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ABSTRACT:	4-Membered	ring	heterocycles	oxetanes	and	azetidines	offer	exciting	potential	as	small	polar	molecular	motifs	
in	medicinal	chemistry	but	require	further	methods	for	their	incorporation.	Photoredox	catalysis	has	emerged	as	a	powerful	
method	 for	 the	mild	 generation	 of	 alkyl	 radicals	 for	 C–C	 bond-forming	 reactions.	 However,	 the	 reactivity	 of	 radicals	 on	
strained	rings	is	not	well	understood	and	there	are	few	studies	that	address	this	question	systematically.	Furthermore,	ex-
amples	that	use	tertiary	and	benzylic	radicals	are	rare,	and	their	reactivity	is	challenging	to	harness	and	direct	towards	pro-
ductive	reaction	pathways.	This	work	develops	a	radical	functionalization	of	benzylic	oxetanes	and	azetidines	using	visible	
light	photoredox	catalysis	to	prepare	3-aryl-3-alkyl	substituted	derivatives	and	assesses	the	influence	of	ring	strain	on	the	
reactivity	of	medicinally	important	small-ring	radicals.	3-Aryl-3-carboxylic	acid	oxetanes	and	azetidines	are	suitable	precur-
sors	for	the	formation	of	tertiary	benzylic	oxetane/azetidine	radicals	with	loss	of	CO2	and	subsequent	conjugate	addition	into	
activated	alkenes.	The	process	is	shown	to	be	tolerant	of	polar	functional	groups	and	heterocycles	to	generate	medicinally	
relevant	compounds	bearing	oxetane	or	azetidine	motifs.	We	compare	the	reactivity	of	the	oxetane	radicals	with	that	of	other	
common	benzylic	systems.	Computational	studies	indicate	the	Giese	addition	of	benzylic	radicals	into	acrylates to	be	gener-
ally	reversible,	resulting	in	lower	yields	and	radical	dimerization.	However,	the	oxetane	structure	provides	an	overall	exer-
gonic	process	for	the	Giese	addition	step	of	the	benzylic	radical.	Furthermore,	strained	ring	structures	benefit	from	lower	spin	
density	at	the	benzylic	position,	which	is	crucial	to	minimize	radical	dimerization.	The	lower	spin	density	results	from	more	
extensive	radical	delocalization	into	the	aromatic	system	which	is	rationalized	on	the	basis	of	hybridization.	The	effect	of	
radical	acceptor	on	the	distribution	of	products	is	investigated	and	a	mechanism	for	the	formation	of	side	products	of	reduc-
tion	is	proposed	based	on	experimental	and	computational	evidence.

Oxetanes	and	azetidines	continue	to	attract	interest	as	val-
uable	motifs	in	medicinal	chemistry.1	These	motifs	have	in-
creasingly	 appeared	 in	 clinical	 candidates,	 including	 Lan-
raplenib,2	Crenolanib,3	and	FDA-approved	Siponimod4	and	
Baricitinib	(Figure	1).5	The	low	molecular	weight	and	high	
polarity	of	4-membered	heterocycles	can	provide	attractive	
molecular	 properties,	 as	 well	 as	 replacement	 groups	 for	

sensitive	 and	metabolically	 exposed	 functionalities.1,6	 3,3-
Disubstituted	oxetanes	in	particular	present	interesting	op-
portunities	as	bioisosteres,	providing	comparable	features	
to	carbonyl	groups	and	advantages	due	to	increased	steric	
protection,	 which	 improves	 stability	 to	 nucleophiles	 and	
acidic	 conditions.	 The	 attractive	 features	 of	 4-membered	
rings	 have	 prompted	 the	 development	 of	 several	 new	
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approaches	for	their	synthesis	and	late-stage	incorporation	
to	overcome	the	challenges	posed	by	their	ring	strain	and	
potential	instability.7	

	

Figure	1.	Oxetane	and	azetidine-containing	pharmaceuticals.	

