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Remote	Electronic	Effect	on	the	N-Heterocyclic	Carbene-catalyzed	
Asymmetric	Intramolecular	Stetter	Reaction	and	Structural	
Revision	of	Products		

Tsubasa	Inokuma,a,b	Kohei	Iritani,a	Yuki	Takahara,a	Chunzhao	Sun,a	Yousuke	Yamaoka,c	Satoru	
Kuwanoc	and	Ken-ichi	Yamada*a,b

The	 remote	 electronic	 effects	 of	 chiral	 N-heterocyclic	 carbene	
catalysts	 on	 the	 asymmetric	 intramolecular	 Stetter	 reaction	 are	
investigated.	 The	 reaction	 rate	 and	 enantioselectivity	 were	
markedly	 influenced	by	a	substituent	at	a	remote	position	of	the	
catalyst.	 The	 absolute	 configurations	 of	 the	 products	 are	 revised	
by	 X-ray	 diffraction.	 Density-functional	 theory	 calculations	
rationalize	 the	 improvement	 of	 the	 enantioselectivity	 using	 an	
electron-deficient	catalyst.	

The	 hydroacylation	 of	 an	 activated	 olefin	 by	 an	 aldehyde	
catalyzed	by	 cyanide	or	an	N-heterocyclic	 carbene	 (NHC),	 the	
so-called	 Stetter	 reaction,	 is	 a	 representative	 reaction	
involving	 the	 Umpolung	 of	 aldehydes.1,2	 After	 the	 first	
asymmetric	 intramolecular	Stetter	 reaction	was	accomplished	
using	a	chiral	NHC	by	Enders	et	al.	 in	1996,3	 this	 reaction	has	
been	 established	 as	 a	 benchmark	 reaction	 for	 the	 study	 of	
newly	 developed	 chiral	 NHCs.4–10	 In	 an	 addition	 to	 the	 effort	
for	 improving	 the	 yield	 and	 enantioselectivity,	 a	 mechanistic	
study	 has	 been	 also	 of	 interest.	 The	 mechanism	 depicted	 in	
Scheme	1	has	been	previously	proposed.11	The	reaction	starts	
with	 the	 addition	 of	 an	 NHC	 to	 an	 aldehyde	 to	 form	
tetrahedral	 intermediate	 I,	 which	 undergoes	 tautomerization	
to	 the	 so-called	 Breslow	 intermediate	 II	 (Scheme	 1).	 An	
intramolecular	 conjugate	addition	 follows	 to	produce	enolate	
intermediate	 III,	which	 tautomerizes	 to	alkoxide	 intermediate	
IV. Subsequent	 elimination	 of	 the	 NHC	 releases	 the	 product
and	 regenerates	 the	 NHC	 catalyst.	 Rovis	 et	 al.	 reported	 that
the	proton	transfer	to	form	II	is	the	first	irreversible	step12	and
that	the	addition	of	catechol	enhances	the	rate	of	the	Stetter-
type	 reaction	 of	 enals	 and	 nitroalkenes	 probably	 due	 to	 an

acceleration	of	the	proton	transfer	step.13	Smith	et	al.	reported	
that	an	electron-deficient	N-aryl	 substituent	of	 triazolylidene-
type	 NHC	 accelerated	 the	 intramolecular	 Stetter	 reaction,	
probably	due	to	the	increased	acidity	of	the	transferred	proton	
in	the	intermediate	I,	to	facilitate	the	rate-determining	proton	
transfer.14	 Density-functional	 theory	 (DFT)	 calculations	
reported	by	Domingo	et	al.	showed	that	the	activation	energy	
of	 the	 proton	 transfer	 step	 is	 higher	 than	 that	 of	 the	 other	
reaction	 steps,	 which	 allowed	 them	 to	 conclude	 that	 the	
proton	transfer	is	the	rate-determining	step.15		

Scheme	1.	Proposed	Mechanism	of	the	Intramolecular	Stetter	Reaction.	

