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ABSTRACT:	The	ambiphilic	reactivity	of	alkyl	sulfonyl	 fluorides	 in	the	stereoselective	synthesis	of	diverse	cyclopropanes	
from	olefins	under	palladium(II)	catalysis	is	presented.	The	sulfonyl	fluoride	functionality	serves	as	both	an	acidifying	group	
and	an	internal	oxidant	within	the	ambiphile,	enabling	the	successive	carbopalladation	and	oxidative	addition	steps	in	the	
catalytic	cycle,	respectively.	The	transformation	grants	access	to	cis-substituted	cyclopropanes	and	exhibits	broad	compati-
bility	with	various	alkyl	sulfonyl	fluorides,	including	those	bearing	–CN,	–CO2R,	isoxazolyl,	pyrazolyl,	and	aryl	groups.	With	
internal	alkene	substrates,	1,2,3-trisubstituted	cyclopropanes	that	are	otherwise	challenging	to	synthesize	are	formed	in	good	
to	moderate	yield	and	predictable	diastereoselectivity.	Detailed	mechanistic	insights	from	reaction	progress	kinetic	analysis	
(RPKA)	and	density	functional	theory	(DFT)	calculations	reveal	that	the	SN2-type	C–SO2F	oxidative	addition	is	the	turnover-
limiting	and	diastereoselectivity-determining	step.

Organosulfonyl	fluorides	have	emerged	as	central	players	in	
organic	synthesis,1,2	owing	to	the	rise	of	sulfur(VI)	fluoride	
exchange	(SuFEX)	chemistry,	which	allows	for	rapid	and	re-
liable	diversification	through	nucleophilic	displacement	of	
fluoride	with	oxygen	and	nitrogen	nucleophiles.3-5	The	util-
ity	of	organosulfonyl	fluorides	in	this	context	has	motivated	
the	development	of	a	growing	number	of	methods	to	syn-
thesize	structurally	diverse	sulfonyl	fluorides	in	an	efficient,	
selective,	and	modular	manner	(Scheme	1A).6		

In	 contrast	 to	widely	 studied	 aryl-7-9,	 alkenyl-10-12,	 and	 al-
kynyl	sulfonyl	fluorides6e,	alkyl	sulfonyl	fluorides	have	been	
less	thoroughly	investigated	despite	offering	unique	oppor-
tunities	as	synthetic	building	blocks	owing	to	the	acidifying	
effect	of	 the	sulfonyl	group	on	 the	α-protons.4	Prior	work	
has	demonstrated	the	utility	of	alkyl	sulfonyl	fluorides	in	C–
C	bond	 formation	 through	 reaction	with	 classical	 electro-
philes,	such	as	alkyl	halides	and	carbonyl	compounds,	in	the	
presence	of	base	(Scheme	1B).13-16	We	surmised	that	alkyl	
sulfonyl	fluorides	could	exhibit	unique	ambiphilic	reactivity	
in	transition	metal	catalysis,	capitalizing	on	the	ability	of	the	
sulfonyl	 fluoride	 group	 to	 serve	 the	 dual	 role	 as	 a	

pronucleophile	 activator	 and	 electrophilic	 reactive	 group	
(i.e.	internal	oxidant).		

Our	 lab	 previously	 developed	 a	 palladium-catalyzed	anti-
cyclopropanation	of	olefins	with	various	carbon	pronucleo-
philes	and	I2	as	the	bystanding	oxidant,	where	the	hypothe-
sized	mechanism	involves	initial	α-iodination	of	the	nucleo-
phile,	 directed	 carbopalladation,	 PdII/PdIV	 oxidative	 addi-
tion	of	the	newly	formed	C(sp3)–I	bond,	and	finally	C(sp3)–
C(sp3)	 reductive	 elimination	 from	 the	 palladacyclobutane	
intermediate.17	The	need	for	doubly	activated	carbon	pro-
nucleophiles	in	all	cases	but	nitromethane	limits	the	scope	
of	substituted	cyclopropanes	that	can	be	accessed	with	this	
method,	 leading	 us	 to	 search	 for	 alternative	 nucleophilic	
coupling	partners	in	which	a	leaving	group	and	an	acidifying	
group	could	be	merged	into	the	same	entity.		