Recent	years	have	seen	developments	in	the	generation	and	
reaction	of	oxetane	and	azetidine	radicals	as	reactive	inter-
mediates.	Radicals	have	been	generated	from	oxetane	itself	
and	azetidine	derivatives	at	the	activated	C2-position	where	
the	radical	 is	stabilized	by	the	adjacent	 lone	pair.8	Radical	
generation	 at	 the	 3-position	must	 compete	with	 possible	
HAT	processes	at	the	more	stable	2-position	and	hence	re-
quires	a	group	that	can	act	as	radical	precursor.9-16	Recently,	
oxetane	 functionalization	 has	 been	 achieved	using	 visible	
light	mediated	photoredox	catalysis	which	has	emerged	as	
a	powerful	and	general	tool	to	generate	radical	species	un-
der	mild	conditions.17	3-Iodo-oxetane	and	azetidine	are	in-
creasingly	 employed	 in	 coupling	 reactions,9,10	while	 there	
are	only	limited	examples	from	oxetane-3-carboxylic	acid.	
To	date	there	have	been	very	few	and	isolated	examples	of	
tertiary	oxetane	radicals	at	the	3-position	(Scheme	1).	
In	 2014,	 Ravelli	 reported	 the	 generation	 of	 3-methyloxe-
tane	radicals	by	decarbonylation	using	UV	light	and	TBADT	
([(n-Bu)4N]4[W10O32]),	 and	 their	 reaction	with	Michael	 ac-
ceptors.8a	 In	 2018,	 Frenette	 and	 Pfizer	 developed	 visible	
light	conditions	for	Minisci	reactions.11	Also	in	2018,	Shenvi	
used	HAT/Ni	dual	catalysis	to	hydroarylate	oxetane	alkyli-
denes	 with	 aryl	 halides	 via	 a	 3-alkyloxetane	 radical.13	 In	
2020,	Huestis	reported	the	synthesis	of	3-aryl-3-amino	ox-
etanes	 and	 azetidines	 through	 the	 photocatalytic	 genera-
tion	 and	 coupling	 of	 3-amino	 radical	 intermediates	 with	
aryl	 halides.14	Very	 recently,	 3-silyloxy	 azetidine	 and	 ox-
etane	radicals	were	reported	by	Shen	from	3-silyl	azetidin-
3-ols	 and	oxetan-3-ols	 through	 a	 radical	 1,2-silyl	 transfer	
which	underwent	C–C	coupling	with	Michael	acceptors.15	
Following	our	interest	in	3-aryloxetane	and	azetidine	deriv-
atives	involving	carbocation	intermediates,18	we	envisaged	
that	benzylic	oxetane	radicals	would	broaden	the	range	of	
options	for	oxetane	incorporation	and	provide	access	to	val-
uable,	unexplored	and	medicinally	relevant	chemical	space	
under	mild	photoredox	conditions.	However,	tertiary	ben-
zylic	 radicals	remain	underinvestigated	 in	photoredox	ca-
talysis19	and	might	be	expected	to	display	low	reactivity	in	
their	addition	reactions	due	to	their	relatively	stabilized	na-
ture.20	To	date,	there	have	been	no	reports	of	the	reaction	of	
3-aryloxetane21	or	azetidine	radicals,	and	the	effect	of	the	4-
membered	ring	on	the	reactivity	and	radical	structure	were	
unclear	at	the	outset	of	this	work.	

Scheme	1.	Strategies	for	the	formation	of	3,3-disubsti-
tuted	oxetanes	and	azetidines	by	radical	functionaliza-
tion.	

 
Here,	we	report	our	studies	on	the	formation	and	reactions	
of	oxetane	and	azetidine	radicals	using	visible	 light	medi-
ated	photoredox	catalysis	starting	from	carboxylic	acid	de-
rivatives.	We	also	report	a	systematic	comparison	of	reac-
tion	outcomes	for	related	substituted	benzylic	radicals	and	
highlight	important	structural	features	for	the	reactivity	of	
benzylic	 radicals.	Most	 notably,	we	draw	 correlations	 be-
tween	radical	stability	and	the	equilibrium	of	the	reversible	
Giese	addition,	based	on	factors	of	hybridization.	
We	first	investigated	several	possible	radical	precursors,	in-
itially	 derived	 from	 oxetanols.	 Attempts	 to	 prepare	 3-ar-
yloxetane	derivatives	of	typical	radical	precursors	such	as	
bromide	 and	 chloride	 were	 unsuccessful	 (Supporting	
Scheme	S3)	and	similarly,	borate	or	silicate	derivatives	are	
not	readily	available.	Oxalates,	as	the	acid	or	Cs-salt22	were	
prone	to	hydrolysis	under	reaction	conditions	and	parallel	
screening	of	conditions	did	not	provide	a	productive	reac-
tion	(Supporting	Scheme	S4	and	Table	S1).	We	hence	exam-
ined	oxetane	carboxylic	acids.	Carboxylic	acids	have	been	
extensively	used	in	the	formation	of	tertiary	radical	centers	
under	photocatalytic	conditions.23-25	Aryloxetane	carboxylic	
acids	were	not	available	and	prompted	our	recent	report	on	
their	short	two-step	synthesis	from	3-aryl-oxetan-3-ols	in-
volving	 catalytic	 Friedel−Crafts	 reaction	 followed	by	mild	
oxidative	 cleavage.26,27	 Initial	 investigations	 with	 acid	 1	
were	based	on	a	report	by	MacMillan	in	201428	which	gen-
erated	 C(sp3)	 radicals	 under	 decarboxylative	 photoredox	
conditions	 and	 trapped	 these	 with	 electron	 deficient	 al-
kenes.29	 Electron-rich	 oxetane	 acid	1	was	 used	 as	model	
substrate	 and	 ethyl	 acrylate	 as	 radical	 acceptor.	 Notably,	
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given	the	relative	value	of	the	oxetane	acid	derivative,	we	
used	the	olefin	in	excess,	which	is	uncommon	in	photoredox	
chemistry.30	The	major	product	of	this	reaction	was	3,3-di-
substituted	oxetane	2a,	which	was	formed	alongside	di-al-
kylated	product	2a’,	dimer	3	and	reduced	product	4.	After	
an	extensive	survey	of	discrete	and	continuous	reaction	var-
iables	(Supplementary	Tables	S2	and	S3),	desired	3,3-disub-
stituted	oxetane	2a	was	obtained	in	61%	yield	(±	5%,	95%	
confidence	 interval,	 n	 =	 6,	 performed	 by	 three	 different	
chemists;	 Table	 1,	 entry	 1),	with	minimized	 formation	 of	
side	products	(3,	4).	
Table	1.	Selected	optimization	studies	for	the	reaction	
of	oxetane	acid	1	with	ethyl	acrylate.	

