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ABSTRACT:	Bioinspired	constructs	consisting	of	benzimidazole-phenol	moieties	bearing	N-phenylimines	as	proton-accept-
ing	substituents	have	been	designed	to	mimic	the	H-bond	network	associated	with	the	TyrZ-His190	redox	relay	in	photosys-
tem	II.	These	compounds	provide	a	platform	to	theoretically	and	experimentally	explore	and	expand	proton-coupled	electron	
transfer	(PCET)	processes.	The	models	feature	H-bonds	between	the	phenol	and	the	nitrogen	at	the	3-position	of	the	benzim-
idazole	and	between	the	1H-benzimidazole	proton	and	the	imine	nitrogen.	Protonation	of	the	benzimidazole	and	the	imine	
can	be	unambiguously	detected	by	infrared	spectroelectrochemistry	(IRSEC)	upon	oxidation	of	the	phenol.	DFT	calculations	
and	 IRSEC	results	 demonstrate	 that	with	 sufficiently	 strong	 electron-donating	 groups	at	 the	para-position	of	 the	N-phe-
nylimine	group	(e.g.,	-OCH3	substitution),	proton	transfer	to	the	imine	is	exergonic	upon	phenol	oxidation,	leading	to	a	one-
electron,	two-proton	(E2PT)	product	with	the	imidazole	acting	as	a	proton	relay.	When	transfer	of	the	second	proton	is	not	
sufficiently	exergonic	(e.g.,	-CN	substitution),	a	one-electron,	one-proton	transfer	(EPT)	product	is	dominant.	Thus,	the	extent	
of	proton	translocation	along	the	H-bond	network,	either	~1.6	Å	or	~6.4	Å,	can	be	controlled	through	imine	substitution.	
Moreover,	the	H-bond	strength	between	the	benzimidazole	NH	and	the	imine	nitrogen,	which	is	a	function	of	their	relative	
pKa	values,	and	the	redox	potential	of	the	phenoxyl	radical/phenol	couple	are	linearly	correlated	with	the	Hammett	constants	
of	the	substituents.	In	all	cases,	a	high	potential	(~1	V	vs	SCE)	is	observed	for	the	phenoxyl	radical/phenol	couple.	Designing	
and	tuning	redox-coupled	proton	wires	is	important	for	understanding	bioenergetics	and	developing	novel	artificial	photo-
synthetic	systems.	

Introduction	
In	all	water-oxidizing	photosynthetic	organisms,	tyrosine	Z	
(TyrZ)	of	photosystem	II	(PSII)	is	a	high-potential	electron	
transfer	 relay	 between	 the	 reaction-center	 chlorophylls	
(P680)	and	the	oxygen-evolving	complex	(OEC).1,2	 Its	role	
can	be	described	by	considering	any	one	of	four	steps	of	the	
electrogenic	 cycle	 in	which	 the	 energy	 of	 four	 photons	 is	
used	to	oxidize	two	water	molecules,	yielding	O2,	four	pro-
tons,	 two	reduced	quinones,	and	proton-motive	force.3,4	A	
cycle	begins	with	excitation	of	the	primary	donor	(P680)	to	
produce	P680*	 followed	by	 charge	 separation	 involving	 a	
nearby	chlorophyll	(Chl),	forming	P680•+	and	Chl•−.	Subse-
quent	electron	transfers	yield	reduced	quinones,	resulting	
in	proton	uptake	from	the	chloroplast	stroma	and	the	gen-
eration	of	proton-motive	force.	The	oxidized	primary	donor,	
P680•+,	is	reduced	by	electron	transfer	from	TyrZ,	which	in	
turn	is	reduced	by	the	OEC	where	water	oxidation	is	the	ul-
timate	source	of	electrons.	The	protons	produced	upon	wa-
ter	oxidation	are	conducted	to	the	thylakoid	lumen	where	
they	 also	 contribute	 to	 proton-motive	 force.5,6	 Physically	

positioned	and	electrochemically	poised	between	P680	and	
the	OEC,	TyrZ	and	its	H-bonded	partner,	His190,	serve	as	the	
redox	relay	between	P680	and	the	OEC.7	The	oxidation	of	
TyrZ	by	P680•+	illustrates	a	classic	proton-coupled	electron	
transfer	(PCET)	process	in	which	the	oxidation	of	TyrZ	is	ac-
companied	by	proton	transfer	to	His190.8,9	Moreover,	other	
PCET	 processes	 in	 the	 extensive	H-bond	 network	 around	
the	OEC	are	involved	in	redox	leveling,	which	is	key	to	re-
moving	four	electrons	from	the	OEC	using	a	constant	poten-
tial	 oxidant,	P680•+.10,11	 In	 addition	 to	 oxygenic	photosyn-
thesis,	PCET	processes	involving	tyrosine	and/or	histidine	
residues	are	ubiquitous	in	nature.12–17	
Many	artificial	systems	have	been	inspired	by	the	structure	
and	function	of	the	TyrZ-His190	pair	in	PSII,	and	associated	
experimental	and	theoretical	studies	have	contributed	to	a	
deeper	understanding	of	the	more	complex	natural	process	
and	PCET	in	general.18–27	In	particular,	benzimidazole	phe-
nol	 (BIP)	 constructs	 have	 been	 studied	 as	 models	 of	 the	
TyrZ-His190	pair.28–31	Upon	oxidation	of	the	phenol,	proton	
transfer	to	the	benzimidazole	occurs,	generally	perceived	as	
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an	example	of	a	concerted	one-electron,	one-proton	trans-
fer	 (EPT)	 process.25	 Electrochemical	measurements	 show	
that	the	phenoxyl	radical	formed	upon	oxidation	of	BIP,	1	
(Chart	 1),	 which	 features	 an	 intramolecular	 H-bond	 be-
tween	the	phenol	and	the	nitrogen	at	the	3-position	of	the	
imidazole,	is	thermodynamically	capable	of	water	oxidation	
near	neutral	pH.32	
Recently,	we	 reported	a	concerted	one-electron,	 two-pro-
ton	 transfer	 (E2PT)	 process	 associated	 with	 the	 electro-
chemical	 oxidation	 of	 the	 phenol	 in	 amino-substituted	
BIPs.7,33	 Although	 the	 theoretical	 calculations	 were	 con-
sistent	 with	 a	 fully	 concerted	 E2PT	 process,	 the	 experi-
mental	measurements	could	not	distinguish	between	a	fully	
concerted	E2PT	process	and	a	stepwise	mechanism	where	
an	EPT	process	 is	 followed	by	an	ultrafast	 second	proton	
transfer,	which	is	viewed	as	effectively	concerted.	This	pro-
cess	translocates	protons	over	a	distance	of	ca.	7	Å	but	 is	
accompanied	by	a	decrease	in	the	potential	of	the	phenoxyl	
radical/phenol	redox	couple	by	~300	mV.33	Such	a	thermo-
dynamic	cost	in	redox	potential	limits	the	use	of	amino-sub-
stituted	 BIPs	 as	 redox	mediators	 in	water	 oxidation	 pro-
cesses.	 However,	 theoretical	 calculations	 predicted	 that	
BIPs	 bearing	 substituents	 with	 reduced	 pKa’s	 such	 as	
imines,	which	can	be	substituted	to	tune	their	pKa’s,	would	
undergo	 E2PT	 processes	 that	 maintain	 a	 considerably	
higher	potential	for	the	phenoxyl	radical/phenol	redox	cou-
ple.33	Herein,	new	models	of	the	TyrZ-His190	pair	composed	
of	benzimidazole	phenol	imine	derivatives	(BIP-PhRimines	
2–8,	Chart	1)	are	reported.	Substitutions	at	the	para-posi-
tion	of	the	aniline	ring	of	BIP-PhRimines	modulate	the	driv-
ing	force	for	the	second	proton	transfer	due	to	interrelated	
factors	that	include	the	 DpKa	between	the	benzimidazolium	
ion	and	the	protonated	imine,	the	internal	H-bond	strength	
between	the	1H-benzimidazole	proton	and	the	imine	nitro-
gen	 lone	pair,	and	the	midpoint	potential	of	the	phenoxyl	
radical/phenol	 couple.	 These	 parameters	 control	 the	 ob-
served	ratio	of	the	EPT	and	E2PT	products.	
	
