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ABSTRACT:	The	development	of	chemoselective	defluorination	reactions	is	highly	desirable	due	to	the	exceptional	stability	
of	the	C–F	bond	compared	to	other	functional	groups.	Recent	advances	in	photocatalysis	have	enabled	catalytic	single-elec-
tron	transfer	(SET)	processes,	offering	an	alternative	to	stoichiometric	methods	that	rely	on	strong	reducing	agents.	However,	
these	strategies	have	primarily	focused	on	trifluoromethyl	substrates,	with	limited	success	for	compounds	containing	fewer	
fluorine	atoms,	which	are	inherently	more	resistant	to	SET.	Herein,	we	report	a	novel	defluorination	strategy	for	α-fluorocar-
bonyl	compounds,	employing	zirconocene	and	photoredox	catalysis.	Our	method	leverages	the	strong	fluorine	affinity	of	zir-
conocene	and	bypassed	reliance	on	reduction	potential,	focusing	instead	on	the	bond	dissociation	energy	of	the	fluorinated	
molecules.	This	methodology	offers	a	complementary	approach	for	catalytic	C–F	bond	cleavage	under	visible-light	conditions.	

INTRODUCTION 
Bond	 cleavage	 reactions	play	 a	 fundamental	 role	 in	 or-

ganic	 synthesis,	 enabling	 the	generation	of	 reactive	 inter-
mediates	 crucial	 for	 subsequent	 synthetic	 steps.	 Selective	
bond	cleavage	is	essential	for	the	efficient	production	of	tar-
get	molecules	while	minimizing	 undesired	 side	 reactions.	
As	a	result,	there	is	growing	demand	for	novel	methodolo-
gies	that	enable	the	chemoselective	cleavage	of	inert	bonds	
in	the	presence	of	more	reactive	functional	groups.		
Among	these,	the	Csp3–F	bond	stands	as	one	of	the	strong-

est	 single	 bonds	 in	 organic	 molecules.1,2	 While	 various	
defluorination	 methods	 have	 been	 developed–including	
base-mediated,	 transition	metal-catalyzed	 and	 Lewis	 acid	
catalyzed	 approaches3–14–recent	 advances	 in	 photoredox	
chemistry	 have	 brought	 significant	 progress	 to	 this	 field.	
However,	 these	 photoredox-catalyzed	methods	 have	 pre-
dominantly	 focused	on	trifluoromethyl-substituted	arenes	
and	trifluoroacetic	acid	derivatives,	utilizing	potent	reduct-
ants,	such	as	excited-state	transition	metal	complexes,15–21	
CO2	 radical	 anions,	 or	 photoexcited	 organic	 catalysts.22–43	
(Figure	1A).		
This	focus	is	understandable,	as	the	relatively	positive	re-

duction	 potentials	 of	 trifluoromethyl	 arenes	 (–1.8	 V	 vs	
SCE)34	and	trifluoroacetic	acid	derivatives	(–2.0	V	vs	SCE)38	
make	 them	 more	 accessible	 to	 single-electron	 transfer	
(SET)-based	strategies	(Figure	1B).	However,	as	the	num-
ber	of	fluorine	decreases,	the	reduction	potential	similarly	

becomes	more	negative,	 rendering	monofluorinated	 com-
pounds	 particularly	 challenging	 substrates	 for	 SET-based	
methods.	Despite	the	vast	number	of	methods	for	trifluoro-
methyl	compounds,	efficient	photocatalytic	methodologies	
for	the	(multiple)defluorination	of	monofluoromethyl	com-
pounds	remain	elusive,	being	limited	to	carboxylation37	and	
hydrogenation	 (or	 deuteration).31,36	 Particularly,	 only	 hy-
drogenation	 of	 acetanilide	 has	 been	 reported	 for	 mono-
fluoroacetate	 derivatives.31	 Developing	 chemoselective	
cleavage	methods	 targeting	 the	monofluoromethyl	 group,	
even	in	the	presence	of	trifluoromethyl	group,	would	signif-
icantly	enhance	 the	 synthetic	utility	of	photocatalytic	C–F	
bond	cleavage	strategies.	
In	contrast,	the	bond	dissociation	energy	(BDE)	of	the	C–

