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ABSTRAKT

Uvodni &ast této prace pojednava o chemii organofluorovych sloucenin véetnd
elektronickych vlivli fluoru v organickych molekulach, sterickych efekti, lipofilnich a
jinych charakteristikach. Rovnéz je zde struéné zminéno vyuziti a dalezité vlastnosti
organofluorovych slouéenin. Dale je popsan souhrn syntetickych metod jejich
ptipravy, jako jsou moderni zplsoby fluorace a enantioselektivni fluorace nebo
fluoralkyla¢ni metody. Téz je zminéna chemie fluorovanych fosfonatl véetné zptisobii

jejich piipravy, dulezitych aplikaci a také chemie o,o-difluorfosfonati.

Vysledky prace a diskuze popisuji vyuziti diethyl-trifluormetylfosfonatu pii
nukleofilnich trifluormetylacich riznych elektrofilnich substrati. Dale je vysvétlena
efektivni stereoselektivni syntéza fluorvinylfosfonatd, vyuzivajici bazicky vyvolanou
eliminaci HF o, a-difluorfosfonati. Dale je popsana syntéza mnoha novych, strukturné
odlisnych latek obsahujicich difluorfosfonatovou skupinu pomoci reakce diethyl
difluormetylfosfonatu s riznymi o,B-nenasycenymi karbonylovymi slou¢eninami,
Michaelovskymi akceptory a iminy. TéZ je pojednano o piedb&Znych experimentech
zabyvajicich se nukleofilnimi reakcemi diethyl difluormetylfosfonatu s rtznymi
elektrofily a ptipravé difluormetyl fosforylového radikélu z difluormetylfosfonatového
karbaniontu prostrednictvim ,single electron transfer oxidace pomoci riznych
oxidantl.

Experimentalni ¢ast pojednava o podrobnych experimentalnich postupech véetné

charakterizace pfipravenych sloucenin.



ABSTRACT

In the Introduction part of this thesis, the chemistry of organo-fluorine
compounds including the electronic properties that fluorine impacts onto organic
molecules, steric effects, lipophilicity and other characteristics as well as applications
and important features of organo-fluorine compounds are briefly discussed. Moreover,
summary of the methods for their preparation, modern methods for fluorinations and
enantioselective fluorinations, and fluoroalkylation methodologies in organic synthesis
are described. Additionally, the chemistry of fluorinated phosphonates including their
preparations, important applications and the chemistry of a,a-difluorophosphonates

are discussed.

The Results and discussion part describes nucleophilic trifluoromethylation of
various  electrophilic  substrates using diethyl trifluoromethylphosphonate.
Furthermore, efficient stereoselective synthesis of fluorovinylphosphonates by a base-
induced HF elimination of o,a-difluorophosphonates is explained. In addition,
synthesis of number of new, structurally diverse compounds, having a
difluorophosphonate moiety using the reaction of diethyl difluoromethylphosphonate
with various a,B-unsaturated carbonyl compounds, Michael acceptors and imines are
reported. Also, preliminary experiments dealing with nucleophilic reactions of diethyl
difluoromethylphosphonate with miscellaneous electrophiles and the generation of
difluoromethylphosphoryl radical from the difluoromethylphosphonate carbanion via

single-electron transfer oxidation using various oxidants is narrated.

In the Experimental section part, detailed experimental procedures including the

characterization of synthesized compounds are described.



