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ABSTRACT: Correlation analysis of the oxidation potentials of a series ofN,N',N@-triphenyl-1,3,5-triaminobenzenes
(TPABs) substituted at thepara positions of the outer phenyl rings shows a linear free energy relationship with
resonance-enhanced substituent parameters (s�). Reaction parameters (r�) for oxidation of TPABs were found to be
ÿ1.53,ÿ1.45 andÿ1.34 (per substituent) in methylene chloride, acetonitrile and propylene carbonate respectively.
The resonance enhancement and small magnitude of ther� values are related to a significant but weak delocalization
of charge onto the outer phenyl rings in the molecular orbitals of radical cations resulting from the oxidation of
TPABs. Data on the oxidation ofp-substituted triphenylamines were treated similarly and gave ar� value ofÿ3.27
(per substituent) in acetonitrile, greater than that for TPABs owing to a more significant delocalization of charge onto
the phenyl rings in the molecular orbitals of the corresponding radical cations. To demonstrate their predictive value,
these linear free energy correlations were used to estimate the oxidation potentials of similarly substituted
N,N,N',N',N@,N@-hexaphenyl-1,3,5-triaminobenzenes, which are of interest as building blocks for molecular magnetic
materials. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

SeveralN-alkyl- and N-aryl-substituted derivatives of
1,3,5-triaminobenzene have been shown to react with
electrophiles at the central aromatic ring to form stable
carbocationics-complexes.1–3 These stables-complexes
are of inherent interest and are useful as models for the
intermediate steps of electrophilic aromatic substitution
reactions.1 There has been growing interest in ferromag-
netic spin coupling between radical cations mediated by
1,3-diaminobenzene and 1,3,5-triaminobenzene moi-
eties,4–10 especially in systems derivative of the tris
(radical cation) of N,N,N',N',N@,N@-hexaphenyl-1,3,5-
triaminobenzene (HTAB), which have been shown to
exhibit high spin states up to a ground state quartet in
solution.4,5,7 It has been shown that electron-donating
substituents, e.g. methoxy groups, on the outer phenyl
rings of HTAB derivatives decrease the oxidation
potentials and increase the stability of the resulting
radical cations,4–6 but the magnitude of these substituent
effects has not been treated quantitatively. The stability

of the cationics-complexes ofN,N',N@-triphenyl-1,3,5-
triaminobenzenes (TPABs) formed by protonation of the
central benzene ring (Scheme 1) has been quantified and
was found to exhibit a strong linear free energy
relationship with respect to substituents on the outer
benzene rings, especially electron donors at thepara
positions.2 In principle the same substituents may
influence the formation and stability of radical cations
generated by oxidation of TPABs (Scheme 2). Systematic
studies of the electrochemical oxidation of a series of
substituted TPABs would help clarify the potential of
substituents to increase the stability of the triradical
cations of HTABs and may facilitate the use of HTABs

Scheme 1

Scheme 2
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as building blocks in the construction of molecular
magneticmaterials.11 In this study the electrochemical
oxidationof a seriesof p-substitutedTPABswasstudied
and the results were analyzedby linear free energy
correlation.

EXPERIMENTAL

All solvents were obtained commercially and used
without further purificationunlessotherwisenoted.The
p-substitutedTPABs were synthesizedusing literature
procedures2,12andwererecrystallizedfrom tolueneprior
to use.SimpleHückel MO calculationswerecarriedout
usingtheHMO program(version2.1,J.J.Farrell andH.
H. Haddon,Franklin and Marshall College,Lancaster,
PA, USA) for MacIntoshcomputers.Cyclic voltammetry
(CV) datawereobtainedusinga CypressSystemsOmni
90potentiostatandYokogawaModel3025X–Yrecorder.
CypressSystemsgold (for CH2Cl2) or platinum (for
acetonitrile and propylene carbonate)mini-electrodes
(1 mm diameter) were used as working electrodes,
together with a Pt wire auxiliary electrode. Several
referenceelectrodesappropriatefor thedifferentsolvents
were used.Oxidation potentialsare reportedto 0.01V,
normalizedto thepotentialof anaqueousAg/AgCl (3 M
KCl saturatedwith AgCl) reference electrode from
Microelectrodesusing the redox potential of ferrocene
with eachsolvent/electrodepair for calibrationpurposes.
An Ag/Ag� referenceelectrodefor usein acetonitrileor
propylenecarbonatewasfabricatedby immersingaclean
Ag wire in aceramic-frittedplasticsleevecontaining100
mM AgNO3 in acetonitrile.13An Ag/AgCl wire reference
electrodefor usein CH2Cl2 wasfabricatedby placinga
cleanAg wire in asaturatedsolutionof KCl anddrying.13