Herein,	we	 demonstrate	 alkyl	 sulfonyl	 fluorides	 acting	 as	
ambiphilic	 coupling	 partners	 in	 the	 stereoselective	 cyclo-
propanation	of	unactivated	olefins	through	the	PdII/PdIV	re-
dox	couple,18	delivering	stereochemical	outcomes	that	are	
inaccessible	 using	 conventional	 leaving	 groups	 (Scheme	
1B).	 
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Scheme	1.	Background	and	This	Work 

 
In	this	context,	alkenyl	amide	1a	and	alkyl	sulfonyl	fluoride	
2a	 were	 selected	 as	 model	 substrates.	 After	 extensive	
screening,	we	identified	optimal	reaction	conditions	using	a	
combination	of	Pd(OAc)2	(10	mol%)	and	Na2CO3	(1.0	equiv)	
in	DMA	(0.33	M)	under	a	nitrogen	atmosphere	to	afford	cy-
clopropane	3aa	in	99%	yield	with	98:2	d.r.;	the	unusual	cis-
configuration	of	the	major	product	was	confirmed	by	single-
crystal	X-ray	diffraction.19	Key	findings	from	our	optimiza-
tion	campaign	include	the	important	role	of	Na2CO3	as	the	
base,	as	other	carbonate	salts,	such	as	K2CO3	and	Cs2CO3,	led	
to	substantially	lower	yields	(entries	2–3),	as	did	bases	with	
other	 counteranions	 (entries	 4–5).	 Other	 commonly	 used	
PdII	sources,	such	as	PdCl2	and	Pd(TFA)2,	gave	slightly	lower	
yields	 and	 comparable	 diastereoselectivity	 (entries	 6–7).	
Increasing	 the	 concentration	 of	 the	 reaction	 mixture	 de-
creased	the	yield	(entry	8).	The	use	of	a	polar	aprotic	sol-
vent	was	crucial,	and	DMF	and	DMSO	were	reasonably	ef-
fective	 alternatives	 to	DMA	 (entries	 9–11).	We	were	 also	
pleased	to	find	that	the	reaction	gave	92%	yield	even	when	
set	up	and	run	under	air	(entry	12).		In	control	experiments,	
we	found	that	changing	the	leaving	group	to	sulfonyl	chlo-
ride	(LG2),	phenyl	sulfonyl	(LG3),	or	methyl	sulfonyl	(LG4)	
groups	led	to	no	reaction	or	trace	product	formation	(entry	
13–14),	 indicating	that	 the	sulfonyl	 fluoride	 is	key	 for	 the	
observed	reaction.	A	representative	sulfonium	bromide	sul-
fur	ylide	precursor	(LG5)	gave	moderate	yields	but	poor	d.r.	
(entry	 15).	 Beyond	 sulfur-based	 leaving	 groups,	 halides	
were	also	tested	but	found	to	be	ineffective	(entry	16).		

	

	

	

	

	

	

	

Table	1.	Optimization	of	palladium(II)-catalyzed	cyclo-
propanation	of	unactivated	alkenes	

	
aReactions	 performed	 on	 0.1	mmol	 scale.	 Yields	were	 determined	 by	 1H	
NMR	analysis	of	the	crude	reaction	mixture	with	benzyl	4-fluorobenzoate	
as	an	internal	standard.		n.d.	=	not	detected.	bIsolated	yield	shown	in	paren-
theses.	cDiastereomeric	ratio	(d.r.)	was	determined	by	1H	NMR	analysis	of	
the	crude	reaction	mixture.	

In	seeking	to	rationalize	the	optimization	data,	we	consid-
ered	 previous	 reports	 that	 found	 alkyl	 sulfonyl	 fluorides,	
such	as	phenyl	methyl	sulfonyl	fluoride	(PMSF),	to	be	highly	
unstable	 in	 aqueous	 solutions.20	 We	 questioned	 whether	
yield	differences	could	be	partially	attributed	 to	 the	com-
petitive	decomposition	of	 the	nucleophile	 under	different	
conditions	(i.e.,	in	different	solvents	and	in	the	presence	or	
absence	of	adventitious	water).	To	this	end,	we	examined	
the	stability	of	alkyl	sulfonyl	fluoride	2a	in	DMA,	DMF,	and	
DMSO	 (Table	 2	 and	 Supporting	 Information	 for	 details).	
Surprisingly,	 alkyl	 sulfonyl	 fluoride	 2a	was	 fully	 decom-
posed	in	anhydrous	DMSO	after	2	hours	but	proved	to	be	
relatively	stable	in	anhydrous	DMF.	Similarly,	we	found	no	
decomposition	 of	 alkyl	 sulfonyl	 fluoride	2a	 in	 anhydrous	
DMA	under	an	inert	atmosphere.	However,	under	air	mod-
erate	levels	of	decomposition	in	DMA	could	be	detected,	and	
complete	decomposition	was	observed	in	wet	DMA.	These	
results	indicate	that	the	rate	of	decomposition	of	2a	is	de-
pendent	on	the	solvent	identity	and	amount	of	adventitious	
water	in	the	solution.			
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SO2F