1 Uvod

Od objeveni a izolace elementérniho fluoru v roce 1886 ™ se stal fluor velice
zajimavym prvkem ve védecké komunité kvili svym jedinecnym vlastnostem jako je
mald velikost, silna elektronegativita a mala polarizovatelnost. V soucasnosti je znamo
pfes 3500 pfirodnich halogenovanych organickych sloucenin, ale pouze nekolik
(piblizn& 13) obsahuje fluorovy atom. Zkouméni organickych slouenin obsahujici
fluor zacalo pocatkem 30. let 20.stoleti a stalo se pozvolna popularni nejenom ve
farmaceutickém a agrochemickém primyslu ale i v materidlovych odvétvich. Fluor se
stal neodmyslitelnym néstrojem pii objevovani a vyvoji novych 1ékl, prestoZe neni
znamy zadny centralni biologicky pochod zaloZeny na fluorovanych metabolitech.
Zavedeni fluorového atomu nebo fluorovanych funkénich skupin do molekuly mize
mit vyznamny Uinek na jeji pK, fyzikaIni vlastnosti, selektivni reaktivitu,
biologickou aktivitu, rozpustnost, vodikové vazhy, lipofilicitu, chemickou, teplotni a

oxidativni stabilitu.®!

Chemie organo-fluorovanych fosfonati je pomémé novou a odli$nou oblasti
vyzkumu, kterou vyvijel zejména b&hem poslednich tif desetileti —predev§im
Blackburn a  spolupracovnici.!  Nahrada  vodikGi  fluorovymi  atomy
v methylenfosfonatech (CHy-fosfonaty) ma z&sadni dusledky na metabolické
odbouravani, vodikové vazby, kyselost a reaktivitu téchto latek.!™! Monofluorované a
difluorované fosfonaty 1épe mimikuji pfirodni fosfaty ve smyslu kyselosti a geometrie
fosfonatt .8 Sterick4 odlignost pii zaméné kysliku za CF, skupinu v piipadé o,o-
difluorfosfonatl je nepatrnd. Fluorové atomy obsadi prostor, ve kterém by byly
nevazebné elektronové pary kysliku v piipadé fosfatt. Pravé proto jsou fluorované
fosfonaty, zejména a,a-difluorfosfonaty, povazovany za dobré substituty za fosfaty
v bio-organické chemii.l"”¥ Fluorované fosfonaty mohou byt syntetizovany zejména
reakci dialkyl-fosfitovych soli nebo trialkyl-fosfitt s fluorhalogenuhlovodiky pomoci

Arbuzovovy a Michaelis-Beckerovy reakce.



2 Cile prace

Cilem projektu je vyvinout nové syntetické postupy pro ptipravu novych
difluorovanych a trifluorovanych organickych molekul vychazejicich z fluorovanych

fosfonatt jako je diethyl-difluormethylfosfonat nebo diethyl-trifluormethylfosfonat.

Cilem prvniho projektu byla pftiprava trifluorovanych organickych sloucenin
pomoci zavedeni trifluormethylové funkéni skupiny do riznych elektrofilnich
molekul, jako  jsou  karbonylové  slouceniny, vyuzivajici  diethyl-

trifluormethylfosfonatu v ptitomnosti bazického iniciatoru.

o HO CFs
F:C-P-OEt = R-CF; or ,
OEt R

Cilem druhého projektu byla syntéza novych a strukturn& odlisnych slougenin,
obsahujicich difluormethylenovou skupinu, vychazejici z diethyl-
difluormethylfosfonatu pomoci nukleofilni reakce srtznymi elektrofily jako jsou
a,B-nenasycené slouceniny, iminy a jiné Michaelovské akceptory. Dale jsme chtéli
uskutecnit radikalové adice na rizné olefiny pomoci ,in situ® vytvofeni
difluormethylfosforylového radikalu oxidaci diethyl-difluormethylfosfonatového

karbanionu ,,single electron transfer oxidanty.