	

entry	 change	from	
standard	conditions	

yield	(%)a	
2a	 2a’	 3	 4	

1b	 None	 61	(58)	 8	(8)	 1	 1	
2	 cat.	=	Ru(bpy)3(PF6)2	 <5	 0	 2	 0	
3	 cat.	=	Mes-Acr+	 0	 0	 0	 0	
4	 0.5	mol%	Ir	cat.	 46	 11	 2	 0	
5c	 28	°C	(fan	cooling)	 54	 11	 3	 0	
6	 solvent	=	MeCN	 41	 7	 2	 1	
7	 solvent	=	1,4-dioxane	 28	 3	 3	 1	
8	 [0.1	M]	 59	 15	 2	 3	
9	 DBU	as	base		 39	 4	 2	 1	
10	 No	photocatalyst	 0	 0	 0	 0	
11	 No	light	 0	 0	 0	 0	
12	 No	base	 0	 0	 0	 0	
a	Reactions	run	on	a	0.2	mmol	scale	under	argon.	Yield	calcu-

lated	by	analysis	of	the	1H	NMR	spectrum	of	the	crude	mixture	
of	 the	 reaction	 using	 1,3,5-trimethoxybenzene	 as	 internal	
standard	and	a	30	s	relaxation	delay	(d1).	b	Reported	yields	are	
the	mean	average	of	6	experiments,	isolated	yields	of	a	single	
run	are	in	parentheses.	c	Temperature	recorded	when	the	reac-
tion	was	cooled	with	a	fan.	PMP	=	p-methoxyphenyl.	

The	 optimized	 conditions	 used	 two	 readily	 available	
467	nm	LED	Kessil	lamps,	Cs2CO3	as	base	and	DMF	as	reac-
tion	solvent	(see	the	Supporting	Information	page	S6	for	a	
detailed	description	of	the	reaction	set-up).	Iridium	photo-
catalyst	[Ir{dF(CF3)ppy}2(dtbbpy)]PF6	([Ir];	see	Scheme	2)	
provided	 appropriate	 redox	potentials	 to	 oxidize	 the	 car-
boxylate	and	reduce	the	Giese	adduct.	Other	photocatalysts	
such	 as	 [Ru(bpy)3](PF6)2	 or	 (Mes-Acr)(ClO4)	 formed	 little	
(<5%)	or	no	product	(entries	2–3).	Only	slight	reductions	in	
yield	were	observed	when	reducing	photocatalyst	 loading	
to	 0.5	 mol%	 (entry	 4),	 performing	 the	 reaction	 at	 lower	
temperatures	 (28	 °C,	 fan	 controlled;	 entry	5),	 in	different	
solvents	(MeCN,	1,4-dioxane;	entries	6–7),	lower	concentra-
tion	(entry	8)	or	with	an	organic	base	(DBU;	entry	9).	Con-
trol	 experiments	 demonstrated	 the	 requirement	 for	

photocatalyst,	light	and	base	(entries	10–12).	We	examined	
deviations	in	reaction	conditions	that	are	often	encountered	
between	laboratories	using	a	sensitivity	screen	as	described	
by	 Glorius	 (Figure	 2).31	 The	 reaction	 was	 shown	 to	 be	
broadly	insensitive	to	small	changes	in	the	optimized	con-
ditions,	thus	facilitating	implementation	of	the	decarboxy-
lative	oxetane-functionalization	protocol	 (see	Supplemen-
tary	Table	S5	for	details).	Only	high	concentrations	(0.25	in-
stead	 of	 0.2	M)	 and	 high	 levels	 of	 oxygen	 (i.e.	 under	 air)	
were	identified	as	potential	pitfalls	for	the	reaction,	factors	
that	 can	 be	 readily	 controlled.	 Notably,	 given	 the	 known	
sensitivity	of	photochemical	reactions	to	increased	scale,32	
the	 input	of	1	could	be	 increased	 to	5	 times	 the	standard	
scale	(0.2	to	1.0	mmol)	by	simply	increasing	the	size	of	the	
reaction	vial	with	no	impact	on	yield	(58%	of	2a).	

	

Figure	2.	Assessment	of	sensitivity	of	the	reaction	of	oxetane	
acid	1	with	ethyl	acrylate.	Numbers	 indicate	 the	deviation	 in	
percentage	yield	on	alteration	of	selected	reaction	parameters.	

With	optimized	and	reliable	conditions	in	hand,	the	scope	of	
the	reaction	was	probed	(Scheme	2).	A	diverse	set	of	novel	
3,3-disubstituted	 oxetane	 products	 was	 swiftly	 obtained	
varying	both	the	radical	acceptor	and	the	oxetane	acid	pre-
cursor.	Simple	acrylates	were	successful	coupling	partners	
and	generated	the	products	 in	good	yields	(2a,	2b).	A	ke-
tone	was	successfully	incorporated	in	moderate	yield	(2c)	
and	 less	electron-deficient	alkenes	 such	as	vinyl	 sulfones,	
phosphonates	and	nitriles	could	also	be	employed,	albeit	in	
lower	yields	(2d–2f).	Medicinally-interesting	amide	deriva-
tives	were	synthesized	in	moderate	to	high	yields	(2g–2i).	
Similarly,	a	radical	acceptor	with	two	stabilizing	groups	was	
well	tolerated	using	protected	dehydroalanine	to	generate	
unnatural	amino	acid	2j.	Methacrolein	was	also	successful,	
providing	aldehyde	2k.	Substitution	at	 the	b-position	was	
less	 well	 tolerated,	 though	 successful	 reactions	 were	
achieved	 with	 cyclopentenone	 and	 dimethyl	 maleate,	 af-
fording	2l	and	2m	in	25%	and	54%	yield	respectively.	Sty-
renes	were	also	successful	coupling	partners	(2n–2t).	Un-
activated,	 electron-neutral	 styrene	 yielded	 oxetane	2n	 in	
32%	yield.	Reactivity	increased	with	more	electron-poor	ac-
ceptors	 whereby	 p-bromophenyl	 (73%)	 and	 isobenzo-
furanone	 (60%)	 functionalities	 were	 incorporated	 effi-
ciently	(2o,	2p).	The	tolerance	of	an	aryl	bromide	group	is	
noteworthy,	especially	since	it	serves	as	a	synthetic	handle	
for	 downstream	 diversifications.	 Importantly,	 pyridines,	
the	 most	 prevalent	 aromatic	 N-heterocycles	 in	 bioactive	
compounds,33	could	be	readily	introduced	whilst	tolerating	
functionalities	such	as	a	secondary	amide	(2q–2t).	
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Scheme	2.	Reaction	scope	of	oxetane	and	azetidine	acids	and	alkenesa	