The formal reduction potentials Eo’ measured for
ferrocene(10.2mM) in acetonitrilewith Bu4NBF4 (100
mM) as the electrolyteagainstthe referenceswere as
follows: 0.44V vsAg/AgCl(aq), 0.51V vsAg/AgCl(wire),
0.01 V vs Ag/Ag�. For CH2Cl2 andacetonitrile,1 mM
TPAB (10 mM for propylenecarbonate)in 100 mM
electrolyte solution was scanned at 250 mV sÿ1,
beginning at 0.00 V vs the referenceelectrode and
scanninginitially in thecathodicdirection.Nitrogenwas

bubbled through the samplesolutions for about 1 min
before the cyclic voltammetry scanswere run. Cyclic
voltammogramswere recorded with the samples at
ambienttemperature.Baselinescansof solvent/electro-
lyte werecarriedout to ensuretheabsenceof artifactsin
theTPAB voltammograms.

RESULTS AND DISCUSSION

The electrochemistryof TPABs in methylenechloride,
acetonitrileandpropylenecarbonatewasinvestigatedby
cyclic voltammetry. Cyclic voltammogramsof p-sub-
stituted TPABs showed one to three non-reversible

Figure 1. Typical cyclic voltammogram for TPABs. The
example shown is for N,N',N@-tri(4-methylphenyl)-1,3,5-
triaminobenzene in propylene carbonate. Conditions: 10
mM 1,3,5-tris(4-methylphenylamino)benzene; electrolyte,
100 mM Bu4NBF4; solvent, propylene carbonate; working
electrode, Pt; auxiliary electrode, Pt wire; reference elec-
trode, Ag/Ag�; initial coordinate, ÿ0.40 V; anodic limit,
1.20 V; cathodic limit,ÿ1.00 V; X (potential), 0.25 V cmÿ1; Y
(current), 2.5 mA cmÿ1; scan rate, 250 mV sÿ1

Table 1. Electrochemical data from CV for p-substituted N,N',N@-triphenyl-1,3,5-triaminobenzenes in methylene chloridea

Substituent Epal (V)b Epa2 (V)b Epa3 (V)b,c DEx1 (V)d DlogKx sp
�

-OCH3 0.68 1.28 – 0.21 3.56 ÿ0.78
-CH3 0.81 1.42 – 0.08 1.36 ÿ0.31
-F 0.85 1.55 – 0.04 0.68 ÿ0.07
-H 0.89 – – 0 0 0
-Cl 0.93 1.58 – ÿ0.04 ÿ0.68 0.11

a Conditions:1 mM compound,100mM Bu4NBF4, referenceelectrodeAg/AgCl, working electrodeAu, scanrate250mV sÿ1.
b Epa in V vs Ag/AgCl(aq).
c Potentialswerenot detectedwithin the electrochemicalwindow of thesolventsystem.
dDEx1 = Epa1H

ÿ Epa1X
.
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oxidations(Fig. 1) atpotentialssummarizedin Tables1–
3. As expected, the oxidation potentials of the p-
substitutedTPABs with electron-donatinggroupswere
lower than for thosewith electron-withdrawing groups.
The non-reversibility of the first TPAB oxidation
possibly arises from the loss of protons from the
iminium-like nitrogen atoms after oxidation occurs,13

andthusthe systemis likely non-chemicallyreversible.
To a first approximationthen,thefirst oxidationexhibits
classicalEC mechanismbehavior,13 and if the rate of
chemical reaction is much faster than the rate of
electrochemicalreaction, the electrochemicalstep be-
comespseudo-first-order,albeit non-reversible.This is
mostlikely the casefor our systems,aschangesin scan
rateover a limited rangefor the cyclic voltammograms
haveno effect on the lack of observedreductionpeaks
and little effect on the position of the anodic peak
potentialEpa (evenwithout scanningasfar asto include
the second oxidation potential). As long as these
conditionshold for all the compoundsand the transfer
coefficient is the same for each compound under
identical scan conditions, differences in Epa should
reasonablyreflect free energydifferencesandallow for
correlation using the Hammett linear free energy
relationship14

logKrel � �� �1�

Correlationanalysishasbeenappliedto non-reversible
electrodeprocesses15 andonly a brief descriptionof the

derivation is given here. The polarographichalf-wave
potentialE1/2 is simply relatedto DG by

