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ABSTRACT: Spin—spin interactions were examined for bis(tetrathiafulvalenyl) (TTF) derivatives bridged with a 1,1-
vinyl group (2,2-diphenyl1: 2,2-fluorenylidene?2; and 2,2-dimethyl3). The chemical oxidation of these cross-
conjugated TTFs using AgClQyielded characteristic seven-line ESR spectra, indicating the exchange interactions
between the unpaired electrons on each TTF moiety. Compdliadd 3, in addition, exhibited fine structures and
half-field resonances in the frozen solutions, which evidence the triplet interaction in the solid state, even with a
twisted geometry of the molecular configuration. These findings substantiate the possibility of spin—spin interactions
or triplet ground states predicted for some TTF oligomers. CopyfigB000 John Wiley & Sons, Ltd.
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INTRODUCTION synthesized, and their dication radical states were
checked by cyclic voltammetry (CV) and electron spin
Much attention has recently been paid to novel molecule- resonance (ESR) measuremehifBhe study concluded
based materials leading toward synthetic organic con-that the spin—spin coupling between the two unpaired
ductors and ferromagnetsSome of the strategic systems electrons is strongly dependent on the geometry of the
of those electric and magnetic properties have beentwo TTFs and that, in frozen solutions, spin—spin
closely concerned with charge-transfer complexes sinceinteraction occurred to produce the biradical, but the
the discovery of the highly conducting complex of ground state was a singlet, which was not in agreement
tetrathiafulvalene (TTF) and 7,7,8,8-tetracyanoquinodi- with the prediction of a triplet ground state on the basis of
methane (TCNQF. A promising class of donors is the theoretical calculations. Tentative explanations are as
derived from the tetrachalcogenafulvalene moiety. New follows.” Oxyallyl may possess a substantial HOMO-
donors based on the parent TTF moiety have beenLUMO gap due to oxygen-perturbed selective lowering
extensively pursued for molecular organic conductors of the symmetricalr orbital, and the carbonyl group is
and ferromagnetdand oligomeric TTFs have been also likely to contain an ionic polar structure which will result
developed for increased dimensionality of the conducting in less spin—spin interaction due to reduceaverlap.
process or magnetic interactibiRecent modifications of ~ Therefore, we tried another type of dimeric TTFs and
TTF have placed emphasis on the preparation of dimericprovided a preliminary report of the synthesis of
TTFs as new electron donotdn addition, theoretical  bis(tetrathiafulvalenyl)ethylenes, together with some
calculations on TTF dimers or oligomers have shed light properties of their dication radical saftdn this paper,
on the spin—-spin interactions between the unpairedwe detail the spin—spin interactions of the dications
electrons in the dication of the TTF dimers, especially derived from bis(tetrathiafulvalenyl)ethylenesl-3
the parallel spin ground state in some caS€kese kinds (Scheme 1).
of investigations stem from a semiempirical study of
electron exchange interactions in organic high-spin

systems. Thus, synthetic and well-characterized exam- O O
N . ! . R_R
inations have attracted much interest in these materials.

Baseo! ona theoretical pr_ediction, bis(tetrathiafulvale- [3>=<3| | S>=<S] s s M s s
nyl) derivatives bridged with a carbonyl group were s s s s [s>=<sl Is>=<s]

1:R=Ph

*Correspondence tod. Yamauchi, Graduate School of Human and 3:R=Me 2
Environmental Studies, Kyoto University, Nihonmatsu, Yoshida,
Kyoto 606-8501, Japan. Scheme 1
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Figure 1. ORTEP plots of 2,2-bis(tetrathiafulvalenyl)-1,1-diphenylene (1). (a) Top view of the molecule; (b) view perpendicular to

that shown in (a); (c) crystal structure

RESULTS AND DISCUSSION
Molecular structure of 1

The molecular structure and packing diagram of the
neutraldonor1 weredeterminedby x-ray analysis(Fig.
1). As shownin Fig. 1(a), the two TTF partsin 1 are
oriented in a twisted conformation, and the dihedral
anglesof the two TTF partsto the ethylenebridge are
49.3 and 51.4. In a similar manner,the two phenyl
groupsshowa twistedconformation the dihedralangles
totheethylenebeing44.6> and55.5. Thebonddistances
andanglesin the TTF andphenylpartsof the molecule
havenormalvalues.Interestingly the two spf carbonsin
the ethylenebridge exhibit a small twisting [Fig. 1(b)],
reflecting its overcrowdeddouble bond (the dihedral
angle betweenC1—C13—C7and C15—C14—C21lis
11°). Although the crystal structureshowsa stackingof
the TTF and phenylrings, thereis no S - -S interaction
betweenthe two neighboringTTF rings [Fig. 1(c)].