(0]
Michaelovskeé adice — pyr C—ll:I’—OEt e Elektrofilni adice
(1,4 adice) 2 OEt (1,2 adice)
4

Radikalové adice




3 Material a metodika

Fourierovou transformaci ziskand infraervena spektra byla méfena pomoci
techniky ,film“ v rozsahu 3800-400 cm™ na ptistroji NICOLET 6700. Hmotnostni
spektra s vysokym rozlisenim (HRMS) byla ziskana na pfistroji LTQ Orbitrap XL
pomoci ionizace elektrosprejem (ESI). GC-MS spektra byla ziskana na plynovém
chromatografu Agilent 7890A s pfipojenym hmotnostnim kvadrupolovym ,.electron
impact* (EI) detektorem 5975C (70 eV). Spektra jaderné magnetické rezonance (*H,
13C, F a *P) byla naméfena na pfistrojich Bruker 400 MHz nebo 500 MHz pfi 25 + 2
°C v CDCl;. *C a *P NMR spektra byla protonové dekaplovana.

4 Vysledky a diskuze

Trifluormethyla¢ni reakce diethyl-trifluormethylfosfonatu @) na
neenolizovatelné ketony probihala v piitomnosti baze (t-BuOK) a odpovidajici
trifluormethylované alkoholy (2) byly ziskany ve vynikajicich izolovanych vytézcich.
Stejné  podminky  saldehydy  (benzaldehyd) nevedly  k odpovidajicim
trifluormethylovanym produktim. Proto jsme zkoumali reakce s jinymi alkoxidy, jako
je PhOK, coz vedlo k neo¢ekavanym produktim 3 (diethyl-2,2,2-trifluor-1-fenylethyl
fosfat) (Schéma 1). 1

o)
1}
O-P-OEt RCHO 9 Ar1)kAr2 HO CF3
Rj/ Ot < - ——— CF;—P-OEt ————————>
oF PhOK, DMF Ot t-BuOK, DMF  Ar'” DAr?
3 -40°C az25°C —40°C az 25 °C
3 (53-86%) 1h 1 1h 2 (91-99%)

Schéma 1: Nukleofilni trifluormethylace vyuzivajici diethyl-trifluormethylfosfonat.

o,a-Difluorfosfonéty 5, které jsou snadno dostupné z alkyl halogenidi a diethyl-

difluormethylfosfonatu (4), podléhaji eliminaci fluorovodiku pii pouziti alkoxida



alkalickych kovii a vznikaji a-fluorvinylfosfonaty 6 ve vysokych vytézcich a E/Z
selektivitach (Schéma 2).12

1. LDA, THF, =78 °C
CF3CH,0N
EtO— p CFH—m > R/YP OEt =rotMa R P OEt
2.RCH,X, 78 °C az 25 °C OEt DMF,25°C,2h OEt

OEt
X= Br, I, 0SO,CF
4 5 6
R Vytezek E/Z
aryl 91-98% >99:1

alkenyl  89-96% 90:10 to 93:7

Schéma 2: Syntéza a-fluorvinylfosfonati z o, a-difluorfosfonati.

Pfitomnost HMPA vedla k upfednostnéni 1,4-adice oproti 1,2-adici lithium
diethyl-difluormethylfosfonatu (4-Li) na o,B-nenasycené ketony a poskytla produkty
konjugované adice ve stiednich az dobrych vytézcich. Benzyliden nebo alkyliden 1,3-
diony, malononitrily nebo malonaty stejn¢ jako nitroalkeny a jiné Michaelovské
akceptory poskytovaly v nepfitomnosti HMPA  produkty 1,4-adice v dobrych az

vysokych vyt&zcich (Schéma 3).1!

v '

R EWG LDA R EWG

I

EtO—I?—CFZLi + — —_—
OEt (EWG) THF,-78°C,1h  (EtO),P(O)CF, (EWG)
4 R =H, alkyl, aryl 27-97%

EWG = COR, CO,R, CN,
NO,, SOPh, SO,Ph

Schéma 3: Adice 4-Li na o,B-nenasycené slouceniny.

