R = Alk, Ar
@A MGOZCOA @/\A OA
46b 46c 46d 460
67% 2% 41% 47%
dr. = 62:18:20 dr. =63:19:19 dr. = 65:14:22 dr. = 62:0:38

Scheme 18. Evaluation and application of sulfonium salts 26.
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with nitroalkene 45a. The electronic properties of the sulfonium
salt 26 play a key role in its reactivity. Addition of electron-
donating groups to the aryl system decreased the yield of
fluorocyclopropane 46a. Simplified salt 26d showed a consid-
erably lower yield. However, the addition of a halogen atom to
the aryl system increased the yield. Therefore, 2,3-dichloro
substituted reagent 26f was used for the substrate scope
investigation. The reaction tolerates both electron-donating
and electron-withdrawing groups on the aryl nitrostyrenes 45.
In addition, aliphatic substituents were tolerated in the reaction.
The product was obtained in a moderate yield as a mixture of
three diastereomers. However, salt 26a was a less expensive
alternative to the original salt 26b because it gave similar
results in the cyclopropanation of the previously investigated
activated systems.

Another application of sulfonium salt 26 b for fluoromethy-
lene transfer was demonstrated in [4+1] cyclization with o-
nitroacrylates 47 to deliver monofluorinated isoxazoline N-
oxides 48 (Scheme 19).“” Products 48 are formed in average to
good yields, and a variety of substrates are suitable for this
transformation. Aryl-substituted double bonds with different
functional groups, heteroarylidene systems, and cyclohexyli-
dene deliver products in practical yields as a mixture of
diastereomers. Furthermore, the use of isoxazoline N-oxide 48
application was demonstrated in a deoxygenation and [3+2]
cycloaddition to achieve densely functionalized fluorinated
heterocycles.

£ ©
\BFA o F. 0® o
Ph’é . 2 NaH (3 equiy N-0

R.zZ o
Co,Et THF0°C R Sogt

26b 47
(2 equiv)

48
33-80%
: 1 (trans:cis)

Selected examples
C®
N= 09 N AC
COzEt CO,Et CO,Et NBoc COZEt
48a 48d
80% 74% 59% 57%
dr.=171 dr.=151 dr.=16:1 dr.=1:1

Scheme 19. Fluoromethylene transfer in [4+ 1] cyclization.

©
i ®\ . p:“\P@CH . BuOLi RE
Ae —P—CH;| o .
' e DMS0 40°C, 2 h NP CHF
o
49 50 51

. . 20-79%
| tBuoLi
J

[oye)
PhsP—CHF
,,,,,, L
R =Ar, Alk, Hal, OR,,
styryl, PhCH=CH

Selected examples

QO I 1o
o Yil 7
N7 CHoF CHoF N7 CHoF V) N AL CHF
51a 51b 51c 51d LN
8% 68% 53% 4% cl

Scheme 20. Deoxygenative fluoromethylation.

Chem. Eur. J. 2023, 29, 202301851 (8 of 17)

For 2021, Qing etal. employed the fluoromethyl
phosphonium salt 50 for the deoxygenative C2-fluoromethyla-
tion of a variety of pyridine and quinoline N-oxide derivatives
49 (Scheme 20).“" Formal carbene insertion into the C(sp?-H
bond delivered products 51 in low-to-good yields. Vinyl, alkynyl,
and halogen functional groups were well tolerated under
optimized reaction conditions. Moreover, this reaction can be
applied to the late-stage functionalization of roflumilast N-oxide
49d. Phosphonium salt 51 in basic media forms ylide 13 which
undergoes addition to N-oxide 49 to yield 14 followed by
phosphine oxide elimination and proton transfer to produce 51.

Similar products can alternatively be obtained by radical
fluoromethylation and transition metal-catalyzed cross-coupling
reactions,“?’ however, this is beyond the scope of this review.

3. Fluorohalocarbenes

The experimentally determined properties of fluorohalocar-
benes, such as thermodynamic properties, singlet-triplet energy
gaps, and geometry, lack experimental data and sometimes
show wide variations in results.'” The experimentally-deter-
mined heat of formation for chlorofluorocarbene is
AH;205(CFC)=7.4+3.2. kcal/mol™ Ab Initio calculations for
fluorohalocarbenes show that enthalpies of formation increases
in the following order: AH;,4s(CFCl)=27.8, AH;,05(CFBr)=86.5,
AH;205(CFI)=154.4 (kJ/mol), and AH;,05(CFH) = 145.4 kJ/mol."?
These results indicate that chlorofluorocarbene is the most
stable fluorohalocarbene.

The geometries of these carbenes and energy gaps between
the singlet and triplet states were determined using different
calculation methods.*? The singlet-triplet energy gaps for
fluorohalocarbenes increases in following order: AEg(CFl)=
109.5, AEg(CFBr)=132.2, AE(CFCl)=147.3 (kJ/mol), and AEq-
(CFH)=59.8 (kJ/mol)."” The singlet state is more stable in
fluorohalocarbenes, where the singlet-triplet energy gap usually
increases with more electronegative atoms at the carbene
center.

For several fluorinated carbenes, the experimental activation
parameters were determined for reactions with alkenes.*”
Fluorohalocarbenes are electrophilic. Increasing the number of
fluorine atoms at the carbene center increased the stability of
CF,>CFCI>CCl, but decreased the reaction rate with
alkenes."

Historically, fluorohalocarbenes were generated using halo-
fluoromethanes®. However, these are not environmentally
friendly reagents because of their potential ozone-depleting
properties and limited accessibility, which have facilitated the
development of various alternative reagents. This review
focuses on novel fluorohalocarbene generation methods and
applications since 2015, as previous studies on the synthesis of
dihalocyclopropanes have been reviewed."**!

In 2018, Semenov developed a method for generating
bromofluorocarbenes.”? Dibromofluoroacetate undergoes Ag-
catalyzed decomposition to form bromofluorocarbenes, which
are subsequently trapped by alkenes 52 to form various
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cyclopropanes 53 in low to excellent yields (Scheme 21) as a
mixture of diastereomers.

The reaction conditions were compatible with a wide range
of alkenes containing various functional groups such as esters,
silanes, and boronates. Interestingly, using this method, cyclo-
propanation can also be applied to electron-poor double
bonds, which are usually unsuitable substrates for carbene
transfer*” However, a large excess of the carbene source
(8 equiv) is required for this reaction.

In 2021, Hu etal. investigated TMSCFX, (X=Cl, Br) as an
alternative  precursor for fluorohalocarbene generation
(Scheme 22).*8 The nucleophile attacks the silane reagents
TMSCFHal, to produce CFX,  followed by a-elimination to
afford carbenes CFX. Chlorofluoro cyclopropanation of alkene
54 was achieved under a catalytic amount of nBu,NBr at an
elevated temperature. In this reaction, diverse aryl- and
heteroaryl-conjugated alkenes 54 were cyclopropanated to
afford products 55 in good-to-excellent yields but with low
diastereoselectivities. The authors noted that bromofluoro
cyclopropanation afforded lower yields owing to the formation
of ring-opening side products.

R CFBryCO;Na (2 equiv) F. Br
RH/\R‘, (IPNAGCI (2 mol%) R%<R3
Lo DCE, 70- 75°C R Re
52 53
R = Ar, Alk, H, CHoAr 0-99%

R2 = Ar, Alk, H, Hal dr ?si%i‘,ggm
R® = Bpin, SiMes, CH,OR, CO,R, H
RY=H,F

Selected examples

F_ Br F__Br F_ Br F.__Br
M9>K<=/ A K<SiMe3 /K/Bpin
Me Ohe CO,Bn Ph  Ph

53a 53b 53¢ 53d
89% 52% 62% 91%
dr=4159  dr=4456 dr=3367  dr =4357

Scheme 21. Silver-catalyzed synthesis of dihalocyclopropanes.

F. Br TMSCFBr (2 equiv) go  TMSCFCh(1Sewh)  E o
R Pla . NaOH (12 cquiaq) gt —MBUNBr(Smoi%) R&R
DCM, rt, 4h R*  PhMe, 110 °C, 4h R? R¢
R? R* R2
56 5 50 -55537%
= 22-»%%51 39 d.r. =77:23 - 40:60
1. = 22:78 - 61 12  (symanti)
(syn:ant) g1 - Ar, OPh, H: ) R’ =Ar, OPh, H;
R2= Ar, H, Bn, CH.Bn; R® = Me; R = H R2 = Ar, H, Alk, Bpin, CH,Ar, CH,Bn
S i | R®=Me; R*=H
Selected examples
F_Br
F. Br F__Cl . F_ Cl
X K
Ph_
O Ph
Me,N Ph
56a 56b 55a 55b
80% 40% 94% 80%
d.r.=61:39 d.r. =42:58 d.r. = 40:60 d.r. =52:48
F_Cl Q
“u Cl,
F
MeO’
55¢ hypolipemic agent
80% 709
d.r.=58:42 d.r. not defined

Scheme 22. TMSCFHal, as a fluorohalocarbene source.

Chem. Eur. J. 2023, 29, 202301851 (9 of 17)

To overcome this problem, bromofluorocyclopropanation
was performed using aqueous NaOH at room temperature.
Under the optimized reaction conditions, diverse bromofluor-
ocyclopropanes 56 were obtained in good to excellent yields,
but mostly with low diastereoselectivity.

In 2022, Prakash et al. developed a new freon-free fluoroha-
locyclopropanation method based on carbene generation from
commercially available ethyl dihalofluoroacetate using sodium
ethoxide under mild conditions at room temperature
(Scheme 23).* The carbene generated in situ undergoes [2+ 1]
cycloaddition with alkenes 57 forming fluorohalocyclopropanes
58 in medium to quantitative yields as a mixture of diaster-
eomers.

In 2022, Mykhailiuk and Bychek extended the reactivity of
bromofluorocarbenes.”” Fluorobromocarbene was generated
from CHFBr, using an aqueous base and phase-transfer
catalysis, which was further reacted with bicyclo[1.1.0]butanes
59 to deliver ring expansion products 60 in moderate yields
(Scheme 24). This reaction tolerates both electron-withdrawing
and electron-donating substituents on the aryl ring. Substrates
lacking aryl systems were not compatible with the reaction
conditions. Furthermore, 60 can be debrominated and function-
alized to access the fluoro-bicyclo[1.1.1]pentane building
blocks, which are highly relevant in medicinal chemistry.*"

In 2021, Recsei and Barda developed an interesting method-
ology to access bis(aryloxy)fluoromethanes.”” The proposed
mechanism involved bromofluoro carbene generation from
dibromofluoromethane (Br,FCH), K;PO,, or KOH. In this reaction,
aryloxide 15 undergoes addition to carbene 16, followed by
bromide elimination to form the second carbene 19, which is

R® CFHal,CO,Et E Hal
RH/ARA _ NaOEt RL&Ra
R2 DCM, 1, 2.5 h r? ¢

, 57 58
R'=ArH 24-100%

R? = Ar, H, Me, CH,SiMe3, SPh, OAlk, NCOR d.r. = 1:1.06-1:0 (syn:anti)
R3 = Me, Ar, H; R* = H, Me, Ar Hal = Bror Cl

Selected examples Cl F
O /\

58a 58b 58c insecticidal agent
94% 81% (62%) 84%
d.r.=1:1.04 d.r.=1:1.04 d.r.=3.13:1

Scheme 23. Halogenated esters as source of fluorohalocarbene.

CHFBr,

COABY 4. NaOH Br F
—NEt;BnCI__ Aré—cozrsu
A toulene, rt
59 60
32-69%

Selected examples

Br F
R Br F Br F
CO,tBu
CO,tBu CF3 CO,tBu
Me

60a 60b 60c
69% 50% 52%

Scheme 24. Dihalocarbene applications for ring expansion.
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further trapped by another molecule of aryloxide 15. After
protonation, fluoroacetals 62 were obtained (Scheme 25). The
reactions with 61 containing phenols were not successful, but
those with starting material 61 containing electron-withdrawing
groups formed product 62 in reasonable yields. Dibromofluoro-
methane (Br,FCH) also undergoes monoinsertion into thiols.**

In comparison to other halofluorocarbenes, fluoroiodocar-
benes have rarely been applied in synthesis.*¥

David O’'Hagan et al. in 2019 applied fluorodiiodomethane
(CHFI,) to the generation of fluoroiodocarbene and subse-
quently trapped it with alkene 63 to afford 1,2,3-trifluorocylo-
propanes 64 (Scheme 26).°

Br,FCH
K3PO, or KOH
OO~
A MeCN AT A
F
61 62
0-54%
Selected examples
craY\& cl al
| o] 0._O. 0._O.
s T ore
Fi ON NO,
— cl cl
62a CFs 62b 62c
39% 54% 52%

Proposed reaction mechanism

K 06/\*.. - ool ©® —= pOn: — Ar020s, HQ o
A7 FL A K~ -kBr AT Y A
15 16 Br 18 F o/ F F
1o
o o
T—Br -0
Ar ®
Br e F K

B
’\k e B} 15

Br
17

Scheme 25. Synthesis of monofluorinated acetals via bromofluorocarbene.

F F F

X~F CHFI,, TEBAB, NaOH:H,0 !
DCM, 0°C - RT;
Ph Ph

63 64
38%
d.r. not defined

Scheme 26. Fluoroiodocarbene transfer.

(o} _R! 2
F. N n R!
})L o™ + MeCN i
Br R OR3 o CO.Et
Br -10°C,6h R2 2
65 66 R3 67
= Bn, Me, Ph, CHPh, 28%-quant
R2=ArR®=H d.r. =100:0-72:28
. ! (symant)
Proposed stereomodel for major diastereomer
XoZn.
21 \N/Bn Xzzn\N,Bn
'ﬁf’ E0,C $ F Bn
— HNGF
P H AN
Brzn0’  OFEt Ph gr H Ph 'CO,Et
" 12 67a

Scheme 27. Application of 65 for aziridine synthesis.

Chem. Eur. J. 2023, 29, 202301851 (10 of 17)

4. Fluoroacetyl Carbene Transfer

Fluoroacetylcarbene transfer is widely used in various applica-
tions. Usually, ethyl dibromofluoroacetate (65) is employed as a
precursor to formal a-fluoroester carbene transfer. Several
review articles have been published on the reactivity and
applications of ethyl dibromofluoroacetate.*® In addition to
olefination reactions, reagent 65 has also been used for [2+1]
cycloaddition reactions.

Akira Ando et al. applied ethyl dibromofluoroacetate (65) in
a Reformatsky-type aza-Darzen reaction with imine 66 using
zinc (Scheme 27).57 High chemoselectivity for the formation of
3-membered ring 67 versus azetidine was achieved using
acetonitrile as a coordinating solvent.

The reaction proceeded under mild conditions without zinc
activation. The yields of 67 ranged from good to excellent, and
good diastereoselectivity was achieved. However, aliphatic
aldimines and ketimines did not form their corresponding
products. To rationalize the observed stereochemical outcome,
the authors provided a tentative stereomodel for the reaction,
in which minimized steric repulsions in the enolate addition
step 111 play a key role in diastereoselectivity.

In 2010, Jubault et al. synthesized fluorinated glycidic ester
69 from ketone 68 using ethyl dibromofluoroacetate (65),
diethylzinc, and N,N-dimethylethanolamine (Scheme 28).*% The
reaction proceeds under mild conditions and delivers product
69 in excellent yield. Liquid-liquid extraction was sufficient to
obtain product 69 with reasonable purity. The addition of N,N-
dimethylethanolamine is crucial for the epoxidation step, which
increases the nucleophilicity of the intermediate alkoxide 114.