Chart	 1.	 Molecular	 Structures	 of	 BIP	 and	 Derivatives	
Substituted	at	the	7-Position.	On	the	Right	Products	of	
Electrochemical	Oxidation	of	the	Phenol	Coupled	with	
One-Proton	Transfer	(EPT)	and	Two-Proton	Transfers	
(E2PT)		

	
	
Methods	

Theoretical:	 The	optimized	 geometries,	energies,	and	vi-
brational	 frequencies	 were	 calculated	 with	 density	 func-
tional	theory	(DFT)	using	the	B3LYP34–37	functional	and	the	
6-31G**	basis	 set.38,39	 Solvent	effects	were	 included	using	
the	conductor-like	polarizable	continuum	model.40,41	These	
calculations	 were	 performed	 with	 the	 Gaussian	 09	 pro-
gram.42	Further	computational	details	are	provided	 in	 the	
Supporting	Information,	SI.	
Experimental:	
Synthesis:	 Substituted	BIP-PhRimines	 (Chart	1)	were	 syn-
thesized	 according	 to	 a	 standard	 procedure	 with	 methyl	
2,3-diaminobenzoate	 and	 3,5-di-tert-butyl-2-hydroxyben-
zaldehyde	as	starting	materials	for	the	Philipps-Ladenburg	
reaction	that	yielded	BIP-COOCH3.43–45	The	BIP-COOCH3	was	
reduced	with	LiAlH4	to	give	the	corresponding	BIP-CH2OH.	
Oxidation	of	BIP-CH2OH	with	activated	MnO2	generated	the	
BIP-CHO.	The	 BIP-PhRimines	were	 prepared	 following	 an	
established	method	for	the	synthesis	of	aldimines	from	ani-
line	derivatives	in	the	presence	of	pyrrolidine	as	a	catalyst.46	
The	complete	synthetic	procedure	and	NMR	characteriza-
tion	are	provided	in	the	SI.	
Crystal	 Structure	 Determination:	 Crystals	 of	 BIP-
PhOCH3imine	7	were	grown	by	the	vapor	diffusion	technique	
using	CH2Cl2	and	hexane	as	solvents.	A	Bruker	Smart	APEX	
diffractometer	was	used	to	obtain	single	crystal	diffraction	
data.	Detailed	information	of	crystallographic	structure	and	
data	collections	are	provided	in	the	SI.	
Cyclic	 voltammetry:	 Cyclic	 voltammetry	 measurements	
were	performed	with	a	Biologic	potentiostat	using	a	glassy	
carbon	(3	mm	diameter)	working	electrode,	a	Pt	wire	coun-
ter	electrode,	and	a	Ag	wire	pseudoreference	electrode	in	a	
conventional	three-electrode	cell.	All	cyclic	voltammograms	
(CVs)	were	collected	in	anhydrous	CH3CN	or	CH2Cl2,	previ-
ously	distilled	 and	kept	 over	molecular	 sieves	and	K2CO3,	
containing	the	compound	of	interest	at	a	concentration	of	1	
mM.	Tetrabutylammonium	hexafluorophosphate	(TBAPF6,	
0.5	M	in	CH3CN	and	0.1	in	CH2Cl2)	was	used	as	the	support-
ing	electrolyte,	and	the	scan	rate	was	100	mV	s-1.	All	meas-
urements	were	conducted	at	room	 temperature	under	 an	
argon	atmosphere.	The	argon	gas	stream	was	pre-saturated	
by	bubbling	through	the	organic	solvent	used	for	the	exper-
iments	in	a	separate	Schlenk	flask	and	let	into	the	electro-
chemical	cell	via	PEEK	tubing.	The	glassy	carbon	working	
electrode	was	polished	between	measurements	with	an	alu-
minum	slurry	on	 a	microcloth	polishing	pad,	 followed	by	
solvent	rinses	and	drying	under	a	stream	of	nitrogen.	The	
potential	of	the	pseudoreference	electrode	was	determined	
using	the	ferrocenium/ferrocene	redox	couple	as	an	inter-
nal	 standard	and	 adjusting	 to	 the	 saturated	 calomel	elec-
trode	 (SCE)	 scale	 (with	E1/2	 taken	 to	 be	 0.40	 V	 vs	 SCE	 in	
CH3CN	and	0.46	V	vs	SCE	in	CH2Cl2).47	
FTIR	 and	 Infrared	 Spectroelectrochemistry	 (IRSEC):	 FTIR	
measurements	were	performed	using	a	Bruker	Vertex	70	
spectrometer	 in	 absorption	 mode	 under	 a	 dry	 nitrogen	
purge	with	a	2	cm−1	resolution,	GloBar	MIR	source,	broad-
band	KBr	beamsplitter,	and	liquid	nitrogen	cooled	MCT	de-
tector.	 Spectra	 were	 collected	 (64	 scans)	 in	 anhydrous	
CH2Cl2	(distilled	over	CaH2	and	kept	over	molecular	sieves	
and	K2CO3)	at	a	concentration	of	19	mM,	and	0.1	M	TBAPF6	
was	used	to	simulate	the	conditions	of	the	IRSEC	measure-
ments	 (vide	 infra).	 Because	 the	 molecules	 containing	 the	
imine	linkage	are	susceptible	to	hydrolysis,	care	was	taken	

