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The	curious	case	of	a	sterically	crowded	Stenhouse	salt	
Valentin	 Thery,a	 Florian	 Molton,a	 Selim	 Sirach,a	 Neven	 Tillet,a	 Jacques	 Pecaut,b	 Eder	 Tomás-
Mendivil*a	and	David	Martin*a†	

We	report	a	peculiar	Stenhouse	salt.	It	does	not	evolve	into	cyclopentenones	upon	basification,	due	to	the	steric	hindrance	
of	 its	 bulky	 stable	 carbene	 patterns.	 This	 allowed	 for	 the	 observation	 and	 characterization	 of	 the	 transient	 open-chain	
neutral	derivative,	which	was	 isolated	as	 its	cyclized	 form.	The	 latter	 features	an	unusually	 long	reactive	C-O	bond	(150	
pm)	and	a	rich	electrochemistry,	including	oxidation	into	an	air-persistent	radical	cation.	

Introduction	

In	1850	John	Stenhouse	observed	that	 furfural-containing	oils	
deeply	 stain	 various	 organic	 tissues.1	 He	 later	 succeeded	 in	
crystallising	 the	 salt	 resulting	 from	 the	 addition	 of	 aniline	 to	
crude	 furfural	 in	 presence	 of	 hydrochloric	 acid,	 obtaining	 “a	
mass	 of	 beautiful	 iridescent	 fur”.2	 Despite	 this	 simple	
synthesis,	 the	 chemistry	 of	 so-called	 Stenhouse	 salts	 A•H+	
(Scheme	1)	 has	 remained	 fairly	 unexplored.	 Sporadic	 interest	
revivals	have	been	 limited	 for	 long	by	 lacks	of	 selectivity	 and	
reproducibility.3	 In	 recent	 literature,	 Stenhouse	 salts	 are	
mostly	 invoked	 either	 as	 i)	 formal	 parent	 structures	 for	
derivative	 “donor-acceptor	 Stenhouse	 adducts”	 with	 photo-
switching	 properties,4	 ii)	 coloured	 Maillard-type	 products	 in	
food	 browning	 reactions5	 or	 iii)	 elusive	 intermediates	 in	 the	
formation	 of	 cyclopentenones.6,7	 In	 fact,	 only	 few	 conditions	
and	 substitution	 patterns	 (aryl	 and	 H,	Me	 or	 indole	 as	 N,N’-
substituents)3h,3j,3k,6,7a	have	allowed	for	the	isolation	of	defined	
salts	A•H+.	 They	 easily	 evolve	 into	 cyclopentenones	B,	which	
can	be	substituted	with	a	variety	of	nucleophiles	or	rearrange	
into	a	more	stable	isomer	C.		
The	neutral	deprotonated	 forms	A	have	eluded	spectroscopic	
observation	 to	 date.	 Li	 and	 Batey	 proposed	 that	 these	
intermediates	 exist	 in	 solution	 as	 cyclic	 c-A,	 whom	 ring	
opening	 affords	 less	 stable	 o-A,	 undergoing	 fast	 conrotatory	
electrocyclization	to	give	cyclopentenones	B.6,7a	Note	that	the	
formation	 of	 B	 from	 A•H+	 is	 reversible.	 In	 some	 cases,	 the	
addition	of	acids	to	B	yields	back	A•H+.	For	this	reason,	B	has	
been	 sometimes	 misattributed	 to	 A,	 confusing	 further	 the	
literature.3,7		
Open-chain	 o-A	 are	 reminiscent	 of	 1,3-di(amino)oxyallyls	 D.	
These	 diradicaloids	 have	 lifetimes	 from	 seconds	 to	 years	 in	