Nukleofilni adice diethyl-difluormethylfosfonatu (4) na N-substituované iminy
poskytla N-substituované a,c-difluor-g-aminofosfonaty. N-Alkyl, aryl nebo Boc
substituované aldiminy poskytovaly dobré aZz vysoké vytézky v téchto reakcich,
zatimco v ketiminové serii pouze aktivovany N-(2,2,2-trifluor-1-fenylethyliden)anilin

vykazoval vysokou reaktivitu (Schéma 4) .14



o
EtO-P-CFH + JNLR 3 (DA THF RPHN_ CF,PO(OEt),
- 2
OFt R R2 -78°C,2h R R?
4 R; = alkyl, alkenyl, aryl, heteroaryl 7 (27_95%)
R?=H, CF3

R3 = alkyl, aryl, Boc

Schéma 4: Syntéza N-substituovanych a,a-difluor-B-aminofosfonat vyuzivajici

diethyl-difluormethylfosfonat.

Reakce diethyl-difluormethylfosfonatu s jinymi elektrofily, jako je joéd a
tributylcin-chlorid v pfitomnosti lithium diisopropylamidu (LDA) v THF piti —75 °C
poskytla  jéddifluormethylfosfonat a tributylcin-difluormethylfosfonat v 60%
respektive 96% vytézku (Schéma 6).

2
2 (2 ekv.) I R-OEt
Z75° OEt
R THF, —75 °C s
o FLIQ 60%
I LDA 5 0 o
E0-P-CFH —————> -p-OEt
Skt THF,-75°C £ (g
4 4l n-BuzSnCl (1.5 ekv.) n-BusSn p OEt
THF, -75 °C X OFEt
96%

Schéma 6: Reakce 4-Li s jodem a tributylcin-chloridem.

Studovali jsme tvorbu difluormethylfosforylového radikalu ,single electron
oxidaci diethyl-difluormethylfosfonatového karbanionu s ferrocenium
hexafluorfosfatem™ nebo CuCl,. I Zachyceni diethyl-difluormethylfosforylového
radikdlu na TEMPO bylo Gsp&né a poskytlo TEMPO-adukt 8 v 68% izolovaném
vytézku (Schéma 7).

0
Fe® PRy 3
o 0 —~OEt
EtO-P-CFH ———» = >—P OBt —— —» )—b-0E Ft —EMPO 7( Ot
b THRTsC QT asc by THR-TS°C
4 4-Li 8 (68%)

Schéma 7: ,,Single-electron* oxidace diethyl-difluormethylfosfonatu a zachyceni

radikalu.



5 Zavéry

Predstavili jsme diethyl-trifluormethylfosfonat jako nové fosfor-obsahujici
nukleofilni trifluormethylacni ¢inidlo pro trifluormethylaci riznych elektrofilnich
substratl v pfitomnosti alkoxidovych iontd (terc-butoxid draselny nebo fenoxid
draselny).

Byla publikovana efektivni stereoselektivni jednokrokova syntéza (E)-a-
fluorvinylfosfonati ze snadno dostupnych o,a-difluor-p-arylfosfonata nebo a,a-
difluor-B-alkenylfosfonata.

Byla zkouména konjugovana adice lithium diethyl-difluormethylfosfonatu na
rizné o,B-nenasycené karbonylové slouceniny a jiné Michaelovské akceptory, ktera
vedla k mnoha novym a strukturné odlisnym slouceninam a,a-difluorfosfonétu.
Cyklické o.B-nenasycené ketony poskytovaly pfi nepfitomnosti HMPA vyhradng
produkty 1,2-adice, zatimco v pfitomnosti HMPA byly ziskany produkty 1,2- a 1,4-
adice v poméru téméf 1:1. 1,4-Adice se stala hlavni reakéni cestou (a efekt HMPA se
stal nevyznamnym) pro substraty obsahujici dvé elektron-akceptorni skupiny na C=C
vazbe.