E1=2 � ÿ�G=nF �2�
For a slow, irreversibleelectrodeprocess(eqn(3)) the

kinetic expression contains the heterogeneousrate
constantke

o at the standardpotential Eo and the half-
wavepotentialis givenby eqn(4).

redÿ neÿ!k
o
e ox �3�

E1=2 � Eoÿ �2:3RT=�nF� log�0:886ko
e��t1=D� �4�

Herea is the transfercoefficient,t1 is thedroptime, n
is thenumberof electrons,F is theFaradayconstant,T is
thetemperaturein kelvins,R is thegasconstantandD is
the diffusion coefficient.For the differencein the half-
wavepotentials(E1/2)x causedby addinga substituentX
in theparaor metapositionof theparentcompound(X �
H), eqn(5) canbederivedfrom eqn(4).

��E1=2�x � �2:3RT=���n�xF� � log�ko
e�x �5�

��E1=2�x � �2:3RT=nF� � logKx �6�
Assumingthat the transfercoefficientis the samefor

eachsubstitutedcompound,eqn(5) is equivalentto that
for a reversibleprocess(eqn(6)). If Epa is measuredfor
eachsubstituentby cyclic voltammetryusing the same
scan rate, working electrode,electrolyte concentration
and compound concentration, the difference in the
oxidationpotentials

Table 2. Electrochemical data from CV for p-substituted N,N',N@-triphenyl-1,3,5-triaminobenzenes in acetonitrilea

Substituent Epa1 (V)b Epa2 (V)b Epa3 (V)b,c DEx1 (V)d DlogKx sp
�

OCH3 0.56 1.15 – 0.17 2.88 ÿ0.78
CH3 0.65 1.30 – 0.08 1.35 ÿ0.31
F 0.74 1.40 – ÿ0.01 ÿ0.17 ÿ0.07
H 0.73 – – 0 0 0
Cl 0.80 1.43 – ÿ0.07 ÿ1.18 0.11

a Conditions:1 mM compound,100mM Bu4NBF4, referenceelectrodeAg/Ag�, working electrodePt, scanrate250m V sÿ1.
b Epa V vs Ag/AgCl(aq).
c Potentialswerenot detectedwithin the electrochemicalwindow of thesolventsystem.
d DEx1 = Epa1H

ÿ Epa1X
.

Table 3. Electrochemical data from CV for p-substituted N,N',N@-triphenyl-1,3,5-triaminobenzenes in propylene carbonatea

Substituent Epa1 (V)b Epa2 (V)b Epa3 (V)b DEx1 (V)c DlogKx sp
�

OCH3 0.58 1.15 1.28 0.16 2.71 ÿ0.78
CH3 0.66 1.28 1.45 0.07 1.19 ÿ0.31
F 0.73 1.40 – 0.01 0.17 ÿ0.07
H 0.73 1.38 1.50 0 0 0
Cl 0.80 1.43 – ÿ0.07 ÿ1.18 0.11

a Conditions:10 mM compound,100mM Bu4NBF4, referenceelectrodeAg/Ag�, working electrodePt, scanrate250m V sÿ1.
b Epa is V vs Ag/AgCl-(aq).
c DEx1 = Epa1H

ÿ Epa1X
.
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�Ex � EpaH ÿ EpaX �7�
can be substitutedinto eqn (6) to give eqn (8). The
reactionconstantr for theelectrodeprocesscanthenbe
determinedby plotting DlogKx againstthe substituent
constantss (eqn(9)).15

�Ex � �2:3RT=nF� � logKx �8�
� logKx � �� �9�

Valuesof DlogKx for the first oxidationpotentialsof
thepara-substitutedTPABsin all threesolventsshowed
a linear relationshipwith respectto resonance-enhanced
substituentconstantssp

� (Fig. 2).14 Plotting DlogKx

againstseveraldifferents valuesindicatedthat the best
linearfit waswith sp

� values(e.g.correlationcoefficient
for simples valuesin methylenechloride,R = 0.91).The
slopes of the Hammett plots of the first oxidation
potentialsof the para-substitutedTPABs againstthe 3
p
� values gave r� as ÿ1.53, ÿ1.45 and ÿ1.34 in

methylenechloride,acetonitrileandpropylenecarbonate
respectively.The3sp

� valueswereusedto normalizefor
the presenceof three substituents.The effect of the
substituentsis lessin the mostpolar solvent,propylene
carbonate,which should better stabilize the radical
cationsformed than the least polar solvent,methylene
chloride,andvaluesof r� appearto scalelinearly with
the dielectric constant of the solvent. In propylene
carbonatethe secondoxidation potentialsof the para-
substitutedTPABs also showeda linear relationshipto
the sp

� values (correlation coefficient for s values,
R = 0.95)andgavea r� valueof ÿ1.81(R = 0.99).The
increasein r� for the secondoxidation processwould

be expectedowing to the less stable diradical cation
species.

