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“Believe you can and you’re halfway there.” 
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12-C-4: 12-crown-4 or 1,4,7,10-
tetraoxacyclododecane 

18-C-6: 18-crown-6 or 
1,4,7,10,13,16-
hexaoxacyclooctadecane 

Boc: t-butoxy carbonyl 

CFC: chlorofluorocarbons 

DCM: dichloromethane 

d.e.: diastereomeric excess 

DET: diethyl tartrate 

DIBAL-H : di-isobutyl aluminium 
hydride 

DIPEA: N-ethyl-N-isopropylpropan-
2-amine 

DMF: N,N-dimethylformamide 

DMSO: dimethylsulfoxyde 

d.r.: diastereomeric ratio 

e.e.: enantiomeric excess 

e.r.: enantiomeric ratio 

EFS: emergent fluorinated 
substituent 

ESI: electrospray ionization 

HFIP: Hexafluoropropan-2-ol 

HMBC: heteronuclear multiple bond 
correlation 

HMDS: hexamethyldisilazane 

HPLC: high performance liquid 
chromatography 

HRMS: high resolution mass 
spectroscopy 

IR: infrared 

HMPA: hexamethylphosphoramide 

KHMDS: potassium 
bis(trimethylsilyl)amide 

LiHMDS: lithium 
bis(trimethylsilyl)amide 

LDA: lithium diisopropylamide 

m-CPBA: m-chloroperoxybenzoic 
acid 

4Å MS: molecular sieves (4Å) 

MW : microwave irradiation 

n.d.: non-determined 

NMP: N-methyl-2-pyrrolidone 

NFSI: N-fluorosuccinimide 

NMR: nuclear magnetic resonance 

PDC: pyridinium dichromate 

PMHS : polymethylhydrosiloxane 

PTFE: polytetrafluoroethylene 

r.t.: room temperature 

Selectfluor®: 1-Chloromethyl-4-
fluoro-1,4-
diazoniabicyclo[2.2.2]octane 
bis(tetrafluoroborate) 

TBAF: tetra-n-butylammonium 
fluoride 

TBDMSCl: tert-butyldimethylsilyl 
chloride 

TBHP: tert-butyl hydroperoxide 

Tf: trifluoromethanesulfonyl 

TFA: trifluoroacetic acid 

TFAA: trifluoroacetic anhydride 



 

TLC: thin layer chromatography 

TMAF: tetramethylammonium 
fluoride 

TMEDA: N,N,N',N'-
tetramethylethylene diamine 

TMS: trimethylsilyl 

TOF: time of flight spectroscopy 

THF: tetrahydrofuran 

Ts: p-Toluenesulfonyl



 



  



General considerations for the 
experimental sections 

 
Unless otherwise noted, reactions were conducted in oven-dried glassware under 
inert atmosphere of argon with anhydrous solvents. Liquids and solutions were 
transferred with syringes. The solvents and reagents were dried and purified when 
necessary according to standard procedures. All commercial reagents were used as 
received. Analytical thin-layer chromatography (TLC) was carried out on Merck silica 
gel 60 F254 plates and analysed by UV (254 nm). Melting points (MP) were 
determined with a Büchi M-560 apparatus. Specific rotations [α]

D
 were determined at 

20 ºC on a Anton Paar MCP 200 polarimeter. The concentration (c) is indicated in 
decagram per liter (dag/L). IR spectra (Attenuated Total Reflectance, ATR) were 
recorded on a Perkin Elmer UATR Two spectrometer coupled to a diamond window 
ATR and only the more representative frequencies are reported. 1H NMR (300, 400 
or 500 MHz), 19F NMR (376 or 471 MHz) and 13C NMR (101 or 126 MHz) spectra were 
recorded on a Bruker Avance III HD 300, 400, and 500 MHz instruments 
respectively and calibrated using residual undeuterated or deuterated solvent 
(CDCl

3
: δH = 7.26 ppm, δC = 77.16 ppm, DMSO: δH = 2.54 ppm) as an internal 

reference. Chemical shifts (δ) are quoted in ppm, coupling constants are quoted in 
Hertz (Hz); data are reported as follows: s, singlet; d, doublet; t, triplet; q, quartet; p, 
quintet; m, multiplet (and their corresponding combinations); carbon multiplicities 
were assigned on the basis of Distorsionless Enhacement by Polarization Transfer 
(DEPT) experiments. 1H, 19F and 13C signals were assigned by COSY, HSQC, and HMBC 
experiments. The spectra were processed with the program MestreNova (Mestrelab). 
High-resolution mass spectra (HRMS) were performed by the analytical facility at 
the University of Strasbourg (measurement accuracy ≤ 15 ppm) with a Bruker 
MicroTOF Spectrometer. Crude mixtures were purified by flash chromatography on 
silica gel 60 (230-400 mesh, 0.040-0.063 mm) purchased from Merck, which was 
demetalled when required by treatment with hydrochloric acid prior to its use. 
Automatic flash chromatographies were carried out in an Interchim puriFlash® 
system equipped with UV/Vis and ELSD detectors or a Teledyne Isco CombiFlash® 
Rf+ system equipped with UV/Vis detectors. The X-ray crystallographic structure 
analysis was performed by the radiocrystallographic facility at the Université de 
Strasbourg. The analysis was carried out on a Nonius Kappa-CCD diffractometer 
equipped with an Oxford Cryosystem liquid N2 device, using Mo-Kα radiation (λ = 
0.71073 Å). The X-ray crystallographic structure analysis was performed by the 
radiocrystallographic facility at the Université de Strasbourg. The analysis was 
carried out on a Nonius Kappa-CCD diffractometer equipped with an Oxford 
Cryosystem liquid N2 device, using Mo-Kα radiation (λ = 0.71073 Å). 





Résumé de thèse 

 

 

 

 

 

 

Nouvelles voies d’accès à des 
composés difluorométhylés 
énantioenrichis d’intérêt 

pharmaceutique 

 

 

 

 



 

 



Résumé de thèse 

 27 

Table des matières 

 

A.	 Introduction: Le fluor, un élément essentiel .............................................. 29	
1.	 Historique ................................................................................................................... 29	
2.	 Le fluor dans la nature ............................................................................................. 29	
3.	 Propriétés du fluor et de la liaison C-F ................................................................. 30	
4.	 Le fluor et ses applications ..................................................................................... 31	
5.	 Contribution du fluor en chimie pharmaceutique et en agrochimie .............. 32	
6.	 Le groupement -CHF

2
 ................................................................................................ 33	

7.	 Objectifs du projet .................................................................................................... 33	
B.	 Chapitre I : Synthèse de sulfoxydes difluorométhylés énantiopurs .... 35	

1.	 Synthèse de sulfoxydes énantiopurs difluorométhylés .................................... 35	
2.	 Synthèse de sulfoxydes halogénés ou silylés à partir du sulfoxyde 
difluoré énantiopur ........................................................................................................... 36	

C.	 Chapitre II : Accès diastéréosélectif à des composés β -difluorés grâce à 
l’utilisation de sulfoxydes énantiopurs en tant qu’auxiliaires chiraux ...... 37	

1.	 Accès à des α-hydroxysulfoxydes β-difluorés ..................................................... 37	
2.	 Addition de l’anion du difluorométhyl p-tolyl sulfoxyde sur une gamme 
d’électrophiles .................................................................................................................... 39	
3.	 Utilisation du bromodifluorométhyl sulfoxyde en tant que réactif 
alternatif de difluorométhylation .................................................................................. 39	

D.	 Chapitre III : Fonctionnalisation de dérivés difluorométhylés 
préalablement obtenus ............................................................................................. 41	

1.	 Désulfinylation ........................................................................................................... 41	
2.	 Réactions de type Mitsunobu .................................................................................. 41	
3.	 Substitutions nucléophiles aromatiques (S

N
Ar) ................................................... 42	

E.	 Conclusion générale et perspectives ............................................................ 44	
	

 

 

 

 

 



 



Résumé de thèse 

 29 

A.  Introduction: Le fluor, un élément essentiel 
 

Le fluor est le 9ème élement du tableau périodique et le 13ème le plus abondant dans la 
croûte terrestre. L’introduction d’un atome de fluor ou d’un groupement fluoré 
dans une molécule permet d’améliorer remarquablement ses propriétés physico-
chimiques, à savoir une plus grande stabilité métabolique et de meilleures 
biodisponibilité, lipophilie et perméabilité.1–4 Une importance croissante a été 
accordée lors des dernières décennies à la synthèse de synthons et principes actifs 
fluorés, qui représentent de nos jours une grande partie des composés 
pharmaceutiques et agrochimiques.5–8 

Un aperçu de cet élément depuis sa découverte jusqu’à ses nombreuses applications 
sera brièvement présenté dans cette partie.  

 

1. Historique 
 

La première mention du fluor date de 1530 par G. Agricola, qui a décrit le spath 
fluor (fluorure de calcium) et son utilisation pour abaisser le point de fusion de 
nombreux minerais et permettre leur liquéfaction.9 Des archives historiques 
décrivent à leur tour l’utilisation de minéraux fluorés dans la fabrication de 
vases.10,11 

Malgré ces constatations, ce ne fut que quelques siècles plus tard qu’un intérêt 
croissant est survenu dans l’isolement du fluor. Des scientifiques reconnus tels que 
A.L. de Lavoisier, L. J. Thénard et J. L. Gay-Lussac ont décrit leurs observations 
concernant la très haute réactivité de l’acide fluorhydrique. De nombreux 
chercheurs, surnommés par la suite ‘‘les martyrs du fluor’’, ont subi de graves 
brûlures au contact de l’acide fluorhydrique, suivies de maladies et décès dus à la 
toxicité des composés fluorés qu’ils étudiaient. 

Sir H. Davy et E. Frémy ont tenté une nouvelle méthode d’isolement du fluor 
élémentaire, à savoir par électrolyse de sels fluorés. Le succès de l’isolement est 
cependant attribué à Henri Moissan, qui réussit à électrolyser le fluorure de 
potassium. L’élaboration du four à arc électrique ainsi que sa découverte dans le 
monde du fluor lui ont valu le prix Nobel de chimie en 1906.12  

 

2. Le fluor dans la nature 
 

Malgré le fait que le fluor soit largement présent dans la croûte terrestre, il est 
pratiquement absent des processus biologiques. En effet, le fluor se trouve 
principalement sous forme minérale, tel que pour le fluorspar, la cryolite Na

3
AlF

6
 ou 

la fluorapatite Ca
10

(PO
4
)

6
F

2
. Les métabolites présentant des atomes de fluor sont très 

rares. Ils se dénombrent à seulement 12 « espèces », contrairement au plus large 
nombre de composés naturels contenant d’autres halogènes tels que le brome ou 
bien l’iode.13–15  
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3. Propriétés du fluor et de la liaison C-F 
 

Le fluor, représenté par le symbole F, a une configuration électronique 1s22s22p5 et 
représente le premier halogène du tableau périodique. C’est l’élément le plus 
électronégatif (3,98 sur l’échelle de Pauling), et a un rayon de Van der Wals de 1,47 
Å. Sa masse molaire est de 18,99 g.mol-1 et sa première énergie d’ionisation a une 
valeur très élevée de 402.15 kcal.mol-1, derrière l’hélium et le néon.16  

Le seul isotope stable existant du fluor est le 19F, composé de 10 neutrons. Cet 
isotope présente une excellente sensibilité vis-à-vis des champs magnétiques et est 
très couramment utilisé en spectroscopie de Résonance Magnétique Nucléaire 
(RMN). L’isotope artificiel 18F a été découvert en 1936 et grâce à son temps de demi-
vie de 109,7 min, supérieur à celui des radionucléides les plus courants, il 
représente aujourd’hui un outil remarquable pour la tomographie à émission de 
positon (PET) en imagerie médicale.17–20 L’introduction de composés comportant cet 
isotope dans le corps humain et sa détection permettent d’obtenir des informations 
concernant les processus biologiques dans lesquels ils sont impliqués.  

D’autre part, la liaison C-F est une des plus fortes liaisons en chimie organique. Sa 
longueur se trouvant entre celles des liaisons C-O et C-H (Tableau 1). Le fluor est 
souvent utilisé en chimie médicinale pour remplacer un atome d’hydrogène.16  

 

 

  

 

 

 

La forte électronégativité de l’atome de fluor ainsi que sa petite taille rendent la 
liaison C-F fortement polarisée (Schéma 1).  

 

 

 

 

 

 

De plus, l’introduction du fluor dans un composé organique induit des 
modifications électroniques dans les liaisons adjacentes. Les trois paires d’électrons 
non-liantes de l’atome de fluor entraînent des effets dits ‘‘push and pull’’ des 
liaisons voisines (Schéma 2).21,22 

 

 

Tableau 1. Comparaison des longueurs et énergies de différentes liaisons en 
chimie organique 

 C-F C-H C-O C-C C-Cl C-Br C-N 
Longueur de 
liaison (Å) 

1,35 1,09 1,43 1,54 1,77 1,97 1,47 

Energie de 
liaison 

(kcal.mol-1) 
105 98 84 83 77 66 70 

Fδ-
δ+

Schéma 1. Comportement 
dipolaire de la liaison C-F  
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Des effets mésomères donneurs +M ou inductifs donneurs +Iπ permettent la 
stabilisation des carbocations en position α et augmentent l’acidité des protons 
voisins. Les carbanions sont stabilisés en position β par un effet inductif attracteur 
–Iσ. 

 

4. Le fluor et ses applications 
 

Comme nous avons pu le remarquer, les caractéristiques des liaisons fluorées ainsi 
que les effets induits par celles-ci dans les molécules organiques peuvent fortement 
influencer les propriétés des composés organiques. De ce fait, diverses utilisations 
industrielles de composés organofluorés connaissent de nos jours un essor 
considérable.21,23 

Par le passé, les chlorofluorocarbones (CFC) ont joué un rôle majeur dans le 
domaine des réfrigérants, des climatisations et des aérosols. Cependant leur effet 
néfaste sur la couche d’ozone fait que leur utilisation est actuellement interdite.24,25 
Les composés organofluorés sont aussi présents dans l’industrie nucléaire 
notamment dans le processus d’enrichissement de l’uranium 235U,26,27  ainsi que dans 
le domaine des polymères, notamment avec la marque déposée Téflon®.  De plus, 
des minéraux fluorés tels que le fluorure de sodium NaF, le fluorure d’étain SnF

2
 ou 

le monofluorophosphate de sodium Na
2
PO

3
F inclus dans les dentifrices préviennent 

la formation de caries.28–30    

Récemment, des applications dans le domaine des matériaux fluorés voient le jour. 
Les nanomatériaux fluorés pourraient en effet représenter une alternative aux 
batteries au lithium.31,32  

Finalement, l’introduction d’un atome de fluor ou d’un groupement fluoré s’est 
révélé être une méthode de choix pour améliorer les propriétés de composés 
biologiquement actifs dans les domaines pharmaceutique ou agrochimique.4,5,33,34  

 

 

Schéma 2. Effets électroniques du fluor  

F
δ-

δ+
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δ- δ+
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5. Contribution du fluor en chimie pharmaceutique et en 
agrochimie 
 

La conception de molécules bioactives dans les domaines pharmaceutique ou 
agrochimique doit tenir compte d’un certain nombre de paramètres afin d’obtenir 
des composés avec des propriétés physico-chimiques et pharmacologiques 
intéressantes.3 

L’introduction du fluor est utilisée pour moduler des paramètres tels que le pKa et 
la lipophilie (permettant d’améliorer la biodisponibilité), la conformation et la 
formation de liaisons hydrogène (influençant l’affinité du composé avec sa cible) 
ainsi que la stabilité métabolique pour limiter la dégradation du principe actif et 
avoir une bonne biodisponibilité.22,35–40 

Compte tenu de ces améliorations qui peuvent être apportées par le fluor, et malgré 
son absence des composés naturels, un nombre croissant de molécules fluorées 
sont actuellement présentes sur le marché. Environ 20% de composés 
pharmaceutiques (18 sur 59 approuvés en 2018 par l’agence des produits 
alimentaires et médicamenteux aux Etats-Unis, FDA) et 30% des ingrédients 
phytosanitaires comportent du fluor.3,6–8,41 Certains exemples sont présentés dans le 
Schéma 3. 

Schéma 3. Exemples de composés pharmaceutiques fluorés sur le marché 
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N
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6. Le groupement -CHF
2
 

 
 
En plus de ces propriétés communes aux groupements fluorés, le groupement -CHF

2
 

possède des propriétés spécifiques intéressantes. En effet, il a un caractère inductif 
attracteur important et a la capacité d’être engagé dans des liaisons hydrogène.42–48 
De plus, ce groupement permet d’obtenir des composés ayant une meilleure 
lipophilie afin de mieux traverser les membranes cellulaires dans l’organisme.44,49 
Finalement, il est aussi fréquemment considéré comme un bioisostère des fonctions 
alcool ou thiol.40,50–54   

Lors de ce projet de thèse, nous nous sommes particulièrement intéressés à ce 
groupement fluoré. 

 

7. Objectifs du projet 
 

Les propriétés attrayantes du groupement -CHF
2
 décrites précédemment ainsi que le 

nombre limité d’exemples de difluorométhylation énantiosélective dans la 
littérature nous ont amené à nous intéresser au développement de nouvelles 
méthodes de synthèse efficaces pour accéder à des briques moléculaires 
difluorométhylés potentiellement valorisables en chimie médicinale.55–58 

La stratégie de ce projet consiste à utiliser un sulfoxyde difluorométhylé énantiopur 
en tant que variante chirale du difluoromethane afin d’étudier l’introduction 
stéréosélective du groupement difluorométhyle. Cette approche nous a permis de 
développer des voies d’accès à une librairie de composés qui, après désulfinylation, 
a donné accès à des molécules difluorométhylées de haute pureté optique.  

Dans un premier temps, des études complémentaires à celles réalisées 
précédemment dans le groupe ont été faites concernant la synthèse du sulfoxyde 
difluorométhylé énantiopur et sa stabilité optique. La synthèse d’un dérivé halogéné 
et d’un dérivé silylé de ce sulfoxyde difluorométhylé a aussi été étudiée. 

Dans un second temps, inspirés par les travaux réalisés dans le groupe pour la 
synthèse d’alcools difluorométhylés, nous nous sommes concentrés sur le 
développement d’une voie alternative de synthèse de ces composés, basée sur la 
réduction stéréosélective de β-cétosulfoxydes α-difluorés, ainsi que leur 
fonctionnalisation. Afin d’évaluer l’introduction du carbanion du sulfoxyde 
difluorométhylé sur une plus large gamme d’électrophiles, sa condensation a été 
étudiée sur des groupements carbonylés, des imines activées, des nitrones ainsi que 
des dérivés α,β-insaturés. 

Par la suite, une sélection de composés difluorométhylés intéressants en chimie 
médicinale a été effectuée afin de s’intéresser à leur fonctionnalisation. Les 
méthodes de fonctionnalisation qui ont été étudiées consistent en des réactions de 
type Mitsunobu ou de substitutions nucléophiles aromatiques. Il a donc aussi été 
possible d’accéder à des synthons présents dans des composés biologiquement 
actifs par voie non-asymétrique, et la rétention de configuration lors des différentes 
étapes a pu être confirmée dans la voie énantiosélective. 

Finalement, la rupture de la liaison C-S avec rétention de configuration du centre 
stéréogène créé a été étudiée afin d’accéder aux produits difluorométhylés 
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énantioenrichis souhaités. Différentes méthodes décrites dans la littérature sur des 
analogues non fluorés ont été évaluées, et notamment afin de remédier aux 
difficultés rencontrées avec ces méthodes sur nos composés, une nouvelle voie a 
été mise en place. Les différents résultats obtenus au cours de ce projet seront 
succinctement décrits dans ce résumé. 
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B.  Chapitre I - Synthèse de sulfoxydes 
difluorométhylés énantiopurs 

 

Les sulfoxydes énantiopurs ont été largement utilisés en synthèse asymétrique en 
tant qu’auxiliaires de chiralité afin d’obtenir des composés hautement 
énantioenrichis.59–61  

L’utilisation de ces auxiliaires associés à un groupement fluoré émergent, tel que le 
-CHF

2
, représente la base de ce projet afin d’obtenir des composés fluorés 

énantioenrichis. En effet, ce sulfoxyde difluorométhylé a été utilisé en tant 
qu’équivalent du groupement -CHF

2
, qui, après déprotonation est additionné sur 

une gamme d’électrophiles (Schéma 4). 

  

1. Synthèse de sulfoxydes énantiopurs difluorométhylés 
 

Dans un premier temps, nous nous sommes intéressés à la synthèse de ce 
sulfoxyde, préalablement décrit dans la littérature à 2 reprises, et ce, sans avoir été 
valorisée pour la synthèse de dérivés difluorométhylés énantioenrichis.62,63  

Une méthodologie préalablement développée au sein de l’équipe utilisant une 
réaction de type Reformatsky ainsi que des tests complémentaires nous ont permis 
d’accéder au  difluorométhyl p-tolyl sulfoxyde en versions racémique et 
énantiopure (Schéma 5). 

  

  

  

 

 

  

Schéma 5. Voie d'accès au p-tolyl sulfoxyde 
difluorométhylé 

CHF2
S+

p-Tol

O-

I-(SS).72d

N O

O

Bn

S+
-O

p-Tol
Réaction de type 

Reformatsky

I-(RS,R).82

Schéma 4. Stratégie d'accès à des composés difluorométhylés énantioenrichis 
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2. Synthèse de sulfoxydes halogénés ou silylés à partir du 
sulfoxyde difluoré énantiopur 

 

Ce composé ayant été synthétisé efficacement à l’échelle multigrammes, nous avons 
également essayé d’accéder à des dérivés halogénés ou silylés de ce sulfoxyde 
difluoré. Ces composés ouvriraient la voie à d’autres réactivités, comme par 
exemple des substitutions nucléophiles ou des réactions de type Reformatsky dans 
le cas du composé halogéné. De nombreux essais nous ont finalement permis 
d’accéder au sulfoxyde bromodifluorométhylé. Cependant, le composé silylé n’a pas 
pu être synthétisé jusqu’à présent (Schéma 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Schéma 6. Accès à des dérivés halogéné ou silylé de sulfoxydes 
difluorométhylés 
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C.  Chapitre II - Accès diastéréosélectif à des 
composés β -difluorés grâce à l’utilisation de 
sulfoxydes énantiopurs en tant qu’auxiliaires 
chiraux 

  

1.  Accès à des β-hydroxysulfoxydes α-difluorés 
 

Dans notre groupe de recherche, une voie d’accès à des β-hydroxysulfoxydes α-
difluorés a été développée par condensation de l’anion du difluorométhyle p-tolyl 
sulfoxyde I-(S

S
).72d sur des composés carbonylés.64,65 Le prolongement de cette 

stratégie nous a permis d’obtenir des composés diastéréoenrichis (Schéma 7).  

 

 

 

 

 

 

 

Certains composés sélectionnés pour l’intérêt de leurs motifs en chimie 
pharmaceutique ont pu être synthétisés par ce biais. 

D’un autre côté, nous nous sommes intéressés à une voie d’accès alternative à ces 
composés, à savoir la réduction stéréosélective de β-cétosulfoxydes α-difluorés, qui 
donne généralement d’excellents résultats dans la littérature en série non fluorée 
(Schéma 8).66,67 

 

  

 

 

  

Dans un premier temps, un β-cétosulfoxide α-difluoré a été obtenu par oxydation 
du β-hydroxysulfoxyde α-difluoré correspondant. Afin de développer une méthode 
plus efficace et générale, nous avons essayé de synthétiser ce composé par 
condensation de l’anion du sulfoxyde difluorométhylé sur différents électrophiles 
tels que des chlorures d’acyles, des esters ou encore des anhydrides carboxyliques. 
Cependant, dans le meilleur des cas le β-cétosulfoxyde souhaité a été obtenu avec 
un rendement moyen de 30%. Cette méthode n’étant donc pas très efficace, nous 
avons ensuite essayé de synthétiser ce composé en difluorant un β-cétosulfoxyde 
avec deux équivalents d’un agent de fluoration en présence de base. Différentes 
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Schéma 7. Accès à des α -difluoro-β-sulfinylalcools 
par addition du difluorométhyl p-tolyl sulfoxyde sur 
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bases ainsi que d’agents de fluoration électrophiles ont été testés et ont permis 
d’accéder au composé souhaité, mais malheureusement une fragmentation au 
niveau de la liaison C-C donnant le difluorométhyl p-tolyl sulfoxyde II.72d a été 
également observée (Schéma 9). 

  

  

  

  

  

 

  

 

  

Nous avons soumis ces β-cétosulfoxides α-difluorés à une réduction stéréosélective. 
Différents agents réducteurs ont été évalués et les meilleurs résultats ont été 
obtenus avec DIBAL-H. D’excellents ratios diastéreoisomériques ont été obtenus, 
nous permettant d’accéder à des alcools hautement énantioenrichis (Schéma 10). 

 

  

  

 

 

 

D’autre part, nous avons souhaité comparer l’efficacité de la difluorométhylation 
avec notre sulfoxyde difluorométhylé sur un groupe de dérivés carbonylés plus 
particuliers, à savoir des aminoaldéhydes. En effet, les produits obtenus seraient 
des amino-alcools difluorométhylés, qui représenteraient un intérêt dans les projets 
de chimie pharmaceutique. La réaction a été effectuée sur certains substrats 
modèles, puis sur un aminoaldéhyde particulier préparé par l’équipe de chimie 
médicinale de Sanofi. Ceci nous a permis par la suite d’obtenir un composé cible qui 
pourra être utilisé prochainement dans le cadre d’un des projets de chimie 
médicinale (Schéma 11). 

 

 

  

 
Schéma 11. Addition du p-tolyl sulfoxyde difluorométhylé sur des 

amino aldéhydes 
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2.  Addition de l’anion du difluorométhyl p-tolyl 
sulfoxyde sur une gamme d’électrophiles 

 
Afin de donner accès à une librairie de composés plus large, nous avons souhaité 
étudier l’introduction du carbanion du sulfoxyde difluorométhylé sur d’autres 
électrophiles que les groupements carbonylés précédemment étudiés. Pour ce faire, 
des substrats modèles tels que des imines activées, des nitrones ainsi que des 
dérivés α,β-insaturés ont été utilisés. 

Dans le cas des imines, nous avons pu obtenir les composés aminés difluorés avec 
des rendements acceptables. De la même manière, nous avons réussi à séparer 
chacun des diastéréoisomères obtenus du produit issu  du substrat modèle, la N-
tosylbenzaldimine (Schéma 12). 

 

 

 

Malheureusement, dans le cas des nitrones, la condensation du carbanion du 
sulfoxyde difluorométhylé ne nous a pas permis d’accéder aux dérivés 
difluorométhylés attendus. 

En ce qui concerne les cétones α,β-insaturées, nous nous sommes intéressés à la 
réactivité du sulfoxyde difluorométhylé dans des additions nucléophiles 
conjuguées. Le but étant d’obtenir les dérivés d’addition 1,4, différentes conditions 
ont étés testées malheureusement sans succès. Les essais réalisés nous ont donné 
accès aux produits d’addition 1,2. 

 

3. Utilisation du bromodifluorométhyl sulfoxyde en tant 
que réactif alternatif de difluorométhylation 

 

Dans la première partie, nous avons décrit l’intérêt que nous avons porté à la 
synthèse de dérivés bromé et silylés du  difluorométhyl p-tolyl sulfoxyde. Nous 
avons réussi à accéder en premier par déprotonation et bromation avec un réactif 
de bromation électrophile. Il a donc été testé en tant que réactif de 
difluorométhylation, afin de comparer sa réactivité à celle de l’anion du p-tolyl 
sulfoxyde difluorométhylé. Dans ce but, nous avons donc utilisé le benzaldéhyde en 
tant qu’électrophile. Différentes conditions de réaction de type Reformatsky ont été 
essayées en présence de dérivés zinciques et d’indium. Toutefois, les produits 
souhaités n’ont pas été obtenus et nous avons pu uniquement observer la 
réduction, plus ou moins importante en fonction des cas, du p-tolyl sulfoxyde 
bromodifluorométhylé en  difluorométhyl p-tolyl sulfoxyde (Schéma 13). Nous 
n’avons donc pas poursuivi cette voie. 

Schéma 12. Addition du p-tolyl sulfoxyde difluorométhylé sur des imines 
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Schéma 13. Essais de réaction de type Reformatsky 
à partir du p-tolyl sulfoxyde bromodifluoré	
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D.  Chapitre III - Fonctionnalisation de dérivés 
difluorométhylés préalablement obtenus 

 

L’accès à des composés difluorométhylés optiquement purs a été étudié tout au 
long de ce projet. Afin de valoriser ces différents composés, nous nous sommes 
proposé d’étudier leur désulfinylation ainsi que leur fonctionnalisation. 

 

1. Désulfinylation 
 

Dans les parties précédentes, nous avons décrit l’étude qui a été effectuée lors de ce 
projet afin d’accéder à des composés difluorométhylés optiquement purs. Nous 
avons utilisé des sulfoxydes en tant qu’auxiliaires chiraux portant le groupement -
CHF

2
.
 
Une fois que le groupement a été introduit sur le partenaire de réaction, il est 

indispensable de couper la liaison C-S avec rétention de configuration du carbone 
stéréogène afin d’obtenir les composés énantioenrichis souhaités. Nous avons 
rencontré des difficultés à effectuer cette coupure par des méthodes auparavant 
décrites sur les analogues non fluorés.68–71 Il a donc été nécessaire de faire de 
nombreux essais de désulfinylation et nous avons finalement réussi à trouver deux 
méthodes efficaces qui nous ont permis d’accéder à des composés difluorométhylés 
énantioenrichis (Schéma 14). 

  

 

 

  

  

  

2. Réactions de type Mitsunobu 
  

Afin d’accéder à d’autres dérivés difluorométhylés à partir de nos alcools 
précédemment synthétisés, nous avons étudié des réactions de type Mitsunobu. En 
effet, celles-ci pourraient ouvrir la voie à des dérivés aminés, portant le groupement 
-CHF

2
, et donc très intéressants en chimie pharmaceutique. D’autre part, dans le but 

d’obtenir des synthons qui pourront facilement être soumis à des couplages 
organométalliques avec des partenaires de couplage de nos collaborateurs du 
groupe de chimie médicinale de Sanofi, nous avons aussi envisagé d’accéder aux 
dérivés difluorométhylés portant un groupement aryl substitué par une fonction 
ester boronique. Des expériences ont été effectués, malheureusement sans succès 
sur les β-hydroxysulfoxydes α-difluorés, puis sur les composés en absence de 
l’auxiliaire de chiralité. Dans ce deuxième cas, nous sommes parvenus à isoler le 
dérivé aminé et celui comportant l’ester boronique pour le substrat modèle utilisé, 
l’alcool α-(difluoromethyl)benzylique (Schéma 15). 
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Or, lorsque nous avons essayé d’appliquer les conditions déterminées grâce au 
substrat modèle sur les hétérocycles que nous souhaitions fonctionnaliser, nous 
n’avons pas obtenu de résultats satisfaisants. En effet, uniquement des sous-
produits ou une absence totale de réactivité ont été observés (Schéma 16). 

 

 

 

 

 

 

 

3. Substitutions nucléophiles aromatiques (S
N
Ar) 

 

Les essais de fonctionnalisation de composés difluorés synthétisés dans les parties 
précédentes étant de grand intérêt dans la valorisation de notre méthodologie, nous 
avons décidé de continuer notre investigation cette fois ci en effectuant des 
substitutions nucléophiles aromatiques. En effet, cette stratégie pourrait nous 
donner accès à un grand nombre de dérivés (Schéma 17). 

 

 

 

 

Parmi ces dérivés, nous nous sommes plus particulièrement focalisés sur l’accès à 
des halogénoarènes, afin d’accéder à des partenaires de couplage organométallique. 
Une optimisation par chauffage conductif ainsi que par un chauffage aux micro-
ondes de la réaction de S

N
Ar a été effectuée sur les alcools difluorométhylés N-

hétérocycliques à 4, 5 et 6 chaînons. Cette optimisation ayant été effectuée à partir 

Schéma 17. Stratégie de fonctionnalisation d'alcools difluorométhylés par des 
substitutions nucléophiles aromatiques 
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des substrats racémiques dans un premier temps, nous l’avons ensuite appliquée 
aux analogues énantiopurs afin de confirmer la rétention de la configuration 
relative du centre stéréogène crée (Schéma 18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ces composés seront ultérieurement couplés avec des plateformes de l’équipe de 
chimie médicinale, afin de fournir des composés présentés des propriétés 
biologiques potentielles (Schéma 19). 

  

  

  

  

  

  

  

  

  

 

 

 

 

Schéma 18. Substitutions nucléophiles  
aromatiques sur des hétérocycles azotés  

difluorométhylés racémiques et énantiopurs 
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E.  Conclusion générale et perspectives 
  

De nos jours, le nombre croissant de composés fluorés sur le marché 
pharmaceutique met en évidence l’importance de cet atome ainsi que celui des 
groupements fluorés émergents dans le développement de nouvelles molécules 
bioactives. 

De nombreuses recherches sont donc consacrées au développement de méthodes 
efficaces permettant d’introduire ces groupements fluorés dans les composés 
organiques. Nous avons décidé de nous focaliser sur le groupement -CHF

2
, qui 

présente des propriétés spécifiques supplémentaires telles qu’une capacité de 
donneur de liaisons hydrogène ainsi que celle d’être un bioisostère des fonctions 
thiol et hydroxyle. Peu de stratégies se sont focalisées jusqu’à présent sur 
l’introduction sélective de ce groupement, ce qui nous a amené à envisager une 
nouvelle voie d’accès stéréosélective à des composés difluorométhylés. Ce projet a 
donc consisté à utiliser un difluorométhyl sulfoxyde énantiopur en tant 
qu’inducteur de chiralité, qui a été condensé, après déprotonation, sur des 
électrophiles.  

Dans un premier temps, nous avons conduit des expériences complémentaires 
concernant la synthèse de ce sulfoxyde difluorométhylé énantiopur, ainsi que sur la 
possible synthèse de composés dérivés, comportant par exemple un groupement -
CF

2
Br. Ensuite, nous avons souhaité évaluer la réactivité de ces sulfoxydes difluorés 

vis-à-vis d’un certain nombre d’électrophiles. Dans certains cas, nous avons obtenu 
d’excellents résultats qui nous ont permis d’accéder notamment à des β-
hydroxysulfoxydes α-difluorométhylés avec de bons excès énantiomériques. De la 
même manière, nous avons aussi réussi à effectuer le clivage de la liaison C-S avec 
rétention de configuration du carbone stéréogène, nous permettant ainsi d’accéder 
aux composés difluorométhylés avec d’excellents excès diastéréomériques et 
énantiomériques. D’autre part, nous avons étudié la fonctionnalisation des 
composés obtenus afin de les valoriser dans le cadre de notre collaboration avec 
l’équipe de chimie médicinale de Sanofi. Des partenaires de couplage portant le 
groupement -CHF

2
 ont été synthétisés et pourront être utilisés par la suite dans 

deux projets de drug-discovery. 

Par la suite, il serait intéressant de poursuivre les études mécanistiques qui ont été 
en partie abordées concernant le centre soufré stéréogène du sulfoxyde 
difluorométhylé, pour déterminer par exemple des données théoriques telles que sa 
barrière de racémisation, mais aussi étudier l’acidité du proton du groupement -
CHF

2
. D’autre part, nous pourrions envisager d’élargir les stratégies de 

fonctionnalisation des différents synthons difluorométhylés obtenus par d’autres 
réactions complémentaires à celles qui ont été testées au cours de ce projet. 
Finalement, l’utilisation des sulfoxydes combinés à d’autres groupements fluorés 
émergents, tels que -OCF

3
 ou -SCF

3
,
 
mériterait une attention particulière. En effet, 

ceci pourrait ouvrir le champ à des composés énantiopurs portant ces groupements 
fluorés émergents. 
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A.  Fluorine: an essential element in daily life 
 

During the last decades, the emergence of fluorine chemistry has been particularly 
noticeable. The introduction of fluorine and fluorine-containing motifs in molecules 
profoundly impact their structure, reactivity and function.  

In this chapter, we aim to present an overview of this element from its discovery to 
its applications in different fields of our daily lives, inspired by the large number of 
studies that have been reported over the years.  

 

a. Discovery: brief history 

The first appearance of the word ‘‘fluores’’ goes back to 1530 by Georgius Agricola, 
describing fluorspar ores (CaF

2
) as ‘‘the element that flows’’ and their practical use 

in the extraction of metals (Figure 0.1).9 Moreover, historical reports said ancient 
civilizations also used fluorinated minerals to make vases and cups.10,11 

 

 

 

 

 

 

 

 

 

 

 

 

 

Centuries later, during the XIXth century, the isolation of fluorine in its elemental 
form, F

2
, drew the attention of different renowned scientists. A-L. de Lavoisier wrote 

an article summarizing previous observations regarding fluorine and hydrofluoric 
acid. L. J. Thénard and J. L. Gay-Lussac prepared concentrated hydrofluoric acid 
from fluorspar and sulfuric acid. They noticed that this acid was strongly fuming 
and could dissolve glass. These scientists, and also other researchers experienced 
impressive burns caused by contact of hydrofluoric acid with the skin, among other 
toxic effects. Unfortunately, severe diseases and deaths were caused in the course 
of fluorine isolation. As a new method to isolate fluorine, Sir H. Davy and E. Frémy 
tried unsuccessfully to produce it from electrolysis of fluorine salts. In 1886, Henri 

Figure 0.1. The first appearance of fluorine in scientific literature in De 
Re Metallica Libri by G. Agricola 
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Moissan finally succeeded in isolating elemental fluorine by electrolysis of liquefied, 
water-free hydrogen fluoride in the presence of potassium bifluoride. This 
discovery (together with the development of the electrical furnace) earned him the 
Nobel Prize in Chemistry in 1906, after a long period of exploration of this highly 
reactive element (Figure 0.2).12,72  

 

 

 

 

 

 

 

b. Fluorine in nature 

 

Although fluorine is commonly found in the earth’s crust, it is almost completely 
absent from biological processes. Fluorine can be found principally under mineral 
form, being calcium fluoride (or fluorspar), cryolite Na

3
AlF

6
 or fluorapatite 

Ca
10

(PO
4
)

6
F

2
. Fluorinated natural products are an exception and only 12 natural 

metabolites containing this atom have been found in nature to date, in contrast to a 
large number of other halogenated natural products bearing chlorine, bromine and 
even iodine (Figure 0.3).13–15 

Figure 0.2. Isolation of fluorine by electrolysis performed by H. Moissan, 
from Physique populaire by E. Desbeaux, 1891. 

Figure 0.3. Naturally occurring fluorinated metabolites 
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Fluoroacetate is the most common fluorinated metabolite isolated from the 
Southern African plant Dichapetalum cymosium. This plant is able to synthesize 
and accumulate it, making the plant extremely toxic as this fluorinated compound 
is known to inhibit the Krebs cycle. Moreover, the condensation of fluoroacetyl-CoA 
with oxaloacetate leads to fluorocitrate, another natural metabolite.  

Seed lipids of Dichapetalum toxicarium presented eight fatty acid derivatives of ω-
fluoro-oleic acids. In 1969, the structure of nucleocidin was reported, isolated from 
bacterium Streptomyces calvus. Finally, the latest discovered metabolite is 4-
fluorothreonine, extracted from Streptomyces cattleya.  

It is noteworthy that the nature of the biological fluorination process of the few 
fluorinated metabolites attracted the attention of an increasing number of 
researchers. However, even though numerous speculative suggestions of the 
biosynthesis mechanism of these metabolites have been made, the details have not 
been elucidated yet.  

 

c. Properties of fluorinated systems 

1. Fluorine and its isotopes 
 

Fluorine is the 9th element of the periodic table and the 13th most abundant element 
on Earth. It is represented by the symbol F, has a 1s22s22p5 electronic configuration 
and is the first halogen. It has a very high electronegativity (3.98 on Pauling the 
scale). This atom has a Van der Wals radius of 1.47 Å, lying between the ones of 
hydrogen (1.20 Å) and oxygen (1.52 Å). Its atomic weight is 18.99. The first 
ionization energy of fluorine is very high (402.15 kcal.mol-1), just behind those of 
helium and neon, making this atom almost non-oxidizable.16 

Moreover, as a consequence of its very low polarizability, the fluorine atom is less 
prone to intermolecular interactions, which is illustrated by the low boiling point of 
molecular fluorine (-188 ºC) and other fluorocarbons, when compared to other 
halogenated molecules, such as molecular bromine (59 ºC) or molecular iodine (184 
ºC). 

Regarding its isotopes, the sole stable isotope of fluorine that exists is 19F, having 10 
neutrons. This isotope shows an excellent sensitivity towards magnetic fields and is 
then largely used for NMR spectroscopy.  The artificial 18F isotope was discovered in 
1936 and due to its longer half-life value of 109.7 min compared to the other 
commonly used positron-emitting radionucleides (having values between 2 and 20 
min), it represents nowadays an important isotope in medical imaging.17–20 18F is 
produced in a cyclotron after bombardment of 18O-enriched water by high-energy 
protons, and immediately introduced in radiotracers prior to use. The Positron-
Emission Tomography (PET) probe is then administered to patients and the 
radionuclide starts to decay in the body by positron emission. The emitted positron 
will collide with an electron in the surrounding tissue and this collision produces 
two γ-ray photons in exactly opposite directions that are detected by the PET 
scanner, which consists in a series of detectors arranged in a circular ring. It is then 
possible to determine the approximate location of the PET probe in the body 
(Figure 0.4).  
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The combination of millions of these events, called annihilations, allows to 
construct a PET image thanks to the PET scanner and to obtain a quantitative 
information of physiological and biochemical events in the body. This tool finds its 
application mostly in oncology to diagnose tumors, in cardiology as well as 
neurology to characterize early stage disorders, and in drug discovery.   

 

2. C-F bond properties and effects 
 

The C-F bond is the strongest single bond in organic compounds. The bond length 
lies between those of C-O and C-H bonds. This is one of the reasons why fluorine is 
often used in medicinal chemistry to replace a hydrogen atom (Table 0.1).16  

 

 

 

 

 

 

The high electronegativity and the small size of fluorine highly polarize the C-F 
bond, inducing a large dipole moment and thus influencing greatly the 
conformational behaviour of organofluorine compounds by dipole-dipole 
interactions (Scheme 0.1).  

 

 

 

Table 0.1. Comparison of carbon-element single bond lenghts 

 C-F C-H C-O C-C C-Cl C-Br C-N 
Bond lengths 
(Å) 

1.35 1.09 1.43 1.54 1.77 1.97 1.47 

Bond strength 
(kcal.mol-1) 

105 98 84 83 77 66 70 

Figure 0.4. Schematic representation of the PET principle 
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Moreover, the introduction of fluorine in a molecule leads to changes in the 
electronic properties of the adjacent bonds. The three non-bonding electron pairs of 
fluorine are responsible of electronic push and pull effects with its neighbouring 
systems (Scheme 0.2). Fluorine lone pairs have a +Iπ and also +M effect, creating a 
repulsion of the π electron cloud and increasing the acidity of neighboring protons. 
In addition to that, these inductive and mesomeric effects stabilize carbocations 
generated in α−position of the fluorine atom and carbanions in β−position. Adjacent 
C-C single bonds are strengthened by fluorination, whereas allylic C=C double 
bonds are weakened.21,22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An additional interaction takes place when one or more vicinal fluorine atoms are 
located on an alkyl chain: the gauche effect. This phenomenon represents a 
preference for gauche conformers, being more favored than anti conformers, that 
are usually more stable. There is hyperconjugation between  σ* electron-accepting 
orbitals of the C-F bond and the σ electron-donating orbital of a C-X vicinal bond 
(Scheme 0.3).73–75  

Scheme 0.2. Fluorine effects on the stability of neutral or 
charged derivatives 
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In this section, we showed that the properties of the C-F bond and the effects 
induced by its introduction into organic molecules can have a strong influence in 
properties of organofluorine derivatives.  The high polarization, stability and steric 
interactions of the C-F bond can be assets for tuning the properties of bioactive 
ingredients.   
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B.  Organofluorine chemistry: diverse applications 
 

Often described as a ‘‘small atom with a big ego’’ or the ‘‘little atom that could’’,76,77 
fluorine has had since its discovery a big impact on our everyday lives. Several 
industrial fields use fluorine as an essential element.21,23 A short summary of its 
major applications is presented in this section.   

In the past, chlorofluorocarbons (CFC’s) have played an important role as 
refrigerants for air-conditioning (Freon®), aerosols and extinguishing chemicals 
(Halon®). They were developed at the beginning of the 20th century. Unfortunately, 
the stability that makes these compounds so useful also allows them to reach the 
stratosphere and generate a detrimental interaction with the ozone layer. For these 
reasons, in the last decades the use of CFC’s has been banned. The research for 
alternatives to CFC’s has then been a challenge since the end of last century.24,25 

Since the 1940’s and the implementation of the Manhattan project, the nuclear 
industry uses fluorine for the preparation of uranium hexafluoride UF

6
, needed to 

separate uranium isotopes and produce enriched 235U.26,27  

The addition of ppm proportions of fluorine anions to city water supplies, even if 
sometimes criticized, as well as NaF, SnF

2
 and Na

2
PO

3
F included in toothpaste help 

in the prevention of tooth decay.28–30  

Moreover, a major application of fluorochemicals includes solvents and high 
temperature resisting plastics. The most representative is Teflon® 
(polytetrafluoroethylene PTFE) for its non-sticking properties, and its resistance to 
high and low temperatures. It is encountered in frying pans, cable isolations, 
plumber’s tape and waterproof materials.  

Recently, nanofluorinated materials have caught the attention of scientists for their 
use in lithium batteries. These components could lead to the emergence of F-ion 
batteries as an alternative to Li-ion batteries.31,32 Moreover, sulfur hexafluoride SF

6
 is 

also used as a dielectric gas for high-power electricity transformers and 
hydrofluoric acid is used to etch glass, including that of light bulbs.78  

Finally, the introduction of fluorine atom(s) in active pharmaceutical or 
agrochemical ingredients has become quite usual. The metabolic stability, changes 
in acidity and basicity, in lipophilicity and polarity made fluorine and fluorinated 
groups unique tools in life sciences (see following section).4,5,33,34  

In addition to that, a new application in medicine is the previously cited (see section 
A, part c) development of radionuclides used in PET, 18F being the isotope having 
the longest half-life among all the radionuclides currently used (11C, 13N, 15O). The 
incorporation of this radiotracer allows obtaining information on physiological 
phenomena in the body.   
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C.  Fluorine as an attractive element in life sciences 
 

During the last decades, an emergence of molecules containing new fluorinated 
substituents has been noticed. Increasing efforts have been dedicated to the 
synthesis of these molecules, which are important components of agrochemicals 
and pharmaceuticals. This interest mainly results from the fact that incorporating 
fluorine can modulate different properties in biologically active compounds.3 In this 
section, we will discuss these parameters. 

 

a. Effects on the pK
a
 

 

The introduction of a fluorine atom in a molecule induces unique effects on their 
physicochemical and biological properties. The impact on the pK

a
 helps to modulate 

the affinity for a target in the body, as well as pharmacokinetics of active 
pharmaceutical ingredients (API). pK

a
 values of acids, alcohols and amines are 

influenced: basicity of amine groups is reduced with the introduction of fluorine, as 
electron density on nitrogen is decreased, and compounds already having an acidic 
character become more acidic with the addition of fluorine. An overview of these 
effects can be found in Table 0.2. 

 

The influence of fluorine atoms in a bioactive molecule can improve, among other 
parameters, its bioavailability. An example of this feature was found in the 
development of h5-HT

2A
 receptor antagonists involved in schizophrenia.35 A series 

of 3-piperidinylindole were synthesized and their bioavailability was compared in 
the presence of a fluorine atom in γ-position of the nitrogen of the piperidine ring 
(Table 0.3).  

 

 

 

 

 

 

Table 0.2. Effects of fluorination on the pK
a
 of carboxylic acids and ammoniums 

Carboxylic acid CH
3
CO

2
H CH

2
FCO

2
H CHF

2
CO

2
H CF

3
CO

2
H 

pK
a
 4.8 2.6 1.3 0.5 

Ammonium CH
3
CH

2
NH

3

+ CH
2
FCH

2
NH

3

+ CHF
2
CH

2
NH

3

+ CF
3
CH

2
NH

3

+ 

pK
a
 10.7 9.0 7.3 5.7 
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The result is an improved bioavailability in the presence of a fluorine atom, which 
decreases the pK

a
 of the compound. It is noteworthy that the second fluorine atom 

at the 6-position on the indole ring was not introduced to have an influence on the 
pK

a
. However, it illustrates the beneficial modification of the properties of the 

molecule by the introduction of a fluorine atom (bioavailability increased from 18 
to 80%).  

 

b. Effects on lipophilicity 

 

The absorption and distribution of an orally administered drug is highly dependant 
with the penetration of cell membranes. An important factor in this transfer is the 
lipophilicity of the drug candidate. In fact, the log P value for lipophilicity should be 
sufficient for the compound to enter the lipid core but not excessive for it not to be 
trapped in this lipid core and to allow the drug to be soluble in water. It is then 
important to have a balance between lipophilicity and hydrophilicity.  

The scale ruling this factor is a logarithmic coefficient of the distribution of a 
molecule between water and octanol. The increasing value of this parameter is 
consistent with a more lipophilic compound. 36,22  

 

 

 

 

 

 

 

Table 0.3. Example of pK
a
 variation in a fluorinated bioactive molecule 

 
Indole 

 
 

 
 
 
 
 
 
 

 

pK
a
 10.4 8.5 - 

Bioavailability F (%) Poor 18 80 

Table 0.4. Lipophilicity variations in fluoroalkylated compounds 

Alcohol CH
3
CH

2
OH CF

3
CH

2
OH CH

3
(CH

2
)

2
OH CF

3
(CH

2
)

2
OH 

Log P -0.32 0.36 0.34 0.39 

 Alkyl chain CH
3
CH

3
 CH

3
CHF

2
 CH

3
(CH

2
)

3
CH

3
 

 Log P 1.8 0.8 3.1 

N
H

NH

N
H

NHF

N
H

NHF

F
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It was observed that the fluorination of aliphatic chains tends to decrease 
lipophilicity and increase hydrophobicity. In contrast, the introduction a fluorine 
atom in unsaturated compounds generally increases the lipophilicity (Scheme 0.4). 

 

 

 

 

 

 

 

 

An example illustrating these effects in biologically active molecules was reported 
by Jacobs and Bernstein, during the synthesis of leukotriene receptors antagonists, 
which are involved in asthma in humans. The effect of fluorination was studied for 
a range of molecules by replacing alkyl chains by fluoroalkyl ones (Table 0.5).79  

 

 

 

 

 

 

 

 

 

One should note that other structural modifications of the core of the molecule 
improved lipophilicity but also resulted in a loss of affinity for the receptor. The 
alternative of introducing fluorine substituents addressed this problem and allowed 
the authors to improve the in vivo potency compared to the non-fluorinated 
analogues. All fluorinated amides were more lipophilic than their non-fluorinated 
counterparts. 

 

c. Metabolic stability 

 

Following the uptake of a drug, the automatic response of the human body consists 
in eliminating the active compound or metabolizing it, prior to elimination. The 

Table 0.5. Example of improved lipophilicity in a fluoroalkylated 
molecule of pharmaceutical interest 
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2
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3
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3
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H
N S

OO

H F

H F

Increase in 
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sp2 carbon
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Scheme 0.4. Lipophilicity changes in saturated 
and unsaturated derivatives 
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active compound is actually being considered a foreign and therefore potentially 
dangerous substance.  

The most important group of drug-metabolizing enzymes is the Cytochrome P450 
monooxygenase, found mainly in the liver. These enzymes undertake, among 
others, oxidation processes of bioactive molecules in order to decrease their 
lipophilicity and allow a more rapid clearance. A common and practical way to 
protect metabolically labile sites from oxidation is by blocking them with fluorine 
substitution, the C-F bond being strong enough not to be disrupted by the enzyme. 
An example of this effect is illustrated by the lead optimization of Ezetimib, a 
cholesterol absorption inhibitor (Figure 0.5).37 

 

‘‘Non-productive’’ metabolism, i.e. not leading to an enhanced activity, was blocked 
by the introduction of fluorine at the p-positions of the phenyl rings to minimize 
oxidation. The structural modifications finally gave a drug requiring lower doses 
due to higher potency and improved metabolic stability.  

Moreover, the use of fluorine was also found to be beneficial in avoiding hydrolytic 
metabolism. Prostacyclin PGI

2
 is an attractive drug candidate to treat vascular 

diseases. However, its acid labile enol ether moiety renders this molecule prone to 
hydrolysis leading to an inactive compound, 6-keto-PGF

1
α (Figure 0.6).80   

 Figure 0.5. Improved metabolic stability of a drug-like compound 
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The stability of the derivatives could be enhanced by mono- or difluorination. The 
rate of hydrolysis of the enol ether could be highly decreased, and as a 
consequence, giving a half-life value of up to 90 days instead of 10 minutes. 