Philippe Jubault et al. further explored the reactivity of ethyl
dibromofluoro acetate (65) in the cyclopropanation reaction
with electron-deficient alkenes 70 (Scheme 29).°” Under the
optimized reaction conditions, a wide variety of Michael accept-
ors 70 participated in the reaction to deliver highly functional-
ized monofluorinated cyclopropanes 71 in moderate to ex-
cellent yields. Furthermore, the synthetic utility of this reaction
was demonstrated on a 30 g scale with alkenes 70.

Jubault et al. applied a similar methodology to the asym-
metric  synthesis of  monofluorinated  cyclopropanes
(Scheme 30).*” Amides 72 underwent cycloaddition with elec-
tron-deficient alkenes 73 to afford cyclopropanes 74. Cyclo-
propanes 74 were obtained in good yield as an enriched

o]
F. 9 EtoZn (4 equiv)
B,%O/\ ’ R MRZ Me,N(CH,),0H (2 equiv) J}COZE
Br THF, rt
65 (2 equiv) 68 69
R' = Ph, iPr; R? = Ph, Alk 83- 98%

Proposed mechanism |

Et N
Zn EtZrLo
EtzZnO F 68 g o0
65 + Et,zn — ):{ —_— { R 15 69
EtO  Br EtO R?
1 F Br
3 14

Scheme 28. Application of 65 for epoxide synthesis.
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0
R:_EWG R®
Eh)ko/\ T _zmia . ewe(F
Br RIOR2 THF -20°C RZ>COoEt
R1
65 70 7
57-93%

EWG = CO,Bn, CN, SO,Ph, CO,Alk, CONRR" d.r. = 100:0-53:47
R'=H, CO,Bn, Ph; R? = H, CO,Bn, Ar

R® = H, Me, Allyl, Ar, N(Boc),, CO,Et

Selected examples
cl

O

. F = N(Boc),
‘T~i=CO,Et F% Fel""c0,8n F\J>\502Ph
©\ {/ o Et0,C Et0,C Et0,C
N
Me
Ta 71b T1c 71d
70% 68% 93% 72%
d.r. = 53:36:7:4 dr.=73:27 d.r.=59:41 d.r. =67:33

Scheme 29. Synthesis of cyclopropanes via fluoroacetyl carbene transfer.

mixture of cis or trans isomers, with good to excellent
diastereomeric excess. Various Michael acceptors 73 undergo
transformations, and the cis:itrans ratio depends on the
electron-withdrawing groups. Phosphonates and sulfones
display reverse selectivity to acrylates. The authors reported
that the stereomodels for acrylate 73a cyclopropanation
exhibited high stereocontrol of the fluorine quaternary center

[¢]
oA R
N v R
\#( CFBr, \)\EWG THF, -
iPr
72 73

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Pro_ ..
Selected examples
Y  CO,Bn v
'V F Y PO(OMe),
T4a 74b
79% 62%

cis:trans = 21:79
degis(yield) = 84 (14)
deyraps(yield) = 93 (65)

cis:trans = 85:15
degis(yield) = 94 (55)
deyrans(yield) = 80 (7)

Stereochemical Model

achieved by stereoselective 1,4-addition, where the Z-config-
uration of the enolate is favored because of steric effects. The
cyclopropanation step is less selective, but trans isomer 74a is
favored with acrylates because of zinc atom chelation in
intermediate 117. However, this stereochemical model does not
explain the reversed cisitrans ratio of substrates bearing
phosphonate and sulfone electron-withdrawing groups.

These reactions have been employed for synthesis of
biologically active molecules.®”

In 2013, Jubault et al. studied a novel synthetic strategy to
access densely functionalized monofluorinated cyclopropanes
77 via Michael-initiated ring closures.®? Quaternary ammonium
salt 75 undergoes an addition-elimination reaction with elec-
tron-poor double bonds 76 to deliver cyclopropanes 77 in high
yields and diastereoselectivities (Scheme 31). Morpholine-sub-
stituted amide 75 showed the highest reactivity towards alkene
76.

In 2016, Makosza et al. succeeded in formal fluoroacetyl
carbene C(sp)-H insertion to access a-fluoro-a-nitroarylace-
tates 79.° Upon treatment with a base, ethyl chlorofluoroace-
tate forms a carbanion, which adds to nitroarene 78 at the
ortho or para position to form 118. Following HCl elimination
and proton transfer, intermediate 119 afforded 79 (Scheme 32).
This nucleophilic substitution tolerates a wide range of func-
tional groups, including fluorinated nitrobenzenes, which are

Y EWG

200c F YR
R3
74
62-79%
cis:trans = 5:95-85:15
degs 76 - >96
deyrans 64 - >96

Y CO,Me Y P CO,Et
F>V< N(Boc), F>Vh<cozEt
T4c 74d
78% 66%

cis:trans = 73:27 cis:trans = 36:64
degis(yield) = 80 (56) deg;s(yield) = >94 (24)
detrans = 84 degans(yield) = >94 (42)

(0] _
)\\ Y  CO.Bn
o1 B P . F
. o) a
72 Zn/LiCl (o] N "7 major
/\COZBn \,// Br
73a PrF 22>c0,8n ZnBr
116 o O H
N Y
)&\NWOB”
0 2 -ZnBr,
Br F OZnBr CO,Bn
- iPr
"7 — 74a

Scheme 30. Asymmetric synthesis of cyclopropanes via fluoracetamide transfer.
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Scheme 31. Ammonium salt 75 for cyclopropanation of activated alkenes.
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MeO COEt _
0, F NO, F F MeO

NO, F N
79a 79b 79¢ 79d 79
65% 42% 44% 32% 66%

Scheme 32. Ethyl chlorofluoroacetate addition to aromatic systems.

prone to SyAr. Product 79 was obtained in low-to-good yield,
mostly with high regioselectivity towards the para insertion
product. Furthermore, the application of 79 in base-mediated
alkylation reactions was demonstrated.

In 2022, Mieczystaw et al. explored vicarious nucleophilic
substitutions to functionalize quinoxaline N-oxides 80 with
carbon nucleophiles. Three examples of fluoroacetyl transfers
have been reported. In the reaction between chlorofluoroacetyl
derivatives 81 and quinoxaline N-oxides 80 under basic
conditions, vicarious nucleophilic substitution takes place to
access monofluorinated derivatives 82 (Scheme 33).*Y

5. Fluorothiocarbene Transfer

In 2013, Masayuki Kirihara et al. reported chlorofluoromethyl
phenyl sulfide (83) as a carbene source for the cyclopropanation
of unactivated alkenes 84 to access functionalized cyclo-
propanes 85 (Scheme 34)° Fluorothiocarbenes generated
under basic conditions from 83 undergo [2+ 1] cycloaddition
with alkenes 84. Fluorocyclopropyl sulfides were further
oxidized to achieve successful isolation. Product 85 was
obtained in excellent yield as a mixture of diastereomers and
was further applied in desulfurization to synthesize monofluori-
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N N
©I j F {BUOK (3.5 equiv) (o
P THF, 20 °C A EWG
'T‘/ Cl)\EWG ' NS
00 o F

80 81 82
(1.3 equiv) 16-60%
EWG = CO,Et, CO,tBu. CONEt,
Examples

ﬁ/]\(coza | ﬁ/j\rcoznau ﬁ/]\(cowt2
(\)@ F Cl)e F (59 F

82a 82b 82¢c

16% 28% 60%

Scheme 33. Ethyl chlorofluoroacetate addition to aromatic systems.
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Ph—S__F Ph—S, F Ph—S_ F
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85a 85b 85¢c tBu
quant 86% quant

Scheme 34. Fluorothiocarbene generation and application.

nated cyclopropanes; however, only a limited substrate scope
was demonstrated for this transformation.

In 2022, Dilman et al. developed novel silane reagents 86
for fluorothiocarbene generation (Scheme 35)®® which were
activated in the presence of lithium methoxide and lithium
chloride additives. Fluorothiocarbene further undergoes cyclo-
propanation of 1,1-diphenylethylene (87), to obtain products
88 in very good yields. The authors also demonstrated the
trapping of fluorothiocarbene with dimethylaminophenylbor-
ane 89 forming a zwitterionic adduct 90 which, upon heating,

_S._SiMe; Ph LiCl (3 equiv) ArS_ F

Ar N f
+ MeOLi (3 equiv Ph
FF /\Pn DMF A o
86 87 88
o@8equv) 63-85% ___
Examples

00

S_F
Ko Km K
Ph Ph

Ph
88a 88b 88c
95% 63% 85%
%
NMe, o ON F
o6 - @ MeOLi, LiCI ©:®>< .
! 2/ STol ——'—  88a
Bpin d (o] xylene 90 °C 349,
89 9o><<

Scheme 35. Fluorothiocarbene generation from silane 86.
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releases carbene and forms the corresponding product 88a
with 1,1-diphenylethylene (87) in lower yields.

6. Arylflurocarbenes

In 2011, Krogh-Jespersen etal. investigated perfluorinated
diazirine 91 as the carbene source.”” Upon laser flash photolysis
of diazirine 91 in the presence of alkene 92, cyclopropanation
occurred, affording cyclopropanes 93 (Scheme 36). Product 93
was formed in average to good yields, where the configuration
of alkene 92 was transferred to the formed product 93. In this
study, a single example of C(sp’)—H insertion in adamantane
was demonstrated.

In 2007, Sauers et al. showed that the reaction of diazirine
95 with cyclohexenone 96 under laser flash photolysis delivered

F
F F. F
F. F
F

3F

F u ﬁ)\ F R
F pentane R2 R?

91 R o3
R', R? R®, R4=Me Et, H 59-81%

d.r. = 2.2:1 (syn:anti)

Examples
F
F F.
F
F
F F
93a 93b 93d
59% 80% 59-81%
e OEE 2200
Further application E
F
adamantane F
91 ___hv F
CeHe
E F
94
45%
Scheme 36. Diazirine 91 as a carbene source.
o o] OsPh
o Ph F
F
. + .
@ hv, DCE Ph
F
96 99
24% 21% 7%
d.r. = 2:1 (syn:anti)

Possible formation
of 98 and 99

120

Scheme 37. Fluorophenyl carbene addition to the unsaturated ketone.
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a mixture of products (Scheme 37).® Cyclopropane 97 was
obtained, and products 98 and 99 most likely arose from the
epoxidation of the ketone group, followed by epoxide 120 ring
opening, forming allylic cation 121, which reacts with the
eliminated fluoride to deliver a mixture of isomers 98 and 99.

Rigby and Aasmul employed diazirine 100 in cyclopropana-
tion of vinyl isocyanates 101 to obtain functionalized cyclo-
propane 102 after methanolysis in average yield (Scheme 38).”

6.1. Formal arylfluorocarbene transfer

In 2022, Xu etal. applied triflone 103 in Michael addition-
elimination reactions with activated double bond-containing
substrates 104 to synthesize monofluorinated a-arylsubstituted
cyclopropanes 105 (Scheme 39).”7” Product 105 was obtained in
good yield and generally with good diastereomeric ratios.

In 2022, Szymczak et al. developed a novel reagent for the
arylfluoromethylene transfer (Scheme 40)."" Borazine 107
undergoes addition to ketone 106 followed by fluoride
elimination to deliver epoxide 108. The reaction could also be
applied to activated carbonyls 106 to obtain bis-addition
products 109.

7. Alkynylcarbene

In 2002, Nefedov etal. developed a strategy for generating
propargylic carbenes 127 from halogenated alkenes 110 via
elimination  cascade  reactions in  basic  conditions
(Scheme 41).77 Carbenes 127 were utilized in olefin 111
cyclization to afford the corresponding cyclopropanes 112 in
low to good yields as a mixture of diastereomers.

OMe
OMe
ol >+ (1 g
1) CgHe, reflux NH
NCO ) meoH MeO
102

43%
d.r. not defined

Scheme 38. Diazirine 100 application in cyclopropanation.

F & ¥
. R~ 1) nBuLi, THF, -50 °C, 2h_ R A + F\A
R«J\sochs ~Z > Ewe 2)1t, 10 min R*‘AEWG RYEWG
103 104 105 105"
PN ~ Major Minor
= Ar, R? = Ar, EWG = CO,Et, COAr, COH 41-84%

dr.=11:1-937

Ph Ph O O
F F F
o h o
\AF \A( \Aph
Y
Phi Ph PH
1052 Gye 105b 105¢ 105d
1% 83% 68% 41%
dr. =89:11 dr. =88:12 dr =111 dr.=81:19

Scheme 39. Synthesis of cyclopropanes using triflone 103.

© 2023 Wiley-VCH GmbH

d'69 ‘€j0c ‘S9LETZST

woyy

11PUOD P SWLB L 3U) 885 *[9202/20/LT] uo Aiq72ulluo A|IM ‘ArIGITRINRT JO AISPAIN AQ TSBTOEZ0Z WBUR/Z00T OT/I0p/W00™ A8 1N

fom

pue

85UB017 SUOLILOD BAReRID 3(qeai|dde auy Aq pausenob a2 Sajolie YO ‘88N JO SajnJ 10} AiqIT 8UIUO AB|IA UO (¢



Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202301851

®
K(18-c-6) F
o &, CF2Ph on P
~, B
N rR2 + N N - BN 2
R'g S B Toulene 90°C R R
— /Bg»N.;B\ oulene ¢ T
) 30 min 108
107
106 36-93%

R'=Hal, OMe, Me CN; R? = Alk, Ar, R'=Hal, OMe, CN,  d.r. = 52:48 - 91:9
(major diastereomer

not defined)

F

108a
93%

- .
Toulene 90°C  R'T FF

= /BQN’B\ : >~
| %(18 6 30 min
-
107 109
36-83%
d.r. = 83:17-94:6

Scheme 40. Synthesis of fluoroepoxides with borazines 107.

R®

R%R" R
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Scheme 41. Alkynyl carbene generation and application in cyclopropana-
tion.

8. Applications for Synthesis of Biologically
Relevant Molecules

The synthetic methodologies and reagents described in this
section can be used to synthesize biologically active com-
pounds. Fluorine atoms and cyclopropyl groups are important
functionalities in medicinal chemistry. However, the additive
effect of both groups should be evaluated and better under-
stood. There are several examples of the successful use of the
fluorocycloproyl group because it alters biological activity and
selectivity.

Chem. Eur. J. 2023, 29, €202301851 (14 of 17)

Denali Therapeutics employed sulfonium salt 26b in the
cyclopropanation of activated alkenes 113 to obtain mono-
fluorinated cyclopropanes 114 which were subsequently used
for the synthesis of NLRP3 inhibitors (Scheme 42).7%

Another monofluorocyclopropanation reaction was used by
Pfizer for the synthesis of IRAK4 inhibitors (Scheme 43).7%
Unsaturated amide 115 was cyclopropanated with sulfoximines
33 to obtain diastereoselective cyclopropanes. Precursor 116
was used to prepare IRAK4 inhibitors.

In 2020, Veliks et al. developed the diastereoselective syn-
thesis of fluorocyclopropyl cabozantinib analogues.” The syn-
thesis started from methylidene malonate 117 cyclopropana-
tion with sulfonium salt 26b to afford cyclopropane 118
(Scheme 44). Fluorinated cabozantinib analogs were prepared
via diastereoselective ester hydrolysis and amide bond forma-
tion. The trans diastereomer of F-cabozantinib displayed higher
activity against c-Met Kinase than the non-fluorinated analog.
After chiral preparative HPLC separation of trans enantiomers
(++)-F-Cabozantinib displayed more than 10 times higher selec-
tivity towards cancer Hep G2cells than non-cancerous
HEK293 cells compared to the parent drug cabozantinib.

