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6. C—F Activation

6.1 Introduction

C-F Activation is the (selective) cleavage of a carbon-fluorine bond in an organofluorine compound. This
can be synthetically attractive as perfluorination is typically facile (e.g. via the Simons process). Selective
C-F activation provides partially fluorinated molecules that would be challenging to prepare via selective

fluorination.
Direct Partial Fluorination: Challenging!

Simons Process

H (HF, electricity) = Selective
R& > R>S< C—F Activation
H facile F

\

Direct Partial Fluorination: Challenging!

C-X Bond Bond Dissociation Energy (kcal/mol)

CH;-H 104.3 Problem: C-F Bonds are very strong!
CH,-F 108.3
CH,—Cl 82.9 Cleaving a C—F bond is often endothermic
CH,-Br 69.6 o

’ C-F bond cleavage is kinetically unfavourable
CH,F-F 119.5 if it occurs in the rate determining step
CHF,—F 127.5
CF,—F 130.5
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Reviews: a) Uneyama, Chem. Rev. 2009, 709, 2119.b) Braun, Chem. Rev. 2015, 115, 931. c) Magauer, Tetrahedron Lett. 2015, 56, 877.



6.2 C(sp?)—-F Bond Activation

Fluorine forms stronger bonds to sp3-hybridised carbon atoms than to sp?-hybridised carbon atoms. C(sp?)-F
activation can therefore be slightly less thermodynamically uphill. Most importantly however, adjacent Tr-
systems open up mechanistic pathways not available with purely sp3-hybridised C-F bonds.
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R———F x_F
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lonic Resonance
Form (unfavoured)

sp>-hybridised orbital has
high s-character
It is thus low in energy!
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Reviews: a) Uneyama, Chem. Rev. 2009, 109, 2119.b) Braun, Chem. Rev. 2015, 115, 931. c) Magauer, Tetrahedron Lett. 2015, 56, 877.



6.2.1 Aryl C-F Activation
6.2.1.1 Nucleophilic Displacement of Fluoride (SyAr)

In an SyAr reaction, the first step (i.e. the addition of the nucleophile to an electron-deficient arene forming a
Meisenheimer complex) is rate-determining. There is no C-F bond cleavage in the RDS!

Nucleophilic C-F Bond
e Attack F Nu Cleav?ge Nu
Nu -F

- >
Y

Rate-Determining

Fluoroarene Step Meisenheimer Salt
(electron-deficient)

Mechanism:
F B —
PN E Nu E Nu F Nu i Nu
FONCF & \
| N Nu F =~ F F F Fee F - F F | -
z rds | || | _
PN F F7ONTF FONF F7ONTF F7 N"°F

Meisenheimer Salt: negative charge stabilised by fluorine
substituents and on electronegative nitrogen
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Reviews: a) Uneyama, Chem. Rev. 2009, 709, 2119.b) Braun, Chem. Rev. 2015, 115, 931. c) Magauer, Tetrahedron Lett. 2015, 56, 877.



Moreover, the electron-deficient fluorine leaving group activates the arene towards the initial nucleophilic
attack and directs the site of addition. Fluoroarenes are actually more reactive in SyAr reactions than chloro-,
bromo- or even iodoarenes despite the much higher bond strength of the C-F bond.

S\Ar (Aromatic) S\2 (Aliphatic)

Nu w
: X
Mechanism ®/\/4
Reactivity Trend (X) F>Cl>Br>

Example: Selective substitution of an aryl fluoride

Cl F KHMDS

HO
+ ~"SiMe,
THF, rt, 1 h
Br

NU_’\‘ N
R™ X

>Br>CI>F

Cl 0
"> SiMe,

Br 479
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Warren, Tetrahedron Lett. 2005, 46, 4683.



Defluorinative nucleophilic substitution has been used for stepwise polymerisation.

HO@éOiNjOOH + F8 ) 8F

K,COj
DMA

Nagai, Chem. Lett. 1995, 24, 161.

Example:

140 °C, 14 h




6.2.1.2 Transition Metal-Catalysed C-F Activation

Oxidative addition into C—F bonds in electron-deficient fluoroarenes is also possible. Three mechanisms are
thought to be accessible in such processes:

a) Concerted oxidative addition: conventional process observed with other aryl halides

b) SET: Single electron transfer from the metal to the arene followed by mesolysis and radical
combination

c) S\Ar: The low-valent metal plays the role of nucleophile in a classic SyAr

F F F [M]
A (1"
), @F oL
N [V N N F
Concerted Electron Transfer SNAr
C—F-Insertion (2- or 4-Position) (4-Position)
(2-Position)
Nickel typically reacts in a concerted fashion. With
F Pd, Pt, Rh g . .
S pentafluoropyridine, coordination to nitrogen leads to
F A F ortho-selectivity.
| N Other metals generally react via S Ar or SET
F N F pathways and are selective for the para-position.