One last example that illustrates the role of fluorine in improving metabolic 
stability of drug-like compounds is the influence in in vivo racemization. 
Thalidomide is probably the most known compound expressing a harmful 
racemisation effect. This drug was marketed in the 1950’s as a sedative used to 
treat morning sickness, but was withdrawn a decade later. Indeed, the two 
enantiomers of the drug had been found to have two different effects: the (R)-
enantiomer is responsible for the hypnotic beneficial effects, whereas the (S)-
enantiomer is responsible for birth defects in babies whose mothers had taken the 
drug.81 This epimerization under physiological conditions due to an acidic hydrogen 
located on the stereogenic center could be overcome by replacement with a fluorine 
atom (Figure 0.7).82   
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d. Steric and electronics effects: impact on 
conformation 

 

Due to their similar Van der Waals radius value, the replacement of hydrogen or 
hydroxyl group with fluorine only requires a minor steric demand at receptor sites. 
However, the introduction of larger emergent fluorinated substituents such as -CF

3
, 

can have a higher impact on the molecule causing a significantly different spatial 
arrangement. Consequently, previously unfavored molecular conformations can be 
adopted in the newly fluorinated molecules not only due to steric effects but also to 
the electronegativity of fluorine atoms, the dipolar moment induced as well as the 
presence of lone-pairs of fluorine. It is conceivable that taking advantage of these 
steric and electronic effects should be interesting to have a more efficient affinity 
with a biological target.  

A classic example of profound change in ground state conformation due to the 
introduction of fluorine atoms is the case of trifluoromethoxybenzene. Anisole 
prefers to adopt a planar conformation, whereas the –OCF

3
 group of 

trifluoromethoxybenzene has a preference for an out of the plane conformation 
with a dihedral angle around 90 ºC (Figure 0.8).82  
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Hydrogen bonds involving a fluorine atom are weak, nevertheless they can stabilize 
one conformation of a molecule. This was observed in the case of hydrogen bonds 
formed in fluoronorepinephrine, giving the two isomers different activities. The 2F-
isomer is an α-adrenergic agonist, whereas the 6F-isomer is a β-adrenergic agonist 
(Figure 0.9).83 

 

 

 

 

 

 

 

On the other hand, fluorine has the possibility to be involved in electrostatic 
interactions. The binding affinity of fluorinated compounds with active sites in the 
body can be increased thanks to such interactions. A series of thrombin inhibitors 
were studied, including fluorinated and chlorinated inhibitors and their inhibitory 
constants were found to be similar to the parent molecule. However, one of the 
fluorinated derivatives was more active and showed a better binding affinity. 
Thanks to X-Ray analysis, the authors could observe that the C–F bond came into 
close contact with a positively polarized carbon atom of from Asn98, due to dipolar 
C–F···H and C–F···C=O interactions (Table 0.6).37 

 

 

 

 

 

 

 

 

 

 

 

These examples illustrate that the presence of a fluorine substituent on a bioactive 
molecule may significantly influence its conformation and have important 
consequences in lead-optimization programs.  

 

Table 0.6.Binding affinity modifications in thrombin inhibitors 

Aromatic 
substitution K

i
 [µM] 

 
 
 
 
 
 
 
 
 
 
 
 

H 0.31 
2-F 0.50 
3-F 0.36 
4-F 0.057 

2,3-F
2
 0.49 

2,6-F
2
 0.61 

3,4-F
2
 0.26 

3,5-F
2
 0.59 

1,2,3,4,5-F
5
 0.27 

4-Cl 0.19 

Figure 0.9. Hydrogen bonding observed in 
fluoronorepinephrine isomers 

HO

HO

F OH

NH2 HO

HO

NH2

F

O
H

2F-NE : β-adrenergic 
antagonist

6F-NE : α-adrenergic
antagonist

F

N

H

H

O

O NH2
H2N

HN O

NH2

H

NH2

O

O

O

D-pocket

SI-pocket



Introduction 

 65 

e. Bioisosteres 

 

Steric and electronic properties of the fluorine atom and fluorinated groups 
described in the previous sections of this chapter illustrate their beneficial use to 
modify physico-chemical and biological properties of a molecule such as their 
lipophilicity, affinity with a target and metabolic stability, among others.  

Bioisosteres are substitutes of another chemical function that possess similar 
physical or chemical properties. They are commonly used in medicinal chemistry to 
enhance specific biological properties of a compound without significant changes in 
the chemical structure.84 Fluorine is very much used in drug-design due to its very 
high potential for mimicking different functional groups, i.e. for its high potential 
as a bioisostere. Medicinal chemists perform the replacement of chemical functions 
by taking into account the similarities of the fluorinated moieties and the function 
to be replaced. Common exchanges include hydrogens that are often replaced by a 
single fluorine atom, and hydroxyl or thiol functions that are replaced by a 
difluoromethyl group (Figure 0.10).38–40  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 0.10. Fluorinated bioisosteres of functional groups 
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f. Medicinal chemistry and agrochemistry contribution 

 

The development of new fluorination methods and reagents gave access to 
bioactive molecules with improved properties. Fluorine-containing molecules have 
become blockbusters in the pharmaceutical and agrochemical field. The synthetic 
methods to prepare these compounds and their properties have been the main topic 
of several reports.1,3,33,40,85–88  

The number of fluorinated compounds is constantly increasing: half of the most 
successful drugs and almost a quarter of herbicides on the market contain at least 
one fluorine atom.3,6–8,41 To illustrate the potential of fluorinated compounds in life 
sciences research, a few examples of marketed bioactive compounds bearing a 
fluorine atom or fluorinated groups are presented in Figure 0.11.  
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Fluorinated drugs currently on the market have diverse applications. These 
compounds are used as anticholesterol or anticancer, among others. In the 
agrochemical field, fluorinated molecules can be found in the three main classes of 
products: herbicides, fungicides and insecticides.   

The large number of fluorinated drugs and agrochemicals illustrate the popularity 
of fluorine moieties. Nevertheless, the most represented moieties remain F and CF

3
, 

due to the more limited number of simple synthetic strategies to introduce the 
other Emergent Fluorinated Substituents (EFS). It is then implied that the 
preparation and study of new fluorine-containing molecules is of great interest. 
Among these EFS, the CHF

2
 group is very represented in agrochemicals in contrast 

to pharmaceuticals. This PhD project focused on the stereoselective introduction of 
this substituent. Its characteristics will be presented in the next section (section D). 
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D.  The difluoromethyl group: a functional surrogate  
 

The fluorine atom or fluorinated substituents have been used for decades to modify 
biologically relevant properties of bioactive molecules. However, some groups, such 
as –CHF

2 
have been less studied than –CF

3
 for example. Recently, the difluoromethyl 

group drew the attention of organic and medicinal chemists due to its additional 
advantages when compared to the other fluorinated substituents. The most 
important physicochemical modifications induced by this group are a moderate 
increase in lipophilicity and its hydrogen bond donor character. Consequently, –
CHF

2 
is of great interest in drug discovery programs as a bioisostere of –OH or –SH 

functional groups. 

 

a. Lipophilicity 

 

The difluoromethyl group induces modification in the lipophilicity of molecules. 
This modification is interesting as the new lipophilicity value remains moderate 
when compared to the one induced by a –CF

3
 when replacing a methyl group. 

An example illustrating the effect of difluoromethyl substitution was reported by 
Carreira and Müller on partially fluorinated molecules presenting aliphatic systems: 
n-propylbenzene and a series of indole derivatives.44,49 The difluoromethylated 
compounds have indeed lower lipophilicity values than the analogues bearing a 
trifluoromethyl group (Table 0.7).  

 

 

 

 

 

 

 

 

 

 

This beneficial effect of introduction of a CHF
2
 group shows that it is an excellent 

alternative with reduced steric demand when compared to the bigger 
trifluoromethyl group. It would be then possible to modulate membrane 
permeability and oral bioavailability associated with a bioactive molecule without 
significant size or conformation changes.  

 

Table 0.7. Lipophilicity of compounds bearing 
fluoroalkylated chains 

 
 
 

 
 
 
 
 
 

R Log P R Log P 
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2
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b. Hydrogen bond donor character 

 

The hydrogen bonding interactions of the -CF
2
H group were evidenced by NMR, IR 

and X-ray crystallography analysis as well as theoretical calculations.42–47 The CHF
2
 

being a better hydrogen bond donor than its non-fluorinated analogue could be due 
to the increased acidity of the C−H bond due to the geminal fluorine atoms.  

Intramolecular hydrogen bonds formed with a -CHF
2
 group allow the stabilization of 

conformations that would have been different in the case of trifluoromethylated or 
non-fluorinated analogs. An example of these intramolecular hydrogen bonds was 
reported for pyrazole carboxamides, used as fungicides (Table 0.8).42  

 

 

 

 

 

 

 

 

 

It is suggested that a better fungicide activity is obtained with a difluoromethyl 
amidopyrazole, with respect to the trifluoromethyl analogue. The stabilization of 
the conformation thanks to a hydrogen bond would be responsible for this 
improved biological activity.  

The formation of intermolecular hydrogen bonds between a bioactive molecule and 
its target can enhance their affinity. This interaction was illustrated in the case of 
inhibitors of HCV/NS3 protease, in order to treat hepatitis C. The design and 
synthesis of these compounds was studied by Zheng and Scola.48 The incorporation 
of a difluoromethyl moiety in the peptide of interest allowed the authors to obtain a 
higher potency of the ingredient than for the one with non-fluorinated analogues. 
They were able to obtain a cocrystal of the complex of the peptide and the protease, 
which suggested the presence of a hydrogen atom between the hydrogen bond of 
the CHF

2
 group and the Leu135 carbonyl in the enzyme active site (Figure 0.12). 

 

Table 0.8. Fungicide activity towards Alternaria solani (tomato parasite) 
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The structure-activity relationship study, through analysis of the activities of -CH
3
 

and -CF
3
 analogues indicated that the enhanced potency of the difluoromethylated 

peptide is due to this H-bond that cannot be formed in other cases.  

 

c. Bioisosteres 

 

The –CHF
2
 group has been used in some cases as a bioisostere of methyl groups due 

to its similar molecular size.50,51 However, it is often reported as a bioisostere of 
hydroxyl, thiol and amine functional groups, mostly due to their similar manner to 
form hydrogen bonds.40,52,53   

In the case of the study of HCV/NS3 protease inhibitors, involved in hepatitis C, the 
efficient use of a difluoromethylated bioisostere was underlined. Indeed, 
computational studies led to the design of a difluorinated analog to replace a 
cysteine residue taking into account the dipolar similarity, as illustrated in (Figure 
0.13).52 

 

 

 

 

 

 

 

The application of this modification and the biological study of the obtained 
compound confirmed the bioisosterism between the targeted enzyme inhibitors. 
Furthermore, X-ray crystallographic analysis indicated that the hydrogen atom of 
the -CF

2
H group was involved in a H-bond with the enzymatic pocket, giving the 

compound an improved biological activity (Figure 0.14).52,54 
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Figure 0.14. Bioisosteric replacement of a thiol group by a –CHF
2
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E. PhD project description 
 

The outstanding properties of the difluoromethyl group (-CHF
2
) as a bioisostere of 

hydroxyl, thiol and amine groups, its hydrogen bond donor character and high 
stability, and the limited number of examples regarding enantioselective 
difluoromethylation that have been reported in the literature led us to develop new 
synthetic pathways to access chiral difluoromethylated building blocks for 
medicinal research. 

The strategy relies on a new approach, based on the use of a difluoromethylated 
sulfoxide as a chiral difluoromethyl surrogate. Sulfoxides are known to be efficient 
chiral auxiliaries in organic synthesis. The potentially enantioselective introduction 
of the difluoromethyl group is based on a chirality transfer from the sulfur center 
of such sulfoxides.  

At the beginning of this study in the group, the first challenge consisted in finding 
an efficient and selective pathway to synthesize the enantiopure aryl 
difluoromethyl sulfoxide. Indeed, only two groups had previously reported the 
synthesis of this kind of compounds. Their pathways presenting some drawbacks, 
we developed a new synthetic methodology. The stereoselective version of the aryl 
difluoromethyl sulfoxide synthesis was performed in the group and developed on a 
gram scale. The desired product was obtained with satisfying overall yields and 
high optical purity. Moreover, we attempted to complete the possibilities of 
reactivity of difluoromethyl sulfoxides by modulating the -CHF

2
 pattern. In fact, we 

also wished to include halogenated and silylated derivatives of the difluoromethyl 
sulfoxide. This will be discussed in detail in the first chapter. 

Once the sulfoxide was efficiently synthesized, following non-asymmetric and 
enantioselective pathways, we decided to explore the stereoselective introduction of 
the difluoromethyl group in an array of compounds in order to study the versatility 
of difluoromethyl sulfoxides. The condensation of the anion of the difluoromethyl 
sulfoxide onto carbonyl compounds was previously studied in detail by C. Batisse in 
the group and remained the starting point for this study. To increase the diversity 
of difluoromethylated structures that can be accessed using our methodology, we 
chose to add difluoromethyl p-tolyl sulfoxide I-(S

S
).72d onto diverse electrophiles. 

We investigated also the use of the corresponding bromodifluoromethyl sulfoxide 
in Reformatsky type reactions. The results concerning these nucleophilic additions 
will be presented in Chapter II. 

The obtention of highly enantioenriched compounds bearing a sulfoxide moiety as 
chiral auxiliary requires an efficient method to remove this auxiliary with retention 
of the configuration of the carbon stereocenter. This desulfinylation was achieved 
following two different procedures. Furthermore, the functionalization of the 
obtained difluoromethyl derivatives was of great interest in order to access valuable 
building blocks, useful for pharmaceutical research. The removal of the chiral 
auxiliary and the various attempts of functionalization will be presented in the 
third and last chapter. 
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A.  Sulfoxides: generalities 
 

Nowadays, the ability to selectively prepare enantiopure compounds has 
become an essential point for synthetic organic chemists. The agrochemical, 
food as well as pharmaceutical industries often require optically pure final 
products, which led to the development of a large number of synthetic 
methods for the preparation of enantiomerically pure compounds (EPC) during 
the last century. 

The approaches to achieve the synthesis of EPC are numerous and were 
reported by Prof. Seebach in 1986, the three main methods remaining a chiral 
resolution of racemates, use of the pool of chiral building blocks and 
enantioselective transformations (Figure I.1).89 

Among these methods, stereoselective synthesis remains a potent tool in the 
preparation of a large variety of enantiopure compounds, the asymmetric 
induction coming from a chiral auxiliary or catalyst.  

 

In stereoselective reactions, sulfoxides are widely used as a powerful chiral 
auxiliary for enantiomerically pure compound synthesis and their efficiency 
has been proved over the last decades. In addition to that, enantiopure 
sulfoxides had also been a center of interest for pharmaceutical goals due to 
their biological activity.  Some high selling drugs containing the sulfinyl moiety 
became of special interest, as well as natural products having a potent 
biological activity (Figure I.2). 

 

  

 

 

Figure I.1. General approaches to synthesize enantiomerically pure compounds 
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Esomeprazole I.1, the (S)-enantiomer of omeprazole,90 is used to treat and 
relieve damages caused by excessive stomach acid in the esophagus. Modafinil 
I.2 treats excessive sleepiness,91,92 aprikalim I.3 acts as an activator of the 
potassium chanel and ustiloxins I.4 are antimitotic reagents that can be used 
for their anticancer or antifungal action.93–95 These examples illustrate the 
broad range of attractive targets bearing an enantiopure sulfoxide, and then 
requiring efficient synthetic methods. 

 

a. The sulfinyl group as chiral non racemic 
controller in organic synthesis 

 

Sulfoxides are known to be highly configurationally stable and are widely used 
in asymmetric synthesis due to their remarkable features as chiral 
inductors.60,96–98 

Their potential can be noticed in a wide range of transformations including 
carbon-oxygen or carbon-carbon forming reactions, 1,4-additions, 
cycloadditions, but they are also largely used for asymmetric catalysis.99–102 
Such an impressive ability and efficiency lies in the configuration stability and 
the steric and stereoelectronic differences between the substituents of the 
sulfur atom. The presence of a lone pair of electrons, a polarized S-O bond and 
two alkyl or aryl groups allows these compounds to have a stabilized 
conformation to control the approach of a prochiral substrate, explaining the 
excellent asymmetric inductions observed. Moreover, the racemization process 
of sulfoxides is suggested to go through a pyramidal inversion mechanism but 
the energy barrier values are high (Figure I.3). In fact, for some derivatives the 
conditions to undergo racemization require temperatures of at least             
200 ºC.59,103   

Figure I.2. Biologically active compounds bearing a sulfoxyde moiety 
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The deprotonation in α-position of the sulfoxide led also to sulfinyl-stabilized 
carbanions, and the sulfinyl group being stereogenic, the reactions of these 
species with electrophiles often show good diastereoselectivities.104  

Finally, among the advantages discussed of sulfoxides as chiral inductors, we 
can also note the existence of several methods to access to both enantiomeric 
forms and their use as traceless auxiliary, as numerous methods have been 
described in literature for the removal of this moiety.  

Due to their stability, remarkable properties and their excellent capacity to 
transmit chirality to other centers, optically pure sulfoxides are of huge 
interest for organic chemists. A large number of strategies have been 
developed dealing with stoichiometric stereoselective reactions or asymmetric 
catalyzed reactions involving enantiopure sulfoxides.  

In the next part, an overview of the main routes to synthesize enantiopure 
sulfoxides will be listed.  

 

b. State of the art: access to enantiopure sulfoxides 

 

 General methodologies that led to the preparation of chiral sulfoxides have 
been described since the last century and can be summarized in Scheme I.1.   

S+
O-

S+
O-

S+
O-

21 kcal.mol-1 39 kcal.mol-1 43 kcal.mol-1∆G298.15 =

Racemization 
energy barrier

Figure I.3. Racemization barrier of enantiopure sulfoxides 
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The resolution of racemic sulfinyl derivatives using chiral columns or using a 
chiral resolving agent remains the first method to access enantiopure 
sulfoxides.60,105,106 Another readily used method is the nucleophilic substitution 
of non-racemic sulfinyl compounds, in order to form a new C-S bond. This is 
the case of the renowned Andersen’s method, where a diastereomerically pure 
sulfinate is transformed to access sulfoxides with excellent enantiomeric 
excess. An alternative pathway consists in forming the S-O bond by a selective 
oxidation of sulfur. Prochiral sulfides are reacted with chiral oxidants or 
oxidants in the presence of chiral catalysts in order to reach exclusively 
enantiopure sulfoxides. Finally, it is also possible to directly transform chiral 
sulfoxides without losing the chirality at the sulfur center.  

Our attention on the synthesis of high optically pure sulfoxides for this project 
will be focused on the asymmetric induction using a chiral auxiliary and 
selective oxidation involving chiral non-racemic catalysts or ligands. These 
pathways will be described in the next part.   

 

1. Use of chiral non racemic sulfur precursors 

i. Andersen’s method 
 

 Chiral sulfinates represent the most common precursors to access 
enantiopure sulfoxides. In 1960, Andersen reported the synthesis of a couple 
of diastereomers of menthyl p-toluenesulfinate coming from (-)-menthol I.6 
and an in situ generated sulfinyl chloride I.5 (Scheme I.2).107  

 

Scheme I.2. Synthesis of methyl p-tolyl sulfoxide using Andersen's method 
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The method is based on the very efficient separation of both diastereomers of 
(-)-menthyl p-toluenesulfinate I.7. This strategy was further studied by 
Solladié’s group, who described the epimerization of the (R

S
)

 
diastereomer 

I.(R
S
)-7 in the presence of concentrated hydrochloric acid. After a series of 

iterative epimerizations and crystallizations, the desired diastereopure 
(1R,2S,5R)-(-)-menthyl-(S)-p-toluenesulfinate I.(S

S
)-7 can be obtained with 

excellent yields. The reaction of this compound with a Grignard reagent, such 
as methylmagnesium bromide, afforded the corresponding methyl p-tolyl 
sulfoxide with an inversion of configuration of the stereogenic sulfur. 

 

ii. Diastereoselective synthesis of DAG-
sulfinates 

 

The use of acetone D-Glucose I.8 was also reported as an efficient pathway to 
access highly optically pure sulfoxides. Llera and co-workers explored the 
tuning of the stereoselectivity of the reaction according to the base that is 
used (Scheme I.3). This pathway gave access to both enantiomers (R

S
) and (S

S
) 

of the corresponding sulfoxides.108,109 

 

iii. Synthesis from dissymmetrical sulfites 
 

In 1991, Kagan described the synthesis of sulfoxides from dissymmetrical 
sulfites bearing a stereogenic sulfur center in the presence of an 
organometallic reagent.110  

A chiral diol I.9, obtained from the chiral pool, was reacted with thionyl 
chloride in order to synthesize chiral sulfites. The ring opening using Grignard 

Scheme I.3. Access to enantiopure sulfoxides via D-Glucose auxiliaries 
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reagents delivered chiral sulfites intermediates of both relative configurations 
according to the organometallic reagent used. After a second nucleophilic 
attack, these intermediates gave a variety of enantiopure sulfoxides with 
inversion of configuration at sulfur at each substitution step (Scheme I.4). 

 

Moreover, C
2
-symmetric sulfites derived from (-)-menthol as chiral source have 

also been also used by Kagan’s group, and allowed the access to a bis-(-)-
menthyl sulfite I.13. The additional attack with phenyllithium allowed the 
synthesis of sulfoxide I.(S

S
)-15 with an enantiomeric excess of 70% (Scheme 

I.5). 

  

Inspired by the use of these symmetric sulfites, Vallée reported a cyclic sulfite 
I.16 prepared from mannitol as a precursor for the synthesis of tert-
butylsulfinates with an excellent diastereoselectivity (Scheme I.6).95  

 

 
 

Scheme I.4. Use of disymmetrical sulfites to synthesize enantiopure sulfoxides 
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iv. Synthesis from sulfuramidite 
 

Wudl and Lee studied the obtention of sulfoxides from cyclic sulfuramidites.111 
They used 1,2,3-oxathiazolidine-2-oxide I.19 and were able to isolate one 
diastereopure isomer, that after addition of a Grignard reagent or 
organolithium gave regioselectively sulfinamides. The treatment with an 
additional organolithium or Grignard reagent in the presence of trimethyl 
aluminium allowed the authors to obtain a range of sulfoxides in 
enantiomerically pure form (Scheme I.7).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Similarly, Snyder,112 followed by Senananyake,113,114 developed the use of N-tosyl 
oxathiazolidine-2-oxides I.21 and I.23 as chiral precursors of sulfoxides 
(Schemes I.8 and I.9).  

 

Scheme I.7. Cyclic sulfinamides mediated synthesis of enantiopure 
sulfoxides 
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Scheme I.8. Use of an oxathiazolidine-2-oxide chiral precursor of sulfoxide 
by Snyder 
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v. Evans auxiliary  
 

In the 1990’s, Evans group focused on the use of their chiral auxiliaries, 
enantiopure oxazolidinones I.24, that after being coupled with sulfinyl 
chloride gave access to separable sulfinamides.115 Moreover, the obtained 
sulfinyl oxazolidinones were found to be a hundred times more reactive 
with respect to nucleophiles than the menthyl sulfinate derivatives 
reported by Andersen (Scheme I.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These compounds remain an excellent choice of chiral sulfoxide precursors, 
as their reactivity towards Grignard reagents or organozinc species opens 
the access to a large library of derivatives. Moreover, the fact of being able 
to easily separate the two diastereomerically pure sulfinyl oxazolidinones 
allows the access to both enantiomers of the corresponding sulfoxide after 
nucleophilic substitution.  

 

Scheme I.10. Evans auxiliary for the synthesis of enantiopure sulfoxides 
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vi. Catalytic arylation of sulfenate anions 

 
Poli, Madec and colleagues reported a new approach for the catalytic synthesis 
of sulfoxides.116 Racemic sulfoxide I.49 underwent a retro-Michael reaction 
under the influence of a base, which generated in situ its corresponding 
sulfenate ion. This prochiral substrate is then coupled to an aryl iodide under 
the influence of a Pd(0) catalyst bearing a chiral diphosphine. The authors were 
able to obtain the expected aryl sulfoxide with excellent yields and high 
enantiomeric excess up to 80% (Scheme I.11). 

 

 

 

 

 

 

 

 

The access to heteroaromatic chiral sulfoxides was reported by Colobert and 
Leroux in 2007 (Scheme I.12). The first step consisted on the regioselective 
metalation of triazolopyridine with n-BuLi, followed by trapping with (R)-(-)-
menthyl p-toluenesulfinate I-(S

S
)-7. Following this pathway, the authors could 

access these compounds and use them as new examples of fluorescent 
triazolopyridines.117,118 
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2. Enantioselective catalytic oxidations 

i. Titanium complexes  
 

The Sharpless catalytic system, largely known for its use in asymmetric 
epoxidation, was a source of inspiration for Kagan, who used a modified 
version for the enantioselective oxidation of sulfides (Scheme I.13).119  

 

 

 

 

 

 

 

 

The use of titanium complexes from Ti(OiPr)
4
 and (R,R)-diethyl tartrate with 

a hydroperoxide allowed to obtain sulfoxides with good enantiomeric 
excess. Their first version using stoichiometric amounts of the in situ 
formed titanium complex was further taken to a substoichiometric 
amount.120,121 The optimization performed by Modena’s group for this 
reaction allowed an improvement of the enantioselectivity by carefully 
choosing the hydroperoxide employed.122 The enantiomeric excess obtained 
by Kagan and Modena go up to 99%.123,124 It is noteworthy that Kagan’s 
oxidation strategy has been applied for the industrial synthesis of 
biologically active compounds, such as esomeprazole commercialized by 
AstraZeneca.125 

The efficiency of Kagan’s method being proved, the impact due to a DET 
ligand replacement was studied by several groups. Indeed, a variety of C

2
-

symmetric 1,2-diols were used to form the titanium complexes. Rosini 
reported the use of a catalytic version of the reaction using 1,2-diarylethane 
1,2-diols I.26 and I.27 which allowed the access to sulfoxides with e.e. 
values of up to 99%.126,127 Complementarily, Imamoto used an analogue of 
this diol, this time bearing a tert-butyl group instead of aryl, to access 
enantioenriched sulfoxides (Scheme I.14).128  

 

 

 

 

 

 

R2
S

R1 R2
S+

R1

O-

R3OOH
Ti(OiPr)4

(R,R)-DET, H2O

Up to 99% e.e.

R1,R2 = Alk, Ar, Fc
R3 = t-Bu, Ar.

Kagan, 1984

Scheme I.13. Selective oxidation of sulfides using a 
modified Sharpless catalytic system 

Scheme I.14. Use of 1,2-substituted diols for the oxidation of sulfides 

Ar

OH

Ar

HO

t-Bu

OH

t-Bu

HO

Up to 84% e.e. Up to 95% e.e.

Rosini, 1997 Imamoto, 1997

I.26 I.27



Chapter I – Synthesis of difluoromethyl sulfoxides as chiral and traceless auxiliaries 

 

 90 

The use of several titanium/chiral binaphthol complexes by Uemura, 
Reetz,129 and Bolm130 combined with a kinetic resolution led also to high 
enantiomeric excess values of the corresponding sulfoxides. Licini and 
Nugent were interested in the use of a C

3
-symmetric ligand derived from 

triethanolamine to form a titanium catalytic complex.131 They were able to 
obtain enantiomeric excess up to 85% (Scheme I.15). 

 

Katsuki explored the use of chiral salen ligands to form Salen-Ti(IV) 
catalysts for sulfoxidation. The use of these ligands in combination with 
titanium and the apropriate peroxide allowed the preparation of aryl 
methyl sulfoxides with e.e. values up to 99% (Scheme I.16).132 

 

 

 

 

 

 

 

 

 

 

ii. Manganese complexes 
 

The use of manganese complexes for the enantioselective oxydation of 
sulfides was first reported by Halterman who used a manganese 

Scheme I.15. Chiral binaphtol and triethanolamine ligands to access enantiopure 
sulfoxides by selective oxidation 
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Scheme I.16. Chiral salen-Ti(IV) complexes for enantioselective oxidations 
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tetraphenylporphyrin catalyst.133 The interest for these complexes kept 
growing and salen-manganese catalysts were developed by Jacobsen134 and 
Katsuki,135–137 giving enantiomeric excesses up to 90% using iodosobenzene 
as oxidant. Another example was reported by Mukaiyama using β-oxo 
aldiminato manganese complexes, which gave a sulfoxide in 70% e.e. 
(Scheme I.17). 

 

 

iii. Vanadium complexes 
 

The use of Schiff bases to prepare oxo vanadium complexes and their 
application for the oxidation of sulfides was reported by Nakajima (Scheme 
I.18).138 

Scheme I.17. Manganese complexes for enantioselective sulfoxidations 
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However, the enantioselectivity being moderate, an improvement was 
reported by Bolm’s group, who prepared highly active vanadium catalyst 
from other Schiff bases combined to VO(acac)

2
. The groups of 

Skarzewski,139,140 Jackson, Maguire, Bolm141 and Katsuki,142 Berkessel, Ahn 
and Ellman screened several ligands, in some case tridentate ligands, in 
order to achieve an efficient oxidation of the sulfur with very satisfying 
enantiomeric excess. Some examples of these ligands are illustrated in 
Scheme I.19.  

 

In addition, in 1997 Ellman et al. used the Bolm ligand I.44 for the 
monooxidation of di-tert-butyldisulfide I.43 into tert-butyl tert-
butanesulfinate I.45 with an excellent enantiomeric excess of 90% (Scheme 
I.20).143  
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These results prove that oxovanadium complexes are excellent catalysts in 
asymmetric sulfoxidations. 

 

iv. Molybdenum complexes 
 

Followed by the remarkable results obtained for the enantioselective 
sulfoxidation when using titanium or vanadium complexes, the study of 
molybdenum complexes was carried out by Yamamoto.144 A chiral molybdenum 
complex of a bis-hydroxamic acid (Scheme I.21) was engaged to prepare 
methyl sulfoxide and methyl 1-naphthyl sulfoxide as examples, with e.e. values 
up to 86%. Combined to a kinetic resolution, the e.e. values obtained were even 
higher, opening the access to enantiopure sulfoxides using this kind of 
complexes.  

 

 

 

 

 

 

 

 

v. Iron complexes 
 

Aside from the abovementioned concerning the use of organometallic 
complexes as catalysts of sulfoxidation, some groups focused on the use of 
chiral iron complexes. Groups as Fontecave’s145 and Bolm’s146–148 used 
respectively a binuclear iron complex I.46 and a derivative from Fe(acac)

3
 and a 

Scheme I.21. Molybdenum ligand to access 
enantiopure sulfoxides 
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Schiff base. The produced sulfoxides were obtained with e.e. values up to 92% 
(Scheme I.22). 

 

A screening of analogues of these complexes was carried out and the 
mechanism of the iron-catalized oxidation of thioethers has also been reported 
by Bryliakov.149  

 

vi. Miscellaneous 
 

Among all the catalytic sulfoxidation methods, we have quoted a few of them 
in the previous sections. This illustrates the versatility of catalytic systems that 
can be used to synthesize high optically pure sulfoxides. The use of titanium, 
molybdenum, vanadium, iron or manganese complexes showed good to 
excellent results. In complement to these compounds, some groups reported 
other catalytic systems using chiral aluminum complexes, ruthenium, copper 
or tungsten catalysts. An example of one of these aluminum complexes has 
been described by Katsuki in 2007 (Scheme I.23). 150 

Scheme I.22. Ligands used for the iron catalyzed enantioselective oxidation of sulfides  
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Supplementary catalytic systems, such as Shi’s fructose-based dioxirane and … 
have also been developed, but the corresponding enantioselectivity remain 
inferior to the asymmetric oxygen transfer transfer catalyzed by transition 
metals. Furthermore, the development of biocatalysts has been of interest for 
some groups. The progress in biotechnologies allows the development of new 
biocatalytic systems and the use of enzymes or bacterias give access to a 
library of sulfoxides with high stereo, regio and chemoselectivity. The use of 
these systems will not be discussed in this manuscript. For further details, 
readers are invited to consult reviews dealing with this topic.151,152  

 

3. Enantioselective non-catalytic oxidation of sulfides  
 

In contrast to the catalytic systems used for the oxidation of sulfides, we can 
also find in literature interesting stoichiometric approaches. Three examples 
will be described in this section.  

 

i. Chiral hydroperoxides 
 

Chiral hydroperoxides proved as excellent chiral oxidants when using a 
titanium complex as promoter. The groups of Ando,153 Seebach,154 and Scettri155 
studied these compounds and were able to obtain up to 98% of enantiomeric 
excess (Scheme I.24). 

 

 

 

 

Scheme I.23. Aluminium chiral catalysts for 
sulfoxidations 
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ii. Chiral oxaziridines 
 

The use of chiral N-sulfonyl oxaziridines by Davis was shown to be interesting 
for the oxidation of sulfides into enantioenriched sulfoxides. A range of 
reagents were prepared starting from camphor and an optimization of the 
substituents was performed and resulted in the obtention of sulfoxides having 
enantiomeric excess up to 95% (Scheme I.25).156,157 A variation of two 
substituents of the oxaziridine was performed by Page by replacing the 
halogen moieties by a –OMe group to obtain a slightly better enantiomeric 
excess of 98%.158  

 

 

 

 

 

 

 

 

 

A variation in the structure of oxaziridines was reported by Lusinchi, who 
used an oxaziridine prepared from norephedrine and its oxaziridinium salt, 
however the obtained enantiomeric excesses remained moderate (Scheme 
I.26).159,160 In the presence of Brønsted acids, some oxaziridines oxidize 
sulfides into sulfoxides without overoxidation to sulfones, presumably 
through an oxaziridinium intermediate. Thus, methanesulfonic acid 
catalyzes the oxygen transfer from oxaziridine to an aryl methyl sulfide 
(with enantiomeric excess up to 44%). 
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In 2007, Bohé reported a new oxaziridinium salt obtained from protected 6-
azacholesterol, presented in Scheme I.27, that showed excellent 
enantioselectivities for the oxidation of sulfides.161 

 

 

 

 

 

 

 

 

The presence of a Brønsted or a Lewis acid gave good results concerning this 
oxidation of sulfides. Fontecave studied the reactivity of N-alkyloxaziridines 
activated by Lewis acids, in particular ZnCl

2
.162 The corresponding sulfoxides 

were obtained with enantiomeric excesses up to 63% (Scheme I.28).  

 

 

 

 

 

 

This reaction was more recently reinvestigated by Hanquet and coworkers with 
oxaziridines containing a binaphthyl fragment, with the best results being 
observed with no substituents on the binaphthyl rings. With MeSO

3
H, the 

oxygen transfer was very rapid (55 min), thus producing the sulfoxide and the 
corresponding iminium. Tert-butyl methyl sulfoxide and methyl p-tolyl 
sulfoxide were formed in good yield with 60% e.e. and 47% e.e. respectively. 
Replacement of MeSO

3
H by triflic acid greatly reduced the reaction rate but 

improved the enantiomeric excess values (to 80% and 70%, respectively). The 
imine deriving from imimium ion could be recovered and recycled. It was of 
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interest to note that, in the absence of acid, the employed oxaziridine may 
slowly oxidize tert-butyl methyl sulfide at room temperature, with a good 
enantioselectivity (70% e.e) (Scheme I.29).163   

 

iii. Chiral hypervalent iodine reagents 
 

As a last approach that can be used for the selective oxidation of sulfides into 
optically pure sulfoxides, we can find the use of chiral hypervalent iodo 
compounds. Remarkable examples in terms of selectivity were obtained when 
using derivatives from L-tartaric anhydride as I.59 or from (-)-menthol as I.60, 
that were prepared by Imamoto’s164 and Koser’s165 groups respectively (Scheme 
I.30). 

 

 

 

 

 

 

 

 

 

c. Removal of the chiral auxiliary: reported 
methods 

 

The removal of the sulfoxide after the desired transformation remains a 
crucial step when these species are used as chiral auxiliaries. An efficient and 
traceless removal is required. 

Several methods have been developed making possible to remove the sulfoxide 
moiety with good to excellent yields and complete retention of configuration 

Scheme I.29. Binaphthyl-derived oxaziridines used in enantioselective oxidations 
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of stereocenters.  A summary of these methods will be presented in the next 
section, illustrated by some examples.  

 

1. Use of Raney nickel 
 

Raney nickel has been used multiple times for the C-S bond breaking cleavage, 
including though desulfurization, desulfinylation and desulfonylation 
reactions. In this paragraph, we will give a few examples of this method 
exclusively applied for the removal of a sulfoxide group. 

Solladié reported the use of Raney nickel to perform the desulfinylation of, 
among others, diastereomerically pure sulfinyl alcohols. The access to both 
enantiomers ofthe corresponding alcohols was described with full retention of 
configuration at the carbon center (Scheme I.31).67 Similarly, Ishibashi was able 
to obtain highly optically pure phenyl ethanols using this strategy.166 

 

 

 

 

 

 

 

 

 

 

Other carboxylic acid derivatives were obtained by Satoh after the selective 
desulfinylation using Raney nickel (Scheme I.32).167  

 

 

 

 

 

 

The strategy could also be applied to sulfinyl amines by Garcia Ruano’s group, 
who obtained the corresponding substituted amines (Scheme I.33).168  

Scheme I.31.Access to enantiopure alcohols from 
diastereomerically pure sulfinyl alcohols 
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Even though the efficiency of Raney nickel was proved, in only a few cases a 
racemization of the carbon center was observed. To avoid this phenomenon, 
Node reported the useful addition of a sodium hypophosphite in the medium 
(Scheme I.34).169 

 

 

 

 

 

2. Organometallic reagents 
 

Organometallic reagents were reported several times in literature as efficient 
exchange reagents. Organolithium or Grignard reagents undergo a 
sulfoxide/metal exchange that gives access to enantioenriched compounds. A 
short selection of examples will be described in this part. 

 

i. Lithiated species 
 

Organolithium reagents, such as n-BuLi or t-BuLi, allowed to access derivatives 
having identical enantiopurity after the sulfoxide/lithium exchange (Scheme 
I.35). A particular case was reported by Solladié, pointing the use of a 
combination of lithium in the presence of triethylamine and giving access to 
enantiopure alcohols from sulfinyl alcohols.170 
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The strategy of using organometallic reagents has proved its efficiency in 
García Ruano’s group as shown in (Scheme I.36).71,171 

 

 

 

 

 

 

 

 

 

 

 

Other examples of the reactivity of those reagents towards sulfoxides are given 
by Satoh172. Marek reported also the preparation of enantiomerically pure 
cycloproprane derivatives using two sulfoxides as auxiliaries, that are 
selectively exchanged and replaced by a range of electrophiles.173 They reported 
the use of n-BuLi and t-BuLi to perform these two consecutive 
sulfoxide/lithium exchanges (Scheme I.37). 

 

ii. Organomagnesium 
 

Similarly to organolithiums, Grignard reagents are able to perform a 
sulfoxide/metal exchange. Ogawa reported in the early 1990’s the access to 
optically pure carbinols by reaction of each sulfinylated diastereomer with 
Grignard reagents (Scheme I.38), and in some cases also with organolithium 
ones.174 
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Scheme I.36. Organolithium mediated desulfinylation 
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Satoh used i-PrMgCl to generate cyclopropylmagnesium and the corresponding 
derivatives from the previously synthesized cyclopropyl phenyl sulfoxides 
(Scheme I.39).175 

 

 

 

 

 

 

 

iii. Hydrosilanes 
 

Recently, Midura reported the selective access to cyclopropanes after reacting 
several examples of sulfinylated derivatives with phenylsilane in the presence 
of a base, potassium hydroxide (Scheme I.40).70 This method represents a new 
pathway allowing the access to optically pure derivatives.  

 
 
 
 
 
 
 
 
 

 

iv. Amalgams 
 

In some cases, a sodium/mercury or aluminium/mercury amalgam was 
described as an efficient desulfinylation reagent as shown in Scheme I.41.176–179  
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However, the acute toxicity of mercury remains a limitation, especially due to 
the regulations in the pharmaceutical field.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme I.41. Aluminium or sodium/mercury amalgam as desulfinylation 
reagent 
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B. Description of the project: use of enantiopure 
difluoromethyl sulfoxides 

 

Optically active sulfoxides are well known nowadays in asymmetric 
synthesis for their remarkable ability as chiral inductors. The high chirality 
induction of this auxiliary and its configurational stability makes of them 
an excellent choice for a large number of transformations. As a 
consequence of the great interest of these compounds, several synthetic 
pathways to access enantiopure sulfoxides have been described in 
literature as it was described in part A.  

As outlined in the introduction part, an increasing importance has been 
given to the synthesis of molecules bearing emerging fluorinated 
substituents due to the beneficial effects they can bring to bioactive 
molecules. This makes the development of new synthetic methods to 
introduce these moieties a center of interest for pharmaceutical research.  

The synthetic pathways for the introduction of the –CHF
2
 group being not 

as well established as the ones regarding single fluorine atoms or the –CF
3
 

group, the goal of the project was to develop a new method for its 
enantioselective introduction. The strategy relies on the combination of an 
enantiopure sulfoxide with a -CHF

2
 group. In fact, taking advantage of the 

central-to-central chirality transfer of sulfoxide for the introduction of the 
difluoromethyl moiety would allow to access building blocks of high added 
value. Moreover, the functionalization of fluorinated carbanions with an 
electron-withdrawing group such as a sulfoxide will counteract the 
‘‘negative fluorine effect’’ in order to have a stabilized nucleophilic CF

2

- 
species after deprotonation. 

At the beginning of the project, only two strategies were reported to access 
enantiopure difluoromethyl sulfoxides. Even if these compounds could be 
synthesized by two different methods, they were not used as 
difluoromethylating reagents in a stereoselective fashion, and the 
advantage of having a chiral auxiliary was not exploited.   

The preparation of an enantiopure difluoromethyl sulfoxide followed by its 
use as a –CHF

2
 surrogate represent the starting point of this challenging 

project. Consequently, we studied the desulfinylation reaction, required to 
access enantiopure difluoromethylated compounds after introduction of 
the CHF

2
 group bearing the chiral auxiliary. The functionalization of the 

whole, newly obtained difluoromethylated compounds was also included as 
an objective for the project, in order to provide novel fluorinated synthons 
for medicinal chemistry research.   
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C. Strategy to access racemic difluoromethyl 
sulfoxide 

 

A convenient synthetic pathway was optimized in the group to access 
racemic aryl difluoromethyl sulfoxides.180–182 This method was optimized to 
multigram scale and allowed us to obtain the corresponding compounds 
I.72 for further trials (Scheme I.42). Racemic aryl difluoromethyl sulfoxides 
I.72 have been synthesized with average overall yields around 25%.  
 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme I.42. Synthesis of racemic aryl difluoromethyl sulfoxides 
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D.  Strategy to access enantiopure difluoromethyl 
sulfoxides 

 

a. State of the art  

Bravo’s group was the first to report the serendipitous obtention of 
enantiopure difluoromethyl p-tolyl sulfoxide. In their attempt to synthesize 
enantiopure α−monofluoro-β−ketosulfoxides, (S

S
)-difluoromethyl p-tolyl 

sulfoxide I-(S
S
).72d was obtained as a side-product of the reaction.62 In fact, 

when using Selectfluor® with NaH to monofluorinate enantiopure β-
ketosulfoxide I-(S

S
).102, the formation of the corresponding difluorinated 

product was also observed as well as difluoromethyl p-tolyl sulfoxide I-(S
S
).72d 

(Scheme I.43). They suspected the formation of the latter product by 
deacylation of the difluorinated β-ketosulfoxide I-(R

S
).103 after acidic 

treatment and purification by silica gel chromatography.  

However, as we will describe in Chapter II, α−difluoro-β−ketosulfoxides were 
used in this project and are quite stable species under argon atmosphere. We 
generally did not observe the formation of difluoromethyl p-tolyl sulfoxide 
under the conditions described by Bravo. We suspected then that an in situ 
retro Claisen could take place in the presence of sodium hydride instead of the 
degradation by acidic treatment as described. To confirm this aspect, a freshly 
prepared α−difluoro-β−ketosulfoxide I-(S

S
).103 was reacted with two 

equivalents of sodium hydride in absence of Selectfluor®. We were then able to 
recover exclusively I-(S

S
).72d, which comforted our hypothesis. However, the 

mechanism of this transformation is still unclear.  

 

Scheme I.43. Enantiopure difluoromethyl sulfoxide obtained by Bravo's group 
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Bravo’s strategy leading to an enantiopure difluoromethyl sulfoxide seemed 
interesting, but the use of Selectfluor® and ketosulfoxides is atom-
economically not ideal, due to the generated waste.  

Shortly after Bravo’s work, Yagupolskii’s group reported the access to an 
enantiopure aryl difluoromethyl sulfoxide. They synthesized highly 
enantioenriched optically active (R

S
)-p-chlorophenyl difluoromethyl sulfoxide I-

(R
S
).72a with 98% (Scheme I.44).180 

  

 
This strategy also seemed interesting to us, as the enantiomeric excess 
obtained were excellent (up to 98%). Unfortunately, the strategy consisted in a 
multi-step process, involving a chiral resolution of an arylsulfinyldifluoroacetic 
acid and the use of difficult-to-handle intermediates. When it was performed in 
our group, several problems were encountered: the very low solubility of 

 

Scheme I.44. Yagupolskii's strategy to access enantiopure difluoromethyl sulfoxides 
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difluoromethyl sulfinyl carboxylic acid in organic solvents, the impossibility to 
separate the diastereoisomers after resolution with enantiopure phenyl 
ethylamine as described, and the presence of residual mercury salts after 
several purifications of the final compound. Another efficient method to 
generate highly enantioenriched aryl difluoromethyl sulfoxides was therefore 
developed.  
 

b.  First results within the group 

 

In order to develop a new and efficient synthetic pathway to access 
enantiopure difluoromethyl sulfoxides, the efforts were placed in the use of 
methods described in literature and mentioned in the previous paragraph for 
the synthesis of the non-fluorinated enantiopure sulfoxides. An overview of 
the methods that were tried within the group is going to be mentioned in this 
part. For a more exhaustive description of each method, readers are invited to 
consult our full communication describing the quest to access enantiopure 
difluoromethyl sulfoxides.65 

 

1. Enantioselective oxidation of sulfides 
 

Performed by Chloé Batisse, PhD.  

The first strategy that was chosen consisted in the selective oxidation of 
thioethers, which showed good results for the non-fluorinated analogues with 
a wide range of reagents.  

Inspired by the use of iron complexes, largely described by Bolm, to access 
enantiopure sulfoxides, thioethers I.70a or I.73a were submitted to several 
oxidation conditions. The use of hydrogen peroxide, sodium periodate or 
periodic acid in the presence of iron acetylacetonate or iron trichloride as well 
as a chiral Schiff base did not afford the expected sulfoxides I.71a or I.72a 
(Scheme I.45). Even after long reaction times, up to five days, no conversion of 
the starting material was observed. 

 

 

 

 

 

 

 

 

Scheme I.45. Iron catalyzed selective oxidation trials 
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Kagan’s sulfoxidation method was performed on thioether I.70a in presence of 
(R,R)-diethyl tartrate. Unfortunately, the oxidation did not take place (Scheme 
I.46). 

 

This method was used on the less electron-poor dealkoxycarbonylated 
thioether I.73a as illustrated in Scheme I.47.  

 

With these conditions, using a slight excess of TBHP as the oxidizing reagent, it 
was possible to observe up to 33% conversion of I.73a into the corresponding 
sulfoxide I.72a. The enantiomeric excess could be determined by chiral HPLC 
and was found to range from 12 to 24%. However, the over oxidation of the 
thioether to the difluoromethylated sulfone I.76a could not be avoided.  

Finally, inspired by Bolm’s and Fujita’s results, vanadium complexes were used 
in the presence of Schiff bases or a salen ligand I.77 and hydrogen peroxide 
(Scheme I.48) 

 
Scheme I.46. Oxidation of difluoromethyl sulfides using Kagan's conditions 
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Scheme I.47. Oxidation attempts of difluorinated thioether I.73a 
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Scheme I.48. Vanadium catalyzed oxidations of a difluoromethyl thioether 
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Unfortunately, when Schiff bases or the salen ligand were used, only low 
conversions in the sulfoxide were observed. Regarding the enantiomeric 
excess, chiral Schiff bases afforded a very low enantiomeric excess of 5%. Due 
to the lack of reactivity in the presence of the achiral salen ligand, no more 
efforts were devoted  to use a chiral one.  

The catalytic sulfoxidations giving unsatisfactory results to access a highly 
enantioenriched difluoromethyl sulfoxide, a stoichiometric sulfoxidation using 
chiral oxaziridines was tried. 

As Davis’ work with oxaziridines only concerned the oxidation of non-
fluorinated sulfides, we studied the reaction on the difluoromethylated 
analogues I.73a (Scheme I.49). 

 

 

 

 

 

 

 

 
 

 

These tests required a series of optimization reactions. Starting from a 
minimal conversion of 5% into the expected sulfoxide I.72a, the change of 
carbon tetrachloride as the solvent to hexafluoroisopropanol and the addition 
of a Brønsted acid (TFA) improved the results. It was then possible to obtain p-
chlorophenyl difluoromethyl sulfoxide I.72a in a 91% conversion and an 
enantiomeric excess of 26%, without the formation of the corresponding 
sulfone as an overoxidation product. Nevertheless, due to the long reaction 
time, up to 7 days for the best results, and to the low optical purity obtained, 
we decided to develop a more appropriate route and other strategies were 
explored for the synthesis of enantiopure difluoromethyl sulfoxides.  

 

2. Enantioselective oxidation of (-)-menthyl 
(arenesulfanyl)difluoroacetate 

 

Performed by Marco Castello, Master student. 

The selective oxidation of a α-fluorinated α-sulfanyl acetate in the presence of 
a chiral auxiliary, (-)-menthol, was tried. The difluorinated thioether I.79a was 
prepared by a transesterification in the presence of DMAP and an excess of 
menthol. Once this derivative was obtained, the oxidation was performed using 
a combination of periodic acid and a catalytic amount of an iron complex I.48. 

Scheme I.49. Use of oxaziridines for stoichiometric oxidations of 
difluoromethyl thioethers 
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This oxidation led to a couple of diastereoisomers I-(R
S
).80a and I-(S

S
).80a of 

the desired sulfoxide. The strategy consisted then in separating the 
diastereoisomers before performing the decarboxylation, in order to access 
highly enantioenriched difluoromethyl sulfoxide I.72d (Scheme I.50).  

 

Unfortunately, neither the separation of the diastereoisomers of 
sulfinylacetates nor of the corresponding carboxylic acids I.81a were possible 
by classical methods such as crystallization or flash chromatography. This 
pathway had to be discarded.  

 

3. Reformatsky type reactions from (1R,2S,5R)-(-)-
Menthyl p-toluenesulfinate 

 

Performed by Marco Castello, Master student. 

Inspired by the literature concerning sulfoxides, the access to an 
enantioenriched sulfoxide was tried using sulfinates bearing a leaving group. 
In fact, the reaction of these species with an organometallic fluorinated 
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reagent via a Reformatsky type reaction should lead to optically pure 
derivatives. Several attempts were performed starting from the well-known 
Andersen (1R,2S,5R)-(-)-menthyl p-toluenesulfinate I-(S

S
).7 (Scheme I.51). 

 

 

 

 

 

 

Using Reformatsky reaction conditions, an organozinc species was generated 
in situ from ethyl bromodifluoroacetate and zinc powder. Unfortunately, no 
conversion of the starting material I.(S

S
)-7 was observed. Moreover, some Lewis 

acids such as aluminium chloride, dimethylaluminium chloride or diethyl 
aluminium chloride were added to the medium in order to enhance the 
reactivity of menthyl sulfinate, without success. Wilkinson catalyst was also 
used in combination with diethyl zinc, this time to proceed with a Honda-
Reformatsky type reaction.183 Regrettably, these conditions were not satisfying 
and the desired compound could not be obtained. Finally, the use of another 
metal, indium, also rarely used for Reformatsky type reactions, was 
chosen,184,185 but it did not show any improvement on the reaction. The use of 
Andersen’s (1R,2S,5R)-(-)-menthyl p-toluenesulfinate I.(S

S
)-7 was then discarded 

for the synthesis of enantiopure difluoromethylated sulfoxides.  

 

4. Use of a bis-difluoromethylzinc complex 
 

Vicic186 described the nickel catalyzed difluoromethylation of aryl iodides with 
a zinc complex: DMPU

2
Zn(CHF

2
)

2
. Following the same idea, in 2016 Mikami 

described the copper catalyzed difluoromethylation reaction of allyl 
carbonates using DMPU

2
Zn(CHF

2
)

2
 complex.187 In collaboration with Professor 

Mikami’s group, some attempts of synthesizing an enantiopure difluoromethyl 
sulfoxide were performed starting from diastereo- and enantiopure Andersen’s 
menthyl sulfinate I.(S

S
)-7 and Evans’ sulfinyl oxazolidinone I.(R

S
,R)-82 (Scheme 

I.52). 