a	Reactions	run	on	a	0.20	mmol	scale	unless	otherwise	stated.	Isolated	yields	are	reported.	b	Characterized	by	X-ray	crystallography.	
c	Isolated	in	70%	purity.	d	Using	TIPS-protected	oxetane	acid.	e	0.1	mmol	scale.	f	H2,	Pd/C	(10%	w/w,	10	mol%	Pd),	EtOH,	25	°C,	22	h.	
g	LiOH	(3.0	equiv),	H2O:THF:MeOH	(3:1:1),	25	°C,	24	h.	h	Trifluoroacetic	acid	(10	equiv),	CH2Cl2,	0–25	°C,	17	h.	

Next,	 variation	 in	 the	 oxetane	 acids	was	 investigated	 (5–
12).	A	benzyl	protecting	group,	which	can	be	labile	to	pho-
toredox	conditions,34	was	well	tolerated	(5q;	62%).	An	elec-
tron-withdrawing	triflate	group	could	also	be	incorporated	
in	low	yields	(6q;	see	Figure	5	for	further	discussion).	TIPS-
protected	phenol	was	deprotected	under	the	reaction	con-
ditions	to	give	free	phenol	7a.	Importantly,	and	in	contrast	
to	 our	 previous	 strategies	 generating	 oxetane	 carbo-
cations,18	electron-neutral	phenyl	oxetane	acid	was	a	suc-
cessful	 substrate	 and	 provided	 3,3-disubstituted	 oxetane	
8a	 in	37%	yield.	Electron-neutral	oxetane	analogs	of	 ibu-
profen	and	flurbiprofen	gave	oxetanes	9a	and	10a,	and	un-
substituted	biphenyl	oxetane	acid	gave	an	oxetane-contain-
ing	 ester	 analog	 of	 fenbufen	 (11b).	 The	 medicinally	 im-
portant	indole	group	was	also	incorporated	(12a).	
Pleasingly,	3-arylazetidine	radicals	could	also	be	formed	un-
der	the	reaction	conditions	and	a	range	of	3,3-disubstituted	
azetidines	were	synthesized	 in	comparable	yields	 to	 their	
oxetane	analogs	(13a,	b,	m,	n,	p,	q,	t).	Azetidine	pyridines	
13q	and	13t	showed	a	boost	in	yield	compared	to	the	ox-
etanes.	

The	Cbz	group	could	be	readily	removed	from	13a	by	hy-
drogenolysis	 to	 generate	 a	 free	 N–H	 azetidine	 (14;	 76%	
yield).	 Ester	 hydrolysis	 from	 the	 functionalized	 oxetane	
products	under	basic	conditions	using	LiOH	gave	carboxylic	
acid	15	in	99%	yield.35	This	is	the	formal	bis-homologation	
product	of	oxetane	1,	which	was	further	characterized	by	X-
ray	crystallography	(see	Supporting	Figure	S28).	 Interest-
ingly,	deprotection	of	the	t-Bu	ester	11b	using	trifluoroace-
tic	acid	prompted	ring-opening	of	the	oxetane	ring	to	form	
tetrahydropyranone	16	in	97%	yield	due	to	the	internal	nu-
cleophile.	
3,3-Disubstitued	oxetanes	2a,	2j	and	2q	were	further	char-
acterized	by	X-ray	crystallography	and	compared	to	known	
analogous	phenone	structures,	which	displayed	interesting	
differences	in	conformation	(Figure	3,	also	see	Supplemen-
tary	Information	pages	S69–S77).	The	3,3-disubstituted	ox-
etane	derivatives	adopt	a	conformation	with	increased	3-di-
mensional	nature.	Most	notably	the	aromatic	ring	on	the	ox-
etane	 is	 almost	 orthogonal	 to	 the	 pseudo-carbonyl	 plane	
(Ooxetane-Cqoxetane-Cqaromatic),	 whilst	 in	 the	 ketone,	 the	 aro-
matic	ring	is	aligned	with	the	plane	as	to	maximize	favora-
ble	p-conjugation.	
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Figure	3.	X-Ray	structures	of	3-aryl-3-alkyl	oxetanes.	Interatomic	distances	and	torsion	angles	are	given	as	the	mean	average	of	the	
three	X-ray	structures	displayed	with	the	error	corresponding	to	the	95%	confidence	interval	(for	the	oxetanes	and	ketones	respec-
tively).		The	ketone	structures	were	accessed	under	the	CCDC	identifiers	‘LOHZAK’,36	‘JOXGEI’37	and	‘MUFHAZ’.38	