F	 bond	 decreases	 in	 the	 order	 CF3>CF2H>CFH2	 (Figure	
1B).44	Thus,	the	development	of	novel	defluorination	reac-
tions	 based	 on	 the	 BDE	 rather	 than	 reduction	 potential	
could	 reverse	 chemoselectivity,	 and	 offer	 direct	 access	 to	
monofluorinated	compounds.	This	approach	would	provide	
a	 complementary	 strategy	 to	 most	 current	 visible-light	
driven	C–F	bond	activation	methods.	
Halogen	atom	transfer	(XAT)	is	one	example	of	a	reaction	

that	primarily	depends	on	BDE.45–47	Recent	advancements	
in	visible-light-mediated	XAT	have	enabled	the	use	of	even	
unactivated	alkyl	chlorides	as	radical	precursors,	using	var-
ious	radical	species	such	as	a-aminoalkyl	radicals,48–53	silyl	
radicals,54–67	ligated	boryl	radicals,68–71	g-terpinenyl	
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Figure	1.	(A)	Defluorinative	functionalization	reactions	using	photoredox	catalysis.	(B)	Reactivity	of	fluorine-containing	compounds	
arising	from	their	redox	potential	and	bond	dissociation	energy.	(C)	Halogen	atom	transfer	(XAT)	using	photoredox	catalysis.	(D)	
Dechlorination	of	alkyl	chloride	using	zirconocene	and	photoredox	catalysis.	(E)	This	work:	defluorinative	hydrogenation	and	alkyl-
ation	of	a-fluoro	carbonyl	compounds.	
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radicals,72	 and	 phosphoranyl	 radicals73	 (Figure	 1C).	
However,	fluorine	atom	abstraction,	due	to	the	high	BDE	
value	of	 the	C–F	bond,	 has	 seen	 limited	 success	 and	 re-
stricted	 to	 perfluoro	 compounds.18,74,75	 Developing	 XAT-
based	methods	for	monofluoromethyl	compounds	would	
not	only	expand	the	XAT	field	but	also	offer	a	new	activa-
tion	platform	with	distinct	chemoselectivity	for	C–F	bond	
cleavage	compared	to	SET-based	approaches.		
Recently,	our	group	developed	a	dechlorination	reaction	
using	zirconocene	and	photoredox	catalysis	(Figure	1D).76	
In	this	system,	ZrIII,	generated	by	the	reduction	of	ZrIV	by	
an	excited	photocatalyst,	abstracts	a	chlorine	atom	from	
alkyl	chlorides,	driven	by	the	formation	of	the	strong	Zr–
Cl	bond	(BDE(Zr–Cl)	=	127	kcal/mol).44	Building	on	this	
success	and	earlier	reports	of	C–F	bond	cleavage	by	zir-
conocenes,77,78	 we	 hypothesized	 that	 our	 catalytic	 plat-
form	could	be	extended	to	fluorine	atom	transfer,	exploit-
ing	 the	strong	 fluorine	affinity	of	ZrIII	 (BDE(Zr–F)	=	147	
kcal/mol).44	Herein,	we	report	a	new	catalytic	platform	for	
fluorine	atom	transfer	using	zirconocene	and	photoredox	
catalysis,	 successfully	 applied	 to	 mainly	 monofluoroca-
bonyls,	which	have	thus	far	been	inaccessible	for	visible-
light-driven	defluorinative	 functionalization	due	 to	 their	
highly	negative	reduction	potentials	(<	–2.9	V	SCE)	(Figure	
1E).	