Cyclic voltammogram

In orderto estimatethe donorability andtheinteraction
between the two TTF moieties in 1-3, the redox
potentialsof thesedonorswere measuredy CV (Table
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1). All 1,1-bis(tetrathiafulvalenyl)ettlenes show two
reversibletwo-electrorredoxwaves.As shownin Fig. 2,
the cyclic voltammogramof 1 correspondsto two
discrete two-electron transfer processesAlthough di-
meric TTF moleculesgenerally display the multi-step
redox behavior shown in Scheme2, the interaction
betweerthetwo TTF partsin 1 seemaveakowingto the
cross-conjugate@haracter.In addition, CV sometimes
givesno splitting of potentialswhentwo or threeredox
potentialsbecomeso closely spacedtogetheras to be
practically continuous.In the caseof bis(tetrathiafulva-
lenyl)ketone, four redox potentials (Ey;»,=0.58, 0.67,
1.01and1.05V vs SCE)wereobservedandthefirst two
redoxpotentialswereslightly morepositivethanthefirst
redoxpotentialof TTF.2 In our case however molecules
1-3 exhibitonly two redoxpeaks(Table1), althoughthe

Table 1. Cyclic voltammetric data for 1-3 and TTF?

Compound Els (V) E%2 (V) AE (V)
TTF 0.36 0.73 0.37
1 0.40 0.79 0.39
2 0.45 0.80 0.35
3 0.39 0.72 0.33

& n-BuyNCIO, (0.1M) in anhydroushenzonitrileat 23°C; Pt working
and counterelectrodesPotentialswere measuredigainstan Ag/Ag™
referenceelectrodeandconvertedo the valuevs SCE.
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Figure 2. Cyclic voltammogram of 1 (benzonitrile, 20°C, n-
BusNClIO4 electrolyte, Pt electrode, scan rate 100 m V s

firstredoxpotentials(E*;,, = 0.39—0.45/ vs SCE)of 1-3
correspondwell with that of TTF under the same
conditions(E*;,,=0.36V vs SCE). Theseresolvedand
unresolvedyclic voltammogram$avebeenexemplified
with many dimeric TTF molecules. Donor 2 showsa
slightly largeroxidationpotential(E*; > = 0.45V vs SCE)
ascomparedwith thoseof 1 and3 (Ell,z =0.39and0.40
V vs SCE), presumablyowing to the electron-with-
drawingeffectof its fluorenylidenegroup.Onthebasisof
the redox potentials,it canbe expectedthat evenweak
oxidizing agentswould readily yield doubly oxidized
specieof 1-3

ESR spectra and spin-spin interactions

Figure 3 showsa hyperfine(hf) spectrumof 1, together
with large amplified spectra(x50) on either side of the
magneticfield. The hf linesin the center,which include
sevenlineswith anintensityratio of ca1:6:15:20:15:6:1,
are causedby six essentiallyequivalentprotonsof the
two substitutedTTFs. The hf coupling constant(hfcc)
wasfoundto be 0.06 mT, which is almosthalf of that of
the TTF monocationradical>*® The spectral pattern,
therefore,substantiates substantialspin—spincoupling
betweerthetwo unpairedelectronson eachTTF moiety,
that is, a fast exchangerate comparedwith the ESR
observationfrequency(X-band). (The ESR patternand
the magnitudeof the hfcc observedhere can also be
explainedon the basisof one-electrordelocalizationon