 

Scheme I.52. Attempts of difluoromethylation of sulfinates using a zinc complex 
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Unfortunately, no conversion on the desired product was observed in both 
cases. An optimization of this method will be necessary, by first trying other 
ligands than DMPU, for example TMEDA. 

 

5. Catalyzed nucleophilic difluoromethylation  
 

Difluoromethyltrimethylsilane is commonly used as a difluoromethylation 
reagent.188–191 In this project, it was used as a nucleophile in order to prepare 
enantiopure difluoromethyl sulfoxides starting from menthyl sulfinate I.(S

S
)-7 

in the presence of Lewis bases and crown ethers. In some attempts, the desired 
sulfoxide I.(S

S
)-72d could be obtained in conversions up to 40% (Scheme I.53) 

in presence of catalytic amounts of cesium fluoride and crown ether with a  
moderate enantiomeric excess of 48%.  

 

 

 

 

 

 

These observations led us to consider other strategies that could bring a better 
enantiopurity. 

 

c. Reformatsky type reactions from sulfinyl 
oxazolidinones 

 

Performed with Chloé Batisse, PhD 

Many efforts within the group were dedicated to the synthesis of an 
enantiopure difluoromethyl sulfoxide without success when using classical 
methods described for non-fluorinated analogues. In particular, the use of 
sulfinates, being a usually powerful synthetic tool, to access chiral sulfoxides, 
proved disappointing in our case due to a lack of reactivity or selectivity. 
Hence, a more reactive derivative as a precursor was used: Evans’ N-
sulfinyloxazolidinones.115  

In fact, Evans described sulfinyloxazolidinones being one hundred times more 
reactive than their analogues, menthyl sulfinates. The first steps consist in the 
synthesis of a chiral oxazolidinone following Evans protocol.192 D-phenylalanine 
I-(R).83 was reduced to the corresponding phenylalaninol I-(R).84. The 
cyclization of this enantiopure alcohol gave the (R)-4-benzyloxazolidin-2-one I-
(R).25 with a 82% yield over two steps (Scheme I.54).193  

Scheme I.53. Enantioselective difluoromethylation of menthyl sulfinate using 
TMSCHF

2
 

OS+
-O

TMSCHF2 (2 equiv.)
Lewis base (0.2 to 1 equiv.)

18-C-6 (0.2 equiv.)

-78 ºC to 70 ºC
16 to 72 h

Various solvents

CHF2
S+
O-

Up to 40% conversion
Up to 48% e.e.

I.(SS)-7 I.(SS)-72d



Chapter I – Synthesis of difluoromethyl sulfoxides as chiral and traceless auxiliaries 

 

 114 

 

The sulfinylation step was carried out using toluenesulfinyl chloride, formed in 
situ from sodium p-toluene sulfinate and thionyl chloride, and the 
deprotonated oxazolidinone I-(R).25. The reaction gave two diastereoisomers 
that could be separated, as (R

S
,R)-sulfinyloxazolidinone I-(R

S
,R).82 crystallizes 

in diethyl ether as a white solid. (S
S
,R)-sulfinyloxazolidinone I-(S

S
,R).82 was 

obtained as a yellow oil (Scheme I.55).192 

 

The next step, consisted in a Reformatsky type reaction on the sulfinyl 
oxazolidinone I-(R

S
,R).82. Zinc, freshly activated with hydrochloric acid and 

dried under vacuum overnight, was used therefore. In many cases, this 
reaction afforded good yields of I.(S

S
)-71d up to 72% and excellent 

enantiomeric excess up to 97% (Scheme I.56). 

 

 

 

 

 

However, some of the attempts to reproduce these results provided low 
conversion or a very low yield of the enantiopure ethyl 2,2-difluoro-(p-
tolylsulfinyl)acetate I.(S

S
)-71d despite an excellent enantiomeric excess. A 

complementary study of this reaction was then performed. 

The use of a bromozinc-α,α-difluoroacetate was reported by B. Crousse et al.192 
This intermediate is previously prepared as a solution in DMF instead of THF 
and then used for the reaction. Following this procedure, the Reformatsky type 
reaction was performed but unfortunately, the conversion of the starting 
material did not exceed 31%. In addition to this low conversion, we also could 

Scheme I.54. Synthesis of (R)-4-benzyloxazolidin-2-one 
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observe the presence of ethyl-2,2-difluoroacetate as a contaminant of I.(S
S
)-71d 

after purification. 
 
In 1989, Sprague and co-workers reported the use of CuBr as catalyst for the 
efficient reaction of an organozinc reagent to obtain 1,1-difluorinated 3-
alkenephosphonates.192 The organozinc derived from a difluorinated 
phosphonate in presence of a catalytic amount of copper bromide reacts with 
allylic halides to give difluorinated alkene phosphonates in good yields. This 
method was previously used by Sanofi researchers with the addition of a 
catalytic amount of iodine (Scheme I.57). Unfortunately, the conversion into 
I.(S

S
)-71d observed using this strategy was lower than the one obtained using 

the previous conditions. 
 
 

 

 

 
 
 
 
 
 
 
An alternative version of the Reformatsky type reaction was carried out using 
diethyl zinc instead of zinc metal, and bromodifluoroacetate. Under these 
conditions, the product was isolated with a good yield and enantiomeric 
excess. It is noteworthy that this reaction was also performed on a multigram 
scale and the enantiomeric excess obtained for all trials was between 86 and 
92% (Scheme I.58). 
 
 

 

 

 

 

 

The last step of the synthesis consisted in a Krapcho dealkoxycarbonylation of 
I-(S

S
).71d performed under thermal or microwave conditions that showed 

excellent results in terms of conversion. Microwave conditions were preferred 
as we could observe a small racemization due to the long heating time for the 
thermal conditions. The desired difluoromethyl p-tolyl sulfoxide I-(S

S
).72d was 

obtained with a full conversion and retention of configuration at the 
stereogenic sulfur center from the previous step (Scheme I.59). 

Scheme I.57. Optimization attempts of Reformatsky type reaction on N-
sulfinyloxazolidinones 
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Scheme I.58. Modified Reformatsky type reaction using diethylzinc 
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A recrystallization from diethyl ether or n-heptane of I-(S
S
).72d was performed, 

leading to an improved enantiomeric excess of up to 97%. 

Difluoromethyl p-tolyl sulfoxide I-(S
S
).72d provided a single crystal suitable for 

X-ray structure analysis. We were able to confirm the absolute configuration of 
the stereogenic center (Scheme I.60). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme I.60. Crystallographic analysis of  enantiopure (S)-
difluoromethyl p-tolyl sulfoxide 

Scheme I.59. Krapcho dealkoxycarbonylation of enantiopure difluoromethyl 
sulfinyl acetate 
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E. Attempts to access halogenated and silylated 
derivatives of difluorinated aryl sulfoxides 

 

With the enantiopure difluoromethyl sulfoxide in hands, we aimed to study the 
synthesis of derivatives of this compound that may provide additional 
functionalities and increase the range of possible reactions for 
difluoromethylation using sulfoxides as chiral inductors.  

 

a. Brominated derivative 

1. State of the art: aryl α-bromoalkyl sulfoxides 
 

In literature, a few examples of applications of non-fluorinated bromomethyl 
sulfoxides have been reported.  

Their preparation was described in 1976 by Kuneida, Nokami and Kinoshita 
starting from methyl p-tolyl sulfoxide I-(S

S
).85 using bromine or NBS in the 

presence of pyridine to access the bromomethyl derivative I-(R
S
).86a and use it 

to synthesize a sulfinyl sulfide (Scheme I.61).194 

 

By the end of the 1970’s, Nimgirawath reported also one of the first 
applications of bromomethyl sulfoxides, namely the pyrolysis of 
monobrominated sulfinyl alcohols to obtain bromomethyl ketones with very 
good yields (Scheme I.62).195  

 

Scheme I.61. Use of bromomethyl sulfoxide to synthesize sulfinyl sulfides 
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Scheme I.62. Synthesis of bromomethyl ketones from bromomethyl sulfoxides 
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In 1993, Undheim synthesized substituted pyrimidinones, due to their interest 
in their metaphase arresting effect through reversible adduct formation with 
thiol functions in proteins. The sulfinyl derivatives could be prepared using 
bromomethyl p-Cl phenyl sulfoxide I.86c in the presence of t-BuOK and the 
pyrimidinone (Scheme I.63). The activity of this product, as well as the one of 
other analogues was tested in Chang liver cells.196  

 

 

 

 

 

 

 

Midura reported in 2006 the use of (S)-bromomethyl p-tolyl sulfoxide I-(S
S
).86a 

to access enantiopure dithioacetal monoxide I.90 as an intermediate to access 
dimethylsulfonium p-tolylsulfinylmethylide I.91 (Scheme I.64). These sulfinyl 
methylylides were then engaged in asymmetric epoxidation reactions, giving an 
good example of application of these enantiopure halogenated sulfoxides.197 

 

Around the same period, Asencio and Medio-Simón described the palladium-
catalyzed cross-coupling reactions of racemic α-bromosulfoxides with boronic 
acids. In the same idea, they performed also the arylation of the corresponding 
enantiopure bromo sulfoxides.198,199 They proved that the formation of the new 
Csp3-Csp2 bond occurs without racemization and with good yields with 
substituted aryl boronic substrates. The only exeption where less good yields 

Scheme I.63. Sulfinyl pyrimidinones of biological interest 
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Scheme I.64. Synthesis of enantiopure epoxides from bromomethyl sulfoxides 
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were obtained is when using heteroaromatic boronic acids (Scheme I.65). This 
case represents a good example for the preparation of chiral benzyl sulfoxides. 

 

 

 

 

 

 

In 2007, Asensio and his coworkers reported a different use of bromomethyl 
sulfoxide: this substrate was used as co-oxidant in the palladium-catalyzed 
chemoselective oxidation of allylic and benzylic alcohols (Scheme I.66).200 

 

 

 

 

 

 

 

On another hand, Medio-Simón and her coworkers more recently took 
advantage of the electrophilicity of α-bromomethyl sulfoxides to perform 
nucleophilic substitution reactions, and more precisely, aminocarbonylation 
reactions.201 They use palladium-catalyzed mild reaction conditions to access a 
wide range of products from simple starting materials and carbon monoxide 
(Scheme I.67). The reactions were performed starting from racemic 
bromophenyl sulfoxide, and also with the enantiopure derivative, proving after 
reaction a perfect retention of configuration at the sulfur center.  
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Medio-Simón, 2004

Scheme I.65. Palladium-catalyzed cross-coupling of bromomethyl sulfoxides and 
aryl boronic acids 
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Scheme I.66. Chemoselective oxidation of allylic and 
benzylic alcohols 

Scheme I.67. Aminocarbonylation reactions using bromomethyl sulfoxides 
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These examples showed us the potential that can come from halogenated, and 
more precisely brominated, sulfoxides in a wide range of transformations. The 
fact that they could be used as enantiopure substrates with complete retention 
of configuration also comforted us in the possible use of difluorinated 
analogues, still having sulfoxides as chiral auxiliaries.  

Only a few reports describing the synthesis and the use of a racemic aryl 
bromodifluoromethyl sulfoxide have been found in the literature (Scheme 
I.68). 

 

Shibata reported the use of bromodifluoromethyl sulfoxides to prepare a 
series of unsymmetrical S-(bromodifluoromethyl)diarylsulfonium salts as 
electrophilic brominating reagents. These reagents proved to be effective for 
the electrophilic bromodifluoromethylation of acetylides.202 In 2010, Magnier 
prepared sulfoximines and sulfoximinium salts from the corresponding 
sulfoxides to perform electrophilic fluoroalkylation reactions, and used among 
others a bromodifluoromethyl derivative.203,204  

These groups using the bromodifluoromethyl sulfoxide as an intermediate for 
the preparation of other derivatives generally applied Burton’s method.205 They 
prepare first the corresponding bromodifluoromethylsulfane and after 
controlled oxidation using m-CPBA206–208 they were able to isolate in gram-scale 
the desired bromodifluoromethyl p-tolyl sulfoxide. Recently, the selective 
oxidation of bromodifluoromethylsulfane has been studied using TFPAA, 
giving an alternative efficient procedure.209 Xiao used sodium fluoroalkyl 
sulfinates and arenes in presence of triflic acid to obtain aryl 
bromodifluoromethyl sulfoxides.210 
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Shibata, 2012

Magnier, 2010

Burton, 1981
Magnier, 2019
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Scheme I.68. Reported synthesis and uses of racemic bromodifluoromethyl sulfoxide 
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In analogy to the bromodifluoromethyl sulfinyl derivative, limited strategies 
are also reported to synthesize the corresponding sulfone. Hu reported the 
preparation of the bromodifluoromethylsulfone as intermediate to generate 
(phenylsulfonyl)difluoromethylcadmium or (phenylsulfonyl)difluoromethylzinc 
reagents for the nucleophilic difluoromethylation of aldehydes.211 

Billard used the same intermediates as substrates in the preparation of 
(benzenesulfonyl)-difluoromethanesulfenamide reagents. He described the 
oxidation of bromodifluoromethylsulfides in the presence of three equivalents 
of m-CPBA or as an alternative, the deprotonation of aryl difluoromethyl 
sulfone with sodium hydroxide and bromination with dibromide (Scheme 
I.69).212  

 

  

 

 

 

 

 

 

 

 

 

2. Towards the synthesis of a bromodifluoromethyl 
aryl sulfoxide 

 

The different methods found in literature for the synthesis of 
bromodifluoromethylated sulfoxides or sulfones consisted mostly in the non-
stereoselective oxidation of sulfides, and would not, accordingly, allow the 
synthesis of an enantioenriched bromodifluoromethyl sulfoxide.  

The strategy that was chosen to access this derivative involves the bromination 
of enantioenriched difluoromethyl p-tolyl sulfoxide after deprotonation and 
trapping with an electrophilic bromination reagent (Scheme I.70). 
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Scheme I.69. Reported synthesis and uses of bromodifluoromethyl sulfones 

Scheme I.70. Stategy to access an enantiopure bromodifluoromethyl sulfoxide 
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Typical reaction conditions previously described for non-fluorinated analogues 
or difluorinated sulfones have been selected. The choice of the bases was 
inspired from the ones that were commonly used to deprotonate 
difluoromethyl p-tolyl sulfoxide (detailed in Chapter II) like t-BuOK, LiHMDS or 
KHMDS.  

The use of t-BuOK or KHMDS in combination with a first electrophilic 
bromination reagent, molecular bromine, did not give satisfying results, as 
only starting material I-(S

S
).72d was recovered or side-products were observed 

(Scheme I.71). 

 

 

 

 

 

In addition to this unsuccessful reaction, the report of Asencio199 concerning 
the racemization of non-fluorinated sulfoxide upon bromination with bromine 
prompted us to look for an alternative bromination reagent like 1,2-
dibromotetrafluoroethane (Scheme I.72). 

 

The use of potassium tert-butoxide did not have any effect and the starting 
material was recovered. The reaction of KHMDS as a base only revealed the 
presence of side-products. To our delight, when deprotonating with its 
analogue, LiHMDS, we were able to isolate the expected product I-(S

S
).92, with a 

moderate yield.  

In order to optimize the yield, we tested different conditions. The mixture was 
allowed to reach room temperature, without any improvement. We also tried to 

Scheme I.72. Bromination attempt using C
2
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2
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I-(SS).72d I-(SS).92

Scheme I.71. Attempts of bromination of difluoromethyl p-tolyl 
sulfoxide using dibromide 
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modify the addition order of the reagents. In fact the deprotonation followed 
by trapping with the brominating reagent was not found to be the best 
strategy. Under in situ trapping conditions, i.e. I-(S

S
).72d together with C

2
F

4
Br

2
 

followed by the addition of the base, it was possible to improve the yield of I-
(S

S
).92 up to 31%. The yield being better but remaining moderate, additional 

brominating reagents were tried as represented in (Scheme I.73). 

The use of 1,2-dibromoethane, compared to its tetrafluorinated analogue, did 
not give the expected product. In contrast, tetrabromomethane reacted with I-
(S

S
).72d to give bromodifluoromethyl p-tolyl sulfoxide I-(S

S
).92 with 20% yield. 

As the optimum conditions were those obtained with 
tetrafluorodibromoethane, we kept them for further preparations of this 
derivative.  

Further efforts were placed in the use of bromodifluoromethyl p-tolyl 
sulfoxide I.92 as a difluoromethylation reagent. The different attempts 
concerning its reactivity will be described in part F of Chapter II. 

 

b. Silylated derivative 

1. State of the art: silylated aryl sulfoxides 
 

As a further extension of our strategy to use enantiopure difluoromethylated 
sulfoxides we focused on the preparation of a silylated derivative in analogy to 
the Ruppert-Prakash reagent TMSCF

3
, in order to perform the introduction of 

the difluoromethyl surrogate under milder conditions.  

Scheme I.73. Optimization of the bromination of difluoromethyl p-tolyl sulfoxide 
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The silylated derivatives of non-fluorinated sulfoxides have been described 
mostly as intermediates useful for Pummerer rearrangements or Peterson 
olefinations.  

In the late 1980’s, Pohmakotr used silylated sulfanyl and sulfinyl 
cyclopropanes I.92 and I.93 and performed their condensation onto aldehydes 
promoted by TBAF in order to access a couple of diastereoisomers of the 
sulfinyl alcohols (Scheme I.74).213 Regarding the preparation of these 
derivatives, he started either from trimethylsilyl sulfide I.92 and performed an 
oxidation, or deprotonated the proton in α position of the sulfoxide I.93 in the 
presence of TMSCl. To the best of our knowledge, this is the only example of 
an α-metallation/ α-silylation sequence on alkyl aryl sulfoxides. 

 

In organofluorine chemistry, many (perfluoroalkyl)trialkylsilanes have been 
developed over the last decades as efficient tools for different 
transformations. The nucleophilic activation of the silicon center allows in 
these reactions the transfer of the perfluoroalkyl moieties to different 
electrophiles.63,214,215  

Hu reported on the use of aryl trimethylsilyldifluoromethyl sulfone derivatives 
in a wide range of reactions (Scheme I.75). He used them for example in the 
difluoromethylation of aminals to obtain α-difluoromethylated tertiary 
amines216 and difluoromethylation of C=N bonds,217 as well as an intermediate 
to form difluoromethylated organocopper reagents for the transition metal-
mediated formation of a F

2
C-C bond.218 In addition, he also performed the non-

asymmetric219 and the eenantioselective56,220 difluoromethylation of carbonyls. 

 

 

 

 

 

Scheme I.74. Pohmakotr’s use of silylated sulfoxides 
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Dilman described the fluoroalkylation of bromomethaneboronic pinacol ester 
and fluorinated silanes, among them 
((arenesulfonyl)difluoromethyl)trimethylsilanes. The resulting boronates could 
be used in transition metal catalyzed couplings (Scheme I.76).221  
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Scheme I.75. Uses of difluoro(trimethylsilyl)methyl sulfones 
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Scheme I.76. Fluoroalkylation of α -brominated pinacol boronic esters 
with arenesulfonyl-derived difluoromethylsilanes 
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Additional examples of difluoromethylation have been described with the use 
of fluoroalkylsilane derivatives,222 different from sulfur derivatives, combined 
to a Lewis acid activator.223,224 Confident about these studies reported in 
literature, we aimed to take advantage of the stability and reactivity of silanes 
combined to our difluoromethylated sulfoxide. This could open the access to a 
range of substrates, which could not be obtained by using either 
bromodifluoromethylated sulfoxide or α-anions of difluoromethyl sulfoxides. 

It is noteworthy that so far the preparation and use of a sulfinyl-derived 
difluoromethylsilane have not been reported; only the analogous silylated 
difluoromethyl sulfones have been synthesized (Scheme I.77). Prakash 
prepared this compound by oxidizing the corresponding sulfide,225 Hu used the 
brominated derivative and performed an halogen-lithium exchange in the 
presence of the silylated electrophiles,219 and Billiard tried the deprotonation of 
aryl difluoromethyl sulfone in the presence of TMSCl.212 

 

2. Synthesis of aryl difluoro(trialkylsilyl)methyl 
sulfoxide 

 

The access to this derivative was studied via a deprotonation of difluoromethyl 
p-tolyl sulfoxide and trapping the anion with TMSCl. However, we also aimed 
to have an alternative access as the deprotonation in presence of TMSCl only 
led to low yields according to Billard’s report in the case of the parent sulfone.   

An alternative way could also be to use as an intermediate the 
bromodifluoromethyl p-tolyl sulfoxide I. 92 synthesized in the previous part 
and perform a halogen-lithium exchange, then trapping the organometallic 
species with the silylated electrophile as it has been reported for the sulfone 
analogues.  
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Scheme I.77. Preparation of difluoro(trimethylsilyl)methyl sulfones 
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We first focused on the strategy of performing the deprotonation and trapping 
the anion of difluoromethyl p-tolyl sulfoxide by a silylated reagent, such as 
TMSCl or TBDMSCl (Scheme I.78). 

 

 

 

 

 

The first attempts used bases such as KHMDS, LiHMDS, t-BuOK but also a 
proazaphosphatrane (Verkade’s superbase) as shown in Scheme I.79. 

 

Unfortunately, at low temperature (-78 ºC) and after allowing to reach room 
temperature for several hours, we were not able to observe any desired 
product. Instead, we recovered either the starting difluoromethyl p-tolyl 
sulfoxide I.72d or difluoro(p-toluenesulfanyl)methyl sulfoxide I.95 as side-
product. The experiments carried out to try to understand the formation of 
I.95 will be presented in the next chapter. 

Scheme I.78. Strategy to access aryl difluoro(trialkylsilyl)methyl sulfoxide 
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Scheme I.79. Attempts to synthesize aryl difluoro(trialkylsilyl)methyl sulfoxide 
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In one case, when the base was LiHMDS, we observed a small peak in fluorine 
NMR that could correspond to the desired silylation product I.96. However, 
due to the very small amount that was formed in the medium and probably to 
the instability on silica gel, we were not able to isolate even a trace of this 
compound after flash chromatography. This reaction was carried out again, 
changing the addition order, by first performing the deprotonation then the 
addition of the electrophile (Scheme I.80). 

 

 

 

 

 

Unfortunately, the results were not much different than the ones obtained with 
the previous addition order. In fact, we were not able to observe any formation 
of the desired silylated sulfoxide I.96.  

This reaction was performed at a higher temperature (-30 ºC and room 
temperature) using t-BuOK as these conditions were efficient for the 
deprotonation of I.72d  (Scheme I.81).65,226,227  

 

  

 

 

 

 

 

 

Once again, we only could observe remaining starting materials as well as the 
formation of difluoro(p-toluenesulfanyl)methyl sulfoxide I.95 as a side-product 
at room temperature. 

Regarding the successful conditions for the deprotonation of I.72d (see 
Chapter II: -30 ºC, THF, bases such as KHMDS), the same conditions were 
applied for the trimethylsilylation, i.e. using KHMDS as base at -30 ºC (Scheme 
I.82). 

Scheme I.80. Attempt to synthesize difluoro(trialkylsilyl)methyl p-tolyl sulfoxide 
using LiHMDS 
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O- O-

I.72d I.96

Scheme I.81. Use of t-BuOK for the synthesis of aryl difluoro(trialkylsilyl)methyl 
sulfoxide 
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However, these attempts were once again unsuccessful.  

After these observations, we tried to use as an intermediate in this reaction 
our previously synthesized bromide I.92 to access the silylated derivative. 
Indeed, as mentioned earlier, the synthesis of the difluoro(trimethylsilyl) p-
tolyl sulfone was previously reported by Hu by performing a halogen/metal 
exchange with n-BuLi and trapping with TMSCl.212 We used these conditions 
and carried out the reaction using either n-BuLi at -30 ºC or t-BuLi at -78 ºC 
(Scheme I.83). 

 

Despite our efforts, we mostly observed the replacement of the difluorinated 
fragment by the alkyl chain of the lithiated species. In the case of TBDMSCl, 
traces of the desired sulfoxide were observed by mass spectroscopic analysis, 
however the signals remain too low to be taken into account. 

As a last attempt to complete these studies, an in situ quench experiment was 
performed involving t-BuLi and TBDMSCl to perform the halogen/metal 
exchange and silylation on bromodifluoromethyl p-tolyl sulfoxide (Scheme 
I.84). 

Scheme I.82. Deprotonation of difluoromethyl p-tolyl sulfoxide with KHMDS and 
addition of TMSCl 
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Scheme I.83. Halogen-lithium exchange attempts for the silylation of difluoromethyl p-tolyl sulfoxide 
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Only starting material and a small amount of non-fluorinated side-products 
were observed by 1H NMR. 

Due to the difficulties encountered to obtain and isolate the silylated 
derivatives I.96 or I.97 of difluoromethyl p-tolyl sulfoxide, we turned back to 
the bromodifluoromethyl derivative I.92 as a reagent for difluoromethylation 
in Reformatsky-type reactions. These efforts will be described in Chapter II, 
part B.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme I.84. In situ quench trial to access aryl difluoro(trialkylsilyl)methyl sulfoxide 
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F. Summary and conclusion 
 

In this part our goal was to access enantiopure difluoromethyl sulfoxides and 
different pathways have been studied (Scheme I.85). Inspired by the chemistry 
of non-fluorinated analogues described in literature, several strategies were 
investigated, such as enantioselective catalytic or stoichiometric oxidations, 
nucleophilic substitution at a chiral sulfinyl transfer reagent, or fluorination of 
a functionalized sulfoxide. 

The racemic difluoromethyl sulfoxide was prepared in multi-gram scale with 
good yields, allowing us to have a starting substrate for further optimizations. 

Regarding the enantiopure difluoromethyl sulfoxide, different enantioselective 
oxidations of α-difluoromethyl α-sulfinylesters were not efficient as very low 
conversions were obtained. During the optimization, these same conditions 
were tried with difluoromethyl sulfides. Good conversions were obtained but 
enantioselectivities remained low. The more interesting method regarding 
selective oxidations was the one involving Davis’ chiral oxaziridines. However, 
the maximum enantiomeric excess obtained was 26%.  

We focused then on two strategies described for the fluorinated series. Bravo’s 
method consisting in a difluorination of enantiopure β-ketosulfoxides seemed 
not viable to us, as in our hands α-difluoro-β-ketosulfoxides are stable and 
could not be converted into the desired decarbonylated compounds. Moreover, 
the use of Selectfluor® for electrophilic fluorination is not sufficiently 
attractive in terms of atom economy. 

Additionally, the strategy described on the other hand by Yagupolskii, 
consisting in the resolution of diastereomeric ammonium α-sulfinylacetates 
followed by a 2-step transformation of the carboxylate, presented numerous 
reproducibility problems. Moreover, the toxicity of mercury salts remains a 
limitation.  

Inspired by our expertise in asymmetric sulfoxide chemistry, we focused on 
Reformatsky type reactions involving chiral sulfinates or analogues as 
intermediates. The first attempts employed menthyl sulfinate. This reagent 
was found to be not reactive enough towards fluorinated organozinc reagents. 
To our delight, the work performed by Chloé Batisse gave us an efficient access 
starting from Evans sulfinyl oxazolidinones. An enantioenriched I-(S

S
).71d was 

synthesized by reaction of difluorinated organozinc reagents with (R
S
,R)-

sulfinyl oxazolidinone. The use of zinc powder showing some reproducibility 
issues, we studied the use of other zinc systems to form in situ the 
difluoromethylzinc reagent and we were able to obtain an efficient alternative 
pathway using diethylzinc. After Krapcho dealkoxycarbonylation we were able 
to obtain a difluoromethyl p-tolyl sulfoxide I-(S

S
).72d of high optical purity and 

confirm its relative configuration by X-ray crystallography. The corresponding 
difluoromethanide anion was then involved in a large number of nucleophilic 
additions that will be detailed in Chapter II. 

Once the enantiopure difluoromethyl sulfoxide was synthesized, we aimed to 
explore the synthesis of further derivatives that may provide additional 
reactivities and increase the range of action of difluoromethylation using 
sulfoxides. Bromodifluoromethyl p-tolyl sulfoxide I.92 as a 
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difluoromethylation reagent was our first target. Inspired by the conditions 
described for non-fluorinated sulfoxides, the bromination using electrophilic 
brominating reagents was studied. We were able to synthesize this compound 
with moderate yield after deprotonation of I-(S

S
).72d and bromination with 1,2-

dibromotetrafluoroethane.  

Finally, we tried to introduce a silyl group onto the difluoromethyl sulfoxide 
moiety in order to prepare a "Ruppert-Prakash"-type surrogate. The preparation 
of a difluoro(trialkylsilyl)methyl sulfoxide was tried starting from either 
difluoromethyl p-tolyl sulfoxide I-(S

S
).72d or bromodifluoromethyl p-tolyl 

sulfoxide I.92. The generation of difluoro(p-toluenesulfinyl)methanide by 
deprotonation of I.72d or by bromine/metal exchange on I.92, followed by 
trapping with chlorotrialkylsilanes, did not afford good results since only 
traces of the desired product could be observed either by fluorine NMR or 
mass spectroscopy. Due to these difficulties, we decided not to further 
investigate this route and we continued our studies using mainly 
difluoromethyl p-tolyl sulfoxide I-(S

S
).72d as well as bromodifluoromethyl p-

tolyl sulfoxide I.92. 

 

 

 

 

 

 

 

Scheme I.85. Access to enantioenriched difluoromethyl p-tolyl sulfoxide and its transformation 
into valuable bromo or silyl derivatives 
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G. Experimental part  
 

Ethyl 2,2-difluoro-2-(p-tolylthio)acetate I.70d 

A solution of p-toluenethiol I.69d (1 equiv., 20 g, 158 mmol) dissolved in 
anhydrous DMF (60 mL) was cannulated dropwise onto a suspension of sodium 
hydride (60% dispersion in mineral oil; 1.1 equiv., 7 g, 174 mmol) in anhydrous 
DMF (60 mL) at 0 °C under argon (caution : hydrogen evolution). Ethyl 
bromodifluoroacetate (1 equiv., 157 mmol, 21 mL) was then added dropwise to 
the previous suspension. The reacting mixture was heated at 40 °C for 20 h. 
The reaction was allowed to cool to 0 °C and was quenched with water. The 
aqueous layer was then extracted three times with 50 mL of  dichloromethane. 
The combined organic layers were washed with large amounts of water (ca. 300 
mL). The resulting organic phase was dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure. The crude was purified by 
chromatography on silica gel with a cyclohexane:ethyl acetate gradient from 
100 :0 to 95:5. Light yellow oil. 54% yield.  

1H NMR (400 MHz, CDCl
3
): δ (ppm) 7.49 (d, J

 
= 8.1 Hz, 2H), 

7.20 (d, J
 
= 8.4 Hz, 2H), 4.26 (q, J

 
= 7.1 Hz, 2H), 2.38 (s, 3H), 

1.27 (t, J = 7.1 Hz, 3H). 19F NMR (376 MHz, CDCl
3
): δ (ppm) 

-82.6 (s, 2F). In agreement with previously reported data.228  

Ethyl 2,2-difluoro-2-(p-toluenesulfinyl)acetate I.71d 

Method 1 : inspired from Kim’s work181 

Ethyl 2,2-difluoro-2-(p-toluenesulfanyl)acetate I.70d (1 equiv., 20.7 g, 84 mmol) 
and FeCl

3
 (3%, 0.4 g, 2.5 mmol) were dissolved in 75 mL of acetonitrile (yellow 

orange solution). H
5
IO

6
 was added portionwise as follows : 20 min → 1.1 equiv., 

21.3 g, 92.4 mmol ; 23 h → 0.2 equiv., 3.9 g, 16.8 mmol; 41 h → 0.1 equiv., 1.94 
g, 8.4 mmol. At this point, 0.1 equiv. of FeCl

3
 were also added (3%, 0.421 g, 2.52 

mmol). After 102 h of reaction (full consumption of the SM), the mixture was 
quenched with a saturated solution of Na

2
S

2
O

3
 and extracted with 

dichloromethane. The combined organic layers were washed with H
2
O and 

brine, dried over sodium sulfate and concentrated. The crude was purified by 
chromatography on silica gel with a cyclohexane:ethyl acetate gradient from 
100:0 to 80:20. Yellow oil. 64% yield. 

Method 2 : inspired from Venier and Squires229 

To a solution of trifluoroperoxyacetic acid (TFPAA) at 0 °C (1 equiv., prepared 
by mixing 1 equiv. of H

2
O

2
, 30% w/w in water, with 1 equiv. of trifluoroacetic 

acid, TFA, at 0 °C) was added dropwise sulfide I.70d (1 equiv.) dissolved in TFA 
(0.6 mol/L). The solution was warmed to 25 °C and stirred at this temperature 
for one day. The reaction mixture was carefully poured onto a saturated 
solution of NaHCO3. The aqueous phase was extracted three times with ethyl 
acetate. The combined organic phases were washed with water and with a 
saturated solution of NaCl, dried over anhydrous sodium sulfate and 
concentrated under reduced pressure. The crude was purified by 
chromatography on silica gel with a cyclohexane:ethyl acetate gradient from 
100:0 to 80:20. Yellow oil. 64% yield. 

S O
F F

O

I.70d
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1H NMR (400 MHz, CDCl3): δ (ppm) 7.61 (d, J = 8.1 Hz, 
2H), 7.38 (d, J

 
= 8.0 Hz, 2H), 4.26 (qd, J

 
= 7.2, 1.9 Hz, 2H), 

2.44 (s, 3H), 1.27 (t, J
 
= 7.2 Hz, 3H). 19F NMR (376 MHz, 

CDCl3): δ (ppm) −109.6 (d, J
F-F

= 227 Hz, 1F), −111.6 (d,    
2J

F-F
= 227 Hz, 1F). In agreement with previously reported 

data.228 

4-(Difluoromethanesulfinyl)toluene I.72d 

To a suspension of LiCl (2 equiv., 4.41 g, 102 mmol) and ethyl 2,2-difluoro-2-(p-
toluenesulfinyl)acetate I.71d (1 equiv., 14.1 g, 51.5 mmol) in 7.5 mL of DMSO 
was added H

2
O (2 equiv., 1.86 mL, 102 mmol). The reacting mixture was heated 

to 110 °C for 24 hours, then poured onto cold water. The aqueous layer was 
saturated with NaCl and then extracted with ethyl acetate. The combined 
organic layers were washed with water, dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure. The crude was purified by 
chromatography on silica gel with a cyclohexane : ethyl acetate gradient from 
100:0 to 80:20. White solid. 73% yield.  

1H NMR (400 MHz, CDCl
3
) : δ (ppm) 7.62 (d, J

 
= 8.1 Hz, 2H), 7.40 

(d, J
 
= 8.0 Hz, 2H), 6.01 (t, J= 55.5 Hz, 1H), 2.46 (s, 3H). 19F NMR 

(376 MHz, CDCl
3
) : δ (ppm) −119.4 (d, J

H-F 
= 55.5 Hz, 2F). 13C 

NMR (126 MHz, CDCl
3
) : δ (ppm) 143.9, 133.6 (t, J= 2.9 Hz), 

130.5, 125.6, 121.1 (t, J= 289.4 Hz), 21.7. IR (cm-1) 2926, 1597, 
1495, 1280, 1096, 1054, 813 MP : 60.1 ºC. HRMS (ESI): m/z 

calculated for [C
8
H

9
F

2
OS]+: 191.0337, found: 191.0340. 

D-(+)-Phenylalaninol I-(R).84 

To a slurry of LiAlH
4
 (2.1 equiv., 2.4 M in THF, 46.4 mL, 111 mmol) in 80 mL of 

freshly distilled THF at 0°C was added D-phenylalanine I-(R).83 (1 equiv., 8.84 
g, 59.9 mmol) under an atmosphere of argon. The slurry was stirred for 1 hour 
at 0 °C and then heated under reflux for 20 hours. The reaction mixture was 
cooled to 0 °C. 140 mL of a solution of 1M NaOH was added dropwise. The 
slurry was filtered. The cake was washed with ethyl acetate. The combined 
organic fractions were washed with brine, dried over sodium sulfate and 
concentrated under reduced pressure. Recrystallization in ethanol. White 
crystals. 87% yield.  

1H NMR (400 MHz, CDCl
3
): δ (ppm) 7.34-7.27 (m, 2H), 7.25-7.17 

(m, 3H), 3.64 (dd, J
 
= 10.5, 4.0 Hz, 1H), 3.38 (dd, J

 
= 10.5, 7.2 Hz), 

3.18-3.08 (m, 1H), 2.80 (dd, J
 
= 13.5, 5.3 Hz, 1H), 2.53 (dd, J

 
= 13.4, 

8.6 Hz, 1H, H3), 1.90-1.50 (br s, 3H). [𝛂]𝑫𝟐𝟎= +24,08  (c=1.013, 
EtOH). In agreement with previously reported data.230  

(R)-4-Benzyl-2-oxazolidinone I-(R).25 

D-(+)-phenylalaninol I-(R).84 (1 equiv., 6.9 g, 45.6 mmol) and dried K
2
CO

3
 (0.9 

equiv., 5.68 g, 41.1 mmol) were put in presence of freshly distilled diethyl 
carbonate (2 equiv., 11.2 mL, 91.3 mmol). The slurry was heated to 145 °C (the 
amino alcohol liquefies at ca. 90°C) and EtOH was removed by distillation using 
a Vigreux column. The reacting mixture was allowed to cool to room 
temperature and the remaining volatiles were removed under reduced 
pressure. Dichloromethane was added to the resulting oil. The organic phase 

S+ O
F F

OO-

I.71d

S+CHF2

O-

I.72d

H2N
OH

Bn

I-(R).84



Chapter I – Synthesis of difluoromethyl sulfoxides as chiral and traceless auxiliaries 

 

 135 

was washed with water. The aqueous washings were extracted three times with 
dichloromethane. The combined organic layers were dried over anhydrous 
sodium sulfate and concentrated under reduced pressure. The crude was 
purified by recrystallization in cyclohexane:toluene (1:1). Orange solid. 85% 

yield.  

1H NMR (400 MHz, CDCl
3
): δ (ppm) 7.35 (m, 2H), 7.31-7.27 (m, 1H), 

7.21-7.16 (d, J
 
= 6.7 Hz, 2H), 5.06 (br s, 1H), 4.44 (dd, J

 
= 8.5, 8.0 Hz, 

1H), 4.16 (dd, J
 
= 8.6, 5.6 Hz, 1H), 4.13-4.05 (m, 1H), 2.98-2.77 (m, 2H). 

[𝛂]𝑫𝟐𝟎= +59.4  (c=1.05, CHCl
3
). In agreement with previously reported 

data.231 

 

(R)-4-Benzyl-3-((R)-p-toluenesulfinyl)oxazolidin-2-one I-(R
S
,R).82 

Preliminary synthesis of p-toluenesulfinyl chloride 

A three-necked round bottomed flask equiped with a mechanical stirring 
system was loaded with neat SOCl

2
 (1.42 equiv., 2.7 mL, 36.6 mmol). The flask 

was cooled to 0 °C with an ice-water bath. A solid funnel was fitted, and 
sodium p-toluenesulfinate (1 equiv., 4.59 g, 25.8 mmol) was added portionwise 
at an appropriate rate avoiding to blow back the powder by the evolving sulfur 
dioxide. 6 mL of toluene were added to help stirring. A viscous yellow slurry 
was obtained. DMF (1.77 mol%, 0.035 mL, 456 mmol) was then added. The cold 
bath was removed and the solution was stirred for 3 h at 22 ºC (pasty yellow 
solution). At this point toluene (20 mL) was added, the flask was fitted with a 
distillation apparatus and heated to 65-70 °C. Vaccum was applied to the 
mixture to distill off toluene and excess thionyl chloride (collected in a flask at 
-78 °C). The resulting yellow reaction mixture was used as such. 

To a solution of (R)-4-benzyl-2-oxazolidinone I-(R).25 (1 equiv., 3 g, 16.9 mmol)  
in 30 mL of freshly distilled THF under an atmosphere of argon at 0 °C, n-BuLi 
(1.1 equiv., 1.57 M in n-hexane, 111.9 mL, 18.6 mmol) was added dropwise over 
a  5-10 minutes period. The solution became yellow then dark orange. The 
resulting suspension was stirred at 0 °C for 10 min and then cooled to -78 °C. It 
was stirred for 10 minutes at -78 °C. The freshly prepared solution of p-
toluenesulfinyl chloride (1.5 equiv., 4.44 g, 25.4 mmol) was then added as a 
slurry to the mixture of deprotonated (R)-benzyl-2-oxazolidinone in 20 mL of 
freshly distilled THF. The reaction mixture was stirred at -78°C for 30 minutes. 
It was quenched with a saturated solution of NH

4
Cl and diluted with ethyl 

acetate. The aqueous phase was extracted three times with ethyl acetate. The 
combined organic layers were washed twice with a saturated solution of 
NaHCO

3
 and once with brine. The organic phase was dried over Na

2
SO

4
, filtered 

and concentrated under reduced pressure. A NMR sample of the crude was 
analyzed. It revealed full conversion of (R)-benzyl-2-oxazolidinone with a ratio 
(R

S
,R):(R

S
,S)=67:33. The (R

S
,R) diastereomer was crystallized from diethyl ether. 

White solid. 41% yield. 

1H NMR (400 MHz, CDCl
3
): δ (ppm) 7.71 (d, J

 
= 8.3 Hz, 2H), 

7.48 (d, J
 
= 8.0 Hz, 2H), 7,29-7.18 (m, 3H), 6.99-6.89 (m, 2H), 

4.07 (dd, J
 
= 9.0, 3.8 Hz, 1H), 3.97 (t, J

 
= 8.3 Hz, 1H), 3.79-

3.64 (m, 1H), 3.38 (dd, J
 
= 13.9, 3.6 Hz, 1H), 2.90 (dd, J

 
= 

13.9, 10.3 Hz, 1H), 2.51 (s, 3H). [α]!!"= -133.7 (c= 0.7, CHCl
3
). 

OHN

O

Bn

I-(R).25

N O

O

Bn

S+
-O

I-(RS,R).82
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IR (cm-1) : 1765, 1386, 1191, 1103, 1072. In agreement with previously reported 
data.115 

Ethyl (S)-2,2-difluoro-2-(p-toluenesulfinyl)acetate I-(S
S
).71d 

Reformatsky type reaction using zinc powder 

Metallic Zn was activated with a solution of 6M HCl  for approximately 1 hour. 
It was washed several times with water, acetone and dichloromethane. It was 
kept under vacuum overnight at 120 °C.  

To a suspension of  freshly activated Zn (2.4 equiv., 127 mg, 1.96 mmol) in 10 
mL of freshly distilled THF was added one drop of ethyl bromodifluoroacetate. 
The mixture was refluxed. A solution of (R)-4-benzyl-3-((R

S
)-p-toluenesulfinyl)-

1,3-oxazolidin-2-one I-(R
S
,R).25 (1 equiv., 257 mg, 0.815 mmol) and ethyl 

bromodifluoroacetate (2.4 equiv., 0.259 mL, 1.96 mmol) in 15 mL of freshly 
distilled THF was then added dropwise to the previous mixture containing the 
(R)-4-benzyl-3-((R

S
)-p-toluenesulfinyl)-1,3-oxazolidin-2-one I-(R

S
,R).25. The 

resulting reaction mixture was stirred at 70 °C for 41 hours. KHSO
4
 (2.6 equiv.) 

dissolved in 2 mL of water was added to the mixture, which was then stirred 
for 30 minutes and filtered through Celite®. The Celite® pad was washed 
carefully with diethyl ether. To the combined filtrate was added a saturated 
solution of NaCl and the aqueous layer was extracted three times with Et

2
O. 

The combined organic layers were dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure. The product was purified by 
column chromatography with a cyclohexane:ethyl acetate gradient from 100:0 
to 90:10. Yellow oil. 13% yield. 94% e.e. The enantiomeric excess of the product 
were determined by HPLC using a Chiracel IC column (n-hexane:i-PrOH= 80:20, 
flow rate 0.5 mL/min, λ = 204 nm, τ = 24.0 min and 31.6 min).  

Reformatsky type reaction using diethyl zinc 

A solution of (4R)-4-benzyl-3-((R)-p-toluenesulfinyl)-1,3-oxazolidin-2-one I-
(R

S
,R).25 (1 equiv., 232 mg, 0.736 mmol) and ethyl bromodifluoroacetate (2 

equiv., 0.194 mL, 1.47 mmol) in freshly distilled THF under nitrogen was 
stirred at 22 ºC. Diethylzinc (2 equiv., 1 M solution in hexane, 1.47 mL, 1.47 
mmol) was added very slowly and the resulting mixture was stirred for 5 h. 
The reaction was quenched with a mixture of water (12 mL) and diethylether 
(12 mL) and stirred for 5 minutes. The heterogeneous solution was filtered 
through a pad of celite, which was washed with diethyl ether, and the organic 
layer was separated. The aqueous layer was extracted three times with diethyl 
ether. Organic layers were assembled, washed with brine and dried over 
anhydrous sodium sulfate. An NMR analysis of the crude revealed full 
conversion of the starting material into the desired product. The product was 
purified by column chromatography on silica gel with a cyclohexane :ethyl 
acetate gradient (100:0 to 80:20). Colorless oil. 79% yield. 90% e.e. The 
enantiomeric excess of the product were determined by HPLC using a Chiracel 
IC column (n-hexane:i-PrOH= 80:20, flow rate 0.5 mL/min, λ = 204 nm, τ = 24.0 
min and 31.6 min).  

1H NMR (400 MHz, CDCl
3
): δ (ppm)  7.62 (d, J

 
= 8.0 Hz, 2H), 

7.38 (d, J = 7.9 Hz, 2H), 4.27 (qd, J
 
= 7.2, 1.8 Hz, 2H), 2.45 

(s, 3H), 1.28 (t, J
 
= 7.2 Hz, 3H). 19F NMR (376 MHz, CDCl

3
): δ 

(ppm) -109.45 (d, J
F-F 

= 227.1 Hz, 1F), -111.6 (d, J
H-F

= 227.5 
F F

O

OS+
O-

I.(SS)-71d
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Hz, 1F). 13C NMR (101 MHz, CDCl
3
): δ (ppm) 159.6, 144.3, 132.9, 130.2, 126.2, 

64.3, 21.8, 14.0. [𝛂]𝑫𝟐𝟎= +111.6 (c=0.3, CHCl
3
). IR (cm-1) : 2154, 1761, 1304, 1161, 

1132, 1095, 1068, 1013, 812. HRMS (ESI): m/z calculated for [C
11

H
12

F
2
O

3
S]+: 

263.0548, found: 263.0556. 

(S)-4-(Difluoromethanesulfinyl)toluene I-(S
S
).72d 

To a suspension of LiCl (2 equiv., 45.1 mg, 1.05 mmol) and ethyl (S)-2,2-
difluoro-2-(p-toluenesulfinyl)acetate I-(S

S
).71d (1 equiv., 138 mg, 0.526 mmol) 

in 8.9 mL of NMP was added H
2
O (2 equiv., 19 mg, 0.019 mL, 1.05 mmol). The 

reacting mixture was heated in the microwave reactor to 100°C for 25 minutes. 
The orange reaction mixture was cooled to room temperature and poured onto 
water. The aqueous layer was extracted four times with ethyl acetate. The 
combined organic layers were washed with high amounts of water to remove 
NMP, and with brine. They were then dried over Na

2
SO

4
 and concentrated under 

vacuum. The product was purified by column chromatography on demetalled 
silica gel with a cyclohexane :ethyl acetate gradient (100:0 to 80:20). White 
solid. 80% yield. 90% e.e. The product was recrystallized from diethyl ether and 
suitable crystals for a crystallographic analysis were obtained, that confirmed 
the (S) configuration of the sulfur atom. The enantiomeric excess of the 
product was determined by HPLC using an IC column (n-hexane/i-PrOH= 

80 :20, flow rate 0.5 mL/min, λ = 206 nm).  

1H NMR (400 MHz, CDCl
3
): δ (ppm) 7.61 (d, J

 
= 8.0 Hz, 2H), 7.40 

(d, J
 
= 7.9 Hz, 2H), 6.01 (t, J

 
=55.5 Hz, 1H), 2.45 (s, 3H). 19F NMR 

(376 MHz, CDCl
3
): δ (ppm) -119.41 (d, J

 
= 55.7), 1F), 2F). IR (cm-

1) : 2918, 1489, 1285, 1108, 1050, 814. MP : 60.1 ºC. HRMS 
(ESI): m/z calculated for [C

8
H

9
F

2
OS]+: 191.0337, found: 

191.0338.  

To carry out the X-ray diffraction crystallography analysis, the crystals were 
placed in oil, and a single crystal was selected, mounted on a glass fibre and 
placed in a low-temperature N2 stream. X-ray diffraction data collection was 
carried out on a Nonius Kappa-CCD diffractometer equipped with an Oxford 
Cryosystem liquid N2 device, using Mo-Kα radiation (λ _= 0.71073 Å). The 
crystal-detector distance was 36 mm. The cell parameters were determined 
(Denzo software) from reflections taken from one set of 10 frames (1.0 ° steps 
in π angle), each at 20 s exposure. The structure was solved by Direct methods 
using the program SHELXS-2014. The refinement and all further calculations 
were carried out using SHELXL-2014. The H-atoms were included in calculated 
positions and treated as riding atoms using SHELXL default parameters. The 
non-H-atoms were refined anisotropically, using weighted full-matrix least-
squares on F2. 

 

 

 

 

 

CHF2
S+
O-

I-(SS,).72d
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Crystallographic data for difluoromethyl p-tolyl sulfoxide I.(SS)-72d 

Formule C
8
H

8
F

2
OS Cell volume 834.253 Å3 

M (g/mol) 190.20 
Z, Calculated 
density 

4, 1.514 Mg/m3 

Temperature (K) 173 (2) F(000) 392 

Wavelength 0.71073 Crystal size 
0.340 x 0.180 x 
0.120 mm 

Crystalline 
structure 

Orthorhombic 
Theta range for 

data collection 
2.511 to 27.475 

Space group P 2
1
 2

1
 2

1
   

a 4.91110 (10) Å Z 0 

b 8.9793 (2) Å Z’ 0 

c 18.9180 (4) Å Configuration S 

α _ 90 ° Flack parameter - 0.01 (3) 

β _ 90 ° R1 0.0308 

γ _ 90 ° wR2 0.0769 

 

4-(Bromodifluoromethanesulfinyl)toluene  I.92 

To a solution of bis(trimethylsilyl)amine (2 equiv., 0.44 mL, 2,10 mmol) in THF 
at -78 °C was added dropwise butyllithium (2 equiv., 1,36 ml, 2,10 mmol, 1.55 
M). The mixture was stirred for 40 mins at -78 ºC. 

In a microwave tube under argon were dissolved 4-
(difluoromethanesulfinyl)toluene I.72d (1 equiv., 200 mg, 1.05 mmol) and 1,2-
dibromo-1,1,2,2-tetrafluoroethane (1 equiv., 0.13 mL, 1.05 mmol) in 1.5 mL of 
THF. The freshly prepared solution of LiHMDS was added dropwise to this 
solution and the mixture was allowed to reach 22 °C over 2 h. A saturated 
solution of NH

4
Cl was added to the mixture. The aqueous phase was extracted 

three times with diethyl ether. The combined organic layers were washed with 
brine, dried over sodium sulfate and concentrated in vacuo. The crude mixture 
was purified by silica gel flash chromatography using a n-heptane:ethyl acetate 
gradient (from 100:0 to 50:50) to provide 4-
(bromodifluoromethanesulfinyl)toluene I.92 (87 mg, 323,30 µmol, 31%) as a 
light yellow oil. 

1H NMR (500 MHz, CDCl
3
) : δ (ppm) 7.68 (d, J

 
= 7.9 Hz, 2H), 

7.39 (d, J
 
= 8.0 Hz, 2H), 2.45 (s, 3H). 19F NMR (471 MHz, 

CDCl
3
) : δ (ppm) -54.2 (ABX system,  J

AB
= J

F-F
= 144 Hz, ∆ν

AB
=820 

Hz, 2F). In agreement with previously reported data.204 

S+
O-

CF2Br

I.92
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Difluoro(p-toluenesulfanyl)methyl sulfoxide I.95 

Obtained as side-product in silylation attempts. The crude mixture was 
purified by silica gel flash chromatography using a n-heptane:ethyl acetate 
gradient (from 100:0 to 50:50. Colorless oil.  

1H NMR (500 MHz, CDCl
3
) δ (ppm) 7.65 (d, J

 
= 7.9 Hz, 2H), 

7.51 (d, J
 
= 8.2 Hz, 2H), 7.35 (d, J

 
= 7.7 Hz, 1H), 7.19 (d, J

 

= 7.6 Hz, 1H), 2.44 (s, 3H), 2.38 (s, 3H). 19F NMR (376 
MHz, CDCl

3
): δ (ppm) -78.6 (ABX system,  J

AB
= J

F-F
= 190 

Hz, ∆ν
AB

=2230 Hz, 2F). 13C NMR (126 MHz, CDCl
3
): δ 

(ppm) 143.74, 141.35, 137.10, 130.35, 129.95, 126.65, 
21.78, 21.51. HRMS (ESI): m/z calculated for [C

15
H

14
F

2
KOS

2
]+: 351.0086 found: 

351.0089.  
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A.  Enantioselective introduction of the 
difluoromethyl moiety 

 

In the first chapter, we described the importance that has been accorded in the 
last decades to the introduction of Emergent Fluorinated Substituents (EFS) 
due to the remarkable physical, chemical and biological properties they can 
confer to bioactive compounds.  