RESULTS AND DISCUSSION 
Based	on	our	hypothesis,	we	 initially	 investigated	 the	

reaction	conditions	using	n-butyl	a-fluoroacetate	(1a)	as	
a	model	substrate	(Table	1).	Gratifyingly,	in	the	presence	
of	 Ir(4-tBuppy)3,	 (nBuC5H4)2ZrCl2,	 1,3-dimethyl	 thiourea,	
and	g-terpinene,	visible	light	irradiation	of	1a	afforded	the	
defluorinated	compound	2a	in	89%	yield	(entry	1).	How-
ever,	using	Cp2ZrCl2	led	to	a	reduced	yield	of	2a,	and	sig-
nificantly	lower	conversion	was	observed	with	Cp*2ZrCl2	
(entries	2	and	3).	This	is	consistent	with	the	difficulty	in	
reducing	Cp*2ZrCl2	(Ered	=	–2.08	V	vs.	SCE).79	Next,	we	eval-
uated	the	effect	of	thiourea	substituents.	While	dialkyl	thi-
oureas	(TU2)	provided	good	yields	of	2a	(entry	4),	diphe-
nyl	thiourea	(TU3)	was	ineffective	in	promoting	the	reac-
tion	(entry	6).	The	use	of	TU4	also	failed	to	yield	the	de-
sired	product	2a,	 suggesting	 that	 the	N–H	bond	plays	 a	
crucial	role	in	the	reaction	efficiency.	Although	the	reac-
tion	 proceeded	 in	 the	 absence	 of	 thiourea	 additive,	 the	
yield	of	2a	was	decreased	significantly	(entry	7).			
Interestingly,	 applying	 the	 reaction	 conditions	 previ-
ously	 established	 for	 the	 dechlorination	 (5.0	 mol%	
Cp2Zr(OTs)2,	3.0	mol%	Ir(4-MeOppy)3,	60	mol%	1,3-di(p-
tolyl)thiourea,	 1,4-CHD	 (3.0	 equiv),	 PhCF3,	 MS4Å,	 blue	
LEDs,	35	°C,	12	h)	did	not	promote	defluorination.	This	in-
dicates	 that	 the	 defluorination	 requires	 a	 distinct	 set	 of	
conditions	 compared	 to	 dechlorination.	 However,	 after	
further	optimization	of	these	parameters,	we	identified	ef-
fective	reaction	conditions	for	this	transformation.	Addi-
tional	screening	of	photocatalysts	and	solvents	also	influ-
enced	the	yield	of	2a	(see	the	Supporting	Information	for	
details).	Control	experiments	in	the	absence	of	photocata-
lyst,	zirconocene,	or	visible	light	irradiation	resulted	in	no	
product	(entries	8–10),	highlighting	the	essential	role	of	
each	component	and	the	necessity	of	visible	light.	
	

Table	1.	Reaction	optimizationa	

	
en-
try	

Cp2ZrX2	 thiourea	 Yield	of	2a	/%	

1	 (nBuC5H4)2ZrCl2	 TU1	 89	
2	 Cp2ZrCl2	 TU1	 64	
3	 Cp*2ZrCl2	 TU1	 3	
4	 (nBuC5H4)2ZrCl2	 TU2	 70	
5	 (nBuC5H4)2ZrCl2	 TU3	 40	
6	 (nBuC5H4)2ZrCl2	 TU4	 18	
7	 (nBuC5H4)2ZrCl2	 none	 43	
8b	 (nBuC5H4)2ZrCl2	 TU1	 0	
9	 none	 TU1	 0	
10c	 (nBuC5H4)2ZrCl2	 TU1	 0	

	
aConditions:	1A	(0.10	mmol),	3.0	mol	%	Ir(4-tBuppy)3,	5.0	

mol	%	Cp2ZrX2,	60	mol	%	thiourea,	g-terpinene	(3.0	equiv),	
solvent	(1.0	mL),	456	nm	LEDs	(Kessil®	 lamp),	70	°C,	24	h.	
bwithout	photocatalyst.	cwithout	irradiation.	