Furthermore,	the	increased	steric	bulk	of	the	oxetane	group	
together	 with	 the	 decreased	 steric	 requirement	 of	 the	
‘twisted’	aromatic	ring	induce	a	switch	in	the	preferred	con-
formation	of	the	CH2CHRR’	chain,	which	now	lies	on	the	side	
of	the	aromatic	instead	of	the	carbonyl	(oxetane).	
Based	on	the	precedent	of	decarboxylative	photoredox	re-
actions25a–d,	28	we	propose	an	oxetane/azetidine	radical	 in-
termediate	 formed	 by	 oxidation	 of	 the	 carboxylate	 anion	
with	the	excited	form	of	the	photocatalyst	followed	by	de-
carboxylation	 (see	 Scheme	 S6	 for	 the	 proposed	 mecha-
nism).	Reacting	oxetane	1	with	ethyl	acrylate	 in	 the	pres-
ence	of	TEMPO	did	not	form	the	usual	product	2a.	Oxetane–
TEMPO	adduct	17	was	instead	isolated	in	21%	yield	(after	
chromatography)	and	its	structure	confirmed	by	X-ray	crys-
tallography,	 supporting	 the	 proposed	 oxetane	 radical	
(Scheme	3a).	The	radical	is	likely	to	undergo	conjugate	ad-
dition	to	the	alkene,	which	is	further	reduced	to	a	stabilized	
anion	 (e.g.	 an	 enolate	when	 using	 ethyl	 acrylate)	 to	 turn	
over	 the	 Ir	 catalyst.	Formation	of	 the	proposed	enolate	 is	
supported	by	 the	 reduction	potential	of	 the	Giese	adduct,	
which	 was	 calculated	 to	 lie	 well	 within	 the	 range	 of	 IrII	
(Scheme	3b).	
A	final	protonation	step	would	yield	the	observed	products.	
A	deuterium	labelling	study	of	the	reaction	of	oxetane	acid	
1	with	ethyl	acrylate	under	the	standard	conditions	showed	
deuterium	incorporation	alpha	to	the	ethyl	ester	only	with	
D2O	as	additive,	supporting	the	involvement	of	a	protona-
tion	 instead	of	an	H-atom	transfer	step	(Scheme	3c).39	No	
deuterium	 incorporation	 was	 observed	 with	 DMF-d7	 or	
deuterated	oxetane	acid	d-1	(COOD).	Quenching	with	D2O	at	
the	end	of	the	reaction	showed	no	deuterium	incorporation,	
suggestive	of	enolate	protonation	during	the	course	of	the	
reaction	 by	 water	 generated	 from	 the	 protonation	 of	
Cs2CO3.40	

Scheme	3.	Mechanistic	studiesa	

	
a	Yield	and	percentage	of	deuteration	(D-%)	calculated	by	
analysis	of	the	1H	NMR	spectrum	of	the	crude	mixture	of	the	
reaction	using	1,3,5-trimethoxybenzene	as	 internal	stand-
ard	 and	 a	 30	 s	 relaxation	 delay	 (d1).	 b	 [Ir]	 =	
[Ir{dF(CF3)ppy}2(dtbbpy)]PF6	 (see	 Scheme	 2).	 c	 Isolated	
yield.	 d	 Value	 calculated	 using	 the	 methyl	 ester	 at	 the	
SMD(DMF)-M06-2X/ma-def2-TZVP//ωB97X-D3/def2-SVP	
level	(298.15	K,	1	M).	Reduction	potential	of	IrIII	taken	from	
ref	 41.	 f	 Relevant	 signals	 in	 the	 1H	NMR	 spectrum	 of	 the	
crude	reaction	mixture	obscured	by	other	species.	Approx-
imate	value	given.	g	Degree	of	deuteration	measured	after	
isolation	by	column	chromatography.	e	Average	of	six	exper-
iments.	NA	=	Not	applicable.	
Intermolecular	 reactions	 that	 involve	 radicals	 at	 benzylic	
positions	often	lead	to	low	yields	of	the	desired	product	and	
increased	side	reactions	such	as	homo-coupling	or	reduc-
tion.12,19c,20,42	The	reasons	behind	this,	and	the	effect	of	addi-
tional	substituents	at	the	benzylic	position	on	reactivity,	are	
not	well	understood.	To	provide	insight	into	the	key	radical-
addition	step,	we	compared	the	behavior	of	a	series	of	aryl	
acetic	acids,	with	different	substitution	at	the	benzylic	cen-
ter,	in	the	reaction	with	ethyl	acrylate	(Scheme	4).	Only	ox-
etane	 and	 azetidine	 undergo	 the	 desired	 Giese	 reaction	
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pathway	efficiently	(>50%	2a	=	III-A,	and	13a	=	IV-A).	Very	
little	or	no	dimer	formation	was	observed	for	the	3-	and	4-
membered	 rings,	 in	 contrast	 to	methylene,	 gem-dimethyl	
and	tetrahydropyran	linkers.43	
Scheme	4.	Reactivity	of	tertiary	benzylic	radicalsa	