N-Alkyl, aryl nebo Boc substituované aldiminy reaguji velice efektivné s lithium
diethyl-difluormethylfosfondtem a poskytuji odpovidajici N-substituované a,a-
difluor-B-aminofosfonaty. Po odstranéni benzyl a Boc skupiny vznikaji a,o-difluor-p-
aminofosfonaty v kvantitativnich vytézcich. Naopak N-substituované ketiminy jsou
nereaktivni kromé aktivovaného iminu odvozeného od trifluoracetofenonu.

Cinidlo 4-Li hladce reaguje s jinymi elektrofily jako je tributylcin-chlorid a jod a
poskytuje tributylcin-difluormethylfosfonat a joddifluormethylfosfonat v dobrych
vytézcich. Dale bylo ukéazano, Z7e ,in situ*“ vytvofeni  diethyl-
difluormethylfosforylového radik&lu z relativné nestabilniho karbanionu 4-Li je
mozné pii pouziti ,single electron transfer oxidantd jako je ferrocenium

hexafluorfosfat nebo CuCl,. Vysledny radikal byl ispésné zachycen na TEMPO.



1 Introduction

Since the discovery and isolation of elemental fluorine in 1886, fluorine has
become very interesting element in the scientific community because of its unique
properties such as small size, strong electronegativity, and low polarizability. Over
3500 naturally occurring organohalogens are now known to exist, but only few
(around 13) contain fluorine atom.™ The study of organic molecules bearing fluorine
substituent started in the beginning of the 1930’s, and slowly became popular not only
in pharmaceutical and agrochemical industries but also in materials science. In the
development of global pharmaceuticals, fluorine has become an essential tool in drug
discovery even though there is no central biological process relying on fluorinated
metabolites. Incorporating fluorine atoms or fluorinated groups in a molecule can have
a profound effect on pK, of the molecule, physical properties, selective reactivity,
biological activity, solubility, hydrogen bonding, lipophilicity, chemical, thermal and
oxidative stability.?!

Organo-fluorinated phosphonate chemistry is relatively new and different area of
research, which has been developed tremendously during the past two decades mainly
by Blackburn and co-workers.”! Incorporating fluorine atoms for hydrogens in
methylenephosphonates (CH,-phosphonates) has profound consequences on metabolic
degradation, hydrogen bonding, acidity and reactivity.®! Monofluorinated and
difluorinated phosphonates are better mimics to natural phosphates in terms of
phosphonate acidity and geometry.®® In o,a-difluorophosphonates, the change of
oxygen to a CF, will have a little steric impact. The fluorine atoms were occupied the
space where the lone pairs of the oxygen would be in the case of phosphate. Because
of this, fluorine containing phosphonates particularly o,o-difluorophosphonates are

9 Fluorinated

considered good phosphate mimics in bio-organic chemistry.
phosphonates can be synthesized mainly from dialkyl phosphite or trialkyl phosphite

in the reaction with fluorohaloalkanes via Arbuzov and Michaelis-Becker reactions.

10



2 Aims of the study

The aim of the project is to develop new synthetic methodologies for the
synthesis of novel di- and trifluorinated organic compounds starting from fluorinated
phosphonates such as diethyl difluoromethylphosphonate and diethyl trifluoromethyl
phosphonate.

The aim of the first project is the preparation of trifluoro-organic compounds via
introduction of trifluoromethyl functional group in to different electrophilic molecules
such as carbonyl compounds using diethyl trifluoromethyl phosphonate in the
presence of a basic initiator.

7 HO CF,
FiC-P-OEt = R-CF; or

1 2
OEt R

The aim of the second project is the synthesis of new and structurally diverse
compounds, containing difluorinated groups using diethyl difluoromethylphosphonate
via nucleophilic difluorinations on various electrophiles such as o,B-unsaturated
carbonyl compounds, imines and other Michael acceptors. In addition, we would like
to perform radical additions on various unsaturated olefins by in situ generation of
difluoromethylphosphoryl ~ radical ~ species by  oxidation of diethyl

difluoromethylphosphonate carbanion using single-electron transfer oxidants.