solution	 at	 room	 temperature,	 depending	 on	 substitution	
patterns.8,9	 We	 recently	 reported	 air-stable	 versions.8g	
Compounds	 D	 undergo	 reversible	 electron	 transfers.	 They	
afford	 radical	 cations	 D•+,	 which	 are	 usually	 air-persistent.	
Naturally,	 we	 wondered	 whether	 vinylogous	 open-chain	 o-A	
could	feature	similar	redox	behaviours.	In	principle	the	design	
of	 sterically	 hindered	 models	 may	 prevent	 the	
electrocyclization	of	A•H+	into	B.		
Herein,	 we	 describe	 the	 synthesis	 of	 such	 a	 Stenhouse	 salt	
featuring	the	extreme	bulky	environment	provided	by	a	cyclic	
(alkyl)(amino)carbene	 (CAAC).10-12	 This	 allowed	 for	 the	
unprecedented	 isolation	of	the	cyclic	deprotonated	derivative	
c-A	 and	 the	 spectroscopic	 observation	 of	 its	 open-chain	
counterpart	 o-A.	 These	 peculiar	 Stenhouse-type	 compounds	
feature	 rich	 redox	 chemistry,	 including	 the	 oxidation	 into	
open-chain	A•+,	a	persistent	paramagnetic	cyanine	dye.		

	

Scheme 1. a) Stenhouse salts A•H+ and their conversion into 
cyclopentenones. b) 1,3-di(amino)oxyallyls D, stabilized radical 
cations D•+ and putative vinylogous Stenhouse-type A•+. 
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Results	and	discussion	

Our	 approach	 towards	 Stenhouse	 derivatives	 from	 a	 stable	
carbene	 involves	 i)	 the	 formation	 of	 an	 acylium	 from	 the	
addition	of	a	CAAC	to	an	acryloyl	chloride,11l	followed	by	ii)	1,4-
addition	 of	 a	 second	 carbene	 to	 the	 resulting	 Michael	
acceptor,	 yielding	 a	 Stenhouse	 salt	 after	 proton	 migration	
(Scheme	 2-a).	 As	 aminocarbenes	 are	 strong	 bases,	 it	 seemed	
likely	 that	 deprotonation	 to	 afford	 A	 would	 immediately	
follow.	 Therefore,	 we	 added	 three	 equivalents	 of	 CAAC	 to	 a	
solution	 of	 cinnamoyl	 chloride	 in	 THF.	 	 After	 work-up	 to	
remove	 iminium	salts	 stemming	 from	 the	protonation	of	one	
equivalent	 of	 CAAC,	 a	 pale-yellow	 solid	 was	 isolated	 in	 44%	
yield	 (Scheme	 2-b).	 A	 single-crystal	 X-ray	 diffraction	 study13	
showed	 the	 formation	 of	 neutral	 close-chain	 Stenhouse	
derivative	 c-1.	 Data	 from	 13C	 and	 1H	 NMR	 spectra	 are	 fully	
consistent.	 As	 expected	 from	 the	 low-symmetry	 of	 the	
molecule,	 all	 carbons	 and	 protons	 of	 the	 2,6-
di(isopropyl)phenyl	 group	 (Dipp),	 the	 gem-dimethyl	 and	 CH2	
protons	of	the	five-membered	ring	of	both	CAAC	patterns	are	
diastereotopic.	 Some	 aromatic	 protons	 and	 isopropyl	 signals	
feature	 unusual	 up-field	 1H	 chemical	 shifts	 because	 the	 rigid	
structure	 of	 c-1	 forces	 the	 phenyl	 and	 a	 Dipp	 group	 in	 close	
vicinity	of	their	respective	shielding	cones.		
No	trace	impurity	in	isotropic	NMR	spectra	could	be	attributed	
to	 open-chain	 o-1.	 However,	 the	 solid-state	 structure	 of	 c-1	
(Figure	 1)	 features	 a	 remarkably	 long	 C1–O1	 bond	 length	
(150.7	pm).	Significant	deviation	from	the	standard	value	(143	
pm14)	is	not	common	for	Csp3–O	bond	lengths,	even	in	strained	
epoxides,15	 and	 “extreme”	 lengths	 above	 150	 pm	 are	mostly	
limited	to	some	reactive	oxoniums.16,17	We	ruled	out	a	possible	
artefact	 due	 to	 interactions	 or	 packing	 effects	 in	 the	 crystal.	
Indeed,	 DFT-optimized	 structures18,19	 corroborated	 the	
experimental	 solid-state	 geometry	 (see	 supporting	
information),	including	the	shorter	C4–O1	distance	(139.1	pm,	
a	typical	value	for	single	Csp2–O	bonds