Among the EFS, the difluoromethyl group has received less attention when 
compared to the single fluorine atom or CF

3
 for example. Nevertheless, its 

outstanding properties such as its high potential as an alcohol or thiol 
bioisostere due to its ability to perform H-bonding interactions makes of it a 
very attractive group to prepare building-blocks for life sciences.  

The construction of a stereogenic center bearing a -CF
2
H group has been 

underexplored, in contrast to the formation of F- or CF
3
-containing stereogenic 

centers. Its interesting properties and the limited number of examples 
regarding enantioselective difluoromethylation led us to develop new synthetic 
pathways to prepare these derivatives.  

An account of the reported methods found in literature for the selective 
introduction of -CHF

2
 will be presented, followed by the description of our 

strategy involving enantiopure difluoromethyl sulfoxides.  

 

a. State of the art 

 

Several synthetic pathways have been developed by organic chemists in order 
to access to libraries of difluoromethylated substrates. A major challenge 
remains then in finding a stereoselective method allowing the introduction of 
the CHF

2
 group in different substrates. Particularly, a restrained number of 

methods have been developed nowadays to access enantiopure difluoromethyl 
alcohols and amines. We decided then to focus on these kind of substrates.    

 

1. Asymmetric synthesis of α-difluoromethyl 
alcohols 

 

i. Kinetic resolution 
 

Biocatalysts have been used in chemical transformations as efficient reagents 
to obtain in a highly selective manner enantiomerically enriched compounds. 

Kitazume and co-workers used lipase B in order to perform a kinetic resolution 
when reducing an acetylated difluoromethyl alcohol (Scheme II.1).232 The 
acetylated racemic difluoromethyl alcohol was prepared in racemic form by 
reduction of a difluoroacyl derivative followed by O-acetylation using Lipase P. 
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The corresponding yield of the (S)-acetylated alcohol II-(S).3 remains moderate 
but excellent enantiomeric excess was obtained using this method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ii. Asymmetric reduction of ketones 
 

Regarding the access to enantiopure difluoromethyl alcohols, the examples 
leading to these products by selective reduction of the corresponding 
acetophenones will be depicted in this paragraph. 

As in the previous paragraph, some groups have used methods using biological 
systems giving excellent results (Scheme II.2).  

 

 

Scheme II.1. Enzymatic resolution of acetylated 
difluoromethyl alcohol 
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Nakamura’s group used a cyanobacteria, Synechococcus elongatus PCC 7942, in 
the presence of light as a reducing agent to obtain alcohol II-(R).2 with 70% 
enantiomeric excess.233  

In 2013, Lavandera and Gotor performed the enzymatic reduction of 
difluoromethyl acetophenone using oxidoreductases. ADH contained in E. coli 
bacteria and Lactobacillus brevis ADH allowed the obtention of the two 
corresponding enantiomers of the difluoromethylated alcohols II.2 with 
quantitative yield and a full selectivity.234 

The last similar example concerning biological methods was reported in 2014 
by Kato. His group used Baker’s yeast (Saccharomyces cerevisiae) as a reducing 
agent to obtain enantiomerically pure fluoroalkylated alcohols. Regarding the 
CHF

2
 case, he was able to obtain the desired product with a moderate yield and 

a good enantiomeric excess.235 It is noteworthy that when this strategy was 
applied to other fluoroalkyl derivatives, the selectivity was found to decrease 
with the increasing number of fluorine atoms, revealing a potential effect of 
fluorine in the enantiofacial discrimination of Baker’s yeast reductase 
according to the size of the fluorinated group.  

CHF2

OH

Synechococcus elongatus 
PCC 7942

Up to 99% and 70% e.e.

Nakamura, 2002

CHF2

O

CHF2

OH
LBADH

Up to 99% and 99% e.e.

Lavandera,
Gotor, 2013

CHF2

OH E. coli
ADH-A

Up to 99% and 99% e.e.

CHF2

OH

Baker’s yeast

Up to 40% and 93% e.e.

Kato, 2014

II-(R).2
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II-(S).2II.1
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Lavandera,
Gotor, 2013

Scheme II.2. Biological reduction of difluoromethyl phenyl ketone 
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Some examples have been described since the 1990’s regarding the selective 
reduction of aryl difluoromethyl ketones using biological systems. These 
methods are efficient and easily to carry out, however their limitation remains 
in the fact that they are very substrate dependent.  

Asymmetric synthetic catalyzed transformations have been developed in order 
to perform the selective reduction of difluoromethyl ketones.  

Funabiki reported the use of borane reducing agent, in combination to a 
reusable prolinol as pre-catalyst. He applied this methodology to -CH

2
F and -

CHF
2
 bearing groups and was able to obtain very good selectivities (Scheme 

II.3).236 Surprinsingly, no induction was observed when it was applied to -CF
3
 

bearing ketones.  

 

 

 

 

 

 

 

 

 

At the beginning of the decade, Hoff performed an Asymmetric Transfer 
Hydrogenation (ATR) on aromatic difluoromethyl ketones using a Noyori-type 
rutheniumarenediamine catalyst II.5 (Scheme II.4).237 These enantioselective 
reductions led to difluoromethylated derivatives with 90% e.e.  

 

 

 

 

 

 

 

 

 

 

 

Scheme II.4. Asymmetric Transfer Hydrogenation of 
aromatic difluoromethyl ketones 
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Scheme II.3. Borane mediated reduction of difluoromethyl phenyl 
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iii. Aldol reaction 
 

As well as some successful catalytic reductions of ketones containing the -CF
2
H 

motif have been described, aldols reactions also have an important place 
among the methods to access enantiopure difluoromethyl derivatives.  

 

In 1995, Mikami reported a Mukaiyama aldol reaction using fluorinated 
aldehydes or hemiacetals (II.7) in the case of -CHF

2
 bearing substrates. The 

asymmetric catalytic reaction led to highly enantioenriched difluoromethylated 
alcohols as II-(R).9 (Scheme II.5).238,239 

 

In the same idea, Funabiki reacted difluorinated ethyl hemiacetal with aromatic 
methyl ketones in the presence of (S)-5-(pyrrolidin-2-yl)-1H-tetrazole to obtain 
4,4-difluoromethyl-4-hydroxybutanones (II-(R).12) in high yields with up to 90% 
e.e. (Scheme II.6).240 

 

 

 

 

 

 

 

 

 

Scheme II.5. Mukaiyama aldol reaction leading to enantioenriched difluoromethylated 
alcohols 
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Scheme II.6. Catalytic asymmetric aldol reaction to access enantioenriched 
difluoromethyl alcohols 
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Continuing with this study, the same group reported in 2015241 the 
enantioselective synthesis of 2-substituted 4,4,-difluoroacetaldehyde butane-
1,3-diols (Scheme II.7). Various alkyl aldehydes were reacted with 
difluoromethyl ethyl hemiacetal II.7 in the presence of a catalytic amount of L-
proline to perform the asymmetric aldol reaction followed by a reduction with 
sodium borohydride giving access to the enantioenriched butane-1,3-diols II.15 
bearing a CHF

2
 group with moderate to good yields and enantioselectivities. 

 

More recently, the use of difluoroacetaldehyde ethyl hemiacetal was reported 
by Krische’s group. An iridium-catalyzed anti-diastereo and enantioselective (α-
aryl)allylation of this substrate was performed with accessible branched allylic 
acetate pronucleophiles (Scheme II.8). The enantioinduction relies on the 
competition between diastereomeric kinetic vs thermodynamic carbonyl 
binding modes. Some examples of -CHF

2
 bearing molecules were described, 

among them the interesting analogues of d-Hyoscyamine, a FDA approved 
alkaloid.242 

Scheme II.8. Iridium-catalyzed diastereo and enantioselective access to difluoromethyl-
substituted alcohols 
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Scheme II.7. Synthesis of enantioenriched difluorinated butane-1,3-diols 
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A last example that was reported for aldol catalyzed reactions giving access to 
access to difluoromethyl alcohols with high enantioselectivities was published 
by Kumagai and Shibasaki (Scheme II.9).243  

 

Difluoromethyl ketones, as well as other fluoroalkylated ketones, were reacted 
with alkoxyamides nucleophiles in the presence of mesytilcopper and a chiral 
ligand to obtain the two diastereoisomers of the corresponding alcohols. 
Depending on the ligand used, syn and anti-aldol adducts could be obtained 
with moderate yields and very good enantiomeric excess. The amide moiety of 
the aldol adduct can then be transformed into a variety of functional groups to 
give a large number of fluorinated chiral products.  

 

iv. Catalytic asymmetric transformations of 
difluoromethylated ketones 

 

Alkylation of difluoromethyl ketones represents one of the asymmetric 
transformations that can be performed to access enantioenriched 
difluoromethyl quaternary centers. 

Martinez-Ilarduya and Espinet reported an example of catalytic methylation 
recently, where the catalyzed addition of dimethylzinc combined to the use of 
a chiral diamine ligand II.20 in a non-coordinating solvent (dichloromethane) 
allowed the preparation of fluorinated tertiary alcohols derived from 
difluorinated ketones in high yields an enantiomeric excesses up to 99%. This 
methodology, based on a double-cycle mechanism, could also be extended to 
various fluoroalkyl derivatives, such as –CF

3
 bearing molecules (Scheme 

II.10).244  

Scheme II.9. Copper-catalyzed aldol reactions for the synthesis of enantioenriched 
difluoromethyl alcohols bearing alkoxyamides 
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Regarding allylation reactions, Hoveyda was able to develop an apropriate 
enantioselective synthesis of fluoroalkyl-substituted Z-homoallylic tertiary 
alcohols (Scheme II.11).245 Catalyst II.22 prepared from valine aminophenol and 
a Z-γ-substituted boronic acid pinacol ester were reacted with difluoromethyl 
ketones in the presence of a catalytic amount of base to obtain Z-selective 
enantioenriched difluoromethyl vinyl alcohols. Some representative products 
were prepared in gram-scale.  

 

 

 

 

 

 

 

 

 

Another synthetic way for accessing of enantiopure difluoromethyl-bearing 
alcohols has been described in 2015 by Mikami, starting from difluoropyruvate 
II.23 as an electrophile to be reacted with a substituted allyl species. This 
catalytic asymmetric ene reaction involves a dicationic palladium complex and 
delivered various α-CF

2
H-substituted tertiary alcohols in high yields and full 

enantioselectivities (Scheme II.12).246  

Scheme II.10. Synthesis of fluorinated tertiary alcohols in the presence of 
chiral diamine ligands 
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Scheme II.11. Synthesis of fluoroalkyl tertiary alcohols bearing a 
homoallylic substituent 
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Early last year, Lassaletta’s group described the use of hydrazones to be added 
to difluoromethyl ketones in the presence of H-bonding catalysts II.27 or II.28 
to obtain functionalized tertiary difluoromethyl alcohols with good yields and 
enantioselectivities. The transformation of the hydrazone moiety represents an 
interesting way entry to a large number of derivatives, such as β-amino 
alcohols or α-hydroxy aldoximes among others, bearing a –CHF

2
-substituted 

stereogenic carbon (Scheme II.13).247   

 

 

 

Scheme II.12. Catalytic enantioselective ene reaction towards α-difluoromethyl 
alcohols 
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Scheme II.13. Synthesis of enantioenriched difluoromethyl derivatives from 
difluoromethyl ketones and hydrazones 
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v. Catalytic transformations of other 
difluorinated substrates 

 

In 2019, Poisson and Jubault developed a method to access enantiopure 
fluoromethylated and difluoromethylated alcohols.248 Starting from –CHF

2
 

containing olefins applying by Sharpless asymmetric dihydroxylation reaction, 
they were able to obtain both enantiomers of α-difluoromethyl tertiary 
alcohols by using either AD-mix-α or β as the catalyst (Scheme II.14).  

 

The transformation of the obtained asymmetric dihydroxylated products 
allowed also the synthesis of new building blocks bearing halogenated or 
amino groups in β−position of the enantioenriched alcohol. 

 

vi. Enantioselective addition of difluoromethyl 
nucleophiles 

 

As described, an alternative way of access to optically pure difluoromethyl 
products is the nucleophilic addition of -CHF

2
 surrogates to electrophiles.  

Some groups were interested in this pathway, being quite straightforward and 
allowing the synthesis of enantiomerically pure difluoromethylene derivatives. 
After unmasking the -CF

2
H group, the enantiopure difluoromethyl compounds 

can be obtained.  

In 2008, Hu described the first enantioselective difluoromethylation of 
aromatic aldehydes with PhSO

2
CF

2
H or Me

3
SiCF

2
SO

2
Ph in the presence of chiral 

quaternary ammonium salt (chiral cinchonium salts) as the catalyst (Scheme 
II.15).56 Enantiomeric excesses up to 62% were obtained, but the 
enantioselectivity of this method remains substrate-dependent. 

R1

CHF2 AD-mix-α or β (cat. 0.2 mol%)

t-BuOH:H2O R1
CHF2

OH
HO

*

Up to 98% and 
up to 98% e.e.

Poisson,
Jubault, 2019

R1
CHF2

R2
HO

*

Up to 95% e.e.

Scheme II.14. Sharpless asymmetric dihydroxylation type reaction of difluoromethyl olefins 
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In the same year, Shibata extended his enantioselective trifluoromethylation 
procedure this time to be applied on enantioselective difluoromethylation. The 
use of the combination of a chiral ammonium bromide II.34 with TMAF using 
Me

3
SiCF

2
SePh II.33 as a nucleophile led to the corresponding difluoroselenium 

alcohols with moderate yields and enantiomeric excess, slightly improved by 
employing more sterically hindered cinchona alkaloids (Scheme II.16).55 

 

 

 

 

 

 

 

 

 

Scheme II.15. Enantioselective difluoromethylation of aromatic aldehydes in the presence of 
chiral cinchonium salts 
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Alternatively, Hu reported the nucleophilic difluoromethylation of aryl ketones 
by tuning the reactivity of difluoromethyl sulfoximines from electrophilic to 
nucleophilic difluoromethylating agents. The reaction was performed on 
diverse aldehydes and ketones to give after desulfoximination the 
corresponding enantiomerically enriched difluoromethyl secondary and 
tertiary alcohols in good yields with good diastereoselectivities (Scheme 
II.17).57  

 

2. Asymmetric synthesis of α-difluoromethyl amines 
 

Nitrogen and fluorine are the most common elements that can be found in 
medicinal and agrochemical research. Fluorinated amines, especially chiral 
fluorinated amines, represent a huge interest for chemists nowadays, the 
combined properties of the amino and fluoroalkyl groups giving these 
compounds important physical, chemical and biological properties as synthetic 
building blocks in drug-design. The fact that fluorine lowers the basicity of the 
amino functionality, decreases acute toxicity, and increases the metabolic 

Scheme II.17. Difluoromethylation of aryl ketones with difluoromethyl sulfoximines 
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Scheme II.16. Enantioselective difluoromethylation of aryl aldehydes using PhSeCHF
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stability of a target drug makes of these compounds excellent candidates for 
life science applications.  

In particular, fluorinated α-amino acids are important in biology due to the 
enhanced properties they have such as conformational rigidity, metabolic 
stability, and increased lipophilicity.  

Knowing these important changes that can be induced by the fluorinated 
substituent near the amino moiety, the study of the difluoromethylated amino 
derivatives was also of great interest for this project.   

Some of the reported methods in litterature for the selective synthesis of 
α−(difluoromethyl)amines will be presented.  

 

i. Biological kinetic resolutions 
 

Hydrolases are frequently used as kinetic resolution agents in order to access 
enantiomerically pure compounds. In order to access optically active α-tertiary 
substituted α-amino acides, Shames used Candida lipolytica lipase, a type of 
serine carboxypeptidase, to perform the resolution of α-tertiary substituted 
carboxylic esters (Scheme II.18).249 An example of enantioenriched 
difluoromethyl amine was reported, obtained with a very good enantiomeric 
excess (97%). 

 

 

 

  

 

 

Another enzymatic synthetic pathway was described by Yokogawa, using 
Pseudomonas fluorescens lipase to perform the enantioselective alcoholysis of 
a series of chloroacetamides.250 Among these compounds, a difluoromethylated 
as well as other fluoroalkyl substrates were submitted to these conditions 
(Scheme II.19). 

 

 

 

 

 

 

Scheme II.18. Kinetic resolution of α-(difluoromethyl)amine using a lipase 
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Shames, 1994
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The enantioselectivity of the resolution performed by this lipase was very 
satisfying. Whereas larger fluorinated substituents favor good 
enantioselectivities, -CHF

2
 proved superior yields when compared to larger 

fluoroalkyl groups. Moreover, a limitation was found in the case of large-size 
aromatic rings, where no reaction takes place.  

 

ii. Catalytic enantioselective hydrogenation 
of imines  

 

A commonly used transformation to access enantioenriched amines is the 
catalytic hydrogenation of the corresponding substituted imines, with the 
involvement of a chiral ligand in order to perform the hydrogenation in an 
enantioselective fashion. 

 

Regarding the hydrogenation of difluorinated imine derivatives, Amii reported 
the asymmetric hydrogenation of fluorinated iminoesters to obtain fluorinated 
amino esters (Scheme II.20).251  

Scheme II.19. Alcoholysis of chloroacetamides to obtain enantiopure difluoromethyl 
amines 
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The use of a Pd-catalytic system with BINAP in weakly nucleophilic and 
coordinating solvents such as TFE allowed this team to synthesize fluorinated 
amino ester and by further transformations the corresponding amino alcohols. 
Unfortunately, the difluoromethyl amine obtained presented a low e.e. of 30%, 
suspected by the authors to be due to a E/Z isomerisation of the starting 
imines.  

A decade later, Zhou used derivatives of BINAP and BIPHEP, as chiral ligands 
for the hydrogenation of fluoroalkyl N-protected ketimines, obtained directly 
from the commercially available fluoroalkylated carboxylic acids (Scheme 
II.21).252 Highly enantioenriched perfluoroalkyl amines were obtained by this 
Pd-catalyzed asymmetric hydrogenation under mild conditions, and the 
deprotection of the p-methoxyphenyl group is easy performed using CAN.  

 

 

 

 

 

 

 

 

 

Nevertheless, as in the precedent case, the difluoromethyl derivatives 
presented lower enantiomeric excess than the other fluorinated groups. 

Scheme II.20. Catalytic asymmetric hydrogenation of difluoromethyl 
imines 
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Scheme II.21. Asymmetric hydrogenation of difluoromethyl imines 
using chiral BIPHEP as ligand 
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Akiyama used benzothiazolines as hydrogen donor to perform the 
hydrogenation of ketimines.253 The combination of these reagents with chiral 
phosphoric acid as catalysts led to difluoromethyl amines with excellent 
optical purity (Scheme II.22).  

 

 

 

 

 

 

 

 

 

 

 

Very recently, Peng developed a new enantioselective palladium-catalyzed 
hydrogenation of β-aminofluoroalkyl acrylic acids to obtain chiral 
fluoroalkylated β-amino acids with good yields and high enantioselectivities 
(Scheme II.23).254 The derivatives obtained could be readily transformed to the 
corresponding γ-amino alcohols, giving access to interesting 
difluoromethylated, an other fluoroalkylated, derivatives of biological interest.  

 

 

Scheme II.22. Hydrogenation of difluoromethyl imines using 
benzothiazolines 
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Scheme II.23. Palladium-catalyzed hydrgenation of α−fluoroalkyl 
amino acrylic acids 
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iii. Mannich reactions 
 

By analogy with non-fluorinated β-amino acids, a general approach to access 
fluorinated β-amino acids is the Mannich reaction.  

In 2004, Funabiki performed a Mannich reaction catalyzed with proline 
between polyfluoroalkylated aldimines and acetone (Scheme II.24).255 The 
corresponding β-amino fluoroalkyl ketones were obtained in high 
enantioselectivities. Among these amino fluoroalkyl ketones, we can find an 
example of difluoromethylated amine II-(R).56 obtained with 98% e.e.  

 

 

 

 

 

 

 

A few years later, Shi reported a regio- and enantioselective Mannich reaction 
of fluorinated aldimines with siloxyfurans to afford chiral fluorine-containing 
butenolide or lactone derivatives (Scheme II.25).256 The use of silver acetate in 
the presence of a chiral phosphine-oxazoline ligand afforded difluoromethyl 
amines with good yields and enantiomeric excess.   

 

 

A very recent application of vinylogous Mukaiyama Mannich reactions of furan 
and pyrrole-derived dienoxysilanes with N-sulfinyl fluoroalkylimines was 
described by Fustero, in which amino fluoroalkyl γ-butenolides and 
butyrolactams were obtained in good yields and very good regio and 
diastereoselectivity (Scheme II.26).257 Products of anti-configuration were 
obtained in all cases, as confirmed by X-ray crystallographic analysis. 

Scheme II.24. Mannich reaction catalyzed by L-proline 
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Scheme II.25. Synthesis of chiral butenolides or lactones bearing difluoromethyl group 
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Furthermore, the use of methyl substituted furane showed that an increase of 
the steric demand of the butenolide causes a decrease in the yields but an 
improvement of the asymmetric induction. The same effect was observed with 
the siloxy pyrrole derivatives. Moreover, the hydrogen bond interaction of the -
CHF

2
 group and the pyrrole is supposed to have an influence on the reaction, 

in favor of only one of the adducts. This synthetic pathway gave access to 
difluoromethyl γ-butenolides with good yield and without loss of optical 
purityafter deprotection of the sulfinyl moiety, leading to the corresponding 
hydrochloride salts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A similar transformation was performed by Qing, to access chiral α-fluoroalkyl 
amines by a Lewis acid-catalyzed asymmetric addition of silyl dienolates to the 
difluoroacetaldimines bearing a tert-butyl sulfinyl group at nitrogen as a chiral 
auxiliary (Scheme II.27).258  

Scheme II.26. Mannich addition of with furane and pyrrole derivatives onto tert-
butyl sulfinylimines 
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After testing Lewis acids such as AgOTf, Sc(OTf)
3
 or AgClO

4
 the best results 

were obtained with AgBF
4
. Moreover, working a -50 ºC showed an improved 

regioselectivity when compared to higher temperatures. It is noteworthy that 
during the optimization, the authors noticed that according to the Lewis acid 
used, the α-addition product or the γ-product could be exclusively obtained. 
For instance TMSOTf as the catalyst afforded the γ-addition product with very 
good yield and d.r., whereas with AgBF

4
 a series of α-addition products was 

obtained with up to 82% yields and up to 99:1 d.r. 

Continuing with the exploration of Mannich reactions to access difluorinated 
products of high optical purity, Han’s group studied the use of Ellman’s (S)-
tert-butyl sulfinyl imines bearing -CHF

2
, -CBrF

2
 and -CClF

2
 groups (Scheme 

II.28).259 The addition reactions of alkyl acetate-derived enolates to these 
sulfinylimines led to a range of highly diastereoenriched difluoromethyl 
amines bearing an ester group that could be further functionalized to the 
corresponding carboxylic acid, alcohols and other functional groups.  

 

 

 

 

 

 

 

 

In 2018, Luo reported an asymmetric Mannich type reaction of trifluoro-, 
difluoro, or trichloro-acetaldimine precursors catalyzed by a chiral primary 
amine. The reaction worked very efficiently and the authors described an easy 
purification of the compounds as they precipitated directly from the reaction 
solution. Pure adducts of high e.e. were obtained after filtration and washing. 

Scheme II.28. Mannich reaction of difluoromethyl-bearing sulfinylimines 
alkyl acetates 

Han, 2015
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Scheme II.27. Addition of silyldienolates to difluoromethyl tert-butyl sulfinylimines 
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The limitation of this method remains on the use of unsubstituted and 
unsymmetrical diketones, probably due to their easy enolization, as low 
diastereomeric ratios were obtained (Scheme II.29).260 

 

iv. Transformations of difluoromethyl imines  
 

The synthesis of enantiopure fluoroalkyl, and particularly difluoromethyl 
derivatives having an amino group caught the attention of several groups, 
which tried to obtain these compounds from the corresponding fluorinated 
imines. In the previous part, Mannich reactions of these derivatives were 
described, however, there are a large number of other transformations of these 
imines that can also lead to the expected products. 

In 2005, Ishii performed the hydrogenolysis of diastereomerically pure bis(α-
methylbenzyl)amine derivatives having a difluoromethyl group at benzylic 
position (Scheme II.30).261 The diastereomeric ratio of the latter could be 
improved by crystallization of the corresponding salts that also allowed them 
to confirm the relative configuration of the carbon centers. This group 
described then the regioselective hydrogenolysis under mild conditions of the 
benzylic derivatives to obtain the difluoromethyl amine with excellent 
enantiomeric excess. The authors also noticed the inversion of 
diastereoselectivity for the reduction of these imines: in fact, the non 
fluorinated analogues submitted to the same reaction conditions led to the 
anti product whereas the fluorinated compounds led to the syn isomer. 

Scheme II.29. Mannich reaction of fluorinated acetaldimines 
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Lately, Liu developed an aza-Henry reaction of chiral fluoroalkyl α,β-
unsaturated N-tert-butylsulfinyl ketimines in the presence of a basic catalyst.262 
Several bases such as DBU, TBD, DABCO, carbonate salts, KF or TBAF were 
tested but the best results were obtained with potassium carbonate. Moreover, 
good yields and diastereoselectivities were obtained with dichloromethane or 
nitromethane as solvents but due to a faster conversion rate the retained 
solvent was nitromethane.  

To complete their study, the authors used their optimized conditions on non-
fluorinated ketimines and demonstrated the positive influence of the strong 
electron-withdrawing fluoroalkyl group as no reaction was observed in its 
absence. Moreover, the transformation of the difluoromethyl β-nitroamines to 
both fluoroalkylated diamines and fluoroalkylated diamino acids were also 
performed without losing optical purity (Scheme II.31). 

 

 

 

 

 

 

 

 

 

Last year, the same author performed a new asymmetric aza-Henry reaction of 
fluoromethylated imines catalyzed by cinchona-derived bifunctional thiourea 

Scheme II.30. Hydrogenolysis of bis(α -methylbenzyl)amines bearing a -CHF
2
 group 
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Scheme II.31. Aza-Henry reaction of chiral α ,β -unsaturated tert-butyl 
sulfinylimines 
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(Scheme II.32).263 He was able to obtain difluoromethylated β-nitroamines from 
difluoromethylated imines and nitromethane. The use of cinchona-derived 
bifunctional thiourea as catalyst under mild conditions gave the corresponding 
products in good yields and stereoselectivities. The possible transformation of 
the nitroamines obtained should lead to a range of difluoromethylated 
compounds such as amines or saturated N-heterocyclic bioactive compounds.  

 

Huang also used difluoromethylated Ellman’s tert-butyl sulfinylimines to 
obtain propargyl derivatives (Scheme II.33).264 The addition of lithium 
acetylides in the presence ot titanium isopropoxide led to α-difluoromethyl α-
propargylamines with high diastereoselectivity. The N-tert-butyl sulfinyl group 
being readily cleaved under acidic conditions, the corresponding amines were 
obtained with excellent yields and retention of configuration at the carbon 
atom.  
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Scheme II.33. Addition of lithium acetylides to tert-butyl sulfinylimines 
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A supplementary example of the use of sulfinyl imines was described by 
Huang with the attack of these compounds by lithiated 2-alkylpyridines 
(Scheme II.34).265  

 

Good d.r. were obtained with CHF
2
 derivatives, but were better in the case of 

the CF
2
-C derivative ones. 

Li and Wu performed the addition of a range of organolithium reagents to 
chiral fluoroalkyl α,β-unstaturated N-tert-butanesufinyl ketimines (Scheme 
II.35).266 They obtained several tertiary α-fluoroalkyl allylic amines and the 
corresponding amino acids after transformation.  

 

 

 

 

 

 

 

 

v. Addition of -CHF
2
 surrogates to chiral 

imines 
 

A useful pathway to access difluoromethyl amines of high optical purity is the 
use of nucleophilic surrogates of –CHF

2
 that can be added to a range of chiral 

imines. N-tert-butyl sulfinyl imines have proved to be good substrates for 
nucleophilic additions of non-fluorinated carbanions, which led Hu’s group to 
study the addition of difluoromethyl anions onto these species.  

In 2007, Hu reported the addition of difluoromethyl phenyl sulfone to 
electrophiles, mostly carbonyls, and extended its study to imines.267 The use of 

Scheme II.34. Condensation of tert-butyl sulfinylimines and 2-alkylpyridines 
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Scheme II.35. Addition of organolithium reagents to α ,β -
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an enantiopure tert-butyl sulfinyl group as chiral auxiliary allowed him to 
obtain a range of N-sulfinyl-α-(sulfonyldifluoromethyl)amines in good yields 
and excellent diastereomeric ratios (Scheme II.36). 

 

Some years later, the same author reported the nucleophilic addition of 
TMSCHF

2 
in the presence of a base initiator to the same substrates, namely N-

tert-butylsulfinyl imines (Scheme II.37).268  

 

 

 

 

 

 

 

 

Diverse N-tert-butylsulfinyl imines could be efficiently difluoromethylated at 
low temperature (-78 ºC) giving the corresponding products in good yields and 
with good diastereoselectivities. However, the authors noticed a slightly lower 
diastereoselectivity of the reaction when compared to the -CF

3
 analogues 

obtained with the Ruppert-Prakash reagent, presumably due to a minor steric 
hindrance of the -CHF

2
 compared to -CF

3
.  

 

vi. Miscellaneous other strategies towards 
chiral difluoromethyl substituted amines 

 

Two examples following other strategies have been described by Zanda and 
Van der Donk.  

Zanda reported in the late 1990’s the use of γ-difluoromethyl β-ketosulfoxides 
to prepare the corresponding enamines and then enantiopure 
difluoropyruvaldehyde N-S-ketals (Scheme II.38).269 The reaction of an 
enantiopure γ-difluoromethyl β-ketosulfoxide with N-CBz 
iminotriphenylphosphorane gave α-difluoromethyl β-sulfinyl enamines that 

Scheme II.37. Addition of TMSCHF
2
 to tert-butyl sulfinyl imines 
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Scheme II.36. Addition of difluoromethyl phenyl sulfone to tert-butyl sulfinyl imines 
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can be submitted to a Pummerer reaction and led to the expected enantiopure 
difluoropyruvaldehyde N-S-ketals.  

 

Moreover, these compounds could be transformed by addition of Grignard 
reagents onto to the aldehyde group to obtain the corresponding optically 
enriched carbinols bearing a phenylthio group. Finally, the latter could be 
removed to obtain the sulfur free β-amino-γ-difluoro alcohols. This strategy is 
thus based on the combined stereodirecting properties of an arenesulfinyl 
group, a monoprotected amino group, and a fluoroalkyl group.  

In the last decade, an alternative synthesis was described by Van der Donk 
using L-ascorbic acid as a chiral starting precursor to synthesize two 
difluorinated protected amino acids: β-difluoroalanine and γ-difluorothreonine 
(Scheme II.39).270  

 

The aldehydes or esters derived from L-ascorbic acid were difluorinated with 
diethylamino sulfurtrifluoride (DAST). After 4 or 5 synthetic steps performed 
on these derivatives consisting in protecting the O-R groups, then in 
transforming them to the corresponding azides, a final reduction step gave 
access to the amines without loss of stereochemical purity. 

Scheme II.38. Preparation of enantiopure difluoropyruvaldehyde N-S-ketals 

p-Tol S+ CHF2

OO-

p-Tol S+ CHF2

NHCBzO-

CHF2

NHCBz
OHC
p-TolSPh3P=NCBz 1. TFAA

2. SiO2 or NaHCO3

73% and 80:20 d.r.

Zanda, 1998

II-(SS).77 II-(SS).78 II-(R).79

Scheme II.39. Preparation of enantiopure difluoromethyl aminoacids 
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3. Selective introduction of a –CHF
2
 group onto a 

carbon not leading to alcohol or amine 
derivatives 

 

Among the large number of methods to introduce a difluoromethyl group into 
a carbon atom that have been intensively developed,271–273 only a few examples 
deal with the formation of a CHF

2
-bearing carbon stereocenter not substituted 

by oxygen or nitrogen. An allylic difluoromethylation with (difluoromethyl)zinc 
was reported three years ago by Mikami illustrating the obtention of a highly 
enantioenriched β-allyl difluoromethyl compound (Scheme II.40).187 

 

 

 

 

 

 

 

 

Then silver reagents were reported by Shen to afford difluoromethylated sp3 
carbon centers from derivatives of cinnamyl bromide. The use of a chiral 
copper complex gave the β-difluoromethylated products with good yields, β-
selectivities and moderate enantiomeric ratios (Scheme II.41).274  
 

 

 

 

 

 

 

 

 

 

As the most recent example, last summer Mikami presented the 
difluoromethylation of arylidene Meldrum’s acids, being Michael acceptors, 
with (difluoromethyl)zinc reagent catalyzed by a chiral phosphoramidite-
copper complex (Scheme II.42).275 

 

Scheme II.40. Enantioselective allylic difluoromethylation using a zinc 
complex 
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Scheme II.41. Addition of silver difluoromethylated complexes to 
cinnamyl bromides 
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The obtained products can be easily hydrolyzed and then be transformed to 
the corresponding β-difluoromethyl esters and further derivatives. 

 

b. Strategy of the project 

 

The examples of enantioselective difluoromethylation by controlling the Csp3 
stereogenic carbons are quite limited, which highlights the need to develop 
efficient and selective synthetic pathways of selective introduction of the -CHF

2
 

groups.  

As it was described in the previous part, several methods have been devised 
since the 1990’s to access difluoromethyl alcohols, amines or allyl species with 
good yields and enantiomeric excesses. Nevertheless, these strategies are quite 
substrate dependent. The stereoselectivity is mostly induced by the substrate 
itself, making these methodologies less generalizable. 

The objective of this PhD project was to develop a new efficient and 
stereoselective strategy to introduce the difluoromethyl group in a range of 
electrophiles. The use of sulfoxides in asymmetric transformations has been 
highlighted in the second chapter, and their ability as powerful chiral 
inductors inspired us to develop a methodology involving enantiopure 
difluoromethyl sulfoxides. 

As it was described in the previous chapter, a quest towards enantiopure 
difluoromethyl sulfoxides took place and thanks to the expertise of the group 
in the synthesis of enantiopure sulfoxides, we were able to access highly 
optically pure difluoromethyl sulfoxides.  

The subsequent deprotonation of enantiopure difluoromethyl sulfoxides and 
reaction with electrophiles such as carbonyls, imines or α,β-unstaturated 
derivatives is proposed in order to obtain diastereomerically pure derivatives 
that after removal of the chiral auxiliary give access to optically active 
difluoromethyl products. The freshly created difluoromethyl-containing 
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fragment can then be transferred to a large number of scaffolds of 
pharmaceutical interest (Scheme II.43).  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme II.43. Strategy to access enantiopure difluoromethyl scaffolds of high optical purity 
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B. Access to difluoromethyl alcohols by means of 
difluoromethyl sulfoxides 

 

a. Condensation of difluoromethyl p-tolyl sulfoxide 
on carbonyls 

1. State of the art: non-fluorinated series  
 

One of the numerous pathways that have been used to synthesize chiral 
alcohols involves enantiopure sulfoxides as chiral inductors, by carrying out 
the condensation of an aryl or alkyl methyl sulfoxide onto carbonyls. The 
obtention of either a highly diastereomerically pure sulfinyl alcohol or a 
separable mixture of sulfinyl alcohols allowed to obtain a library of 
enantiopure alcohols after removal of the chiral auxiliary (Scheme II.44). 

 

 Several optimizations took place all over the years in order to have a better 
understanding of the parameters that impact the diastereoselectivity of the 
reaction, such as the substituents of the electrophiles, the substituents of the 
chiral auxiliary as well as the bases and additives involved. A non-exhaustive 
summary of these methods will be described in this section.   

In 1972, Ishibashi reported the condensation of an α-sulfinyl carbanion onto 
carbonyls to obtain optically active alcohols (Scheme II.45).166 

 

He used LDA to deprotonate methyl p-tolyl sulfoxide and by condensation 
onto benzaldehyde followed by separation of diastereomers and removal of 

Scheme II.44. Condensation of chiral sulfoxides to carbonyls to access enantioenriched 
alcohols 
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sulfoxides, 1-phenyl ethanol could be ontained with up to 98% e.e. The 
generalization of this reaction was studied by other groups, among them 
Nokami, who used different ketones as electrophiles (Scheme II.46).276  

 

However, no significant diastereoselectivity was noticed when using different 
substituents in the carbonyl. Indeed, the maximum d.r. that was obtained was 
of 70:30. His group succeeded to obtain enantioenriched alcohols up to 74% 
e.e. after separation of the diastereoisomers of sulfinyl alcohols.  

In order to optimize the diastereoselectivity of the reaction, the influence of 
the substituents of the chiral sulfoxide was studied independently by 
Solladié277 and Sakuraba278 groups (Scheme II.47). The evaluation of p-tolyl, o-
anysil, o-pyridyl and naphtyl substituents was performed. In fact, in the 
presence of a supplementary coordination site to the metal (in this case 
lithium) of the base, better diastereoselectivities were obtained. 

 

The o-pyridyl-bearing sulfoxide gave d.r. up to 80:20, and the naphthyl-bearing 
one gave a full diastereoselectivity, giving access to an optically pure alcohol 
after removal of the chiral auxiliary, without needing diastereomers separation. 

A final parameter evaluated regards the influence of the carbanion formed. In 
1984, Braun studied the influence of the counterion of sulfinylmethanide. He 
performed the condensation of (R

S
) methyl p-tolyl sulfoxide deprotonated by 

LDA and submitted it to a transmetallation of lithium with zinc chloride to 
obtain the zinc reagent (Scheme II.48).279  

 

 

Scheme II.47. Condensation of a range of aryl methyl sulfoxides onto aldehydes and ketones 
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MeS+
O-

1. LDA

2.

Up to 99% and 
up to 70:30 d.r.

Up to 82% and
up to 74% e.e.

Nokami, 1977

R1
R2

OH

Me
S+
O-

R1
R2

OH

R1 R2

O

II-(R).87



Chapter II – Use of difluoromethyl sulfoxides a chiral and traceless auxiliaries to 
access enantioenriched difluoromethyl derivatives 

 177 

 

 

 

 

 

 

 

In complement to these results, Solladié also studied the influence of 
coordination additives in this reaction (Scheme II.49).277 The addition of 
magnesium bromide did not have an important impact, as the diastereomeric 
ratio was still 50:50. However, they noticed that when using zinc bromide prior 
to condensation reactions, they could have a slight improve of the 
diastereoselectivity. 

 

 

 

 

 

 

 

In non-fluorinated series, the condensation of sulfinyl carbanions to carbonyls 
showed low selectivities to obtain the corresponding sulfinyl alcohols. A 
separation of diastereoisomers is even though possible, in order to access after 
removal of the chiral auxiliary, to the enantioenriched alcohols. Several 
parameters can be taken into account such as the substituents of the chiral 
auxiliary, of the carbonyls, as well as the employed base and additives to allow 
better results. In view of these precedents, the group aimed to study the 
application of this condensation this time starting from difluoromethylated 
sulfoxides in order to access highly optically enriched difluoromethyl alcohols. 

 

2. Preliminary inspiration from fluorinated series 
 

In 2007, Hu and Prakash studied the condensation of a racemic difluoromethyl 
phenyl sulfoxide onto aldehydes and ketones.226 The use of t-BuOK or KHMDS 
as the corresponding base allowed this research group to obtain a library of α-
difluoro β-hydroxysulfoxides (Scheme II.50). 

 

Scheme II.48. Study of the influence of the counterions on the 
condensation of methyl p-tolyl sulfoxide onto carbonyls 
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Scheme II.49. Addition of chelating agents in the 
condensation of methyl p-tolyl sulfoxide onto carbonyls 
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3. Work performed in the group  
 

Performed by Chloé Batisse, PhD. 

The starting point of our study on the condensation of difluoromethyl p-tolyl 
sulfoxide onto carbonyls was the results presented by Hu and Prakash 
described in the previous paragraph. In contrast to their method, it was 
decided to use THF in DMF as a safer an eco-friendlier solvent.280 The desired 
products, as expected, were obtained in high yields (up to 99%) but with low 
diastereoselectivities (up to 38:62) as shown in Scheme II.51. A study to 
improve this diastereoselectivity had therefore to be carried out. 

Scheme II.50. Condensation of racemic difluoromethyl phenyl sulfoxide onto 
carbonyls 
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Different aryl sulfoxide derivatives were synthesized and then tested to 
evaluate their influence on the diastereomeric ratios of α-difluoro-β-
hydroxysulfoxides.65 Five different sulfoxides were synthesized according to 
the procedure that was developed in our group and slightly better 
diastereomeric ratios were observed when the phenyl, p-tolyl and 1-naphthyl 
derivatives were used (respectively 37:63, 40:60 and 40:60) in comparison to 
the p-chloro and p-methoxy derivatives (respectively 45:55 and 43:57). 
Regrettably, no major improvement could be observed even by increasing the 
temperature (Scheme II.52). 

 

Scheme II.51. Substrate scope in addition of difluoromethyl p-tolyl sulfoxide to 
carbonyls using t-BuOK as base 
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Then, an investigation by studying the effect of adding coordinating agents to 
the medium was carried out (Scheme II.53). 

 

BF
3
.OEt

2
, Sc(OTf)

3 
were added but did not give any conversion of the starting 

sulfoxide into the expected product. In the presence of TiCl
4
 or ZnCl

2
 it was 

possible to get the desired α-difluoro-β-hydroxysulfoxides could be obtained 
but no improvement on the diastereoselectivities was observed. The use of 
crown ether (2,3,11,12-tetracarboxylate-substituted 18-crown-6) able to 
complex the potassium cation coming from the inorganic base was also tested, 
but the conversion was low and the diastereomeric ratio was unchanged.  

Scheme II.53. Study of the influence of chelating additives in the condensation 
reaction 
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Scheme II.52. Study of the influence of the aromatic substituent in aryl difluoromethyl 
sulfoxides in the condensation onto benzaldehyde 
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The next step consisted in screening different bases in order to evaluate their 
impact on the diastereoselectivity of the synthesis of α-difluoro-β-
hydroxysulfoxides. When using potassium tert-butoxide the conversion into 
the desired α-difluoro-β-hydroxysulfoxide was quantitative in either DMF or 
THF after 40 min of reaction at -30 ºC, but with low d.r. The same kind of 
results was observed with KHMDS, or KHMDS in presence of 18-crown-6 (18-C-
6), with the unfortunate formation of side-products as well.  The 
diastereomeric ratios obtained when using LiHMDS were similar to the ones 
that were usually obtained (ca. 6:4). By using 12-crown-4 (12-C-4) to complex 
the lithium cation, conversions were less interesting and the diastereomeric 
excesses still low. Sodium hydride was also tried and a full conversion but 
poor diastereoselectivity were observed.65  

Finally, and as described in one of the publications of our group, Schwesinger's 
superbase, P

4
t-Bu was tested and gave very good results. Total conversions of 

the starting sulfoxide were observed and diastereomeric excesses up to 98% 
were reached (Scheme II.54).64  

 

In this case, the non-coordinating counterion [P
4
t-Bu/H]+ was used as an 

attempt to increase the nucleophilicity of the anion of difluoromethyl p-tolyl 
sulfoxide I.72d. The attack of the sulfoxide carbanion onto the carbonyl 
expected to be faster, in contrast to the cases involving other cations such as 
Li+, K+ or Mg2+, the carbonyl derivatives would keep a close-to-planar C-sp2 
geometry in the transition state, rather than a generally more favored C-sp3-
like tetrahedral geometry. A better chirality transfer from the sulfoxide to α-
difluoro-β-sulfinyl alcohol was first expected.  

A 19F NMR monitoring of the conversion of sulfoxide over time was conducted 
with 1 and 2 equivalents of superbase (Figure II.1) in order to determine the 
quantity of superbase required and the reaction time needed to achieve full 
conversion.  

Scheme II.54. Highly diastereoselective difluoromethylation reaction using 
Schwesinger's superbase 
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A full conversion was observed after 5 min in both cases. The diastereomeric 
excesses were also measured on 19F NMR spectra after 5, 15, 45 and 120 min. 
Interestingly, the NMR spectra analyses showed increasing 
diastereoselectivities over time. A perfect diastereoselectivity was observed 
after 2 h of stirring at -30 ºC. When one equivalent was used, the 
diastereoselectivity was much lower after 2 h (52%). 

This study implied a kinetic resolution, where one diastereoisomer of the 
intermediate alcoholate would preferably lead to the subsequent formal 
elimination of HF and formation of the corresponding α-monofluoro-β-
ketosulfoxide, observed on NMR spectra of the crude mixtures (Scheme II.55).  

 

 The relative syn configuration of the majoritary product could be determined 
by analogy to the X-Ray analysis obtained for the corresponding anti product, 
as detailed in part c of this section concerning the synthesis of α-difluoro-β-
ketosulfoxides. 
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Figure II.1. Evolution of the diastereomeric ratio of the 
reaction over time using P

4
t-Bu as the base 

Scheme II.55. Hypothetical mechanism explaining good diastereoselectivities obtained in the 
condensation of difluoromethyl p-tolyl sulfoxide onto aldehydes 
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Such high diastereomeric ratios were not observed in the case of LiHMDS or t-
BuOK as bases, which might be due to their lower basicity (respective pK

a
 

values: 29.5 and ca. 30 in DMSO for the t-BuOH/t-BuO- couple) compared to P
4
t-

Bu (pK
a
 value of 30.3 in DMSO) for the C-deprotonation of the carbinol.281,282 

A screening on different aromatic, heteroaromatic and aliphatic aldehydes and 
ketones was then performed using the optimised conditions. Interestingly, in 
some cases the diastereoselectivities obtained were very good, and in others 
quite low; moreover diastereoselectivities and yields were never  
simultaneously high (Scheme II.56). 

 

Moreover, the crude 19F NMR spectra showed good d.r. and also revealed the 
presence of the corresponding α-fluoro-β-ketosulfoxides (presented in 
brackets). This supported the hypothesis that the obtention of better d.r. is 
related to the formation of these side products, combined to the fact that 
when ketones were used as electrophiles, diastereoselectivities were low, the 
generated α-difluoro-β-hydroxysulfoxides not having an hydrogen to be 
deprotonated. Moreover, the moderate yields associated to the good 
diastereoselectivities of the obtained difluoromethyl sulfinyl alcohols 
corroborate this assumption. 

Scheme II.56. Substrate scope in the addition of difluoromethyl p-tolyl sulfoxide onto 
carbonyl compounds when using P
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t-Bu as the base 
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4. Complementary mechanistic investigations 
 

In order to complement this study, we performed some experiments to 
investigate the effect of P

4
t-Bu on the diastereoselectivity of the condensation 

of difluoromethyl p-tolyl sulfoxide onto carbonyls. A model α-difluoro-β-
sulfinyl alcohol II.91a, synthesized from the addition of difluoromethyl p-tolyl 
sulfoxide to benzaldehyde after deprotonation with t-BuOK, was needed as 
starting point. This product was obtained with a diastereomeric ratio of 63:37, 
in favor to the anti product. The determination of configuration will be 
described later in this chapter. II.91a was placed under the nucleophilic 
addition conditions: -30 ºC in THF. The series of tests consisted in adding one 
or two equivalents of superbase to the medium and observe the evolution of 
the diastereomeric ratio after two hours, time usually used for this reactions. 
Moreover, to define if the two equivalents of the superbase are required, the 
first deprotonation of the hydroxy function with one equivalent other reagents 
was tried: t-BuOK and a hydride, being NaH in this case.  Indeed, the need for 2 
equivalents of P

4
t-Bu rather than just one to obtain a higher d.r. could be 

ascribed to a deprotonation of the benzylic proton, i.e. the one in α-position to 
the -CF

2 
motif, in the intermediate sulfinyl alcoholate by the second equivalent 

of superbase. This proton requires a high basicity of the reagent, a criterion 
that might not be met by t-BuOK, KHMDS or other bases. 

The second step to try to confirm or disprove our hypothesis would be the 
addition of one supplementary equivalent of phosphazene superbase, which 
should be basic enough for the further deprotonation of the intermediate 
alcoholate. The results obtained with these experiments are reported in 
Scheme II.57. 

 

Scheme II.57. Complementary trials involving the diastereoselective evolution of α -difluoro-
β-sulfinylalcohols in the presence of P
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In the case of the two equivalents of P
4
t-Bu, we can observe the kinetic 

resolution described in the recent article, in which only one diastereomer of 
the intermediate alcoholate is deprotonated, and subsequently transformed to 
the observed monofluorinated β-ketosulfoxide, leading to excellent 
diastereomeric ratios as the other diastereomer remains untouched. It is 
noteworthy that these observations did not occur when the base used is t-
BuOK. Concerning the trial using only one equivalent of P

4
t-Bu, we observe a 

slight inversion on the diastereomeric ratio of the α-difluoro-β-sulfinyl alcohols 
compared to the initial value. The same phenomenon is observed when the 
first equivalent of base used is t-BuOK or NaH. One can then also assume that 
the good diastereomeric ratios may come from a spontaneous elimination of 
fluoride from one of the two diastereomers of the alcoholate intermediate. 

Altogether, these results indicate that is not yet possible to distinguish 
between the two mechanistic hypotheses, namely deprotonation of the 
alcoholate by a second equivalent of superbase vs the spontaneous elimination 
of fluoride. Both may take place concomitantly. Additionally, the nature of the 
cation might affect the rate of fluoride elimination. A deeper study and 
experiments are required to elucidate this process.  

 

b. Towards difluoromethylated building blocks of 
pharmaceutical interest 

1. Synthesis of selected α-difluoro-β-sulfinyl 
alcohols 

 

Due to the increasing interest on fluorinated compounds for life sciences, the 
development of direct methods to achieve the synthesis of fluoroalkylated 
bulding-blocks is of great interest. Fluorinated N-containing molecules 
represent a huge interest for chemists nowadays, the combined properties of 
the amino and fluoroalkyl groups giving these compounds important physical, 
chemical and biological properties as synthetic building blocks in drug-design 
(Scheme II.58).283,284  
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The synthesis difluoromethylated heterocycles and their precursor small 
molecules represent a particular interest for projets in medicinal chemistry. 
Selected compounds were chosen in order to functionalize them and access 
potential biologically active compounds building blocks for the current 
projects of our medicinal chemistry partners.  

Azetidines are a stable four membered nitrogen-containing saturated rings. 
They have been used as building blocks,285,286 ligands,287 and they can also be 
found in natural products.286 The preparation of biologically active compounds 
bearing azetidines with various functional groups in different positions of the 
ring has been widely described in litterature. These compounds showed 
antibacterial activity, binding to receptors and psychotropic potency.288–290 
Moreover, azetidine containing-amino acids are also very useful in the 
construction of short peptides.291 

Pyrrolidines are five-membered saturated heterocycles, bearing nitrogen and 
four carbon atoms in the ring. This motif can be found in natural amino acids 
like L-proline and L-hydroxyproline, also in tobacco leaves and carrots, and in 
alkaloids such as hygrine.292,293 Pyrrolidines are very reactive towards 
electrophiles such as aldehydes and ketones through nucleophilic additions. 
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We can also find these structures in asymmetric synthesis or catalysis, where 
they have been used as chiral building blocks, chiral ligands or 
organocatalysts.294–297 Furthermore, a wide range of drugs contain a pyrrolidine-
core structure, and have been used for their antitumoral, analgesic, anti-
inflammatory, antimicrobial, antioxidant and antihistaminic activities.298–300  

Thiazole rings are particular unsaturated 5-membered heterocycles containing 
one sulfur atom and one nitrogen atom. Natural products such as Vitamin B1 
contain this motif and several drugs have been developed around thiazole 
rings. Some derivatives bearing a thiazole core present antimicrobial, 
antiretroviral, antifungal, antihistaminic, antischizophrenia and antithyroid 
activities.301–304 

 

Consequently, these 4 and 5-membered heterocycles are very attractive 
nowadays for therapeutic drug development. The preparation of their 
difluoromethylated analogues using our methodology was one of the main 
objectives of the project.  

Scheme II.59. Pharmacological applications of selected heterocycles 
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In addition to these heterocycles, it was of great interest to prepare 
difluoromethylated derivatives from ethyl glyoxalate. In fact, the 
corresponding difluoromethyl sulfinyl alcohols would give access to a large 
number of difluoromethylated derivatives after functionalization by 
saponification, amidation or Mitsunobu type reactions among others (Scheme 
II.60). 

 

In order to access the target difluoromethylated heterocycles, we started from 
pyrrolidinone and azetidinone protected with a Boc- group in order to avoid 
undesired side reactions. They were prepared from the corresponding amine 
or used as received from chemical suppliers. In extension to the study of these 
4- or 5- membered N-heterocycles, we also prepared the 6-membered 
derivatives starting from 3 and 4-piperidinones.  