	
a	 Isolated	 yields	 are	 reported.	 b	 [Ir]	 =	
[Ir{dF(CF3)ppy}2(dtbbpy)]PF6	(see	Scheme	2).	
These	significant	differences	in	reactivity	of	aryl	acetic	acids	
with	 different	 benzylic	 linkers	 was	 further	 investigated	
computationally	to	provide	insights	into	the	underlying	fea-
tures	 that	 lead	 to	 these	 disparities.	 Since	maximizing	 the	
yield	of	Giese	product	requires	minimization	of	undesired	
dimerization,	we	sought	to	identify	the	origins	of	dimer	for-
mation.	The	relative	quantities	of	dimer	observed	vary	sig-
nificantly	depending	on	the	identity	of	the	benzylic	substit-
uents	(Scheme	4).	We	isolated	two	factors	that	minimize	di-
mer	formation:	(1)	decreasing	the	stability	of	the	benzylic	
radical,	and	(2)	enhancing	!-delocalization	of	the	benzylic	
radical	into	the	aromatic	system.	
First, and perhaps surprisingly, computations showed the Giese 
addition of benzylic radicals into methyl acrylate to be reversi-
ble (Figure 4a). The relative stability of the benzylic radicals 
was then calculated (relative to cyclopropane radical II; Figure 
4b) and found to directly influence the quantity of dimer 
through the equilibrium position of the Giese addition, with a 
linear relationship (R2 = 0.87, Figure 4c). As the radical be-
comes less stable, the driving force for the Giese addition in-
creases and dimerization is disfavored (Figure 4d). For exam-
ple, the relative instability of cyclopropyl radical II causes an 
exergonic addition to the acrylate (DG = –11.7 kcal mol–1), re-
sulting in rapid Giese quenching of this radical and therefore 
dimer suppression. The cyclopropane radical however, is 
known to be very unstable and more prone to ring opening than 
its larger-ring counterparts, presumably leading to its increased 
degradation and consequently, a low yield of Giese product II-
A (19%).44 Conversely, the gem-dimethyl benzylic radical VII 
is stabilized to the extent that the addition to the acrylate be-
comes endergonic (DG = +0.6 kcal mol–1), allowing a build-up 
of this radical in the reaction and increasing the likelihood of 
dimerization (Figure 4e). 
The	unsubstituted	benzylic	 radical	 (I)	 is	an	outlier	 in	 this	
stability/dimerization	 trend	 in	 that	 dimer	 is	 observed	
(11%),	despite	the	equilibrium	lying	towards	the	Giese	ad-
duct	(DG	=	–4.4	kcal	mol–1).	To	explain	this	phenomenon,	we	
noted	 that	 the	spin	density	 is	much	more	 localized	at	 the	
benzylic	position	than	that	of	the	rest	of	the	radicals	under	
study	(rs	=	0.75,	Figure	4f).	More	localized	benzylic	radicals	
incur	 a	 lower	 penalty	 to	 dimerization,	 making	 unsubsti-
tuted	radical	I	 the	most	susceptible	to	dimerization	of	the	

series.45,46	On	the	other	hand,	the	lower	spin	density	of	the	
cyclopropane	radical	II	(rs	=	0.67)	increases	the	barrier	to	
dimerization	relative	to	the	Giese	addition.	
We	propose	that	the	extent	of	radical	delocalization	is	con-
trolled	by	the	hybridization	of	the	arene-to-benzylic-carbon	
s	bond	(Figure	4g),	which	in	turn	is	determined	by	the	hy-
bridization	 of	 the	 C–C	s	 bonds	 of	 the	 additional	 benzylic	
substituents	(Figure	4h).	Substrates	in	which	these	benzylic	
C–C	bonds	require	enhanced	p-character	due	to	the	small	in-
ternal	angles	of	small	rings,	e.g.	cyclopropane	II	(sp3.75;	Fig-
ure	 4h),	must	 assign	 greater	 s-character	 to	 the	 arene-to-
benzylic-carbon	C–C	s	bond	(sp1.25;	Figure	4g).	This	 is	ex-
pressed	in	a	shorter	C–C	bond,	increased	radical	delocaliza-
tion	and	reduced	benzylic	spin	density	(Figure	4i;	see	Figure	
4j	for	our	proposed	model	for	variation	in	spin	density).	We	
propose	that	delocalization	is	enhanced	in	oxetane	III	com-
pared	to	cyclobutane	V	due	to	Bent’s	rule47:	the	electroneg-
ative	oxetane	oxygen	atom	withdraws	electron	density	from	
the	ring	C–C	bonds,	forcing	a	greater	p-contribution	to	these	
bonds	in	III	than	V	(sp3.40	vs	sp3.15,	respectively,	Figure	4h).	
As	a	result,	the	arene-to-benzylic-carbon	C–C	bond	in	III	is	
richer	in	s-character	(sp1.37)	and	shorter	(1.404	Å)	than	in	V	
(sp1.53	and	1.410	Å,	respectively),	thereby	increasing	!-de-
localization	and	subsequently	minimizing	dimerization.	
Overall,	dimerization	will	be	minimized	for	substrates	with	
destabilized	benzylic	radicals	that	are	able	to	efficiently	de-
localize	into	the	arene	!	system.	For	example,	the	Giese	ad-
dition	 for	 oxetane	 radical	 III	 is	 exergonic		
(∆G	=	–3.7	kcal	mol–1),	and	the	radical	is	sufficiently	!-delo-
calized	 (rs	 =	0.67)	due	 to	 the	high	p-character	demanded	
within	the	oxetane	ring	(vide	supra),	such	that	no	dimer	is	
observed	and	the	yield	of	Giese	product	is	high	in	the	reac-
tion	with	acrylates.	
Computationally,	the	substituents	on	the	arene	were	found	
to	 have	 little	 influence	 on	 the	 stability,	 spin	 density	 and	
Giese	equilibrium	of	the	benzylic	radical	(Figure	5a).	This	is	
in	accordance	with	the	experimental	distribution	of	prod-
ucts,	 where	 exclusively	 Giese	 product	 was	 observed	 for	
electronically	different	oxetane	carboxylic	acids	(i.e.	neither	
dimerization	nor	reduction	products	observed).	The	yield	
however,	varied	significantly,	with	a	positive	correlation	be-
tween	 aromatic	 electron-density	 and	 yield	 (yield	
2a>8a>>6q;	Scheme	2).	Ravelli	showed	relatively	electron-
poor	 benzylic	 carboxylates	 to	 be	 harder	 to	 oxidize	 than	
more	electron-rich	examples.20a	We	measured	the	oxidation	
potential	 of	 three	 electronically	 different	 3-aryl-oxetane	
carboxylates	 by	 cyclic	 voltammetry	 and	 found	 the	 same	
trend	(Figure	5b).48	It	is	feasible	that	the	less	favorable	car-
boxylate	 oxidation	 is	 responsible	 for	 the	 lower	 yield	 ob-
served	with	acid	substrates	bearing	less	electron-rich	aryl	
rings.49	 The	 subsequent	 decarboxylation	 step,	 which	 has	
been	shown	to	be	“ultrafast”	(k	=	1010	s–1),50	 is	unlikely	to	
play	a	 significant	 role.	Less	electron-rich	oxetane	 radicals	
are	 also	 less	 nucleophilic,	which	may	 correlate	 to	 the	 CV	
data,	and	could	result	in	a	slower	Giese	addition	step.	More	
oxidizing	photocatalysts	were	 tested	with	 the	Ph-oxetane	
carboxylate	but	 there	was	no	 increase	 in	yield	of	8a	 (0%	
with	 [Ru(bpz)3](PF6)2	 {+1.45	 V}17a	 and	 31%	with	 4CzIPN	
{+1.35	V}42b;	Supporting	Table	S3).
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Figure	4.	Analysis	of	the	reactivity	of	benzylic	radicals	in	a	Giese-type	reaction.	All	calculations	at	the	CPCM(DMF)-ωB97X-D3/def2-
TZVP//ωB97X-D3/def2-SVP	level.	Free	energies	calculated	at	298.15	K	and	1	M	standard	state.	a	Stabilities	determined	through	H-
atom	exchange	equilibria	with	cyclopropyl	radical	II	 (Supporting	Figure	S20).	b	DG	calculated	using	methyl	acrylate	(Supporting	
Figure	S21).