During	 our	 research	 on	 organocatalyzed	 reactions,16–23	 we	
achieved	 the	 electronic	 tuning	 of	 an	 aminoindanol-derived	
chiral	 NHC24	 by	 installing	 a	 remote	 electron-withdrawing	
substituent.25	 Although	 substitution	 of	 the	 N-aryl	 group	 of	
NHCs	is	a	common	strategy	to	tune	the	catalyst	efficiency,14,26–
28	 the	 remote	 substitution	 provided	 a	 much	 more	 effective	
improvement	of	the	rate	and	the	enantioselectivity	during	the	
acylative	 kinetic	 resolution	 of	 diols	 and	 hydroxy	 thioamides	
probably	 because	 the	 substituents	 are	 located	 far	 from	 the	
carbene	 carbon	 atom,	 causing	 less	 steric	 or	 electrostatic	
interference	 in	 the	 reaction.29,30	 Having	 achieved	 the	 remote	
electronic	tuning	of	NHCs,	we	were	interested	in	applying	it	to	
the	Stetter	reaction.	We	envisaged	that	the	use	of	an	electron-
deficient	 NHC	 could	 accelerate	 the	 Stetter	 reaction	 if	 the	
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remote	electronic	effect	is	operative	and	increases	the	acidity	
of	 the	hydrogen	atom	that	 is	 to	be	 transferred	 in	 tetrahedral	
intermediate	 I	 because	 the	 proton	 transfer	 is	 a	 rate-
determining	 step.	 Herein,	we	 report	 the	 electronic	 effects	 of	
an	 NHC	 catalyst	 on	 the	 asymmetric	 intramolecular	 Stetter	
reaction	and	the	structural	revision	of	the	products.	
	 We	 started	 our	 investigation	 on	 the	 remote	 electronic	
effect	 using	 triazolium	 salt	 1a	 as	 a	 catalyst	 precursor	 and	
salicylaldehyde-derived	alkenoate	2a	 as	a	 substrate	 (Table	1).	
A	 mixture	 of	 1a	 and	 1,8-bis(dimethylamino)naphthalene	
(proton	 sponge)	 (1	mol%	each)	 in	 dichloroethane	was	 stirred	
at	 room	 temperature	 for	 1	 h	 to	 generate	 the	 corresponding	
NHC,	and	2a	was	then	added	to	the	mixture	at	0	°C.	After	100	
min,	 γ-keto	ester	3a	was	produced	 in	53%	yield	with	96%	ee	
and	 [α]D

19	 of	 –9.4	 (c	 1.1,	 CHCl3)	 (entry	 2).	 Although	 the	
absolute	configuration	of	3a	having	 [α]D	of	–4.6	 (c	1.0,	CHCl3)	
was	 previously	 assigned	 as	 R,3	 an	 X-ray	 diffraction	 study	
revealed	 that	3a	 possesses	 an	S	 configuration	 (vide	 infra).	 As	
expected,	 the	 reaction	 with	 1c	 bearing	 an	 electron-donating	
group	 became	 slower	 to	 give	 3a	 in	 50%	 yield	 (entry	 1).	 In	
contrast,	the	reactions	with	an	electron-deficient	NHC	derived	
from	bromo-containing	1b	proceeded	much	faster,	giving	3a	in	
73%	 yield	 with	 97%	 ee	 (entry	 3).	 The	 use	 of	 more	 electron-
deficient	 NHCs,	 such	 as	 those	 derived	 from	 1d	 and	 1e,	
significantly	 accelerated	 the	 reaction,	 which	 produced	 3a	 in	
85%	 and	 89%	 yields,	 respectively	 (entries	 4	 and	 5).	
Interestingly,	 the	 remote	 substituents	 also	 affected	 the	
enantioselectivity;	 the	 product	 was	 obtained	 with	 higher	
enantiomeric	excess	as	 the	electron-withdrawing	character	of	
the	substituent	increased	more	(entries	1–5).	

Table	1	Asymmetric	Intramolecular	Stetter	Reaction	of	2a	Using	1a–e.a	

	

entry	 1	 X	 Y	 %	yield	 %	ee	
1	 	1cb	 Me	 H	 50	 	92c	
2	 1a	 H	 H	 53	 96	
3	 	1bb	 Br	 H	 73	 	97c	
4	 	1db	 NO2	 H	 85	 	98c	
5	 1e	 NO2	 Br	 89	 98	

a	 The	 reactions	were	 performed	 using	 1	mol%	 each	 of	 1	 and	 proton	 sponge.	 b	
Antipode	was	used.	c	Antipode	was	obtained.	