entry yield of 3aa (%)a

MeO2C SO2F

H
+

 1a, 1 equiv 2a, 3 equiv

 Pd(OAc)2 (10 mol%)
 Na2CO3 (1 equiv)

DMA (0.33 M), 80 °C, 
14 h, N2

AQ

O

3aa [X-ray]

deviation from standard conditions

1
2
3

6
7
8
9

10

12
13
14

11

4

none 99 (94)b

34
3

96:4

1.0 M DMA 96:4

95:5
98:2

-SO2F -SO2Cl

-SMe2 -Br -Cl

-SO2Me-SO2Ph
LG1

LG2 instead of LG1

LG3

LG5

LG4

LG7 LG8

PdCl2
Pd(TFA)2

LG5 instead of LG1
LG3, LG4 instead of LG1

LG6, LG7, LG8 instead of LG1

LG2

1,2-DCE, toluene, THF
96:4

K2CO3
Cs2CO3

DMSO

n.d.
72

trace

-I
LG6

DMF 95:5
97:3

15
16

DMA, air
n.d.

60:40

d.r.c

98:2
94:6

-
74

95
95
75
76
36

92
9

-

-

-

9%, 60:40 d.r.

5 97:460
NaF
KF

n.d. n.d.

trace trace trace

99%, 98:2 d.r.

N
H

O

N (AQ)

64:36

72%, 64:36 d.r.

CO2Me
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Table	2.	Nucleophile	2a	stability	testa	

	
aReactions	performed	on	0.1	mmol	 scale.	 Percentages	 represent	 1H	NMR	
yields	using	CH2Br2	as	internal	standard.	
	
Having	 optimized	 the	 conditions,	 we	 began	 investigating	
the	scope	with	respect	to	the	alkyl	sulfonyl	fluoride	(Table	
3).	The	reaction	proceeded	 in	moderate	 to	excellent	yield	
with	various	ester	nucleophiles,	 including	 tert-butyl	 ester	
(3ac),	benzyl	ester	(3ad),	allyl	ester	(3ae),	and	phenyl	ester	
(3af).	 Amide	 or	 nitrile-based	 coupling	 partners	 (3ag–3h)	
led	 to	 diminished	 yield	 but	 maintained	 excellent	 cis-dia-
stereoselectivity	(>20:1).	We	found	that	the	reaction	could	
tolerate	weaker	electron-withdrawing	groups,	 including	a	
2-bromopropenyl	group	(3ai)	and	various	heterocycles,	in-
cluding	 isoxazole	 (3aj)	 and	 1-methyl-1H-pyrazole	 (3ak),	
which	gave	32%,	43%,	and	20%	yield,	respectively.	An	α-
aryl	alkyl	sulfonyl	 fluoride	nucleophile	participated	 in	 the	
reaction	to	form	a	fully	substituted	carbon	center	within	the	
cyclopropane,	albeit	in	moderate	yield	and	d.r.	(3al).	Aryl-
substituted	methylene	sulfonyl	fluorides	were	also	investi-
gated.	Interestingly,	the	reaction	did	not	proceed	with	un-
substituted,	 electron-neutral	 benzylsulfonyl	 fluoride,	 but	
proceeded	 with	 substituted	 benzylsulfonyl	 fluoride	 sub-
strates	 bearing	 electron-withdrawing	 groups	 at	 the	para-
position	 (3am–3ap).	 Stronger	 electron-withdrawing	
groups	led	to	improved	yields	and	diastereoselectivity.	Ad-
ditionally,	a	meta-nitro	substrate	was	also	tolerated	(3aq).	