191
Review: Braun, Chem. Rev. 2015, 115, 931.



Most-commonly, hydrodefluorination (HDF) reactions are conducted using silanes as the hydride source.
The driving force of the reaction is the formation of a strong Si—F bond.

Example: Rhodium-catalysed HDF Reaction of Perfluorobenzenes

H (EtO)5SiH H
F F Rh(PMe3)3(CeFs) (cat.) F F
F F F F
F H
Mechanism:
H H
F Me3P\ ,SI(OEt)Q, F F
Rh!
/ N\
F Me3P PMe3 F F
) L ) i ) H reductive F
The regioselectivity of C-F activation is elimination ligand
consistent with an SET pathway. H exchange (Et0),Si—F
Single electron transfer from Rh(l) to the F P RhYRKI Catalysis
perfluoroarene is followed by mesolysis . . E
and fluoride attack on the rhodium- MePr.o, iy PMes . :
bound silicon atom. MesP” | ~H .
Si(OEt); MesP
oxidgltive Rh'\ F
%/ MesP”  PMes
(Et0);Si—H
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Milstein, Science 1994, 265, 359.



Cross-coupling reactions are also possible.

Examples: Nickel-Catalysed Defluorinative Cross-Coupling of Fluoroarenes

iPr [\ iPr

V5 G €5
F Ni°(IPr), (5 mol%) Ph in;EfPf
o |
/O/ +  PhMgBr > /©/ iPr/LiPr
e THE 4180 Me ALY

82% iPr \—/ iPr

Ni%(IPr),

F N NiCly(dppe) (5 mol%) 1 N Transmetallation of the aryl
\©\/j\ + PhMgCl > \©\/j\ group onto Ni(ll) is driven by
N" Me THF, 1, 18 h N Me the formation of a strong
97% magnesium fluoride salt.
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a) Tamao, Synlett 2005, 1771. b) Herrmann, Angew. Chem. Int. Ed. 2001, 40, 3387.



6.2.2 Vinyl C-F Activation

Gem-Difluoroalkenes are electron-deficient and consequently susceptible to nucleophilic addition followed
by B-fluoride elimination. Mechanistically, the reaction is analogous to SyAr with arenes.

B-Fluoride NUWR

Elimination F X
- = F

FWR Nu . Electrophilic N R
= Nu R Attack UW
% e

Electron-deficient - X
Carbon

Negative charge stabilised

by 2 B-fluorine atoms Nu W R

Examples:

F\]/ 2 F.CH CO% F\]/ S
> 3 2
H
F

THF F
56%
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a) Sekiya, Green Chem. 2002, 4, 60. b) Kondo, Chem. Commun. 1999, 2397. c) Webster, J. Org. Chem. 1992, 57, 6643.



6.3 C(sp?®)-F Bond Activation

Most reactions involve substrates with nearby 1r-systems which both weaken the C-F bond and open up
mechanistic pathways where C—F bond cleavage is not rate determining.

6.3.1 S\ 2’ Nucleophilic Substitution of Allylic Fluorides

Addition of a nucleophile to an electron-deficient allylic fluoride generates a carbanion which can eliminate a
B-fluoride affording alkenes.

ErF Nucleophilic B-Fluoride F_F
Addition Elimination
N _/—\ ~ - > Nu |
U _
-F
Carbanion stabilised by
3 B-Fluorine atoms
Examples:

4

e F e F._F F N—Li

F_F
- FF

Ph—L —

| N | ‘ T |

THF THF \f

92%

\

90%
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a) Rock, J. Chem. Soc., Perkin Trans. 11996, 1409. b) Rock. Synlett 1995, 659. c) Rock, Tetrahedron Lett. 1995, 36, 5003.



The B-fluoride elimination pathway can be exploited in other systems involving 3-fluoro carbanion
intermediates.

Examples:
0 - N -
Br e Mg'Br Mg'"Br
Br\/\Br (cat.) F F)Vf‘ : _
-
F - | FE F " L
THF, reflux, 30 min F - Mg'FBr
) Grignard-Reagent - 85%
Mg' MMe\S' Cl IYleMe MeMe
O .Ng e—Si- 3 i
Fmo . 0 Me 0">""Me 0" Me
R 0
FL SET F%R F%RH - F>(—%R
F F I:\J,Mg Cl F N Mg'Cl
- Mg'FCl
Me
gi Ve
0" "Me
F
\%\R
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a) Scheuer, J. Am. Chem. Soc. 1949, 71, 3439. b) Uneyama, Chem. Commun. 1999, 1323.