1 2–8

2 – R = CN BIP-PhCNimine 

3 – R = CF3 BIP-PhCF3imine	

4 – R = Cl BIP-PhClimine 

5 – R = H BIP-PhHimine 

6 – R = CH3 BIP-PhCH3imine 

7 – R = OCH3 BIP-PhOCH3imine 

8 – R =N(CH3)2  BIP-PhN$CH3%2imine 
 E2PT product

EPT product
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to	minimize	the	presence	of	moisture,	and	the	compounds	
were	dried	under	high	 vacuum	overnight	 before	use.	The	
FTIR	 spectra	were	obtained	using	a	CaF2	 liquid	 transmis-
sion	 cell	 (International	 Crystal	 Laboratories,	 Model	 SL-3,	
path	length:	0.1030	mm),	and	the	CF3COOH	added	to	the	cell	
was	distilled	before	use.	
IRSEC	measurements	were	conducted	using	a	Biologic	po-
tentiostat	connected	to	an	optically	transparent	thin-layer	
electrochemical	cell	 (Spectroelectrochemistry	Reading	RT	
OTTLE	cell),	pathlength	0.2	mm,	equipped	with	CaF2	optical	
windows.	The	cell	contained	a	Pt	mesh	counter	electrode,	a	
Ag	wire	pseudoreference	electrode,	and	a	Pt	mesh	working	
electrode.	The	Pt	mesh	working	electrode	was	positioned	in	
the	 light	 path	 of	 the	 IR	 spectrophotometer.	 For	 all	 IRSEC	
measurements,	the	compounds	were	used	at	a	concentra-
tion	of	19	mM,	with	0.1	M	TBAPF6	as	the	supporting	electro-
lyte.	The	cell	and	its	contents	were	sealed	under	an	argon	
atmosphere	prior	to	all	measurements,	and	thin	layer	con-
stant	potential	electrolysis	was	monitored	via	FTIR	as	 the	
working	electrode	was	polarized	positive	in	50–100	mV	in-
crements	vs	 the	 silver	wire	reference.	Absorption	 spectra	
were	continuously	collected	at	each	applied	potential	until	
there	were	no	 further	significant	changes.	This	procedure	
was	repeated	until	increasing	the	polarization	no	longer	re-
sulted	 in	 significant	 changes	 of	 the	 spectra48,49	 and	 the	
broad	 IR	 absorption	 at	 ~2,700	 cm-1	 characteristic	 of	 the	
phenol	OH	was	no	 longer	observable,18	 confirming	deple-
tion	of	the	phenol	within	the	path	of	the	optical	probe.	Un-
der	these	conditions	it	is	assumed	the	total	concentration	of	
oxidized	products	([EPT]	+	[E2PT])	is	approximately	equal	
to	the	initial	concentration	of	the	BIP-PhRimine	solution.	Us-
ing	 this	 concentration,	 and	 the	 observation	 that	 the	 EPT	
product	is	not	detected	in	the	IRSEC	of	7,	an	extinction	coef-
ficient	 of	 467	M-1cm-1	 for	 the	band	at	 1652	 cm-1	was	esti-
mated.	 This	 band	 was	 assigned	 to	 the	 protonated	 imine	
stretching	mode	characteristic	of	the	E2PT	product.		
KIE	measurements:	 All	measurements	were	carried	out	at	
20	°C	in	a	conventional	three-electrode	cell	using	a	Pt	coun-
ter	electrode,	an	Ag	wire	as	pseudo-reference	electrode,	and	
a	glassy	carbon	working	electrode	(1	mm	diameter).	Anhy-
drous	CH3CN,	 kept	 over	molecular	 sieves	 and	K2CO3,	was	
used	as	the	solvent,	with	0.5	M	TBAPF6	as	 the	supporting	
electrolyte.	Concentrations	in	the	3.3	to	4.7	mM	range	of	the	
BIP-PhRimines	were	used.	All	of	the	CVs	were	corrected	for	
ohmic	effects	using	feedback	techniques.	The	baseline	cur-
rents	were	registered	for	each	scan	rate	under	the	same	ex-
perimental	conditions	 (CH3CN	containing	only	 supporting	
electrolyte	without	 the	 addition	 of	 the	 studied	molecule)	
and	 were	 subtracted	 from	 the	 corresponding	 CVs	 before	
processing.	Redox	potentials	were	calculated	as	the	mean	of	
the	anodic	and	cathodic	peaks.	After	each	electrochemical	
measurement,	ferrocene	was	added	to	the	solution	and	the	
potential	 of	 the	 pseudo-reference	 electrode	 was	 deter-
mined.	In	order	to	calculate	the	KIE	for	each	compound,	the	
apparent	standard	rate	constants	of	electron	transfer	(kapp)	
were	determined	in	CH3CN	+	2%	CH3OH	and	CH3CN	+	2%	
CH3OD	by	the	Nicholson’s	method.50,51	CVs	were	taken	at	dif-
ferent	scan	rates	between	0.25	and	200	V/s,	and	the	differ-
ence	 between	 the	 potentials	 of	 the	 anodic	 and	 cathodic	
peaks	(ΔEp)	was	calculated	 for	each	scan	rate	v.	ΔEp	 is	re-
lated	to	the	dimensionless	parameter	ψ,50,51	which	is	linked	
to	kapp	and	v	according	to	the	following	equation:	

kapp=ψ!
πDOFv

RT
"

1/2

!
DR

DO
"
α/2

(1) 

where	α	is	the	transfer	coefficient	(taken	as	0.5),	and	DR	and	
DO	are	 the	diffusion	coefficients	 (cm2	 s-1)	 for	 the	oxidized	
and	 reduced	 forms,	which	were	 assumed	 to	 be	 the	 same	
value	of	1´10-5	cm2	s-1.	Thus,	Equation	(1)	can	be	written	as	
follows:	

ψ=	kapp !
πDOFv

RT
"
$1/2

(2) 

The	value	of	kapp	can	be	obtained	from	the	slope	of	a	plot	of	
ψ	 vs	 v–1/2	 (Figure	 S39).	 The	 values	 of	 kapp	 are	 between	
~2´10-2	and	~8´10-2	cm	s-1	(Table	S13).	CVs	were	simulated	
(Figures	S40	and	S41)	with	DigiSim	2.1	software	using	the	
corresponding	kapp	values	shown	in	Table	S13.	
	
Results	and	Discussion	
Structural	 Characterization.	 The	 crystal	 structure	 of	 7	
(Figure	1)	indicates	a	nearly	planar	molecular	framework	
with	a	dihedral	angle	between	the	phenol	and	benzimidaz-
ole	moieties	of	3.4°.	The	O–N	distance	of	2.57	Å	is	in	agree-
ment	with	 a	 strong	H-bond	 between	 the	 phenolic	 proton	
and	the	nitrogen	lone	pair	of	benzimidazole.18,33,44	The	crys-
tal	structure	also	indicates	a	H-bond	between	the	1H-ben-
zimidazole	proton	and	the	imine	nitrogen,	with	an	N–N	dis-
tance	of	2.92	Å	(Figure	1).	

	

Figure	1.	 ORTEP	 representations	 of	 the	 crystal	 structure	 of	
BIP-PhOCH3imine	7.	The	upper	Figure	shows	the	distances	be-
tween	the	atoms	involved	in	both	H-bonds.	The	lower	Figure	
shows	the	dihedral	angle	between	the	phenol	and	benzimidaz-
ole	moieties.	Carbons	are	shown	in	gray,	oxygens	in	red,	nitro-
gens	 in	blue,	and	hydrogens	 in	white.	Thermal	ellipsoids	are	
drawn	at	the	50%	probability	level.	

The	crystallographic	data	of	7	are	in	good	agreement	with	
the	optimized	structure	determined	from	DFT	calculations	
(Table	S14	and	Figure	S42),	and	similar	structures	were	ob-
tained	by	geometrical	and	energy	optimization	of	2–6	and	
8.	Additional	support	for	the	formation	of	a	strong	H-bond	
between	the	1H-benzimidazole	proton	and	the	imine	nitro-
gen	is	obtained	from	IR	(see	IRSEC	section)	and	NMR	data.	