Thecorrelationof theoxidationpotentialsof thepara-
substitutedTPABswith thesp

� valuesshowsthatthereis
a resonance-enhancedsubstituenteffect. In spite of the
full positive charge developed on the TPAB upon
oxidation, the correlation of oxidation potentialswith
p
� valueswasnotexpected.It haspreviouslybeenshown

that the substitution effect on the pKa values of the
protonateds-complexesof theTPABs,whichalsobeara
full positivecharge(Scheme1), waslinear in relationto
simple s values.2 The correlationbetweenTPAB pKa

valuesandsimples valueswasexplainedby thefact that
once protonationof the central ring occurred,simple
resonancecontributorscould not be drawnto delocalize
the chargefrom the centralring onto the outer rings to
allow direct interactionwith the substituents.Similarly,
simpleresonancestructurescannotbedrawnto showthe
direct resonancestabilizationof the positive chargeby
theparasubstituentsontheouterringsof aradicalcation
localized in the central ring or on the nitrogen. This
would suggestthat there should not be a resonance-
enhancedsubstituenteffect and sp

� valuesshould not
givethebestlinearfit. Resonancestructurescanbedrawn
to placethe radicaladjacentto the para substituentson
the outer rings, which could then be stabilized by p-
resonance,but this effect, if operatingsolely, would be
relatively weakandnot be expectedto be very solvent-
dependent.However,for the protonationof TPABs the
substitution effect on the pKa values correspondsto
equilibrium free energydifferencesbetweenthe proto-
natedand non-protonatedspecieswhich havedifferent
electronic structures.The stabilities of the charged,
protonatedTPABswould beexpectedto contributemost
to the free energy differencesand the effects of the
substituentsare most pronouncedin the protonated
species.Thep-systemof theprotonatedTPABsis broken
up by the protonated carbon, diminishing the p-
delocalization(resonance)contribution of the substitu-
ents.SimpleHückelMO calculationsshowedthatalmost
all theexcesspositivechargegeneratedonprotonationof
TPAB remainson theinnerring andnitrogens,while the
outer rings actually havea slight total negativecharge,
including at the para position. Thereforethe effect of
outer-ring TPAB substituentson the stability of the
protonatedspeciesis largely inductive and resultsin a
bestlinear correlationwith simples values.

In contrast with the protonation of TPABs, the
oxidationof TPABsinvolvesremovinganelectronfrom
the HOMO of the TPAB and in the processdoesnot
changethe MOs, only the electrondensitydistributions
and the total energyof the system.Thereforewhatever
contributionthe substituentsmaketo the HOMO of the
neutralmoleculethroughdelocalizationis preservedin
the SOMO of the radical cation through the intact p-
system,resultingin thefreeenergydifferencesandin the
linear relationshipbetweenthe oxidationpotentialsand

Figure 2. Hammett plots of DlogKx vs 3sp
� for ®rst oxidation

potentials of p-substituted N,N',N@-triphenyl-1,3,5-triamino-
benzenes in methylene chloride (squares, DlogKx = 0.032
ÿ1.53(3sp

�), R = 0.99), acetonitrile (triangles, DlogKx =
0.328ÿ1.45(3sp

�), R = 0.98) and propylene carbonate
(circles, DlogKx = 0.260 ÿ1.34(3sp

�), R = 0.98)
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the sp
� values.Indeed,simpleHückel MO calculations

showed that although more than 75% of the excess
positivechargegeneratedon oxidationof TPAB remains
on theinnerring andnitrogens,about10%excesscharge
residesat thethreepara positionsof theouterrings.The
relatively small amountof excesschargeon the para
positionsof theouterringsis consistentwith thefact that
simple resonancestructurescannot be drawn to show
direct resonancestabilizationof the positive chargeby
the para substituentson the outer rings and is also
consistentwith the magnitudeof r� valuesfor TPAB
oxidations,whicharequitesmallfor resonance-enhanced
reactions.16