14).	We	found	that	NBO	
formalism	 can	 account	 for	 the	 unusual	 elongation	 of	 C1–O1.	
Second-order	 perturbative	 energy	 analysis	 revealed	 a	 strong	
negative	hyperconjugation	of	the	lone	pair	of	N1	into	the	low-
lying	σ*(C1–O1)	bond	(E(2)	=	21	kcal.mol-1).	As	the	cleavage	of	the	
weak	 C1–O1	 bond	 lead	 to	 o-1,	 this	 suggested	 that	 the	
reactivity	 of	 c-1	 could	 mimic	 that	 of	 its	 open-chain	
counterpart.		
Compound	 c-1	 is	 sensitive	 and	 affords	 highly	 coloured	
compounds	when	 exposed	 to	 air	 or	moisture.	 The	 hydrolysis	
product	 features	 a	 strong	 UV-vis	 absorption	 at	 526	 nm	 and	
was	 identified	as	 the	open-chain	protonated	product	1•H+.	 It	
was	 synthesized	 by	 addition	 of	 trifluoromethanesulfonic	 acid	
to	 c-1.	 Stenhouse	 salt	 [1•H+][OTf-]	 is	 a	 deep	 pink	 to	 violet	
iridescent	 solid	 with	 golden	 shinning	 (Scheme	 2-c).	 Initial	
crystallization	 attempts	 afforded	 nearly-bidimensional	 plates	
(monoclinic,	 I2/a),	 which	 could	 only	 provide	 for	 a	 poorly	
resolved	 crystallographic	 structure	 determination.	 Thus,	 we	
synthesized	[1•H+][Cl-]	from	the	reaction	of	c-1	with	a	solution	
of	HCl	in	diethylether.	Satisfyingly,	this	chloride	salt	crystalized	
as	well-defined	needles	(monoclinic,	P21/c).	

 

Scheme	 2.	 a)	 Retrosynthetic	 approach	 for	 the	 synthesis	 of	 Stenhouse	 salt	
derivatives	 from	 stable	 aminocarbenes;	 Synthesis	 (b)	 and	 reactivity	 (c)	 of	
neutral	Stenhouse	derivative	c-1.		

 

Figure	 1.	 a)	 Representation	 of	 single	 crystal	 X-Ray	 structure	 of	 c-1.	
Wireframe	 display	 was	 used	 for	 clarity,	 with	 thermal	 ellipsoids	 (50%	
probability)	 shown	 only	 for	 selected	 atoms.	 b)	 Representation	 of	 relevant	
Natural	Bond	Orbitals	for	c-1.	