3.4°

2.92 Å

2.57 Å
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Analysis	 of	 the	 1H	NMR	 spectra	 for	 compounds	2–8	 con-
firms	the	presence	of	the	two	 internal	H-bonds	(Figure	2	
and	Table	 1)	 in	 CDCl3	 solutions	 of	 all	 samples.	 There	 is	
slight	 variation	 in	 the	 OH	 chemical	 shift,	 δOH,	 in	 the	 BIP-
PhRimines	when	varying	the	para-substituent	of	the	N-phe-
nylimine	moiety.	The	 substitution	with	 electron-donating	
groups	results	in	downfield	shifts.33	The	formation	of	the	H-
bond	between	the	1H-benzimidazole	proton	and	the	imine	
nitrogen	 is	 evident	 by	 the	 NMR	 chemical	 shift	 of	 the	 NH	
group	of	benzimidazole	(δNH).	In	all	BIP-PhRimines,	the	δNH	
is	 found	between	~11.48–11.98	ppm,	downfield	 from	 the	
equivalent	 NH	 in	 1	 (9.34	 ppm)	 and	 N-diethylaminoBIP	
(11.17	ppm),	in	CDCl3.33	

	

Figure	2.	400	MHz	1H	NMR	spectra	in	CDCl3	of	BIP	derivatives	
showing	the	δOH,	δNH	and	δCH=N.	The	1H	NMR	spectrum	of	1	is	
included	for	comparison.	

	
Table	 1.	 1H	 NMR	 Chemical	 Shifts	 of	 BIP	 Derivatives	
(Chart	 1)	 and	 Hammett	 Constants	 (σp)	 for	 the	 Corre-
sponding	Substituent	Groupsa	

Compound	
Chemical	Shift	(ppm)	

σpb	
δNH	 δOH	 δCH=N	

1:	BIP	 9.34	 13.45	 N/A	 N/A	

2:	BIP-PhCNimine	 11.48	 13.19	 8.72	 0.66	

3:	BIP-PhCF3imine	 11.58	 13.21	 8.74	 0.54	

4:	BIP-PhClimine	 11.66	 13.23	 8.74	 0.23	

5:	BIP-PhHimine	 11.76	 13.21	 8.76	 0	

6:	BIP-PhCH3imine	 11.82	 13.30	 8.78	 -0.17	

7:	BIP-PhOCH3imine	 11.84	 13.30	 8.77	 -0.27	

8:	BIP-PhN(CH3)2imine	 11.98	 13.34	 8.79	 -0.83	

a	Solvent	CDCl3.	
b	Data	from	ref	52	
	
In	the	structure	of	the	BIP-PhRimines	(see	Chart	1)	the	ben-
zene	ring	in	the	benzimidazole	moiety	is	connected	with	a	
second	 para-substituted	 phenyl	 ring	 through	 the	 trans-
imine	linkage.	This	structure	falls	under	the	widely	studied	
class	 of	 benzylideneanilines.53–57	 Specifically,	 for	 para-

monosubstituted	benzylideneanilines,	where	the	substitu-
tion	is	on	the	aniline	ring,	the	base	strength	of	the	imine	ni-
trogen	 is	 influenced	by	 inductive	and	resonance	effects	of	
the	substituent.58	
The	substituent	effect	on	the	H-bond	between	the	NH	of	the	
imidazole	and	the	nitrogen	of	the	imine	in	compounds	2–8	
can	clearly	be	observed	in	the	series	of	1H	NMR	spectra	pre-
sented	 in	 Figure	2.	 The	 δNH	moves	 downfield	when	elec-
tron-withdrawing	groups	at	the	para-position	of	the	N-phe-
nylimine	moiety	are	replaced	by	electron-donating	groups,	
such	as	the	methoxy	or	N-dimethylamino	groups	present	in	
compounds	7	and	8,	respectively.	As	expected,	electron-do-
nating	 substituents	 increase	 the	 electron	 density	 at	 the	
imine	nitrogen,	resulting	in	a	stronger	H-bond	with	the	NH	
of	the	imidazole.59	A	graph	of	δNH	values	against	the	Ham-
mett	substituent	constants	(σp)	exhibits	a	linear	correlation	
for	imines	2–8	(Figure	S29).	Conversely,	the	azomethine	1H	
NMR	chemical	shift	 (δCH=N)	appears	at	~8.75	ppm	and	re-
mains	essentially	constant	in	all	BIP-PhRimines	studied	(Ta-
ble	1),	as	indicated	by	the	absence	of	a	Hammett	correlation	
(Figure	 S29).	This	 observation	 is	consistent	with	 findings	
regarding	 analogous	 monosubstituted	 benzylidenani-
lines.59,60	
The	unsymmetrical	nature	of	BIPs	substituted	at	the	7-po-
sition,	as	in	2–8,	leads	to	two	isomeric	forms	resulting	from	
tautomerization	of	 the	 imidazole	 and	rotation	around	 the	
bond	between	the	benzimidazole	and	phenolic	moiety.	Only	
one	of	these	 isomers	has	the	appropriate	 internal	H-bond	
network	necessary	for	the	E2PT	process	(Chart	1),	wherein	
the	phenolic	OH	group	is	H-bonded	to	the	benzimidazole	ni-
trogen	and	a	second	H-bond	is	present	between	the	1H-ben-
zimidazole	proton	and	the	 imine	nitrogen.	 From	 1H	NMR,	
the	 ratio	 of	 isomers	 is	 approximately	 1:0.1	 and	 1:0.2	 in	
CD3CN	and	(CD3)2CO,	respectively.	The	presence	of	the	two	
isomers	cannot	be	detected	 in	non-polar	 solvents	 such	 as	
CD2Cl2	or	CDCl3	(Figure	S30).	
	
Electrochemical	Studies.	Table	2	presents	the	experimen-
tally	 obtained	 midpoint	 potential	 for	 the	 phenoxyl	 radi-
cal/phenol	couple	for	each	of	the	BIP-PhRimines	and	the	cal-
culated	values	associated	with	this	couple	for	both	EPT	and	
E2PT	products	in	CH3CN.	While	theory	yields	two	E1/2	val-
ues	for	each	of	the	compounds	studied,	the	CVs	do	not	re-
solve	 the	 two	 redox	waves.	 It	 is	 necessary	 to	analyze	 the	
IRSEC	data	to	clearly	differentiate	between	the	E1/2	values	
for	oxidation	leading	to	EPT	and	E2PT	products	(vide	infra).	
Comparison	of	the	redox	waves	observed	in	CVs	of	7	with	
the	 redox	 characteristics	 of	 reference	 compounds	 lacking	
the	 phenolic	 OH	 group	 (BI-PhOCH3imine)	 and	 N-benzyli-
dene-p-anisidine	 (see	 synthetic	 procedure	 and	 structures	
on	 pages	 S9–S13),	 both	 of	which	 exhibit	 chemically	 irre-
versible	oxidation	waves	at	1.3	V	vs	SCE,	provides	strong	ev-
idence	that	the	observed	quasi-reversible	redox	wave	in	the	
cyclic	voltammogram	of	7	at	0.93	V	vs	SCE	corresponds	to	
the	oxidation	of	the	phenol	moiety	(Figure	3	A).	The	CVs	of	
compounds	2,	 4	 and	 7	 (Figure	 3	 B)	 are	quasi-reversible	
with	a	peak-to-peak	separation	of	~60	mV	(see	SI	Table	S11	
for	 further	 information	 regarding	 electrochemical	 and	
chemical	reversibility).	The	CVs	for	BIP-PhRimines	3,	5,	and	
6	are	shown	in	the	SI	(Figure	S32).	The	CVs	of	2,	3,	4	and	7	
in	CH2Cl2	exhibit	similar	characteristics	(see	SI	Figure	S34	
and	Table	S12).	In	general,	phenoxyl	radical/phenol	redox	