We applied the conditions used for the addition of difluoromethyl p-tolyl 
sulfoxide anion on carbonyl derivatives and chose the most appropriate base. 
We could notice that when using KHMDS, we obtained a better consumption of 
the starting material I.72d, in contrast to the use of t-BuOK and LiHMDS that 
only led to a partial or minimal conversion to the desired products II.91. This 
base was then chosen for further trials. 

Regarding the pyrrolidine derivative, it was possible to obtain the desired 
compound with moderate yields and diastereomeric ratio. The access to both 
diastereoisomers of α-difluoro-β-sulfinyl alcohols II.91p.A and II.91p.B was 
possible after separation by flash chromatography (Scheme II.61). However, a 
significant amount of the mixture of diastereomers could not be separated.  

 

 

 

Scheme II.60. Strategy to access difluoromethylated scaffolds from difluoromethylated 
derivatives of ethyl glyoxalate 
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In the same manner, we were able to synthesize the thiazole, azetidine, 
piperidine, benzyloxy and glyoxalate bearing α-difluoromethyl-β-sulfinyl 
alcohols. The results are reported in Table II.1.  

 

Table II.1. Results of the addition of difluoromethyl p-tolyl sulfoxide to a series of aldehydes 
and ketones 

 

 

 

Entry Electrophile Base  t (h) 
Product - 

Yield 
d.r.* 

1  t-BuOK  3 
II.91q 
29% 

28:72 

2 
KHMDS  

 
3 

II.91q 
47% 

64:36 

3 
 
 

 

KHMDS  
 

3 
II.91r 
69% 

N.A. 

4 
 

KHMDS  3 
II.91s 
10% 

42:58 

5  
KHMDS  

 
4 

II.91t 
14%* 

n.d. 

6 
 

KHMDS  3 
II.91u 
68% 

N.A. 

7 
P

4
t-Bu  
 

3 
II.91u 
45% 

N.A. 

8 

  

KHMDS  
 

3 
II.91v 
38% 

n.d. 

9 
P

4
t-Bu  
 

3 
II.91v 
32% 

n.d. 

 *Presence of an unidentified impurity after purification 

Scheme II.61. Synthesis of diastereoenriched α -difluoromethyl-β -sulfinyl alcohols bearing a 
pyrrolidine group 
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We can notice that the derivatives of benzyloxyacetaldehyde II.91s and ethyl 
glyoxalate II.91t (entries 4 and 5) were obtained with very poor yields, which 
was a drawback to continue the functionalization as planned. In fact, we 
noticed a limited reactivity of the difluoromethyl p-tolyl sulfoxide I.72d, as 
starting material was recovered, or fluorinated side-products, I.95 among 
others, were present in the medium and limited the yield of the reaction. 

Our attention was then focused on the 4-, 5- and 6-membered N-heterocycles 
that were obtained in moderate to satisfying yields. As we described, a 
majoritary amount of the two diastereomers of the pyrrolidine bearing sulfinyl 
alcohols could be separated. Following this idea, we wanted to separate as well 
the diastereomers of α-difluoro-β-sulfinyl alcohol II.91v bearing a piperazine in 
position 3. However, after performing numerous purification attempts, we 
were not able to separate the corresponding diastereomers for further 
experiences.  

Due to the difficulties encountered to synthesize II.92s and II.92t, the selected 
range of electrophiles for their interesting motifs in medicinal chemistry was 
restricted to azetidine, pyrrolidine and thiazole derivatives. Their 
corresponding α-difluoro-β-sulfinyl alcohols were prepared and the access to 
the corresponding desulfinylated alcohols after removal of the chiral auxiliary 
as well as their funtionalizations will be described in detail in Chapter III.   

 

2. Additions to amino aldehydes 
 

It is noteworthy that a α-difluoromethyl-β-amino alcohol functionality would 
be valuable for medicinal chemists as an intermediate to access amino alcohol-
derived chiral fragments. So far in litterature, only the direct introduction of -
CF

3
 moiety has been largely reported305–308, in contrast to the –CHF

2
 group, which 

makes it of great interest for this project. Consequently, we explored the 
addition of difluoromethyl p-tolyl sulfoxide I.72d to aminoaldehydes. These 
substrates represent a last group of electrophiles that have not been assessed 
yet, in order to evaluate the efficiency of our strategy to open the access to α-
difluoromethyl-β-amino alcohols (Scheme II.62).  
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Scheme II.62. Strategy to access difluoromethyl amino alcohols 



Chapter II – Use of difluoromethyl sulfoxides a chiral and traceless auxiliaries to 
access enantioenriched difluoromethyl derivatives 

 191 

We started from commercial amino aldehydes and one synthesized by the 
Sanofi medicinal chemistry team. 

Chiral N,N-dibenzyl-L-alaninal has been used in litterature as a model to 
introduce –CF

3 
motif.307,308 We tried then the introduction of –CHF

2
 by 

condensation of racemic I.72d. To our delight, we were able to obtain the 
expected compound with a good yield (Scheme II.63).  

 

The extension to the protected N-Boc-D-phenylalaninal led to the 
corresponding difluoromethyl sulfinyl alcohol with a moderate yield of 25% 
(Scheme II.64), probably due to the undesired deprotonation in α-position of 
the amine function. 

 

With these two encouraging results in hand, we tested an amino aldehyde 
prepared in the medicinal team group. In fact, special attention was given to 
the synthesis of fluorinated alcohols in the course of identification of small 
molecules as covalent inhibitors in a drug-discovery project.  

Currently, the medicinal chemistry team is working on the optimization of the 
structure of a pre-candidate in a core structure presented in Scheme II.65. The 
side-chain represented by –R is being replaced by a range of functional groups. 
Among them, a side-chain of alcohols bearing substituents such as -CHF

2
, -CF

3
 

or -CH
2
F would give an overview of the possible beneficial effects of emergent 

fluorinated substituents. 

 

 

 

 

Scheme II.64. Synthesis of difluoromethylated derivative of N-Boc-D-phenylalaninol 
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The monofluorinated and the trifluoromethylated derivatives were 
successfully prepared using commercially available fluorination and 
trifluoromethylation reagents and performing a chiral separation. Regarding 
the derivative bearing the -CHF

2
 group, it was not yet possible to obtain it using 

TMSCHF
2
. We decided then to apply our sulfoxide-based methodology to 

perform the synthesis of the final compound.   

The successful synthesis of the difluoromethylated sulfinyl alcohol from N-
Boc-D-phenylalaninal was encouraging for this application. The condensation 
of difluoromethyl p-tolyl sulfoxide was then performed on the suitable 
aldehyde (Scheme II.66). 

 

The desired compound was obtained with a low yield of 17%. It would be worth 
to perform further optimization of these reaction conditions, but due to the 
PhD deadlines this was not performed yet and the product was used as 
obtained for further functionalization steps. The desulfinylation of the product 
as well as it coupling to the other partner (R1) will be presented in Chapter III. 

 

Scheme II.65. Fluorinated amino alcohols of interest for a medicinal chemistry project 
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c.  Access to α -difluoromethyl-β−sulfinyl alcohols 
via α -difluoro-β -ketosulfoxides 

1. State of the art: non-fluorinated series 
 

The synthesis of non-fluorinated β-ketosulfoxides has been developed 
independently by Russell in 1963309 and Corey in 1964,310 by reacting 
methylsulfinyl carbanion with a range of esters to obtain β-ketosulfoxides. 
Russell performed Pummerer rearrangements on these products and Corey 
used this new synthesis as a new way of access to ketones after removal of the 
sulfoxide.  

A decade later, Cinquini studied a new transformation of enantiopure β-
ketosulfoxides, namely their stereoselective reduction by metal hydrides.66 The 
use of NaBH

4
, LiAlH

4
 and other lithium aluminium derivatives allowed them to 

obtain d.r. of the corresponding sulfinyl alcohols up to 83:17. 

The synthesis of β-ketosulfoxides starting from (R)-methyl p-tolyl sulfoxide 
and their selective reduction was further largely studied by Solladié to access 
both diastereomers of the corresponding sulfinyl alcohol (Scheme II.67).170,311–313 
The authors noticed that the stereoselectivity of the reductions is controlled by 
the choice of hydrides and coordinating agents involved in the reduction of β-
ketosulfoxides. 

 

A non-chelated model in the absence of halogenated zinc agents and a 
chelated model rationalized this selectivity when they are involved in the 
reaction. When DIBAL-H is employed, the aluminium atom is chelated by sulfur 
and carbonyl oxygens to give two possible transition states I and II. However, 
the transition state II having the p-tolyl group in pseudo-axial position is not 
favored due to the high steric hindrance and 1,3-diaxial interactions. The 
hydride is then transferred and the reduction occurs in the conformation I to 
give the anti product (Figure II.2).   

Scheme II.67. Selective reductions of enantiopure β-ketosulfoxides reported by Solladié 
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In fact, in the presence of a chelating agent such as ZnCl
2
 or ZnBr

2
, the β-

ketosulfoxide adopts a twisted conformation after coordination of the 
oxygens. Moreover, the preferential conformation will be the one represented 
in III, where the p-tolyl group is in a pseudo-equatorial position and the steric 
hindrance with DIBAL-H is minimized. After this chelation step, the 
complexation of DIBAL-H with oxygen and a well-positioned halogen atom 
leads to a bimetallic bridged-species where aluminium is dsp3 hybridized. The 
intramolecular transfer of hydride from the DIBAL-H takes place leading to the 
syn product (Figure II.3).  

Figure II.2. Non-chelated model of diastereoselective reduction of β -ketosulfoxides 
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It is noteworthy that the attribution of each diastereoisomer of the obtained β-
ketosulfoxides can be done by NMR. In fact, the diastereotopic protons of the 
methylene group in α-position of the sulfoxide gives non equivalent ABX 
systems for each one of the diastereoisomers.311 

Similarly to the selective reductions of β-ketosulfoxides, α-sulfinyl ketimines 
have also been synthesized from the corresponding β-ketosulfoxides314 and 
their highly stereoselective reduction has been described by Imanishi315 and 
Garcia Ruano (Scheme II.68).316,317 

 

Figure II.3. Model of diastereoselective reduction of β-ketosulfoxides in 
the presence of a chelating agent 
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Scheme II.68. Diastereoselective reduction of β -iminosulfoxides 
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2. Strategy 
 

In view of these results, we thought it would be interesting to apply this 
strategy to α-difluoro-β-ketosulfoxides as an alternative access to α-difluoro-β-
sulfinyl alcohols or amines and thus to their desulfinylated counterparts 
(Scheme II.69). The access to α-difluoro-β-sulfinyl amines will be detailed in 
part d of section C.  

Surprisingly, this strategy had, to the best of our knowledge, not been used on 
α-fluorosulfoxides in literature.  

 

To tackle this objective, we first had to prepare the key α-difluoro-β-
ketosulfoxides.  

 

3. Fluorinated β-ketosulfoxides reported in literature  
 

In 1997, Bravo reported the α-monofluorination of β-ketosulfoxides by 
Selectfluor®.62 During this study, they observed the further fluorination of α-
monofluoro-β-ketosulfoxides to provide the corresponding α-difluorinated 
derivatives in yields up to 41% (Scheme II.70).  

Scheme II.69. Strategy for the diastereoselective reduction of β-ketosulfoxides and its imino 
derivatives 
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Scheme II.70. Difluoromethylation of enantiopure β -ketosulfoxides with Selectfluor® 
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However, they were not able to improve this yield and obtain exclusively the α-
difluoro-β-ketosulfoxide as they readily observed a deacylation giving the 
corresponding aryl difluoromethyl sulfoxide.  

In 2005, Brigaud and Portella studied the synthesis of β-amino-α-
difluoroketones via an imino aldol reaction starting from acylsilanes and the 
Ruppert-Prakash reagent.318 However, in one case, the use of Yb(OTf)

3
 as 

additive furnished the expected β−amino ketone in a very low yield whereas α-
difluoro-β-ketosulfoxide was the major product, resulting from the attack of 
the difluoroenoxysilane (Scheme II.71). 

 

To the best of our knowledge, these authors noticed the formation of these 
interesting products but no further studies were performed on these 
derivatives and their possible synthetic application. 

 

4. Methods used to access difluorinated β-
ketosulfoxides 

i. Oxidation of difluoromethyl sulfinyl 
alcohols 

 

Performed with Chloé Batisse, PhD, and Amélia Messara, MSc. 

Previously in the group, the synthesis of a α-difluoro-β-ketosulfoxide was 
successfully performed by oxidizing the corresponding difluoromethyl 
hydroxysulfoxide with pyridinium dichromate. This reaction led to the desired 
product in quantitative yield (Scheme II.72). 

Scheme II.71. Imino aldol reaction serendipitously revealing the presence of an α -difluoro-β -
ketosulfoxide 
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Different α-difluoro−β-ketosulfoxides were then accessed through oxidation of 
the previously synthesized α-difluoro-β-hydroxysulfoxides with PDC or DMP as 
described in our latest paper (Scheme II.73).65  

 

Thanks to this method, we were able to use α-difluoro-β-ketosulfoxides for the 
synthesis of diastereopure α-difluoromethyl β-hydroxysulfoxides, as described 
in part 5 of this section. 

However, the synthetic pathway, consisting in synthesizing the difluoromethyl 
hydroxysulfoxide starting from the difluoromethyl aryl sulfoxide, condensing 
it onto an aldehyde and then performing the oxidation, is not the most direct 
way to obtain these compounds. A new strategy for their synthesis was then 
required.  

 

 

 

 

Scheme II.72. First method used in our group to access to α -difluoro-β -ketosulfoxides by 
oxydation of the corresponding difluoromethyl sulfinyl alcohols 
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ii. Claisen condensation 
 

The first alternate strategy chosen to access α-difluoro-β−ketosulfoxides was 
inspired from a method developed in the group for the one-pot synthesis of 
sulfinyl alcohols: a deprotonation of the corresponding difluoromethyl 
sulfoxide followed by the addition to an electrophile. Our adapted method 
consisted in performing a Claisen-type reaction between difluoromethyl p-tolyl 
sulfoxide and a range of ester equivalents (Scheme II.74).  

 

Many attempts were carried out starting from the racemic sulfoxide and using 
various electrophiles (including anhydrides, esters, a carbonyl imidazolium 
and benzoyl chloride). These electrophiles were tested in presence of bases 
such as t-BuOK, KHMDS, LiHMDS and the phosphazene P

4
t-Bu. For the 

‘’potassium containing’’ bases, the cryptand K222 was used as an additive in 
order to generate an ion exposed (‘‘naked’’). Despite its efficiency for the 
synthesis of difluoromethyl alcohols, the use of t-BuOK was inefficient for this 
synthesis and was then excluded. The reactions performed in THF, DMF or 
DCM were also unfruitful. Low temperature (-30 ºC) was tried, as the additions 
of difluoromethyl p-tolyl sulfoxide I.72d to carbonyls, but the conversion not 
evolving, the reactions were let to reach room temperature. Moreover, the 
reaction times were extended to a long period of time (up to 3 days) without 
any improvement (Scheme II.75). 

 

Scheme II.74. Strategy to synthesize α -difluoro-β -ketosulfoxides via Claisen type 
condensations 
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In the previous cases, we mainly observed either the unchanged starting 
material or side products on the crude NMR. The isolation of one of these side-
products, difluoro(p-toluenesulfanyl)methyl sulfoxide I.95, led us to perform 
some mechanistic tests and to propose mechanisms for this reaction. These 
tests are described in part E of this chapter. 

During this optimization, the initial conditions consisted in performing the 
deprotonation of the difluoromethyl sulfoxide and slowly adding the resulting 
anion onto the elecrophile. However, with these conditions the β-ketosulfoxide 
was not formed. Instead we observed the formation of difluoro(p-
toluenesulfanyl)methyl sulfoxide I.95. In order to avoid this, different 
procedures were tested, by changing the addition order of the reactions. 
Conditions reported by Hu for the condensation of difluoromethyl phenyl 
sulfoxide to carbonyls consisted in mixing the electrophile and the sulfoxide, 
then adding the suitable base. These conditions were then used. We also tried 
to prepare a mixture of the electrophile and the base before adding 
difluoromethyl p-tolyl sulfoxide I.72d, and to perform the deprotonation in a 
separate batch then add to a solution containing the electrophile (Figure II.4). 

 

Unfortunately, no improvement was observed with these different addition 
orders. 

Continuing with the optimization for the synthesis of α-difluoro-β-
ketosulfoxides, and inspired by procedures described by Hu et al. where 
toluene was preferred for nucleophilic difluoromethylations, the reaction was 
performed using this solvent. To our delight, we started observing the 
formation of the desired product, despite the presence of side products or the 
low conversion of the starting material in some cases. The most convenient 
conditions appeared to be the addition of the base onto a mixture of sulfoxide 
I.72d and electrophile, showing a smaller amount of side products on the 
crude NMR spectra (Scheme II.76).  

Figure II.4. Reagents addition order changes to improve the reaction of difluoromethyl p-
tolyl sulfoxide and ester equivalents 
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An interesting 30% yield was obtained when using benzoyl chloride as 
electrophile, in presence of a phosphazene superbase P

4
t-Bu. We also observed 

the formation of a small amount of the β-ketosulfoxide upon trapping by 
either N-benzoylimidazole activated by Meerwein's salt or benzoic anhydride, 
using either KHMDS or LiHMDS as base. At this point, the desired product was 
obtained in low to moderate yields, and the best conditions giving the least 
side products on the NMR spectrum of the crude are the ones using P

4
t-Bu and 

benzoyl chloride. 

Despite these attempts, the desired compound could not be obtained in 
satisfying yields, with the maximum yield achieved being 30%, the formation of 
side-products remaining a difficulty. In view of these results, we decided to 
explore a more efficient synthetic pathway to access enantiopure α-difluoro-β-
ketosulfoxides.  

 

 

Scheme II.76. Successful attempts leading to α -difluoro-β-ketosulfoxides 
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iii. Fluorination of β-ketosulfoxides with 
electrophilic fluorination reagents 

 

Namely, we reconsidered Bravo’s group work using Selectfluor® to fluorinate β-
ketosulfoxides (Scheme II.77).62 

 

The access to enantiopure methyl p-tolyl sulfoxide and further transformation 
to β-ketosulfoxides of high optical purity was performed using conditions 
developed within by Solladié.170 Enantiopure α-phenyl β-ketosulfoxide was 
prepared as model substrate for the difluorination study with 58% overall yield 
(Scheme II.78).  

 

For the difluorination, we first decided to try the conditions of Bravo and co-
workers, namely the use of NaH followed by NFSI as the fluorination reagent. 
These conditions led to both the α-monofluoro-β-ketosulfoxide and the α-
difluoro-β-ketosulfoxide. The α-difluorinated-β-ketosulfoxide was obtained 
with a 51% yield and the mono-fluorinated species with a 24% yield. We also 
noticed the formation of the enantiopure difluoromethyl sulfoxide (98% e.e.), 
as described by Bravo and co-workers, in 25% yield (Scheme II.79). 

Scheme II.77. Strategy for the fluorination of enantiopure β -ketosulfoxides using electrophilic 
fluorination reagents 

O

RLG

O

RMeS+
O-

S+
O-

1. LDA
THF

-40 ºC, 
30 min

           

THF
-78 ºC, 1 h

Fluorination of enantiopure
β-ketosulfoxides

2.

O

F F
RS+

O-
1. Base (2 equiv.)

2. Electrophilic Fluorination 
Reagent (2 equiv.)

I-(RS).85

Scheme II.78. Synthesis of a model enantiopure β -ketosulfoxides 
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The difluorination performed with Selectfluor® allowed us to obtain the 
desired enantiopure α,α-difluoro-β-ketosulfoxide in a more satisfying 66% yield 
without the presence of α-monofluoro-β-ketosulfoxide (Scheme II.80).  

 

It is noteworthy that this methodology can be used for the synthesis of a range 
of enantiopure α-difluoro-β-ketosulfoxides on gram-scale, in contrast to the 
previous one due to the high cost of the reagent employed.  

We used the best conditions mentioned above on a small series of substrates, 
bearing different substituents such as 2-pyridyl, 2-furyl or an alkyl chain 
(Scheme II.81). 

 

 

 

 

 

 

 

 

 

Scheme II.80. Difluorination of an enatiopure β -ketosulfoxide using NaH as base and 
Selectfluor® as electrophilic fluorine source 
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Scheme II.81. Difluorination of a range of enantiopure β -ketosulfoxides 
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Scheme II.79. Difluorination of enantiopure β -ketosulfoxide using NFSI 
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However, we noticed that the formation of the cleavage product, p-tolyl 
difluoromethyl sulfoxide, is a limitation in these syntheses, as the yields of the 
desired α-difluoro-β−ketosulfoxide remain moderate and compounds I.103e 
and I.103f were not stable in time. Despite the full consumption of the starting 
material, and in some cases were just corresponding to trace amounts as 
illustrated in Scheme II.82. The major product obtained is difluoromethyl p-
tolyl sulfoxide. 

  

 

 

 

 

 

 

 

 

The formation of the fragmentation product, difluoromethyl p-tolyl sulfoxide 
II.72d, in all of these cases could probably be explained by a retro-Claisen 
reaction that takes place in the presence of bases. A similar 
difluorination/fragmentation process was described by Pattisson, who 
valorized it in order to obtain the corresponding difluoromethyl ketones.319 The 
deprotonation of an in situ formed hydrate of the β-ketosulfoxide would lead 
to this retro-Claisen-like process.  

We decided then to vary some reaction conditions, e.g. using other bases than 
sodium hydride, in order to minimize the formation of this product and 
improve the yield of the corresponding β-ketosulfoxides (Table II.2). 

 

 

 

 

 

 

 

 

 

 

 

Scheme II.82. Unsuccessful examples of difluorination of β−ketosulfoxides 
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Table II.2. Difluorination trials using electrophilic fluorination reagents 

 

Entry Base 
Fluorination 

reagent 
Ratios** 

I-(S
S
).103a        I-(S

S
).102       I-(S

S
).72d 

1 
No base 

NFSI 
(2 equiv.) 

0 0 0 

2 
Selectfluor® 

(2 equiv.) 
0 0 0 

3 
Et

3
N 

(2 equiv.) 

NFSI 
(2 equiv.) 

0 0 0 

4 
Selectfluor® 

(2 equiv.) 
0 0 0 

5 
KHMDS 

(2.1 equiv.) 
NFSI 

(2 equiv.) 
55* 26* 0 

6 
LDA 

(2.1 equiv.) 

NFSI 
(2.1 equiv.) 

25 63 8 

7 
Selectfluor® 
(2.1 equiv.) 

46 54 Traces 

8 
Na

2
CO

3
 

(2.1 equiv.) 
Selectfluor® 
(2.1 equiv.) 

Traces Traces 0% 
*Isolated yield 
** Determined by 19F NMR  

In some cases, the synthesis of difluorinated compounds by reacting 
dicarbonyls with electrophilic fluorination reagents in absence of a base was 
described.320,321 We therefore carried out experiments adapting our conditions 
in which the non-fluorinated β-ketosulfoxide was reacted exclusively with NFSI 
or Selectfluor® (Table, Entries 1 and 2). However, we did not observe the 
fluorinated product. The same result was observed with the use of 
triethylamine as a milder base than NaH. The starting material was fully 
recovered (Table, Entries 3 and 4).  

More conditions were then tested to perform the difluorination. In litterature, 
KHMDS or LDA have been used for electrophilic fluorination.322 An example of 
difluorination of β-ketosulfones has also been described by Loghmani-
Khouzani and coworkers using Na

2
CO

3
 as a base.323 Using these three bases, the 

mono and difluorinated β-ketosulfoxides were obtained as well as the p-tolyl 
difluoromethyl sulfoxide in the proportions presented in (Table, Entries 6 to 8).  

Matsumura and co-workers described a fluorination strategy applied to the α-
fluorination of carbonyl compounds.324 Their studies showed that the most 
appropriate electrophilic fluorination reagent is NFSI, the reaction being 
performed with KHMDS as a base and in the presence of manganese bromide. 
We tried to apply these conditions to our substrate, unfortunately, the results 
obtained either with manganese bromide or chloride were worst than the ones 
without the use of a manganese halide (Scheme II.83). 

1. Base (x equiv.)
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With these results in hand, we decided to continue the strategy using KHMDS 
as a base and NFSI as these conditions seem to limit the undesired formation 
of difluoromethyl p-tolyl sulfoxide. 

 

5. Reduction of difluorinated β-ketosulfoxides to 
access difluoromethyl alcohols  

 

The reduction of a model of an enantiopure α-difluoro β-ketosulfoxide was 
performed using conditions described in literature by Solladié and co-
workers312 on non-fluorinated analogues using different reducing hydrides.  

The agents that were used for this transformation are NaBH
4
, LiAlH

4
, DIBAL-H, 

LiBH
4
 and L-Selectride® as it is described in Table II.3.  

Table II.3. Reduction of α -difluoro-β -ketosulfoxide by hydrides 

 

  
  

 

 

 

 

 

 

*Estimated by fluorine NMR 

As previously described and similarly to Solladié's work, we expected to access 
diastereopure β-hydroxysulfoxides depending on the reaction conditions.313 
The reduction of the β−ketosulfoxide when using NaBH

4
 or LiAlH

4
 led to good 

yields and moderate diastereoselectivities, respectively up to 72% and 62:38. 
As expected, the use of DIBAL-H led to a single diastereomer with a 77% yield 
and a diastereomeric excess of 96%. The use of LiBH

4
 and L-Selectride® gave a 

favoured diastereomer opposite to the one obtained when the reduction was 
performed with DIBAL-H with very good yield and d.r. up to 74:26. 

Entry Reducing 
agent 

Yield d.r. 

1 NaBH
4
 72% 66:34 

2 LiAlH
4
 62% 49:51 

3 DIBAL-H 77% 2:98 
4 LiBH

4
 Quant. 82:18 

5 L-Selectride® 96%* 74:26 

Reducing agent (1.1 equiv.)

THF
-78 °C for 15 min

22 °C for 3 h

OH

F F

S+
O-O

F F

S+
O-

I-(SS).103a II-(SS).91a

Scheme II.83. Difluorination of β -ketosulfoxides in the presence of manganese halides 
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To confirm the efficiency of the reaction in terms of diastereoselectivity, three 
examples of enantiopure α-difluoro-β-ketosulfoxides were prepared by 
previously described strategies and reduced with DIBAL-H (Scheme II.84).  

 

We were able to obtain exclusively one diastereomer of the expected α-
difluoro-β-hydroxysulfoxides with high diastereoselectivities (93:7 to 98:2) and 
an excellent e.e. (96-98%) of the major diastereomer. A X-ray crystallographic 
structure of one of the crystallized major diastereomers was obtained and 
confirmed that the product of the diastereoselective reduction is the anti 
isomer (Scheme II.85). This configuration confirms our hypothesis concerning 
the transition states of reduction with DIBAL-H on the difluorinated 
compounds, corresponding also to the ones of the non-fluorinated β-
ketosulfoxides, described in part 1 of this section. 

 

 

 

 

 

 

 

 

In the previous studies performed in the group, by condensation of the 
difluoromethyl sulfoxide anion to carbonyls involving P

4
t-Bu, it was possible to 

access highly enantioenriched α-difluoro-β-hydroxysulfoxides of opposite 
relative configuration. The reduction strategy (Table II.3 and Scheme II.95) 
represents therefore an efficient method complementary to the previously 
described one.  

Scheme II.85. X-ray crystallographic structure of 
α -difluoro-β -sulfinyl alcohol II-(S

S,
S).91a 

Scheme II.84. Selective reduction of α -difluoro-β-ketosulfoxides with DIBAL-H 
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In order to complete our study regarding the stereoselective reduction of α-
monofluoro-β-ketosulfoxides, we decided to perform this reaction in the 
presence of a chelating agent to have access to the syn diastereoisomer, as it 
was reported on β-ketosulfoxides. However, we were surprised to observe that 
in the presence of ZnCl

2
, the same diastereomer was obtained —with a 78% 

yield and a diastereomeric excess of 96%—, which clearly contrasts with the 
case of the non-fluorinated analogues (Scheme II.86).  

 

 

 

 

 

 

This may indicate that the presence of the two fluorine atoms prevents the 
double coordination of the ketosulfoxide to the zinc halide, which is assumed 
to be responsible for the formation of the syn diastereomer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme II.86. Selective reduction to access an α -
(arenesulfinyldifluoromethyl)benzyl alcohol 
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C.  Access to difluoromethylated amines by means 
of difluoromethyl sulfoxides 

 

a. State of the art: non-fluorinated series  

 

As in the case of chiral alcohols, among the multiple methods to access chiral 
amines, sulfoxides proved being valuable stereoinducers, as we will describe 
hereafter (Scheme II.87).  

 

In 1973, Tsuchihashi reported the obtention of highly optically pure N-(1-
phenylethyl)anilines after the condensation of methyl p-tolyl sulfoxide onto 
aryl imines (Scheme II.88).325 

 

A decade later, Kagan followed by Pyne also studied the synthesis of 
diastereomerically pure aminosulfoxides.326 They especially noticed the 
influence of the temperature of the two steps of the reaction. They were able 
to obtain the desired derivatives with excellent yields and diastereomeric 
ratios (Scheme II.89).  

 

 

 

 

Scheme II.88. Obtention of an enantiopure α -arylamine from the condensation of enantiopure 
methyl p-tolyl sulfoxide onto the corresponding imine 
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Scheme II.87. Strategy to access enantiopure α -amines using chiral sulfoxides 
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After this reaction, only one diastereoisomer of the sulfinyl amine was 
obtained and after desulfinylation, allowed to access the enantiopure amine. 

In the early 2000’s, García Ruano and Fernandez described the addition of the 
lithium carbanions derived from both enantiomers of methyl p-tolyl sulfoxide 
onto N-(S)-arenesulfinyl)ketimines (Scheme II.90).327,328  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reaction gave the corresponding sulfinylamines with high 
diastereoselectivities and yields. It is noteworthy that the relative configuration 
of the newly-formed quaternary carbon center relies on the N-sulfinylimine 
configuration. Thus, both diastereoisomers can be obtained by a proper choice 
of this substrate. 

In addition to these methods, examples of the condensation of aryl sulfoxides 
onto N-(PMP)Arylaldimines329,330 or onto Ellman’s tert-butyl sulfinylimines331 
were reported with also very good diastereomeric ratios. These intermediates 

Scheme II.89. Addition of enantiopure methyl p-tolyl sulfoxide to a 
range of aldimines 
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Scheme II.90. Condensation of chiral methyl p-tolyl sulfoxides to 
enantiopure aryl sulfinyl ketimines 
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were then used in the total synthesis of biologically actives compounds or 
ligands.  

b. Attempts of (sulfinyl)difluoromethanide addition 
onto imines 

 

As described in part a.2. of section A, and to the best of our knowledge the 
most representative methods reported to obtain chiral α-difluoromethyl 
amines involve the presence of a tert-butylsulfinyl group as an activating and 
powerful stereoinducing group on the imine substrate. Therefore, we can 
consider that new, non-substrate dependent, efficient approaches of a 
stereoselective introduction of a difluoromethyl group are needed to access 
building blocks for medicinal research. 

We attempted to use the enantiopure difluoromethyl sulfoxide to introduce a 
difluoromethyl moiety on activated imines, in analogy to the work that has 
been performed on carbonyl compounds described in section B of this chapter   
(Scheme II.91). 

 

Difluoromethyl p-tolyl sulfoxide has shown in the previous condensation trials 
some reactivity limitations towards electrophiles. A substrate that would be 
activated enough was thus required.  

According to electrophilicity scales that have been reported by Mayr (Figure 
II.5),332 we chose N-tosylimines as model substrates for first experiments.  

 

In analogy with the conditions we developed for the condensation onto 
carbonyls, we first used t-BuOK as the corresponding base at -30 ºC (Scheme 
II.92). 
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Figure II.5. Electrophilicity scale of aryl imines compared to benzaldehyde 
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Unfortunately, only a minimal conversion of the starting material into the 
desired amine was observed after some hours. The starting materials were 
recovered. Moreover, the examples regarding non-fluorinated aryl sulfoxides 
added to imines often use LDA and led to excellent results. In our case, it was 
not possible to observe the expected product. The combination of lithiated 
bases with alkali metal enolates resulting into a strong base with low 
nucleophilicity was also tested without success. 

In some of our previous experiences, the use of toluene allowed us to perform 
condensation reactions of difluoromethyl p-tolyl sulfoxide onto electrophiles 
(section B, part c). This solvent was then tested with different bases in order to 
find the best reaction conditions for this nucleophilic addition. P

4
t-Bu, KHMDS, 

LiHMDS and a combination of LiHMDS and TMEDA were tested.  

KHMDS and P
4
t-Bu allowed us to obtain difluorinated tosylamines with yields 

up to 34%. However, the diastereomeric ratio remains around 4:6 for these 
trials. Reactions with LiHMDS led to mixtures for which a low d.r. could only be 
determined. Since the best yield was obtained when using P

4
t-Bu, we also 

evaluated THF as solvent, and we did not observe major differences in terms of 
diastereomeric ratio. As a better yield was obtained in THF, this solvent was 
then used for further experiments (Table II.4). 

 

Table II.4. Difluoromethylation of N-tosyl benzaldimine 

 

 

 

Entry Base Solvent T (ºC) Yield d.r. 
1 LiHMDS Toluene -30 Undetermined 48:52 

2 
LiHMDS + 
TMEDA 

Toluene -30 Undetermined 50:50 

3 KHMDS Toluene -30 30% 49:51 
4 

P
4
t-Bu 

Toluene -30 34% 40:60 

5  -78 
59% 

conversion* 
34:66 

6 
THF 

-30 54% 42:58 
7 0 Undetermined 36:64 
8 22 Undetermined 39:61 

*estimated by 19F NMR 

Scheme II.92. Attempts of difluoromethylation of a model tosylimine 
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A qualitative 19F NMR monitoring of the reaction after 5, 15, 45 and 120 
minutes was performed at -78, -30, 0 and 22 ºC, using phosphazene superbase 
P

4
t-Bu in order to evaluate if a kinetic resolution could take place as in the case 

of α-difluoro-β−sulfinyl alcohols, described in section B, part a.3. The 
diastereomeric ratios observed did not show significant changes with 
temperature or time of reaction. 

To our delight, starting from a mixture of diastereoisomers of 42:58 d.r., we 
were able to obtain single diastereomers after a column chromatography using 
a dichloromethane/ methanol eluent system in flash chromatography, after the 
a first purification using cyclohexane/ ethyl acetate. (Scheme II.93). 

 

After using N-tosylimines as electrophiles, we focused on other imino-
derivatives. We prepared iminoacetates, first the benzyl derivative and also one 
enantiomer from an N-(tert-butanesulfinyl) iminoacetate following the 
conditions described by Wei and coworkers.333 To our delight, we were able to 
obtain quantitative yield in all cases (Scheme II.94).  

 

 

 

 

 

 

 

 

N-benzyl-O-ethyl iminoacetate was then first submitted to the reaction with 
racemic I.72d.   (Scheme II.95). 

Scheme II.93. Separation of diastereoisomers derived from the condensation of 
difluoro(p-toluenesulfinyl)methanide onto a model N-tosyl benzaldimine 
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Scheme II.94. Preparation of tert-butyl sulfinyl iminoacetates 
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Unfortunately, the expected difluoromethylated amine could not be obtained 
under these conditions. As we mentioned in the first part of this section, we 
suspect this to be due to the lack of activation of the imine derivative, or the 
required used of a stronger base, for example P

4
t-Bu. We decided then to test 

the chiral N-(tert-butanesulfinyl)imine prepared, as these kind of derivatives 
have already been used for difluoromethylation reaction using either 
difluoromethyl aryl sulfones or difluoromethyl trimethylsilylane. 

Racemic difluoromethyl sulfoxide was first reacted with the (R)-N-tert-
butylsulfinylimine. Unfortunately, we only could observe a minimal amount of 
a fluorinated product formed in the medium, and although the coupling 
constants seemed to correspond to the ones of a difluorinated N-
sulfinylamine, the conversion was not satisfying whichever the order of the 
reagents. Moreover, we also observed the formation of the usual side product, 
difluoro(p-toluenesulfanyl)methyl sulfoxide I.95 (Scheme II.96).  

  

One could think this lack of reactivity may come from the mismatch effect 
related to the configuration of the two sulfoxides, affecting the reaction as the 
starting material is the racemic difluoromethyl p-tolyl sulfoxide. However, one 
could expect to observe at least a partial conversion on the expected product 

Scheme II.95. Addition of difluoromethyl p-tolyl sulfoxide to N-benzylimino acetate 
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Scheme II.96. Addition of difluoromethyl p-tolyl sulfinyl anion to Ellman’s tert-butyl 
sulfinyl imines derived from ethyl glyoxalate 
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II.103. In order to confirm this, it would be useful to perform the addition of 
I.72d onto the opposite enantiomer of N-(tert-butanesulfinyl)imine II-(S

S
).101. 

Despite our efforts, in the case of N-benzyl-O-ethyl iminoacetate and N-(tert-
butanesulfinyl)imine we could not observe the formation of the desired 
product. We recovered the starting material as well as traces of unknown 
fluorinated products observed by 19F NMR. 

Thus, it seemed that it would be worthy to screen other imine derivatives, such 
as iminium salts or other activated imines not bearing a chiral inductor, so as 
to benefit from the sole stereoinduction of difluoromethyl p-tolyl sulfoxide. 

 

c. Alternative access to difluorinated amines: 
functionalization of α -difluoro-β -ketosulfoxides 
into difluorinated β -ketoximes and attempts of 
reduction  

 

The functionalization of α-difluoro-β-ketosulfoxides could give access to a 
range of enantiopure α-difluoro-β-sulfinylimines or α-difluoro-β-
sulfinylketoximes that, after selective reduction, would provide a library of 
optically pure difluorinated amines.  

Some attempts of derivatization of the readily synthesized α-difluoro-β-
ketosulfoxides were performed. Three methods inspired from procedures 
described by Dallimore and co-workers for the functionalization of fluorinated 
sulfones334 and by Bravo and co-workers335 for the functionalization of mono-
fluorinated sulfoxides were used to try to access fluorinated β-sulfinyl oximes 
(Scheme II.97). 

 

 

Scheme II.97. Attempts of functionalization of α -difluoro-β -ketosulfoxide to 
oximes 
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In all cases, we only could observe partial conversion of the starting material. 
We able to observe a small amount of the desired product by 1H and 19F NMR, 
unfortunately, after purification by flash chromatography only the starting α-

difluoro-β-ketosulfoxide was recovered. We presume that hydrolysis of the 
oxime took place, as it was previously described by Fustero and co-workers for 
similar β-imino sulfoxides.336  

Another method was then used, by reacting the model α-difluoro-β-
ketosulfoxide with hydroxylamine or O-benzylhydroxylamine hydrochloride in 
the presence of magnesium sulfate. To our delight, we were able to obtain a 
full conversion into the desired α-difluoro-β−sulfinylketoximes (Scheme II.98). 

 

To avoid the previous hydrolysis problems encountered after flash 
chromatography, we decided to use these compounds without further 
purification, thanks to their clean and full conversion. 

We then focused on their selective reduction in order to access the amino 
derivatives with a high diastereoselectivity. We applied conditions that had 
been employed with non-fluorinated analogues, namely the use of DIBAL as 
well as of NaBH(OAc)

3.
 Unfortunately these reagents did not allow us to obtain 

the corresponding α-difluoro-β-sulfinyl amines. In the case of DIBAL, 
unidentified side-products were obtained, as well as a partial amount of the 
starting α-difluoro-β-ketoxime II-(S

S
).104. In the group, the use of NMe

4
BH(OAc)

3 

or NaBH
3
CN for the reduction of sulfinyl ketoximes showed good results, but 

in our case we only recovered the starting material (Scheme II.99). 

 

 

 

Scheme II.98. Successful attempts of synthesis of α-difluoro-β -ketoximes starting 
from α -difluoro-β -ketosulfoxides 
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We reacted our substrate with L-Selectride®, which is also described to be an 
efficient selective reducing agent for this kind of compounds (Scheme II.100) 
and that was used previously for the reduction of α−difluoro-β-ketosulfoxides 
(section B of this chapter).315,316 

 

 

 

 

 

 

 

To our surprise, instead of obtaining the reduction product, we observed a 
cleavage of the S-CF

2 
bond. The α-difluoromethyl O-benzyloxime II.106 was 

obtained with a 62% yield. 

To date, it was not possible to reduce our model α-difluoro-β-ketoxime 
derivative with classical reduction methods for non-fluorinated analogues.  

 

d. Condensation of difluoromethyl p-tolyl sulfoxide 
on nitrones 

 

In the previous section, we attempted without success to access α-difluoro-β-
sulfinyl amines from the reduction of α-difluoro-β-ketoximes. We explored 
then another method in order to obtain these compounds. 

Scheme II.99. Attempts of reduction of α-difluoro-β-ketoxime  
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Scheme II.100. Reduction of α -difluoro-β -ketoxime with L-Selectride® 
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As more electrophilic analogues of imines, we considered nitrones and oximes 
for the addition of difluoromethyl p-tolyl sulfoxide to nitrones was studied, by 
analogy to the trifluoromethylation pathways of nitrones described in the 
litterature. The use of nitrones as an intermediate for the nucleophilic addition 
of the difluoromethyl moiety represented an alternative to access 
difluoromethyl amino derivatives, as it has been similarly done for 
trifluoromethylation reactions by Nelson et al.337,338, and Kaliappan et al.339 
Moreover, two examples of successful and selective additions of the non-
fluorinated analogue, methyl p-tolyl sulfinyl anion, have been reported by 
Cinquini340 and Pyne.341 

In addition, previous work has been reported for the addition of an aryl 
sulfonylmethyl analogue on oximes.342 Moreover, oximes were worth trying to 
complete the evaluation of the different electrophiles tested during this 
project. To the best of our knowledge, at the beginning of this work no 
asymmetric or racemic synthetic pathway was described to introduce a -CHF

2
 

group into nitrones. The first example found was reported earlier in 2019 by 
Dilman.343 He described a bromodifluoromethylation strategy of nitrones based 
on visible light promoted radical addition. He also showed that the 
bromodifluoromethyl group could be transformed again via radical processes 
to cleave the carbon–bromine bond and access a range of derivatives, among 
them the ones bearing a -CHF

2
 group. 

Inspired by the work of Nelson, we chose two model compounds to perform 
the different addition experiments. Indeed, the nitrone bearing a phenyl group 
in a-position was an analogue of the previous model electrophiles that we 
tested. In addition, we also used its vinilogue, since it was described by Nelson 
to lead to less side-reactions under trifluoromethylation conditions. 

The synthesis of the substrates was performed starting from nitrobenzene and 

the desired aldehyde in the presence of zinc to obtain the compounds 
presented in Scheme II.101. 

 

 

 

 

 

 

After having reproduced Nelson’s results on model nitrone II.104, we then 
decided to apply t-BuOK deprotonation conditions to perform the 
difluoromethylation on this substrate at room temperature (Scheme II.102).  

Scheme II.101. Model nitrones synthesized 
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However, we observed the formation of difluoro(p-toluenesulfanyl)methyl p-
tolyl sulfoxide I.95 as a side-product, remaining starting sulfoxide as well as 
the side-product, suspected to be the difluoromethyl p-tolyl sulfenic ester 
(Scheme II.103). The hypotheses raised regarding these side-products and its 
formation will be discussed and can be find in section E of this chapter.  

  

In an attempt to minimize the formation of side-products, we reproduced the 
reaction at -78 ºC. In this case, the starting materials were fully recovered 
(Scheme II.104). 

 

 

 

 

 

 

Although t-BuOK was known to efficiently deprotonate difluoromethyl p-tolyl 
sulfoxide, the resulting anion did not react with our model nitrone to give the 
corresponding difluoromethylated siloxamine.  

We decided then to perform the reaction mediated by trimethylsilyl 
trifluoromethane sulfonates, in analogy to the enol silane additions to N-
phenyl nitrones reported in literature by Downey.344  

Scheme II.102. Trifluoromethylation of one of the model nitrones with the Ruppert-Prakash 
reagent 
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Scheme II.103. Attempt of difluoromethylation of a model nitrone at room temperature 
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Scheme II.104. Difluoromethylation of nitrone at low temperature 
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In fact, in our case we can compare use of difluoromethyl sulfinyl anion with 
the use of enolates, the stabilized negative charge being delocalized over the 
sulfur or carbon and the oxygen. Moreover, as in the case of enolates, the 
difluoromethyl sulfoxide anion is reactive towards electrophiles at carbon 
(Figure II.6).  

 

In our case, we employed DIPEA (as Downey) or LiHMDS as the nitrogenated 
base (Schemes II.105 and 106). 
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Figure II.6. Comparison of reactivity of enolates and difluoromethyl p-tolyl sulfinyl anion 

Scheme II.105. Use of DIPEA and TMSOTf for the difluoromethylation of nitrones 
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Scheme II.106. Attempts of difluoromethylation of nitrones using TMSOTf as an 
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Unfortunately, in both cases, we were not able to isolate the desired 
compound. Instead, we observed the almost quantitative formation of the 
recurrent difluorinated side-product difluoro(p-toluenesulfanyl)methyl p-tolyl 
sulfoxide I.95. 

Due to these difficulties in the reactivity of difluoromethyl p-tolyl sulfoxide 
towards the model nitrones that were tested, and the recurrent observation of 
side-products, it was decided to discard this idea and we decided to try to 
investigate the mechanism of their formation. These aspects will be described 
respectively in section E of this chapter. 
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D.  Conjugate additions of difluoromethyl p-tolyl 
sulfoxide to 1,4-unsaturated systems 

 

Due to the presumably soft nature of the difluoro(sulfinyl)methanide anion, we 
wondered whether a softer electrophile than the ones described in the 
previous sections would be better suited for an efficient addition. We thus 
turned our attention to alpha,beta-unsaturated ketones or esters, which would 
have the additional advantage of providing addition products that could not be 
accessible via the methods described above in this chapter. 

Hu’s group described in 2008 the addition of a 
(benzenesulfonyl)difluoromethyl anion to α,β-enones, in which the 1,2-addition 
was favoured when using LiHMDS as a base at low temperature.345 They were 
able to slightly tune this preference and obtain the 1,4-addition product in the 
presence of HMPA. This result does not seem surprising, as the use of 
organolithium species is known to favour this kind of selectivity. 

First experiments consisted in performing the addition of the lithiated anion of 
the difluoromethyl sulfoxide to some α,β−unsaturated systems. As model 
substrates were chosen cinnamaldehyde and cyclohexenone (Scheme II.107). 
The reactivity of cinnamaldehyde was noticed to be lower than the one of 
cyclohexenone. Not surprisingly, in both cases, we obtained the product 
corresponding to the 1,2 addition of the sulfoxide when LiHMDS was used as 
the base. It is noteworthy that the addition of HMPA to solvate the lithium 
counterion as described by Hu, and then obtain the 1,4-addition product did 
not have any influence in our case, as the 1,2-addition product was the only 
obtained.  

  

Lithiated species, combined to copper reagents are described for their use in 
the addition of nucleophiles to α,β−unsaturated systems.346,347 The use of these 
organocopper reagents offers an efficient way for coupling two carbon 
moieties, and they are known to favour 1,4-addition over 1,2-addition.  We 

Scheme II.107. Attempts of introduction of difluoromethyl p-tolyl sulfinyl anion to 
α ,β -unsaturated systems 
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decided to use this approach, by performing the transmetallation of the 
corresponding lithiated difluoromethyl sulfoxide anion. In a first series of 
experiments, the difluoromethyl sulfoxide was deprotonated by a freshly 
prepared solution of LiHMDS, then this lithiated intermediate was added to a 
solution of a copper (I) reagent, namely copper iodide or copper cyanide. To 
allow the formation of the organocopper specie, the temperature of the 
reaction was allowed to reach 0 ºC for 20 mins, then it was cooled back to -78 
ºC and the α,β-unsaturated system was added to the mixture (Scheme II.108). 

 

Unfortunately, only the signals corresponding to the difluorinated disulfoxide 
were observed by NMR. When cyclohexenone or trans-cinnamaldehyde were 
reacted with difluoromethyl p-tolyl sulfoxide in the presence of a base and 
copper iodide as a catalyst, we only could observe the formation of side-
product I.95 and unreacted starting difluoromethyl p-tolyl sulfoxide. 

Scheme II.108. Attempts of organocopper catalyzed addition of difluoromethyl p-tolyl 
sulfinyl anion to cyclohexenone 
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The influence of the temperature may impact the formation of side-product 
I.95. The next step consisted in performing the reaction at -78 ºC without 
changes (Scheme II.109). 

 

 

 

 

 

 

 

 

 

At this point, we mainly observed the unreacted starting material and traces of 
a fluorinated product. We decided then to use a different base, t-BuOK, in 
combination with copper iodide or copper cyanide. With these conditions, the 
same previous result was obtained (Scheme II.110). 

 

As the tested conditions were not satisfying to add the masked difluoromethyl 
moiety to conjugated substrates, and since the pathway to form the 
difluorinated side-product remains unexplained, this strategy was discarded at 
this point. Future work may consist in evaluating other copper (I) sources, the 
stabilized CuBr.SMe

2 
for example, with different compatible bases. We could 

also think that the presence of the sulfoxide will interfere with the reaction 
due to a possible coordination to copper. The addition of a ligand may be 
efficient to overcome this coordination issue, and could even have a positive 
impact also on the diastereoselectivity of the reaction. In addition to that, 
using a phosphazene superbase, which generates a non-coordinating [P

4
t-

Bu/H]+ would also avoid a coordination between the sulfoxide and copper, or 
even t-BuO- and (TMS)

2
N- from the employed bases. Furthermore, performing 

Scheme II.110. Unsuccessful attempts of addition of difluoromethyl p-tolyl sulfinyl 
anion to α,β -unsaturated systems 
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Scheme II.109. Attempt of addition of difluoromethyl p-tolyl 
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analytical experiences to confirm the formation of the organocopper 
intermediate prior to the addition of the electrophile would be interesting.  
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E. Reactivity observations 
 

During the course of the project, we regularly observed side-reactions that 
limited the applications we contemplated for the difluoromethylation using 
difluoromethyl p-tolyl sulfoxide I.72d. Some side-products appeared regularly 
during nucleophilic additions. At this point, we carried out some experiments 
that could help us to elucidate the formation of these side-products and the 
reactivity of our compounds.  

The most common side-product was first observed during the Claisen-type 
condensation reactions performed to synthesize α-difluoro-β-ketosulfoxides 
(see section B, part c). After isolation and characterization, we were able to 
determine its structure, being difluoro(p-toluenesulfanyl)methyl sulfoxide I.95. 
We also observed it in several additions of the difluoromethyl p-tolyl sulfoxide 
anion to carbonyls along the project, as well as the bromination or silylation 
attempts.  

In analogy, we found in litterature the description of the sulfone analogue of 
this side-product described by Stahly348 when performing the nucleophilic 
addition of difluoromethyl phenyl sulfone to aldehydes. He noticed that the 
treatment of the difluoromethyl phenyl sulfone II.31 with standard conditions 
(Brönsted base) in absence of an electrophile led to the formation of 
difluoro(phenylsulfonyl)methyl phenyl sulfide II.113 (Scheme II.111).  

 

 

 

 

 

A mechanism was also proposed for the formation of this product (Scheme 
II.112).  

Scheme II.112. Proposed mechanism for the formation of side-products of difluoromethyl 
phenyl sulfone under basic conditions 
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Inspired by this description, and not being sure if it can be transposed the case 
of the corresponding sulfoxide, some experiments were performed in order to 
try to explain the formation of difluoro(p-toluenesulfanyl)methyl sulfoxide 
I.95. Enantiopure difluoromethyl p-tolyl sulfoxide I-(S

S
).72d in the most 

common reaction conditions: -30 ºC in THF using potassium tert-butoxide and 
P

4
t-Bu as a base (Scheme II.113). 

 

First of all, in almost all of these experiences, we observed the remaining 
presence of difluoromethyl p-tolyl sulfoxide I-(S

S
).72d, and its partial 

racemization. A part from variable amounts of unidentified side-products and 
from the latter starting sulfoxide, we observed by proton NMR a signal 
corresponding to another –CHF

2
 moiety. However, we were not able to isolate 

this compound. The corresponding signal of this compound is a triplet having 
a classical coupling value for the -CHF

2
 group, i.e. 55 Hz, at 6.7 ppm. In fluorine 

NMR, a signal was also detected at -91 ppm when this byproduct was observed. 

Scheme II.113. Evolution of enantioenriched difluoromethyl p-tolyl sulfoxide in the presence 
of a base and in the absence of an electrophile 
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In addition, the crude mixture analysis by UPLC-MS only revealed a major peak 
having the corresponding mass of difluoromethyl p-tolyl sulfoxide I-(S

S
).72d. 

Based on these observations, we supposed the side-product is the 
corresponding difluoromethyl sulfenic ester II.109. 

