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ABSTRACT: Semiempirical PM3-RHF-CI calculations were used to probe structure—exchange coupling relation-
ships in radical-substituted Zn(Il) porphyrins. The results support a number of important design elements for creating
high-spin molecules from metalloporphyrins and the corresponding pi-cation radicals. The calculations showed that
inactive porphyrin—active phenoxy union mode provides stronger exchange coupling than active porphyrin—inactive
phenoxy union mode. Connecting radicals to the metalloporphyrin core via an ethynyl linkage eliminates severe
torsion, permitting a coplanar alignment of the two pi systems. Metalloporphyrins could be excellent redox-activated
exchange couplers: porphyrin radical cation exchange couples attached radicals more effectively than the neutral
porphyrin. Finally, the magnitude of exchange coupling between a metalloporphyrin pi-cation radical depends on the
nature of the attached radical. The results of the calculations were explained using a coupler spin analysis. Copyright

0 1999 John Wiley & Sons, Ltd.
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Developing molecule-based systems capable of exhibit- FCU is any linker that promotes the parallel alignment of
ing magnetic ordering with the ultimate goal of bulk the magnetic moment&€. stabilizes the high-spin state).
magnetic behavior is an active area of researdh. Here, we investigated the effectiveness of the metallo-
molecular magnet is defined as a bulk magnetic system inporphyrin and its radical cation as FCUs using a
which at least one of its magnetic components arises fromcomputational approach.

spin sites in either s- or p- orbitafsOne strategy for

designing a potential molecular magnetic system is to SCU FCU SCU

design high-spin building blocks—molecules containing

ferromagnetically coupled unpaired spins—that are

subsequently magnetically coupled as illustrated bélow.  Multispin molecular assemblies featuring metallopor-
The magnetic coupling mechanism can operate throughphyrins are promising components of molecule-based
hydrogen bonds, conjugated pi systems, metal ligation ormagnetic materials. Interesting molecules and building

through-space interactiofts:* blocks include porphyrins with phenylcarbene groups
whose spin—spin coupling depends on the substitution
_ pattern*>** Kamacht® reported verdazyl-substituted
_ Ferromagnetic porphyrins attached to polymer backbones that exhibit
Coupling weak antiferromagnetic interactioh®.Kitano et al®
@ studied the magnetic behavior of pyridine nitroxides
coordinated to chromium(lll) tetraphenylporphyrin.

An accepted strategy for molecular and supramolecu-.'vIIIIer et al. are studying a series of Mn(ll) porphyr-

lar design is coupling of spin-containing units (SCU) with :E_L?mﬁecgme@:éﬁz%ghat order magnetically at surpris-
a ferromagnetic coupling unit (FCU¥$.The SCU is any g hig P '

stable species with a permanent magnetic moment. The . We are preparing 'radlcal-subs_tltut.ed metalloporp_hy-
rins for the construction of coordination polymers with

interesting magnetic properties’® (hereafter, ‘porphy-
*Correspondence toD. A. Shultz, Department of Chemistry, North  rin’ refers to metalloporphvrin). Porphvrins are attractive
Carolina State University, Raleigh, North Carolina 27695-8204, USA. " heti .p F]: y )f fp y (1) th
Contract/grant sponsomational Science FoundatioGontract/grant rom a synthetic point of view for four reasons: (1) there
number:CHE-9501085. are 12 positions at which substituents can be attadled,
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Figure 1. Calculated and experimental®®

ZnTPP

bond lengths for

four mesepositionsandeight f-pyrrole positions,(2) the
coordinationof metalsin the centerof the macrocycle
providesa handlefor synthesizingextendedsystems(3)

the redox propertiesare well understoodand (4) the
electronic character of the oxidized porphyrin is

conducive to spin—spin coupling. There are several
designmotifs for spin—spincouplingin suchmolecules,
including couplingan attachedbrganicradical spin with

the unpairedelectronof an oxidized porphyrin,coupling
with a transitionmetal spin or couplingwith both.