Single-crystal	 X-ray	 crystallography	 confirmed	 the	 open-chain	
structure	of	1•H+.	 In	 the	 solid	 state,	 the	 chain	 is	 twisted	 and	
not	 fully	 conjugated,	 with	 one	 dominating	 resonance	
structure,	as	represented	in	Scheme	2.		In	solution,	the	1H	and	
13C	spectra	showed	broad	signals	at	room	temperature,	which	
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sharpened	 at	 lower	 temperature,	 suggesting	 a	 significant	
conformational	 flexibility	 for	 the	π-system.	As	 expected,	 salts	
of	 1•H+	 yielded	 back	 c-1	 upon	 addition	 of	 triethylamine.	
Similarly,	 addition	 of	 methyltriflate	 (MeOTf)	 to	 c-1	 afforded	
the	 O-methylated	 Stenhouse	 salt	 [1•Me+][OTf-],	 which	 was	
fully	 characterized,	 including	 a	 single-crystal	 X-ray	
crystallography	study.	
EPR	 of	 aerated	 solutions	 evidenced	 the	 presence	 of	 a	
persistent	 radical,	 which	 was	 attributed	 to	 o-1•+.	 This	 was	
confirmed	 by	 stoichiometric	 preparations,	 either	 by	
electrolysis	(see	further	below)	or	from	the	reaction	of	c-1	with	
one	 equivalent	 of	 nitrosonium	 hexafluorophosphate	 (NOPF6)	
as	 oxidant.	 The	 radical	 cation	 was	 isolated	 as	 a	 dark	 red	
powder	(43	%	yield).	It	is	persistent	in	solution	for	hours.	Note	
that	 it	 is	 rather	 insensitive	 to	oxygen,	with	 identical	half-lives	
either	 under	 air	 or	 under	 argon	 atmosphere	 (about	 15h	 in	
acetonitrile	at	room	temperature).	Regardless	of	conditions,	it	
ultimately	 yielded	 1•H+,	 likely	 acting	 as	 a	 H•	 scavenger	 from	
impurities	or	solvents.	 Isotropic	EPR	hyperfine	spectra	 (Figure	
2)	 indicated	 a	 large	 hyperfine	 constant	 with	 one	 hydrogen	
atom	(10	MHz)	and	only	one	nitrogen	atom	(11	MHz).20	These	
values	were	fairly	reproduced	with	DFT	calculations	(10	and	6	
MHz	respectively),	which	also	showed	that	one	CAAC	moiety	is	
orthogonal	 to	 the	 rest	 of	 the	 π-system,	 with	 no	 significant	
contribution	to	the	singly	occupied	molecular	orbital	 (SOMO).	
As	 a	 result,	 less	 than	5%	Mulliken	 spin	density	was	 found	on	
N2	and	C5	(against	20%	on	O1,	13%	on	C4,	20%	on	C3,	13%	on	
C2,	17%	on	C1	and	17	%	on	N1).			
Further	 oxidation	 of	 [1•+][PF6

-]	 with	 a	 second	 equivalent	 of	
NO(PF6)	led	to	dication	salt	[1

2+][PF6
-]2	in	60%	yield.	It	was	fully	

characterized,	 including	 a	 single-crystal	 X-ray	 crystallography	
study.	
Cyclic	 voltammetry	 experiments	 unveiled	 a	 rich	
electrochemistry	 (Figure	 3).	 Closed-chain	 c-1	 undergoes	 two	
successive	oxidations	into	c-1•+	(E°	=	-0.5	V	vs	Fc/Fc+)	and	c-12+	
(E°	=	-0.16	V),	respectively	(processes	1	and	2	on	Figure	3-a).	A	
loss	of	 reversibility	 is	observed	at	 lower	scan	 rate,	which	was	
interpreted	 as	 the	 result	 of	 ring	 opening	 of	 the	 oxidized	
species	at	room	temperature	(Figure	3-b).	This	hypothesis	was	
confirmed	 by	 cyclic	 voltammetry	 studies	 of	 [o-1·+][PF6

-].	
Indeed,	 the	radical	cation	undergoes	a	 reversible	oxidation	at	
E°	=	-0.27	V	to	afford	o-12+	(process	3).	The	reduction	wave	of	
o-1·+	 is	 irreversible	 at	 room	 temperature,	 but	 becomes	
reversible	 at	 -30	 °C	 (process	4,	E1/2	=	 -0.84	V),	 indicating	 that	
the	 fast	 ring-closure	 into	 c-1	 follows	 a	 stepwise	 EC	 process	
with	transient	formation	of	neutral	open-chain	o-1.	Note	that	
after	a	first	reducing	cycle	 in	voltammograms	of	[1•+][PF6

-],	as	
c-1	is	generated,	the	oxidation	waves	of	c-1	into	c-1•+	(process	
1)	and	c-1•+	into	c-12+	(process	2)	appear.	Conversely,	this	also	
accounts	 for	 cyclic	 voltammograms	 of	 c-1	 at	 low	 scan-rate,	
which	feature	the	reduction	waves	of	o-12+	into	o-1•+	(process	
3)	and	of	o-1•+	into	c-1	(process	4).		