6.3.2 C(sp?)-F Activation through Hydrogen Bonding Interactions

Paquin and co-workers have conducted nucleophilic substitution reactions of benzylic fluorides where the
C-F bond is weakened through hydrogen bonding.

Examples:

(5 equiv)

by
F1C CF3
F H HFIP
+ R2 > R1 R2
CH,Cl,, rt, 18 h
Mechanism: HFIP Ar”  F--H=0
Initiation N <~ -
Ar F H-Bond - C>7CF3
Formation 3

. - [F-HFIP]

[ Ar/\F--H—F] C-F Bond '
Cleavage . A
~ Ar
H—Bond
Formation Autocatalysis (F-H F]_ - /@/
-H- EAr
A F
H—F . H
\T r O
Ar
/;O/ + H—F Wheland Intermediate

197
a) Paquin, Angew. Chem. Int. Ed. 2014, 53, 13835. Review: b) Paquin, Synthesis 2015, 47, 306.




6.3.3 C(sp?)-F Activation through Coordination to Lewis Acids

Similarly, C-F bonds can be activated through coordination of the fluorine atom to Lewis acids. Metal or semi-
metallic centres that form exceptionally strong bonds to fluorine such as aluminium and silicon are most

commonly employed.

Example: ACF-Mediated Defluorinative Friedel-Crafts Reaction with Et;SiH

F Et,SiH, ACF N Me
H)\'IH > D6 I _
H C6D6’ rt, 2 days
75%

The surface of

ACF is thought to N
activate the Al----- H—Si—Et
silane generating Et
a strong silicon
Lewis acid ACF

ACF: Nanoscopic Aluminium Chlorofluoride
AICLF;, (x=0.05-03)

Me
D D
HD +
° ° ACF---H gFEt H
D ---H—Si-
Et Hj_F
Et
H—Si-Et
Et
[ ACF---H l E

e Lewis Acid

D_{ D Catalysis H /’ Et
> il
D D H
D
SgAr ~ /(
[ ACF---H ] Et

5 F—Si-Et
H Et
H—R
D D —~,
D D
D
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Braun, Kemnitz, Angew. Chem. Int. Ed. 2013, 52, 5328.



Example: BSA-Mediated Desymmetrization of B-Fluoroalcohols

Me3Si\N
F | BSA (1.2 equiv) 0
O i @) Ar1
; OSiMe; N
Ar \NJ\ o F . Sy
H Ar’ cinchona alkaloid (10 mol%) Ar? F
CH,Cl,, -40 °C
Examples: OMe B
HF,
O
Y Y T
N L ome N L Br /@ g OMe
CF;
Cl Cinchona
94%, 84% ee 96%, 84% ee 94%, 86% ee Alkaloid CF,
Mechanism: .SiMe4
2 cinchona 5 \S'//‘ N| ) o
Ar “NH /LF/ alkaloid Ar \NIUI \F;," '\o - Me;SiF YO Ar'
> | - <
F 1<
o BSA oy o " - 9 Ar? £
Ar' HYO Ar
C|) Me~ 'NSiMe;  Stereocentre
[cinchona]*
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Haufe, Shibata, Angew. Chem. Int. Ed. 2016, 55, 9432.



6.3.4 C(sp3)-F Activation through Single Electron Transfer

Single electron reduction of C—F bonds is possible using low valent metals. Mesolysis of a fluoride anion
generates a carbon-centred radical, which under the strongly reducing conditions, accepts a second electron
to afford the corresponding carbanion. Hydrodefluorination products are typically obtained.

R +e R F “ iR te ~ E* R\
R>—F ——— |R)—F R-NVR —— R - R-O—E
R SET R Mesolysis R SET R R
Examples:
Mg (5.4 eq.)
EtBr (cat.) H*/H,0
SN > /\/\/\MgF > /\/\/\H
THF, reflux, 22 days (Work-Up)
92%
FRSR B
FeCp* F
F F P2 F
F F Zn, LiOTf F F
F F
"FEF hv FF
79%
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a) Crabtree, J. Am. Chem. Soc. 1996, 118, 2525. b) Jones, J. Am. Chem. Soc. 2000, 122, 8559. c) Ashby, J. Organomet. Chem. 1971, 29, 339.



Recently Gschwind and Konig and co-workers combined the concept of SET reduction of C-F bonds and
Lewis acid activation in a defluorinative radical coupling with trifluorotoluene derivatives.

1,2-DCE, blue LEDs, 20 °C

Examples:
F F y o fac-Ir(ppy)s (1 mol%)
N . R— | TMP (2 equiv)
EWG—— N ’T')k( HBpin (3 equi
Me Me pin (3 equiv)
e R 7(”jv
O\ /O /B\
” B O O
H
Tetramethyl Piperidine HBpin
(TMP)

Lewis Acid generated
in situ

Examples:
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Gschwind, Konig, J. Am. Chem. Soc. 2017, 139, 18444.