ROR R_R .  R_R

TTFITT;—‘; (TTF)’"/\U:'ITF +e (TTF)*'I(TTF)*'

e RJ]/\R e R:[LR
TTRZ T TTR™ € (TTRZ SNTTRZ

Scheme 2
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Figure 3. ESR spectrum of 1 oxidized by AgClO,4 in CH,Cl, at
room temperature. On both sides the sgectrum was
amplified 50-fold, which is attributed to the >°S hf structure

both TTS moieties,that is, a monocationradical state.
However, it hasbeenreportedthat iodine oxidation or
charge-transfecomplexatiorin our systemsanproceed
to the dicationicradicalstatesandshowa fine structure’
In our experiments,such spin—spininteractionis also
envisagedasdiscussedater.) In addition,the weakside
lines support the present analysis. An isotropic hf
interaction due to the sulfur atoms, **S (I =3/2), was
observableas satellite lines in several TTF cation
radicals,and in some casesthe analyseswere unam-
biguous and straightforward'™® In the vinyl-bridged
dications the main splitting and the *3S satellite lines
couldbealsoobservedthe spectralanalysisgiving a >3S
hfccof 0.25mT. Theinner-andoutermostomponentsf
the®3S quartetsplitting bearthe same*H hf patternasthe
central main one. It is emphasizedthat the 33S hfcc
value obtainedis, again, almost half of the **S hfcc
of TTF cation radical (0.427 mT).X° This quantitative
comparisonof the 33S satellite lines also assuresthe
exchangenteractionbetweenthe two TTFs.

The temperaturedependence®f the main splitting
pattern are depictedin Fig. 4. The spectral intensity
gradually decreaseswith decreasein temperature,
implying a singletgroundstatein this exchangecoupled
system.In the lower temperatureregion before solvent
freezing,the spectrumseemdo becomechangeabland
evolveinto a 1:3:3:1 pattern,which is typical of a non-
interacting TTF cation radical®® This phenomenoris
explainedby assuminga hinderedmolecularconfigura-
tion, especiallyin the two TTF groupsin the solidified
state,andtherebyreducedspin—spininteraction.A non-
interacting 1:3:3:1 patternis evidencedby an almost
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Figure 4. Temperature-dependent ESR spectra of 1.
Temperature is decreased from room temperature shown
in Fig. 3

doubled hfcc comparedwith that of the seven-line
pattern.The temperaturevariation, however,is reversi-
ble, so that higher temperaturefavors the two-TTF
configurationin such a way as probably to result in
exchangeouplingbetweerthetwo TTFs. This observa-
tion is compatiblewith the conclusiondrawn for the
carbonyl-bridgd TTFs that the spin—spin coupling
betweenthe two unpairedelectronson eachTTF group
is strongly dependenbn the medium(solventor frozen
solution),wherethe geometriesare strikingly different®
Further oxidation reactionfrom the doubly oxidized
state gradually proceedsat room temperaturein the
AgCIO,~CH,CI, system,asis indicatedin Fig. 5. This
doesnot necessarilysubstantiatdurther oxidation, that
is, the third oxidation, but ratherthe time profile of the
spectral change. This indicates the conformational
changeof the presentradical speciesasis observedin
thetemperatureariation.At anyrate thespectrathange
is interesting,in particular,for the 33S hf spectraFigure
5(c) wastakenl dayafterthereaction,whichis atypical
1:3:3:1 patternwith a *H hfcc of 0.12 mT, in which,
correspondingl, a new 33S patternwith an hfcc of 0.5
mT also emergesBoth of the hfcc valuesin the final
paramagneticstate are precisely doubled as compared
with theinitial seven-linestate.Therefore this patternis
the sameasthat of the non-interactingT TF speciesand
similar to that of the TTF cation monoradical.In the
intermediatetime, the two speciegseven-andfour-line
componentsgo-exist,asshownin Fig. 5(b). Althoughit
is difficult to drawthis conclusionguantitativelyfrom the
central main lines, the two types of 33S hf splitting
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Figure 5. Time evolution of the cation radical species as
revealed by ESR spectra. (a) Just after the reaction; (b)
intermediate; (c) long-term oxidation reaction (more than 1
h) or a final yield product after leaving (a) overnight

separatelappearandareassignedo interactingandnon-
interactingdication speciesthe spectralintensity being
proportionalto eachradical state.