	

Figure	2.	Left,	experimental	X-band	EPR	spectra	of	1•+	in	acetonitrile	at	room	
temperature	 (black);	 corresponding	 simulated	 spectra	 (blue)	 with	 the	
following	 set	 of	 parameters:	 line-broadening	 parameter	 lw	 =	 0.288	 and	
hyperfine	coupling	constants	a(14N)	=	11.4	MHz	and	a(1H)	=	10.1	MHz.	Right,	
representation	of	computed	SOMO.	

	

Figure	3.	Cyclic	voltammetry	at	100	mV.s-1	rate	(if	not	otherwise	stated)	with	
0.1	M	nBu4NPF6	electrolyte	of	acetonitrile	solution	(1	mM)	of:	a)	c-1,	b)	c-1	
at	 10	 mV.s-1	 rate,	 c)	 o-1•+	 at	 20°C,	 d)	 o-1•+	 at	 -30°C;	 e)	 corresponding	
electrochemical	processes.	
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Figure	 4.	 Left,	 EPR	 monitoring	 of	 the	 electrolysis	 at	 -0.4	 V	 of	 c-1	 in	
acetonitrile;	middle,	 corresponding	 simulated	 spectra;	 right,	deconvolution	
and	 respective	 contribution	 of	 c-1•+	 (red)	 and	o-1•+	 (black)	 radicals	 to	 the	
spectra.		

	

Figure	5.	UV-monitoring	of	the	addition	of	KHMDS	to	1•H+	in	THF.		

Cyclic	 voltammetry	 experiments	 indicated	 that	 the	 ring	
opening	of	c-1•+	was	slow	enough	to	allow	for	its	spectroscopic	
observation.	However,	UV-monitoring	of	the	electrolysis	of	c-1	
couldn’t	 clearly	 evidence	 the	 transient	 formation	 of	 this	

radical.	We	realized	that	characteristic	signals	for	c-1•+	must	be	
hidden	 by	 the	 spectra	 of	 o-1•+.	 Indeed	 TD-DFT	 calculations	
predicted	very	similar	absorptions	for	both	radicals	(c-1•+,	560	
and	450	nm;	o-1•+,	630	and	430	nm).	Thus,	we	turned	to	the	in	
situ	EPR-monitoring	of	the	electrolysis	of	c-1	at	-0.4	V	with	an	
in-house	 device	 (see	 supporting	 information).	 We	 observed	
the	formation	of	a	transient	radical	with	o-1•+	(Figure	4).	Note	
that	 DFT	 calculations	 predicted	 a	 simple	 hyperfine	 structure	
for	 the	 isotropic	 EPR	 spectra	 of	 c-1•+	 (with	 only	 a	 significant	
coupling	constant	of	13	MHz	with	N2.	Accordingly,	EPR	spectra	
of	the	mixtures	could	be	fitted	with	a	close	value	(15.5	MHz).		
Importantly,	 electrochemical	 data	 also	 showed	 that	 the	
spectroscopic	 observation	 of	 neutral	 open-chain	 o-1,	 an	
elusive	 derivative	 for	 Stenhouse	 salts	 to	 date,	 could	 be	
possible	at	low	temperature.	Thus,	we	performed	the	addition	
of	a	strong	base	(potassium	hexamethyldisilazide,	KHMDS)	to	a	
THF	 solution	 of	 1•H+	 at	 -78	 °C.	 UV-monitoring	 indicated	 an	
instantaneous	 reaction	 with	 the	 formation	 of	 a	 deep	 blue	
compound	 (Figure	5).	 The	observation	of	 a	 strong	absorption	
at	 610	 nm	matched	 the	 TD-DFT	 predictions	 for	o-1	 (608	 nm;	
πHOMO	 ->	 π*LUMO).	 This	 band	 gradually	 disappeared	 upon	
warming	 to	 room	temperature,	as	 the	characteristic	band	 for	
c-1	at	358	nm	grew.		