Next,	 the	 scope	 of	 alkenes	 was	 investigated.	 Internal	 al-
kenes	afforded	good	to	moderate	yields	 (4aa–4ae).	Nota-
bly,	(Z)-alkenes	reacted	with	excellent	diastereoselectivity	
(>20:1),	affording	a	single	diastereomer.	To	our	delight,	un-
der	the	standard	condition,	the	challenging	all-cis	cyclopro-
pane	was	formed	from	an	(E)-configured	internal	alkene	in	
moderate	 yield	 (4ad).	 	 In	 addition,	 α-substituted	 β,γ-un-
saturated	amide	substrates	are	well	tolerated,	giving	the	de-
sired	 products	 in	moderate	 to	 excellent	 yields	 (4af–4ai).	
Specifically,	a	diene	substrate	(4ag)	could	be	chemoselec-
tively	cyclopropanated	at	the	β,g-alkene,	while	leaving	the	
δ,ε-alkene	 unperturbed.	When	 the	 tether	 length	 between	
the	alkene	and	directing	group	was	extended	and	a	g,	δ-un-
saturated	amide	was	tested,	the	cyclopropane	product	was	
furnished	in	moderate	yield	with	excellent	diastereoselec-
tivity	(4ak).		

	

	

	

	

Table	3.	Substrate	Scope	

	
aReactions	 performed	 on	 0.1	mmol	 scale.	 Percentages	 represent	 isolated	
yields.	Diastereomeric	ratio	(d.r.)	was	determined	by	1H	NMR	of	crude	or	

Solvent (0.33 M)

80 °C, 2 h
 2a, 0.1 mmol

MeO2C SO2F

H

DMA wet air <5%

DMA anhydrous air 83%

DMA anhydrous 100%N2

solvent H2O content atmosphere remaining 2a

DMF-d7 anhydrous 85%N2

DMSO-d6 anhydrous <5%N2

decomposition
(?)

Nucleophile Scope

SO2F
+

AQ

O
 Pd(OAc)2 (10 mol%)

 Na2CO3 (1 equiv)

DMA (0.33 M), 80 °C, 14 h AQ

O

(±)-3aa
94%, >20:1 d.r. [X-ray]

(±)-3ab
77%, 10.2:1 d.r.

AQ

O
CO2Me

AQ

O
CO2Et

AQ

O
CO2Bn

 (±)-3ad
45%, 6.6:1 d.r.d

(±)-3ae
87%, >20:1 d.r.

AQ

O

OO

AQ

O
CO2t-Bu

(±)-3ac
80%, >20:1 d.r.

(±)-3af
50%, 2.9:1 d.r.c,d

AQ

O

OPhO

(±)-3al
64%, 1.6:1 d.r.

AQ

O
MeO2C

 1 equiv  3 equiv

(±)-3ah
23%, >20:1 d.r.b,c,d

AQ

O
CN

AQ

O

(±)-3ag
17%, >20:1 d.rd

AQ

O

N
N Br

(±)-3ak
20%, 3.2:1 d.r.b,c,d

AQ

O

O
N Br

(±)-3aj
43%, >20:1 d.r.d

AQ

O

Br

(±)-3ai
32%, 1.6:1 d.r.b,c,d

O N

Alkene Scope

(±)-4af
70%, 3.3:1 d.r.

AQ

O
CO2Me

Me

(±)-4aj
86%, >20:1 d.r.

AQ

O
CO2Me

Me

AQ

O
CO2Me

(±)-4aa
70%, >20:1 d.r. 
(from Z), [X-ray]

AQ

O
CO2Me

SO2F

n.d.

MeO SO2F
O

Et
trace

AQ

O
CO2Me

(±)-4ad
42%, 1.1:1 d.r.

(from E), [X-ray]

AQ

O
CO2Me

(±)-4ag
83%, 10:1 d.r.

Me

(±)-4ai
68%, >20:1 d.r.

AQ

O

Limitations

AQ

O
CO2Me

CO2Me

AQ

O
CO2Me

AQ

O
CO2Me

(±)-4ac
19%, >20:1 d.r.b

(from Z)

AQ

O

(±)-4ah
89%, >20:1 d.r.

CO2Me

(±)-4ab
30%, >20:1 d.r.

(from Z)

(±)-4ae
34%, 2.5(4ab):1 d.r.

(from E)

(±)-4ak
32%, >20:1 d.r.d

FO2S SO2F

n.d.

SO2F
N

n.d.