1
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couples	are	notoriously	irreversible,	both	electrochemically	
and	 chemically.7	 However,	 the	 quasi-reversible	 electro-
chemistry	 associated	with	 compounds	1–7	 is	 almost	 cer-
tainly	 attributable	 to	 the	 structure,	 which	 constrains	 the	
proton	to	an	internal	H-bond	between	the	phenolic	OH	and	
nitrogen	at	the	3-position	of	the	benzimidazole.	The	chemi-
cal	reversibility	of	compounds	2–7	in	CH2Cl2	is	>92%	at	rel-
atively	slow	scan	rates	(100	mV/s).	 Importantly,	the	mid-
point	 potentials	 assigned	 to	 the	 phenoxyl	 radical/phenol	
couple	of	these	BIP-PhRimines	derivatives	decrease	by	less	
than	~40	mV	relative	to	1,	instead	of	the	~300	mV	decrease	
observed	for	the	amino-substituted	BIPs.33	
	
Table	2.	Experimental	and	Calculated	Redox	Potentials	
for	the	BIP-PhRimine	Constructsa	

Compound	
E1/2	(V	vs	SCE)	

Experimental	 Calculated	
for	E2PTb	

Calculated	
for	EPTc	

2:	BIP-PhCNimine	 0.99	 1.06	 1.04	

3:	BIP-PhCF3imine	 0.99	 1.06	 1.05	

4:	BIP-PhClimine	 0.97	 1.02	 1.04	

5:	BIP-PhHimine	 0.95	 0.98	 1.04	

6:	BIP-PhCH3imine	 0.93	 0.95	 1.02	

7:	BIP-PhOCH3imine	 0.93	 0.93	 1.00	

8:	BIP-PhN(CH3)2imine	 0.68d	 -	 -	

a	The	values	reported	herein	were	experimentally	measured	and	
calculated	in	CH3CN.	The	calculated	spin	density	associated	with	
the	unpaired	electron	 in	 the	oxidized	 species	 is	 localized	on	the	
phenol	group	for	all	compounds	studied	except	8,	for	which	it	is	
localized	predominantly	on	the	dimethylaminophenyl	moiety	(Fig-
ure	S45).	
b	The	potential	for	7	in	CH3CN	was	used	as	the	reference	for	all	cal-
culated	potentials	associated	with	an	E2PT	product,	and	therefore	
it	agrees	with	the	experimental	value	by	construction.	
c	These	potentials	were	calculated	using	a	thermodynamic	scheme	
that	takes	into	account	the	E2PT	reference	reaction	as	well	as	the	
ΔG0	 associated	 with	 the	 EPT-E2PT	 equilibrium.	 The	 thermody-
namic	 schemes	 and	 relevant	 equations	 are	 provided	 in	 the	 SI	
(pages	S74–S76).	The	resulting	potential	for	7	served	as	the	refer-
ence	for	all	of	the	EPT	reactions.	Note	that	the	ΔG0	value	used	for	
the	reference	was	the	experimentally	determined	value	obtained	
in	 CH2Cl2.	 However,	 the	 difference	 between	 the	 experimentally	
measured	potential	for	7	in	CH2Cl2	and	CH3CN	is	small	(less	than	
0.02	V,	Table	S12)	and	the	difference	between	the	calculated	ΔG0	
values	in	CH2Cl2	and	CH3CN	is	also	small	(less	than	1	kcal/mol,	Ta-
ble	S19),	so	the	impact	of	this	treatment	is	negligible.	
d	This	potential	 corresponds	 to	 redox	 chemistry	associated	with	
the	p-N-dimethylamino	group	of	8	and	electrochemical	measure-
ments	performed	using	reference	compounds	support	this	assign-
ment	(Figure	S33).	
	
Furthermore,	the	progressive	shift	of	the	midpoint	poten-
tials	to	more	positive	values	is	correlated	with	the	increase	
of	 the	 electron-withdrawing	 strength	 of	 the	 group	 at	 the	
para-position	of	the	N-phenylimine	moiety.	A	plot	of	the	ex-
perimental	E1/2	values	against	the	Hammett	constants	(σp,	
Figure	 4)	 shows	 a	 characteristic	 Hammett	 relationship	
with	the	electronic	effect	of	 the	substituents,	even	though	

the	distance	between	the	phenol	group	and	the	substituents	
is	considerable	(~12	Å).	As	can	be	seen	from	the	data	pre-
sented	in	Table	2	and	Figure	4,	the	difference	between	the	
calculated	midpoint	potentials	 for	 forming	EPT	and	E2PT	
products	 are	 largest	 with	 electron-donating	 groups.	 Fur-
thermore,	the	two	calculated	values	of	E1/2	cross	over	when	
the	 electron-withdrawing	 groups	 (-CF3	 and	 -CN)	 are	 pre-
sent,	such	that	the	E1/2	associated	with	the	E2PT	process	be-
comes	more	positive	than	the	E1/2	associated	with	the	EPT	
process.	This	observation	is	consistent	with	the	equilibrium	
constant	for	[E2PT]/[EPT]	changing	from	>1	to	<1	(vide	in-
fra)	between	compounds	4	and	3	(Table	3).	

	

Figure	3.	(A)	CVs	of	BIP-PhOCH3imine	7,	a	reference	compound	
without	the	phenolic	OH	group	BI-PhOCH3imine,	and	N-benzyli-
dene-p-anisidine.	(B)	CVs	of	compounds	2,	4	and	7.	Concentra-
tion:	1	mM	of	the	indicated	BIPs	and	reference	compounds,	0.5	
M	TBAPF6	supporting	electrolyte	in	dry	CH3CN.	WE:	glassy	car-
bon.	Pseudo	RE:	Ag	wire	(ferrocene	as	internal	reference).	CE:	
Pt	wire.	Scan	rate,	100	mV/s.	

	
Infrared	 Spectroelectrochemical	 Studies.	Experimental	
evidence	for	the	formation	of	both	EPT	and	E2PT	products	
was	obtained	from	the	IRSEC	measurements.	As	shown	pre-
viously,	 distinct	 structural	 changes	 accompanying	 proton	
transfer(s)	 upon	 oxidation	 of	 phenols	 can	be	 detected	 by	
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this	technique.33	In	the	case	of	BIP-PhRimines,	the	IRSEC	ex-
periments	take	advantage	of	the	well-established	imine	and	
protonated	imine	infrared	spectra	in	which	the	C=N	vibra-
tional	stretching	mode	is	sensitive	to	the	local	protonation	
state	of	the	nitrogen.56,61–68	

	

Figure	 4.	 Calculated	midpoint	 potentials	 (E1/2)	 for	 phenoxyl	
radical/phenol	couples	of	the	BIP-PhRimines	when	undergoing	
an	(○)	EPT	or	(●)	E2PT	process	 in	CH3CN,	and	the	associated	
experimental	(▲)	values	vs	Hammett	constants	(σp).	The	calcu-
lated	E1/2	 value	 for	 the	E2PT	of	7	 is	 the	 same	as	 the	experi-
mental	value	by	construction.	Linear	 fits	 to	the	experimental	
data	and	calculated	values	for	the	E2PT	process	are	shown	with	
dash	lines	(R=0.96	and	R=0.97,	respectively).	The	substituents	

at	 the	para-position	 of	 the	N-phenylimine	 group	 of	2–7	 are	
shown.	