Conclusions	
The	 basification	 of	 1•H+	 yields	 neutral	 spirocyclic	 c-1.	 Such	
hydrofurans	 have	 been	 previously	 only	 considered	 as	 elusive	
intermediates	 on	 the	 route	 from	 Stenhouse	 salts	 to	
cyclopentenones.	Molecule	c-1	 features	a	remarkably	 long	C–
O	bond	(150.7	pm),	typical	of	those	in	reactive	oxoniums.	NBO	
analysis	indicates	a	strong	π-back	donation	of	the	lone	pair	of	
an	amino	group	 into	the	σCO*	orbital,	 thus	accounting	for	the	
unusual	elongation	and	easy	cleavage	of	this	bond.	Neutral	c-1	
can	 undergo	 two	 reversible	 oxidations	 affording	 open-chain	
radical	cation	o-1•+	and	dication	o-12+.	All	transient	forms	of	c-
1	 (c-1•+	 and	 c-12+,	 as	 well	 as	 zwiterionic	 o-1)	 could	 be	
characterized	prior	to	their	respective	ring	opening	or	closure.	
Open-chain	derivatives	of	1	stand	out	among	the	usual	cyanine	
polymethines.21	 Indeed,	 the	 electrochemistry	 of	 typical	
representatives	 of	 this	 large	 family	 of	 organic	 dyes	 is	mostly	
limited	 to	 one	 electron-oxidation,	 yielding	 short-lived	 radical	
dications	followed	by	their	fast	dimerization	or	decay.22	This	is	
in	marked	contrast	with	the	rich	redox	behaviour	of	derivatives	
1.	For	instance	cyanine-based	radical	o-1•+	is	air-persistent	and	
its	 oxidation	 affords	 stable	 dication	o-12+.	 Upon	 one-electron	
reduction,	the	deep-red	radical	o-1•+	is	reversibly	switched	into	
yellow	 hydrofuran	 c-1.	 In	 turn,	 reversible	 protonation	 can	
switch	c-1	into	the	deep-pink	cyanine	1•H+.	
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The	 steric	 hindrance	 of	 the	 CAAC	 pattern	 of	 the	 novel	
Stenhouse	 derivatives	 has	 manifold	 implications.	 As	 already	
mentioned,	 it	 forbids	 the	 cyclisation	 into	 the	 corresponding	
cyclopentenone.	 It	 also	 considerably	 slows	 down	
conformational	evolution	of	 the	derivatives,	 as	demonstrated	
by	 fluxional	 1H	 NMR	 spectra	 of	 1•H+	 and	 1•Me+	 at	 room	
temperature.	 It	 is	 likely	 for	 the	 same	 reason	 that	 the	 ring-
opening	 of	 c-1•+	 and	 c-12+	 and	 ring-closure	 of	 o-1	 are	
remarkably	 slow	 intramolecular	 processes	 (at	 least	 a	 few	
seconds	at	room	temperature).	Furthermore,	steric	hindrance	
prevent	 optimal	 conjugation	 of	 open-chain	 derivatives	 of	 1,	
which	all	 feature	twisted	π-systems.	Thus,	 it	 is	clear	that	fine-
tuning	 of	 sterics	 will	 significantly	 impact	 the	 electronic,	
spectroscopic	 and	 electrochemical	 properties	 of	 the	
compounds.	We	envision	that	the	variety	of	available	stable	N-
heterocyclic	carbenes	will	allow	for	the	development	of	a	large	
and	 diverse	 family	 of	 novel	 switchable	 redox-active	 cyanine	
dyes.			
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