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ABSTRACT: Correlation analysis of the oxidation potentials of a serié¢,Nf,N’-triphenyl-1,3,5-triaminobenzenes
(TPABS) substituted at thpara positions of the outer phenyl rings shows a linear free energy relationship with
resonance-enhanced substituent parametéis Reaction parameters{) for oxidation of TPABs were found to be
—1.53,-1.45 and—1.34 (per substituent) in methylene chloride, acetonitrile and propylene carbonate respectively.
The resonance enhancement and small magnitude pfithalues 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 gEsubstituted triphenylamines were treated similarly and gawe aalue of —3.27

(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.0 1998 John Wiley & Sons, Ltd.

KEYWORDS: substituted 1,3,5-triaminobenzenes; electrochemistry; linear free energy correlation; substituted
triphenylamines

INTRODUCTION NHPh-X . li\lHPh-XA-
SeveralN-alkyl- and N-aryl-substituted derivatives of  x-PhHN NHPh-X Base x-PhHN"H“*Nth_x

1,3,5-triaminobenzene have been shown to react with
electrophiles at the central aromatic ring to form stable
carbocationier-complexes: = These stable-complexes
are of inherent interest and are useful as models for the Scheme 1

intermediate steps of electrophilic aromatic substitution

reactions- There has been growing interest in ferromag- of the cationica-complexes ofN,N,N’-triphenyl-1,3,5-
netic spin coupling between radical cations mediated by triaminobenzenes (TPABs) formed by protonation of the
1,3-diaminobenzene and 1,3,5-triaminobenzene moi-central benzene ring (Scheme 1) has been quantified and
eties;* especially in systems derivative of the tris was found to exhibit a strong linear free energy
(radical cation) of N,N,N,N,N",N’-hexaphenyl-1,3,5-  relationship with respect to substituents on the outer
triaminobenzene (HTAB), which have been shown to benzene rings, especially electron donors at phea
exhibit high spin states up to a ground state quartet in positions’ In principle the same substituents may
solution>" It has been shown that electron-donating influence the formation and stability of radical cations
substituents, e.g. methoxy groups, on the outer phenylgenerated by oxidation of TPABs (Scheme 2). Systematic
rings of HTAB derivatives decrease the oxidation studies of the electrochemical oxidation of a series of
potentials and increase the stability of the resulting substituted TPABs would help clarify the potential of
radical cationg;® but the magnitude of these substituent substituents to increase the stability of the triradical
effects has not been treated quantitatively. The stability cations of HTABs and may facilitate the use of HTABs

TPABs X = H, p-methyl, p-methoxy,

p-chloro, p-fluoro

NHPh-X NHPh-X
*Correspondence toD. T. Glatzhofer, Department of Chemistry and i AT
Biochemistry and Center for Electronic and Photonic Materials and slectrolvte _, .
Devices, The University of Oklahoma, Norman, OK 73019, USA. X-PhHN NHPh-X Y X-PhHN S NHPh-X
Contract/grant sponsorNational Science Foundationpntract grant
number:0ST-9550478. Scheme 2
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as building blocks in the construction of molecular
magneticmaterialst* In this study the electrochemical
oxidationof a seriesof p-substitutedTlPABswasstudied
and the results were analyzedby linear free energy
correlation.