(0]
Michael additons ~ «— [ C—Ig—OEt Electrophilic additions
(1,4 additions) e = (1,2 addtions)

4

Radical additions

11



3 Material and methods

For Fourier transform infra red spectra, the film technique was used and recorded
in the range of 3800-400 cm™ on NICOLET 6700 instrument. High-resolution mass
spectra (HRMS) were recorded on a LTQ Orbitrap XL instrument using electrospray
ionization (ESI). GC-MS spectra were recorded on an Agilent 7890A gas
chromatograph coupled with a 5975C quadrupole mass-selective electron impact (EI)
detector (70 eV). Nuclear magnetic resonance spectra (*H, ®*C, F, and *'P) were
measured on a Bruker 400 MHz or 500 MHz instruments at 25 + 2 °C in CDCl,. *C

and 3'P NMR spectra were proton decoupled.

4 Results and discussion

Trifluoromethylation using diethyl trifluoromethylphosphonate, 1 on non-
enolizable ketones in the presence of base t-BuOK led to corresponding
trifluoromethylated alcohols, 2 were obtained in excellent isolated yield. Under the
same reaction conditions on aldehydes (benzaldehyde) did not lead to any
trifluoromethylated products. Therefore, we investigated reactions with other
alkoxides such as PhOK led to unexpected products, 3 (diethyl 2,2,2-trifluoro-1-
phenylethyl phosphates) (Scheme 1).2

o)
0
p % e HO CF
O-P-OEt RCHO I Ar'” SAr 3
R~ ot =<5 — CF—P-OEt — ————»

oF t PhOK, DMF Ot t-BuOK, DMF  Ar'” SAr?

3 —40°Ctort,1h —40°Ctort,1h
3 (53-86%) 1 2 (91-99%)

Scheme 1: Nucleophilic trifluoromethylations using diethyl

trifluoromethylphosphonate

o, a-Difluorophosphonates, 5 which were readily available from alkyl halides

and diethyl difluoromethylphosphonate, 4 undergo elimination of hydrogen fluoride

12



using alkali metal alkoxides led to a-fluorovinylphosphonates, 6 in high yields

and E/Z selectivities (Scheme 2).1'4

O
1. LDA, THF, -78 °C
EtO— p CFH ———M RNP OEt X327 CF5CHz0Na R P OEt
OEt 2.RCHyX, -78°Ctor.t. OEt DMF rt,2h OE!
X=Br, |, 0SO,CF3
4 5
R Yield E/Z
aryl 91-98% >99:1

alkenyl  89-96% 90:10 to 93:7

Scheme 2: Synthesis of a-fluorovinylphosphonates from a,a-difluorophosphonates.

The presence of HMPA led to an increase of 1,4- versus 1,2-additions of lithium
diethyldifluoromethylphosphonate (4-Li) onto a,B-unsaturated ketones and provided
products of conjugated addition in moderate to good yields. In the absence of HMPA,
benzylidine or alkylidine 1,3-diones, malononitriles or malonates as well as
nitroalkenes and other Michael acceptors gave products of 1,4-addition in good to high
yields (Scheme 3).1*!

0 R EWG LDA R EWG
EtO-P-CFoLi + — _—

OEt (EWG) THF,-78°C,1h  (EtO),P(O)CF, (EWG)

4 R =H,alkyl, aryl 27-97%

EWG = COR, CO,R, CN,
NO,, SOPh, SO,Ph

Scheme 3: The additions of x-Li to o, -unsaturated compounds.

Nucleophilic additions of diethyldifluoromethylphosphonate (4) to N-substituted
imines provided N-substituted o,c-difluoro-g-aminophosphonates. N-Alkyl, aryl, or
Boc substituted aldimines gave good to high yields in these reactions, while in
ketimine series, only activated N-(2,2,2-trifluoro-1-phenylethylidene)aniline showed

high reactivity (Scheme 4).™!