In 2015, Jubault et al. developed a fluorinated Simeprevir
analog (HCV NS3/4 A protease inhibitor, a therapeutic agent
against the hepatitis C virus).” This synthesis relied on the
cyclopropanation of alkene 119 with ethyl dibromofluoroace-
tate 65 to afford cyclopropane 120 (Scheme 45). Biological

)
F._BF, F
NSNS QS NaH . o N
SR * THF NC N ™ R3 J
o} F 1 R N =
- ©/ 0°Ctort _o. LR Nk/
R? o
14 NLRP3 inhibitors

Scheme 42. Sulfonium salt 26 b application for the synthesis of NLRP3
inhibitors.

NH
F
o
O\\S//NTSF LiHMDS - R AON
PO TTHE N [
R -78°CtoRT o

R H

15 33 116 Med
R=Me, H 16-70% HN N
IRAKA4 inhibitor

Scheme 43. Diastereoselective cyclopropanation for the synthesis of IRAK4
inhibitors.

NH
o=
. 3
A G)s O*(QF
EtO,C” “COEt" Ph@ Nat_ ~E10,C) F= .
2, THE, 0°C  gi0,¢
[e]
17 26b g;? (+) - F-Cabozantinib
o 7\
MeO: —
N

MeO

Scheme 44. Fluorinated cabozantinib synthesis using 26 b.
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Scheme 45. Synthesis of the fluorinated Simeprevir analogue.
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Scheme 46. Synthesis of the fluorocyclopropyl analogue of ibuprofen.

analyses of F-Simeprevir revealed decreased antiviral activity
compared with that of the original Simeprevir.

In 2023, Melngaile et al. applied fluoromethyl sulfonium salt
26a to the diastereoselective cyclopropanation of sulfone 121
to afford cyclopropane 122 (Scheme 46).”” Intermediate 122
was further used to synthesize the fluorocyclopropyl analog of
ibuprofen via the Julia-Kocinski reaction as a key step. After
chiral preparative HPLC separation of isomers biological evalua-
tion of the synthesized analogues revealed that the incorpo-
ration of monofluorinated cyclopropanes can alter the selectiv-
ity toward COX-1 vs. COX-2.

9. Conclusions and Outlook

In recent years, monofluoromethylene (CHF) transfer has gained
significant attention in the research community as an approach
for the formation of otherwise difficult fluorinated products.
Novel monofluorinated synthon transfer reagents and reactions
were developed, facilitating the synthesis of monofluorinated
compounds and providing access to novel fluorinated scaffolds.
Some of these transformations were achieved with excellent
diastereo- and enantioselectivities. However, these reactions are
usually limited to 3-membered ring syntheses. In addition,
asymmetric transformations have limited applications to allylic
alcohols and Weinreb amide cyclopropanations.

For dihalocarbene (CFHal) transfer, a few new reagents that
allow dihalocarbene transfer have emerged. However, apart
from few exceptions, their reactivity is limited to cyclopropane
synthesis, which typically proceeds with poor stereoselectivity.
The current state-of-the-art fluorohalocarbene transfer reactions
lag considerably behind the rich chemistry of difluorocarbene,
and in our opinion, the potential of these reactive species has
not been fully realized.

For formal fluoroacetyl carbene transfers, new reactions
have been developed for the synthesis of 3-membered rings
and formal insertion reactions of the Csp>~H bond. Some of
these transformations have been achieved in a stereoselective
manner to deliver highly functionalized products. However, the

Chem. Eur. J. 2023, 29, €202301851 (15 of 17)

reactivity again fell behind that of the non-fluorinated acetyl
carbene transfer (CHCO,Et).

Recently, several other fluorinated carbene synthon transfer
reagents have been developed, including arylfluorocarbenes,
fluorothiocarbenes, and alkynyl carbenes. The diversity of these
novel carbenes is very low and their main application is in
cyclopropanation.

Some of these reactions have attracted interest in medicinal
chemistry from both industry and academia for obtaining
biologically active monofluorinated compounds that would
otherwise be almost unreachable. Therefore, novel monofluori-
nated carbene transfer reactions are of great interest. Future
research should focus on the introduction of novel fluorinated
carbene synthons and development of innovative reactions
leading to new fluorinated motifs. Furthermore, there is a need
for novel catalytic asymmetric transformations and research on
reaction mechanisms to gain deeper insights into the effect of
fluorine on the reactivity and observed selectivities.

Acknowledgements

This work has been supported by the Latvian Council of Science
project 1zp-2022/1-0335, the European Social Fund within the
project “Support for the implementation of doctoral studies at
Riga Technical University” No 8.2.2.0/20/1/008 and LIOS internal
student grant 1G-2023-06. We thank Armands Kazia for proof-
reading this manuscript.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

Keywords: carbenes carbenoids fluorine

monofluorocarbene - ylides

[1] R. Berger, G. Resnati, P. Metrangolo, E. Weber, J. Hulliger, Chem. Soc.
Rev. 2011, 40, 3496-3508.

[2] a) A. F. Brooks, J.J. Topczewski, N. Ichiishi, M. S. Sanford, P. J. H. Scott,

Chem. Sci. 2014, 5, 4545-4553; b) |. Tirotta, V. Dichiarante, C. Pigliacelli,

G. Cavallo, G. Terraneo, F. B. Bombelli, P. Metrangolo, G. Resnati, Chem.

Rev. 2015, 115, 1106-1129; ¢) C. Zhang, K. Yan, C. Fu, H. Peng, C.J.

Hawker, A. K. Whittaker, Chem. Rev. 2022, 122, 167-208.

a) M. Cheng, C. Guo, M. L. Gross, Angew. Chem. Int. Ed. 2020, 59, 5880-

5889; b) H. Chen, S. Viel, F. Ziarelli, L. Peng, Chem. Soc. Rev. 2013, 42,

7971-7982.

[4] a) E. P. Gillis, K. J. Eastman, M. D. Hill, D. J. Donnelly, N. A. Meanwell, J.
Med. Chem. 2015, 58, 8315-8359; b) Y. Zhou, J. Wang, Z. Gu, S. Wang,
W. Zhu, J. L. Acefia, V. A. Soloshonok, K. Izawa, H. Liu, Chem. Rev. 2016,
116, 422-518; ¢) S. Purser, P. R. Moore, S. Swallow, V. Gouverneur, Chem.
Soc. Rev. 2008, 37, 320-330; d) H.-J. Bhm, D. Banner, S. Bendels, M.
Kansy, B. Kuhn, K. Miiller, U. Obst-Sander, M. Stahl, ChemBioChem 2004,

[3

© 2023 Wiley-VCH GmbH

d'69 ‘€j0c ‘S9LETZST

woyy

IPUOD PUe SLLB | 3L 89S *[9202/20/2T] Uo Ariqiauluo Aalim ‘Ariqiieine jo AN Ag TSETOEZ0Z WeYd/200T OT/I0PAL0D™AS i

PUR-SLUIB)/LI0D AB | I

85UB017 SUOLILIOD 8ARe8ID 3(qeai|dde auy Aq pausenob a2 Saofie YO ‘88N JO Sa|nJ oy Arlq1 8ulUQ A8]IA UO (Suon


https://doi.org/10.1039/c0cs00221f
https://doi.org/10.1039/c0cs00221f
https://doi.org/10.1039/C4SC02099E
https://doi.org/10.1021/cr500286d
https://doi.org/10.1021/cr500286d
https://doi.org/10.1021/acs.chemrev.1c00632
https://doi.org/10.1002/anie.201907662
https://doi.org/10.1002/anie.201907662
https://doi.org/10.1039/c3cs60129c
https://doi.org/10.1039/c3cs60129c
https://doi.org/10.1021/acs.jmedchem.5b00258
https://doi.org/10.1021/acs.jmedchem.5b00258
https://doi.org/10.1021/acs.chemrev.5b00392
https://doi.org/10.1021/acs.chemrev.5b00392
https://doi.org/10.1039/B610213C
https://doi.org/10.1039/B610213C
https://doi.org/10.1002/cbic.200301023

Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202301851

5, 637-643; e) C. Isanbor, D. O'Hagan, J. Fluorine Chem. 2006, 127, 303— [32] a) A. Nouaille, J. Lorkowski, X. Pannecoucke, M. Mauduit, T. Poisson, S.
319. Couve-Bonnaire, ACS Catal. 2021, 11, 12307-12323; b) G. Landelle, M.
[5] a) T. Fujiwara, D. O'Hagan, J. Fluorine Chem. 2014, 167, 16-29; b) Y. Bergeron, M.-O. Turcotte-Savard, J.-F. Paquin, Chem. Soc. Rev. 2011, 40,
Ogawa, E. Tokunaga, O. Kobayashi, K. Hirai, N. Shibata, iScience 2020, 23, 2867-2908; c) B. Zajc, R. Kumar, Synthesis 2010, 2010, 1822-1836; d) Q.
101467; ¢) Q. Wang, H. Song, Q. Wang, Chin. Chem. Lett. 2022, 33, 626— Luo, X. Wang, J. Hu, Tetrahedron 2022, 113, 132694; e) H. Yanai, T.
642. Taguchi, Eur. J. Org. Chem. 2011, 2011, 5939-5954.
[6] a) S.-F. Zhu, Q.-L. Zhou, Acc. Chem. Res. 2012, 45, 1365-1377; b) D. Zhu, [33]1 W. Zhang, J. Hu, Adv. Synth. Catal. 2010, 352, 2799-2804.
L. Chen, H. Fan, Q. Yao, S. Zhu, Chem. Soc. Rev. 2020, 49, 908-950; [34] X. Shen, W. Zhang, L. Zhang, T. Luo, X. Wan, Y. Gu, J. Hu, Angew. Chem.
c) H. M. L. Davies, D. Morton, Chem. Soc. Rev. 2011, 40, 1857-1869; Int. Ed. 2012, 51, 6966-6970.
d) H. M. L. Davies, R.E.J. Beckwith, Chem. Rev. 2003, 103, 2861-2904; [35] a) R. Melngaile, J. Veliks, Synthesis 2021, 53, 4549-4558; b) R. Melngaile,
e) B. Wang, D. Qiu, Y. Zhang, J. Wang, Beilstein J. Org. Chem. 2016, 12, J. Veliks, in Encyclopedia of Reagents for Organic Synthesis (EROS), pp. 1-
796-804; f) M. P. Doyle, R. Duffy, M. Ratnikov, L. Zhou, Chem. Rev. 2010, 4.
110, 704-724; g) X. Zhao, G. Wang, A. S. K. Hashmi, ChemCatChem 2021, [36] J. Veliks, A. Kazia, Chem. Eur. J. 2019, 25, 3786-3789.
13, 4299-4312; h) H. Keipour, V. Carreras, T. Ollevier, Org. Biomol. Chem. [37] R. Melngaile, A. Sperga, K. K. Baldridge, J. Veliks, Org. Lett. 2019, 21,
2017, 15, 5441-5456; i) C. Damiano, P. Sonzini, E. Gallo, Chem. Soc. Rev. 7174-7178.
2020, 49, 4867-4905; j) M.-Y. Huang, S.-F. Zhu, Chem. Sci. 2021, 12, [38] A. Kazia, R. Melngaile, A. Mishnev, J. Veliks, Org. Biomol. Chem. 2020, 18,
15790-15801; k) V. Carreras, N. Tanbouza, T. Ollevier, Synthesis 2020, 53, 1384-1388.
79-94; ) Z. Liu, J. Wang, J. Org. Chem. 2013, 78, 10024-10030; m) Y. He, [39] A. Sperga, R. Melngaile, A. Kazia, S. Belyakov, J. Veliks, J. Org. Chem.
Z. Huang, K. Wy, J. Ma, Y.-G. Zhou, Z. Yu, Chem. Soc. Rev. 2022, 51, 2021, 86, 3196-3212.
2759-2852; n)Y. Xia, D. Qiu, J. Wang, Chem. Rev. 2017, 117, 13810~ [40] A. Sperga, A. Kazia, J. Veliks, Org. Biomol. Chem. 2021, 19, 2688-2691.
13889. [41] C-C. Hu, W.-Q. Hu, X-H. Xu, F-L. Qing, J. Fluorine Chem. 2021, 242,
[7] a) X. Wang, X. Wang, J. Wang, Tetrahedron 2019, 75, 949-964; b) J.-H. 109695.
Lin, J.-C. Xiao, Acc. Chem. Res. 2020, 53, 1498-1510; c) L. Mertens, R. M. [42] M. Reichel, K. Karaghiosoff, Angew. Chem. Int. Ed. 2020, 59, 12268-
Koenigs, Org. Biomol. Chem. 2016, 14, 10547-10556; d) K. Fuchibe, J. 12281.
Ichikawa, Chem. Commun. 2023, 59, 2532-2540. [43] a) E. Sun, R. Li, Q. Sun, C. Wei, H. Xu, B. Yan, J. Phys. Chem. A 2012, 116,
[8] a) W. Zhou, W.-J. Pan, J. Chen, M. Zhang, J-H. Lin, W. Cao, J.-C. Xiao, 10435-10440; b) G. B. Bacskay, Mol. Phys. 2015, 113, 1608-1617; c) E.
Chem. Commun. 2021, 57, 9316-9329; b) A. D. Dilman, V. V. Levin, Acc. Sun, J. Zhang, R. Li, Q. Sun, C. Wei, H. Xu, B. Yan, Int. J. Quantum Chem.
Chem. Res. 2018, 51, 1272-1280; c) C. Ni, J. Hu, Synthesis 2014, 46, 842- 2014, 114, 66-73; d) K. K. Irikura, W. A. Goddard, Ill, J. L. Beauchamp, J.
863; d) X. Ma, J. Su, Q. Song, Acc. Chem. Res. 2023, 56, 592-607; e) P. K. Am. Chem. Soc. 1992, 114, 48-51.
Mykhailiuk, R. M. Koenigs, Chem. Eur. J. 2019, 25, 6053-6063. [44] a) R. A. Moss, M. Zhang, K. Krogh-Jespersen, Org. Lett. 2010, 12, 3476-
[9] D.L.S.Brahms, W. P. Dailey, Chem. Rev. 1996, 96, 1585-1632. 3479; b) M. Zhang, R. A. Moss, J. Thompson, K. Krogh-Jespersen, J. Org.
[10] a) J. Decaens, S. Couve-Bonnaire, A. B. Charette, T. Poisson, P. Jubault, Chem. 2012, 77, 843-850.
Chem. Eur. J. 2021, 27, 2935-2962; b) M. Fedorynski, Chem. Rev. 2003, [45] A.P.Thankachan, K.S. Sindhu, K. K. Krishnan, G. Anilkumar, Org. Biomol.
103, 1099-1132; ) A. Pons, T. Poisson, X. Pannecoucke, A. B. Charette, P. Chem. 2015, 13, 8780-8802.
Jubault, Synthesis 2016, 48, 4060-4071; d) L. lelo, V. Pillari, M. Miele, D. [46] A.A. Andrianova, Y.D. Maslova, M. A. Novikov, S.E. Semenov, O. M.
Castiglione, V. Pace, Synlett 2021, 32, 551-560; e) M. Colella, P. Musci, M. Nefedov, J. Fluorine Chem. 2018, 209, 49-55.
Andresini, M. Spennacchio, L. Degennaro, R. Luisi, Org. Biomol. Chem. [47] a) M. Goswami, B. de Bruin, W. |. Dzik, Chem. Commun. 2017, 53, 4382-
2022, 20, 4669-4680; f) A. Pons, L. Delion, T. Poisson, A. B. Charette, P. 4385; b) P.S. Nosik, S.V. Ryabukhin, O. 0. Grygorenko, D. M. Voloch-
Jubault, Acc. Chem. Res. 2021, 54, 2969-2990. nyuk, Adv. Synth. Catal. 2018, 360, 4104-4114.
[11] M. Born, S. Ingemann, N. M. M. Nibbering, J. Am. Chem. Soc. 1994, 116, [48] D. Chen, Z. Fan, L. Huang, K. Gao, P. Xiao, C. Ni, J. Hu, Chem. Commun.
7210-7217. 2021, 57, 319-322.
[12] M. Schwartz, P. Marshall, J. Phys. Chem. A 1999, 103, 7900-7906. [49] a) C. Barrett, V. Krishnamurti, X. Ispizua-Rodriguez, Z. Zhu, C.J. Koch,
[13] V. Fasano, N. Winter, A. Noble, V. K. Aggarwal, Angew. Chem. Int. Ed. G. K. Surya Prakash, Org. Lett. 2022, 24, 5417-5421; b)C. Aouf, M.
2020, 59, 8502-8506. Santelli, Tetrahedron Lett. 2011, 52, 688-691.
[14] R. A. Moss, J. Phys. Org. Chem. 2010, 23, 293-299. [50] R. Bychek, P. K. Mykhailiuk, Angew. Chem. Int. Ed. 2022, 61, €202205103.
[15] J. C. Poutsma, J. A. Paulino, R.R. Squires, J. Phys. Chem. A 1997, 101, [51] a) P. K. Mykhailiuk, Org. Biomol. Chem. 2019, 17, 2839-2849; b) G. M.
5327-5336. Locke, S. S. R. Bernhard, M. O. Senge, Chem. Eur. J. 2019, 25, 4590-4647.
[16] M. K. Gilles, K. M. Ervin, J. Ho, W. C. Lineberger, J. Phys. Chem. 1992, 96, [52] C.Recsei, Y. Barda, Beilstein J. Org. Chem. 2021, 17, 813-818.
1130-1141. [53] L. Trump, A. Lemos, B. Lallemand, P. Pasau, J. Mercier, C. Lemaire, A.
[17] T. Suzuki, S. Saito, E. Hirota, J. Mol. Spectrosc. 1981, 90, 447-459. Luxen, C. Genicot, Angew. Chem. Int. Ed. 2019, 58, 13149-13154.
[18] Y.-N. Tang, F. S. Rowland, J. Am. Chem. Soc. 1967, 89, 6420-6427. [54] a) R. Mathias, P. Weyerstahl, Chem. Ber. 1979, 112, 3041-3053; b) P.
[19] T. Marolewski, N. C. Yang, Chem. Commun. (London) 1967, 1225-1226, Weyerstahl, R. Mathias, G. Blume, Tetrahedron Lett. 1973, 14, 611-612.
https://doi.org/10.1039/C19670001225. [55] Z. Fang, D.B. Cordes, A. M. Z. Slawin, D. O'Hagan, Chem. Commun. 2019,
[20] M. Schlosser, G. Heinz, Angew. Chem. Int. Ed. Engl. 1968, 7, 820-821. 55,10539-10542.
[21] A.S. Konev, M. S. Novikov, A. F. Khlebnikov, Tetrahedron Lett. 2005, 46, [56] a) E. David, S. Couve-Bonnaire, P. Jubault, X. Pannecoucke, Tetrahedron
8337-8340. 2013, 69, 11039-11055; b) A. Tarui, K. Sato, M. Omote, |. Kumadaki, A.
[22] J. Nishimura, J. Furukawa, J. Chem. Soc. D 1971, 1375-1376, https://doi. Ando, Adv. Synth. Catal. 2010, 352, 2733-2744.
org/10.1039/C29710001375. [57] A. Tarui, N. Kawashima, K. Sato, M. Omote, A. Ando, Tetrahedron Lett.
[23] O. Tamura, M. Hashimoto, Y. Kobayashi, T. Katoh, K. Nakatani, M. 2010, 517, 4246-4249.
Kamada, I. Hayakawa, T. Akiba, S. Terashima, Tetrahedron Lett. 1992, 33, [58] G.Lemonnier, L. Zoute, J.-C. Quirion, P. Jubault, Org. Lett. 2010, 12, 844-
3483-3486. 846.
[24] P. Knochel, in Encyclopedia of Reagents for Organic Synthesis (EROS), [59] P. Ivashkin, S. Couve-Bonnaire, P. Jubault, X. Pannecoucke, Org. Lett.
2001. 2012, 14, 2270-2273.
[25] N. Kawabata, M. Tanimoto, S. Fujiwara, Tetrahedron 1979, 35, 1919- [60] P. Ivashkin, S. Couve-Bonnaire, P. Jubault, X. Pannecoucke, Org. Lett.
1923. 2012, 714, 5130-5133.
[26] L.-P.B. Beaulieu, J. F. Schneider, A. B. Charette, J. Am. Chem. Soc. 2013, [61] a) G. Lemonnier, C. Lion, J.-C. Quirion, J.-P. Pin, C. Goudet, P. Jubault,
135,7819-7822. Bioorg. Med. Chem. 2012, 20, 4716-4726; b) G. Milanole, S. Couve-
[27] C. Navuluri, A. B. Charette, Org. Lett. 2015, 17, 4288-4291. Bonnaire, J.-F. Bonfanti, P. Jubault, X. Pannecoucke, J. Org. Chem. 2013,
[28] S. Monticelli, M. Colella, V. Pillari, A. Tota, T. Langer, W. Holzer, L. 78,212-223.
Degennaro, R. Luisi, V. Pace, Org. Lett. 2019, 21, 584-588. [62] T. Ferrary, E. David, G. Milanole, T. Besset, P. Jubault, X. Pannecoucke,
[29] M. Colella, A. Tota, Y. Takahashi, R. Higuma, S. Ishikawa, L. Degennaro, R. Org. Lett. 2013, 15, 5598-5601.
Luisi, A. Nagaki, Angew. Chem. Int. Ed. 2020, 59, 10924-10928. [63] J. Czaban-Jézwiak, R. Loska, M. Makosza, J. Org. Chem. 2016, 81, 11751-
[30] M. Colella, A. Tota, A. GroBBjohann, C. Carlucci, A. Aramini, N. S. Sheikh, L. 11757.
Degennaro, R. Luisi, Chem. Commun. 2019, 55, 8430-8433. [64] A. Zasada, J. Brzeskiewicz, D. Antoniak, M. Bechcicka, R. Loska, M.