EXPERIMENTAL

All solvents were obtained commercially and used
without further purification unlessotherwisenoted.The
p-substitutedTPABs were synthesizedusing literature
procedures*?andwererecrystallizedrom tolueneprior
to use.SimpleHiickel MO calculationswere carriedout
usingthe HMO program(version2.1,J.J.FarrellandH.
H. Haddon,Franklin and Marshall College, Lancaster,
PA, USA) for MaclntoshcomputersCyclic voltammetry
(CV) datawereobtainedusinga CypressSystemsOmni
90potentiostandYokogawaModel 3025X—-Yrecorder.
CypressSystemsgold (for CH,CI,) or platinum (for
acetonitrile and propylene carbonate)mini-electrodes
(Imm diameter) were used as working electrodes,
together with a Pt wire auxiliary electrode. Several
referenceelectrodesppropriatdor thedifferentsolvents
were used.Oxidation potentialsare reportedto 0.01V,
normalizedto the potentialof anaqueouAg/AgCl (3 M
KCl saturatedwith AgCl) reference electrode from
Microelectrodesusing the redox potential of ferrocene
with eachsolvent/electrodeair for calibrationpurposes.
An Ag/Ag™ referenceslectrodefor usein acetonitrileor
propylenecarbonatevasfabricatedby immersinga clean
Ag wire in aceramic-frittedplasticsleevecontainingl00
mM AgNO;s in acetonitrile>® An Ag/AgCl wire reference
electrodefor usein CH,Cl, wasfabricatedby placinga
cleanAg wire in asaturatedolutionof KCI anddrying *3
The formal reduction potentials E> measured for
ferroceng(10.2mM) in acetonitrilewith BuyNBF, (100
mM) as the electrolyte againstthe referenceswere as
follows: 0.44V vs Ag/AQCl gy 0.51V vs Ag/AQClire),
0.01V vs Ag/Ag™. For CH,Cl, and acetonitrile,1 mM
TPAB (10 mM for propylene carbonate)in 100 mM
electrolyte solution was scannedat 250 mV st
beginning at 0.00 V vs the referenceelectrode and
scanningnitially in the cathodicdirection.Nitrogenwas

1.50 1.0 .50 0 -0.50

Potential vs Ag/Ag+, \"

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 BuyNBFy; solvent, propylene carbonate; working
electrode, Pt; auxiliary electrode, Pt wire; reference elec-
trode, Ag/Ag™; initial coordinate, —0.40V; anodic limit,
1.20V; cathodic limit, —1.00 V; X (potential), 0.25 Vem ' Y
(current), 2.5 A cm™"; scan rate, 250 mV s~

bubbledthrough the samplesolutionsfor about1 min

before the cyclic voltammetry scanswere run. Cyclic

voltammogramswere recorded with the samples at

ambienttemperatureBaselinescansof solvent/electro-
lyte werecarriedoutto ensurethe absencef artifactsin

the TPAB voltammogrars.

RESULTS AND DISCUSSION

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

Table 1. Electrochemical data from CV for p-substituted N,N’,N"-triphenyl-1,3,5-triaminobenzenes in methylene chloride®

Substituent Epar (V)° Epaz (V)° Epas (V)" AE (V)¢ AlogKy ap"
-OCH;, 0.68 1.28 0.21 3.56 -0.78
-CHs 0.81 1.42 0.08 1.36 -0.31
-F 0.85 1.55 0.04 0.68 -0.07
-H 0.89 - 0 0 0
-Cl 0.93 1.58 —0.04 —0.68 0.11

& Conditions:1 mM compound, 100 mM BusNBF,, referenceelectrodeAg/AgCl, working electrodeAu, scanrate250mV s +.

® Epain V vs Ag/AGClaqy

1

¢ Potentialswere not detectedwithin the electrochemicalindow of the solventsystem.

dAExl = EpaJH — Epal,(-

0 1998JohnWiley & Sons,Ltd.
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Table 2. Electrochemical data from CV for p-substituted N,N’,N’-triphenyl-1,3,5-triaminobenzenes in acetonitrile®

Substituent Epaz (V)° Epaz (V)° Epas (V)*° AE,q (V)¢ AlogKy o'
OCH;, 0.56 1.15 0.17 2.88 -0.78
CHs 0.65 1.30 0.08 1.35 —-0.31
F 0.74 1.40 —0.01 -0.17 -0.07
H 0.73 - 0 0 0

Cl 0.80 1.43 —-0.07 —~1.18 0.11

& Conditions:1 mM compound, 100 mM Bu,NBF,, referenceelectrodeAg/Ag ™, working electrodePt, scanrate250m V s,

P EpaV vs Ag/AGCliagy

Z Potentialswerenot detectedwithin the electrochemicalindow of the solventsystem.