We also carried out experiments where only one equivalent of P
4
t-Bu was used 

to evaluate the effect on the enantiomeric ratio of difluoromethyl p-tolyl 
sulfoxide after 3 h at -30 ºC in one case and when allowing the medium to 
reach room temperature in the other case. The results are presented in Scheme 
II.114. 

 

Once again, we observed a partial racemization of the difluoromethyl p-tolyl 
sulfoxide. These observations are surprising as I-(S

S
).72d was proved to be 

stable in solution at room temperature. An additional analytical study is 
underway in our group, in collaboration with Dr. Nicolas Vanthuyne (ISM2 – 
UMR7313, Marseille) and his coworkers, in order to determine the inversion 
barriers of aryl difluoromethyl sulfoxides.  

Complementary analytical trials are currently being performed in the group, in 
collaboration of an analytical partner facility to determine rotational barriers 
and behavior of our difluoromethyl aryl sulfoxides. We are confident about 
these informations helping us to have a better understanding of the reactivity 
of these –CHF

2
 surrogates.  

As we mentioned on several occasions in this chapter, during a large number 
of experiments, we were able to observe the signals corresponding to the 
presumed sulfenic ester II.109, as well as the concomitant formation of 
difluoro(p-toluenesulfanyl)methyl sulfoxide I.95. If the side-product observed 
is indeed the difluoromethyl sulfenic ester, this species could be an 
intermediate in the formation of I.95 following the mechanism proposed in 
Scheme II.115, with formation of volatile formyl fluoride as driving force.  

  

Scheme II.114. Attempt of racemization of difluoromethyl p-tolyl sulfoxide using only one 
equivalent of superbase 
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However, the signals of the assumed sulfenic ester were not detected in all 
reactions were I.95 was formed. Consequently, this led us to imagine another 
possible mechanism, when a leaving group was present in the electrophile as in 
the case of Claisen-type condensations (Scheme II.116). 

 

This mechanism would consist in a Pummerer reaction, where the sulfoxide 
would be activated at the oxygen atom by the electrophile, leading after 
elimination of a carboxylate, to a α-difluorosulfenium, which would be 
attacked by another molecule of deprotonated sulfoxide I.72d. After loss of 
difluorocarbene, the usual byproduct I.95 would be generated. 

With these results and hypotheses in hand, we could partially explain some 
observations and difficulties encountered before. In fact, the transposition of 
the -CHF

2
 of the sulfoxide I.72d to give the sulfenic ester intermediate II.107 

could be in agreement with the fact that the best results for nucleophilic 

Scheme II.116. Second hypothetical mechanism of formation of difluoro(p-
toluenesulfanyl)methyl sulfoxide I.95 
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additions to carbonyls were obtained when the electrophile was in the medium 
with difluoromethyl p-tolyl sulfoxide I.72d and the base was added to the 
solution. The rapid reaction with the electrophile may prevent the 
transposition; accordingly, no signals corresponding to this intermediate were 
observed before. On the other hand, in the case of imines for which the attack 
of the deprotonated sulfoxide appears less efficient, the latter is now allowed 
to evolve into the difluoromethyl sulfenate II.109 into difluoro(p-
toluenesulfanyl)methyl sulfoxide I.95 that we observed regularly as a product 
of the reaction. Last, in the case of acyl chlorides and analogues as 
electrophiles, where I.95 is also observed, it is presently difficult to distinguish 
between the two possible mechanisms, namely the one involving the sulfenic 
ester vs the Pummerer reaction type, and both could actually take place in the 
same reaction medium.  

In analogy to our case, Kimura’s group studied the stability of enantiopure (R
S
)-

dichloromethyl p-tolyl sulfoxide after observing its racemization in the 
presence of KHMDS.349 In their case, they identified chloro(p-
tolylsulfinyl)methane as major side-product (Scheme II.117), but they do not 
observe a similar dichloro(p-toluenesulfanyl)methyl sulfoxide specie as in our 
case with the difluorinated analogue.  

 

 

 

 

 

 

 

Moreover, the addition (R
S
)-dichloromethyl p-tolyl sulfoxide onto styrene using 

the previous conditions with a longer reaction time led to a low formation of 
(2,2-dichlorocyclopropyl)benzene. The identification of byproducts obtained 
led the authors to propose a mechanism for the racemization of (R

S
)-

dichloromethyl p-tolyl sulfoxide in the presence of KHMDS (Scheme II.118). 

Scheme II.117. Experimental observations of the 
behaviour (R

S
)-dichloro p-tolyl sulfoxide in the presence 

of KHMDS 

CHCl2
S+

-O
KHMDS (1.2 equiv.)

THF
-78 ºC
10 min 52:48 d.r.

47%

S+
-O

S+
O-

Cl



Chapter II – Use of difluoromethyl sulfoxides a chiral and traceless auxiliaries to 
access enantioenriched difluoromethyl derivatives 

 231 

 

The findings of Kimura would support the fact that enantiopure dihalogenated 
p-tolyl sulfoxides are susceptible to racemization, in contrast to usual chiral 
non-racemic sulfoxides. Nevertheless, their proposed mechanism seems not 
appear to apply to difluoromethyl p-tolyl sulfoxide, as we did obtain different 
side-products in basic medium. Further experimental and computational 
studies would help in the elucidation of the racemization process of 
enantiopure difluoromethyl p-tolyl sulfoxides. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme II.118.Plausible mechanism of racemization of enantiopure dichloromethyl p-tolyl 
sulfoxide proposed by Kimura 
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F. Reformatsky-type reactions from 
bromodifluoromethyl sulfoxides 

 

As described in the first chapter, we aimed to synthesize difluorinated 
sulfoxide derivatives in order to try different transformations, complementary 
to the nucleophilic additions previously described.  

We were able to access a bromodifluoromethyl sulfoxide by electrophilic 
bromination of difluoromethyl p-tolyl sulfoxide with a moderate yield. The 
next step consisted then in using this new substrate with a model electrophile 
to evaluate its reactivity and further applications. The experiments were 
performed starting from the racemic derivative.  

In the past, the Reformatsky-type reaction of ethyl bromodifluoroacetate was 
used in our team to prepare ethyl difluoro (p-toluenesulfinyl)acetate in highly 
enantioenriched form from a diastereo- and enantiopure N-sulfinyl 
oxazolidinone by means of diethylzinc. We first transposed these reaction 
conditions to bromodifluoromethyl p-tolyl sulfoxide (Scheme II.119). As a 
model substrate, we chose benzaldehyde, which was previously used also as a 
model substrate for nucleophilic additions of difluoromethyl p-tolyl sulfoxide. 

 

Unfortunately, when using 2 or 4 equivalents of diethyl zinc, in the presence of 
an excess of benzaldehyde, either in DMF or THF as solvents, we mostly 
observed no conversion, or reduction of the bromodifluoromethyl p-tolyl 
sulfoxide into the corresponding difluoromethyl p-tolyl sulfoxide. Moreover, 
we also observed the addition of an ethyl chain to the sulfoxide, with loss of 
the difluoromethyl fragment, as well as the difluoromethyl p-tolyl sulfone 
II.115 in the specified relative proportions that were determined by proton and 
fluorine NMR. We then changed the order of addition of the reagents, by 
forming first the fluorinated organozinc intermediate and then adding it to the 
aldehyde. 

Scheme II.119. Reformatsky type reaction performed with bromodifluoromethyl p-tolyl 
sulfoxide 
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In a first experiment, as the reaction was not evolving in time towards the 
desired product, after 3 h 2 supplementary equivalents of diethylzinc were 
added to the medium (Scheme II.120).  

 

Unfortunately, this addition did not improve the reaction and the desired 
sulfinyl alcohol was not obtained. The same results were observed when the 
formation of the organozinc reagent was tried in a shorter time (5 minutes). 
We only were able to observe the formation of the alkylated sulfoxide as well 
as the reduction of the bromodifluro p-tolyl sulfoxide derivative, small amount 
of II.114 and other unidentified side-products in a complex mixture. 

We performed the reaction in the presence of a catalytic amount of Wilkinson’s 
catalyst, which is used in the Honda-Reformatsky-type reactions and has been 
used, among others, for the synthesis of α-difluoro-β-amino acids by Poisson 
and Linclau.183 Unfortunately, these conditions only led to the reduction or 
alkylation of our substrate as in the previous conditions. On another attempt 
to perform this addition to benzaldehyde, we used pre-activated zinc powder, 
in order to avoid the alkylation and removal of the fluorine atoms in the 
molecule. However, a large amount of the starting material was recovered and 
the substrate that reacted was only reduced to the difluoromethyl p-tolyl 
sulfoxide. Recently, Konno and coworkers reported an efficient way to perform 
the zinc insertion in a CF

2
-Br bond in alkene derivatives. Indeed, he used a 

zinc-silver couple Zn(Ag) instead of silver powder, which led to excellent 
results as the insertion took place very smoothly.350 We prepared the Zn(Ag) 
couple and performed the reaction by replacing zinc powder with it.  This time, 
we only observed an increased amount of reduced sulfoxide formed and 
remaing starting material, but still no addition to the aldehyde (Scheme 
II.121). 

 

Scheme II.120. Reformatsky type reactions using diethyl zinc and bromodifluoromethyl 
p-tolyl sulfoxide 
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Regrettably, we were not able to obtain the corresponding sulfinyl alcohol 
under these conditions, and once again only bromodifluoromethyl p-tolyl 
sulfoxide I.92, difluoromethyl p-tolyl sulfoxide I.72d and ethyl p-tolyl sulfoxide 
II.115 were observed. As the zinc derivatives were not efficient for this 
transformation, we tried indium as an alternative metal source for the 
Reformatsky-type reactions.184 We first performed a reference test to confirm 
the addition of difluoroacetate to benzaldehyde in the presence of indium 
when using commercially available ethyl bromodifluoroacetate (Scheme 
II.122). 

 

 

 

  

 

 

After validation of these conditions, we applied them to bromodifluoromethyl 
p-tolyl sulfoxide in DMF and THF. We performed the addition on ethyl 
glyoxalate and benzaldehyde. In one case, the mixture was sonicated (Scheme 
II.123).  
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Scheme II.122. Validation of an indium mediated difluoromethylation 
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Unfortunately, we observed the same products as before, namely the reduced 
difluoromethyl p-tolyl sulfoxide I.72d and the starting material I.92. In view of 
these results, this strategy was discarded. In the previous reactions, we could 
notice an apparent lack of reactivity of the organometallic specie resulting 
from bromodifluoromethyl p-tolyl sulfoxide towards a model electrophile. 
However, it would be interesting to verify the efficiency of the insertion of the 
metals tested, namely zinc and indium, into bromodifluoromethyl p-tolyl 
sulfoxide. 

Complementary studies may consist in the synthesis of organomagnesium 
reagents derived from I.88 that could be more reactive than the organozinc or 
organoindium species prepared in the course of this project.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme II.123. Indium-mediated Reformatsky type reactions  
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G.  Summary and conclusion 
 

In the course of this project, we aimed to develop an efficient method to 
synthesize highly optically pure derivatives by means of the use of chiral aryl 
difluoromethyl sulfoxides.  

As described in the first chapter, a gram-scalable and efficient synthetic 
pathway to obtain enantiopure difluoromethyl sulfoxides was developed and 
its use in nucleophilic additions to electrophiles was studied. We wished to use 
this strong chiral inductor in order to obtain a range of diastereoenriched 
derivatives from carbonyls, imines, nitrones and α,β-unstaturated derivatives.  

First of all, inspired by previous work performed within the research team, we 
studied the condensation of difluoromethyl p-tolyl sulfoxide onto aldehydes 
and ketones. Results described in the group for this reaction in the presence of 
a phosphazene superbase revealed excellent diastereoselectivities. A 
hypothetical mechanism was proposed; involving a kinetic resolution 
explaining how high diastereomerically enriched α-difluoromethyl-β-sulfinyl 
alcohols were obtained. However during the course of the project some 
interrogations were raised regarding this kinetic resolution. To shed the light 
on the mechanism of this resolution, a ca. 1:1 mixture of diastereomers of α-
difluoro-β-sulfinyl alcohol II.91a was submitted to various basic conditions. In 
all experiments involving P

4
t-Bu as the base, a variation of the d.r. was 

observed, but to varying amplitudes depending on the conditions. These 
experiments did not allow us to distinguish between two mechanisms, namely 
a second deprotonation by the superbase vs spontaneous elimination of 
fluoride, leading in both cases to the same outcome, being the formation of the 
α−monofluoro-β-ketosulfoxide byproduct and formal release of HF. 

Nevertheless, it was of great interest to apply this condensation strategy in 
order to access difluoromethylated building blocks of pharmaceutical interest. 
A selected serie of N-heterocyclic ketones and aldehydes were studied as 
substrates in order to synthesize their corresponding difluoromethyl alcohols. 
We successfully synthesized difluoromethylated 4-, 5- and 6-membered 
saturated N-heterocycles as well as thiazole derivatives that were used for 
further functionalization. Details of these aspects will be described in chapter 
III.  

On another hand, we decided to screen some electrophiles that could be 
involved in difluoromethylation reactions with difluoromethyl p-tolyl sulfoxide 
I.72d. Model imines, nitrones and α,β-unstaturated systems were tested. 
Concerning imines, satistfying results were obtained in the case of tosylated 
imines, as they led, despite a limited diastereoselectivity of the reaction, to 
diastereomerically pure difluoromethylated N-sulfinylamines after separation 
of diastereomers. The suitable derivatives from imino acetate could not be 
obtained, and nitrones and α,β-unstaturated did not give the corresponding 
products as expected (Scheme II.124). 
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A second strategy allowing the access to highly enantioenriched α-difluoro-β-
sulfinyl alcohols was the use of their corresponding α-difluoro-β-
ketosulfoxides and performing a stereoselective reduction. We decided to 
study this strategy by first focusing on developing an efficient synthesis of α-
difluoro-β-ketosulfoxides. Previously in the group, their preparation was 
performed by oxidation of a mixture of the two diastereoisomers of 
difluoromethyl sulfinyl alcohols. We tried to prepare them in a more direct way 
by performing a Claisen-type condensation of difluoromethyl p-tolyl sulfoxide 
onto ester equivalents. Unfortunately, the results were not as efficient as we 
expected. We performed then the difluorination of enantiopure β-
ketosulfoxides. Once again, we encountered some issues, as a cleavage of a C-C 
bond took place, probably by a retro-Claisen reaction, leading to enantiopure 
difluoromethyl p-tolyl sulfoxide I-(S

S
).72d. Nevertheless, then the obtained α-

difluoro-β-ketosulfoxides where selectively reduced with DIBAL-H and we were 
able to obtain a range of derivatives of high optical purity. It is noteworthy that 
this method is complementary to the condensation of difluoromethyl p-tolyl 
sulfoxides onto carbonyls, which led to α−difluoro-β-sulfinyl alcohols of syn 
configuration, whereas the selective reduction of α-difluoro-β-ketosulfoxides 
affords the anti products. We were also able to functionalize a model α-
difluoro-β-ketosulfoxide into α-difluoro-β-ketoximes, their selective reduction 
remaining non conclusive for the moment (Scheme II.125). 

 

 

 

 

 

 

 

 

Scheme II.124. Difluoromethylation strategy by condensation of difluoromethyl p-tolyl 
sulfoxide onto electrophiles 
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Finally, in the first chapter, we described the successful synthesis of 
bromodifluoromethyl p-tolyl sulfoxide. This derivative was engaged in 
Reformatsky type reactions mediated by zinc and indium. Unfortunately, its 
reactivity was very limited towards model electrophiles and the formation of 
side-products was recurrent (Scheme II.126). More experiments should be 
carried out to assess the usefulness of bromodifluoromethyl p-tolyl sulfoxide. 

 

During the course of this project, we were able to notice regularly the 
formation of side-products, specially difluoro(p-toluenesulfanyl)methyl 
sulfoxide I.95 that was isolated and characterized. Trying to explain its 
formation led us to perform a series of experiments on the possible 
decomposition or racemization of difluoromethyl p-tolyl sulfoxide. 
Hypothetical mechanisms were proposed based on experimental observations, 
however we are not yet able to confirm the exact course of the reaction. The 
determination of the rotational barrier of enantiopure difluoromethyl p-tolyl 
sulfoxide as well as the determination of its pKa are currently underway in the 
group in order to bring more elements that could elucidate the mechanisms 
involved in the reactions that were performed and showed interesting but still 
unexplained results. 

In the next chapter, the use of the diverse compounds that could be 
synthesized starting from difluoromethyl p-tolyl sulfoxide will be described. 
Our first aim after synthesizing a range of difluoromethanesulfinyl derivatives 

Scheme II.125. Study of α -difluoro-β -ketosulfoxides 
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consisted in studying the removal of the chiral auxiliary, then performing 
transformations of the different functional groups present in the molecules. 
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H.  Experimental part 
 

a. Synthesis of α -difluoro-β -sulfinyl alcohols 

The diastereomeric ratios of the products were determined by 19F NMR. 

1. First strategy: Condensation of difluoromethyl 
p-tolyl sulfoxide onto carbonyl derivatives 

 

General procedure 1a : use of t-BuOK 

	

In a reaction tube under argon were dissolved difluoromethyl p-tolyl sulfoxide 
I.57d (1 equiv., 50 mg, 0.26 mmol) and the carbonyl derivative (1 equiv., 0.53 
mmol) in 1 mL of the appropriate anhydrous solvent (THF or DMF). The 
mixture was stirred at –30 °C for 5 minutes. Potassium tert-butoxide (2 equiv., 
60 mg, 0.53 mmol) previously suspended or solubilised in 1 mL of the same 
anhydrous solvent was added dropwise to the previous solution. The reaction 
mixture was stirred at –30 °C for 40 minutes, then quenched with water at –30 
°C. The aqueous layer was extracted three times with diethyl ether. The 
combined organic layers were washed with a saturated solution of ammonium 
chloride and with brine, dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure. 

General procedure 1b : Use of KHMDS  

To a solution of difluoromethyl p-tolyl sulfoxide I.57d (1 equiv., 750 mg, 3.94 
mmol) and the carbonyl derivative (2 equiv., 3.94 mmol) in 12 mL of anhydrous 
THF (Tetrahydrofuran) (2 ml) at -30 °C, was added very quickly a commercial 
solution of potassium bis(trimethylsilyl)amide (15.8 mL, 7.89 mmol, 0.5 M in 
hexane). The mixture was stirred for 3 h at -30 °C. A saturated solution of 
ammonium chloride was added to the mixture. The aqueous phase was 
extracted three times with diethyl ether. The combined organic layers were 
washed with brine, dried over sodium sulfate and concentrated in vacuo. 

General procedure 1c : use of P
4
t-Bu 

Hexane was removed under vacuum from 0.2 mL of the commercially 
available solution of superbase P4t-Bu (0.8 M in hexane, 2 equiv., 0.2 mL, 
160 µmol). The solid obtained was dissolved in 0.7 mL of freshly distilled 
THF (or another solvent for tests) previously cooled to –30 °C. To a solution 
of α,α-difluoromethyl p-tolyl sulfoxide I.57d (1 equiv., 15 mg, 0.080 mmol) 
and carbonyl derivative (1 equiv., 0.079 mmol) dissolved in 1.8 mL of 
freshly distilled THF (or another solvent for tests) at –30 °C was added 
dropwise the previous solution of P

4
t-Bu in THF (or another solvent for 

tests). The reaction mixture was stirred at –30 °C for 2 h, then quenched 
with water at this temperature. The aqueous layer was extracted three 
times with diethyl ether. The combined organic layers were washed with 
brine, dried over anhydrous sodium sulfate, filtered and concentrated 
under reduced pressure. 
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tert-Butyl-3-(difluoro(p-tolylsulfinyl)methyl)-3-hydroxyazetidine-1-
carboxylate II.91r 

Prepared by general procedure 1b. The crude mixture 
was purified by silica gel flash chromatography using a 
n-heptane:ethyl acetate gradient (from pure heptane to 
pure ethyl acetate). 22% yield. Yellow oil. 1H NMR (600 
MHz, DMSO, 373 K) δ (ppm) 7.65 (d, J = 7.9 Hz, 2H), 7.47 
(d, J = 7.7 Hz, 2H), 4.23 (d, J = 10.1 Hz, 1H), 3.88 (d, J = 

10.2 Hz, 1H), 3.81 – 3.67 (m, 2H), 3.07 (s, 9H), 2.43 (s, 3H). 19F NMR (565 MHz, 
DMSO, 373 K) δ (ppm) –118.62 (ABX system, J

AB 
= J

F-F
 = 222.9 Hz, Δν

AB 
= 1534 Hz, 

2F). 13C NMR (126 MHz, CDCl
3
) δ (ppm) 144.4, 130.4, 126.4, 122.3, 80.5, 72.8, 

58.1, 28.4, 21.8. HRMS (ESI) m/z calculated for [C
16

H
21

F
2
NNaO

4
S]+: 384.1052, 

found: 384.1061. IR (cm-1) 2973, 2322, 1707, 1673, 1399, 1258, 1052, 800.  

tert-Butyl-3-(difluoro(p-tolylsulfinyl)methyl)-3-hydroxypyrrolidine-1-
carboxylate II.91p 

Prepared by general procedure 1b. The crude mixture 
was purified by silica gel flash chromatography using a 
n-heptane:ethyl acetate gradient (from pure heptane to 
pure ethyl acetate). 57% yield. 48:52 d.r. Yellow oil. The 
diastereomeric ratio and the enantiomeric excess of the 
product were determined by HPLC using a Chiracel IC 

column (n-hexane/i-PrOH= 80/20, flow rate 0.5 mL/min, λ = 204 nm, τ = 19.1 
min, 21.2 min, 23.4 min, 30.9 min). 1H NMR (500 MHz, CDCl

3
) δ (ppm) 7.61 (d, J 

= 7.6 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 4.74 (s, 0H), 3.75 – 3.46 (m, 2H), 2.43 (s, 
1H), 2.32 – 2.03 (m, 1H), 1.43 (s, 3H). 19F NMR (376 MHz, CDCl

3
) δ (ppm) First 

diastereomer: –112.04 (ABX system, J
AB 

= J
F-F

 = 224 Hz, Δν
AB 

= 2783 Hz, 2F). 
Second diastereomer: –112.94 (ABX system, J

AB 
= J

F-F
 = 224 Hz, J

BX
 = J

H-F
 = 41.8 

Hz, Δν
AB 

= 3445 Hz, 2F). 13C NMR (126 MHz, CDCl
3
) δ (ppm) 143.8, 132.5, 120.0, 

126.8, 80.1, 54.2 (d, J= 25.7 Hz), 44.95, 44.35, 33.28 (d, J = 15.2 Hz), 28.55, 
28.48, 21.71. HRMS (ESI) m/z calculated for [C

17
H

23
F

2
NNaO

4
S]+: 398.1208, found: 

398.1235. IR (cm-1) 2973, 2322, 1707, 1673, 1399, 1258, 1052, 800.  

tert-Butyl-4-(difluoro(p-tolylsulfinyl)methyl)-4-hydroxypiperidine-1-
carboxylate II.91u 

Prepared by general procedure 1b. The crude mixture 
was purified by silica gel flash chromatography using a 
n-heptane:ethyl acetate gradient (from pure heptane to 
30:70). 45% yield. Yellow oil. 1H NMR (400 MHz, DMSO, 
373K) δ (ppm) 7.19 (d, J = 7.8 Hz, 2H), 7.01 (d, J = 7.9 

Hz, 2H), 3.43 (dd, J = 13.1, 3.3 Hz, 2H), 2.65 (t, J = 12.6 Hz, 2H), 1.60 (d, J = 14.3 
Hz, 1H), 1.26 (m, 3H), 1.00 (s, 9H). 19F NMR (282 MHz, CDCl

3
) δ (ppm) -108.73 

(app. dd, J = 221.3, 102.6 Hz, 1F), -122.09 (app. d, J = 221.6 Hz, 1F). 13C NMR 
(101 MHz, CDCl

3
) δ (ppm) 143.9, 130.1, 126.8, 79.9, 74.8 (t, J = 22.1 Hz), 38.5, 

31.4, 30.2, 28.6, 21.7. HRMS (ESI) m/z calculated for [C
18

H
25

F
2
NNaO

4
S]+: 

412.1365, found: 412.1358. IR (cm-1) 3373, 2976, 1694, 1670, 1477, 1426, 
1367, 1251, 1166, 1086, 1052, 812. 
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tert-Butyl-3-(difluoro(p-tolylsulfinyl)methyl)-3-(4-nitrophenoxy)piperidine-1-
carboxylate II.91v 

Prepared by general procedure 1b. The crude mixture 
was purified by silica gel flash chromatography using a 
n-heptane:ethyl acetate gradient (from pure heptane to 
30:70). 38%. Yellow oil. 1H NMR (600 MHz, DMSO, 373 
K) δ 7.62 (d, J = 7.9 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 4.28 

(d, J = 13.7 Hz, 0.4H), 3.80 (d, J = 13.4 Hz, 0.4H), 3.78 – 3.68 (m, 1.6H), 2.98 – 
2.78 (m, 0.6H), 3.07 (s, 2H), 2.08 (d, J = 13.9 Hz, 1H), 1.92 (dd, J = 17.3, 7.9 Hz, 
1H), 1.82 – 1.67 (m, 2H), 1.57 – 1.48 (m, 1H), 1.40 (s, 9H). 19F NMR (565 MHz, 
DMSO, 373 K) δ (ppm) -108.93 (app. d, J = 219.6 Hz, 0.6F), -109.94 (app. d, J = 
220.8 Hz, 0.4F), -119.94 (app. d, J = 220.4 Hz, 1F). 13C NMR (101 MHz, CDCl

3
) δ 

143.6, 129.9, 126.9, 80.62, 74.6 (dd, J = 22.1, 19.2 Hz), 28.6, 28.5, 21.7. HRMS 
(ESI) m/z calculated for [C

18
H

25
F

2
NNaO

4
S]+: 412.1365, found: 412.1340. IR (cm-1) 

3388, 2976, 2934, 1673, 1427, 1366, 1280, 1160, 1111, 809.  

 
2,2-Difluoro-1-(thiazol-4-yl)-2-(p-tolylsulfinyl)-ethan-1-ol II.91q 

Prepared by general procedure 1a and 1b. The crude 
mixture was purified by silica gel flash chromatography 
using a n-heptane:ethyl acetate gradient (from pure 
heptane to pure ethyl acetate). 47 % yield. Dark yellow oil. 
When using procedure 1a, 28:72 d.r., when using 
procedure 1b, 64:36 d.r. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 

First diastereomer 8.85 (d, J = 2.0 Hz, 1H), 7.66 (d, J = 8.1 Hz, 2H), 7.53 (d, J = 
2.0 Hz, 1H), 7.38 (d, J = 8.1 Hz, 2H), 5.37 (dd, J = 15.3, 8.2 Hz, 1H), 2.44 (s, 3H), 
Second diastereomer 8.83 (d, J = 2.0 Hz, 1H), 7.69 (d, J = 8.1 Hz, 2H), 7.48 (d, J 
= 2.0 Hz, 1H), 7.38 (d, J = 8.1 Hz, 2H), 5.60 (d, J = 21.7, 1H), 2.45 (s, 0.81H). 19F 
NMR (282 MHz, CDCl

3
) δ (ppm) First diastereomer –115.1 (ABX system, J

AB 
= J

F-F
 

= 219.5 Hz, Δν
AB 

= 2190 Hz, 2F), Second diastereomer –115.2 (ABX system, J
AB 

= 
J

F-F
 = 224.6 Hz, Δν

AB 
= 1281 Hz, 2F). 13C NMR (126 MHz, CDCl

3
) δ 153.2, 150.6, 

143.7, 141.7, 130.1, 129.8, 126.5, 126.5, 125.5, 118.0, 68.3, 29.9, 21.5. IR (cm-1) 
3290, 2921, 1597, 1406, 1194, 1114, 1086, 991, 809, 521, 450. HRMS (ESI) m/z 
calculated for [C

12
H

12
F

2
NO

2
S

2
]+: 304.0272, found: 304.0282. 

3-(Benzyloxy)-1,1-difluoro-1-(p-tolylsulfinyl)propan-2-ol II.91s 

Prepared by general procedure 1b. The crude 
mixture was purified by silica gel flash 
chromatography using a n-heptane:ethyl acetate as 
gradient (from pure heptane to pure ethyl acetate). 
10% yield. Yellow oil. 1H NMR (400 MHz, CDCl

3
) δ 

7.65 (d, J = 7.9 Hz, 2H), 7.62 (d, J = 8.0 Hz, 7H), 4.85 
– 4.44 (m, 2H), 3.89 – 3.73 (m, 2H), 3.31 (d, J = 6.5 Hz, 0.6H), 2.95 (d, J = 5.1 Hz, 
0.4H), 2.45 (s, 3H). 19F NMR (282 MHz, CDCl

3
) δ (ppm) First diastereomer –114.1 

(ABX system, J
AB 

= J
F-F

 = 227.4 Hz, Δν
AB 

= 2363 Hz, 2F), Second diastereomer –
116.2 (ABX system, J

AB 
= J

F-F
 = 225.1 Hz, Δν

AB 
= 241 Hz, 2F). 13C NMR (101 MHz, 

CDCl
3
) δ 143.4, 137.3, 131.6, 130.1, 129.3, 127.5, 126.3, 73.9, 68.1, 67.6, 21.4. 

IR (cm-1) 1258, 1096, 1025, 800. HRMS (ESI) m/z calculated for [C
17

H
18

F
2
NaO

3
S]+: 

363.0837, found: 363.0849. 
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tert-Butyl-((2R)-1-(aryl)-4,4-difluoro-3-hydroxy-4-(p-tolylsulfinyl)butan-2-
yl)(methyl)carbamate II.91y 

Prepared by general procedure 1b. The crude mixture 
was purified by silica gel flash chromatography using 
a n-heptane:ethyl acetate gradient (from pure heptane 
to 20:80). 17% yield. Yellow oil. 49:51 d.r. Due to 
confidentiality reasons, aromatic substituents are not 
disclosed. 1H NMR (300 MHz, CDCl

3
) δ (ppm) 4.73 (app. 

d, J = 27.4 Hz, 1H), 3.45 (d, J
 
= 12.0 Hz, 1H), 2.90 (d, J 

= 10.9 Hz, 1H), 2.46 (s, 3H), 2.42 (s, 3H, 1.45 (s, 9H). 19F NMR (282 MHz, CDCl
3
) 

δ -117.76 (app. d, J = 121.0 Hz, 2F). 13C NMR (126 MHz, CDCl
3
) δ 163.0 (d, J = 

11.7 Hz), 162.4 (d, J = 11.8 Hz), 161.1 (d, J = 11.9 Hz), 160.4 (d, J = 11.8 Hz), 
157.1, 143.9, 143.4, 132.7, 132.6, 132.3 (t, J = 8 Hz), 130.2, 129.9, 129.93, 
129.6, 126.8, 123.10, 121.6, 111.4, 103.7, 28.4, 21.4. HRMS (ESI) m/z calculated 
for [C

23
H

27
F

4
NNaO

4
S]+: 512.1489, found: 512.1481. 

tert-Butyl-((2R)-4,4-difluoro-3-hydroxy-1-phenyl-4-(p-tolylsulfinyl)butan-2 
-yl)carbamate II.91x 

Prepared by general procedure 1b. The crude mixture 
was purified by silica gel flash chromatography using a 
n-heptane:ethyl acetate gradient (from pure heptane to 
pure ethyl acetate). 25% yield. Yellow oil. Mixture of 4 
diastereomers, 51:49 d.r. and 43:57 e.r. 1H NMR (400 
MHz, CDCl

3
) δ 7.79 – 7.54 (m, 3H), 7.47 – 7.25 (m, 6H), 

5.66 – 5.18 (m, 1H), 5.16 – 4.96 (m, 1.5H), 4.83 (d, J = 8.2 
Hz, 0.5H), 4.64 (d, J = 24.4 Hz, 0.5H), 4.34 (dd, J = 22.4, 6.0 Hz, 0.5H), 4.25 – 
4.01 (m, 2H), 3.16 – 2.84 (m, 1H), 2.49 (s, 3H), 1.43 (m, 9H). 19F NMR (282 MHz, 
CDCl

3
) First diastereomer, δ (ppm) –113 (ABX system, J

AB 
= J

F-F
 = 222.6 Hz, 

Δν
AB 

= 2566 Hz, 2F); Second diastereomer, δ (ppm) –113.6 (ABX system, J
AB 

= J
F-

F
= 225.4 Hz, Δν

AB 
= 2401 Hz, 2F); Third diastereomer, δ (ppm) –115.3 (ABX 

system, J
AB 

= J
F-F

= 224.9 Hz, Δν
AB 

= 974 Hz, 2F); Fourth diastereomer, δ (ppm) –
115.1 (ABX system, J

AB 
= J

F-F
= 220.0 Hz, Δν

AB 
= 481 Hz, 2F). 13C NMR (101 MHz, 

CDCl
3
) δ (ppm) 143.6, 137.5, 130.1, 130.0, 129.82, 129.5, 128.7, 126.7, 126.5, 

126.1, 70.3, 68.1, 53.9, 51.8, 37.6, 28.4, 21.8. IR (cm-1) 3332, 2978, 1693, 1496, 
1393, 1367, 1168, 1087, 1046, 811, 757, 701. HRMS (ESI): m/z calculated for 
[C

22
H

27
F

2
NNaO

4
S]+: 462.1521, found: 462.1521. 

(3S)-3-(Dibenzylamino)-1,1-difluoro-1-(p-tolylsulfinyl)butan-2-ol II.91w 

Prepared by general procedure 1b. The crude mixture 
was purified by silica gel flash chromatography using a 
n-heptane:ethyl acetate gradient (from pure heptane to 
30:70). 81% yield. Yellow oil. 50:50 d.r. 1H NMR (300 
MHz, CDCl

3
) δ 7.59 (d, J = 7.9 Hz, 2H), 7.43 – 7.28 (m, 

12H), 3.87 (t, J = 13.2 Hz, 2H), 3.74 – 3.57 (m, 2H), 3.50 (d, J = 14.4 Hz, 0.6H), 
3.27 (d, J = 14.6 Hz, 0.4H), 2.85 – 2.62 (m, 1H), 2.43 (s, 3H), 1.32 (m, 3H). 19F 
NMR (282 MHz, CDCl

3
) First diastereomer, δ (ppm) –112.7 (ABX system, J

AB 
= J

F-

F
 = 223.6 Hz, Δν

AB 
= 3836 Hz, 2F); Second diastereomer, δ (ppm) –113.8 (ABX 

system, J
AB 

= J
F-F

= 220.7 Hz, Δν
AB 

= 3373 Hz, 2F). 13C NMR (126 MHz, CDCl
3
) δ 

143.1 (d, J= 2.8 Hz), 138.3, 138.0, 129.6, 129.4 (d, J = 4.4 Hz), 128.9, 128.5 (d, J 
= 2.4 Hz), 128.4, 127.5 (d, J = 3.4 Hz), 126.8 (d, J = 2.1 Hz), 126.8, 74.5 (ddd, J = 
33.9, 22.7, 19.6 Hz), 58.67, 59.66, 57.85, 56.32, 21.58. IR (cm-1) 3388, 3032, 

S+
O-

FF

OH
NHBoc
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2798, 1495, 1455, 1084, 976, 812, 745, 700. HRMS (ESI) m/z calculated for 
[C

25
H

28
F

2
NO

2
S]+: 444.1803, found: 444.1800. 

1-(difluoro(p-tolylsulfinyl)methyl)cyclohex-2-en-1-ol II.111 

In a reaction tube under argon were dissolved 
difluoromethyl p-tolyl sulfoxide I.72d (1 equiv., 30 mg, 
0.16 mmol), cyclohexenone (1 equiv., 0.03 mL, 0.16 mmol) 
in 1 mL of THF. The mixture was stirred at –30 °C for 10 
minutes. In the meanwhile, to a solution of distilled 
HMDS (2 equiv., 0.07 mL, 0.32 mmol) in 1.5 mL of dry THF 

at –78 °C was added dropwise butyllithium (2 equiv., 1.54 M, 0.21 mL, 0.32 
mmol). This solution was stirred at –30 °C for 20 minutes. The mixture was 
added dropwise to the previous solution. The reaction mixture was stirred 
at –30 °C for 2 h. A saturated solution of ammonium chloride was added to 
the mixture. The aqueous phase was extracted three times with diethyl ether. 
The combined organic layers were washed with brine, dried over sodium 
sulfate and concentrated in vacuo. The crude mixture was purified by silica gel 
flash chromatography using a cyclohexane:ethyl acetate gradient (from pure 
cyclohexane to 30:70). 38% yield. 52:48 d.r. Colorless oil. 1H NMR (500 MHz, 
CDCl

3
) δ 7.63 (d, J = 7.9 Hz, 2H), 7.37 (dd, J = 8.3, 3.0 Hz, 2H), 6.21 (ddd, J = 

10.2, 4.7, 3.0 Hz, 0.54H), 6.15 (ddd, J = 10.2, 5.0, 2.6 Hz, 0.46H), 6.01 – 5.94 (m, 
1H), 3.33 (d, J = 34.1 Hz, 1H), 2.44 (d, J = 1.3 Hz, 3H), 2.19 – 2.00 (m, 4H), 1.85 – 
1.74 (m, 2H). 19F NMR (471 MHz, CDCl

3
) δ (ppm) First diastereomer –113,4 (ABX 

system, J
AB 

= J
F-F

 = 219.1 Hz, Δν
AB 

= 5965 Hz, 2F). Second diastereomer –113.3 
(ABX system, J

AB 
= J

F-F
 = 221.5 Hz, Δν

AB 
= 5351 Hz, 2F). 13C NMR (126 MHz, CDCl

3
) 

δ 143.6 (d, J = 10.5 Hz), 136.3, 120.0, 126.8, 124.0 (dt, J = 43.2, 3.1 Hz), 73.9 
(dd, J = 20.0, 3.2 Hz), 37.5, 30.8, 29.9, 24.6, 24.2, 21.8, 17.7, 17.5. HRMS (ESI) 
m/z calculated for [C

14
H

17
F

2
O

2
S]+: 287.0912, found: 287.0895. 

 

2. Second strategy – Diastereoselective reduction of 
α-difluoro-β-ketosulfoxides 

 

b. Synthesis of α -difluoro-β -ketosulfoxides 

 

General procedure 2a. 

Use of PDC as oxidizing agent 

4 Å molecular sieves and PDC (1.5 equiv.) were added to a solution of the 
corresponding α-difluoro-β-sulfinyl alcohol II-(S

S
).91a or II-(S

S
).91d  (1 equiv.) in 

anhydrous CH
2
Cl

2
. The resulting suspension was stirred at room temperature 

for 43 h. Diethyl ether and water were added to the reaction mixture that was 
then filtered. The aqueous phase was extracted three times with diethyl ether. 
The combined organic layers were washed with brine, dried over anhydrous 
sodium sulfate, filtered and concentrated under reduced pressure. 

 

 

S+
O-

FF

HO

II.111
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(S)-2,2-Difluoro-1-phenyl-2-(p-toluenesulfinyl)ethan-1-one I-(S
S,
S).103a 

The crude was purified by chromatography on silica gel 
with a cyclohexane:ethyl acetate gradient (from pure 
cyclohexane to 50:50). Quantitative yield. 1H NMR (500 
MHz, CDCl

3
) δ (ppm) 8.01 (dd, J = 1.1 Hz, 8.6 Hz, 2H), 

7.67 (tt, J = 1.2 Hz, 7.5 Hz, 1H), 7.56-7.48 (m, 4H), 7.31 (d, 
J = 7.9 Hz, 2H), 2.42 (s, 3H). 19F NMR (471 MHz, CDCl

3
) δ 

(ppm) –103.7 (AB system, J
AB

 = J
F-F

 = 237.7 Hz, Δν
AB 

= 1223.8 Hz, 2F). 13C NMR 
(126 MHz, CDCl

3
) δ (ppm) 185.5 (t, J = 22.7 Hz), 144.1, 135.3, 132.8, 132.5, 

130.7, 130.2, 129.0, 126.4, 21.8. IR (cm-1) 2924, 1694, 1597, 1493, 1450, 1274, 
1142, 1090, 1067, 974, 810. HRMS (ESI) calculated for [C

15
H

13
F

2
O

2
S]: 295.0598, 

found: 295.0584. 

 (S)-2,2-Difluoro-1-(4-methoxyphenyl)-2-(p-toluenesulfinyl)-ethan-1-one I-
(S

S,
S).103d 

The crude was purified by chromatography on silica 
gel with a cyclohexane:ethyl acetate gradient (from 
pure cyclohexame to 80 :20). 89% yield. 1H NMR (500 
MHz, CDCl

3
) δ (ppm) 8.02 (d, J = 8.8 Hz, 2H), 7.53 (d, J 

= 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 6.96 (d, J = 8.8 
Hz, 2H), 3.90 (s, 3H), 2.42 (s, 3H). 19F NMR (471 MHz, 
CDCl

3
) δ (ppm) –104.9 (AB system, J

AB
 = J

F-F
 = 235.8 Hz, 

Δν
AB 

= 1385 Hz, 2F). 13C NMR (126 MHz, CDCl
3
) δ (ppm) 183.3, 165.4, 143.9, 

133.4, 132.9, 130.1, 126.3, 114.2, 55.8, 21.8. IR (cm-1) 2924, 1694, 1597, 1493, 
1450, 1274, 1142, 1090, 1067, 974, 810. HRMS (ESI) calculated for [C

15
H

13
F

2
O

2
S]: 

295.0598, found: 295.0584. IR (cm-1) 1684, 1598, 1269, 1147, 603. HRMS (ESI) 
calcd for C

16
H

14
F

2
O

3
SK: 363.0263, found: 363.0253.  

 

General procedure 2b. 

Use of DMP as oxidizing agent  

DMP (1.2 equiv., 565 mg, 0.41 mL, 1.33 mmol) was added to a solution of α-
difluoro-β-sulfinyl alcohol II-(S

S
).91f (1 equiv., 330 mg, 1.11 mmol) 21a-6 and 

NaHCO
3 
(4 equiv., 373 mg, 4.44 mmol) in 8 mL of anhydrous CH

2
Cl

2 
at 25 ºC. 

The mixture was stirred for 30 min. A saturated solution of NaHCO
3
 was added 

to the reaction mixture. The aqueous phase was extracted three times with 
diethyl ether. The combined organic layers were washed with brine, dried over 
anhydrous sodium sulfate, filtered and concentrated under reduced pressure.  

(S)-2,2-Difluoro-1-(3-pyridinyl)-2-(p-toluenesulfinyl)-ethan-1-one I-(S
S
).103c 

The crude was purified by chromatography on demetalled 
silica gel with a cyclohexane :ethyl acetate gradient (100 :0 
to 20 :80). 87% yield. 1H NMR (500 MHz, CDCl

3
) δ (ppm) 

9.12 (dd, J = 2.3, 1.0 Hz, 1H), 8.84 (dd, J = 4.9, 1.7 Hz, 1H), 
8.31 (dq, J = 9.0, 1.9 Hz, 1H), 7.55 – 7.49 (m, 2H), 7.45 
(ddd, J = 8.1, 4.8, 0.9 Hz, 1H), 7.36 – 7.30 (m, 2H), 2.42 (s, 

3H). 19F NMR (471 MHz, CDCl
3
) δ (ppm) –104.3 (AB system, J

AB
 = J

F-F
 = 238.4 Hz, 

Δν
AB 

= 1907,6 Hz, 2F).13C NMR (126 MHz, CDCl
3
) δ (ppm) 185.1 (t, J = 24.6 Hz), 

154.9, 151.5, 144.4, 138.0, 132.3, 130.3, 129.8, 128.6, 126.1, 123.6, 21.8. IR 

F F

O
S+
O-

I-(SS).103a

O

F F

S+
O-

OMe

I-(SS).103d

O

F F

S+
O-

N

I-(SS).103c
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(cm-1) 1699, 1585, 1140, 1089, 810, 700, 515. HRMS (ESI) calcd for 
C

14
H

11
F

2
O

2
SNNa: 318.0371, found: 318.0360. 

General procedure 2c.  

To a solution of difluoromethyl p-tolyl sulfoxide I.72d (1 equiv., 15 mg, 0.0789 
mmol) and benzoyl chloride (1 equiv., 0.009 mL, 0.0789 mmol) in 2.3 mL of 
dried toluene at -30 ºC, P

4
t-Bu (2 equiv., 0.8 M in n-hexane, 0.197 mL, 0.158 

mmol) was added dropwise. The mixture was stirred for 2h at -30 ºC. The 
reaction mixture was quenched with water and extracted three times with 
diethyl ether.  The product was purified by column chromatography with a 
cyclohexane:ethyl acetate gradient (from pure cyclohexane to 70:30 gradient).  

(S)-2,2-Difluoro-1-phenyl-2-(p-toluenesulfinyl)ethan-1-one I-(S
S
).103a 

Prepared using procedure 2c. I-(S
S
).103a obtained with 30% yield. Yellow oil.  

General procedure 2d.  

To a suspension of NaH (2.1 equiv.) in freshly distilled THF under argon at 0 °C 
was added a solution of the corresponding β-ketosulfoxide II.97 (1 equiv.) 
dissolved in freshly distilled THF. This solution was stirred at 0 °C for 30 
minutes and then for 1.5 h at 22 ºC. Selectfluor® (1-chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)) (2.1 equiv.) was added as a 
solid to the mixture, which was then stirred at room temperature overnight. 
The mixture was quenched with a saturated solution of ammonium chloride 
and extracted three times with ethyl acetate. The combined organic layers were 
washed with brine, dried over sodium sulfate, filtered and concentrated under 
reduced pressure.  

(S)-2,2-Difluoro-1-phenyl-2-(p-toluenesulfinyl)ethan-1-one I-(S
S,
S).103a 

Prepared using procedure 2d. The product was purified by column 
chromatography with a cyclohexane:ethyl acetate gradient (from pure 
cyclohexane to 70:30 gradient). I-(S

S
).103a obtained with 66% yield. Yellow oil.  

1,1-Difluoro-1-(p-tolylsulfinyl)heptan-2-one I-(S
S
).103g 

Prepared using procedure 2d. The crude was purified 
by chromatography on demetalled silica gel with a 
cyclohexane:ethyl acetate gradient (from pure 
cyclohexane to 20:80). 87% yield. Light orange oil. 1H 
NMR (500 MHz, CDCl3) δ (ppm) 7.56 (d, J = 7.9 Hz, 2H), 
7.38 (d, J = 8.0 Hz, 2H), 2.71 – 2.49 (m, 2H), 2.44 (s, 

3H), 2.43 – 2.33 (m, 1H), 1.59 – 1.47 (m, 2H), 1.38 – 1.16 (m, 3H), 0.87 (t, J = 7.1 
Hz, 3H). 19F NMR (471 MHz, CDCl

3
) δ (ppm) –111.4 (AB system, J

AB
 = J

F-F
 = 229.6 

Hz, Δν
AB 

= 1766.5 Hz, 2F). 13C NMR (126 MHz, CDCl
3
) δ (ppm) 196.43, 144.15, 

136.97, 132.63, 130.33, 130.28, 129.92, 125.98, 119.27, 40.52, 30.96, 22.40, 
21.90, 21.77, 13.95. HRMS (ESI) calculated for C

14
H

19
F

2
O

2
S: 289.1068, found: 

289.1058. 

 

 

 

I-(SS).103g

F F

O
S+
O-
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c. Diastereoselective reductions of α -difluoro-β -
ketosulfoxides 

 

General procedures to access to highly diastereo- and enantioenriched α-
difluoro-β-sulfinyl alcohols (S

S
,S)-II.91  

General procedure 3a. 

Reduction with L-Selectride 

A solution of L-Selectride (3 equiv., 1 M in THF) was added dropwise to a 
solution of enantioenriched (S)-2,2-Difluoro-1-phenyl-2-(p-
toluenesulfinyl)ethan-1-one (S

S
) (1 equiv.) in freshly distilled THF (ca. 5 mL 

/mmol) under argon at –78°C. The resulting mixture was stirred at –78°C for 15 
minutes. It was then allowed to warm to 22 ºC and stirred at this temperature 
for 3 hours. The mixture was sequentially treated with water, methanol and a 
1M solution of NaOH. The aqueous phase was extracted three times with 
diethyl ether. The combined organic layers were washed with brine, dried over 
anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 

General procedure 3b. 

Reduction with NaBH
4 

NaBH
4
 (1.1 equiv.) was added portionwise to a solution of enantioenriched (S)-

2,2-difluoro-1-(het)aryl-2-(p-toluenesulfinyl)ethan-1-one (S
S
)- (1.1 equiv.) in 

dried THF (ca. 5 mL /mmol) under argon at –78°C. The resulting mixture was 
stirred at –78°C for 15 minutes. It was then allowed to warm to 22 ºC and 
stirred at this temperature for 3 h. A saturated solution of ammonium chloride 
was slowly added. The aqueous phase was extracted three times with diethyl 
ether. The combined organic layers were washed with brine, dried over 
anhydrous sodium sulfate, filtered and concentrated under reduced pressure. 

General procedure 3c. 

Reduction with LiBH
4 

LiBH
4
 (1.1 equiv.) was added portionwise to a solution of enantioenriched (S)-

2,2-difluoro-1-(het)aryl-2-(p-toluenesulfinyl)ethan-1-one (S
S
)-I-(S

S
).103a 

(1.1 equiv.) in dried THF (ca. 5 mL /mmol) under argon at –78°C. The resulting 
mixture was stirred at –78°C for 15 minutes. It was then allowed to warm to 22 
ºC and stirred at this temperature for 3 hours. A saturated solution of 
ammonium chloride was slowly added. The aqueous phase was extracted three 
times with Et

2
O. The combined organic layers were washed with a saturated 

solution of NaCl, dried over anhydrous sodium sulfate, filtered and 
concentrated under reduced pressure.  

General procedure 3d. 

Reduction with LiAlH
4 

A solution of LiAlH
4
 (1.1 equiv., 2 M in THF,) was added dropwise to a solution 

of enantioenriched (S)-2,2-difluoro-1-(het)aryl-2-(p-toluenesulfinyl)ethan-1-one 
(S

S
)  I-(S

S
).103 (1 equiv.) in freshly distilled THF (ca. 5 mL /mmol) under argon 
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at –78°C. The resulting mixture was stirred at –78°C for 15 minutes. It was then 
allowed to warm to 22 ºC and stirred at this temperature for 40 min when no 
remaining starting material was observed. The mixture was cooled to 0 ºC and 
a saturated solution of sodium sulphate was added to the mixture. The cooling 
bath was removed, and the mixture was stirred for 15 minutes at 22 ºC. The 
aqueous phase was extracted three times with diethyl ether. The combined 
organic layers were washed with brine, dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure. 

General procedure 3e. 

Reduction with DIBAL-H 

A solution of DIBAL-H (1.1 equiv., 1 M in THF,) was added dropwise to a 
solution of enantioenriched (S)-2,2-difluoro-1-(het)aryl-2-(p-
toluenesulfinyl)ethan-1-one (S

S
) I-(S

S
).103 (1 equiv.) and when chosen, ZnCl

2
 (1.2 

equiv.) in freshly distilled THF (ca. 5 mL /mmol) under argon at –78°C. The 
resulting mixture was stirred at –78°C for 15 minutes. It was then allowed to 
warm to 22 ºC and stirred at this temperature for 3 h. The mixture was cooled 
to 0 ºC and diluted with diethyl ether. Water was slowly added, followed by a 
1M solution of NaOH. The cooling bath was removed, and the mixture was 
stirred for 15 minutes at 22 ºC. The aqueous phase was extracted three times 
with diethyl ether. The combined organic layers were washed with brine, dried 
over anhydrous sodium sulfate, filtered and concentrated under reduced 
pressure. 

(S)-2,2-Difluoro-1-phenyl-2-((S)-p-tolylsulfinyl)ethan-1-ol (S
S
,S) 

• Prepared by procedure 3a. The crude was purified by chromatography 
on silica gel with a cyclohexane:ethyl acetate gradient (from pure 
cyclohexane to 50:50). 96% yield. 74:26 d.r. 

• Prepared by procedure 3b. The crude was purified by chromatography 
on silica gel with n-heptane:ethyl acetate (from pure n-heptane to 50:50). 
72% yield. 66:34 d.r. 

• Prepared by procedure 3c. The crude was purified by chromatography 
on silica gel with a n-heptane:ethyl acetate gradient (from pure n-
heptane to 50:50). Quantitative yield. 82:18 d.r. 

• Prepared by procedure 3d. The crude was purified by chromatography 
on silica gel with a n-heptane:ethyl acetate gradient (from pure n-
heptane to 50:50). 62% yield. 49:51 d.r. 

• Prepared by procedure 3e. The crude was purified by chromatography 
on silica gel with a cyclohexane:ethyl acetate gradient (from pure 
cyclohexane to 50:50). 77% yield. 98:2 d.r., 96% e.e. 