With	 the	 optimized	 reaction	 conditions,	 in	 hand,	 we	
next	 explored	 the	 substrate	 scope	 (Table	 2).	 Various	a-
fluoroacetic	 acid	 derivatives,	 including	 alkyl	 ester	 (1a),	
benzyl	esters	(1b–1e),	benzyl	amide	(1f),	and	anilides	(1g	
and	1h),	were	successfully	defluorinated,	affording	to	the	
corresponding	hydrogenated	products	2a–2h	 in	moder-
ate	 to	good	yields.	 Interestingly,	 the	starting	material	 to	
anilide	2g,	monofluoromethyl	compound	1g,	is	the	prod-
uct	of	a	SET-based	photoredox	reaction	that	typically	tar-
gets	 trifluoromethylated	 compounds.6	 This	 observation	
highlights	the	complementary	nature	of	the	newly	devel-
oped	 reaction	 compared	 to	 SET-based	 photoredox	 pro-
cesses.	 Notably,	 defluorination	 occurred	 preferentially	
over	the	dehalogenation	of	bromoarenes	(E1/2	=	−2.2	V	vs	
SCE)80	or	chloroarenes	(E1/2	=	−2.6	V	vs	SCE),80	which	are	
more	 susceptible	 to	 single-electron	 reduction.	 Addition-
ally,	 benzyl	 fluoride	 (1i)	 and	 difluoroacetamide	 (1j),	
which	 possess	 weaker	 (97.6	 kcal/mol)44	 and	 similarly	
strong	C–F	bonds,	respectively,	compared	to	monofluoro-
acetate,	were	 also	 successfully	 defluorinated.	 Secondary	
alkyl	fluorides,	including	easily	reducible	substrates	such	
as	 ketone	 (1k)	 and	 trifluoromethyl	 arene	 (1l),	 were	

1a
(0.10 mmol)

3.0 mol % Ir(4-tBuppy)3
5.0 mol % Cp2ZrX2
60 mol % Thiourea 

γ-terpinene (3.0 equiv)

PhCF3 (0.10 M), MS4Å
blue LEDs, 70 °C, 24 h 2a

nBuO

O
F nBuO

O
H

TU1 TU2

N

S

N
Me

TU4

Me

Me Me

Zirconocene

Thiourea

Zr
Cl
Cl

Cp*2ZrCl2f Cp2ZrCl2

Zr Cl
Cl

E1/2 = –2.09 V
(nBuC5H4)2ZrCl2

N
H

S

N
H

MeMe
N
H

S

N
H

nBunBu

TU3

N
H

S

N
H

PhPh

Zr
Cl
Cl

nBu
nBu

https://doi.org/10.26434/chemrxiv-2024-ssj00 ORCID: https://orcid.org/0000-0002-3896-5882 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-ssj00
https://orcid.org/0000-0002-3896-5882
https://creativecommons.org/licenses/by-nc/4.0/


 

tolerated	as	well.	Furthermore,	carbamate	(1m)	and	ma-
lonate	 (1n)	 react	efficiently.	Tertiary	alkyl	 fluorides	 (1o	
and	1p)	afforded	the	corresponding	hydrogenated	prod-
uct	2o	and	2p	albeit	in	low	to	moderate	yields.	Moreover,	

the	defluoriantion	of	natural	product-derived	compounds	
(1q,	1s,	and	1t)	proceeded	smoothly,	yielding	the	corre-
sponding	products	2q–2t	in	good	yields.

Table	2.	Substrate	scope	for	defluorinative	hydrogenationa	

	
aConditions:	1	(0.20	mmol),	3.0	mol	%	Ir(4-tBuppy)3,	5.0	mol	%	(nBuC5H4)2ZrCl2,	60	mol	%	TU1,	g-terpinene	(3.0	equiv),	PhCF3	

(2.0	mL),	456	nm	LEDs	(Kessil	Lamp),	70	°C,	24	h.	All	data	are	the	average	of	 two	experiments.	bYields	were	determined	by	GC	
analysis	due	to	its	volatility.	The	structure	of	the	starting	materials	is	shown.	