H
H H

H

AQ

O

CN

AQ

O

CO2Me

(±)-3an
63%, 1.3:1 d.r.d

(±)-3ao
42% , 1.1:1 d.r.b,d

AQ

O

Br

F

AQ

O

NO2

(±)-3ap
41%, 1:1 d.r.b.e

(±)-3aq
20%, 1:1 d.r.d

Me Et n-Bu Me

Et

[X-ray]
(minor)

[X-ray]

NO2

(±)-3am
72%, 1.4:1 d.r.d

AQ

O

[X-ray]

https://doi.org/10.26434/chemrxiv-2024-pdplt ORCID: https://orcid.org/0000-0003-2767-6556 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pdplt
https://orcid.org/0000-0003-2767-6556
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

purified	 reaction	mixture.	Diastereomeric	 center	 is	 highlighted	with	blue	
circle.	 bReactions	 performed	 under	 20	mol%	 catalyst	 loading.	 cReactions	
performed	under	5	equiv	alkyl	fluoride	loading.	dReactions	performed	un-
der	24	h.	eReactions	performed	under	36	h.	fReactions	performed	at	100	°C.	
The	methodology	could	be	easily	scaled	up	and	performed	
on	1.0-mmol	scale	under	the	standard	reaction	conditions,	
giving	cis-cyclopropane	3aa	in	86%	(Scheme	2A).	Perform-
ing	the	reaction	on	100	mmol	scale	resulted	 in	81%	yield	
with	9:1	d.r..	Removal	of	the	directing	auxiliary	was	possible	
through	a	two-step	sequence.21	Initial	introduction	of	an	N-
Boc	activating	group	proceeded	in	83%	yield	(5aa).	Then,	
hydrolysis	with	LiOOH/water	gave	 carboxylic	acid	6aa	 in	
86%	yield on multigram-scale,	which	has	been	commercial-
ized	by	Enamine	(Scheme	2B).	Alternatively,	a	representa-
tive	amine	could	be	used	in	the	second	step	in	a	net	trans-
amidation	(58%	yield,	6ab).	If	desired	by	the	practitioner,	
the	loading	of	nucleophile	2a	can	be	lowered	to	1.5	equiv	
while	maintaining	comparable	yield	and	diastereoselectiv-
ity	with	a	dual	base	system	(0.75	equiv	NaF	and	0.25	equiv	
Na2CO3)	 (Scheme	 2C,	 see	 Supporting	 Information	 for	 de-
tails).	
	
Scheme	2.	 Scale-Up,	Directing	Auxiliary	Removal,	 and	
Lower	Nucleophile	Loading	
	

	
	
	
The	unprecedented	reactivity	of	alkyl	sulfonyl	fluorides	in	
this	cyclopropanation	and	the	unique	stereochemical	out-
comes	prompted	us	to	examine	the	mechanism	through	ex-
perimental	 and	 computational	 techniques.	We	 performed	
reaction	progress	kinetic	analysis	(RPKA)	to	determine	key	
mechanistic	features	of	the	reaction	from	a	minimal	number	
of	experiments.22	First,	we	compared	the	standard	reaction	
profile	to	a	“same	excess”	experiment	that	simulated	25%	
conversion	(Scheme	3A).	Time-shifting	reveals	that	the	two	
curves	overlay	for	the	first	50%	conversion,	after	which	a	
slight	deviation	occurs,	a	telltale	sign	of	either	mild	product	
inhibition	or	mild	catalyst	deactivation.	To	distinguish	be-
tween	 the	 two	 possibilities,	 a	 third	 experiment	 was	