	

Figure	5.	Effect	of	aryl	group	on	the	Giese-type	reaction.	a	All	
calculations	 at	 the	 CPCM(DMF)-ωB97X-D3/def2-
TZVP//ωB97X-D3/def2-SVP	level	(298.15	K,	1	M,	Supporting	

Table	 S9).	 Stabilities	 relative	 to	 PMP-cyclopropyl	 radical	 II.	
Giese	equilibrium	with	methyl	acrylate	as	radical	acceptor.	p-
CF3-phenyl	chosen	as	model	electron-poor	aromatic.	b	Oxida-
tion	potentials	measured	by	cyclic	voltammetry	in	a	0.1	M	so-
lution	of	NBu4ClO4	in	MeCN	at	25	°C	with	100	mV	s–1	scan	rate	
and	 reported	 vs	 SCE.	 Carboxylates	 generated	 in	 situ	 through	
the	addition	of	1	equiv	NBu4OH	(1	M	in	MeOH).	Here,	the	anodic	
peak	potentials	(Epa)	are	reported.51	See	the	Supporting	Infor-
mation,	page	S22	 for	 further	details.	 c	Value	 refers	 to	!!/#$$$∗/$$,	
taken	from	ref	41.	d	Estimated	value,	see	Supporting	Table	S8	
and	Figure	S11.	Further	oxidations	at	low	potentials	were	ob-
served	for	this	compound.	
Investigation	of	the	reaction	scope	showed	a	stark	influence	
of	 the	 radical	 acceptor	 on	 the	 distribution	 of	 products	
(P:3:4;	 Scheme	5a).	 Particularly,	 less	 electrophilic	 and/or	
more	sterically	hindered	alkenes	led	to	increased	amounts	
oxetane	dimer	3	and	reduced	oxetane	4.	This	is	presumably,	
and	in	line	with	our	calculations	(see	discussion	above	and	
Figure	4),	due	 to	 the	reversible	Giese	addition	where	 less	
activated	alkenes	shift	the	equilibrium	towards	the	oxetane	
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radical.	 This	 shift	 results	 in	 a	higher	 concentration	of	 ox-
etane	 radical	which	 significantly	 increases	 the	 rate	 of	 di-
merization,	which	is	directly	proportional	to	the	square	of	
radical	concentration,	and	the	formation	of	reduced	oxetane	
4.	In	the	absence	of	a	radical	acceptor	only	minimal	amounts	
of	side	products	3	and	4	were	observed	(Scheme	5a),	hint-
ing	to	involvement	of	the	acceptor	in	the	catalytic	cycle	and	
in	regeneration	of	the	IrIII	catalyst,	as	is	calculated	to	occur	
with	the	Giese	adduct	of	2a	to	regenerate	IrIII	(Scheme	3b).	
However,	 direct	 oxidation	 of	 IrII	 ("%/&'(

!!!/'(!! 	=	–1.37	V	 vs	
SCE)41	by	 the	alkene	 is	unfeasible	based	on	calculated	re-
duction	potentials	(e.g.	for	cyclohexene	methyl	carboxylate:	
"%/&)/)