Next,	 we	 investigated	 the	 reaction	 of	 β-disubstituted	
alkenoate	2b	(Table	2)	because	the	absence	of	an	α-proton	in	
the	 product	 excludes	 the	 possibility	 of	 decreasing	 the	
enantiomeric	excess	by	the	α-deprotonation.31–34	The	reaction	
of	 2b	 was	 much	 slower	 than	 that	 of	 2a	 and	 therefore	 was	
performed	at	40	°C	using	20	mol%	catalysts.	The	reaction	rate	
increased	 as	 the	 electron-withdrawing	 ability	 of	 the	 NHC	
substituent	 increased,	 giving	 3b	 in	 44%,	 52%,	 70%,	 and	 77%	

yield	 when	 the	 substituent	 X	 was	 Me,	 H,	 Br,	 and	 NO2,	
respectively	 (entries	 1–4).	 When	 the	 most	 electron-deficient	
NHC	derived	from	1e	(X	=	NO2,	Y	=	Br)	was	used,	the	reaction	
was	 further	 accelerated,	 and	 3b	 was	 obtained	 in	 83%	 yield	
(entry	 5).	 The	 use	 of	 electron-deficient	 NHCs	 increased	 the	
enantioselectivity	also	in	the	reaction	of	2b	(entries	1–5).	

Table	2	Asymmetric	Intramolecular	Stetter	Reaction	of	2b	Using	1a–e.a	

	

entry	 1	 X	 Y	 %	yield	 %	ee	
1	 	1cb	 Me	 H	 44	 	74c	
2	 1a	 H	 H	 52	 78	
3	 	1bb	 Br	 H	 70	 	86c	
4	 	1db	 NO2	 H	 77	 	92c	
5	 	1eb	 NO2	 Br	 83	 	95c	

a	The	 reactions	were	performed	using	20	mol%	each	of	 1	and	proton	sponge.	 b	
Antipode	was	used.	c	Antipode	was	obtained.	

As	 the	 rate-determining	 step	 of	 the	 reaction	 is	 the	 proton	
transfer	 of	 tetrahedral	 intermediate	 I	 to	 form	 Breslow	
intermediate	 II,	 the	 above	 results	 indicate	 that	 the	 hydrogen	
atom	 to	 be	 transferred	 becomes	 more	 acidic	 as	 the	
substituents	 of	 the	 indane	 moiety	 of	 NHC	 become	 electron-
withdrawing.	 This	 provides	 an	 additional	 example	 of	 the	
remote	electronic	effect	of	NHC,	which	we	previously	reported	
in	the	asymmetric	acylation	reactions.25,29,30	

	 The	 absolute	 configuration	 of	3a	 and	3b	 was	 determined	
by	X-ray	diffraction	analysis.	To	this	aim,	3a	was	reduced	with	
sodium	 borohydride,	 followed	 by	 treatment	 with	 a	 catalytic	
amount	 of	 p-toluenesulfonic	 acid	 to	 give	 cis-lactone	 4	 and	
trans-alcohol	 5	 in	 39%	 and	 51%	 yield,	 respectively	 (Scheme	
2).35–37	 Then,	 condensation	 of	 alcohol	 5	 with	 camphor	
derivative	638–44	provided	7	in	75%	yield.	
Recrystallization	 of	 7	 from	 ethyl	 acetate/hexane	 provided	 a	
single	crystal	suitable	for	X-ray	diffraction,	which	revealed	the	
S	 configuration	 at	 the	 stereogenic	 center	 of	 3a.	 Meanwhile,	
recrystallization	 of	 3b45	 from	 isopropanol/hexane	 afforded	 a	
single	 crystal	 of	 3b,	 whose	 absolute	 configuration	 was	 also	
determined	 to	 be	 S	 by	 X-ray	 diffraction.46	 These	 results	
confirm	that	the	reactions	of	2a	and	2b	proceed	with	the	same	
sense	of	stereoinduction.	
	 The	 absolute	 configuration	 of	3a	 was	 previously	 assigned	
to	 be	R	 on	 the	 basis	 of	Mosher’s	method.3	 In	 that	work,	 the	
pyranone	moiety	was	reduced	to	the	corresponding	cis-alcohol,	
which	 was	 subsequently	 converted	 to	 the	 corresponding	
Mosher	 ester	with	α-methoxy-α-(trifluoromethyl)phenylacetyl	
(MTPA)	chloride.	The	absolute	configuration	of	the	stereogenic	
center	 formed	 during	 the	 Stetter	 reaction	was	 then	 assigned	
according	to	the	chemical-shift	nonequivalences	caused	by	the	
diatropic	 ring	 current	 of	 the	 phenyl	 ring	 in	 the	 MTPA	 ester.	
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However,	as	shown	in	Scheme	2	and	previous	reports,35–37	the	
cis-alcohol	 produced	 by	 the	 reduction	 of	 4-chromanone-2-
acetate	 is	 unstable	 and	prone	 to	 form	 cis-lactone.	 Therefore,	
the	 alcohol	 converted	 into	 the	Mosher	 ester	was	most	 likely	
trans-	 instead	 of	 cis-configurated,	 which	 would	 explain	 the	
misassignment.	