AEXI = Epa]H — Epalx-

Table 3. Electrochemical data from CV for p-substituted N,N’,N-triphenyl-1,3,5-triaminobenzenes in propylene carbonate

a

Substituent Epa1 (V)° Epaz (V)° Epaz(V)® AE,q (V)© AlogKy ap"
OCHs 0.58 1.15 1.28 0.16 2.71 -0.78
CHs 0.66 1.28 1.45 0.07 1.19 -0.31
F 0.73 1.40 - 0.01 0.17 -0.07
H 0.73 1.38 1.50 0 0 0

Cl 0.80 1.43 -0.07 ~1.18 0.11

& Conditions:10 mM compound 100 mM Bu,NBF,, referenceslectrodeAg/Ag™, working electrodePt, scanrate250m V st

® Epais V vs AG/AGCl-(agy
¢ AEXl = Epa]H — Epa]x.

oxidations(Fig. 1) at potentialssummarizedn Tablesl—

3. As expected, the oxidation potentials of the p-

substitutedTPABs with electron-donatinggroupswere
lower thanfor thosewith electron-withdrawig 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®®

andthusthe systemis likely non-chemicallyreversible.
To afirst approximatiorthen,thefirst oxidationexhibits
classicalEC mechanismbehavior*® and if the rate of

chemical reaction is much faster than the rate of

electrochemicalreaction, the electrochemicalstep be-

comespseudo-first-orderalbeit non-reversible This is

mostlikely the casefor our systemsaschangesn scan
rate over a limited rangefor the cyclic voltammograms
have no effect on the lack of observedreductionpeaks
and little effect on the position of the anodic peak
potentialE,, (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, differencesin Eg, should
reasonablyreflect free energydifferencesand allow for

correlation using the Hammett linear free energy
relationshig*

logKrel = po (1)

Correlationanalysishasbeenappliedto non-reversible
electrodeprocesse's andonly a brief descriptionof the

0 1998JohnWiley & Sons,Ltd.

—1

derivationis given here. The polarographichalf-wave
potentialE,» is simply relatedto AG by

E1/2 = —AG/nF (2)

Foraslow, irreversibleelectrodeprocesgeqn(3)) the
kinetic expression contains the heterogeneousrate
constantky’ at the standardpotential E° and the half-
wave potentialis given by eqn(4).

red— ne <, 0X (3)
Ei/» = E° — (2.3RT/anF)log(0.886)(t1/D)  (4)

Hereu is the transfercoefficient,t; is thedroptime, n
is thenumberof electronsF is the Faradayconstant]T is
thetemperaturén kelvins, R is thegasconstanandD is
the diffusion coefficient.For the differencein the half-
wave potentials(E1/5)x causediy addinga substituentX
in theparaor metapositionof theparentcompoundX =
H), egn(5) canbe derivedfrom eqgn(4).

(AEy/2), = (23RT/(Aan),F) Alog(k3),  (5)
(AEy ), = (23RT/nF) AlogKy (6)

Assumingthat the transfercoefficientis the samefor
eachsubstituteccompoundeqn(5) is equivalentto that
for areversibleprocesgeqn(6)). If Epais measuredor
eachsubstituentby cyclic voltammetryusing the same
scanrate, working electrode,electrolyte concentration
and compound concentration, the difference in the
oxidationpotentials
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ALog Kx

3o+

Figure 2. Hammett plots of AlogK; vs 3a,,™ for first oxidation
potentials of p-substituted N, N’,N"-triphenyl-1,3,5-triamino-
benzenes in methylene chloride (squares, AlogK, =0.032
—1.53(30,"), R=0.99), acetonitrile (triangles, Alogk; =
0.328 —1.45(3¢,"), R=0.98) and propylene carbonate
(circles, AlogK,=0.260 —1 .34(30,3*), R=0.98)

AEy = Epah - Epa< (7)

can be substitutedinto eqn (6) to give eqgn (8). The
reactionconstantp for the electrodeprocesscanthenbe
determinedby plotting AlogK, againstthe substituent
constantsr (eqn(9)).®

AEy = (2.3RT/nF) AlogKy (8)
AlogKy = po (9)