Giventheaboveresultsfor TPABs,wewereinterested
in the correlation analysis of oxidation potentials of
substituted triphenylamines. Several studies of the
oxidationpotentialsof substitutedtriphenylamineshave
beenreported,17–20but to thebestof our knowledgethey
have not been correlated with Hammett substituent
constants.The oxidation potentialsof the trisubstituted
triphenylamines,17 treated as describedabove for the
oxidationpotentialsof thepara-substitutedTPABs,gave
values of DlogKx (Table 4) which showed a linear
relationshipto sp

� values.A Hammettplot of DlogKx vs
3sp
� gavear� valueof ÿ3.27(Fig. 3). Theoxidationof

triphenylaminesis analogousto that of the TPABs and
thereforecorrelation of oxidation potentialswith sp

�

valueswas expected.Simple Hückel MO calculations
showedthat about 25% of the excesspositive charge
residesat the threepara positionsof thephenylringsof
triphenylamineon oxidation, accountingfor the larger
magnitudeof r� relativeto that for theTPABs.

The predictive value of the linear correlations
presentedhere can be demonstratedby comparing
oxidation potentials of substitutedHTABs calculated
using the dataabovewith measuredvalues.6 Applying
the linearcorrelationfor oxidationof substitutedTPABs
in dichloromethane(Fig. 2) and using 6sp

�, calculated
valuesof Epa= 0.72and0.47V vsAg/AgCl(aq) (0.70and
0.45V vs SCE)areobtainedfor theoxidationof hexa-p-
methyl-andhexa-p-methoxy-substitutedHTABs respec-
tively. At first glancethesevaluesdo not correlatevery
closely with experimentalvalues (estimatedEo' = 0.82
and 0.65 V vs SCE).6 However,HTABs have greater

steric constraintsthan TPABs and the diphenylamino
moietiesarelikely turnedout of the planeof the central
benzenering,10 decreasingresonanceinteractionsand
increasingtheoxidationpotentialsfor theHTABs.

This can be shown by comparing the oxidation
potential for non-substituted TPAB reported here
(Epa= 0.87 V vs SCE) with that of non-substituted
HTAB (Eo' = 0.98 V vs SCE, average of literature
values),6,10 which results in an increasein oxidation
potential of about 0.11 V due to decreasedresonance
interactions.Using this value of 0.11 as an empirical
correctionfactorandaddingit to thecalculatedoxidation
potentialsfor hexa-p-methyl- and hexa-p-methoxy-sub-
stituted HTABs gives Epa= 0.81 and 0.56 V vs SCE
respectively,values which agree reasonablywith the
experimentalvalues.The underestimationof the calcu-
latedvaluesandthe largerdiscrepancyfor themethoxy-
substituted HTAB suggest that there may be some
undeterminedscalingfactor, possiblydue to comparing
Epavalueswith estimatedEo' values,21 whichneedsto be
appliedto gain moreaccuracy.Dual-parametercorrela-
tions14 and higher-level calculational studies of the
electronic and structural differences between TPABs
andHTABs mayleadto bettercorrelationsandto abetter
understandingof the inductive and resonancecontribu-
tions of substituentstoward the oxidation potentialsof
TPABs and HTABs and the stability of the resulting
radicalcations.

CONCLUSIONS

Thelinearfreeenergyrelationshipbetweentheoxidation
potentialsof substitutedTPABs resultsfrom small but
significantresonanceeffectsfrom substituentsat thepara

Table 4. Electrochemical data for p-substituted N,N,N-
triphenylamine in acetonitrile

Substituent Ep/2 (V)a DEx1 (V)b DlogKx sp
� 3sp

�

OCH3 0.52 0.40 6.78 ÿ0.78 ÿ2.34
CH3 0.75 0.17 2.88 ÿ0.31 ÿ0.93
F 0.95 ÿ0.03 ÿ0.51 ÿ0.07 ÿ0.21
H 0.92 0 0 0 0
Cl 1.04 ÿ0.12 ÿ2.03 0.11 0.33
Br 1.05 ÿ0.13 ÿ2.20 0.15 0.45

a Ep/2 is V vs SCE;seeRef. 17.
b DEx1 = Ep/2H

ÿ Ep/2X
.

Figure 3. Hammett plot of DlogKx vs 3sp
� for ®rst oxidation

potentials of p-substituted N,N,N-triphenylamines in acet-
onitrile (DlogKx = -0.634 ÿ3.27(3sp

�), R = 0.99)
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positionsof theouterphenylrings.Thelinearcorrelation
allows prediction of the oxidation potentialsof related
phenylamino-substituted compoundsandmay aid in the
designof molecularmagneticmaterialsbasedon these
compounds,especiallywith respectto matchingredox
potentialsin donor–acceptorcomplexesinvolving these
compounds.
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