To	further	explore	the	synthetic	potential	of	this	reac-
tion,	we	then	investigated	the	radical	alkylation	of	mono-
fluorides	(Table	3).	After	screening	various	conditions,	we	
found	 that	 the	 combination	 of	 Ir(4-tBuppy)3,	
(nBuC5H4)2ZrCl2,	TU1,	and	1,4-cyclohexadiene	(1,4-CHD),	
under	visible	light	irradiation	efficiently	converted	1b	and	
alkene	3	 into	 the	 desired	 alkylated	 products	4.	 Gratify-
ingly,	 various	 terminal	olefins	 containing	different	 func-
tional	groups,	such	as	alkyl	(3a	and	3b),	silyl	(3c),	boro-
nate	(3d),	and	nitrile	(3e)	were	all	tolerated,	yielding	the	
corresponding	alkylated	products	4ba–4be	 in	moderate	
to	good	yields.	Additionally,	 the	 thioglycoside	derivative	
(3f),	 aryl	 benzoate	 (3g),	 and	benzamide	 (3h)	 react	well	
without	affecting	these	reactive	functional	groups.	Nota-
bly,	even	an	internal	alkene	(3i)	was	successfully	alkylated.	
Furthermore,	 activated	 alkenes	 such	 as	 enol	 ethers	 (3j	
and	3k),	enamine	(3l),	vinyl	sulfide	(3m),	and	indene	(3n)	
afforded	 the	 corresponding	 alkylated	products	4bi–4bn	
in	moderate	to	good	yields.	Interestingly,	when	diphenyl	
ethylene	(3o)	was	employed,	unsaturated	ester	4bo	was	
obtained,	 likely	 via	 an	 oxidative	 radical-polar	 crossover	
followed	 by	 deprotonation.	 Furthermore,	 natural	 prod-
ucts	 and	 pharmaceutical	 compound,	 including	 safrole	
(3p),	eugenol	(3q),	and	alibendol	(3r),	were	successfully	
applied	 in	 this	 transformation.	 Next,	 we	 examined	 the	
scope	of	fluorides	using	terminal	alkene	3s.	a-Fluoroace-
tates	(1a	and	1c)	were	applicable	to	yield	the	correspond-
ing	 alkylated	 products	4as	 and	4cs	 in	moderate	 yields.	

Amide	(1f)	and	anilides	(1g	and	1h)	were	also	tolerated	
under	these	conditions.	Moreover,	malonate	(1n)	was	suc-
cessfully	alkylated,	providing	product	4ns.	These	results	
demonstrate	the	mild	conditions	of	our	catalytic	system,	
which	 enables	 defluorinative	 alkylation	 to	 proceed	 effi-
ciently	with	a	broad	range	of	functional	groups,	highlight-
ing	 the	 versatility	 and	 unique	 radical	 reactivity	 of	 this	
methodology.	
We	 then	 turned	 our	 attention	 to	 the	 reaction	mecha-

nism.	 First,	we	 carried	 out	 Stern–Volmer	 quenching	 ex-
periments	(Figure	2A).	Whereas	dimethylthiourea	(TU1)	
did	 not	 quench	 the	 excited	 photocatalyst	 Ir(4-tBuppy)3	
(KSV	=	–0.99),	 the	zirconocene	catalyst	quenched	 the	ex-
cited	photocatalyst	in	a	concentration-dependent	manner	
(KSV	 =	11).	Notably,	 the	addition	of	 thiourea	accelerated	
the	quenching	(KSV	=	25),	supporting	the	role	of	thiourea	
as	a	zirconocene	activator,	 consistent	with	our	previous	
work.81	 Next,	 we	 conducted	 a	 radical	 clock	 experiment	
with	b-pinene	(Figure	2B).	The	alkylation	of	1b	using	b-
pinene	afforded	 the	 ring-opening	product	4bt	 in	a	good	
yield,	providing	strong	evidence	for	a	radical	mechanism.	
To	determine	whether	the	defluorination	proceeds	via	

a	SET	or	XAT	mechanism,	we	compared	our	system	with	
Molander’s	SET-based	defluorination	of	trifluoroacetam-
ides,	which	is	accelerated	by	Zn(OTf)2,	where	zirconocene	
could	potentially	act	as	a	Lewis	acid	to	activate	carbonyl	
compounds.38,82	To	explore	the	possibility	of	an	SET		
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Table	3.	Substrate	scope	for	defluorinative	alkylationa	

	
aConditions:	1	(0.20	mmol),	alkene	3	(3.0	equiv),	3.0	mol	%	Ir(4-tBuppy)3,	5.0	mol	%	(nBuC5H4)2ZrCl2,	60	mol	%	TU1,	1,4-cyclo-