[31]

A. Sperga, D. Zacs, J. Veliks, Org. Lett. 2022, 24, 4474-4478.

Chem. Eur. J. 2023, 29, 202301851 (16 of 17)

Makosza, Org. Biomol. Chem. 2023, 21, 994-999.

© 2023 Wiley-VCH GmbH

d'69 ‘€j0c ‘S9LETZST

woyy

11PUOD P SWLB L 3U) 885 *[9202/20/LT] uo Aiq72ulluo A|IM ‘ArIGITRINRT JO AISPAIN AQ TSBTOEZ0Z WBUR/Z00T OT/I0p/W00™ A8 1N

fom

pue

85UB017 SUOLILOD BAReRID 3(qeai|dde auy Aq pausenob a2 Sajolie YO ‘88N JO SajnJ 10} AiqIT 8UIUO AB|IA UO (¢


https://doi.org/10.1002/cbic.200301023
https://doi.org/10.1016/j.jfluchem.2006.01.011
https://doi.org/10.1016/j.jfluchem.2006.01.011
https://doi.org/10.1016/j.jfluchem.2014.06.014
https://doi.org/10.1016/j.isci.2020.101467
https://doi.org/10.1016/j.isci.2020.101467
https://doi.org/10.1016/j.cclet.2021.07.064
https://doi.org/10.1016/j.cclet.2021.07.064
https://doi.org/10.1021/ar300051u
https://doi.org/10.1039/C9CS00542K
https://doi.org/10.1039/c0cs00217h
https://doi.org/10.1021/cr0200217
https://doi.org/10.3762/bjoc.12.78
https://doi.org/10.3762/bjoc.12.78
https://doi.org/10.1021/cr900239n
https://doi.org/10.1021/cr900239n
https://doi.org/10.1002/cctc.202100914
https://doi.org/10.1002/cctc.202100914
https://doi.org/10.1039/C7OB00807D
https://doi.org/10.1039/C7OB00807D
https://doi.org/10.1039/D0CS00221F
https://doi.org/10.1039/D0CS00221F
https://doi.org/10.1039/D1SC03328J
https://doi.org/10.1039/D1SC03328J
https://doi.org/10.1021/jo401850q
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1021/acs.chemrev.7b00382
https://doi.org/10.1021/acs.chemrev.7b00382
https://doi.org/10.1016/j.tet.2019.01.016
https://doi.org/10.1021/acs.accounts.0c00244
https://doi.org/10.1039/C6OB01618A
https://doi.org/10.1039/D2CC03950H
https://doi.org/10.1039/D1CC04029D
https://doi.org/10.1021/acs.accounts.8b00079
https://doi.org/10.1021/acs.accounts.8b00079
https://doi.org/10.1021/acs.accounts.2c00830
https://doi.org/10.1002/chem.201804953
https://doi.org/10.1021/cr941141k
https://doi.org/10.1002/chem.202003822
https://doi.org/10.1039/D2OB00670G
https://doi.org/10.1039/D2OB00670G
https://doi.org/10.1021/acs.accounts.1c00261
https://doi.org/10.1021/ja00095a025
https://doi.org/10.1021/ja00095a025
https://doi.org/10.1021/jp9919213
https://doi.org/10.1002/anie.202002246
https://doi.org/10.1002/anie.202002246
https://doi.org/10.1002/poc.1614
https://doi.org/10.1021/jp970778f
https://doi.org/10.1021/jp970778f
https://doi.org/10.1021/j100182a021
https://doi.org/10.1021/j100182a021
https://doi.org/10.1016/0022-2852(81)90138-7
https://doi.org/10.1021/ja01001a007
https://doi.org/10.1039/C19670001225
https://doi.org/10.1002/anie.196808201
https://doi.org/10.1016/j.tetlet.2005.09.165
https://doi.org/10.1016/j.tetlet.2005.09.165
https://doi.org/10.1039/C29710001375
https://doi.org/10.1039/C29710001375
https://doi.org/10.1016/S0040-4039(00)92669-8
https://doi.org/10.1016/S0040-4039(00)92669-8
https://doi.org/10.1016/0040-4020(79)85049-8
https://doi.org/10.1016/0040-4020(79)85049-8
https://doi.org/10.1021/ja402393w
https://doi.org/10.1021/ja402393w
https://doi.org/10.1021/acs.orglett.5b02097
https://doi.org/10.1021/acs.orglett.8b04001
https://doi.org/10.1002/anie.202003831
https://doi.org/10.1039/C9CC03394G
https://doi.org/10.1021/acs.orglett.2c01757
https://doi.org/10.1021/acscatal.1c03414
https://doi.org/10.1039/c0cs00201a
https://doi.org/10.1039/c0cs00201a
https://doi.org/10.1016/j.tet.2022.132694
https://doi.org/10.1002/adsc.201000499
https://doi.org/10.1002/anie.201202451
https://doi.org/10.1002/anie.201202451
https://doi.org/10.1002/chem.201900349
https://doi.org/10.1021/acs.orglett.9b02867
https://doi.org/10.1021/acs.orglett.9b02867
https://doi.org/10.1039/C9OB02712B
https://doi.org/10.1039/C9OB02712B
https://doi.org/10.1021/acs.joc.0c02561
https://doi.org/10.1021/acs.joc.0c02561
https://doi.org/10.1039/D1OB00270H
https://doi.org/10.1016/j.jfluchem.2020.109695
https://doi.org/10.1016/j.jfluchem.2020.109695
https://doi.org/10.1002/anie.201913175
https://doi.org/10.1002/anie.201913175
https://doi.org/10.1021/jp307921p
https://doi.org/10.1021/jp307921p
https://doi.org/10.1080/00268976.2014.1000991
https://doi.org/10.1002/qua.24537
https://doi.org/10.1002/qua.24537
https://doi.org/10.1021/ja00027a006
https://doi.org/10.1021/ja00027a006
https://doi.org/10.1021/ol1013119
https://doi.org/10.1021/ol1013119
https://doi.org/10.1021/jo2023558
https://doi.org/10.1021/jo2023558
https://doi.org/10.1039/C5OB01088H
https://doi.org/10.1039/C5OB01088H
https://doi.org/10.1016/j.jfluchem.2018.02.001
https://doi.org/10.1039/C7CC01418J
https://doi.org/10.1039/C7CC01418J
https://doi.org/10.1002/adsc.201801006
https://doi.org/10.1039/D0CC06004F
https://doi.org/10.1039/D0CC06004F
https://doi.org/10.1021/acs.orglett.2c02126
https://doi.org/10.1016/j.tetlet.2010.12.005
https://doi.org/10.1039/C8OB02812E
https://doi.org/10.1002/chem.201804225
https://doi.org/10.3762/bjoc.17.70
https://doi.org/10.1002/anie.201907488
https://doi.org/10.1002/cber.19791120902
https://doi.org/10.1016/S0040-4039(01)95859-9
https://doi.org/10.1039/C9CC05749H
https://doi.org/10.1039/C9CC05749H
https://doi.org/10.1016/j.tet.2013.10.048
https://doi.org/10.1016/j.tet.2013.10.048
https://doi.org/10.1002/adsc.201000506
https://doi.org/10.1016/j.tetlet.2010.06.030
https://doi.org/10.1016/j.tetlet.2010.06.030
https://doi.org/10.1021/ol902903v
https://doi.org/10.1021/ol902903v
https://doi.org/10.1021/ol300687s
https://doi.org/10.1021/ol300687s
https://doi.org/10.1021/ol3024264
https://doi.org/10.1021/ol3024264
https://doi.org/10.1016/j.bmc.2012.06.006
https://doi.org/10.1021/jo302222n
https://doi.org/10.1021/jo302222n
https://doi.org/10.1021/ol402837u
https://doi.org/10.1039/D2OB02016E

Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202301851

[65] M. Kirihara, T. Ogata, A. Itou, S. Naito, M. Kishida, K. Yamazaki, H. Tabata,
H. Takahashi, Chem. Lett. 2013, 42, 1377-1379.

[66] E.A. llin, V. O. Smirnov, A.D. Dilman, J. Fluorine Chem. 2022, 261-262,
110025.

[67] R. A. Moss, Y. Shen, L. Wang, K. Krogh-Jespersen, Org. Lett. 2011, 13,
4752-4754.

[68] R.A. Moss, L. Wang, R. R. Sauers, Tetrahedron Lett. 2007, 48, 5551-5554.

[69] J. H. Rigby, M. Aasmul, Heterocycles 2004, 62, 143-147.

[70] H.Wang, R-Y. Yang, B. Xu, Chem. Eur. J. 2022, 28, €202104364.

[71] S. Guo, W. Sun, J. W. Tucker, K. D. Hesp, N.K. Szymczak, Chem. Eur. J.
2023, 29, e202203578.

[72] K.N. Shavrin, V. D. Gvozdev, O. M. Nefedov, Russ. Chem. Bull. 2002, 51,
1237-1253.

[73] C.B.A. L. Bagdasarian, R. A. Craig II, J. De Vicente Fidalgo, A. A. Estrada,
B. M. Fox, C. Hu, B. J. Huffman, K. W. Lexa, L. G. Nilewski, M. Osipov, A.
Thottumkara (Denali Therapeutics inc.), W02022232632, 2022.