Thetemperaturandtimevariationsfor 2 arealmostthe
sameaasthosefor 1. In thecaseof 3, thespectrunobtained
[Fig. 6(a)] wascomplicatecbecausef theH hf splitting
due to the methyl groupsin the vinyl 2,2-positions.
Utilizing the smallestsplitting of 0.021 mT by the six
methyl protons,we simulatedthe seven-and four-line
structures.The results are a partially resolved broad
absorptionand a broad 1:3:3:1 patternwith unresolved
splittings,respectively(Fig. 7). In theformersimulation,
thecharacteristiseven-lingatterndisappeardgeadingto
aninhomogeneousliif-broadenedpectrumNext, these
fundamentabhbsorptionsveremixedin orderto produce
theobservegattern Thefinal satisfactorysimulationwas
implementedisinga mixing ratio of 10:3,asis shownin
Fig. 6(b). A comparativelylargeamountof the mixing of
the four-line structurein 3 implies an easierconforma-
tionalchangeThetime profile of thespectralsoindicates
the dominantcontributionof the four-line structure,on a
muchshortertime-scalethanthatfor 1 or 2.

Next we discusstriplet fine structuresin the frozen
solution at liquid-nitrogentemperatureSpin—spininter-
actionsforming a triplet stategenerallygive rise to fine
structure splittings in rigid media, resulting in the

J. Phys.Org. Chem.2000;13: 197-202
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Figure 6. (a) ESR spectrum of 3 and (b) simulated spectrum
(see text)

evaluationof zero-fieldsplitting parametersD and E.**
This experimentprovided uncontroversialkevidencefor
the two-electron oxidation processand, therefore,the
dicationicradicalstate.Actually, 2 and 3 displayedaxial
D and 2D splittings, asis indicatedby arrowsin Fig. 8.
The magnitudeof the zero-field splitting parameterD
was2.8mT, almostthe samefor 2 and3. Thetriplet spin
state can also be ascertainedoy the observationof a
double-quantuntransition,which appearsat half of the

magneticfield center of the fine-structureabsorption.

This half-field resonancés usuallyforbidden,sothatits
absorptionintensity is very weak. Through magnified
amplitudesof the measurementshowever, we could
detectit for both 2 and 3. Henceboth the fine structure
andthe half-field resonancevidently supportthe triplet
entity and spin—spininteractionin the doubly oxidized
dimeric TTF in the frozen solution, causing the
characteristicsevenhf linesin solution.

However,it is notedthat1 did not manifesteithersuch
a fine structureor a half-field resonanceinderthe same
experimentatonditions.In this casewe cannotdenythe
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Figure 7. Simulated ESR spectra of 3 with (a) the seven-line
and (b) the four-line hf-structure. Two methyl splittings are
added (see text)

0.2 mT
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Figure 8. Fine-structure spectra of (a) 2 and (b) 3 quenched
at 77 K immediately after the oxidation reaction at room
temperature. The arrows in (a) indicate the 2D and D
separated components in the usual fine structure (D=2.8
mT). The sharp absorptions on both sides are due to Mn?™"
standard

possibilityof aone-electrorxidationreaction However,
in 2 and 3 the two-electronoxidation in the AgCIO,
reaction was ascertainedby the above-mentionedine
structurg(S=1). Consideringhatthefirst redoxpotential
(two-electronprocessYor 1 is lower thanthat for 2 and
almostthe sameasthatfor 3, the chemicalreactioncan
proceedsimilarly to thosefor 2 and3, andthereforeit is
highly likely that the two-electronoxidized specieswill
be obtained. In this respect, some comments are
necessaryAs shownin Fig. 4, loweringthe temperature
seemdo causea molecularconfigurationathangewhich
reduceghespin—spirinteraction Accordingly,oneof the
reasonss that the sterically hinderedstructurewith less
exchangeinteraction betweenthe TTFs was quenched
during the solidification of the solvent. This property
might be relevantto the differencein the substituentsat
the 2,2-positionsnamelytwo phenyls,planarfluorenyl
and two small methyls. Compoundl may be likely to
reducer-orbital interactionsowing to the high flexibility
of the molecular conformationsas revealedby x-ray
structureanalysis(Fig. 1). The geometriesof the TTF
dimersare,in somedetails,discussedvithout consider-
ing the 2,2-substituent8.