•–
	=	–2.60	V	vs	SCE;	see	Supporting	Table	S9	for	all	cal-

culated	values).52	Thus,	more	likely,	the	high	concentration	
of	strained	oxetane	radical	also	 increases	 the	rate	of	 irre-
versible	oxetane	degradation	pathways	to	generate	radicals	
that	can	more	easily	add	into	the	acceptor	and	form	uniden-
tified	Giese	adducts	capable	of	oxidizing	IrII.53	
Finally,	we	considered	the	mechanism	to	form	reduced	ox-
etane	4,	which	occurs	in	the	absence	of	an	explicit	reductant	
or	H-atom	transfer	(HAT)	reagent.	Deuteration	studies	sug-
gest	H2O,	generated	from	the	protonation	of	Cs2CO3,	 to	be	
the	primary	source	of	hydrogen	incorporated	into	the	3-po-
sition	of	4	(Scheme	5b).	The	low	deuterium	incorporation	
with	DMF-d7	rules	out	HAT	from	DMF	to	the	oxetane	radi-
cal.54	Direct	HAT	from	water	is	also	unlikely	due	to	the	high	
bond	dissociation	energy	of	the	H–OH	bond	(>115	kcal	mol–
1).55	Reduction	of	the	oxetane	radical	by	IrII	to	an	unstable	
oxetane-3-anion	 followed	 by	 protonation	 is	 unfeasible	
based	on	the	expected	instability	of	the	anionic	intermedi-
ate	 and	 the	 calculated	 reduction	 potential	 of	 the	 oxetane	
radical	("%/&$$$/$$$

–
	=	–1.67	V	vs	SCE)	which	lies	outside	the	re-

duction	range	of	IrII	(Scheme	5b).	Based	on	the	above	com-
putational	and	experimental	observations,	we	propose	re-
duced	oxetane	4	to	be	generated	through	a	concerted	mul-
tisite	proton-coupled	electron	transfer	(PCET)56	with	water	
as	source	of	protons	and	IrII	as	source	of	electrons	(Scheme	
5b,	see	Scheme	S6	for	the	full	mechanistic	picture).	

Scheme	5.	Influence	of	radical	acceptor	on	preferred	re-
action	pathwaya	

	
a	Yield	and	percentage	of	deuteration	(D-%)	calculated	by	
analysis	of	the	1H	NMR	spectrum	of	the	crude	mixture	of	the	
reaction	using	1,3,5-trimethoxybenzene	as	 internal	stand-
ard	 and	 a	 30	 s	 relaxation	 delay	 (d1).	 b	 [Ir]	 =	
[Ir{dF(CF3)ppy}2(dtbbpy)]PF6	 (see	 Scheme	 2).	 c	 Isolated	
yields.	d	Estimated	yields	based	on	the	mass	of	the	crude	re-
action	mixture	and	the	ratio	of	3	and	4	in	the	1H	NMR	spec-
trum.	 e	 Value	 calculated	 at	 the	 SMD(DMF)-M06-2X/ma-
def2-TZVP//ωB97X-D3/def2-SVP	level	(298.15	K,	1	M).	NA	
=	Not	applicable.	
	
In	summary,	we	report	 the	generation	of	unusual	 tertiary	
benzylic	strained	oxetane	and	azetidine	radicals	under	pho-
toredox	catalysis.	We	have	developed	a	protocol	for	the	use	
of	3-aryl-3-carboxylic	acid	oxetanes	and	azetidines	as	radi-
cal	 precursors	 which	 react	 with	 alkenes	 to	 form	medici-
nally-relevant	 alkylated	 3,3-disubstituted	 oxetanes	 and	
azetidines	 with	 previously	 inaccessible	 substitution	 pat-
terns.	The	reaction	is	reproducible,	easy	to	set	up	and	insen-
sitive	to	common	deviations	from	the	conditions.	The	prod-
ucts	could	be	 further	 transformed	 to	reveal	 free	NH	azet-
idine	functionality,	as	well	as	a	free	“bis-homologated”	ox-
etane	carboxylic	acid	or	a	tetrahydropyranone	heterocycle	
after	 oxetane	 ring-opening,	 depending	 on	 the	 conditions	
used	for	ester	removal.	An	experimental	comparison	of	the	
reactivity	 of	 different	 benzylic	 radicals	 revealed	 only	 ox-
etane	and	azetidine	substrates	to	favor	a	productive	Giese	
reaction	pathway	with	the	other	benzylic	 linkers	showing	
significantly	lower	yields	and/or	increased	amounts	of	di-
mer	side	products.	A	computational	investigation	revealed	
the	 Giese	 addition	 of	 benzylic	 radicals	 into	 acrylate	
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acceptors	to	be	reversible,	with	less	stable	radicals	shifting	
the	equilibrium	towards	the	coupled	product.	Furthermore,	
reduced	spin	density	on	the	benzylic	carbon	was	found	to	
minimize	formation	of	the	dimer	side	product.	Oxetane	and	
azetidine	radicals	are	the	only	species	that	lie	in	the	sweet	
spot	 of	 little	 degradation	 of	 the	 benzylic	 radical,	 whilst	
showing	 an	 exergonic	 Giese	 addition	 and	minimal	 dimer	
formation.	Studies	are	presented	to	explain	the	differing	re-
action	outcome	with	certain	acceptors,	and	to	suggest	the	
origin	of	side	products	of	reduction.	We	envisage	this	pro-
tocol	will	encourage	the	use	of	3-aryl-3-carboxylic	acid	ox-
etanes	and	azetidines	as	 convenient	 radical	precursors	 in	
medicinal	 chemistry	 and	 expand	 the	 medicinal	 chemist’s	
toolbox	 for	 the	 incorporation	 of	 4-membered	 rings	 into	
drug-like	compounds.	
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