	
Scheme	2.	Conversion	of	3a	into	7	and	ORTEP	Drawings	of	3b	and	7.	

To	obtain	insight	into	the	increased	enantioselectivity	induced	
by	electron-deficient	NHCs,	we	performed	DFT	calculations	of	
the	 transition-state	 geometries	 of	 the	 C–C	 bond-formation	
step	 at	 the	 B3LYP/6-31G*	 theoretical	 level	 (Figure	 1).	 In	 the	
optimal	 transition-state	 geometries	 to	 give	 3a	 and	 its	
enantiomer	ent-3a,	 the	bond	 formation	occurs	on	 the	re-face	
of	the	Breslow	intermediate	with	the	alkenoate	moiety	in	an	s-
cis-conformation.	 In	 the	 transition	 state	 to	 give	 ent-3a,	 the	
developing	 negative	 charge	 in	 the	 alkenoate	 moiety	 is	
stabilized	 by	 the	 formation	 of	 a	 hydrogen	bond	between	 the	
ester	 carbonyl	 oxygen	 and	 the	 hydroxy	 group	of	 the	 Breslow	
intermediate	(red	dash	line).	Meanwhile,	in	the	transition	state	
to	give	3a,	the	developing	negative	charge	is	doubly	stabilized	
by	 a	 hydrogen	 bond	 between	 the	 ester	 α-carbon	 and	 the	
hydroxy	 group	 (blue	 dash	 line)	 and	 by	 an	 electrostatic	
interaction	 between	 the	 ester	 carbonyl	 oxygen	 and	 the	
benzylic	 hydrogen	 of	 the	 indane	moiety	 (magenta	 dash	 line).	
The	 noncovalent	 interaction	 analysis47	 also	 supported	 the	
existence	of	these	attractive	interactions	(see	SI).	The	distance	
between	 the	 ester	 carbonyl	 oxygen	 and	 the	 indane	 benzylic	
hydrogen	decreases	as	 the	electron-withdrawing	 character	of	
the	 substituents	 of	 the	 indane	 benzene	 ring	 increases	 (i.e.,	
2.080,	2.065,	and	2.032	Å	 in	the	transition	state	derived	from	
1c,	1a,	 and	1d,	 respectively),	which	 suggests	 that	 the	 remote	
electron-withdrawing	 substituents	 enhance	 the	
enantioselectivity	 through	 this	 additional	 interaction.	 Indeed,	