hexadiene	(1,4-CHD)	(1.5	equiv),	PhCF3	(2.0	mL),	456	nm	LEDs	(Kessil	Lamp),	70	°C,	24	h.	All	data	are	the	average	of	two	experiments.	
bYield	was	determined	by	1H	NMR	using	C2H4Cl2	as	an	internal	standard.	calkene	(5.0	equiv)	was	used.	dalkene	(2.0	equiv)	was	used.	
eg-terpinene	(1.1	equiv)	was	used	instead	of	1,4-CHD.	

pathway,	we	replaced	zirconocene	with	several	Lewis	ac-
ids	instead	of	zirconocene	(Figure	2C).	However,	neither	
Zn(OTf)2,	 Sc(OTf)2	 and	 BF3·OEt2,	 TMSOTf,	 and	 Cp2TiCl2	
produced	 the	 desired	 product,	 suggesting	 that.	 zircono-
cene	is	not	functioning	as	a	Lewis	acid	in	this	case	but	ra-
ther	as	a	fluorine	atom	abstractor.	Furthermore,	if	the	re-
action	followed	an	SET	mechanism,	trifluoroacetate	deriv-
atives	would	be	expected	to	undergo	defluorination	more	
efficiently	 than	 monofluoroacetate	 derivatives	 due	 to	
their	more	favorable	redox	potentials	(Figure	1B).	To	test	
this,	we	surveyed	the	reactivity	of	these	fluorine-contain-
ing	compounds	(Figure	2D).	Under	our	optimized	condi-
tions,	trifluoroacetamide	1u	did	not	react,	while	difluoro-
acetamide	1t	produced	the	hydrogenated	product	in	mod-
erate	yield,	and	monofluoroacetamide	1f	gave	the	product	
in	a	good	yield.	This	reactivity	trend	contradicts	the	expec-
tations	of	an	SET	mechanism,	further	supporting	the	XAT	
nature	of	the	reaction.	
Furthermore,	 we	 have	 conducted	 density	 functional	

theory	 (DFT)	 and	 coupled-cluster	 calculations	 at	 the	

DLPNO-RO-CCSD(T)/def2-TZVPP(D)//U-B3LYP/def2-
SVP	level	to	gain	deeper	insight	into	the	reaction	mecha-
nism	(Figure	2E).	The	reaction	initiates	with	the	coordina-
tion	of	a-fluoroacetate	1	to	ZrIII,	followed	by	the	fluorine	
atom	 transfer,	 generating	 the	a-carbonyl	 radical	 (Int1)	
and	ZrIV.	The	barrier	of	this	fluorine	atom	transfer	is	esti-
mated	to	be	19.4	kcal/mol.	This	highly	exergonic	process	
likely,	driven	by	the	strong	Zr–F	bond,	exhibits	superior	
irreversibility	(50.8	kcal/mol)	compared	to	previously	re-
ported	 XAT-type	 defluorinations.18,74,75	 After	 fluorine	
atom	transfer,	Int1	then	abstracts	a	hydrogen	atom	from	
1,4-CHD	to	produce	the	hydrogenated	product	2.	The	cal-
culated	barrier	for	this	HAT	process	is	lower	than	the	flu-
orine	atom	transfer	(by	0.9–3.1	kcal/mol),	suggesting	that	
the	latter	is	a	rate-limiting	step.	Single-point	energy	calcu-
lations	 across	 various	 levels	 of	 theory	 consistently	
showed	 lower	barriers	 for	 fluorine	atom	transfer	(12.6–
22.0	kcal/mol),	indicating	a	feasible	XAT	process	at	70	ºC	
(see	the	Supporting	Information).		
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Figure	2.	(A)	Stern–Volmer	quenching	experiments.	(B)	Radical	clock	experiments.	(C)	Comparison	of	the	reactivity	of	fluorinated	
compounds.	aYields	were	determined	by	GC	analysis	using	ndecane	as	an	internal	standard.	(D)	DFT	and	coupled-cluster	study	for	
XAT	mechanism.	Potential	energy	calculations	are	performed	at	DLPNO-RO-CCSD(T)/def2-TZVPP(D)//U-B3LYP/def2-SVP.	