Figure	5	A,	B	 and	C	 show	the	 IRSEC	 spectra	 for	 the	BIP-
PhRimines	2,	4	and	7,	respectively,	in	the	1700–1400	cm-1	
region.	IRSEC	spectra	of	3	are	shown	in	the	SI	(Figure	S35).	
As	described	above,	IR	spectra	were	obtained	as	a	function	
of	applied	potential,	and	the	potentials	were	held	constant	
until	no	further	changes	in	the	collected	FTIR	spectra	were	
observed.	Significant	changes	 in	the	absorbance	and	band	
positions	are	indicated	with	arrows.	As	shown	in	Figure	5	
A,	B	and	C,	a	new	band	appears	at	1652	cm-1	for	2,	4	and	7	
under	applied	potential.	However,	the	relative	intensity	of	
this	band	is	different	in	the	three	samples	and	is	most	pro-
nounced	in	the	case	of	7.	This	band	has	a	large	component	
of	the	protonated	imine	group	stretching	(νC=NH+)	and	is	ev-
idence	that	two	proton	transfers	take	place	upon	oxidation	
of	 the	 phenol	 (an	 E2PT	 product).56,65–67	 The	DFT	 normal-
mode	analysis	of	7	supports	these	assignments	(see	Figure	
S46).	In	control	experiments,	the	appearance	of	this	band	in	
7	was	 also	detected	when	 the	molecule	was	 treated	with	
CF3COOH	(see	Figure	S36).	On	the	other	hand,	the	appear-
ance	of	the	band	at	1556	cm-1	(NH	in-plane	bending	vibra-
tion	of	the	benzimidazolium	ion)	in	the	IRSEC	spectra	of	2	
and	4	(Figure	5	A	and	B)	indicates	the	presence	of	products	
associated	with	only	one	proton	transfer	(EPT	products).	In	
the	model	described	below,	this	observation	will	be	taken	
as	evidence	that	the	equilibrium	between	the	EPT	and	E2PT	
products	is	a	function	of	the	electron	withdrawing/donat-
ing	character	of	the	R	group.	

	

Figure	5.	(A,	B,	C)	IRSEC	spectra	of	2,	4	and	7,	respectively,	(19	mM)	polarized	in	50	mV	or	100	mV	increments	to	generate	increasing	
amounts	of	the	phenoxyl	radical	from	the	neutral	phenol	species,	in	the	1700–1400	cm-1	region.	(D,	E,	F)	IRSEC	spectra	of	2,	4	and	
7,	respectively,	under	the	same	conditions	in	the	3500–3100	cm-1	region.	Solvent:	CH2Cl2,	0.1	M	TBAPF6.	The	bands	characteristic	of	
EPT	and	E2PT	products	are	indicated	with	green	and	orange	arrows,	respectively.	The	structures	at	the	bottom	correspond	to	the	
oxidized	EPT	and	E2PT	products.	
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Importantly,	there	is	no	band	growing	in	at	1556	cm-1	in	the	
IRSEC	spectra	of	7	(Figure	5	C),	indicating	that	stable,	de-
tectable	levels	of	the	benzimidazolium	ion	do	not	form	upon	
phenol	oxidation	in	this	case.	In	other	words,	oxidation	of	7	
results	predominantly	in	formation	of	the	E2PT	product.	As	
a	control,	the	1556	cm-1	band	does	not	appear	upon	titration	
of	CH2Cl2	solutions	of	7	with	CF3COOH	(0.5–2	equivalents),	
which	only	protonates	the	imine	nitrogen	(see	Figure	S36).	
Following	oxidation	of	the	BIP-PhRimines,	the	ratio	of	EPT	
and	E2PT	products	formed	as	a	function	of	the	para-substit-
uent	(R-group)	on	the	N-phenylimine	moiety	can	also	be	an-
alyzed	 by	 monitoring	 the	 imidazole	 NH	 stretching	 band	
(νNH)	(Figure	5	D,	E	and	F).	In	the	neutral	species,	the	νNH	
appears	at	3408	cm-1,	3402	cm-1,	and	3394	cm-1	for	2,	4	and	
7,	respectively.	The	decrease	in	the	νNH	compared	to	1	(νNH	
at	 3414	cm-1)	 is	most	 likely	due	 to	 the	 intramolecular	H-
bond	between	the	NH	of	the	benzimidazole	moiety	and	the	
imine	 nitrogen	 lone	 pair	 in	 the	 BIP-PhRimines.	Moreover,	
the	progressive	shift	to	lower	frequencies	supports	the	in-
creasing	H-bond	 strength	due	 to	 the	 increase	 in	 the	elec-
tron-donating	 character	 of	 the	 para-substituents,	 con-
sistent	with	the	trend	observed	in	the	1H	NMR	(see	δNH,	Fig-
ure	2).	
The	changes	observed	in	the	spectra	under	electrochemical	
polarization	are	clearly	different	among	the	BIP-PhRimines.	
In	the	case	of	compounds	2	and	4	(Figure	5	D	and	E),	the	
intensity	 of	 the	 νNH	 band	 progressively	 decreases,	 and	 a	
broad	NH	 stretching	 band	 of	 the	 benzimidazolium	 ion	 at	
~3320	cm-1	 appears.33	This	 band	 is	 considerably	broader	
than	it	was	in	the	IRSEC	of	1,	as	expected	by	the	contribution	
of	the	E2PT	product	(protonated	imine	with	νNH	at	~3360	
cm-1).	A	clear	isosbestic	point	at	~3390	cm-1	was	detected	in	
the	case	of	2	and	4.	In	contrast,	there	is	no	indication	of	an	
isosbestic	point	for	7	(Figure	5	F).	In	this	case,	a	new	band	
for	 νNH	appears	 at	 3360	 cm-1	 and	 an	 increase	 in	 intensity	
and	width	were	observed.	The	absence	of	the	marker	ben-
zimidazolium	NH	stretching	band	provides	additional	evi-
dence	 that	 the	EPT	product	 cannot	be	detected	 in	7.	 The	
changes	of	the	bands	in	the	region	around	1528–1506	cm-1	
observed	in	the	IRSEC	of	2,	4	and	7	are	also	consistent	with	
the	assignments	 of	 the	E2PT	and	EPT	products	described	
above	(see	description	and	spectral	assignments	in	SI,	page	
S66-S68).	
Scheme	1	 is	used	to	interpret	the	results	of	the	IRSEC	ex-
periments	for	the	series	of	BIP-PhRimines	2,	3,	4	and	7.	Un-
der	thin	film	electrolysis	conditions,	we	postulate	that	oxi-
dation	 of	 A	 (a	 generic	 BIP-PhRimine)	 produces	 B	 and	 C,	
which	are	in	equilibrium	with	each	other	as	shown. In	addi-
tion	to	the	processes	forming	B	and	C	labeled	EPT	and	E2PT	
in	Scheme	1,	the	proton	transfer	reaction	templated	by	the	
H-bond	between	the	imidazole	proton	and	the	imine	nitro-
gen	in	A	can	also	lead	to	formation	of	an	E2PT	product	aris-
ing	from	EPT	followed	by	proton	transfer,	or	an	EPT	prod-
uct	arising	from	E2PT	followed	by	back	proton	transfer.	Our	
experimental	 and	 computational	 data	 do	 not	 address	 the	
contributions	of	these	pathways	to	the	equilibrium	between	
B	and	C.	Nonetheless,	the	results	show,	the	dominant	prod-
uct	switches	from	the	E2PT	species	(C)	in	the	case	of	7	to	an	
EPT	species	(B)	when	the	basicity	of	the	imine	is	reduced	by	