performed	with	product	3aa	 (83	mM)	as	an	additive,	and	
overlay	with	the	same	excess	experiment	confirms	mild	cat-
alyst	deactivation.	The	lack	of	product	inhibition	is	notable	
given	the	capacity	of	the	product	to	bind	to	the	catalyst	in	a	
polydentate	fashion.	To	explore	potential	coordination	be-
tween	 the	 product	 and	 catalyst	 further,	3aa	 was	 treated	
with	Pd(OAc)2	(1	equiv),	resulting	in	the	formation	of	N,N,C-
palladacycle	Pd-3aa	in	which	the	3°	C(cyclopropyl)–H	bond	
was	cleaved	(Scheme	3B)	as	characterized	by	X-ray	crystal-
lography.23	Complex	Pd-3aa	proved	to	be	catalytically	com-
petent	under	the	standard	reaction	conditions,	showing	the	
reversibility	of	C–H	activation,	 consistent	with	 the	 lack	of	
product	inhibition.	Next,	to	estimate	the	order	of	the	reac-
tion	 components,	we	 performed	 a	 series	 of	 “different	 ex-
cess”	 experiments	 (Scheme	3C).	 Considering	 that	 catalyst	
deactivation	becomes	more	pronounced	at	higher	conver-
sion,	we	focused	on	the	early	stages	of	the	reaction	(<50%	
conversion).	 The	 variable	 time	 normalization	 analysis	
(VTNA)24	 plot	 showed	 both	 alkene	 [1a]	 and	 nucleophile	
[2a]	to	be	close	to	zero-order	and	Pd(OAc)2	to	be	close	to	
first-order.	Overall,	the	kinetic	data	are	consistent	with	ei-
ther	oxidative	addition	or	reductive	elimination	as	the	rate-
determining	step.	To	gain	further	insights	into	the	rate-de-
termining	step,	we	conducted	an	Eyring	analysis	to	obtain	
activation	parameters	(Scheme	3D).	At	temperatures	close	
to	 standard	conditions	 (70–100	 °C),	 the	experimental	ΔS‡	
was	determined	to	be	-24.6	e.u.	and	ΔH‡	to	be	16	kcal/mol	
(ΔG‡80°C	=	24.7	kcal/mol).	Given	that	large	negative	ΔS‡	val-
ues	 are	 commonly	 observed	with	 bimolecular	 associative	
reactions25	 and	 oxidative	 addition	 and	 reductive	 elimina-
tion	 are	 unimolecular	 steps,	 the	 data	 suggests	 potential	
desolvation	and	coordination	of	a	ligand	to	the	metal	center	
in	traversing	from	the	catalyst	resting	state	to	the	rate-lim-
iting	 transition	 state	 along	 the	 potential	 energy	 surface,	
which	 informed	 subsequent	 density	 functional	 theory	
(DFT)	calculations.	
	
DFT	calculations	with	alkene	1a	and	alkyl	sulfonyl	fluoride	
nucleophile	2a	as	model	substrates	were	performed	to	gain	
insights	into	various	facets	of	the	catalytic	cycle,	including	
the	 rate-	 and	 diastereoselectivity-determining	 steps	
(Scheme	4A).26	A	particular	focus	was	placed	on	the	oxida-
tive	addition	mechanisms	and	the	origin	of	diastereoselec-
tivity	favoring	the	cis-cyclopropane	product	3aa.	Ligand	ex-
change	of	the	precatalyst	Pd(OAc)₂	with	1a	forms	π-alkene	
PdII	complex	Pd-1	with	the	8-aminoquinoline	(AQ)	direct-
ing	group	binding	to	the	Pd	in	a	bidentate	fashion.	Two	com-
peting	 anti-nucleopalladation	 transition	 states	 with	 the	
deprotonated	 nucleophile27-29	 2aʹ	 were	 considered	 (TS1	
and	TS1ʹ),	which	lead	to	two	different	diastereomers	of	the	
palladacycle	 intermediate	 (A	 and	Aʹ,	 respectively).	 In	 the	
more	stable	transition	state	TS1,	the	largest	substituent	on	
the	nucleophile,	SO2F,	is	placed	anti-periplanar	with	the	al-
kene	C=C	bond	to	minimize	steric	strain,	whereas	in	the	less	
stable	diastereomeric	transition	state	TS1ʹ,	the	ester	group	
is	anti-periplanar	with	the	C=C	bond	(Figure	S4).	This	steric	
effect	makes	TS1ʹ	 3.4	 kcal/mol	 less	 stable	 than	TS1.	 Alt-
hough	the	formation	of	palladacycle	A	is	kinetically	favored	
in	the	anti-nucleopalladation,	diastereomers	A	and	Aʹ	rap-
idly	epimerize	via	deprotonation	of	 the	acidic	⍺-C–H.	The	
Na2CO3-mediated	deprotonation	of	A	to	form	enolate	Aʹʹ	is	
predicted	 to	 be	 exergonic	 by	 8.4	 kcal/mol.30	 This	

 1a  2a, 3 equiv (±)-3aa

A. Large-scale synthesis

B. Directing auxiliary removal

MeO2C SO2F

H
+

AQ

O  Pd(OAc)2 (10 mol%)
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O
CO2Me
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HO