•  
One diastereomer 1H NMR (500 MHz, CDCl

3
) δ (ppm) 

7.62 (d, J = 7.9 Hz, 2H), 7.49-7.45 (m, 2H), 7.39-7.34 (m, 
5H), 5.42 (ddd, J = 1.4 Hz, 5.0 Hz, 22.6 Hz, 1H), 4.67 (d, 
J = 5.5 Hz, 1H), 2.43 (s, 3H). 19F NMR (471 MHz, CDCl

3
) 

δ (ppm) –114.7 (ABX system, J
AB 

= J
F-F

 = 225.4 Hz, J
BX

 = J
H-

F
 = 22.5 Hz, Δν

AB 
= 2417 Hz, 2F). 13C NMR (126 MHz, 

CDCl
3
) δ (ppm) 143.6, 134.7, 132.3, 130.1, 129.2, 128.5, 128.0, 126.5, 124.4 

(dd, J = 297.5, 305.6 Hz), 70.9 (dd, J = 20.0, 28.6 Hz), 21.7. The 
diastereomeric ratio and the enantiomeric excess of the product were 
determined by HPLC using a Chiracel IC column (n-hexane/i-PrOH= 80/20, 

OH

F F

S+
O-

II-(SS,S).91a
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flow rate 0.5 mL/min, λ = 205 nm, τ = 9.4 min, 10.8 min, 20.0 min, 23.6 
min). [α]

589
 = +125.07 (20 °C, 0.895 g/100 mL, CHCl

3
). IR (cm-1) 3225, 2924, 

1494, 1456, 1112, 1086, 1042, 809, 729, 698. HRMS (ESI) calculated for 
C

15
H

15
F

2
O

2
S: 297.0755, found: 297.0747. 

Crystallographic data for (S)-2,2-Difluoro-1-phenyl-2-((S)-p-
tolylsulfinyl)ethan-1-ol (S

S
,S) II-(S,S

S
).91a 

Formule C
15

H
14

F
2
O

2
S Cell volume 834.251 Å3 

M (g/mol) 296.32 
Z, Calculated 
density 

4, 1.301 Mg/m3 

Temperature (K) 173 (2) F(000) 616 

Wavelength 0.71073 Crystal size 
0.240 x 0.180 x 
0.120 mm 

Crystalline 
structure 

Orthorhombic 
Theta range for 

data collection 
2.720 to 28.016 

Space group P 2
1
 2

1
 2

1
   

a 7.2232 (4) Å Z 0 

b 7.7962 (4) Å Z’ 0 

c 26.8653 (15) Å Configuration S 

α _ 90 ° Flack parameter - 0.04 (3) 

β _ 90 ° R1 3.4% 

γ _ 90 °   

 

 

(S)-2,2-Difluoro-1-(3-pyridinyl)-2-((S)-p-tolylsulfinyl)ethan-1-ol II-(S
S
,S).91f 

Prepared by procedure 2e. The crude was purified by 
chromatography on demetalled silica gel with 
cyclohexane:ethyl acetate (from pure cyclohexane to 
30:70). 39% yield. 93:7 d.r., 96% e.e. 1H NMR (500 MHz, 
CDCl

3
) δ (ppm) 8.66 (s, 2H), 7.89 (d, J = 6.8 Hz, 1H), 7.60 (d, 

J = 7.7 Hz, 2H), 7.35 (d, J = 7.7 Hz, 3H), 5.51 (d, J = 22.9 
Hz, 1H), 2.41 (s, 3H). 19F NMR (376 MHz, CDCl

3
) δ (ppm) –114.4 (ABX system, J

AB 

= J
F-F

 = 225.4 Hz, J
BX

 = J
H-F

 = 23.2 Hz, Δν
AB 

= 2245 Hz, 2F). 13C NMR (101 MHz, 
CDCl

3
) δ (ppm) 149.9, 148.9, 143.8, 136.2, 132.0 (d, J = 3.7 Hz), 131.5, 130.1, 

126.6, 123.7, 68.4 (dd, J = 29.4, 19.6 Hz), 21.7. The diastereomeric ratio and the 
enantiomeric excess of the product were determined by chiral HPLC using a 
Chiracel IC column (n-hexane/i-PrOH = 80/20, flow rate: 0.5 mL/min, λ = 207 
nm, τ = 20.6 min; 23.6 min ; 49.1 min and 59.5 min.). IR (cm-1) 3056, 1699, 
1585, 1420, 1280, 1140, 1065, 810, 700, 515. HRMS (ESI) calculated for 
C

14
H

11
F

2
NaNO

2
S: 318.0371, found: 318.0360. 

OH

F F

S+
O-

N

II-(SS,S).91f
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(S)-2,2-Difluoro-1-(4-anisyl)-2-((S)-p-tolylsulfinyl)ethan-1-ol II-(S
S
,S).91k 

Prepared by procedure 2e. The crude was purified by 
chromatography on demetalled silica gel with 
cyclohexane:ethyl acetate (from pure cyclohexane to 
50:50). 29% yield. 93:7 d.r., 98% e.e. 1H NMR (500 
MHz, CDCl

3
) δ (ppm) 7.60 (d, J = 7.8 Hz, 1H), 7.39 (d, J 

= 8.2 Hz, 1H), 7.35 (d, J = 7.7 Hz, 1H), 6.89 (d, J = 8.3 
Hz, 1H), 5.37 (d, J = 22.6 Hz, 1H), 3.79 (s, 2H), 2.43 (s, 2H). 19F NMR (471 MHz, 
CDCl

3
) δ (ppm) –114,0 (ABX system, J

AB 
= J

F-F
 = 224.2 Hz, J

BX
 = J

H-F
 = 22.3 Hz, 

Δν
AB 

= 3035.4 Hz, 2F). 13C NMR (126 MHz, CDCl
3
) δ (ppm) 160.30, 143.51, 

132.32, 130.00, 129.58, 129.25, 126.79, 126.52, 113.90, 70.39 (dd, J = 28.9, 
19.4 Hz), 55.39, 21.70. The diastereomeric ratio and the enantiomeric excess of 
the product were determined by chiral HPLC using a Chiracel IC column (n-
hexane/i-PrOH = 80/20, flow rate: 0.5 mL/min, λ = 204 nm, τ = 13,0 min ; 15,5 
min ; 31,7 min and 41,7 min.). IR (cm-1) 3326, 1611, 1513, 1250, 1085, 1034, 
975, 789, 522. HRMS (ESI) calculated for C

16
H

16
F

2
KO

3
S: 365.0420, found: 

365.0432.  

 

d. Synthesis of α -difluoro-β -sulfinyl amines  

1. First strategy – Condensation of 
difluoromethyl p-tolyl sulfoxide onto N-
tosylimine model substrate 

 

In a microwave tube under argon were dissolved 4-
(difluoromethanesulfinyl)toluene (1 equiv., 15 mg, 0.079 mmol) and freshly 
prepared 4-methyl-N-[(1E)-phenylmethylidene]benzene-1-sulfonamide (1 equiv., 
20.5 mg, 0.079 mmol) in freshly distilled THF. After some minutes of stirring 
at the corresponding temperature, 2 equiv. of the solution of the base were 
added dropwise. The solution turned yellow then orange, then brown. This 
solution was stirred at the corresponding temperature until full conversion of 
the starting material. The reaction mixture was quenched with water. The 
aqueous layer was extracted with diethyl ether. The combined organic layers 
were washed with water, dried over Na

2
SO

4
, filtered and concentrated under 

reduced pressure. The product was purified by column chromatography on 
demetalled silica gel with cyclohexane:ethyl acetate (100:0 to 30:70 gradient).  

When P
4
t-Bu (2 equiv., 0.158 mmol) was used as the base at 0 ºC, the product 

was obtained as a mixture of diastereomers as a white solid (54%, 19 mg, 
0.0423 mmol, d.r. 37:63 (measured by 1H and 19F NMR)). The two diastereomers 
were separated by column chromatography with a MeOH:dichloromethane 
mixture (0:100 to 0.5:100 gradient) and were obtained as white solids.  

N-tosyl 2,2-difluoro-1-phenyl-2-(p-toluenesulfinyl)ethanamine II.99 

First diastereomer 1H NMR (400 MHz, CDCl
3
): δ (ppm) 7.55 

(d, J = 8.2 Hz, 4H), 7.52 (d, J= 8.4 Hz, 4H), 7.33 (d, J= 8.6 
Hz, 2H), 7.27 – 7.22 (m, 3H), 7.09 (d, J = 8.6 Hz, 2H), 5.62 
(d, J = 8.8 Hz, 1H), 5.14 (ddd, J = 17.3, 10.9,  8.8 Hz, 1H), 
2.43 (s, 3H), 2.34 (s, 3H). 19F NMR (376 MHz, CDCl

3
) δ -

110.99 (dd, J
F-F

= 218.5, J
H-F

= 17.2 Hz), -113.84 (dd, J
F-F

= 

S+
O- HN Ts

FF

II.99

OH

F F

S+
O-

OMe

II-(SS,S).91k
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218.5, J
H-F

= 10.9 Hz). 13C NMR (126 MHz, CDCl
3
) δ (ppm) 146.9, 130.8, 129.8, 

129.4, 129.3, 128.8, 128.6, 127.1, 126.7, 126.64, 77.2, 69.9, 62.9, 59.2, 29.8, 
22.7, 21.6, 21.4. HRMS (ESI): m/z calculated for [C

22
H

22
F

2
NO

3
S

2
]+: 450.1010, 

found: 450.1004. Second diastereomer 1H NMR (500 MHz, CDCl
3
): δ (ppm) 7.59 

(d, J
 
= 8.0 Hz, 2H), 7.52 (d, J

 
= 8.0 Hz, 2H), 7.34 (d, J

 
= 8.0 Hz, 2H), 7.12 (d, J

 
= 

8.1 Hz, 2H), 6.32 (d, J = 9.3 Hz, 1H), 5.23 (ddd, J
 
= 18.2, J

 
= 9.3, J= 3.9 Hz, 1H), 

2.43 (s, 3H), 2.35 (s, 3H). 19F NMR (376 MHz, CDCl
3
) δ (ppm) -108.21 (dd, J

 
= 

224.3, J
 
= 18.1 Hz, 1F), -109.89 (dd, J

F-F 
= 224.2, J

H-F
 = 4.4 Hz, 1F). HRMS (ESI): 

m/z calculated for [C
22

H
21

F
2
NNaO

3
S

2
]+: 472.0816, found: 472.0823 

 

2. Second strategy – Functionalization of α-
difluoro-β-ketosulfoxides  

 

General procedure 

In a sealable tuve were added (S)-2,2-Difluoro-1-phenyl-2-(p-
toluenesulfinyl)ethan-1-one (S

S
) I-(S

S
).103a (1 equiv., 0.34 mmol), hydroxylamine 

or benzyloxyhydroxylamine hydrochloride (1.5 equiv., 0.51 mmol), anhydrous 
magnesium sulfate (excess) and methanol (1 mL). The tube was sealed and 
heated to 65 °C for 16 h or until the starting material full consumption. The 
reaction mixture was quenched with water. The aqueous layer was extracted 
with diethyl ether. The combined organic layers were washed with water, dried 
over Na

2
SO

4
, filtered and concentrated under reduced pressure. No purification 

was performed.  

2,2-difluoro-1-phenyl-2-(p-tolylsulfinyl)ethan-1-one O-benzyl oxime II-(S
S
).104 

Full conversion. Visqueous light yellow oil. 1H NMR (400 
MHz, CDCl

3
) δ 7.56 (d, J = 8.0 Hz, 2H), 7.50 – 7.33 (m, 10H), 

7.12 (d, J = 6.6 Hz, 1H), 7.07 (t, J = 8.0 Hz, 1H), 5.07 (s, 
0.5H), 5.25 (d, J = 5.1 Hz, 1H), 5.07 (s, 0.5H), 2.40 (s, 3H), 
1.93 – 1.86 (m, 2H). 19F NMR (376 MHz, CDCl

3
) δ (ppm) 

First diastereomer –100,2 (ABX system, J
AB 

= J
F-F

 = 232 Hz, 
Δν

AB 
= 202 Hz, 2F). Second diastereomer –103,1 (ABX 

system, J
AB 

= J
F-F

 = 225 Hz, Δν
AB 

= 734 Hz, 2F). HRMS (ESI): m/z calculated for 
[C

22
H

19
F

2
KNO

2
S]+: 438.0736, found: 438.0732. 

2,2-difluoro-1-phenyl-2-(p-tolylsulfinyl)ethan-1-one oxime II-(S
S
).105 

Full conversion. Visqueous colorless oil.  1H NMR (400 
MHz, CDCl

3
) δ (ppm) 7.70 (d, J = 7.9 Hz, 2H), 7.57 – 7.33 

(m, 8H), 2.44 (s, 3H). 19F NMR (376 MHz, CDCl
3
) δ (ppm) 

First diastereomer –99.71 (ABX system, J
AB 

= J
F-F

 = 239.5 Hz, 
Δν

AB 
= 6579 Hz, 2F). Second diastereomer –103,0 (ABX 

system, J
AB 

= J
F-F

 = 236.7 Hz, J
BX

 = J
H-F

 = 5.8 Hz, Δν
AB 

= 2460 
Hz, 2F). HRMS (ESI): m/z calculated for [C

15
H

14
F

2
NO

2
S]+: 310.0708, found: 

310.0705. 

 

 

N

F F

S+
O- OBn

II-(SS).104

II-(SS).105

N

F F

S+
O- OH
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2,2-difluoro-1-phenylethan-1-one O-benzyl oxime II.106 

A solution of L-Selectride (3 equiv., 1 M in THF) was added to 
a solution of II-(S

S
).104 (1 equiv.) in freshly distilled THF (ca. 

5 mL /mmol) under argon at –78°C. The resulting mixture 
was stirred at –78°C for 15 minutes. It was then allowed to 
warm to 22 ºC and stirred at this temperature for 3 hours. 
The mixture was sequentially treated with water, methanol 
and a 1M solution of NaOH. The aqueous phase was 
extracted three times with diethyl ether. The combined 

organic layers were washed with brine, dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure. The product was purified by 
column chromatography on demetalled silica gel with cyclohexane:ethyl 
acetate (from pure cyclohexane to 20:80). 62% yield. Colorless oil. 1H NMR (400 
MHz, CDCl

3
) δ 7.74 – 7.66 (m, 1H), 7.63 – 7.56 (m, 2H), 7.44 – 7.31 (m, 7H), 6.26 

(t, J = 54.7 Hz, 0.5H), 6.26 (t, J = 53.8 Hz, 0.5H), 5.36 – 5.15 (m, 2H). 19F NMR 
(376 MHz, CDCl

3
) δ (ppm) -115.17 (app. d, J = 54.6 Hz), -122.69 (app. d, J = 53.8 

Hz). 13C NMR (101 MHz, CDCl
3
) δ (ppm) 137.0, 136,7, 130.1, 129.1, 128.7, 

128.6, 128.6, 128.5, 128.5, 128.4, 128.3, 128.2, 127.7, 117.13, 114.8 (t, J = 
239.9 Hz), 106.93 (t, J = 240.6 Hz), 112.4, 109.3, 104.5, 77.8, 77.6. HRMS (ESI): 
m/z calculated for [C

15
H

14
F

2
NO]+: 262.1038, found: 262.1048. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N O

F2HC

II.106



 

  



 

 



 

 
 

 

 

 

 

 

 

 

 

Chapter III   

Functionalization of 
difluoromethyl derivatives 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 



 

 257 

 

Table of contents 

 

A. Access to enantioenriched difluoromethylated scaffolds from 
difluoromethyl sulfinyl derivatives: removal of the chiral auxiliary ...... 259	

a.	 State of the art: Methods used in the fluorinated series ....................... 259	
b.	 Methods used in the group ......................................................................... 261	

1.	 Attempts performed for the removal of the chiral auxiliary ......................... 261	
2.	 Use of a silane-based system ................................................................................ 262	
3.	 Mg(0)-mediated desulfonylation ........................................................................... 264	
4.	 Mg(0)-mediated desulfinylation ............................................................................ 265	
5.	 Application to the synthesis of a pharmaceutical candidate ......................... 267	

B. Attempts of Mitsunobu type reactions on α -difluoromethyl alcohols 269	
a.	 State of the art of Mitsunobu type reactions on fluorinated compounds269	
b.	 Attempts performed on α-difluoro-β-sulfinyl alcohols ......................... 273	
c.	 Attempts on α-difluoromethyl alcohols ................................................... 274	

C. Nucleophilic aromatic substitutions ............................................................. 278	
a.	 State of the art: examples of S

N
Ar type reactions on fluorinated 

derivatives .............................................................................................................. 278	
b.	 Optimization of the reaction conditions .................................................. 280	

D. Summary and conclusions .............................................................................. 285	
E. Experimental Part ............................................................................................... 287	

a.	 Desulfinylation of α-difluoro-β-sulfinyl alcohols .................................... 287	
b.	 Mitsunobu type reactions ............................................................................ 290	
c.	 Nucleophilic aromatic substitutions .......................................................... 291	
d.	 Reduction of nitrophenyl derivatives ....................................................... 293	
e.	 Conversion of anilines to aryl bromides .................................................. 293	

 

 

 

 

 

 

 



 



Chapter III – Functionalization of difluoromethyl derivatives 

 259 

A. Access to enantioenriched difluoromethylated 
scaffolds from difluoromethyl sulfinyl derivatives: 
removal of the chiral auxiliary 

 

One of the final and crucial steps of this methodology is the desulfinylation step, in 
which the sulfinyl moiety is removed with retention of the configuration of the 
difluoromethylated stereocenters. Some soft and efficient methods have been 
reported before to perform the desulfinylation on non-fluorinated sulfoxide 
derivatives and were presented in Chapter I. Moreover, some strategies have also 
been applied to fluorinated analogues, but consist mostly in desulfonylation 
reactions. These methods will be succinctly described, followed by the attempts 
that have been performed within our team. 

a. State of the art: Methods used in the fluorinated 
series 

The removal of a sulfinyl group used as a chiral auxiliary in fluorinated derivatives 
was not reported at the beginning of this project. In fact, only methanesulfonyl 
analogues have been previously used and the removal of the arenesulfonyl group 
was described using diverse methods that will be presented in this part.  

In the 1990’s, Stahly performed the synthesis of a α−difluoromethyl β-
hydroxysulfone and some transformations of this compound. Its desulfonylation 
was carried out in ethanol/THF mixture using sodium spheres, leading to the 
corresponding α-difluoromethyl alcohols with moderate yields (Scheme III.1).348  

 

 

 

 

 

 

 

A decade later, Wnuk’s group synthesized alkyl 
fluoro(benzenesulfonyl)methylphosphonates and tried to perform the removal of 
the sulfone moiety with sodium amalgam, but this later resulted in cleavage of the 
phosphorus-carbon bond instead of the sulfur-carbon one. The use of Raney nickel 
also failed to produce the expected fluorophosphonates. A radical desulfonylation 
system was then used, namely Bu

3
SnH/AIBN that gave access to the 

fluorophosphonates (Scheme III.2). In order to reduce toxicity and purification 
problems associated with the use of Bu

3
SnH, they used Bu

3
SnCl/AIBN/ 

PMHS/KF/H
2
O/toluene system was employed and afforded satisfying 

desulfonylation results.351 

 

Scheme III.1. Desulfonylation of an aryl 
difluoromethyl sulfonyl derivative using sodium 

spheres 

Ph S
O O OH

p-Tol
F F

Na spheres

EtOH/THF F2HC

OH

p-Tol

III.2a
Up to 49%

Stahly, 1989

III.1
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In the course of his studies regarding fluorinated derivatives, Prakash reported a 
reductive desulfonylation, to replace the arylsulfonyl groups by a hydrogen atom. 
The use of sodium metal in ethanol or methanol appeared to be inefficient, which 
led them to prepare a sodium/ mercury amalgam system to perform these 
desulfonylations (Scheme III.3). In presence of a sodium monohydrogenphosphate 
buffering agent to control the pH, difluoromethyl alcohols were obtained with very 
good yields.352 

 

 

 

 

 

 

 

Similarly, Hu used this strategy in 2005 in order to access enantiopure 
difluoromethyl amines prepared by nucleophilic addition of difluoromethyl phenyl 
sulfone to Ellman’s tert-butanesulfinyl imines. The yields and enantiomeric excess 
obtained were excellent (Scheme III.4).353   

 

 

 

 

 

 

 

Continuing with the use of metal amalgam species, the high efficiency of 
aluminium/mercury amalgam was also described by Hu. The desulfonylation 
leading to monofluoromethyl-substituted tertiary alcohols was efficiently 

Ar S
O O

P
OR2F R1

Bu3SnH/AIBN
Benzene or toluene

or Bu3SnCl/PMHS/KF
H2O/Toluene

P
O

OR2

Up to 94%

Wnuk, 2002

Ar= -Py or Ph

O
OR2 R1

F

OR2

Scheme III.2. Desulfonylation of 
fluoro(phenylsulfonyl)methylphosphonates 

Scheme III.3. Desulfonylation using sodium/mercury 
amalgam 

p-Tol S
O O OH

Ph
F F

Na(Hg)

MeOH
Na2HPO4

F2HC

OH

Ph

II.2
Up to 91%

Prakash, 2004

III.3

Scheme III.4. Desulfonylation with sodium/mercury 
amalgam leading to difluoromethyl amines 

N
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CF2SO2Ph
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1. Na(Hg)
Na2HPO4

2. HCl CHF2

NH3+

R

Cl-

Up to 96%
and up to 99% e.e.

Hu, 2005
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performed with this amalgam, giving the expected products with high yields and 
optical purity (Scheme III.5).354 

 

 

 

 

 

 

 

Inspired by these conditions, and the ones described in part A of Chapter I 
regarding non-fluorinated analogues, several experiments were performed within 
our research group. 

 

b. Methods used in the group  

1. Attempts performed for the removal of the chiral 
auxiliary 

 

Previously, our team had a strong interest in the synthesis of highly 
enantioenriched α-difluoro-β-hydroxysulfoxides, as described in Chapter II. 
Desulfinylation attempts were performed on these compounds using several 
conditions inspired by the literature and mentioned in Chapter 1 as well as in the 
previous section. The largely known desulfinylation reagent Raney nickel was used 
without satisfying results. The use of iPrMgCl·LiCl, and of an aluminium/ mercury 
amalgam did not lead to the desired compound either.  

On the other hand, strategies were also described in the literature for the 
desulfonylation of fluorinated derivatives. The oxidation of α-difluoro-β-
hydroxysulfoxides with m-CPBA was found to be very efficient to obtain the 
corresponding sulfonyl analogues in quantitative yield. The subsequent 
desulfonylation by means of Raney nickel was again unfruitful (Scheme III.6). Other 
methods were found to be efficient for the desulfinylation of the non-fluorinated, 
mono-fluorinated or halogenated analogues of our compounds. The use of 
organolithium reagents was reported by Suzuki and co-workers355 and Garcia Ruano 
and co-workers.171 When phenyllithium or tert-butyllithium have been employed, 
only traces of the corresponding difluoromethyl alcohol were observed by 19F NMR. 

 

 

 

 

 

Ph S
O O OH
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F F
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AcOH/AcONa

DMF:H2O CHF2

OH

Up to 91%

Hu, 2015

R1 R1
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Scheme III.5. Magnesium mediated 
desulfonylation 
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More promising results were however obtained with either the sulfinyl- or 
sulfonyldifluoromethyl-derived alcohols when using a sodium/mercury amalgam, 
with the desired product being formed in 31% and 61% yield respectively. 

However, the acute toxicity of mercury, and therefore the limitations in the 
pharmaceutical field of its use, led us to abandon this option and to look for an 
alternative way for this transformation.  

 

2. Use of a silane-based system 
 

In 2017, Midura and co-workers reported on the use of phenylsilane in a KOH-
catalyzed system as an effective and novel desulfinylation reagent.70 We applied this 
method to our fluorinated compounds. The use of the optimized conditions gave a 
low conversion of the starting material into the desired product (Scheme III.7). 

 

 

 

 

 

 

This reaction was repeated with an increased amount of base (0.5 then 1 equiv.). 
After one night, we could observe full conversion of the starting material and 

Scheme III.7. Use of Midura’s conditions of 
desulfinylation 
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OHPhSiH3 (5 equiv.)
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THF
22 ºC
o.n.
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OH
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O-
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Scheme III.6. Desulfinylation and desulfonylation attempts of 
α−difluoro-β-hydroxysulfoxides 
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presence of the desired compound. However, the formation of a large amount of 
side products was observed by 1H NMR. The reaction was performed once again, 
this time with 10 equivalents of phenylsilane and 3 equivalents of KOH. The 
reaction was faster, and a total consumption of the starting material was observed 
after 3 hours, but still with the undesired side products. Unfortunately, after 
purification by column chromatography, impurities were eluted together with the 
difluoromethyl alcohol. 

The 1H NMR of the major side product showed a large number of signals for 
aromatic protons and no signals in 19F NMR. This led us to presume that a silylated 
side product was present. An acidic work-up using hydrochloric acid was performed 
on the crude mixture without satisfying results. The resulting mixture was then 
treated with a solution of TBAF overnight, to try to cleave the presumed silylated 
ether, again without success. 

The use of t-BuOK giving the same results as KOH, it was preferred for the following 
tests, to try to avoid the formation of polyhydroxisiloxanes. With 3 equivalents of 
phenylsilane, a full conversion of the starting material into the desired 
difluoromethyl alcohol was observed, and the crude material appeared much 
cleaner by 1H and 19F NMR than under previous conditions (Scheme III.8). 

 

 

 

 

 

However, the purification of the desired desulfinylated product still remained a 
difficulty as the difluoromethyl alcohol could not be isolated after work-up and 
flash chromatography due to the impurities present using this method.  

Our hypothesis being that silylated polymers formed in the medium could not be 
removed, another reagent than phenylsilane was used to facilitate the purification. 
The use of PMHS (polymethylhydrosiloxane) in the presence of simple bases (t-BuOK 
or KOH) has been described by Nikonov to reduce ketones and esters.356 This system 
was used, as a substitution for phenylsilane (Scheme III.9). 

 

 

 

 

 

To our delight, the expected racemic α-difluoromethyl benzyl alcohol was obtained 
with 58% yield.  

Our strategy being focused on the access to enantiopure difluoromethylated 
products, we performed the reaction on the diastereopure sulfinyl alcohol, obtained 

Scheme III.8. Desulfinylation attempts using a phenylsilane-
mediated method 

F2HC
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THF
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Presence of a large 
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II.91a II.2

Scheme III.9. PMHS/t-BuOK mediated desulfinylation 
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F2HC

OHPMHS (3 equiv.)
t-BuOK (3 equiv.)

THF
22 ºC
48 h

Sealed tube

S+
OH

F F

O-

II.91a II.2



Chapter III – Functionalization of difluoromethyl derivatives 

 264 

by selective reduction of the enantioenriched α-difluoro-β-ketosulfoxide (Scheme 
III.10).  

  

The alcohol was obtained with 52% yield and full retention of configuration at the 
stereogenic carbon was confirmed by chiral HPLC, one enantiomer of this alcohol 
being mainly observed.  

Thus, this method presents a promising strategy adapted to our substrates to 
achieve the obtention of enantiopure difluoromethylated building blocks. 

 

3. Mg(0)-mediated desulfonylation 
 

In parallel to the latter approach we decided to investigate another strategy, 
described by Hu and coworkers,219 where enantiopure difluoromethylated alcohols 
can be obtained from the corresponding difluoro hydroxysufones with retention of 
configuration using magnesium turnings in the presence of an acetate buffer.219,224,357 

Their conditions were applied to a model sulfoxide II.91a and afforded the desired 
compound in 46% yield (Scheme III.11). However, the corresponding alcohol could 
only be obtained one time with a 46% yield, instead of 93% described in literature.  

 

In order to understand why this reaction was not reproducible in our hands, more 
experiences were carried out by changing the proton source and the activation 
mode (Scheme III.12).  

  

 

Scheme III.11. Magnesium mediated desulfonylation strategy in the presence of an acetate 
buffer 
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Scheme III.10. PMHS mediated desulfinylation applied to an 
enantio- and diastereopure α-difluoromethyl β-hydroxysulfoxide 
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The use of 30 equivalents of iodine-activated magnesium in methanol allowed us to 
obtain a high conversion of the β-hydroxysulfone in the corresponding 
difluoromethyl alcohol. 

In addition, the application of this strategy to the corresponding enantiopure β-
sulfonyl alcohol II-(S).2 led gratifyingly to the desired enantiopure difluoromethyl 
alcohol (Scheme III.13). 

  

The enantiomeric excess of this product was determined by chiral HPLC and we 
were pleased to confirm that this desulfonylation method gave once again full 
retention of configuration. 

 

4. Mg(0)-mediated desulfinylation 
 

After the development of efficient desulfonylation methods, presented in the 
previous section, we tried to apply the Mg(0) mediated conditions directly on 
α−difluoromethyl β-hydroxysulfoxide. To our delight, when the phenyl-derived α-
difluoromethyl β-hydroxy sulfoxide —without prior conversion to the 
corresponding sulfone— was reacted with magnesium in the presence of a catalytic 
amount of iodine, we observed full consumption of the starting material and 
formation of the desired difluoromethyl alcohol (Scheme III.14).  

 

 

 

 

 Scheme III.14. Magnesium mediated desulfinylation reaction 
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Scheme III.12. Desulfonylation method using activated magnesium turnings 

Scheme III.13. Magnesium mediated desulfonylation applied to a diastereopure derivative 

FF

S+
O- OH

m-CPBA (1.5 equiv.)

DCM
20 ºC

S
OH

F F

O O Mg turnings (30 equiv.)
activated with I2

MeOH
22 ºC, o.n.

II-(S).2
66%

95% e.e.

F2HC

OH

III-(S).2
Quant.

94% e.e.

II-(SS,S)91a
97:3 d.r. and 97% e.e.



Chapter III – Functionalization of difluoromethyl derivatives 

 266 

These conditions were then used to desulfinylate the α-difluoromethyl β-sulfinyl 
alcohols bearing heterocycles that were prepared during the course of the project 
(Scheme III.15). 

  

 

We were able to obtain the expected difluoromethyl alcohols in moderate to 
excellent yields.  

In order to confirm that the diastereoenriched sulfinyl alcohols could give access to 
their corresponding alcohols without loss of optical purity, we performed the 
desulfinylation using magnesium turnings on diastereo and enantioenriched 
compounds (Scheme III.16). 

 

 

Scheme III.15. Desulfinylation reaction scope using activated Mg(0) 
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Regarding the anisyl-derived alcohol, we were pleased to confirm the high 
enantiomeric excess obtained. The moderate e.e. observed for the pyrrolidinol 
(around 60%) is due to an uncomplete diastereomeric separation of the sulfinyl 
alcohols in the previous step. 

Except for this last example, highly enantioenriched α-difluoromethylated alcohols 
could then be obtained by two different methods of desulfinylation of highly 
diastereo and enantioenriched α-difluoro-β-hydroxysulfoxides, using either iodine-
activated magnesium or PMHS/t-BuOK. Moreover, the stereoenrichment at the 
carbon center can be preserved.  

 

5. Application to the synthesis of a pharmaceutical 
candidate 

 

In the second chapter, we described our interest in the addition of difluoromethyl 
p-tolyl sulfoxide to amino aldehydes in order to access enantioenriched 
difluoromethylated amino alcohols. These compounds are of great interest in 
medicinal chemistry as they can be used to access a large number of nitrogenated 
derivatives bearing a -CHF

2
 group.  

An example of application of these compounds is currently being studied in the 
medicinal chemistry team at Sanofi. Analogues of a lead compound in a drug 
discovery project are currently being synthesized, and as it was described in part F 
of chapter II, amino alcohols bearing -CH

2
F, -CHF

2
 and -CF

3 
are going to be tested to 

evaluate their potential therapeutic activity.  

Scheme III.16. Activated Mg(0) mediated desulfinylation applied to enantio- and 
diastereoenriched derivatives 
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Using our methodology, we were able to synthesize the corresponding α-
difluoromethyl β-sulfinyl alcohol and the protected amino alcohol derived from the 
substituted phenylalanine was successfully obtained after desulfinylation using 
magnesium(0).  

The deprotection of N-Boc β-amino α-difluoromethyl alcohol was performed in 
acidic conditions and the unprotected amine reacted with the unprotected 
carboxylic acid group of a platform furnished by our collaborators in the presence 
of DIPEA and HATU as the coupling activator (Scheme III.17).  

 

 

 

 

 

 

 

 

 

We are able to obtain the expected final product with 20% yield. This synthesis was 
performed on small scale and with the racemic precursor. In order to obtain both 
enantiomers of the corresponding difluoromethylated amino alcohol, a separation 
of the two diastereomers of the preceeding α’-amino- α-difluoromethyl-β-sulfinyl 
alcohols should be performed after the introduction of the –CHF

2
 surrogate.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme III.17. Peptide coupling applied to a difluoromethyl-substituted amino 
alcohol of pharmaceutical interest 
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B. Attempts of Mitsunobu type reactions on α -
difluoromethyl alcohols 

 
a. State of the art of Mitsunobu type reactions on 

fluorinated compounds 

 

The Mitsunobu reaction is widely known to be an efficient and useful stereospecific 
transformation to replace a hydroxy group by a nucleophile. This transformation 
has been widely used in synthetic organic chemistry and mostly occurs under mild 
conditions involving a redox system: oxidizing azo reagent and a reducing 
phosphine reagent.358 Over the decades, huge improvements have been 
accomplished and this reaction gained popularity due to its numerous applications 
in organic chemistry. For detailed information, readers are invited to consult recent 
reviews describing the progress and applications of Mitsunobu reactions.359,360 

We have previously studied and developed the access to difluoromethylated 
building blocks of high optical purity, mostly difluoromethyl alcohols. In order to 
valorize this methodology and expand the scope of difluoromethylated derivatives, 
Mitsunobu type reactions were explored for their known efficiency to access 
difluoromethyl amines, among others, as we will se bellow. 

In literature, only a few examples have been reported for Mitsunobu type reactions 
performed with non-fluorinated aryl sulfinyl alcohols. A representative example was 
decribed by Toru in 2002,361 where the access to both diastereoisomers was ensured 
by performing a Mitsunobu reaction with benzoic acid, followed by ester cleavage to 
the corresponding alcohol under inversion of configuration (Scheme III.18). This 
strategy was successfully applied to similar sulfinyl alcohols by Pradilla in 2003.362 

  

 

 

 

 

 

 

 

Another example of a Mitsunobu reaction performed on sulfinyl alcohols, but also 
including a fluorinated substituent has been described by Bravo in 1997 using a 
monofluoromethylated sulfinyl alcohol to access the corresponding amines via the 
transformation of the alcohol to an azide (Scheme III.19).363  
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THF
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MeOH

Up to 86%

Toru, 2000

Scheme III.18. Mitsunobu reaction developped by Toru 
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To the best of our knowledge, there are no other examples of this reaction on 
sulfinyl alcohols. However, more extensive studies have been done regarding 
Mitsunobu reactions on fluorinated alcohols. An account of some of these methods 
will be presented.  

In 2000, Otaka tried to synthesize (Z)-fluoroalkene dipeptide isosteres. His strategy 
involved the synthesis of fluorinated β-lactams followed by a ring opening and 
other transformations leading to the desired fluoroalkene dipeptide isosteres.364 The 
synthesis of the intermediate β-lactams went through an intramolecular Mitsunobu 
reaction of α-difluoro-β-hydroxy amides with Ph

3
P-DEAD in THF (Scheme III.20). 

 

 

 

 

 

 

Another example involving an intramolecular Mitsunobu reaction leading to β-
lactams was reported by Skrydstrup a few years ago.365 

Sodeoka’s group focused on the synthesis of fluorinated derivatives of β-amino 
acids. This group started from enantiopure α-fluoro-β-hydroxy esters that were 
converted after azidation and reduction into the corresponding diastereopure α-
fluoro-β-amino esters (Scheme III.21).366   

 

 

 

 

 

 

 

Scheme III.20. Intramolecular Mitsunobu reaction of a 
difluoromethylated hydroxy amide 
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Scheme III.19. Azidation protocol of fluorinated sulfinyl alcohol 
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Similar synthetic pathways were described by Stanton367 and Silverman368 to access 
fluorinated amine derivatives after a Mitsunobu azidation. 

Furthermore, an alternative route to fluorinated amines from the corresponding 
alcohols consists in performing Mitsunobu reactions using phthalimide.369 Fokina’s 
group described the synthesis of α-difluoro-β-amino acids, where the key step is a 
Mitsunobu amination (Scheme III.22).370  

 

Hoff reported the reaction of enantiopure α-fluoroalcohols with phthalimide in the 
presence of diethyl azodicarboxylate and triphenylphosphine to obtain the N-
substituted phthalimides. In some cases, the yields were very good and the 
products were obtained with a perfect inversion of the stereochemistry (Scheme 
III.23).371  
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Scheme III.22. Mitsunobu amination of difluorinated ethyl acetates  

Scheme III.21. Azidation of diastereopure α -fluoro-β -aminoesters 
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In order to prepare fluorinated cyclopentadienes and the derived cyclopentadienide 
sandwich complexes, Kvicala and co-workers studied the synthesis of fluorinated 
tripyrazolylmethanes. They first performed a model reaction with octan-1-ol and 
HFIP that under Mitsunobu conditions led to the target molecule bearing the two 
trifluoromethyl moieties with a low yield (Scheme III.24).372  

 

 

 

 

 

 

 

Unfortunately, the authors also reported that when they applied this strategy to 
their substrate of interest, tripyrazolylethanol, only starting materials were 
recovered, showing the limits of the transformation.  

A last representative example was reported by Zhou in 2014. Chiral indole-based α-
amino acids were synthesized by the Mitsunobu reaction of indol-3-yl 
trifluoropyruvate derivatives as potential HIV-1 transcriptase inhibitors.373 In fact, 
racemic trifluoromethylated indoles have already been studied and the authors 
wanted to understand the effect of both enantiomers of these indole derivatives, 
and also find more efficient small molecular inhibitors. They developed an indole-
based α-amino acid library by replacing the –OH group of their trifluoromethylated 
derivatives by an amine group using diisopropyl azodicarboxylate, 
triphenylphosphine and ammonia (Scheme III.25).  

 

 

 

 

Scheme III.24. Mitsunobu reaction from octan-1-ol and HFIP 
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Scheme III.23. Mitsunobu reaction leading to a 
fluorinated amine intermediate 
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b. Attempts performed on α -difluoro-β -sulfinyl alcohols 

 

Inspired by the previous cited conditions and their promising results, we aimed to 
replace the –OH moiety directly on the α-difluoromethyl β-sulfinyl alcohols, in order 
to take advantage of the stereochemistry induced by the sulfoxide. We used the 
standard redox system: diethyl azodicarboxylate and triphenylphosphine. In 
addition, we also tried an alternative system, being PBu

3
 and ADDP (1,1’-

(azodicarbonyl)dipiperidine), as shown in Scheme III.26. The nucleophiles used for 
these tests were phthalimide in order to introduce an amine moiety, and also a 
malonate.  

 

Scheme III.26. Mitsunobu reactions using PPh
3
-DEAD or PBu

3
-ADDP systems on α -

difluoromethyl β−sulfinyl alcohol 
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Scheme III.25. Mitsunobu reaction using ammonia as 
pronucleophile 
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However, the desired products were not obtained. We only were able to observe 
complex mixtures after the reaction, and in one case, we were able to isolate the 
major compound, where the hydroxy moiety was carbonylated by the diethyl 
azodicarboxylate.  

Next, reactions were performed directly on the difluoromethyl alcohol, in absence 
of the chiral auxiliary, to check if the lack of reactivity is due to its presence in the 
molecule.  

 

c. Attempts on α -difluoromethyl alcohols 

 

The cleavage of the C-S bond on α-difluoromethyl β-sulfinyl alcohols was performed 
using the magnesium mediated desulfinylation conditions described in part A of 
this chapter.  

We were then able to test the Mitsunobu conditions on the model difluoromethyl 
alcohol II.2 (Scheme III.27).  

 

 

When using ADDP in combination with PBu
3
,
 
no reaction was observed, and the 

starting alcohol was unchanged. To our delight, when the redox system was 
triphenyl phosphine and diethyl azodicaboxylate, we were able to isolate the 
desired product III.13a with a satisfying yield of 71%. The deprotection of the 
phthalimide to access the free amine was carried out by using hydrobromic acid in 
acetic acid, and led to III.14. Another possible phthalimide cleavage employs 
hydrazine, which would proceed under milder conditions.  

Unfortunately, when the Mitsunobu amination of the azetidine derivative III-2d was 
tried with phthalimide, only a small amount of the corresponding product was 
observed. Despite our efforts, only traces of the product could be recovered after 
purification by flash chromatography followed by preparative HPLC (Scheme III.28). 
Similarly, the pyrrolidine derivative III.13c could not be observed under the same 
reaction conditions. 

 

Scheme III.27. Mitsunobu reaction on a model difluoromethyl alcohol leading to a 
difluoromethyl amine 
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Nevertheless, as the Mitsunobu reaction was efficient directly on the model 
difluoromethyl alcohol, a phenol bearing a boronic ester group was used as another 
type of useful nucleophile. The presence of this group will give us access to 
difluoromethylated building blocks that can be readily used for Suzuki-Miyaura 
couplings. Some tests were performed on the model substrate, the difluoromethyl 
phenyl carbinol (Table III.1). TMAD (tetramethylazodicarboxamide) was previously 
used in the chemistry team to perform the Mitsunobu reaction with hydroxyphenyl 
boronic pinacol ester. The standard redox system (DEAD and PPh

3
) was also tested 

in THF and toluene. 

Table III.1. Mitsunobu attempts on a model difluoromethyl alcohol to access a boronic ester 
derivative 

 

 

 

 

 

Entry Phosphine 
Azodicarboxylate or 

amide 
Solvent Yield 

1 
PPh

3  

(1.25 equiv.) 
TMAD 

(1.25 equiv.) 
THF 

III.15a 
74% 

2 
PPh

3 

(1 equiv.) 
DEAD 

(1 equiv.) 
THF 

III.15a 
53% 

3 
PPh

3 

(1 equiv.) 
DEAD 

(1 equiv.) 
Toluene 

III.15a 
34% 

 

B

OH

O

O

OH

CHF2
O

CHF2

B O

O

Azodicarboxylate
Phosphine

Solvent
22 ºC, overnight

II.2 III.15a

Scheme III.28. Mitsunobu reactions performed on N-heterocyclic 
difluoromethyl alcohols 
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We were able to isolate the desired product III.15a with yields from 34 to 74%. With 
these conditions in hands, the reaction was applied on the difluoromethylated N-
heterocyclic derivatives. We focused on the transformation of the azetidine and 
pyrrolidine derivatives, as the difluoromethyl derivatives of these substrates are of 
great interest for the medicinal chemistry team. The non-fluorinated compounds 
have shown interesting activities in a drug discovery program. Synthesizing 
analogues of these derivatives bearing a difluoromethyl moiety could provide 
beneficial effects to their activity, such as a hydrogen-bond donor effect among 
others or can have an impact on their lipophilicity and then enhance their activity, 
being known effects of the difluoromethyl group. The proposed strategy consisted 
in performing a Suzuki coupling between the difluoromethyl N-heterocycles bearing 
a phenyl boronic ester and a coupling partner that has been prepared in the 
chemistry team bearing a triflate group as pseudohalide (Scheme III.29). 

 

In order to access the other partner for the coupling, Mitsunobu reactions were then 
tried with 4-hydroxybenzene boronic pinacol ester with the previous best 
conditions of Table III.1, entry 1 (Scheme III.30). 

 

 

 

 

 

 

 

 

However, for the pyrrolidine substrate, when using the diamide-triphenyl phosphine 
combination the transformation did not take place and the starting material was 
recovered unchanged. 

Scheme III.29. Suzuki strategy to access a drug candidate analogue bearing a difluoromethyl 
group 
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Scheme III.30. Mitsunobu reaction to access a phenyl boronic ester 
derivative of difluoromethyl pyrrolidine 
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For the azetidine derivative, we used the DEAD-PPh
3 

combination and also the 
Tsunoda reagent, a different Mitsunobu reagent known to be an efficient alternative 
(Scheme III.31).374 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unfortunately, the desired products III.15 bearing the phenyl boronic pinacol ester 
were not obtained.  

More experiments were performed in THF, and as it is regularly described, an excess 
of alcohol was used. However, these results did not lead to the desired product 
either, not surprisingly as the carbon sterically hindered difficults the S

N
2 type 

reaction. Finally, the presence of an added base, triethylamine, was tried for this 
experience, as it was shown in some literature cases to be beneficial for the 
reaction. Regrettably, in our case, this did not help the reaction and only starting 
materials were recovered.374  

Another approach was then proposed, in order to functionalize the difluoromethyl 
alcohols bearing N-heterocycles. This will be described in the next section. 

 

 

 

 

 

 

 

Scheme III.31. Mitsunobu reactions on difluoromethylated azetidine 
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C. Nucleophilic aromatic substitutions 
 

a. State of the art: examples of S
N
Ar type reactions on 

fluorinated derivatives 

Nucleophilic aromatic substitutions represent a powerful tool in organic synthesis. 
Many derivatives can be obtained by replacing the halides of electron-deficient 
aromatic rings in the presence of a nucleophile. One can then have access to a large 
number of derivatives by properly choosing the nucleophile.  

We considered then to use this strategy specific to alcohols starting from our 
readily prepared difluoromethylated alcohols as nucleophiles.  

In literature, the examples of S
N
Ar reactions with alcohols bearing fluoroalkyl 

substituents are limited. In fact, the electron withdrawing effect of fluorine atoms 
in β-position of the alcohol makes of the deprotonated species a weaker 
nucleophile, requiring then harsh reaction conditions or the use of a highly 
activated aromatic ring as counterpart. Representative examples of this reaction will 
be listed in this section. 

The use of fluorinated propanols was described a few times. In 2011, Pinard used 
III-(S).17 with 2-fluorobenzoic acid in the presence of NaH to obtain the propan-2-yl 
derivative III-(S).18 bearing a -CF

3
 group (Scheme III.32).375 

 

 

 

 

 

 

 

 

Later on, Zhen and Shen in 2015, followed by Santora’s group in 2018 described a 
similar strategy where fluoroalkyl alcohols were reacted with trisubstituted aryls 
using cesium carbonate (Scheme III.33).376,377 The expected fluoroalkylated molecules 
were obtained with good to excellent yields. 

 

 

 

 

 

 

Scheme III.32. S
N
Ar using a trifluoromethylated alcohol 
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In 2015, Dong used 1,3-difluoropropan-2-ol to perform the nucleophilic aromatic 
substitution of tetrasubstituted aryls.378 The use of t-BuONa allowed the group to 
replace the fluorine substituent of the aromatic ring with yields up to 95% (Scheme 
III.34). 

 

 

 

 

 

 

 

Recently, an additional interesting example of S
N
Ar was reported by Bagal using an 

alcohol derived from piperazine and bearing a fluorine atom, and a trisubstituted 
pyridine.379 The chlorine atom in position 2 was successfully substituted and the 
monofluorinated product III.21 was obtained in a very satisfying yield (Scheme 
III.35). 

 

 

 

 

 

 

 

 

 

Scheme III.34. S
N
Ar of tetrasubstituted aryls using t-BuONa 
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b. Optimization of the reaction conditions 

In view of the lack of reactivity of our azetidine and pyrrolidine substrates in 
Mitsunobu type reactions, aromatic nucleophilic substitutions were envisaged 
instead. This approach would allow us to add aromatic rings that after further 
functionalization can lead to amino substrates or halogenated aryl ethers for 
coupling reactions (Scheme III.36). 

 

The S
N
Ar were carried out using potassium tert-butoxide, sodium hydride and 

potassium carbonate as bases, in the presence of fluoronitrobenzene, in order to 
obtain the nitrophenyl derivative bearing the corresponding difluoromethyl-
substituted N-heterocycle (Table III.2).380 

 

 

 

 

 

 

 

 

 

 

 

Table III.2. S
N
Ar reactions on azetidine and pyrrolidine-derived 

difluoromethylated alcohols 

Entry Substrate 
Base 

(equiv.) 
t (h) T (ºC) Solvent Yield 

1 

III.2d 

t-BuOK
 

(1.1 equiv.) 
20 22 THF 

III.22a 
52% 

2 
NaH 

(1.1 equiv.) 
20 22 THF 

III.22a 
0% 

3 
K

2
CO

3 

(1.1 equiv.) 
20 22 DMF 

III.22a 
Traces 

4 
III.2f  

t-BuOK 
(1.1 equiv.) 

20 22 THF 
III.22b 

34% 

HO
F2HC

NBoc

HO
F2HC NBoc

R

OH

CHF2 R

O

CHF2

NO2
Base (x equiv.)

4-fluoronitrobenzene (1.1 equiv.)

Solvent
T (ºC), t (h)

R

OH

CHF2 R

O

CHF2

R’

R’ = -NO2, -CN

R

O

CHF2

NR1R2

R

O

CHF2

Br

R

O
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H
N

R

O
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HN

Scheme III.36. Possible derivatives obtained after functionalization of difluoromethyl 
alcohols by nucleophilic aromatic substitutions 
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We were able to obtain the expected compounds with moderate yields when using t-
BuOK. Furthermore, this transformation was improved using microwave-assisted 
synthesis. The optimization of the reaction is presented in Table III.3. 

Table III.3. Microwave assisted S
N
Ar reactions 

 

 

 

Entry Substrate Base (equiv.) t (h) T (ºC) Solvent Yield 

1 

 

III.2d 
 

Cs
2
CO

3 
(2.9 equiv.) 1 110 DMF 

III.22a 
94% 

2 K
2
CO

3 
(1.1 equiv.) 1 110 DMF 0% 

3 K
2
CO

3 
(1.1 equiv.) 1 110 NMP 0% 

4 
1. K

2
CO

3 
(2.9 equiv.) 

2. K
2
CO

3 
(2.9 equiv.) 

2 
1.25 

110 
110 

DMF 

1. 50% 
conversion* 

2. Isolated yield 
32% 

5 

 
 

III.2f 
 
 

Cs
2
CO

3 
(2.9 equiv.) 1 110 DMF 

III.22b 
0% 

6 Cs
2
CO

3 
(2.9 equiv.) 2 140 DMF 82% 

7 K
2
CO

3 
(1.1 equiv.) 1 110 DMF 0% 

8 K
2
CO

3 
(1.1 equiv.) 1 110 NMP 0% 

9 
1. K

2
CO

3 
(2.9 equiv.) 

2. K
2
CO

3 
(2.9 equiv.) 

3. K
2
CO

3 
(2.9 equiv.) 

2 
1.5 
1.5 

140 
140 
140 

DMF 

1. Traces 
2. 50% 

conversion* 
3. Isolated yield 

30% 

10 K
2
CO

3 
(2.9 equiv.) 3 170 DMF 

50% 
conversion* 

*estimation made by proton NMR 

In entries 4 and 9, we can observe that the conversion of the reaction was not total. 
An additional time of reaction was required, as well as the addition of reagents. To 
our delight, we were able to obtain satisfying conditions leading to the expected 
nitrophenyl derivative III.22b bearing the corresponding difluoromethyl N-
heterocycle with excellent yields up to 94% for the azetidine derivative and 82% for 
the pyrrolidine derivative. These conditions, using Cs

2
CO

3
, were then applied to the 

6 membered N-heterocycles (Table III.4). 
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Table III.4. S
N
Ar reaction on 6 membered N-heterocycles 

 

 

 

Entry Substrate Base (equiv.) t (h) T (ºC) Solvent Yield 

1 
III.2h 

1. Cs
2
CO

3 
(2.9 equiv.) 

2. Cs
2
CO

3 
(2.9 equiv.) 

1 
1 

110 
120 

DMF 

III.22c 
1. Traces 

2. Isolated 
yield 57% 

2 
III.2g 

1. Cs
2
CO

3 
(2.9 equiv.) 

2. Cs
2
CO

3 
(2.9 equiv.) 

3. Cs
2
CO

3 
(2.9 equiv.) 

1 
1 

1.5 

120 
140 
140 

DMF 

III.22d 
1. Traces 

2. ca. 50:50 
of 

SM : product 
3. Isolated 
yield 54% 

 

A larger reaction time and additional reagents were required in order to achieve a 
full conversion of the substrate into the expected product. We were able to obtain 
these compounds in moderate yields up to 54% for the N-Boc-3-substituted 
piperidine III.22d and 57% for the N-Boc-4- substituted piperidine III.22c. 

As it was mentioned in Part B, we aimed to prepare a coupling partner for Suzuki-
Miyaura couplings between difluoromethylated 4 and 5-membered N-heterocycles 
and scaffolds of a drug discovery project. The attempts for the synthesis of 
substituted difluoromethyl azetidine and pyrrolidines bearing a phenyl boronic 
ester were not successful and led us to consider an inversion of the chemical 
functions of the coupling partners. The N-heterocycle substituted with a p-
bromophenyl bromide was then synthesized via a S

N
Ar reaction in order to be 

coupled with the available coupling partner having the boronic ester function 
(Scheme III.37). 

 

R

OH

CHF2 R

O

CHF2

NO2
Base (x equiv.)

4-fluoronitrobenzene (1.1 equiv.)