The characteristicseven-lineESR patternsobtained
for 1-3 in solution are essentiallyimportant as an
implication of the spin—spininteractionbetweenthe two
TTFs in our systems.Many conjugate compounds
containingtwo or moreTTF moietieshavebeenprepared
andthe spininteractionshavebeenexamined However,
thereare no examples exceptfor our cases exhibiting
evident hf structures of the interacting TTFs. The
unpairedelectronalwaysresideson or is localizedonly
on the TTF moiety, evenin simply or directly coupled

J. Phys.Org. Chem.2000;13: 197-202
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Scheme 3

TTFsin which theinteractionwould be highly plausible.
Regardles®f the theoreticalpredictionsfor someTTF
dimers® the presentstudy could not show the ground
triplet state predicted for vinyl-bridged TTFs, but it
demonstratedhe typical hf patternof the interacting
TTFs and confirmed the possibility of the spin—spin
interactionsin the TTF oligomers.

EXPERIMENTAL

Materials. The synthese®f 1-3 were carriedout using
the palladium-catajzed cross-couplingreaction of 4-
trimethylstannyl-TF (7) with 2,2-disubstituted1,1-
dibromoethylens (4-6) (Scheme3).>*?13 As reported
previously,the Stille reactionof 7 with 4-6 in refluxing
benzeneor tolueneproceededsmoothlyto producethe
correspondingbis(tetrathiafulvalayl)ethylenes 1-3 in
moderateyields.

X-ray structure analysis of 1. Singlecrystalsof 1 suitable
for x-ray structure analysis were obtained by slow
recrystallization; dark red prisms of crystal size
0.20x 0.20x 0.60mm; intensity data were collected
using a Rigaku 7R four-circle diffractometer with
graphite-monoctamatedMo Ko radiation(l =0.71069;

crystalsystenmtriclinic, spacegroupP1; cell parameters:

a=10.171(1), b=21.257(2), ¢=6.3169(8), o=
93.196(8),5 =100.66(1),y =102.074(8);V = 1306.2(3);
Z=2; Dcaica=1.487gcm > Fgoo=600.00; m(MoKz)
=6.99cm %, No. of unique reflections= 6040 (R
=0.014); No. of reflections measured with |
>3.005(1) =4392;R =0.038,R,, = 0.027.Structuralpara-
metersof non-hydrogeratomswere refined anisotropi-
cally accordingo thefull-matrix least-squaretechnique.
Crystallographidata(excludingstructurefactors)for the
structure 1 have been depositedwith the Cambridge
CrystallographidData Centreas supplementarypublica-
tion. Copiesof thedatacanbe obtainediree of chargeon
applicationto The Director, CCDC, 12 Union Road,
CambridgeCB2 1EZ, UK [Fax, +44 1223 336033;
E-mail, deposit@chemchrysam.ac.uk].
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Cyclic voltammetry. All electrochemicalstudieswere
performedusing a BAS CV-27 voltammetricanalyzer,
which was equippedwith a platinum electrode(1.6 or

3 mm diameter)as a working electrode,a standardAg/

Ag™" referenceelectrodeand a platinum wire counter
electrode. The measurementswere carried out on

degassednhydroushenzonitrilesolution containingthe

sample(0.5—-1mm) andtetrabutylammoniunperchlorate
(0.1m) as supporting electrolyte at 300K. Cyclic

voltammogramswvere scannedat a sweeprate of about
100 mV s™*. Oxidation potentialsare referredto ferro-

cene;Cp,Fe'’® wassetto 0.31V.

ESR measurements. ESRmeasurementserecarriedout
usinga JEOL PX10500r FE3X ESRspectrometeat the
X-bandwith 100kHz field modulation.Temperaturevas
controlledby a JEOLDVT2 within anaccuracyof 0.5K.

Magnetic field and hyperfine or fine splitting were
calibratedby monitoring Mn®" signalsin MgO. Cation
radicalswereobtainedby electrochemicateactionsand/
or chemicaloxidations(severaloxidizing reagentsvere
tried but we found AgClO, to be the mostappropriatén

CHJCI, solutions).
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