O
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N

O
CO2Me

Q
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O
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BnNH2 PhMe, 
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O
CO2Me
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 1a, 1.00 mmol  2a, 1.5 equiv (±)-3aa, 76% 
>20:1 d.r.
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H
+
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O
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1.00 mmol 0.24 g 86% >20:1 d.r.
100 mmol 26.7 g 9:1 d.r.81%

scale yield of 3aa diastereoselectivityproduct mass
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deprotonation	process	is	in	part	entropy-driven	as	the	eno-
late	oxygen	replaces	the	acetate	 ligand	in	A	to	form	a	six-
membered	chelation	with	the	Pd	center.	
	
Scheme	3.	Kinetics	Experiments		

	

Due	to	the	ablation	of	the	new	⍺-stereocenter	formed	after	
nucleopalladation,	 under	 the	 Curtin–Hammett	 conditions,	
the	product	diastereoselectivity	is	determined	in	the	subse-
quent	steps.	Our	calculations	indicate	that	the	oxidative	ad-
dition	proceeds	via	an	SN2-type	stereoinvertive	mechanism	
(TS2	and	TS2ʹ).	Other	oxidative	addition	pathways,	includ-
ing	 the	 four-	 and	 three-centered	 C–S	 oxidative	 addition	
(TS4–TS6,	Scheme	4B)	and	the	S–F	oxidative	addition13,14	
(Figure	S6)	were	found	to	be	less	favorable.	Subsequent	re-
ductive	elimination	 from	the	PdIV	 intermediate	B	 (TS3)	 is	
kinetically	facile	with	a	low	barrier	of	1.7	kcal/mol	with	re-
spect	to	B,	consistent	with	our	recent	computational	study	
on	the	strain-release-promoted	reductive	elimination	from	
PdIV	 to	 form	cyclopropane	 rings.17	The	computed	 reaction	
energy	profile	indicates	that	the	irreversible	intramolecular	
SN2-type	oxidative	addition	(TS2)	is	the	rate-	and	diastere-
oselectivity-determining	 step.	 The	 computed	 overall	 bar-
rier	 from	 the	 Pd–enolate	 resting	 state	Aʹʹ	 to	TS2	 (ΔG‡	 =		
28.7 kcal/mol,	ΔH‡	 =	17.5 kcal/mol)	 is	 in	 good	agreement	
with	the	experimentally	determined	activation	parameters.	
The	large	negative	activation	entropy	(ΔS‡	=	−31.7	e.u.	com-
pared	with	the	experimental	value	of	−24.6	e.u.)	is	primarily	
attributed	to	entropy	loss	during	the	association	of	an	OAc−	
ligand	upon	reprotonation	of	 the	enolate	resting	state	Aʹʹ.	
The	 computed	 diastereoselectivity	 indicates	 that	 the	 SN2-
type	oxidative	addition	via	TS2	leading	to	the	cis-cyclopro-
pane	product	is	3.0	kcal/mol	more	favorable	than	the	minor	
pathway	via	TS2ʹ	leading	to	the	trans	product,	which	is	con-
sistent	with	the	experimentally	observed	diastereoselectiv-
ity	(>20:1	d.r.).	TS2ʹ	is	destabilized	by	steric	interactions	be-
tween	the	acetate	ligand	and	the	ester	group.	

In	 conclusion,	 a	 highly	 diastereoselective	 PdII/PdIV	 cata-
lyzed	 cyclopropanation	 of	 unactivated	 alkenes	 with	 alkyl	
sulfonyl	fluorides	has	been	developed.	The	synthetic	versa-
tility	of	this	method	stems	from	the	diverse	array	of	pronu-
cleophiles	that	are	compatible.	With	internal	alkenes,	all	cis-
substituted	cyclopropanes	that	are	otherwise	difficult	to	ac-
cess	can	be	prepared	in	one	step.	Kinetic	experiments	and	
DFT	calculations	indicate	that	the	SN2-type	oxidative	addi-
tion	is	the	rate-	and	diastereoselectivity-determining	step.
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Scheme	4.		(A)	DFT-computed	reaction	energy	profile	of	the	formation	of	cyclopropane	3aa;	(B)	Oxidative	addition	
transition	states.	All	Gibbs	free	energies	and	enthalpies	are	with	respect	to	Pd-1.	
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