the	 natural	 charges	 of	 the	 benzylic	 hydrogen	 atoms	 were	
+0.272,	+0.273,	and	+0.277	in	NHC	derived	from	1c,	1a,	and	1d,	
respectively,	 at	 the	 B3LYP/6-31G*	 theoretical	 level.	 The	
positive	charge	and	thus	hydrogen-bonding	ability	increased	as	
the	 substituent	 of	 NHCs	 became	more	 electron-withdrawing.	
The	 free-energy	 difference	 between	 the	 major	 and	 minor	
transition	states	derived	 from	1c,	1a,	and	1d	was	determined	
to	 be	 1.92,	 2.18,	 and	 2.49	 kcal/mol	 at	 the	 B3LYP-D3/6-
311+G(2df,2p)//B3LYP/6-31G*	theoretical	level,	corresponding	
to	 92%,	 95%,	 and	 97%	 ee,	 respectively,	 which	 are	 in	 good	
agreement	 with	 the	 experimental	 results	 (Table	 1)	 and	
therefore,	 strongly	 indicate	 that	 the	 C–C	 bond-formation	 is	
probably	the	enantio-determining	step.	

	
Fig.	1.	Chem3D	Perspective	View	of	DFT	Transition	State	Geometries	to	Give	3a	with	1a.	

To	 further	 demonstrate	 the	 practicality	 of	 the	 remote	
electronic	 tuning	 of	 the	 NHC,	 we	 applied	 it	 to	 the	 Stetter	
reaction	of	 2c	 to	give	benzofuranone	3c,	which	 is	 challenging	
because	 3c	 tends	 to	 undergo	 base-induced	 racemization,	
limiting	 to	 30%	 ee	 the	 best	 enantiomeric	 excess	 achieved	 to	
date	 (Scheme	 3).24,48–49	We	 expected	 that	 the	 less	 basic	NHC	
derived	 from	1e	 could	minimalize	 the	undesired	racemization	
of	 the	product.	As	expected,	 the	reaction	using	ent-1e,	which	
reached	 completion	 after	 2	h,	 produced	ent-3c	 quantitatively	
with	91%	ee,	whereas	the	use	of	1a	afforded	3c	quantitatively	
with	84%	ee	after	2	h.		

	
Scheme	3.	Reaction	of	2c	Using	NHCs	1a	and	ent-1e.	

When	 the	 reaction	 was	 not	 quenched	 immediately	 after	 the	
completion	of	the	reaction	with	1a,	the	enantiomeric	excess	of	
3c	 decreased	 to	 81%	 ee,	 which	 clearly	 shows	 that	 the	
racemization	 of	 3c	 occurs	 under	 the	 reaction	 conditions.	
Conversely,	 in	 the	reaction	with	ent-1e,	 the	racemization	was	
considerably	 retarded,	 and	ent-3c	was	 obtained	with	 90%	 ee	
after	4	h.	
	 In	summary,	the	Stetter	reaction	was	investigated	by	using	
NHCs	 electronically	 tuned	 via	 remote	 substituents.	 The	
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reaction	became	fast	as	the	substituents	of	NHC	became	more	
electron-withdrawing.	 This	 result	 is	 consistent	 with	 the	 two	
conclusions	 that	 the	 rate-determining	 step	 is	 the	 proton	
transfer	 to	 give	 the	 Breslow	 intermediate	 as	 previously	
reported,12–15	 and	 that	 the	 remote	 electronic	 effect	 is	
operative	 as	 we	 previously	 proposed.25,29,30	 The	
enantioselectivity	 increased	 when	 an	 electron-deficient	 NHC	
was	 used	 as	 a	 catalyst,	 which	 stabilized	 the	major	 transition	
state	probably	by	hydrogen-bonding.	Furthermore,	 the	use	of	
NHCs	 bearing	 remote	 electron-withdrawing	 groups	 helps	
avoiding	 base-induced	 racemization	 of	 easily	 deprotonatable	
products.	 The	 absolute	 configuration	 of	 the	 product	 was	
determined	 by	 X-ray	 diffraction	 analysis,	 which	 led	 to	 the	
structural	 revision	 of	 3a	 as	 well	 as	 many	 other	 related	
compounds,	whose	absolute	configuration	had	been	assigned	
by	analogy	to	3a.50	Due	to	the	misassignment,	the	result	of	DFT	
calculations	has	been	puzzling;	that	is,	a	transition	state	of	the	
lowest	energy	gives	the	commonly	believed	minor	enantiomer.	
However,	 the	 structural	 revision	 solved	 this	 problem	 and	
enabled	DFT	calculations	to	rationalize	the	enantioselectivity.	
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