functionalization	with	electron-withdrawing	groups	(e.g.,	-
CN	and	-CF3	in	2	and	3,	respectively).	Compound	4	repre-
sents	an	intermediate	case	where	both	B	and	C	products	are	
present	in	similar	proportions	following	oxidation	(Figure	
5	B).	As	mentioned	previously,	 in	 the	 IRSEC	experiments	
the	absorption	bands	at	1556	cm-1	and	1652	cm-1	provide	
spectroscopic	indicators	for	detecting	species	B	and	C,	re-
spectively.	The	intensities	of	these	bands	were	assumed	to	
be	proportional	to	the	concentrations	of	these	species	(BIP-
COOCH3	in	its	protonated	state	was	shown	to	follow	Beer’s	
law	at	1556	cm-1	over	concentration	ranges	relevant	to	the	
experiments,	 and	 it	 is	assumed	 that	 the	radical	 species	 of	
Scheme	1	will	also	follow	the	law).	
	
Scheme	1.	PCET	Products	of	BIP-PhRimines	Detected	by	
IRSECa	

	
a	From	 the	 IRSEC	 experiments	with	A,	 the	 EPT	 and	 E2PT	

products	 (B	 and	 C,	 respectively)	 were	 identified	 when	 the	
working	 electrode	 was	 polarized	 positive	 of	 the	 associated	
phenoxyl	radical/phenol	redox	couple.	Following	polarization,	
B	and	C	products	are	present	in	equilibrium	and	at	concentra-
tions	that	are	stable	on	the	time	scale	of	the	measurements.	

	
From	the	IRSEC	data	described	above,	the	extinction	coeffi-
cient	for	the	band	at	1652	cm-1	in	7	was	used	as	an	approxi-
mate	 value	 for	 the	extinction	 coefficient	 of	 the	1652	 cm-1	
band	 present	 in	 the	 E2PT	 products	 of	 2,	 3	 and	 4	 (C	 in	
Scheme	1)	and	in	deriving	the	concentrations	of	the	E2PT	
products	following	oxidation	in	each	case.	For	each	system,	
subtracting	the	concentration	of	the	E2PT	product	from	the	
initial	concentration	of	the	respective	BIP-PhRimine	starting	
material	(A	in	Scheme	1)	yields	the	concentration	of	the	EPT	
product	 (B	 in	 Scheme	 1)	 and	 the	 equilibrium	 constant,	
Keq=[E2PT]/[EPT],	 associated	 with	 interconversion	 be-
tween	the	EPT	and	E2PT	oxidation	products	(Table	3).	
The	plot	 of	ΔG0	 derived	 from	 these	 values	 follows	 the	 ex-
pected	 linear	 Hammett	 relationship	 (Figure	 6).	 Because	
there	was	no	detectible	level	of	the	EPT	product	measured	
in	the	IRSEC	of	7,	the	Hammett	plot	in	Figure	6	was	extrap-
olated	as	shown	to	give	a	Keq	of	13.8	for	7.	Using	this	value	
of	Keq,	 in	conjunction	with	 the	E1/2	value	measured	for	 the	
E2PT	process	of	7,	the	E1/2	value	associated	with	the	EPT	
process	of	7	was	determined	to	be	1.00	V	vs	SCE	in	CH3CN	
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(1.02	V	vs	SCE	in	CH2Cl2).	Because	the	EPT	and	E2PT	pro-
cesses	involve	the	breaking	and	forming	of	different	num-
bers	and	types	of	bonds,	the	EPT	redox	potentials	were	cal-
culated	using	an	isodesmic	scheme	with	this	E1/2	value	asso-
ciated	with	the	EPT	process	of	7	as	a	reference	(see	pages	
S74–S76).	This	scheme	was	used	to	calculate	the	E1/2	values	
for	the	EPT	processes	shown	in	Table	2	and	Figure	4.	Ta-
ble	3	 shows	 the	experimental	and	calculated	 equilibrium	
constants	and	corresponding	DG0	 for	 the	 four	compounds	
studied	using	IRSEC.	Negative	ΔG0	values	indicate	that	the	
E2PT	 product	 is	 thermodynamically	more	 favorable	 than	
the	EPT	product,	as	 is	 the	case	 for	 compounds	with	elec-
tron-donating	substituents	such	as	-OCH3.	

	

Figure	6.	Experimentally	determined	free	energy	differences	
between	E2PT	and	EPT	products	formed	upon	oxidation	of	the	
BIP-PhRimines	 vs	 the	 σp	 for	 each	 of	 the	 BIP-PhRimines.	 The	
point	at	the	lower	left	for	7	(black	circle	with	red	outline)	is	ob-
tained	by	extrapolating	the	line	from	the	experimental	values	
of	2,	3	and	4	(R=0.98).	Note	that	ΔG0	crosses	from	negative	to	
positive	values	between	3	and	4.	

	
Table	3. Free	Energy	Differences	and	Equilibrium	Con-
stants	for	the	E2PT	and	EPT	Productsa	

Compound	
DG0	(kcal/mol)	 Keq	
Exp.	 Calc.	 Exp.	 Calc.	

2:	BIP-PhCNimine	 0.6	 0.5	 0.4	 0.4	

3:	BIP-PhCF3imine	 0.4	 0.5	 0.5	 0.5	

4:	BIP-PhClimine	 -0.4	 -0.2	 2.0	 1.5	

7:	BIP-PhOCH3imine	 -1.6	 -1.6b	 13.8	 13.8b	

a	The	values	reported	herein	were	experimentally	measured	
and	calculated	in	CH2Cl2.	An	analogous	table	for	the	calcula-
tions	performed	in	CH3CN	is	provided	in	Table	S18.	
b	The	EPT	and	E2PT	redox	potentials	for	7	were	used	as	the	
reference	reactions,	and	therefore	the	experimental	and	cal-
culated	values	agree	by	construction.	