Additionally,	we	examined	 the	defluorination	of	other	
fluorinated	 compounds,	 such	 as	 difluoroacetate	 and	 tri-
fluoroacetate,	 to	 confirm	 the	 reactivity	 trend.	 The	

activation	 barrier	 for	 the	 XAT	 of	 difluoroacetate	 was	
slightly	higher	(21.5	kcal/mol),	it	was	prohibitively	higher	
trifluoroacetate	 (27.8	 kcal/mol)	 compared	 to	
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monofluoroacetate.	 These	 computational	 results	 are	
aligned	with	our	experimental	observations	(Table	2	and	
Figure	2D),	reinforcing	the	XAT	nature	of	this	defluorina-
tion	process.	Notably,	the	reduction	of	carbonyl	by	ZrIII	fol-
lowed	by	a	1,2-fluorine	shift	is	also	a	viable	reaction	path-
way	 (see	 the	 Supporting	 Information).	 In	 this	 scenario,	
1,2-fluorine	 shift	 is	 likely	 the	 rate-limiting	 step,	 with	
slightly	higher	barrier	(20.0	kcal/mol)	than	the	XAT	path-
way.	
Lastly,	we	 explored	 the	possibility	 of	 ligand	 exchange	

during	 the	 reaction	 (Figure	 2E).	 To	 investigate	whether	
fluorinated	 zirconocene	 forms	 during	 the	 reaction,	 we	
performed	defluorinative	alkylation	of	monofluoroacetate	
1b	 using	 independently	 prepared	 Cp2ZrF2.	 The	 experi-
mental	result	suggested	that	even	if	the	ligand	exchange	
occurs,	 the	 reaction	 proceeds	without	 disruption	 to	 the	
catalytic	cycle.	
Based	on	these	experimental	and	computational	results,	
the	proposed	mechanism	is	outlined	in	Figure	3.	The	reac-
tion	begins	with	the	reduction	of	ZrIV	to	ZrIII	by	an	excited	
photocatalyst.	This	is	followed	by	a	fluorine	atom	transfer	
from	the	a-fluorocarbonyl,	generating	an	a-carbonyl	rad-
ical.	 The	 a-carbonyl	 radical	 then	 abstracts	 a	 hydrogen	
atom	from	g-terpinene	to	produce	the	hydrogenated	prod-
uct	and	terpinenyl	radical.	The	terpinenyl	radical	is	subse-
quently	oxidized	by	IrIV,	forming	a	cation	and	regenerating	
the	photocatalyst.	Finally,	 the	 chloride	or	 fluoride	anion	
produced	 by	 the	 reduction	 of	 ZrIV	 deprotonate	 the	 ter-
pinenyl	cation,	completing	the	catalytic	cycle.		

	

Figure	3.	Proposed	catalytic	cycle.	

CONCLUSION 
In	conclusion,	we	have	developed	an	unprecedented	flu-

orine	atom	transfer	using	zirconocene	and	photoredox	ca-
talysis.	 While	 most	 recent	 photoinduced	 defluorination	
reactions	proceeded	via	an	SET	mechanism,	our	protocol	
likely	operates	through	an	XAT	mechanism.	This	approach	
enables	the	selective	removal	of	fluorine	atom	without	af-
fecting	more	 easily	 reducible	 functional	 groups,	 such	 as	
bromoarenes,	 chloroarenes,	 and	 trifluoromethyl	 groups,	
positioning	 it	 as	 a	 complementary	 alternative	 to	 SET-
based	 defluorination	 strategies.	 Moreover,	 this	

defluorination	 can	 be	 extended	 beyond	 simple	 hydro-
genation	to	include	alkylation,	highlighting	the	potential	of	
fluorine	as	a	versatile	protecting	group	in	the	synthesis	of	
bioactive	 compounds.	 Further	 studies	 on	 defluorinative	
functionalization	and	expanding	 the	substrate	scope	are	
currently	underway	in	our	laboratory.	
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