Chem. Eur. J. 2023, 29, €202301851 (17 of 17)

[74] M.E.B.D.R. Anderson, K. J. Curran, C. M. Dehnhardt, L. K. Gavrin, J. A.
Goldberg, S. Han, D. Hepworth, H.-C. Huang, A. Lee, K.L. Lee, F.E.
Lovering, M.D. Lowe, J.P. Mathias, N. Papaioannou, A. Patny, B.S.
Pierce, E. Saiah, J. W. Strohbach, J. D. Trzupek, R. Vargas, X. Wang, S. W.
Wright, C. W. Zapf (Pfizer inc.), WO2015150995, 2015.

[75] J. Veliks, M. Videja, A. Kinens, R. Bobrovs, M. Priede, J. Kuka, ACS Med.
Chem. Lett. 2020, 11, 2146-2150.

[76] G. Milanole, F. Andriessen, G. Lemonnier, M. Sebban, G. Coadou, S.
Couve-Bonnaire, J.-F. Bonfanti, P. Jubault, X. Pannecoucke, Org. Lett.
2015, 17, 2968-2971.

[77]1 R. Melngaile, M. Videja, J. Kuka, A. Kinens, D. Zacs, J. Veliks, Org. Lett.
2023, 25, 2280-2284.

Manuscript received: June 15, 2023
Version of record online: October 30, 2023

© 2023 Wiley-VCH GmbH

d'69 ‘€j0c ‘S9LETZST

woyy

11PUOD P SWLB L 3U) 885 *[9202/20/LT] uo Aiq72ulluo A|IM ‘ArIGITRINRT JO AISPAIN AQ TSBTOEZ0Z WBUR/Z00T OT/I0p/W00™ A8 1N

fom

pue

85UB017 SUOLILOD BAReRID 3(qeai|dde auy Aq pausenob a2 Sajolie YO ‘88N JO SajnJ 10} AiqIT 8UIUO AB|IA UO (¢


https://doi.org/10.1246/cl.130570
https://doi.org/10.1016/j.jfluchem.2022.110025
https://doi.org/10.1016/j.jfluchem.2022.110025
https://doi.org/10.1021/ol2019532
https://doi.org/10.1021/ol2019532
https://doi.org/10.1016/j.tetlet.2007.05.124
https://doi.org/10.1023/A:1020952513679
https://doi.org/10.1023/A:1020952513679
https://doi.org/10.1021/acsmedchemlett.0c00220
https://doi.org/10.1021/acsmedchemlett.0c00220
https://doi.org/10.1021/acs.orglett.5b01216
https://doi.org/10.1021/acs.orglett.5b01216
https://doi.org/10.1021/acs.orglett.3c00579
https://doi.org/10.1021/acs.orglett.3c00579

2. pielikums / Appendix 2

Sperga, A.; Pfeifers, T.; Zacs, D.; Veliks, J.
Fluorohalomethylsulfonium Salts as a Fluorohalocarbene Source
Organic Letters 2024, 26 (30), 6482-6485

Copyright © 2024 American Chemical Society

The Supporting Information is available free of charge at:
https://pubs.acs.org/doi/10.1021/acs.orglett.4c02327



Downloaded viaLATVIAN INST OF ORGANIC SYNTHESIS on February 18, 2026 at 07:29:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

OL ‘ Organic
Letters )

pubs.acs.org/OrglLett

Fluorohalomethylsulfonium Salts as a Fluorohalocarbene Source
Arturs Sperga, Toms Pfeifers, Dzintars Zacs, and Janis Veliks*

Cite This: Org. Lett. 2024, 26, 6482-6485

I: I Read Online

ACCESS |

[l Metrics & More ‘

Article Recommendations

‘ @ Supporting Information

ABSTRACT: Synthesis of fluoroorganic compounds is of great F._ Hal R®

importance due to their extensive application in medicinal chemistry,
agrochemicals, and materials. Herein, we report efficient synthesis of Ph”@A|
novel diaryl fluorohalomethyl sulfonium salts. The application
showcased proficient reagents for Freon-free fluorochloro-, fluoro-

\( o R2 .
BF, * R® ase
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via R E

Hal = Cl, Br, | [F/\Hal

bromo-, and fluoroiodocarbene transfer to alkenes. The developed
mild, room temperature conditions for the cyclopropanation do not require any metal catalysts and allow synthetic access to diverse

cyclopropanes.

he vast application of organofluorine compounds

demands innovative strategies for the construction of
fluorine containing products,'™* especially in high yielding,
user-friendly, and environmentally friendly fashion. Fluorinated
carbene transfer reactions are an elegant synthetic strategy to
functionalize molecules by creating new carbon—carbon or
carbon—heteroatom bonds and at the same to deliver the
valuable fluorine atom to the target structure.”® Various
fluorinated carbene transfer reactions have been extensively
employed to access fluoroorganic compounds. However,
fluorohalocarbene transfer reactions are far less employed in
the synthesis.”

The current strategy for fluorohalocarbene transfer involves
the use of fluorohalomethanes,® which are environmentally
concerning reagents due to their ozone depleting properties.
Alternatively, organomercury reagents and halogenated
ketones can be used. Recently, halogenated esters
(CFHal,CO,Et),” carboxylates (CFHal,COONa),'® and fluo-
rohalomethyl silanes (TMSCFHal,)"" have emerged as an
alternative for fluorohalocarbene transfer. These carbenes are
efficient reactive species for the synthesis of fluorohalocyclo-
propanes. The generation of reactive species often involves
hazardous reagents, precious metals, and elevated temperature,
thus limiting the use of various functional groups and
transformations. Furthermore, fluoroiodocarbene transfer is
extremely rare, with only one reagent known to date -
fluorodiiodomethane (CHFL,),">"* which has limited avail-
ability. In contrast to difluorocarbene transfer,"*"” fluoroha-
locarbene transfer reagents and reactions are far less developed
(Figure 1).18720

To overcome the aforementioned drawbacks, we envisioned
that dihalosulfonium salts may serve as a superior alternative,
where carbene generation could be achieved via deprotonation
and subsequent a-elimination to deliver a fluorohalocarbene,
which, if trapped with an alkene, will produce gem-
dihalocyclopropanes.

© 2024 American Chemical Society
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Figure 1. Reagents for fluorohalocarbene transfer.

It emerges that fluorohalomethyl sulfonium salts are efficient
carbene transfer reagents. We started our research by
developing syntheses toward all three fluorohalomethyl
sulfonium salts CIFS, BrFS, and IFS (Scheme 1).

Thiophenol 1 was alkylated with ethyl chlorofluoroacetate
under basic conditions, followed by sulfide oxidation, which
was further chlorinated, and after a Krapcho decarboxylation
sulfoxide, 2 was obtained in good yield over 4 steps (Scheme
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Scheme 1. Synthetic Access to Fluorohalomethyl Sulfonium
Salts
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1A). Deoxygenative arylation of 2 with m-xylene afforded CIFS
in a high yield.

Synthesis of bromofluoromethyl sulfonium salt BrFS was
achieved by alkylation of thiopenol, followed by a one pot
oxidation and bromination (Scheme 1B). Krapcho decarbox-
ylation afforded a mixture of three products. Fortunately, both
side products can be transformed to the necessary sulfoxide 4.
Side product § undergoes smooth reduction with sulfite.
Sulfoxide 3 can be brominated with NBS under basic
conditions, and subsequent decarboxylation of 6 yields target
precursor 4. After a Friedel—Crafts-type arylation of sulfoxide,
4 target compound BrFS was obtained.

The fluoroiodomethyl sulfonium salt IFS synthesis was
achieved by the same alkylation and oxidation sequence as
described above, followed by ester hydrolysis and iododecar-
boxylation as the key step (Scheme 1C). Coupling with
1,2,3,4-tetramethylbenzene was crucial for higher product yield
and improved properties such as purity and solidity.

For each reaction sequence, most of the intermediates were
telescoped, involving only one column chromatography step
for the synthesis of CIFS and IFS. These syntheses were
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achieved without the use of Freons and with a cheap fluorine
source and where the ester group played a key role in halogen
introduction.

With the three sulfonium salts in hand, we examined
dihalocarbene generation in the presence of styrene 8a (Table
1). Pleasingly, when CIFS was treated with base in the

Table 1. Opimization of Reaction Conditions

€]
FYCI o, ¢l
X Base
S + /@A Solvent F
Ph Ph
CIFS (2 equiv) 8a 9a
Addition Base Yield 9a”
Entry” Solvent (M) time (equiv) (d.r.) 8a”
1 DCM (0.32) 2h NaH (5) 61% 28%
15 min (1.3:1)
2 DCM (0.32) 2h NaH (5)  59% 33%
1S min (1.3:1)
3 DCM (0.32) 3h NaH (5)  59% 33%
30 min (1.3:1)
4 DCM (032) 1h NaH () 64% 29%
10 min (1.3:1)
5 DCM (0.20) 4h NaH (5) 62% 37%
(1.3:1)
6  DCM (055) 1h NaH (5)  70% 20%
20 min (1.3:1)
7 THF (0.32) 2h NaH (5) 61% 26%
20 min (1.4:1)
8 1,4-dioxane:DCM 1 h 12 NaH (5) 93% 3%
(0.61) min (1.3:1)
9 DCM (0.32) 2h LIOHY  42% 47%
15 min (1.6:1)
10 DCM (0.32) 2h K,CO,¥  36% 60%
1S min (1.6:1)
11 DCM (0.32) 2h KOHY  43% 48%
15 min (1.7:1)
12 DCM (0.32) 2h NaOH?  44% 51%
15 min (1.3:1)

“To alkene 8a (0.11 mmol) and base, solution of CIFS was slowly
added under Ar atm. at RT. “Yield and d.r. determined for crude
reaction mixture using 'H NMR and EtOAc as internal standard. “At
0 °C “Saturated aqueous solution (0.2 mL).

presence of alkene 8a, cyclopropane 9a formation was
observed as a mixture of two diastereomers (entry 1).
Changing the addition time of the CIFS solution to the
reaction mixture or performing reactions at lower temperatures
did not offer any improvement (entries 2—4). However, the
use of more concentrated CIFS 1,4-dioxane:DCM solution
(5:1 v:v) resulted in almost full conversion and in excellent
product yield (entry 4). The use of other bases decreased the
conversion and product yield (entries 9—12). Attempts to
increase the reaction diastereoselectivity using carbene transfer
catalysts gave no improvement (see SI for more details).
With optimized reaction conditions in hand, we evaluated
the substrate scope (Scheme 2). All three fluorohalomethyl
sulfonium salts are compatible with reaction conditions and
tolerate a wide variety of alkenes. Alkenes in conjugation with
heterocyclic systems (8d, 8e) and disubstituted alkenes (8f,
8h, 8m—o) form product 9 in average to excellent yields.
Functional groups such as methoxy- (8b), phthalimide (8i),
methoxycarbonyl- (81), cyano (80), and Boc protected amine
(8n) furnish cylopropanes 9 with good yields. Furthermore
nonconjugated alkene (8p) also shows reasonable reactivity.
However, similar difluoromethylsulfonium salt”’ under stand-
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Scheme 2. Substrate Scope Reactivity

Scheme 3. Control Experiments
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ard reaction conditions was less efficient and gave a lower yield
of difluorocarbene transfer product 9a-F.*'

The developed mild conditions: room temperature reaction
and use of non-nucleophilic base as a promoter for carbene
generation, allowing access to diverse cyclopropanes, which
would be inaccessible using previous methods.

In order to support the proposed carbene pathway,
competition experiments were performed (Scheme 3) where
electron rich 8a and deficient 10 alkenes were reacted in the
presence of dihalosulfonium salt CIFS. Only unactivated
alkene 8a reacted leaving electron poor alkene—vinylsulfone
(10) completely unaffected. This strongly supports dihalocar-
bene reactivity due to its electrophilic nature.”” On the
contrary, monofluoromethyl sulfonium salt 12°° gave only
fluorinated cyclopropane 13°*° originating from the electron
poor sulfone 10. Due to the nucleophilic character of the ylide
species, the preferred reaction partner was a good Michael
acceptor 10 leaving vinylbiphenyl (8a) completely unreacted.
This striking difference in reactivity is in agreement with the
favorable a-elimination when leading to stabilized dihalocar-
benes™* and marks a clear distinction between monfluor-
omethyl and fluorohalomethyl sulfonium salt reactivities.
Additionally, DFT calculations support this observation as
the formation of fluorochlorocarbene (IIIb) from ylide (Ib) is
thermodynamically favorable, in contrast to fluorocarbene
(IlIa), where a-elimination is an uphill process.
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monofluoromethylsulfonium salts, which prefer the ylide
pathway.
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ABSTRACT: The synthesis of organofluorine compounds is Base RsNF &S < ~F
pivotal in developing innovative pharmaceuticals, materials, and F._CO,Et CoEt / F CO.Et
agrochemicals. Fluorinated carbene transfer offers a promising js/ — :

strategy for forming new carbon—carbon and carbon—heteroatom g ™M R

bonds, facilitating one-carbon editing by simultaneously introducing BF, M= Cu, Co \ cosgt
fluorine into target structures. In this study, we introduce a novel o Rl R/ <F
fluoroacetyl sulfonium reagent, (2-ethoxy-1-fluoro-2-oxoethyl)- + Solid & bench stable

(phenyl)(2,3,4,5-tetramethylphenyl)sulfonium tetrafluoroborate S EIE DRI

(1), serving as an effective alternative to the currently unknown 2-

diazo-2-fluoroacetate for ethyl fluoroacetyl carbene transfer. This reagent is applied in Doyle—Kirmse and cyclopropanation
reactions operating under mild conditions with the use of earth-abundant metal catalysts. This approach enables the efficient
synthesis of valuable monofluorinated products.

he development of novel retrosynthetic strategies to precursor, is unknown and may also pose safety concerns in
access monofluorinated compounds is highly regarded as terms of toxicity and stability.>*">*
they constitute a significant fraction of newly approved small To overcome these limitations, we thought that sulfonium
molecule drugs; 39% in 2023 contain this smallest member of salt 1 might serve as a safe and easy-to-handle carbene
the halogen family in their molecular structures.' * Carbenes source.”®™ After ylide formation, complexation with a metal
are prominent species for one-carbon editing purposes,’ center, and sulfide elimination, it would give rise to a metal
especially if they can simultaneously deliver a fluorine atom. carbene complex, allowing us to exploit the characteristic
The carboxylate moiety is one of the most important electrophilic properties of the carbene. It is particularly
functionalities in biology and medicinal chemistry;” addition- noteworthy that for an archetypical carbene transfer process
ally, its rich synthetic application allows it to be used as a such as the Doyle—Kirmse reaction,®®** sulfonium salts were
functional handle for further synthetic modifications.*™ "’ generally not used as reagents, except in rare instances.
The fluoroacetyl moiety can be found in various biologically Sulfonium salts could be especially relevant for this purpose
active compounds (Figure 1A)."' ™" Incorporation of fluorine when the corresponding diazo compounds are nonexistent,
at the a position into carbonyl compounds usually involves unstable, or problematic to scale up due to safety reasons. We
deprotonat]igillgollowed by electrophilic fluorination using N— have verified our hypothesis and performed fluoroacetyl

F reagents, thus requiring an additional synthetic step and

carbene transfer from sulfonium reagent 1 by developing
limiting the use of base sensitive substrates. Another strategy

efficient protocols for the Doyle—Kirmse reaction and

involves using a-ﬂuoroacetyl-contfigr?}‘i)ng building blocks in cyclopropanation**™ of styrenes using our novel reagent
order to obtain target compounds. (Figure 1D)
Formal fluoroacetyl carbene transfer has been p revlousl)lr We started our studies by developing an efficient synthesis of

developed for [2+1] cyclization with activated alkenes”
(Figure 1B), carbonyls,”> and imines>® using ethyl dibromo-
fluoroacetate.”*> The reaction proceeds via a zinc enolate
intermediate utilizing its nucleophilic properties.