13



O
EO-P-CFH + JNLR3 LDA, THF _ RPHN_ CF,PO(OEY),
2
OFt R'” ~R? -78°C,2h SUNY
4 2; i :Ikél;:alkenyl, aryl, heteroaryl 7 (27-95%)
= 3

R3 = alkyl, aryl, Boc

Scheme 4: Synthesis of N-substituted o, a-difluoro-B-aminophosphonates using

diethyl difluoromethylphosphonate.

The reaction of diethyl difluoromethylphosphonate with other electrophiles such
as iodine and tributyltin chloride in the presence of lithium diisopropylamide (LDA) in
THF at —75 °C gave iodo- and tindifluoromethylphosphonates in 60% and 96%,
respectively (Scheme 6).

Q
I, (2 equiv.) 1 F'\—OEt
o THF, =75 °C £ OFt
Lio o
LDA o I 60%
EtO—P—CF,H 2 P-OEt
(5Et THF,-75°C  F g o
. 1
4 4l n-BuzSnCl (1.5 equiv.) Bu,Sn F’(OEt
THF, 75 °C £ OEt
96%

Scheme 6: The additions of 4-Li to iodine and tributyltin chloride.

We have studied the formation of the difluoromethylphosphoryl radical species
by single-electron oxidation of diethyl difluoromethylphosphonate carbanion with

U1 Trapping the diethyl

solid ferrocenium hexafluorophosphate,™® or CuCl,.
difluoromethylphosphoryl radical by TEMPO was successful to produce TEMPO-

adduct, 8 in 68% isolated yield (Scheme 7)

9
R PR
o —~OEt
EtO-P—CFH ———» >—P OFt ~—— —» )—P-OEt —_TEMPO_,_ X Ot
b THRTsC T 1sc by THR-TS°C
4 4-Li 8 (68%)

Scheme 7: Single-electron oxidation of diethyl difluoromethylphosphonate and radical

trapping.

14



5 Conclusions

We have introduced diethyl trifluoromethylphosphonate as a novel phosphorus-
containing nucleophilic trifluoromethylating reagent for the trifluoromethylation of
various electrophilic substrates in the presence of alkoxide ions (potassium tert-
butoxide or phenoxide).

An  efficient and  stereoselective  one-step  synthesis of (E)-a-
fluorovinylphosphonates from easily accessible o,o-difluoro-B-arylphosphonates or
a,a-difluoro-B-alkenylphosphonates was reported.

Conjugate additions of lithium diethyldifluoromethylphosphonate to various o.,f3-
unsaturated carbonyl compounds and other Michael acceptors leading to a number of
new and structurally diverse compounds o,a.-difluorophosphonates were investigated.
In the absence of HMPA, cyclic a,B-unsaturated ketones led to exclusively 1,2-
addition products, whereas in the presence of HMPA almost 1:1 ratio of 1,2- and 1,4-
addition products were obtained. 1,4-Addition became the main reaction pathway (and
the effect of HMPA became insignificant) for substrates containing two electron-
acceptor groups on the C=C bond.

N-Alkyl, aryl or Boc substituted aldimines react with high efficiency with
lithium diethyldifluoromethylphosphonate to provide corresponding N-substituted
a,a-difluoro-B-aminophosphonates. The benzyl or Boc groups were quantitatively
removed providing a,a-difluoro-B-aminophosphonates. In contrast, N-substituted
ketimines were unreactive except for activated imines derived from
trifluoroacetophenone.

The reagent 4-Li smoothly added to other electrophiles such as tributyltin
chloride and iodine to give tin- and iododifluoromethylphosphonates in good yields. In
addition, it was demonstrated that in situ generation of diethyl difluoromethyl
phosphoryl radical from a relatively unstable cabanion of x is possible using single-
electron transfer oxidants such as solid ferrocenium hexafluorophosphate or CuCl,.
The resulting radical was successfully trapped by TEMPO.
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