	

On	the	other	hand,	with	electron-withdrawing	substituents	
such	as	-CF3	and	-CN,	the	situation	is	reversed,	and	the	pos-
itive	values	of	ΔG0	indicate	that	the	EPT	products	are	ther-
modynamically	more	favorable.	This	trend	is	also	shown	in	
Figure	4,	where	the	calculated	E1/2	values	associated	with	
EPT	processes	 fall	below	those	associated	with	the	corre-
sponding	E2PT	processes	at	more	positive	Hammett	 con-
stants.	
KIE.	 Experimental	 KIE	 values	 were	 determined	 electro-
chemically	for	BIP-PhRimines	2,	3,	4	and	7	and	are	reported	
in	Table	4.	As	can	be	seen,	the	KIE	values	are	close	to	1.0	
and	are	in	line	with	previously	reported	values	for	related	
systems.33	These	previous	calculations	employed	a	vibroni-
cally	nonadiabatic	PCET	theory,25,69–71	which	may	be	viewed	
as	 an	 extension	 of	 Marcus	 theory	 for	 electron	 transfer72	
with	 the	 transferring	 proton,	 as	 well	 as	 the	 electrons,	
treated	quantum	mechanically	to	allow	simultaneous	elec-
tron	and	proton	tunneling.	In	this	PCET	theory,	the	overall	
rate	constant	is	computed	as	the	sum	of	the	individual	rate	
constants	 associated	 with	 pairs	 of	 reactant	 and	 product	
electron-proton	vibronic	states,	weighted	by	the	Boltzmann	
population	of	the	reactant	state.	Each	 individual	rate	con-
stant	for	a	pair	of	reactant/product	vibronic	states	depends	
exponentially	on	the	free	energy	barrier	and	is	proportional	
to	the	square	of	the	vibronic	coupling,	which	is	the	product	
of	the	electronic	coupling	and	the	overlap	integral	between	
the	reactant	and	product	proton	vibrational	wavefunctions.	
In	the	context	of	this	PCET	theory,	the	KIE	of	around	unity	
is	explained	 in	 terms	of	significant	contributions	 from	ex-
cited	 electron-proton	 vibronic	 states.	 The	 proton	 vibra-
tional	wavefunctions	 associated	with	 these	 excited	 states	
are	more	delocalized	and	therefore	can	lead	to	larger	over-
lap	integrals	within	the	vibronic	coupling.	As	discussed	else-
where,25,71	greater	 overlap	 integrals	 between	 the	 reactant	
and	 product	 proton	 vibrational	 wavefunctions	 typically	
lead	to	lower	KIEs	that	can	approach	unity.	
	
Table	4.	Experimental	Kinetic	Isotope	Effects	

Compound	 KIE	

2:	BIP-PhCNimine	 1.2	±	0.3	

3:	BIP-PhCF3imine	 1.3	±	0.3	

4:	BIP-PhClimine	 1.1	±	0.3	

7:	BIP-PhOCH3imine	 1.1	±	0.3	

	
In	previous	 studies	 on	related	 systems,	we	observed	that	
BIP	compounds	exhibiting	only	the	E2PT	product	have	KIEs	
~1,	while	related	compounds	exhibiting	only	the	EPT	prod-
uct	have	larger	KIEs	(>1.5),	with	the	exception	of	porphyrin-
bound	BIPs.33	Accordingly,	in	the	present	series	compound	
7	yields	predominantly	the	E2PT	product,	and	the	electro-
chemically	measured	KIE	is	~1.	The	other	compounds,	2,	3	
and	4,	 form	both	EPT	and	E2PT	products,	with	EPT	domi-
nating	 for	 electron-withdrawing	 substituents	 such	 as	 -CN	
and	-CF3	in	2	and	3,	respectively.	Even	though	a	tendency	
toward	larger	KIE	values	for	the	formation	of	EPT	products	
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is	apparent	in	these	compounds,	the	error	bars	make	it	im-
possible	to	use	KIE	data	as	a	definitive	predictor	between	
the	EPT	and	E2PT	mechanisms.	
	
Conclusion	
The	BIP-PhRimines	are	bioinspired,	reversible,	hole-trans-
porting	 artificial	 photosynthetic	model	relays	 that	 exhibit	
proton	translocation	over	~6	Å.	This	series	illustrates	for-
mation	of	both	EPT	and	E2PT	products	upon	electrochemi-
cal	 oxidation	 of	 the	 phenol.	 From	 spectroelectrochemical	
and	theoretical	data	we	conclude	that	the	ratio	of	E2PT	to	
EPT	products	following	oxidation	can	be	modulated	by	the	
nature	 of	 the	 substituents	 on	 the	 BIP-PhRimines.	 Strong	
electron-withdrawing	groups	such	as	-CN	and	-CF3	decrease	
both	the	H-bond	strength	and	the	imine	nitrogen	basicity;	
thus,	the	second	proton	transfer	is	less	thermodynamically	
favored	and	the	EPT	product	 is	dominant.	Conversely,	 the	
stronger	electron-donating	group	-OCH3	increases	both	the	
H-bond	 strength	 and	the	 imine	nitrogen	basicity,	and	 the	
E2PT	product	 is	 the	dominant	species	upon	oxidation.	An	
intermediate	situation	is	achieved	using	the	-Cl	substituent,	
where	a	mixture	of	both	oxidized	species	corresponding	to	
EPT	and	E2PT	processes	was	observed.	We	 found	experi-
mentally	only	a	slight	change	in	the	phenol	redox	potential,	
0.99	 to	0.93	V	vs	 SCE,	 between	the	compounds	 that	 yield	
predominantly	 the	 EPT	 products	 and	 those	 that	 yield	
mainly	the	E2PT	products.	
These	findings	are	relevant	in	the	context	of	designing	arti-
ficial	 photosynthetic	assemblies	 given	 that	 the	previously	
reported	 amino-substituted	 BIPs	 with	 redox	 potentials	
~0.6	V	vs	SCE	would	not	be	able	to	act	as	a	relay	in	water	
oxidation	 at	 near-neutral	 pH.32	 In	 contrast,	 BIP-PhRimine	
derivatives	that	conserve	the	high	phenol	redox	potential,	
close	to	1.0	V	vs	SCE,	would	be	thermodynamically	capable	
of	acting	as	redox	relays	in	water	oxidation	schemes	resem-
bling	natural	photosynthesis.	The	different	behaviors	of	the	
imino-	 and	 amino-substituted	 BIPs	 arise	 from	 a	 balance	
among	the	relative	pKa	 values,	 the	H-bond	 strengths,	 and	
the	midpoint	potential	of	the	phenoxyl	radical/phenol	cou-
ple.	The	experimental	and	computational	work	herein	ex-
plores	the	delicate	balance	among	these	factors	in	favoring	
either	the	EPT	or	the	E2PT	process	and	in	tuning	the	asso-
ciated	redox	potentials.	
It	is	important	to	emphasize	that	because	the	EPT	and	E2PT	
products	are	in	equilibrium,	endergonic	steps	(K<1)	do	not	
preclude	the	transport	of	protons	over	a	H-bond	network.	
Just	as	electrons	can	be	transferred	over	endergonic	steps	
in	 redox	 reactions	 in	 electron	 transport	 chains,73	 proton	
transport	over	endergonic	steps	could	occur	as	long	as	the	
final	step	is	exergonic	with	respect	to	the	initial	PCET	pro-
cess.	Certainly,	a	future	challenge	in	biomimicry	is	efficient	
net	proton	transfer,	which	will	require	a	molecular	design	
in	which	the	PCET	site	is	“reloaded”	with	a	new	proton	after	
each	oxidation.	
The	results	from	these	model	systems	provide	insight	into	
the	role	played	by	PCET	and	the	TyrZ-His190	relay	of	PSII	in	
water	oxidation	and	management	of	proton	activity	around	
the	 energy-coupling	 thylakoid	membrane	of	 plants,	 algae,	

and	cyanobacteria.	This	work	also	demonstrates	that	the	ex-
quisite	control	over	proton	activity,	a	feature	common	to	all	
bioenergetic	 systems,	 can	 be	 explored	 in	 artificial	 con-
structs,	where	 it	can	lead	 to	design	principles	 for	efficient	
solar	energy	conversion	in	artificial	photosynthesis.	
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