Solvent
MW, T (ºC), t (h)

HO
F2HC

NBoc

HO
F2HC

NBoc

Scheme III.37. Strategy to access a drug candidate analogue from a difluromethylated 
pyrrolidine bearing a p-bromophenyl bromide group 

O

N
CHF2

R2

n

Suzuki coupling
O

N
CHF2

R2

n

Br

B
OO

+

n= 0,1

n= 0,1
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To access this bromobenzene derivative, the reduction of the nitro function was 
performed on two aryl ether obtained by S

N
Ar, bearing difluoromethyl azetidine and 

pyrrolidine moieties. The use of iron powder in the presence of ammonium chloride 
led to excellent yield for the reduction into anilines. Then the transformation of the 
latter to the phenyl bromide was performed by halogen abstraction from CBrCl

3
 

under weakly acidic conditions381 with a very good yield (Scheme III.38). 

 

In view of these results, the same conditions were applied to both enantiomers of 
N-boc 3-(difluoromethyl)pyrrolidin-3-ol. To achieve this, the enantiomers were 
prepared following our methodology starting from the condensation of 
difluoromethyl p-tolyl sulfoxide onto N-Boc pyrrolidinone. Both diastereomers were 
separated by column chromatography, and after desulfinylation, we were able to 
obtain enantioenriched 3-(difluoromethyl)pyrrolidinols III.2f.A and III.2f.B.  

Each starting enantiomer III.2f.A and III.2f.B has an enantiomeric excess of ca. 60%, 
and both were submitted to the S

N
Ar conditions to obtain first the nitrophenyl 

derivatives, which were then reduced into the anilines III.23b.A and III.23b.B and 
finally transformed into the bromophenyl derivatives III.24b.A and III.24b.B 
(Scheme III.39). The enantiomeric ratio of the S

N
Ar product was verified by chiral 

HPLC and showed retention of configuration at the stereogenic carbon center. We 
were glad to confirm that the configuration was also preserved after the reduction 
of the nitro moiety and the conversion of the aniline to the aryl bromide. This 
validated sequence can then be applied to other derivatives, knowing that the initial 
enantiomeric ratio of the difluoromethyl alcohol can be improved from the previous 
steps. 

 

 

 

 

Scheme III.38. Access to bromobenzene derivatives bearing a difluoromethylated N-
heterocycle 

O
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NH4Cl (2 equiv.)

i-PrOH:H2O 3:1
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Br

O
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NO2
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22 ºC, 2 h

O
F2HC

NBoc

NH2
NaNO2 (5 equiv.)
CBrCl3 (2 equiv.)
AcOH (20 equiv.)

DCM:H2O 1:1
22 ºC, 2 h

O
F2HC

NBoc

Br

III.24b
86%, 2 steps

III.24a
89%, 2 steps

III.22a III.23a

III.22b III.23b
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The readily prepared enantiomers bearing a bromophenyl group can then be 
involved in the Suzuki-Miyaura coupling reactions to obtain the final compounds.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme III.39. S
N
Ar reactions and functionalization applied to enantiopure 

difluoromethylated pyrrolidines 

O
F2HC

NBoc

NO2

Cs2CO3 (2.9 equiv.)
4-fluoronitrobenzene (1.1 equiv.)
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MW, 140 ºC 

2 h

HO
F2HC NBoc

III.22b.A : 31% and 60% e.e.
III.22b.B : 31% and 68% e.e.

III.2f.A : 58% e.e.
III.2f.B : 60% e.e.

Fe (5 equiv.)
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i-PrOH:H2O 3:1
22 ºC, 2 h

O
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O
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Br

III.23b.A : 94% and 60% e.e.
III.23b.B : 97% and 66% e.e.

III.24b.A : 84% and 60% e.e.
III.24b.B : 94% and 68% e.e.
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D. Summary and conclusions 
 

Continuing our studies to access enantiopure difluoromethylated compounds using 
chiral difluoromethyl aryl sulfoxides as –CHF

2
 surrogates, we focused our efforts on 

the functionalization of α-difluoromethyl-β-sulfinyl alcohols.  

In the previous chapter, we reported the different strategies that were used to 
introduce the difluoromethyl moiety by deprotonation and nucleophilic addition of 
the corresponding anion onto a range of electrophiles. The most successful results 
were obtained when the (arenesulfinyl)-difluoro-methanide was added to carbonyls. 
We focused then on the possibilities of functionalization of these compounds.  

First, the desulfinylation was explored. Several methods described in the literature 
for the non-fluorinated analogues were tested without success. Moreover, 
desulfonylation protocols described to be efficient for difluoromethylated sulfonyl 
compounds were also tried and some reproducibility issues were raised. However, 
we were able to develop efficient conditions for this procedure. In addition to that, 
the same conditions used for the desulfonylation involving activated Mg(0) were 
efficiently applied to the sulfinyl derivatives. In the course of our studies, we also 
investigated a recently described system for desulfinylation: phenylsilane in basic 
medium. After an optimization of the reaction conditions and with the alternative 
use of PMHS instead of phenylsilane, we had access to a second desulfinylation 
method. It is noteworthy that retention of configuration at the freshly formed 
carbon center was confirmed in both cases, making this methodology reliable 
(Scheme III.40).  

 

 

 

 

 

Moreover, we aimed to valorize the synthesized difluoromethyl alcohols. The final 
part of this project consisted then in studying their transformations of the different 
functional groups contained in these molecules, in order to establish them as a 
highly valuable platform towards various chiral difluoromethylated building-blocks 
of high interest, particularly in medicinal chemistry.  

First, we considered the Mitsunobu reaction. Indeed, the possibility to introduce a 
large number of functionalities by properly choosing the pronucleophile seemed 
very attractive for this project. This was complementary to the fact that the 
inversion of configuration of the carbon center during the transformation would be 
of great interest to access numerous enantiopure difluoromethylated compounds. 
The first attempts of functionalization of α-difluoromethyl-β-hydroxysulfoxides 
were unfortunately unfruitful. We focused then on the functionalization of 
difluoromethyl derivatives after removal of the sulfinyl chiral auxiliary. We were 
glad to observe that our model substrate reacted very well in the Mitsunobu 
conditions to afford the corresponding amine and boronate-substituted aryl ether. 
However, when this strategy was applied to selected N-heterocycles, results were 
not satisfying, and we could not obtain the expected products. 

Scheme III.40. Access to enantioenriched difluoromethyl alcohols from 
α-difluoromethyl-β-hydroxysulfoxides 
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We finally proceeded with another challenging transformation of our substrates: 
nucleophilic aromatic substitutions using difluoromethyl alcohols as the 
corresponding nucleophiles. To our delight, the different 4, 5 and 6-membered N-
heterocyclic alcohols showed excellent results. As an extension of the study, we 
synthesized in racemic and enantioenriched fashion the bromophenyl ether of 3-
(difluoromethyl)pyrrolidin-3-ol to be used in the synthesis of a building block of 
pharmaceutical interest. Three steps were involved in this synthesis (the key step 
being a S

N
Ar), and we were able to confirm the retention of configuration at the 

carbon stereocenter all along the process (Scheme III.41).  

 

 

 

 

 

Furthermore, the functionalizations performed using nucleophilic aromatic 
substitutions opened the way to access new derivatives, and it will be worth 
completing the study by synthesizing a range of aryl ethers bearing the -CHF

2
 

moiety, as proposed in Scheme III.36.  

Regarding the Mitsunobu type reactions that did not afford satisfying results, it 
would be also interesting to use enantiopure difluoromethyl p-tolyl sulfoxide as the 
pronucleophile to evaluate its reactivity (Scheme III.42).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme III.42. Mitsunobu reaction between 
difluoromethyl p-tolyl sulfoxide and chiral alcohols 
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Scheme III.41. Functionalization of enantioenriched 
difluoromethyl alcohols 
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E. Experimental Part 
 

a. Desulfinylation of α -difluoro-β -sulfinyl alcohols 

General procedure for the Mg(0)-mediated desulfinylation 

Magnesium turnings (30 equiv., 2.59 mmol) were previously placed under vacuum. 
0.3 mL of methanol and a minimal amount of iodine were added to the medium. 
The mixture was cooled to 0 ºC. A solution of the corresponding α-difluoro-β-
sulfinyl alcohol II.91 (1 equiv., 0.086 mmol) in 0.7 mL of methanol was added. The 
reaction mixture was allowed to warm to 20 ºC and stirred at this temperature for 
16 h. The reaction was quenched with a saturated solution of ammonium chloride. 
The aqueous phase was extracted three times with diethyl ether. The combined 
organic layers were washed with brine, dried over anhydrous sodium sulfate, 
filtered and concentrated under reduced pressure.  

PMHS/t-BuOK-mediated desulfinylation 

To a stirred solution of 2,2-difluoro-1-phenyl-2-(p-toluenesulfinyl)ethan-1-ol (S
S
,S) II-

(S,S
S
).91a (1 equiv., 50.0 mg, 169 mmol) and t-BuOK (3 equiv., 56.8 mg, 506 mmol) in 

freshly distilled THF was added dropwise PMHS (3 equiv., 0.14 mL, 506 mmol). The 
mixture was stirred at 20 ºC for 48 h in a sealed tube, then quenched with a 
solution of KOH in a water/methanol (1:1, V/V) mixture and left under stirring for 2 
h. The aqueous phase was extracted three times with diethyl ether. The combined 
organic phases were washed with a saturated solution of sodium carbonate and 
with brine dried over anhydrous sodium sulfate, filtered over Celite® and activated 
charcoal and concentrated under reduced pressure. 

(S)-2,2-Difluoro-1-phenylethan-1-ol II-(S).2 

Prepared by PMHS/t-BuOK-mediated desulfinylation. The crude was 
purified by chromatography on silica gel with a cyclohexane:ethyl 
acetate gradient (from pure cyclohexane to 70:30). 52% yield. 88% e.e. 
1H NMR (400 MHz, CDCl

3
) δ (ppm) 7.46-7.35 (m, 5H), 5.77 (td, J = 4.8 

Hz, 55.9 Hz, 1H), 4.84 (td, J = 4.6 Hz, 10.1 Hz, 1H), 2.43 (br s, 1H). 19F 
NMR (376 MHz, CDCl

3
) δ (ppm) -127.2 (ABX system, J

AB
 = J

F-F 
= 284.1 Hz, J

AX
 = J

H-F
 = 

55.9 Hz, J
BX

 = J
H-F

 = 9.5 Hz, ΔνAB = 278.5 Hz, 1F) and -128.0 (ABX system, J
AB

 = J
F-F 

= 
284.1 Hz, J

AX
 = J

H-F
 = 55.9 Hz, J

BX
 = J

H-F
 = 10.9 Hz, ΔνAB = 278.8 Hz, 1F). In agreement 

with previously reported data.382 The enantiomeric excess of the product was 
determined by chiral HPLC using a Chiracel IC column (n-hexane:i-PrOH 95:5, flow 
rate: 0.5 mL/min, λ = 207 nm, τ = 10.7 min and 11.7 min).  

2,2-Difluoro-1-(thiazol-4-yl)ethan-1-ol III.2c 

Prepared by Mg(0)-mediated desulfinylation. The crude mixture was 
purified by silica gel flash chromatography using a n-heptane:ethyl 
acetate gradient (from pure heptane to 30:70). 43% yield. Orange oil. 1H 
NMR (400 MHz, CDCl

3
) δ (ppm) 8.84 (d, J = 2.0 Hz, 1H), 7.44 (d, J = 2.0 

Hz, 1H), 6.01 (td, J = 55.7, 3.9 Hz, 1H), 5.22 – 4.92 (m, 1H), 3.17 (br, 
1H), 2.42 – 2.26 (m, 1H). 19F NMR (282 MHz, CDCl

3
) δ (ppm) -129.3 

(ABX system, J
AB

=J
F-F

= 284.8 Hz, ∆νAB=226 Hz, 2F). 13C NMR (101 MHz, CDCl
3
) δ 

(ppm) 153.55, 130.4, 117.50, 116.9, 115.06 (t, J = 245.4 Hz). HRMS (ESI): m/z 
calculated for [C

5
H

6
F

2
NO

2
]+: 150.0361, found: 150.0362. 

OH

S

NF2HC

III.2c

II-(S).2

F2HC

OH
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tert-Butyl-3-(difluoro(p-toluenesulfinyl)methyl)-3-hydroxypiperidine-1-
carboxylate III.2d 

Prepared by Mg(0)-mediated desulfinylation. The crude mixture was 
purified by silica gel flash chromatography using a n-heptane:ethyl 
acetate gradient (from pure heptane to 30:70). 38% yield. Yellow oil. 
White solid. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 5.81 (td, J = 55.7, 1.2 

Hz, 1H), 4.11 (d, J = 9.8 Hz, 2H), 3.87 (d, J = 9.8 Hz, 2H), 2.88 (br, 1H), 1.44 (s, 9H). 
19F NMR (282 MHz, CDCl

3
) δ (ppm) -134.16 (app. d, J = 2.9 Hz). 13C NMR (101 MHz, 

CDCl
3
) δ (ppm) 156.3, 116.9, 114.6 (t, J = 244.7 Hz), 112.1, 80.6, 77.5, 77.2, 76.8, 

69.8, 69.6 (t, J = 24.8 Hz)., 69.4, 56.7, 28.5. HRMS (ESI): m/z calculated for 
[C

9
H

15
F

2
NNaO

3
]+: 246. 0912, found: 246.0919. IR (cm-1) 3354, 2979, 1654, 1498, 1433, 

1228, 1169, 1068, 625.  

tert-Butyl-((2R)-1-(aryl)-4,4-difluoro-3-hydroxybutan-2-yl)(methyl)carbamate III.2e 

Prepared by Mg(0)-mediated desulfinylation. The crude mixture 
was purified by silica gel flash chromatography using a n-
heptane:ethyl gradient (from pure heptane to 50:50). 67% yield. 
Colorless oil. Due to confidentiality reasons, aromatic substituents 
are not disclosed. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 5.75 (td, J = 

55.7, 3.8 Hz, 1H), 4.21 – 4.06 (m, 1H), 3.62 (d, J = 11.1 Hz, 1H), 
3.30 (dd, J = 14.2, 11.3 Hz, 1H), 3.01 – 2.90 (m, 1H), 2.52 (s, 3H), 

1.43 (s, 9H). 19F NMR (282 MHz, CDCl
3
) δ (ppm) -129.2 (t, J = 288.0 Hz, 2F). 13C NMR 

(101 MHz, CDCl
3
) δ (ppm) 163.3 (d, J = 12.0 Hz), 160.8 (d, J = 12.0 Hz), 157.0, 132.3, 

115.3 (t, J = 243.5 Hz), 111.3 (dd, J = 20.9, 3.7 Hz), 103.8 (t, J = 25.8 Hz), 80.9, 74.0 
(t, J = 23.1 Hz), 61.4, 37.5, 28.4, 26.4. HRMS (ESI): m/z calculated for 
[C

16
H

21
F

4
NNaO

3
]+: 374.1250, found: 374.1326 

tert-Butyl 3-(difluoromethyl)-3-hydroxypyrrolidine-1-carboxylate III.2f 

Prepared by Mg(0)-mediated desulfinylation. The crude mixture was 
purified by silica gel flash chromatography using a n-heptane:ethyl 
acetate gradient (from pure heptane to 50:50). 95% yield. Colorless 
solid. 1H NMR (500 MHz, CDCl

3
) δ (ppm) 5.75 (t, J = 55.8 Hz, 1H), 

3.65 – 3.47 (m, 4H), 3.48 – 3.33 (m, 1H), 3.33 – 3.18 (m, 1H), 2.12 – 
1.99 (m, 1H), 1.99 – 1.84 (m, 1H), 1.44 (s, 9H). 19F NMR (471 MHz, CDCl

3
) δ (ppm) -

130.27, (app. d, J = 54.4 Hz), -130.25 (app. d, J = 56.1 Hz), -130.20 (app. d, J = 55.8 
Hz). 13C NMR (126 MHz, CDCl

3
) δ (ppm) 115.5 (t, J = 245.8 Hz), 80.0, 79.4 (dt, J = 

107.7, 22.2 Hz), 53.1, 52.8, 44.5, 44.1, 32.5, 32.0, 28.6.  HRMS (ESI): m/z calculated 
for [C

10
H

17
F

2
NNaO

3
]+: 260.1069, found: 260.1081. IR (cm-1) 3299, 1647, 1545, 1499, 

1289, 1236, 1014, 872, 814, 591, 504. The enantiomeric ratio of the product was 
determined by HPLC using a Chiracel IC column (n-hexane:i-PrOH= 90:10, flow rate 
0.5 mL/min, λ = 205 nm, τ = 11.1 min, 15.1 min). 

tert-Butyl 3-(difluoromethyl)-3-hydroxypiperidine-1-carboxylate III.2g 

Prepared by Mg(0)-mediated desulfinylation. The crude mixture was 
purified by silica gel flash chromatography using a n-heptane:ethyl 
acetate gradient (from pure heptane to 50:50). 51% yield. Colorless 
oil. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 5.57 (t, J = 55.8 Hz, 1H), 3.92 

(d, J = 13.4 Hz, 1H), 3.73 (d, J = 10.0 Hz, 1H), 3.52 (s, 0H), 3.18 – 2.98 
(m, 2H), 1.92 – 1.57 (m, 3H), 1.46 (s, 9H). 19F NMR (282 MHz, CDCl

3
) δ (ppm) -134.00 

(app. d, J = 3.3 Hz, 1F), -134.02 (app. s, 1F). 13C NMR (101 MHz, CDCl
3
) δ (ppm) 

HO
F2HC NBoc

III.2f

HO
F2HC

NBoc

III.2d

HO
F2HC

NBoc

III.2g

N Me

Boc

F2HC

OH

III.2e

R3



Chapter III – Functionalization of difluoromethyl derivatives 

 289 

156.4, 116.5 (t, J = 221.5 Hz), 79.9, 70.3, 66.4, 50.5, 43.8, 28.5. HRMS (ESI): m/z 
calculated for [C

11
H

19
F

2
NNaO

3
]+: 274.1225, found: 274.1232. 

tert-Butyl 4-(difluoromethyl)-4-hydroxypiperidine-1-carboxylate III.2h 

Prepared by Mg(0)-mediated desulfinylation. The crude mixture was 
purified by silica gel flash chromatography using a n-heptane:ethyl 
acetate gradient (from pure heptane to 50:50). 92% yield. Light 
yellow oil. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 5.49 (t, J = 56.3 Hz, 

1H), 4.24 – 3.76 (m, 2H), 3.08 (t, J = 13.1 Hz, 2H), 1.67 (m, 2H), 1.61 – 
1.50 (m, 2H), 1.46 (s, 9H). 19F NMR (282 MHz, CDCl

3
) δ (ppm) -129.14 (app. d, J = 3.5 

Hz). 13C NMR (101 MHz, CDCl
3
) δ (ppm) 154.8, 117.4 (t, J = 247.1 Hz), 79.9, 70.3 (t, J 

= 21.3 Hz), 67.8, 38.5, 34.2, 28.5. HRMS (ESI): m/z calculated for [C
11

H
19

F
2
NNaO

3
]+: 

274.1225, found: 274.1215. IR (cm-1) 3410, 2973, 1670, 1427, 1366, 1249, 1166, 
1065, 972. 

(3S)-3-(Dibenzylamino)-1,1-difluorobutan-2-ol III.2i 

Prepared by Mg(0)-mediated desulfinylation. The crude mixture 
was purified by silica gel flash chromatography using a n-
heptane:ethyl acetate gradient (from pure heptane to 50:50). 58% 
yield. Light yellow oil. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 7.47 – 

7.14 (m, 10H), 5.40 (t, J = 56.6 Hz, 1H), 3.95 – 3.57 (m, 5H), 2.85 (d, 
J = 14.5 Hz, 1H), 2.56 (dd, J = 14.4, 2.5 Hz, 1H), 1.05 (s, 3H). 19F 
NMR (282 MHz, CDCl

3
) δ (ppm) -131.9 (ABX system, J

AB 
= J

F-F 
= 

279.7 Hz, ∆νAB= 1490 Hz, 2F). 13C NMR (101 MHz, CDCl
3
) δ (ppm) 

138.6, 129.3, 128.7, 127.7, 117.2 (t, J = 247.8 Hz), 71.7, 71.2, 60.2, 57.5, 20.2. HRMS 
(ESI): m/z calculated for [C

18
H

22
F

2
NO]+: 305.1664, found: 306.1655. 

(S)-2,2-Difluoro-1-(4-anisyl)-ethan-1-ol III-(S).2j 

Prepared by Mg(0)-mediated desulfinylation. The crude product 
was purified by chromatography on silica gel using with  a 
cyclohexane:ethyl acetate gradient (from pure cyclohexane to 
60:40). 64% yield. 86% e.e. 1H NMR (500 MHz, CDCl

3
) δ (ppm) 

7.34 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 5.74 (td, J = 5.1 
Hz, 56.3 Hz, 1H), 4.77 (td, J = 4.7 Hz, 10.3 Hz, 1H), 3.81 (s, 3H). 

19F NMR (376 MHz, CDCl
3
) δ (ppm) -127.5 (app. dd, J = 56.2, J = 9.5 Hz, 2F). 13C NMR 

(126 MHz, CDCl
3
) δ (ppm) 160.3, 131.8, 130.0, 129.7, 129.6, 128.6, 117.9, 116.0, 

114.3, 114.0, 113.9, 73.4 (d, J = 26 Hz), 55.5, 29.8. IR (cm-1) 3414, 2924, 1515, 
1250,1068, 832, 552. HRMS (ESI) calculated for C

9
H

9
F

2
O

2
: 187.0576, found: 

187.0591. [α]
589

 = + 13.40 (20 ºC, 0.7 g/100 mL, CHCl
3
). The enantiomeric excess of 

the product was determined by chiral HPLC using a Chiracel IC column (n-hexane:i-
PrOH 98:2, flow rate: 0.5 mL/min, λ = 224 nm, τ = 27.2 min and 30.7 min). 
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b. Mitsunobu type reactions 

2-((4-Chlorophenyl)sulfinyl)-2,2-difluoro-1-phenylethyl ethyl carbonate III.12 

To a solution of 2-((4-chlorophenyl)sulfinyl)-2,2-difluoro-1-phenylethan-1-ol (60.0 
mg, 0.189 mmol), triphenylphosphine (50,2 mg, 0.189 mmol) and dimethyl 
malonate (25.0 mg, 0.189 mmol) in anhydrous toluene (2 ml) was added dropwise at 
0 °C diethyl azodicarboxylate (0.035 ml, 0.189 mmol). The solution was stirred 
overnight at room temperature. As starting material was still observed, the mixture 
was heated at 60 °C for 5 h. The mixture was filtered over Celite® and the volatiles 
were evaporated under reduced pressure.  

 

The crude mixture was purified by silica gel flash 
chromatography using a n-heptane:ethyl acetate gradient 
(from pure n-heptane to pure ethyl acetate). 14 mg, 0.036 
mmol, 19% yield. Colorless oil.  

1H NMR (400 MHz, CDCl
3
) δ (ppm) 7.67 (d, J = 8.3 Hz, 2H), 

7.53 (d, J = 8.6 Hz, 2H), 7.49 – 7.34 (m, 5H), 6.22 (dd, J = 
14.3, 11.0 Hz, 1H), 4.32 – 4.21 (m, 2H), 1.34 (t, J = 7.1 Hz, 3H). 19F NMR (282 MHz, 
CDCl

3
) δ (ppm) -113.39 (app. d, J = 2.0 Hz). 13C NMR (101 MHz, CDCl

3
) δ (ppm) 153.0, 

129.7, 128.8, 128.4, 127.9, 73.7 (dd, J = 28.6, 25.7 Hz), 73.5, 65.6, 14.3. HRMS (ESI): 
m/z calculated for [C

17
H

15
ClF

2
KO

4
S]+: 426.9979, found: 426.9967 

2-(2,2-Difluoro-1-phenylethyl)isoindoline-1,3-dione III.13a 

To a solution of phthalimide (48.97 mg, 0.32 mmol) in anhydrous toluene (2 ml) 
was added 2,2-difluoro-1-phenylethan-1-ol (50 mg, 0.32 mmol) (in solution in 
toluene) and triphenylphosphine (83.76 mg, 0.32 mmol) (as a solid). Diethyl 
azodicarboxylate (58 µL, 0.32 mmol) was added dropwise and the mixture was 
stirred overnight at room temperature. The mixture was filtered through a small 
pad of silica, washed with dichloromethane. The volatiles were evaporated under 
reduced pressure. The crude mixture was purified by silica gel flash 
chromatography using a n-heptane:ethyl acetate gradient (from pure heptane to 
20:80) twice. 71% yield. Light yellow solid.  

1H NMR (500 MHz, CDCl
3
) δ (ppm) 7.86 (dd, J = 5.4, 3.1 Hz, 2H), 7.74 

(dd, J = 5.5, 3.0 Hz, 2H), 7.56 (dd, J = 8.0, 1.7 Hz, 2H), 7.44 – 7.30 (m, 
3H), 6.99 (td, J = 56.6, 7.6 Hz, 1H), 5.50 (ddd, J = 11.1, 9.5, 7.6 Hz, 1H). 
19F NMR (282 MHz, CDCl

3
) δ -126.2 (ABX system, J

AB 
= J

F-F 
=246.1 Hz, J

AX 

= J
H-F 

= 56.6 Hz, 7.6 Hz, ∆νAB=635 Hz, 2F). 13C NMR (126 MHz, CDCl
3
) δ 

(ppm) 167.70, 134.7, 133.8, 131.71, 129.3, 129.2, 128.9, 123.8, 113.3 
(dd, J = 246.0, 243.5 Hz), 57.5 (dd, J = 25, 30 Hz). HRMS (ESI): m/z 
calculated for [C

16
H

12
F

2
NO

2
]+: 288.0831, found: 288.0831. IR (cm-1) 

1781, 1716, 1384, 1108, 1067, 1052, 720, 696, 499.  

2,2-Difluoro-1-phenylethan-1-amine III.14 

A mixture of 2-(2,2-difluoro-1-phenylethyl)isoindoline-1,3-dione (25 
mg, 87 µmol), acetic acid (0.2o mL, 3.5 mmol) and hydrobromic acid 
(0.2 ml, 1.77 mmol) was stirred at 120 °C overnight. The mixture was 
allowed to reach room temperature, was filtered and washed with 
methanol. A saturated solution of sodium carbonate in water was 

CHF2

NH2

III.14

N

CHF2

OO

III.13a

Cl

S+
O- O

F F

O

O
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added to the mixture and the aqueous phase was extracted three times with 
dichloromethane. The volatiles were evaporated under reduced pressure.  No 
purification was performed. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 7.63 – 7.01 (m, 5H), 

5.77 (td, J = 56.7, 4.6 Hz, 1H), 4.19 (ddd, J = 13.8, 9.7, 4.5 Hz, 1H). In agreement with 
previously reported data.261  

2-(4-(2,2-Difluoro-1-phenylethoxy)phenyl)-pinacolborane III.15a 

To a solution of 4-hydroxyphenyl pinacolborane (69 mg, 32 µmol) in anhydrous THF 
(2 ml) was added 2,2-difluoro-1-phenylethan-1-ol (50 mg, 32 µmol) (in solution in 
THF) and triphenylphosphine (84 mg, 316 µmol) as a solid. (E)-N1,N1,N2,N2-
tetramethyldiazene-1,2-dicarboxamide (68 mg, 40 µmol) was added portionwise and 
the mixture was stirred overnight at room temperature. The mixture was filtered 
through a small pad of silica, washed with dichloromethane. The filtrate was 
concentrated under reduced pressure.  

The crude mixture was purified by silica gel flash 
chromatography using a n-heptane:ethyl acetate gradient 
(from pure heptane to pure ethyl acetate). 74% yield. Light 
yellow oil.  

1H NMR (400 MHz, CDCl
3
) δ (ppm) 7.67 (d, J = 8.6 , 2H), 7.44 

(m, 5H), 6.87 (d, J = 8.6 Hz, 2H), 5.99 (td, J = 55.5, 4.2 Hz, 1H), 
5.31 (td, J = 10.1, 4.2 Hz, 1H), 1.30 (s, 12H). 19F NMR (282 
MHz, CDCl

3
) δ (ppm) -126,6 (ABX system, J

AB 
= J

F-F
=285.8 Hz, 

7.6 Hz, ∆νAB= 962.2 Hz, 2F). 13C NMR (101 MHz, CDCl
3
) δ (ppm) 159.5, 136.6, 133.5, 

129.3, 128.9, 127.7, 115.4, 114.6, 83.77, 79.0, 78.8, 78.5, 24.9. IR (cm-1) 3290, 2921, 
1597, 1406, 1194, 1114, 1086, 991, 809, 521, 450. HRMS (ESI): m/z calculated for 
[C

20
H

24
BF

2
O

3
]+: 361.1785, found: 361.1787. 

 

c. Nucleophilic aromatic substitutions 

General procedure  

In a microwave tube, the corresponding difluoromethyl alcohol (135 µmol, 1 equiv.) 
was dissolved in DMF and 4-fluoronitrobenzene (16 µl, 148 µmol, 1.1 equiv.) was 
added followed by cesium carbonate (128 mg, 391 µmol, 2.9 equiv.). The reaction 
mixture was heated under microwave irradiation at the appropriate temperature for 
the time indicated. A saturated solution of ammonium chloride was added to the 
solution and the aqueous phase was extracted three times with ethyl acetate. The 
combined organic layers were dried over sodium sulfate, filtered and concentrated 
in vacuo. The crude mixtures were purified by silica gel flash chromatography.  

tert-Butyl 3-(difluoromethyl)-3-(4-nitrophenoxy)azetidine-1-carboxylate III.22a 

Reaction time: 1 h. Reaction temperature: 110 ºC. 

The crude mixture was purified by silica gel flash chromatography 
using a n-heptane:ethyl acetate gradient (from pure heptane to 
30:70). 94% yield. Light yellow oil. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 

8.23 (d, J = 9.2 Hz, 2H), 6.90 (d, J = 9.2 Hz, 2H), 6.10 (t, J = 55.0 Hz, 
1H), 4.34 (d, J = 10.3 Hz, 2H), 4.19 (d, J = 11.2 Hz, 1H), 1.45 (s, 9H). 
19F NMR (282 MHz, CDCl

3
) δ (ppm) -131.27 (app. s). 13C NMR (101 

MHz, CDCl
3
) δ (ppm) 159.17, 155.86, 143.13, 126.15, 117.16, 111.3 (t, J = 247.5 Hz), 

O

CHF2
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O
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81.08, 75.6 (t, J = 25.6 Hz), 54.34, 28.39. HRMS (ESI): m/z calculated for 
[C

15
H

18
F

2
KN

2
O

5
]+: 383.0815, found: 383.0815. IR (cm-1) 2977, 1704, 1593, 1520, 1391, 

1344, 1246, 1111, 1083, 1062, 853, 751.  

tert-Butyl 3-(difluoromethyl)-3-(4-nitrophenoxy)pyrrolidine-1-carboxylate III.22b 

Reaction time: 2 h. Reaction temperature: 140 ºC. 

The crude mixture was purified by silica gel flash chromatography 
using a n-heptane:ethyl acetate gradient (from pure heptane to 
10:90). 82% yield. Yellow oil.  

1H NMR (400 MHz, CDCl
3
) δ (ppm) 8.37 – 7.93 (m, 2H), 7.13 – 6.78 

(m, 2H), 5.98 (t, J = 55.0 Hz, 1H), 4.16 – 3.35 (m, 4H), 2.38 – 2.15 (m, 
2H), 1.37 (s, 9H). 13C NMR (101 MHz, CDCl

3
) δ (ppm) 159.3, 154.2, 

143.9, 126.3, 125.7, 122.2, 115.8, 114.3, 80.6, 49.8, 44.2, 28.5. HRMS (ESI): m/z 
calculated for [C

16
H

20
F

2
N

2
NaO

5
]+: 381.1232, found: 381.1222. IR (cm-1) 2918, 2850, 

1698, 1523, 1412, 1344, 1240, 1163, 1068, 871. The enantiomeric ratio of the 
product was determined by HPLC using a Chiracel IC column (n-hexane:i-PrOH 
= 90:10, flow rate 0.5 mL/min, λ = 274 nm, τ = 35.8 min, 39.2 min).  

tert-Butyl 4-(difluoromethyl)-4-(4-nitrophenoxy)piperidine-1-carboxylate III.22c 

Reaction time: 1 h at 110 ºC followed by 1 h at 120 ºC. 

The crude mixture was purified by silica gel flash chromatography 
using a n-heptane:ethyl acetate gradient (from pure heptane to 
50:50). 57% yield. Light yellow oil. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 

8.21 (d, J = 9.1 Hz, 2H), 7.21 (d, J = 9.1 Hz, 2H), 5.78 (t, J = 55.1 Hz, 
1H), 4.19 – 3.77 (m, 2H), 3.26 – 2.87 (m, 2H), 2.06 (d, J = 13.9 Hz, 2H), 
1.92 – 1.71 (m, 2H), 1.46 (s, 9H).19F NMR (282 MHz, CDCl

3
) δ (ppm) -

115.33 (ABX system, J
AB 

= J
F-F 

= 221.2 Hz, ∆νAB= 2331 Hz, 0.39F), -114.8 (ABX system, 
J

AB 
= J

F-F 
= 226.1 Hz, ∆νAB= 1231 Hz, 0.61F). 13C NMR (101 MHz, CDCl

3
) δ (ppm) 

160.1, 154.6, 143.9, 125.6, 122.5, 115.78 (t, J = 249.3 Hz), 80.44 (t, J = 21.0 Hz), 
80.3, 40.4, 38.8, 28.5. HRMS (ESI): m/z calculated for [C

17
H

22
F

2
N

2
NaO

5
]+: 395.1389, 

found: 395.1392. IR (cm-1) 2973, 1692, 1591, 1520, 1345, 1164, 1068, 864. 

tert-Butyl 3-(difluoromethyl)-3-(4-nitrophenoxy)piperidine-1-carboxylate III.22d 

Reaction time: 1 h at 120 ºC, 1h at 140 ºC and 1.5 h at 140 ºC. 

The crude mixture was purified by silica gel flash chromatography 
using a n-heptane:ethyl acetate gradient (from pure heptane to 
50:50). 57% yield. Yellow oil. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 8.27 – 

8.07 (m, 2H), 7.22 (d, J = 9.1 Hz, 1H), 6.97 (d, J = 9.0 Hz, 1H), 6.61 (d, J 
= 9.4 Hz, 1H), 5.84 (t, J = 54.8 Hz, 1H), 4.38 (dd, J = 8.0, 4.5 Hz, 1H), 
3.91 (d, J = 12.8 Hz, 1H), 3.12 (s, 2H), 2.14 – 2.02 (m, 1H), 1.92 – 1.72 
(m, 1H), 1.43 (s, 9H). 13C NMR (101 MHz, CDCl

3
) δ (ppm) 110.1, 115.4, 

123.1, 125.8, 40.4, 28.6, 27.8, 20.0. HRMS (ESI): m/z calculated for [C
17

H
22

F
2
N

2
NaO

5
]+: 

395.1389, found: 395.1376. 
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d. Reduction of nitrophenyl derivatives  

General procedure 

Reduced iron powder (0.30 mmol, 5 equiv.) and ammonium chloride (0.13 mmol, 2 
equiv.) were added to a solution of the nitroaryl derivative (0.060 mmol) in an 
mixture isopropanol:water (1:3, V/V) mixture. The solution was refluxed for 2 h. 
The mixture was cooled to room temperature and poured into water, extracted 
three times with ethyl acetate. The combined organic layers were washed with 
brine, dried over anhydrous sodium sulfate, and concentrated under reduced 
pressure. 

tert-Butyl 3-(4-aminophenoxy)-3-(difluoromethyl)azetidine-1-carboxylate III.23a 

Quantitative yield. Light yellow oil. 1H NMR (400 MHz, CDCl
3
) δ 

(ppm) 6.74 (d, J = 8.7 Hz, 2H), 6.65 (d, J = 8.3 Hz, 2H), 6.01 (t, J = 55.5 
Hz, 1H), 4.28 – 3.95 (m, 4H), 1.43 (s, 5H). 13C NMR (101 MHz, CDCl

3
) δ 

(ppm) 145.96, 142.97, 121.03, 113.12 (t, J = 245.9 Hz), 116.26, 
110.68, 80.40, 75.61 (t, J = 25.0 Hz), 54.10, 28.40. HRMS (ESI): m/z 
calculated for [C

15
H

21
F

2
N

2
O

3
]+: 315.1515, found: 315.1495. IR (cm-1) 

3356, 2976, 1698, 1509, 1392, 1226, 1167, 1107, 835, 629. 

tert-Butyl 3-(4-aminophenoxy)-3-(difluoromethyl)pyrrolidine-1-carboxylate III.23b 

The crude mixture was filtered through a pad of silica gel using ethyl 
acetate as eluent. 97% yield. Light yellow oil. 1H NMR (400 MHz, 
CDCl

3
) δ (ppm) 6.69 (d, J = 8.5 Hz, 2H), 6.49 (d, J = 8.3 Hz, 2H), 5.84 

(t, J = 55.4 Hz, 1H), 3.78 – 3.15 (m, 6H), 2.18 – 1.86 (m, 2H), 1.35 (s, 
9H). 19F NMR (282 MHz, CDCl

3
) δ (ppm) -128.93 (1F), -129.43 (d, J = 

6.5 Hz, 1F). 13C NMR (101 MHz, CDCl
3
) δ (ppm) 154.37, 145.53, 

143.70, 124.55, 114.3, 115.84, 87.8, 49.73, 44.16, 28.60. HRMS (ESI): 
m/z calculated for [C

16
H

22
F

2
N

2
NaO

3
]+: 351.1491, found: 351.1479. The 

enantiomeric ratio of the product was determined by HPLC using a Chiracel ID 
column (n-hexane/i-PrOH= 80:20, flow rate 0.5 mL/min, λ = 204 nm, τ = 18.78 min, 
21.77 min). 

 

e. Conversion of anilines to aryl bromides 

General procedure 

Aryl amine (0.03 mmol, 1 equiv.), NaNO
2
 (0.15 mmol, 5 equiv.), 

bromotrichloromethane (0.06 mmol, 2 equiv.), and solvent system (0.4 mL each of 
organic solvent and H

2
O) were stirred (5 min) at room temperature. Acetic acid (20 

equiv.) was then added in one portion and the reaction stirred under argon for 1 h. 
After separation of the organic layer, the aqueous layer was extracted three times 
with dichloromethane. The combined organic layers were washed with brine, dried 
over sodium sulfate, and concentrated under reduced pressure. 
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tert-Butyl 3-(4-bromophenoxy)-3-(difluoromethyl)azetidine-1-carboxylate III.24a 

The crude mixture was filtered through a pad of silica gel using a n-
heptane:ethyl acetate The crude mixture was purified by silica gel 
flash chromatography using a n-heptane:ethyl acetate gradient (from 
pure heptane to 50:50). 57% yield. Light yellow oil. (20:80). 89% yield. 
Dark orange oil. 1H NMR (400 MHz, CDCl

3
) δ (ppm) 7.42 (d, J = 8.9 Hz, 

2H), 6.73 (d, J = 8.9 Hz, 2H), 6.05 (t, J = 55.3 Hz, 1H), 4.24 (d, J = 10.0 
Hz, 2H), 4.12 (d, J = 10.3 Hz, 2H), 1.44 (s, 9H). 19F NMR (282 MHz, 
CDCl

3
) δ (ppm) -132.38 (app. s, 2F). 13C NMR (101 MHz, CDCl

3
) δ (ppm) 

156.0, 153.1, 132.9, 119.9, 115.1, 112.6 (t, J = 246.7 Hz), 80.8, 75.3 (t, J = 25.3 Hz), 
54.2, 28.4. HRMS (ESI): m/z calculated for [C

15
H

18
F

2
BrNNaO

3
]+: 400.0330, found: 

400.0349. IR (cm-1) 3358, 2977, 1704, 1643, 1486, 1391, 1209, 1169, 1111, 631. 

tert-Butyl 3-(4-bromophenoxy)-3-(difluoromethyl)pyrrolidine-1-carboxylate III.24b 

The crude mixture was filtered through a pad of silica gel using ethyl 
acetate as eluent. 86% yield. Dark orange oil. 1H NMR (400 MHz, 
CDCl

3
) δ (ppm) 7.42 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 5.97 

(t, J = 55.2 Hz, 1H), 3.78 (d, J = 12.7 Hz, 0.4H), 3.68 (d, J = 13.2 Hz, 
0.6H), 3.63 – 3.34 (m, 3H), 2.30 – 2.05 (m, 2H), 1.44 (s, 9H). 19F NMR 
(282 MHz, CDCl

3
) δ (ppm) -128.01 (d, J = 26.3 Hz), -128.50 (d, J = 

21.4 Hz). 13C NMR (101 MHz, CDCl
3
) δ (ppm) 132.6, 124.7, 152.9, 

118.1, 117.9, 80.1, 49.8, 44.1, 28.5. HRMS (ESI): m/z calculated for 
[C

16
H

20
F

2
BrNNaO

3
]+: 414.0487, found: 414.0493. IR (cm-1) 2918, 2806, 1704, 1593, 

1520, 1394, 1348, 1246, 1169, 1111, 1080, 853, 751. The enantiomeric ratio of the 
product was determined by HPLC using a Chiracel ID column (n-hexane:i-PrOH 
= 95:5, flow rate 0.5 mL/min, λ = 222 nm, τ = 13.48 min, 14.58 min). 

 

 

 

 

O
F2HC

NBoc

Br

III.24a

O
F2HC

NBoc

Br

III.24b



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

 

 

 

 

 

Conclusion and perspectives 

 

 

 

 

 

 

 



 

 
 

  



Conclusion and perspectives 

 299 

Conclusion and perspectives 

 

Many examples reported in the literature in the last decades have disclosed the 
importance of organofluorine chemistry in life sciences (cf. Introduction chapter). 
The introduction of a fluorine atom or a fluorinated group in a molecule can deeply 
impact its physical, chemical and biological properties. The increasing number of 
fluorinated compounds currently used in pharmaceutical and agrochemical 
research evidence the importance of developing new efficient synthetic strategies 
for their preparation. Although several research groups have achieved major 
accomplishments in the introduction of fluorinated substituents, a major challenge 
in this field remains their stereoselective introduction.  

The difluoromethyl group among other Emergent Fluorinated Substituents (EFS) 
offers features that render it an interesting functional group for pharmaceutical 
applications. Its use as a bioisostere of thiol or hydroxyl group has been recognized 
in biologically active compounds, due to a similar stereoelectronic arrangement and 
to  its ability to perform hydrogen bonding and thus allowing improved interactions 
with biological targets. Moreover, the CHF

2
 group can modify the acidity of 

neighboring groups in the molecule as well as its lipophilicity. Only a few methods 
have been published for the stereoselective introduction of the CHF

2
 group.  

Sulfoxides proved to be highly efficient chiral auxiliaries in asymmetric synthesis. 
Within our research group, we aimed to combine the remarkable chiral induction 
ability of sulfoxides with the fluorinated group of interest, CHF

2
. In this context, we 

got inspired by the work performed by Hu and Prakash383 to design new chiral 
difluoromethyl surrogates, namely difluoromethyl aryl sulfoxides.  

Firstly, we developed a new, more efficient and more reproducible synthesis of 
enantiopure difluoromethyl sulfoxides, which had been described only in two 
reports in literature. Pursuing a remarkable work performed in our group in the 
course of the synthesis of these compounds, we were able to obtain enantiopure (S)-
difluoromethyl p-tolyl sulfoxide I-(S

S
).72d with an excellent optical purity.65 Then, we 

used this compound to try to synthesize further derivatives, namely 
bromodifluoromethyl p-tolyl sulfoxide I.88 and difluoromethyltrialkylsilyl p-tolyl 
sulfoxides I.96 and I.97 (Scheme C.1). The synthesis of these derivatives was aimed 
to provide additional reactivities and broaden the scope of difluoromethylation 
using sulfoxides. We were able to obtain bromodifluoromethylated derivative I.88, 
however the attempts to access difluoro(trialkylsilyl)methyl counterparts remained 
unsuccessful.  
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After synthesizing new chiral difluoromethyl surrogates, a first project was 
dedicated to the introduction of difluoromethyl p-tolyl sulfoxide and 
bromodifluoromethyl p-tolyl sulfoxide onto electrophiles (cf. Chapter 1, Scheme 
C.2).  

 

 

 

 

 

 

 

 

 

 

 

 

α-Difluoro-β-sulfinyl alcohols were successfully obtained by the condensation of 
difluoromethyl p-tolyl sulfoxide I.72d onto carbonyls, and α-difluoro-β-sulfinyl 
alcohols bearing heterocycles of pharmaceutical interest were synthesized. 
Although our methodology suffered from moderate diastereoselectivities (up to 
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28:72 d.r.), the separation of the obtained diastereomers of α-difluoro-β-sulfinyl 
derivatives allowed for the isolation of diastereo- and enantioenriched compounds.  

Aiming at obtaining diastereoenriched derivatives more efficiently, we developed 
the synthesis of α-difluoro-β-ketosulfoxides I.103 as precursors of α-difluoro-β-
sulfinyl alcohols. The diastereoselective reductions of α-difluoro-β-ketosulfoxides 
were successfully performed and the desired products were obtained with good 
yields and excellent enantio- and diastereomeric ratios (up to 77% yield, 98:2 d.r. 
and 96% e.e.). These two complementary methodologies represent a straightforward 
access to α-difluoro-β-sulfinyl alcohols. 

Regarding α-difluoro-β-amino derivatives, the reaction of difluoromethyl p-tolyl 
sulfoxide I.72d with aza electrophiles was not as efficient as expected. We were able 
to use a model imine substrate and obtain a mixture of the corresponding 
diastereomers of α-difluoro-β-sulfinyl amines (up to 34:66 d.r.), which were 
separated after column chromatography. The reactivity towards α,β-unsaturated 
systems was insufficient and unfortunately, we were not able to obtain the desired 
Michael products. The attempted Reformatsky type reactions of 
bromodifluoromethyl p-tolyl sulfoxide I.88 and carbonyls were not efficient enough 
to obtain the corresponding α-difluoro-β-sulfinyl alcohols (Scheme C.2). It will be 
worth evaluating the reactivity of I.88 with other electrophiles or in other 
transformations, for example photocatalyzed reactions with electron-deficient 
alkenes.384,385  

The last part of this project was dedicated to the post-functionalization of α-
difluoro-β-sulfinyl alcohols (cf. Chapter III, Scheme C.3). The objective was to 
develop efficient approaches to functionalize the previously synthesized derivatives 
and obtain novel difluoromethylated building blocks. For this purpose, we primarily 
focused on the removal of the chiral auxiliary. Interestingly, and despite several 
unfruitful attempts we could discover two convenient and efficient desulfinylation 
methods leading to α-difluoromethyl alcohols with good yields and enantiomeric 
excesses.  
 
 
 
 
 
 
 
 
 
 
 
 
In order to functionalize α-difluoro-β-sulfinyl alcohols, we studied Mitsunobu 
reactions considering the extensive versatility of this transformation. Standard 
Mitsunobu conditions were applied to α-difluoro-β-sulfinyl alcohols without 
success. The next attempts consisted in using directly α-difluoromethyl alcohols 
after removal of the sulfoxide. In the case of our model substrate, the 
functionalization was possible but the extension to other substrates did not lead to 
the desired products.  

We decided to pursue our efforts by performing nucleophilic aromatic substitution 
reactions (S

N
Ar) to introduce various functional groups, which will pave the way for 
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Removal of the chiral auxiliary

Mg(0), I2 cat.

or PMHS, t-BuOK

Up to 95% and
up to 88% e.e.

Scheme C.3. Desulfinylation methods leading to 
enantioenriched α-difluoromethyl alcohols 
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further derivatization. α-Difluoromethyl alcohols were used as pronucleophiles, and 
we succeeded in synthesizing a range of α-difluoromethyl oxyaryls in racemic and 
enantiopure form (Scheme C.4).  

 

 

 

 

 

 

 

α-Difluoromethyl oxyaryl derivatives offer an interesting reactivity when bearing 
halogens, among others, for further substitution reactions, metallo-catalyzed 
couplings or halogen-metal exchange reactions. Moreover, a main outlook would 
consist in using other aromatic partners, such as pyridines, to increase the scope of 
the reaction.  

During this project, we were able to develop a new difluoromethylation strategy. 
Enantioenriched derivatives were synthesized starting from enantiopure 
difluoromethyl p-tolyl sulfoxide and their derivatization with a versatile 
transformation (S

N
Ar) was studied. The results obtained open new perspectives for 

the synthesis of fluorinated derivatives of pharmaceutical or agrochemical interest.  

It would be interesting to expand the use of difluoromethyl p-tolyl sulfoxide, for 
example as a pronucleophile in Mitsunobu reactions. Only a few examples have 
been reported for this transformation with fluorinated alkyl derivatives. The 
monofluoroalkylations of primary and secondary alcohols have been described by 
Olah and Prakash by using fluoro-bis(phenylsulfonyl)methane as a fluorocarbon 
nucleophile.386 Linclau and Lequeux also described in 2013 the use of a 
benzothiazolyl-based fluorosulfone in Mitsunobu reactions with racemic and 
enantiopure alcohols with good results (Scheme C.5).387  
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These two examples seem encouraging for the possibility of performing new 
Mitsunobu reactions to introduce the CHF

2
 moiety.  

Furthermore, several mechanistic inquiries were raised to explain the condensation 
process of difluoromethyl p-tolyl sulfoxide onto carbonyls with phosphazene 
superbase P

4
t-Bu.227 In addition, the mechanism of formation of the recurrent side 

product difluoro(p-tolyl-thio)methyl-p-tolyl sulfoxide I.95, could not be determined 
yet. Nevertheless, two distinct hypothetical mechanistic paths have been proposed. 
Further studies to elucidate these mechanisms would be of great interest. 

Finally, in view of the achievements obtained for the -CHF
2
 group, one could 

imagine performing the stereoselective introduction of other EFS by means of 
sulfoxides as chiral inductors. Stereoselective introduction of EFS as OCF

3
 or SCF

3
 is 

underexplored and appear as highly challenging projects (Scheme C.6). These 
studies are ongoing in our research group. 
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Résumé 
 
L’introduction d’un atome de fluor ou d’un groupement fluoré dans des molécules biologiquement actives 
permet d’améliorer remarquablement leurs propriétés physico-chimiques et biologiques. La chimie organique 
du fluor a connu une croissance très importante durant les dernières décennies, ce qui transparaît dans le 
grand nombre de principes actifs fluorés parmi les composés pharmaceutiques ou agrochimiques sur le 
marché. Les propriétés additionnelles du groupement -CHF2, considéré comme un bioisostère des 
groupements hydroxyle ou thiol pouvant jouer le rôle de donneur de liaison hydrogène, ainsi que le nombre 
limité d’exemples de difluorométhylation énantiosélective dans la littérature nous ont amené à nous intéresser 
au développement de nouvelles méthodes de synthèse efficaces pour accéder à des briques synthétiques 
difluorométhylées potentiellement valorisables en chimie médicinale. La stratégie de ce projet consiste à 
utiliser un sulfoxyde difluorométhylé énantiopur afin d’étudier l’introduction stéréosélective du groupement 
difluorométhyle. Cette approche nous a permis de développer des voies d’accès à une librairie de composés 
qui, après désulfinylation, ont donné accès à des molécules difluorométhylées de haute pureté optique. La 
post-fonctionnalisation des composés a également été étudiée afin d’accéder à des intermédiaires 
difluorométhylés intéressants en chimie médicinale. Les différents résultats obtenus au cours de ce projet 
seront exposés dans ce manuscrit.  

Mots clés : synthèse asymétrique, chimie du fluor, -CHF2, sulfoxyde, inducteur de chiralité, post-
fonctionnalisation 

  

  

Résumé en anglais 
 
The introduction of a fluorine atom or a fluorinated group in bioactive molecules can deeply modify their 
structure, reactivity and function. During the last decades, the emergence of organofluorine chemistry has 
been particularly noticeable. This is illustrated by the large amount of pharmaceuticals and agrochemicals 
currently commercialised containing at least one fluorine atom. The outstanding properties of the –CHF2 
group as a bioisostere of hydroxyl and thiol such as its hydrogen bond donor character, and the limited 
number of enantioselective difluoromethylations reported in literature led us to develop a new synthetic 
pathway to access difluoromethylated building blocks for medicinal research. The use of an enantiopure 
difluoromethyl sulfoxide has been the guideline for the project. This approach allowed us to study the 
stereoselective introduction of the difluoromethyl group in a library of molecules that, after desulfinylation, led 
to enantioenriched difluoromethylated compounds. The post-functionalization of these compounds was also 
investigated in order to expand the scope of the study and give access to difluoromethylated intermediates of 
interest in medicinal chemistry. The results obtained in the course of this project are discussed in this 
manuscript. 

Keywords: asymmetric synthesis, fluorine chemistry, -CHF2, sulfoxide, chiral inductor, post-functionalization 

 