Valuesof AlogK, for the first oxidation potentialsof
the para-substitutedTPABsin all threesolventsshowed
a linear relationshipwith respectio resonance-enhaed
substituentconstantse,” (Fig. 2).* Plotting AlogKy
againstseveraldifferent ¢ valuesindicatedthat the best
linearfit waswith o, " values(e.g.correlationcoefficient
for simpleos valuesin methylenechloride,R =0.91).The
slopes of the Hammett plots of the first oxidation
potentialsof the para-substitutedTPABs againstthe 3
p_ Vvalues gave p© as —1.53, —1.45 and —1.34 in
methylenechloride,acetonitrileandpropylenecarbonate
respectivelyThe3q," valueswereusedto normalizefor
the presenceof three substituents.The effect of the
substituentss lessin the most polar solvent, propylene
carbonate,which should better stabilize the radical
cationsformed than the least polar solvent, methylene
chloride,andvaluesof p* appearto scalelinearly with
the dielectric constant of the solvent. In propylene
carbonatethe secondoxidation potentialsof the para
substitutedTPABSs also showeda linear relationshipto
the o, values (correlation coefficient for ¢ values,
R=0.95)andgavea p* valueof —1.81(R=0.99).The
increasein p* for the secondoxidation processwould

0 1998JohnWiley & Sons,Ltd.

be expectedowing to the less stable diradical cation
species.

Thecorrelationof the oxidationpotentialsof the para-
substituted’ PABswith thes,, " valuesshowsthatthereis
a resonance-enhancebstituenteffect. In spite of the
full positive charge developedon the TPAB upon
oxidation, the correlation of oxidation potentialswith
» valueswasnotexpectedIt haspreviouslybeenshown
that the substitution effect on the pK, values of the
protonatedr-complexef the TPABs,which alsobeara
full positivecharge(Schemel), waslinearin relationto
simple ¢ values® The correlation betweenTPAB pK,
valuesandsimpleos valueswasexplainedby thefactthat
once protonationof the central ring occurred,simple
resonanceontributorscould not be drawnto delocalize
the chargefrom the centralring onto the outerrings to
allow direct interactionwith the substituentsSimilarly,
simpleresonancstructurecannotbe drawnto showthe
direct resonancestabilizationof the positive chargeby
theparasubstituent®ntheouterringsof aradicalcation
localized in the central ring or on the nitrogen. This
would suggestthat there should not be a resonance-
enhancedsubstituenteffect and o, " valuesshould not
givethebestlinearfit. Resonancstructurecanbedrawn
to placethe radical adjacentto the para substituentsn
the outer rings, which could then be stabilized by =-
resonancebut this effect, if operatingsolely, would be
relatively weak and not be expectedo be very solvent-
dependentHowever,for the protonationof TPABs the
substitution effect on the pK, values correspondsto
equilibrium free energydifferencesbetweenthe proto-
natedand non-protonatedspecieswhich have different
electronic structures. The stabilities of the charged,
protonatedr PABswould be expectedo contributemost
to the free energy differencesand the effects of the
substituentsare most pronouncedin the protonated
speciesThen-systenmof theprotonatedr PABsis broken
up by the protonated carbon, diminishing the =-
delocalization(resonancexontribution of the substitu-
ents.SimpleHiickel MO calculationsshowedhatalmost
all theexcesgositivechargegeneratean protonationof
TPAB remainson theinnerring andnitrogenswhile the
outerrings 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 simple s values.

In contrast with the protonation of TPABs, the
oxidationof TPABsinvolvesremovingan electronfrom
the HOMO of the TPAB and in the processdoesnot
changethe MOs, only the electrondensitydistributions
andthe total energyof the system.Thereforewhatever
contributionthe substituentsnaketo the HOMO of the
neutral moleculethroughdelocalizationis preservedn
the SOMO of the radical cation through the intact =-
systemyesultingin thefreeenergydifferencesandin the
linear relationshipbetweenthe oxidation potentialsand
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Table 4. Electrochemical data for p-substituted N,N,N-
triphenylamine in acetonitrile

Substituent Ep (V)® AEx (V)® AlogKy 6,7 30,"

OCH; 0.52 0.40 6.78 —-0.78 —2.34
CHs 0.75 0.17 2.88 -0.31 -0.93
F 095 -0.03 -051 -0.07 -0.21
H 0.92 0 0 0 0

Cl 1.04 -012 -2.03 0.11 0.33

Br 1.05 -013 -2.20 015 0.45

: Epzis V vs SCE;seeRef. 17.
AEX]_ = Ep/QH — Ep/ZX'

the ¢," values.Indeed,simple Huckel MO calculations
showed that although more than 75% of the excess
positivechargegeneratedn oxidationof TPAB remains
ontheinnerring andnitrogensaboutl0%excessharge
residesat the threepara positionsof the outerrings. The