Regarding the plethora of synthetically useful applications
for metal-catalyzed acetyl carbene reactions,”* " fluoroacetyl
carbene transfer remains largely unexplored (Figure 1C). We
hypothesized that a fluorinated analogue might exhibit a
similar reactivity profile and enable simultaneous delivery of
fluorine and the acetyl group into the target structure.
However, to the best of our knowledge, the corresponding
ethyl diazofluoroacetate, which could serve as a carbene

(2-ethoxy-1-fluoro-2-oxoethyl) (phenyl) (2,3,4,5-tetramethyl-
phenyl)sulfonium-BF, (1) (Scheme 1), which was prepared in
three steps starting from inexpensive, commercially available
starting materials. The alkylation of thiophenol (6) with ethyl
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Scheme 1. Synthesis of Sulfonium Salt 1

cl
1. F)\COZEt (1:2eq)
EtsN (1.3 eq) o]
THF 3§
_SH _S CO,Et
Ph 2.NBS (3 eq) h \F(
6 EtOH, H,0, 0°C
87% d.r. = 1:1
over 2 steps
)
EtO,C.__F
1, (1eq) 2 5 BF,
TfH,0 (1eq) pheS
Et,0, -10 °C

2. NaBF4 (aq)

1
65%, d.r.=2.2:1
« Free flowing solid
« Bench stable

chlorofluoroacetate, followed by NBS-mediated oxidation,
afforded sulfoxide 7, which was further subjected to aryl
coupling with 1,2,3,4-tetramethylbenzene in the presence of
triflic anhydride. Upon anion metathesis, this sequence
afforded sulfonium reagent 1 in good yield as a free-flowing,
bench-stable solid. The obtained reagent exists as a 2.2:1
mixture of diastereomers.

With reagent 1 in hand, its ability to undergo fluoroacetyl
carbene transfer was investigated. As a model reaction, the
Doyle—Kirmse reaction was selected using allyl phenyl sulfide
(2a) as a substrate (Table 1). Initially, tetraphenylporphyrin
iron(IIT) chloride (Fe(TPP)CI) was used as the catalyst in the
presence of Cs,CO; as a base in 14-dioxane as the entry
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Table 1. Optimization of the Doyle—Kirmse Reaction

P SN
EtOZCYF Base (23aequiv) CO,Et
P S Catalyst (5 mol) S ~Z . py YCOZE'* F .
%)F,, Solvent (0.16 M) F CO.Et F CO,Et
1 (2.1 equiv) 3a 8 9
yield (3a/8/9°)
entry” solvent catalyst base (%)
1 1,4-dioxane ~ Fe(TPP)Cl Cs,CO;4 5/1/32
2 THF Fe(TPP)Cl Cs,CO, 10/1/38
3 MeCN Fe(TPP)Cl Cs,CO, 2/2/59
4 DCM Fe(TPP)Cl Cs,CO,4 46/5/17
S DCM Cul Cs,CO; 58/21/15
6 DCM IMesCuCl Cs,CO; 20/24/30
7 DCM Rh,(OAc), Cs,CO;4 29/41/trace
8 DCM Cu(MeCN),BF,  Cs,CO, 74/8/18
9 DCM CoTPP Cs,CO;4 45/10/13
10 DCM Cu(MeCN),BF, DIPEA 67/13/12
11>  DCM Cu(MeCN),BF,  DIPEA 43/4/17
12  DCM Cu(MeCN),BE,  DIPEA 43/14/15
13 DCM Cu(MeCN),BF,  DIPEA 88/1/14
14 DCM - Cs,CO;4 7/2/34

“Allyl sulfide 2a (0.115 mmol), sulfonium salt 1, a catalyst, and a base
were stirred for 4—5 h in a solvent under an Ar atmosphere at room
temperature. After completion of the reaction, the mixture was
evaporated (for entries 1—3), suspended in DCM, and filtered
through a short pad of silica gel eluting with DCM. For entries 4—14,
the reaction mixture was directly filtered through a short pad of silica
gel eluting with DCM. The reaction yield was determined from the
F NMR crude mixture using PhCF, as the internal standard. At
0.082 M. “At 0 °C. #A solution of sulfonium salt 1 in DCM (0.72 mL)
was added over 4 h to a mixture of allyl sulfide, a base, and a catalyst.
“Yield for 9 calculated assuming 2a as the limiting reagent.

conditions. We were pleased to observe the formation of
rearrangement product 3a (Table 1, entry 1), albeit in a
minute yield. This motivated us to further screen solvents
(entries 2—4); DCM turned out to be most promising giving a
moderate yield of the product. The reaction was accompanied
by the formation of deallylated sulfide 8 and formal carbene
dimerization product diethyl 2,3-difluorobut-2-enedioate (9).
Further screening of metal catalysts revealed that Cu-
(MeCN),BF, is the most efficient catalyst. Adjusting the
base (entry 13) and using a syringe pump for the slow addition
of sulfonium salt 1 improved the reaction yield. Interestingly,
the reaction without a metal catalyst also formed product 3a
(entry 14), albeit in minor yield, possibly through a simple
substitution reaction in which allyl sulfide acts as a nucleophile,
replacing diaryl sulfide as the better leaving group, followed by
ylide generation and [2,3]-sigmatropic rearrangement.48
Alternatively, the uncatalyzed free carbene transfer pathway
cannot be excluded; however, it is less likely.

With the optimized reaction conditions in hand, we
investigated the substrate scope (Scheme 2). Various allyl
aryl sulfides 2, bearing a broad spectrum of functional groups,
were tolerated under the reaction conditions.

Electron-withdrawing groups such as cyano, nitro, and
trifluoromethyl (2b, 2d, and 2g, respectively) afforded
rearrangement products 3 in moderate to good yields. An
electron-donating group such as methoxy (2c) gave good
yields. Pleasingly, arylbromide 3f is well tolerated under the
optimized reaction conditions. The substrate scope was

https://doi.org/10.1021/acs.orglett.5c01416
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Scheme 2. Substrate Scope for the Doyle—Kirmse Reaction®
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¢ S
S ©/ PAEEN
F’ COEt COEt
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“0On a 1.15 mmol scale of 2. “Fe(TPP)Cl (5 mol %) instead of
Cu(MeCN),BF,. “Crude NMR yleld determined from “F NMR
using PhCF; as an internal standard. Phenyl propargyl sulfide used.
For the reactions, to 2 (0.115 mmol), Cu(MeCN),BF, (5 mol %),
and DIPEA (3 equiv) is added mixture 1 (2.1 equiv in 0.72 mL of
DCM) over 4—5 h under an Ar atmosphere at room temperature.

successfully expanded to include nonconjugated sulfides (3e
and 3i). Furthermore, gem-dimethyl-substituted alkene 2h
proved to be an efficient reactant.

However, for the dimethylamino group containing substrate
2j, the iron porphyrin catalyst showed a superior result, which
might be attributed to electrophilic copper catalyst inhibition
by amine coordination. Fortunately, protected S-allyl cysteine
2k showed outstanding reactivity under the optimized
conditions. Ortho-disubstituted substrate 21 showed a
diminished product yield, probably due to steric hindrance
around the sulfide. Propargylic sulfide 3m gave a product with
a moderate yield, but its decomposition was observed during
purification.

Product 3a was further subjected to various functionalization
reactions (Scheme 3). Oxidation using mCPBA gave sulfone
10 in a good yield. Krapcho decarboxylation of 10 afforded
monofluorinated homoallyl sulfone 11. Ester 10 is readily
hydrolyzed using LiOH, forming carboxylic acid 12 in excellent
yield. Acid 12 undergoes highly diastereoselective iodolacto-
nization to form y-lactone 13. Furthermore, it is possible to
access activated ester 14 by coupling with N-hydroxyphthali-
mide.

To further expand the application of sulfonium reagent 1
and demonstrate its application as a diazo surrogate, we turned
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Scheme 3. Product Functionalization
3a
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DCM
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H,0 DCM 0°C tort
o
14

58%

42% d.r.>20:1 iodolactonization activated ester

our attention to cyclopropanation of alkenes 4 (Scheme 4).
The use of a cobalt porphyrin catalyst and Cs,CO; furnished

Scheme 4. Cyclopropanation Reaction Scope”

E‘OZC\(F Cs,C0s (3 eq)
CoTPP (5 mol%)
S N N o / <co,Et
° DCM R F
BF,
,,,,,,, T@lequiv) 4 5
COEt COaEt COsEt
/©/AF F /©/&F
Ph Br
5a 5b 5c
84% d.r. 4.9:1 93% d.r. 5.6:1 39% d.r. > 201
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/\ COaE COEt (COEt
F F F
I 1 )
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(dr. 3.8:1) (dr. 6.2:1) (dr. 6.8:1)
Acoza
PhO,S F
(8% d.r. 1:1)

“Metal free reaction; ’F NMR yield determined from the crude
reaction mixture using PhCF; as an internal standard. For the
reactions, alkene 4 (0.115 mmol), sulfonium salt 1, CoTPP (5 mol
%), and Cs,CO; are stirred for 3—4 h under an Ar atmosphere at
room temperature. dr in parentheses determined from crude 'H or
'F NMR.

cyclopropanes 5 in low to excellent yields and moderate
diastereoselectivity without the need for the slow addition of
sulfonium 1 (for reaction optimization, see the Supporting
Information). Pleasingly, heterocyclic systems 4e and 4f are
well tolerated under the reaction conditions. Activated alkene
(vinylsulfonyl)benzene (4g) under metal free conditions
provided product Sg in low yield. However, internal alkenes
were unreactive.

Further investigations were conducted to gain additional
insight into whether the carbene transfer from sulfonium salt 1
occurs via ylide a-eliminative decomposition to free carbene or
through a stepwise reaction with a copper catalyst to form
metal-stabilized carbene. Our previous studies revealed that
although structurally similar, monofluorinated sulfonium salts

https://doi.org/10.1021/acs.orglett.5c01416
Org. Lett. 2025, 27, 54465451
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bearing different a-substituents might exhibit either ylide®® or
free carbene reactivities.’”® According to density functional
theory (DFT) calculations, a-elimination to form free carbene
IV is less favored thermodynamically (Figure 2, path B)
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Figure 2. Thermodynamic analysis of potential intermediates of the
reaction mechanism using DFT calculations (m06-2x/Def2TZVP
using DCM as the solvent).

compared to the formation of copper-stabilized carbene V,
which is energetically more accessible (Figure 2, path A). Once
carbene V reacts with allyl sulfide 2a, it affords metal-bound
ylide® VI, which may then undergo free ylide VII formation
followed by a 1,3-sigmatropic rearrangement'® to give the
desired product 3a’. Additionally, experimental validation
excludes the free carbene pathway, as no cyclopropanation
product was observed for an uncatalyzed process using
unactivated alkene (see Table S1, entry 10); however, small
quantities of Corey—Chaykovsky product Sg were formed with
activated alkene (vinylsulfonyl)benzene (4g), supporting the
involvement of ylide in the initial steps of the process (see the
Supporting Information for details).

In order to improve our understanding of the properties of
the fluoroacetyl carbene, we performed charge distribution
analysis for carbene—copper complexes V and V-H (Table 2;
see the Supporting Information for additional computational
details). The analysis revealed that fluoroacetyl carbene—

Table 2. Calculated Orbital Energies and Global

Electrophilicities of Carbene—Copper Complexes V and V-
H

o o
F H
0] (0]
Cu(MeCN), Cu(MeCN),
\") V-H
donation (d) 0.326 0.287
back-donation (b) 0.035 0.050
d—-1b 0.291 0.237
eLomo (V) ~7220 —6.843
w 11.608 10.203
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copper complex V showed more ¢ donation (0.326) and less
back-donation (0.035) compared to acetyl carbene V-H. This
indicates that the fluorinated carbene transfers more electron
density (0.291) to the copper core than the ligand bearing
hydrogen. Additionally, the energy of the lowest unoccupied
molecular orbital (LUMO) for fluoroacetyl carbene complex V
is more negative than that of nonfluorinated carbene complex
V-H. This results in the higher electrophilicity of complex V, as
indicated by increased electrophilicity index @ (11.608) in
comparison to that of simple acetyl carbene—copper complex
V-H (10.203).

We have developed novel highly efficient fluoroacetyl
carbene transfer reactions utilizing a stable and easy-to-handle
sulfonium salt. The application was showcased in the Doyle—
Kirmse and cyclopropanation reactions. Metal-stabilized
carbene generation takes place under mild conditions using
weak and non-nucleophilic bases such as DIPEA and Cs,COs.
Furthermore, the employed metal catalysts for carbene transfer
are earth abundant. To the best of our knowledge, these are
the first fluoroacetyl carbene transfer reactions indicating
similar reactivity to nonfluorinated ethyl-acetylcarbene. Our
findings open the door for the further exploration of reactivity

to access medicinal chemistry relevant a-fluoroacetyl groups in
one step.

Bl ASSOCIATED CONTENT
Data Availability Statement

The data underlying this study are available in the published
article and its Supporting Information.

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416.

General methods, procedures, characterization data,

copies of NMR spectra, and six additional references
(PDF)

B AUTHOR INFORMATION
Corresponding Author

Janis Veliks — Latvian Institute of Organic Synthesis, LV-1006
Riga, Latvia; Faculty of Natural Sciences and Technology,
Riga Technical University, LV-1048 Riga, Latvia;

orcid.org/0000-0003-0955-8257; Email: janis.veliks@
osilv

Authors

Arturs Sperga — Latvian Institute of Organic Synthesis, LV-
1006 Riga, Latvia; Faculty of Natural Sciences and
Technology, Riga Technical University, LV-1048 Riga, Latvia

Artis Kinens — Latvian Institute of Organic Synthesis, LV-
1006 Riga, Latvia; University of Latvia, Faculty of Medicine
and Life Sciences, LV-1004 Riga, Latvia; © orcid.org/0000-
0003-1992-525X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.5c01416

Notes

The authors declare no competing financial interest.

https://doi.org/10.1021/acs.orglett.5c01416
Org. Lett. 2025, 27, 54465451


https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01416/suppl_file/ol5c01416_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01416/suppl_file/ol5c01416_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01416/suppl_file/ol5c01416_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01416/suppl_file/ol5c01416_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01416/suppl_file/ol5c01416_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janis+Veliks"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0955-8257
https://orcid.org/0000-0003-0955-8257
mailto:janis.veliks@osi.lv
mailto:janis.veliks@osi.lv
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arturs+Sperga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artis+Kinens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1992-525X
https://orcid.org/0000-0003-1992-525X
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01416?fig=tbl2&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters

pubs.acs.org/OrglLett

B ACKNOWLEDGMENTS

This work has been supported by Latvian Council of Science
Project 1zp-2022/1-0335. NMR measurements were taken by
Juris Popelis, Marina Petrova, and Ruslans Muhamedejevs
(LIOS). MS measurements were taken by Solveiga Grinberga,
Dace Hartmane, Valerija Krizanovska, and Baiba Gukalova
(L1IOS). Helena Kazoka and Toms Upmanis (LIOS)
performed chiral HPLC.

B REFERENCES

(1) Gillis, E. P.; Eastman, K. J; Hil, M. D.,; Donnelly, D. J.;
Meanwell, N. A. Applications of Fluorine in Medicinal Chemistry. J.
Med. Chem. 2015, 58, 8315—8359.