Mechanism:

MeQMe

Me N Me
H

>S—ET<

[|r|||]*

Photored
Catalysi

< [lrlll]

Me Me

Radical
Addition

F
< Me
2
N (@)
Me

Radical
Addition

CN

[Ir"']* or ArCF
or TMP™

Y

Oxidation

Me

Light bulb photo: from Unknown Author, licence: CC BY-SA-NC

@)
CN ©\ )k’/
,/_/\\

NC

Me@'\"e
H

(0).¢
S
SET NC

Me N+ Me

F

Me

F

|
NC B(pin)
Lewis Acid
Activation
_ i Me _
F Me .
Mesolysis F- H‘/N
~~~~ B- Me
- O Me
F | NC O
Me

202
Gschwind, Konig, J. Am. Chem. Soc. 2017, 139, 18444.



6.3.5 Upcycling of Fluoropolymers

Very recently, strategies for the mechanochemical degradation of fluoropolymers were reported by
Gouverneur and coworkers.

Deoxyfluorinating reagents PFOA mixXF 89%2

Powder XRD
1.25 equiv. K;PO, per F >
0.5 g total loadi 3
Nogte : oading ; Aqueous extraction ;’%
a) > PTFE mix" = KF =] _
‘% Ball milling Hie0 MeGHIOH 64% KF™ L
F F 8— " ) T = T - T — 1
- a 15-ml jar, 2 x 7 g balls
% - e 15 25 32 45 55
- z 0.95 equiv. TMAOH per F tAmylOH
i % | 0.625 equiv. K,P,0, per F > TMAF > TMAF-tAmyIOH
n 2 (0.5 g total loading) H,0, reflux, 10 h 81% rt,5h quant.
PTFE (1 equiv) o ®
Yo > PTFE mix™ E—
Ball miliing (1) 1 equiv. TBAOH per F
San TS H,0, reflux, 10 h
15-ml jar, 2 x 7 g balls 2 » TBAF-(tBuOH),
35Hz,3h (2) tBuOH/n-hexane 50%
90 °C, 30 min
Examples: -
NH, Me » solvent-free ballmilling
NS " 9 - many PFAS
N~ . Ny NINAAN « no CO, formation with K;PO,
H . . .
cl NH = = » isolation of MF or direct use of
@O == S .. .-
F CN x - :©’ 2 PTFEmix in nucleophilic
F{ufinamide MAE " |g?_:%)PTFE Dacomitinib F 93% fluorination
(seizure)  [TMAF(tAmylOH)] (lung carcinoma)  [TMAF (tAmylOH)]PTFE
e MgTmeTmemLRIRIRIRIS R RS R R mm——— 1
: 3 _F TsN, _F ' Reagent  Yield .
| [N 1
Y /@’ et KFPTFE 9192 !
[ N2 N al ' \N ISI : K PFOA 9292 |
| 84% [KFIPTE 9% [KFF™E 1/ N KEFFAS  gigipe
| 43% [PTFE mixkF] 71% [PTFE mix“F] ;| PTFE mix“F 87%2 |
i i, Electrolyte i 203
| N I
[} 1y I

Gouverneur, Nature 2025, 640, 100-106,



Later, Shibata and coworkers and Armstrong and coworkers used a similar strategy for the upcycling of
fluoropolymers. These approaches offer a possible solution towards a more circular fluorine economy.

KO'Bu, THF ‘fr)/\F Het—F
: F H
Shibata AR & _ oo B less efficient for other
\ f|: L/,, %RA':,S\; C fluoropolymers, requires
Ball milling R? THF as solvent
PVDF O F ¢
KF-black oso L
Fluorinati R™ W R F
uorination reagent O
Mild conditions Sustainable and safer fluorination
FF
Armstrong [\:'J ”
Na, iati
30 Hz 30 Hz (2 equiv. (% sodiation
FF Th,rt 1h,rt. per CF,) | 30Hz, 1h
X .. ~ [NaF + C| .
[\f ] Na A NeF+ G| TR
FF-'" - used crude  —x—c] (1 equiv.) crude :
(1 equi. , oy T
PTFE perF) Et,NCI (2 equiv.) - J
ag|tat|0n then
p-TsOH (50 mol%) in H,O ¥ filter 00
NaF 5q) :

no isolation of NaF reqired for use in nucleophilic
fluorination, but in situ transformation to R,NF /

HF mixtures necessary

19 i
(98% F NMR yield) after extractio

reduced

drying l pressure

NaF ), 92% yield
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a) Shibata, Nat. Chem. 2025, 17, 1480-1487, b) Armstrong, JACS 2025, 147, 40895-40899.