relatively small amountof excesschargeon the para

positionsof the outerringsis consistentvith thefact that

simple resonancestructurescannotbe drawn to show
direct resonancestabilizationof the positive chargeby

the para substituentson the outer rings and is also
consistentwith the magnitudeof p* valuesfor TPAB

oxidationswhich arequite smallfor resonance-enhaed

reactions-®

Giventheaboveresultsfor TPABs,we wereinterested
in the correlation analysis of oxidation potentials of
substituted triphenylamines. Several studies of the
oxidation potentialsof substitutedriphenylamineshave
beenreported:~?°but to the bestof our knowledgethey
have not been correlated with Hammett substituent
constants.The oxidation potentialsof the trisubstituted
triphenylamines,’ treated as describedabove for the
oxidationpotentialsof the para-substitutedr PABs,gave
values of AlogKy (Table 4) which showed a linear
relationshipto o, " values. A Hammettplot of AlogK, vs
30, " gaveap™ valueof —3.27(Fig. 3). The oxidationof
triphenylaminess analogougo that of the TPABs and
therefore correlation of oxidation potentials with a,"
valueswas expected.Simple Hiickel MO calculations
showedthat about 25% of the excesspositive charge
residesat the threepara positionsof the phenylrings of
triphenylamineon oxidation, accountingfor the larger
magnitudeof p* relativeto thatfor the TPABs.

The predictive value of the linear correlations
presentedhere can be demonstratedby comparing
oxidation potentials of substitutedHTABs calculated
using the dataabovewith measuredvalues® Applying
thelinear correlationfor oxidationof substitutedTPABs
in dichloromethangFig. 2) and using 60,,", calculated
valuesof Ep,=0.72and0.47V vs Ag/AgCl(aq) (0.70and
0.45V vs SCE)areobtainedfor the oxidationof hexap-
methyl-andhexap-methoxy-substitutetH TABS respec-
tively. At first glancethesevaluesdo not correlatevery
closely with experimentalvalues (estimatedE® = 0.82
and 0.65 V vs SCE)® However, HTABs have greater

0 1998JohnWiley & Sons,Ltd.

8

3o+

Figure 3. Hammett plot of AlogK; vs 3a,™ for first oxidation
potentials of p-substituted N,N,N-triphenylamines in acet-
onitrile (AlogK, =-0.634 —3.27(30'p+), R=0.99)

steric constraintsthan TPABs and the diphenylamino
moietiesarelikely turnedout of the planeof the central
benzenering,*° decreasingresonancenteractionsand
increasingthe oxidation potentialsfor the HTABs.

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 (E”=0.98 V vs SCE, averageof literature
values)>'° which resultsin an increasein oxidation
potential of about0.11V due to decreasedesonance
interactions.Using this value of 0.11 as an empirical
correctionfactorandaddingit to thecalculatedoxidation
potentialsfor hexap-methyl- and hexap-methoxy-sub-
stituted HTABs gives E,,=0.81 and 0.56 V vs SCE
respectively,values which agree reasonablywith the
experimentalvalues.The underestimatiorof the calcu-
latedvaluesandthe largerdiscrepancyor the methoxy-
substituted HTAB suggestthat there may be some
undeterminedscalingfactor, possiblydue to comparing
EpaValueswith estimatec=” values?* which needso be
appliedto gain more accuracy.Dual-parametecorrela-
tions™* and higher-level calculational studies of the
electronic and structural differences between TPABs
andHTABs mayleadto bettercorrelationsandto abetter
understandingf the inductive and resonancecontribu-
tions of substituentdoward the oxidation potentialsof
TPABs and HTABs and the stability of the resulting
radical cations.

CONCLUSIONS
Thelinearfree energyrelationshipbetweerthe oxidation

potentialsof substitutedTPABSs resultsfrom small but
significantresonanceffectsfrom substituentatthe para
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736 D. T. GLATZHOFERAND M. C. MORVANT

positionsof the outerphenylrings. Thelinear correlation
allows prediction of the oxidation potentialsof related
phenylamino-suliguted compoundsand may aid in the
designof molecularmagneticmaterialsbasedon these
compoundsgespeciallywith respectto matching redox
potentialsin donor—acceptocomplexesnvolving these
compounds.
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