(2) Inoue, M.; Sumii, Y.; Shibata, N. Contribution of Organofluorine
Compounds to Pharmaceuticals. ACS Omega 2020, S, 10633—10640.

(3) Wang, Q;; Bian, Y.; Dhawan, G.; Zhang, W.; Sorochinsky, A. E.;
Makarem, A.; Soloshonok, V. A.; Han, J. FDA approved fluorine-
containing drugs in 2023. Chin. Chem. Lett. 2024, 35, 109780.

(4) Zhou, Y.; Wang, J.; Gu, Z,; Wang, S.; Zhu, W.; Acefia, J. L;
Soloshonok, V. A.; Izawa, K.; Liu, H. Next Generation of Fluorine-
Containing Pharmaceuticals, Compounds Currently in Phase II-III
Clinical Trials of Major Pharmaceutical Companies: New Structural
Trends and Therapeutic Areas. Chem. Rev. 2016, 116, 422—518.

(5) Yuan, T.; Shi, L. Recent advances in carbon atom addition for
ring-expanding single-atom skeletal editing. Organic Chemistry
Frontiers 2024, 11, 7318—7332.

(6) Maag, H. Prodrugs of Carboxylic Acids. In Prodrugs: Challenges
and Rewards Part 1; Stella, V. J., Borchardt, R. T., Hageman, M. J,,
Oliyai, R., Maag, H,, Tilley, J. W., Eds.; Springer: New York, 2007; pp
703=729.

(7) Bredael, K; Geurs, S.; Clarisse, D.; De Bosscher, K.; D’hooghe,
M. Carboxylic Acid Bioisosteres in Medicinal Chemistry: Synthesis
and Properties. J. Chem. 2022, 2022, 2164558.

(8) Li, L; Yao, Y,; Fu, N. Free Carboxylic Acids: The Trend of
Radical Decarboxylative Functionalization. Eur. J. Org. Chem. 2023,
26, No. €202300166.

(9) Xiao, P.; Pannecoucke, X.; Bouillon, J.-P.; Couve-Bonnaire, S.
Wonderful fusion of organofluorine chemistry and decarboxylation
strategy. Chem. Soc. Rev. 2021, 50, 6094—6151.

(10) Kitcatt, D. M.; Nicolle, S.; Lee, A.-L. Direct decarboxylative
Giese reactions. Chem. Soc. Rev. 2022, 51, 1415—1453.

(11) Rodriguez-Alvarado, M.; Russo, R.; Connell, N. D.; Brenner-
Moyer, S. E. Design, organocatalytic synthesis, and bioactivity
evaluation of enantiopure fluorinated LpxC inhibitors. Organic &
Biomolecular Chemistry 2020, 18, 5867—5878.

(12) Lee, K. L.; Ambler, C. M.; Anderson, D. R.; Boscoe, B. P.; Bree,
A. G; Brodfuehrer, J. I; Chang, J. S.; Choi, C.; Chung, S.; Curran, K.
J.; Day, J. E,; Dehnhardt, C. M.; Dower, K; Drozda, S. E.; Frisbie, R.
K.; Gavrin, L. K;; Goldberg, J. A;; Han, S.; Hegen, M.; Hepworth, D.;
Hope, H. R.; Kamtekar, S.; Kilty, I. C.; Lee, A.; Lin, L.-L.; Lovering, F.
E; Lowe, M. D.; Mathias, J. P; Morgan, H. M,; Murphy, E. A,
Papaioannou, N.; Patny, A.; Pierce, B. S,; Rao, V. R,; Saiah, E;
Samardjiev, I. J.; Samas, B. M.; Shen, M. W. H.; Shin, J. H.; Soutter,
H. H; Strohbach, J. W.,; Symanowicz, P. T.; Thomason, J. R;
Trzupek, J. D.; Vargas, R; Vincent, F.; Yan, J.; Zapf, C. W.; Wright, S.
W. Discovery of Clinical Candidate 1-{[(2S,35,4S)-3-Ethyl-4-fluoro-
S-oxopyrrolidin-2-ylJmethoxy}-7-methoxyisoquinoline-6-carboxamide
(PF-06650833), a Potent, Selective Inhibitor of Interleukin-1
Receptor Associated Kinase 4 (IRAK4), by Fragment-Based Drug
Design. J. Med. Chem. 2017, 60, 5521—5542.

(13) Luckhurst, C. A.; Breccia, P.; Stott, A. J.; Aziz, O.; Birch, H. L.;
Biirli, R. W.; Hughes, S. J.; Jarvis, R. E.; Lamers, M.; Leonard, P. M.;
Matthews, K. L.; McAllister, G.; Pollack, S.; Saville-Stones, E.;
Wishart, G.; Yates, D.; Dominguez, C. Potent, Selective, and CNS-
Penetrant Tetrasubstituted Cyclopropane Class Ila Histone Deacety-
lase (HDAC) Inhibitors. ACS Med. Chem. Lett. 2016, 7, 34—39.

(14) Wilkinson, J. A. Recent advances in the selective formation of
the carbon-fluorine bond. Chem. Rev. 1992, 92, 505—519.

5450

(15) Lal, G. S; Pez, G. P; Syvret, R. G. Electrophilic NF
Fluorinating Agents. Chem. Rev. 1996, 96, 1737—1756.

(16) Liang, T.; Neumann, C. N.; Ritter, T. Introduction of Fluorine
and Fluorine-Containing Functional Groups. Angew. Chem., Int. Ed.
2013, 52, 8214—8264.

(17) Rozatian, N.; Hodgson, D. R. W. Reactivities of electrophilic
N-F fluorinating reagents. Chem. Commun. 2021, 57, 683—712.

(18) Champagne, P. A.; Desroches, J.; Hamel, J.-D.; Vandamme, M.;
Paquin, J.-F. Monofluorination of Organic Compounds: 10 Years of
Innovation. Chem. Rev. 2018, 115, 9073—9174.

(19) Grygorenko, O. O.; Melnykov, K. P.; Holovach, S.; Demchuk,
O. Fluorinated Cycloalkyl Building Blocks for Drug Discovery.
ChemMedChem 2022, 17, No. e202200365.

(20) Grygorenko, O. O.; Melnykov, K. P. Fluorinated building
blocks in drug design: new pathways and targets. Future Medicinal
Chemistry 2024, 16, 1375—1378.

(21) Ivashkin, P.; Couve-Bonnaire, S.; Jubault, P.; Pannecoucke, X.
One-Step Synthesis of Highly Functionalized Monofluorinated
Cyclopropanes from Electron-Deficient Alkenes. Org. Lett. 2012, 14,
2270-2273.

(22) Lemonnier, G.; Zoute, L.; Quirion, J.-C.; Jubault, P. First
Efficient Synthesis of Fluorinated Glycidic Esters from Ketones. Org.
Lett. 2010, 12, 844—846.

(23) Tarui, A,; Kawashima, N.; Sato, K;; Omote, M; Ando, A.
Diastereoselective synthesis of 2-fluoroaziridine-2-carboxylates by
Reformatsky-type aza-Darzens reaction. Tetrahedron Lett. 2010, SI,
4246—4249.

(24) David, E,; Couve-Bonnaire, S.; Jubault, P.; Pannecoucke, X.
Ethyl dibromofluoroacetate: a versatile reagent for the synthesis of
fluorinated molecules. Tetrahedron 2013, 69, 11039—1105S5.

(25) Sperga, A; Veliks, J. Recent Advances in Monofluorinated
Carbenes, Carbenoids, Ylides, and Related Species. Chem. - Eur. J.
2023, 29, No. €202301851.

(26) Ye, T.; McKervey, M. A. Organic Synthesis with.alpha.-Diazo
Carbonyl Compounds. Chem. Rev. 1994, 94, 1091—1160.

(27) Doyle, M. P.; Forbes, D. C. Recent Advances in Asymmetric
Catalytic Metal Carbene Transformations. Chem. Rev. 1998, 98, 911—
936.

(28) Huang, M.-Y; Zhu, S.-F. Uncommon carbene insertion
reactions. Chemical Science 2021, 12, 15790—15801.

(29) Doyle, M. P.; Duffy, R; Ratnikov, M.; Zhou, L. Catalytic
Carbene Insertion into C—H Bonds. Chem. Rev. 2010, 110, 704—724.

(30) He, Y.; Huang, Z.; Wu, K; Ma, J.; Zhou, Y.-G; Yu, Z. Recent
advances in transition-metal-catalyzed carbene insertion to C—H
bonds. Chem. Soc. Rev. 2022, 51, 2759—2852.

(31) Bera, S; Jana, S.; Samanta, R. Recent Progress on Copper-
Catalyzed C—C Bond Formation via C(sp2)—H Insertions Using
Diazo and Related Compounds. Synthesis 2024, 56, 29—46.

(32) Green, S. P.; Wheelhouse, K. M.; Payne, A. D.; Hallett, J. P.;
Miller, P. W.; Bull, J. A. Thermal Stability and Explosive Hazard
Assessment of Diazo Compounds and Diazo Transfer Reagents. Org.
Process Res. Dev. 2020, 24, 67—84.

(33) Clark, J. D.; Shah, A. S.; Peterson, J. C. Understanding the
large-scale chemistry of ethyl diazoacetate via reaction calorimetry.
Thermochim. Acta 2002, 392—393, 177—186.

(34) Maurya, R. A;; Min, K.-L; Kim, D.-P. Continuous flow synthesis
of toxic ethyl diazoacetate for utilization in an integrated microfluidic
system. Green Chem. 2014, 16, 116—120.

(35) Sperga, A.; Pfeifers, T.; Zacs, D.; Veliks, J. Fluorohalome-
thylsulfonium Salts as a Fluorohalocarbene Source. Org. Lett. 2024,
26, 6482—6485.

(36) Sperga, A.; Zacs, D.; Veliks, J. Iron-Catalyzed Fluoromethylene
Transfer from a Sulfonium Reagent. Org. Lett. 2022, 24, 4474—4478.

(37) Timmann, S.; Feng, Z.; Alcarazo, M. Recent Applications of
Sulfonium Salts in Synthesis and Catalysis. Chem. - Eur. J. 2024, 30,
No. €202402768.

(38) Burtoloso, A. C. B; Dias, R. M. P.; Leonarczyk, 1. A.
Sulfoxonium and Sulfonium Ylides as Diazocarbonyl Equivalents in

https://doi.org/10.1021/acs.orglett.5c01416
Org. Lett. 2025, 27, 54465451


https://doi.org/10.1021/acs.jmedchem.5b00258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cclet.2024.109780
https://doi.org/10.1016/j.cclet.2024.109780
https://doi.org/10.1021/acs.chemrev.5b00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4QO01806K
https://doi.org/10.1039/D4QO01806K
https://doi.org/10.1155/2022/2164558
https://doi.org/10.1155/2022/2164558
https://doi.org/10.1002/ejoc.202300166
https://doi.org/10.1002/ejoc.202300166
https://doi.org/10.1039/D1CS00216C
https://doi.org/10.1039/D1CS00216C
https://doi.org/10.1039/D1CS01168E
https://doi.org/10.1039/D1CS01168E
https://doi.org/10.1039/D0OB01125H
https://doi.org/10.1039/D0OB01125H
https://doi.org/10.1021/acs.jmedchem.7b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.5b00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.5b00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.5b00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00012a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00012a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr941145p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr941145p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1002/anie.201206566
https://doi.org/10.1039/D0CC06339H
https://doi.org/10.1039/D0CC06339H
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500706a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmdc.202200365
https://doi.org/10.1080/17568919.2024.2379229
https://doi.org/10.1080/17568919.2024.2379229
https://doi.org/10.1021/ol300687s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol300687s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol902903v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol902903v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2010.06.030
https://doi.org/10.1016/j.tetlet.2010.06.030
https://doi.org/10.1016/j.tet.2013.10.048
https://doi.org/10.1016/j.tet.2013.10.048
https://doi.org/10.1002/chem.202301851
https://doi.org/10.1002/chem.202301851
https://doi.org/10.1021/cr00028a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00028a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr940066a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr940066a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC03328J
https://doi.org/10.1039/D1SC03328J
https://doi.org/10.1021/cr900239n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900239n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1055/a-2134-0352
https://doi.org/10.1055/a-2134-0352
https://doi.org/10.1055/a-2134-0352
https://doi.org/10.1021/acs.oprd.9b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.9b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-6031(02)00100-4
https://doi.org/10.1016/S0040-6031(02)00100-4
https://doi.org/10.1039/C3GC41226A
https://doi.org/10.1039/C3GC41226A
https://doi.org/10.1039/C3GC41226A
https://doi.org/10.1021/acs.orglett.4c02327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.4c02327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202402768
https://doi.org/10.1002/chem.202402768
https://doi.org/10.1002/ejoc.201300581
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters pubs.acs.org/OrgLett

Metal-Catalyzed Insertion Reactions. Eur. J. Org. Chem. 2013, 2013,
5005—-5016.

(39) Shi, C.-Y.; Zhou, B.; Teng, M.-Y.; Ye, L.-W. Recent Advances in
the Asymmetric Doyle—Kirmse Reaction. Synthesis 2023, S5, 3895—
390S.

(40) Doyle, M. P.; Tamblyn, W. H.; Bagheri, V. Highly effective
catalytic methods for ylide generation from diazo compounds.
Mechanism of the rhodium- and copper-catalyzed reactions with
allylic compounds. Journal of Organic Chemistry 1981, 46, 5094—5102.

(41) Kirmse, W.; Kapps, M. Reaktionen des Diazomethans mit
Diallylsulfid und Allylithern unter Kupfersalz-Katalyse. Chem. Ber.
1968, 101, 994—1003.

(42) Jana, S; Guo, Y.; Koenigs, R. M. Recent Perspectives on
Rearrangement Reactions of Ylides via Carbene Transfer Reactions.
Chem. - Eur. J. 2021, 27, 1270—1281.

(43) Lu, H; Dzik, W. L; Xu, X.;; Wojtas, L.; de Bruin, B.; Zhang, X.
P. Experimental Evidence for Cobalt(IIl)-Carbene Radicals: Key
Intermediates in Cobalt(II)-Based Metalloradical Cyclopropanation.
J. Am. Chem. Soc. 2011, 133, 8518—8521.

(44) Pellissier, H. Recent developments in asymmetric cyclo-
propanation. Tetrahedron 2008, 64, 7041—7095.

(45) Liu, M.; Uyeda, C. Redox Approaches to Carbene Generation
in Catalytic Cyclopropanation Reactions. Angew. Chem., Int. Ed. 2024,
63, No. e202406218.

(46) Tan, L; Wu, K; Li, G. Rapid Olefin Cyclopropanation
Catalyzed by a Bioinspired Cobalt Complex. Chem. - Asian ]. 2023,
18, No. €202300873.

(47) Ebner, C; Carreira, E. M. Cyclopropanation Strategies in
Recent Total Syntheses. Chem. Rev. 2017, 117, 11651—11679.

(48) Hommelsheim, R.; Guo, Y.; Yang, Z.; Empel, C.; Koenigs, R.
M. Blue-Light-Induced Carbene-Transfer Reactions of Diazoalkanes.
Angew. Chem,, Int. Ed. 2019, 58, 1203—1207.

(49) Laconsay, C. J; Tantillo, D. J. Metal Bound or Free Ylides as
Reaction Intermediates in Metal-Catalyzed [2,3]-Sigmatropic Rear-
rangements? It Depends. ACS Catal. 2021, 11, 829—839.

5451

https://doi.org/10.1021/acs.orglett.5c01416
Org. Lett. 2025, 27, 54465451


https://doi.org/10.1002/ejoc.201300581
https://doi.org/10.1055/a-2119-5390
https://doi.org/10.1055/a-2119-5390
https://doi.org/10.1021/jo00338a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00338a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00338a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00338a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.19681010333
https://doi.org/10.1002/cber.19681010333
https://doi.org/10.1002/chem.202002556
https://doi.org/10.1002/chem.202002556
https://doi.org/10.1021/ja203434c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja203434c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2008.04.079
https://doi.org/10.1016/j.tet.2008.04.079
https://doi.org/10.1002/anie.202406218
https://doi.org/10.1002/anie.202406218
https://doi.org/10.1002/asia.202300873
https://doi.org/10.1002/asia.202300873
https://doi.org/10.1021/acs.chemrev.6b00798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201811991
https://doi.org/10.1021/acscatal.0c04768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

4. pielikums / Appendix 4

Sperga, A.; Pfeifers, T.; Veliks, J.
Monofluorinated C1 Synthon Strategy for The Construction of Fluoromethylene-Linked
Bicyclo[1.1.1]Pentane Derivatives
Advanced Synthesis & Catalysis 2025, 367, €70119

Copyright © 1999-2026 John Wiley & Sons, Inc or related companies

The Supporting Information is available free of charge at:
https://doi.org/10.1002/adsc.70119



[n]

doi.org/10.1002/adsc.70119

W) Check for updates

ADVANC v
SYNTHESIS &
CATALYSIS

Monofluorinated C1 Synthon Strategy for the Construction of
Fluoromethylene-Linked Bicyclo[1.1.1]Pentane Derivatives

Arturs Sperga,™® Toms Pfeifers,* and Janis Veliks™*
#Latvian Institute of Organic Synthesis, Aizkraukles iela 21, Riga LV-1006, Latvia

E-mail: janis.veliks@osi.lv

®Faculty of Natural Sciences and Technology, Riga Technical University, P.Valdena Str.3, Riga LV-1048, Latvia

Manuscript received: July 16, 2025; Revised manuscript received: August 25, 2025;

Version of record online: October 9, 2025

Supporting information for this article is available on the WWW under https://doi.org/10.1002/adsc.70119

Keywords: bicyclo[1.1.1]pentanes, fluoromethylation,
photochemistry, sulfonium salts

Abstract: Fluoroalkyl-substituted bicyclo[1.1.1]pentanes (BCPs) have emerged as an attractive scaffold in drug
discovery. Herein, the modular construction of fluoromethyl-linked BCPs is reported. Fluoroiodomethyl phenyl
sulfoxide is found to be a synthetic equivalent of a formal fluoromethylene radical cation synthon, which, under
metal-free conditions and violet light irradiation (400 nm), enables an atom-transfer radical addition reaction to
[1.1.1]propellane. This straightforward approach provides access to novel bicyclo[1.1.1]pentane-substituted fluo-
romethyl sulfonium reagents. The electrophilic properties of these sulfonium salts allow nucleophilic displace-
ment under mild conditions, enabling the introduction of the fluoromethyl bicyclopentyl group into diverse natural
products and drug molecules with good functional group tolerance.

late stage functionalization, nucleophilic substitution,

1. Introduction

Bicyclo [1.1.1]pentanes (BCPs) have appeared as effi-
cient bioisosteres of benzene, as well as alkynyl
and 7Bu groups (Figure 1A)."'"> Replacement of the
phenyl group with this 3D sp*-rich scaffold can enhance
physicochemical and pharmacokinetic properties,
such as lipophilicity and metabolic stability, while
maintaining similar sterics and biological activity.
Fluorine incorporation is a crucial strategy in medicinal
chemistry to enhance the properties of a compound.!®*
Therefore, merging both of these fragments is of high
importance.”)

In recent years, much effort has been devoted to the
synthesis of difluoromethyl (~CF,R)!'"*'1 or trifluoro-
methyl (—CF)?°2* substituted BCPs. However, the
synthesis of monofluoromethyl (—CFR,) BCP com-
pounds has been far less reported, despite the fact that
the monofluoromethyl BCP fragment is present in vari-
ous biologically active compounds (Figure 1B).?*27)

One strategy for fluorine incorporation relies on
functional group interconversion in BCP-containing
molecules, namely, deoxyfluorination of alcohols®®”! or
electrophilic fluorination of acidic CH bonds under basic
conditions™ (Figure 1C).

Adv. Synth. Catal. 2025, 367, 70119 Wiley Online Library

Another approach relies on using [1.1.1]propellane
in strain release reactions with monofluoromethyl
radicals (Figure  1D).**! These methods allow
1,3-difunctionalization of propellane, forming various
monofluoromethylated BCPs in a single step.

However, the substrate scope for these monofluor-
omethylation reactions remains limited compared
to di- or trifluoromethylation methods. Furthermore,
the necessity to use expensive transition metal
catalysts or harsh reaction conditions for radical gener-
ation limits the applicability. Another limitation is the
synthesis of monofluorinated radical precursors, which
might be problematic for highly functionalized
substrates.

Therefore, to overcome these limitations, we envi-
sioned a novel approach (Figure 1E). Fluoroiodomethyl
phenyl sulfoxide®® can serve as a CIFl precursor,
enabling access to a formal fluoromethylene radical cation
synthon. It can undergo an atom-transfer radical addition
(ATRA) reaction with propellane and, after sulfonium for-
mation, participate in further nucleophilic displacement
reactions. Functionalization of the fluoromethylene-BCP-
substituted sulfonium salt with nucleophiles would yield
structurally diverse products that are inaccessible using

70119 (1 of 7) © 2025 Wiley-VCH GmbH
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Figure 1. A) Application of BCPs for bioisosteric replacement. B) Fluoromethyl-BCP application in medicinal chemistry. C) Fluorine
introduction via functional group conversion. D) Synthesis of fluoromethyl-BCP via radical addition. E) This work.

previous strategies. Furthermore, incorporation of an
iodine atom into the BCP fragment would provide a han-
dle for additional modification possibilities.?*33~3
During the preparation of this article, Ritter’s group
reported an elegant strategy relying on orthogonally
difunctionalized BCPs.™]

Adv. Synth. Catal. 2025, 367, 70119 Wiley Online Library

2. Results and Discussion

We began our research by developing an efficient pro-
tocol for the synthesis of fluoromethyl-BCP-substituted
sulfonium salt 3 (Scheme 1). We were pleased to find
that fluoroiodomethyl sulfoxide 1** adds to [1.1.1]
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(1.8 eq) ph—g’
MeCN, 400 nm F> @ !
241
o 94% d.r. 1.3:1
S__I
PR
F
1 1) @ (16 €q) )

MeCN, 400 nm

MeCN, 400 nm
2-H

68% d.r. 1.9:1

over 2 steps

Scheme 1. Synthesis of sulfonium salts.

propellane in high yield, solely using purple light irradi-
ation, without the need for any activators (for details,
see SI). Furthermore, 2-I can be deiodinated by treat-
ment with tris(trimethyl)silane, again without any
additives, to afford 2-H in good yield in a one-pot,
two-step procedure. For sulfonium 3-1 formation, it
was crucial to use electron-rich 1,3,5-trimethoxybenzene
to suppress side product formation. In the case of 3-H,

Table 1. Optimization of fluoromethyl-BCP transfer.

— >—H
2) TTMSS (1.5 eq) F

aerad Ph/sjijx
Et;0,-10°C 3 MeO OMe!

TH,0 (1 eq) 3 3
EL,0, -10 °C 1 PN :@\ 3
2) NaBF4 (aq) 3 MeO OMei

anion metathesis was necessary to obtain the reagent in
solid form.

With reagent 3-I in hand, we optimized the nucleo-
philic substitution reaction (Table 1). This approach
demonstrates modular construction opportunities, in
which the fluoromethylene (-CHF-) group serves as a
linker. Pleasingly, naphthol 4a smoothly underwent
nucleophilic displacement in acetonitrile (MeCN) using

©]
| oTf
F OMe F
®
P, OO NG
* o
Solvent O
MeO OMe
3-l 4a 5a
Entry® Base [eq] 3-1 [eq] 4a [eq] Solvent Yield Sa
1 Cs,CO; (1) a a MeCN 81%
29 DIPEA (1) 22%
39 - 0%
4 Cs,CO; (1) 1,4-dioxane 61%
5 Acetone 75%
6 DMF 62%
7 DCM 85%
8 Cs,CO5 (1.2) (1.2) 83%
9 Cs,CO; (1) (1.2) 1) 84%

¥ To sulfonium 3-I (0.05 mmol), 4a and base were added solvent (0.5 ml) under Ar atm. The reaction was stirred for 4h. After comple-
tion, the reaction mixture was evaporated. The reaction yield was determined from the '°F NMR crude mixture using PhCF; as the

internal standard.
©70% of 3-1 was remaining.
989% of 3-1 was remaining.
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Cs,CO; as a base, yielding product Sa in high yield
(entry 1). However, the reaction proceeded sluggishly
with N,N-diisopropylethylamine (DIPEA) (entry 2),
and no product was observed in the absence of a
base (entry 3). Solvent screening revealed that in
dichloromethane (DCM), product 5a was formed
slightly better. Nevertheless, other solvents (entries 1,
4-6) also gave decent product yields. Changing the
equivalents of reactants did not lead to further improve-
ment (entries §-9).

With the optimized conditions in hand, we investi-
gated the substrate scope. Various phenols were alky-
lated with the sulfonium salt under mild conditions

(Scheme 2). The reaction conditions tolerate a wide vari-
ety of functional groups. Electron-withdrawing groups
such as nitro 4b, trifluoromethyl 4¢, cyano 4d, as well
as electron-donating methoxy group 4e provided prod-
ucts in moderate to good yields. Furthermore, the ester
group 4f and halogen atoms 4g were well-tolerated.
Importantly, the phenolic oxygen is regioselectively
alkylated in substrate 4h, while the aliphatic alcohol
remains intact. The substrate scope was extended to thi-
ophenols 4i, 4j, and various carboxylic acids (4k—4m).
The application of our methodology was further demon-
strated for substitution with iodide 4n, phthalimide 4o,
and DMAP (4p), albeit in low product yields.

OMe
) Cs,CO0; (1 eq) F

From ArOH

74%; 86%° 85%

(4a-n, 1 eq)
5
DCM 2-5h
5a-n
F F
o o~
o T
5c 5d
65% 69%

|—<>—<F4©70Me|{>—<':@_/cozme'<>_{da '%Fd%

5e 59
83% 88% 89% 95%
From ArSH From RCO,H
F F F F
— > @ |<>—< —</Nj© |{>—< _{o |<>—< o)
; S Ph \
5i  Cl cl 5§ 5k 51\
92% 7% 92% 81%
Ph
From TBAI From KPhth From DMAP
F F F F
I<>—< o |<>—< |<>—< o | OTf
®
7\
A\ © —
5m 5nbc 50b 5pb. ¢ M
e
0% 83% 19% 22% 2
=”kj_/\4\°" ; e
U Vi T ol o —
. = arfe

;“\Nz J

e

o o]

X-ray of 5a

Scheme 2. Substrate scope for I-BCP-fluoromethyl transfer. Reaction conditions: To sulfonium 3-I (0.1 mmol), nucleophile (1 eq.), and
Cs,CO; (1 eq.) were added DCM (1.0 ml) under Ar atm. The reactions were stirred for 2—6 h. a) 1 mmol scale; b) reaction performed in

absence of Cs,CO;, and c) 1.2 eq. of nucleophile used.
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To our delight, the deiodinated sulfonium salt 3-H
also proved to be highly effective in nucleophilic dis-
placement reactions (Scheme 3). Various natural prod-
ucts 6a—c and amino acids 6d, 6f smoothly underwent
alkylation. Late-stage functionalization of drug mole-
cules was also possible, as demonstrated by phenol 6e
or carboxylic acid 6g, 6h alkylation. The BCP fluoro-
methyl transfer was further extended to O-alkylation
in methanetricarboxylate 6i and for N-alkylation

F
OMe H-

81% 64%
from Vanilin from Eugenol

& Q*@Nf

H
6e 6f
88% d.r. 1:1 83%
from Ac-Trp-OH from Paracetamol

F

O~

reactions in heterocycles 6j, 6k. These findings highlight
the broad application, diverse functional group toler-
ance, and late-stage functionalization potential of our
developed strategy.

To demonstrate the orthogonal functionalization
potential of the sulfonium salt 3-I, we carried out
valorization reactions using iodo-bicyclobutane S5a
(Scheme 4). We were able to perform Giese-type addi-
tion®”! to vinylsulfone using iridium photocatalysis.

(49-4aa, 1 eq)

Cs,CO; (1 eq) F

DCM 4-6 h

COzMe
BocHN
51% 64% d.r. 1:1
from Estrone from Boc-Tyr-OMe
F
; O
No —
y O O N
N o)
\
6g F 6h
20% cl 84%

from Ataluren from Indometacin

0 <>—<

F

EtO |
&coza N\\_J/§ <\N~©

EtO,C
6i 6j 6k°
71% r.r. 8.3:12 63% r.r. 3.4:12 29%

Scheme 3. Substrate scope for alkylation reactions with 3-H. Reaction conditions: To sulfonium 3-H (0.1 mmol), nucleophile (1 eq.),
and Cs,CO; (1 eq.) were added DCM (1.0 ml) under Ar atm. The reactions were stirred for 4-6 hr. a) determined from crude '’F NMR;

and b) 0.12 mmol scale.

o)
: NH
(4 eq)

0
F

N_<>_< O K3POy (4 eq)

832% .

Scheme 4. Todo-BCP 5a functionalization possibilities.

1,4-dioxane, reflux

Adv. Synth. Catal. 2025, 367, 70119 Wiley Online Library

Cu(acac), (1 eq) 5a

PhO2S =~ (6 eq)
[Ir] (2.5 mol%)
Na,CO3 (2 eq)

TTMSS (2 eq) PhOZS

MeOH:H,0 9:1
440 nm

[Ir] = (IfdF(CF3)ppyl2(dtbpy))PFe

7 88% .
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3-H (1 eq)

N0 Cs,COj3 (1 eq)
DCM Q/ko
HO

9 10 84%

Scheme 5. Synthesis of safinamide analog.

Furthermore, 5a was suitable for copper-mediated cross-
coupling with an amide’®”!, affording 1,3-difunctionalized
bicyclobutane 8.

Additionally, we were interested to employ the
reagent 3-H for the synthesis of a biologically relevant
drug analog, thereby demonstrating its potential for
bioisosteric replacement possibilities (Scheme 5). A
Safinamide analog was obtained starting from 4-hydroxy-
benzaldehyde (9). Alkylation of 9 under the optimized
conditions afforded 10 in high yield. Aldehyde 10 was fur-
ther subjected to reductive amination with alanine amide,
forming Safinamide analog 11, in which the benzyl group
was replaced with a monofluoromethyl-BCP group.

3. Conclusions

We have developed a modular approach, in which a for-
mal fluoromethylene radical cation synthon serves as a
linker to combine BCP with diverse functionalities. The
successful ATRA reaction of phenyl fluoroiodomethyl
sulfoxide with [1.1.1]propellane enabled the synthesis
of novel fluoromethyl-BCP sulfonium salts. These are
excellent reactants for nucleophilic substitution with phe-
nols, carboxylic acids, and other nucleophiles under mild
conditions. The iodinated sulfonium salt can be further
employed in orthogonal functionalization reactions to
obtain highly complex monofiuoromethyl BCP products.
Finally, a synthetic application was demonstrated for late-
stage functionalization and drug analog synthesis.
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