We desirea theoreticalfoundationand needto test
topologicalmodelsfor spin—spincouplingin thesenovel
structures Becausethe systemsunderinvestigationare
large and contain several heteroatoms high-level ab
initio calculationsarenot practicalandthereforewe have
necessarilyrelied upon semiempirical calculationsto
make predictionsand draw conclusions.Semiempirical
methodshaveprovenuseful for understandindgrendsin
organicpolyradical§*?” and probing the structuresand
electronicpropertiesof porphyrins?®—32

The paperis divided into four parts. The first part
focusesontheferromagneticouplingof a singleorganic
radical spin with the unpairedelectronof the porphyrin
radical cation propagatedthrough the metathrough-a-
benzenainionmodeleadingto S= 1 speciesThesecond
partdemonstratethe ferromagneticcoupling of periph-
eral organicradical spinsby the ferromagneticcoupling
of eachto the unpairedelectronof the porphyrinradical
cationresultingin S= 3/2 speciesSincethe couplingis
propagatedhrougha redox-activespeciesyve referto it
as ‘redox-activatedexchangecoupling.’ In this casethe
FCU(ZnTPP") is alsoan SCU. Thethird partshowsthe
lack of significant coupling when the neutral metallo-
porphyrin, ZnTPP, is used as the FCU. Finally, we
comparethe coupling of ZnTPP"™ with two common,
stableSCUs:galvinoxyl andnitronylnitroxide.

A successfulsystematiapproacho investigatingthe
spin—spincouplingstrengthof anFCUis to (1) choosean
SCU to be usedthroughoutthe study and (2) vary the
FCU by either modifying its molecular structure or
altering the SCU-FCU connectivity®® As mentioned
above, the uniqgue FCUs under investigation are the
metalloporphyrinlZnTPP)andthe correspondingnetal-
loporphyrinradicalcation (ZnTPP""). We chosethe oxy

CopyrightO 1999JohnWiley & Sons,Ltd.
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Figure 2. Calculated and experimental®*

ZnTPPH

bond lengths for

radical as the SCU. Lahti and co-worker$®2°2® have
used the oxy radical as the SCU in computational
investigationsof the effectivenessof other magnetic
couplers and found the results to be in qualitative
agreementvith experimentHere,we describetheresults
of PM3-RHF-CP* calculations on radical-substituted
ZnTPP" andradical-substitute@nTPP.

Like other computationalinvestigationscertain con-
straints and assumptionsare made for the sake of
computational efficiency which preclude obtaining
definitive quantitativeresults,but allow qualitative and
semiquantitativeconclusionsto be reached*:?226:2":
29.3035-37 7inc(ll) tetraphenylporphyn (ZnTPP) and
zinc(ll) tetraphenylporphyrirradical cation (ZnTPP")
geometriewvereobtainedfrom UHF-PM3optimizations
subjectto both symmetryand planarconstraintse3° As
noted previously, UHF calculationson high-spinmole-
culesaremorelikely to provideaccurategeometrieshan
RHF calculations’® The crystallographiccoordinatesof
[Mg(TPP)aquo]” were used as the initial geometr{*
replacingMg with Zn and placing the Zn atomin the
centerof the macrocycle®® As shownin Figs 1 and 2
optimized bond lengths, angles and dihedrals are
consistentvith thosereportedn theliteraturefor ZnTPP
and ZnTPP", respectively’>** The optimized Zn—
Npyrrole PONddistanceis 2.06A for ZnTPP™ and2.05A
for ZnTPPcomparedvith the crystallographidengthsof
2.06-2.0A for ZnTPP"*° and 2.05A for ZnTPP**
The optimized Ciess—C(1)phenyy bond length and
phenyl-coredihedralanglefor ZnTPP" are 1.47A and
67°, respectivelycomparedvith 1.48-1.5JA and49.8—
68.4 obtained from crystallographic studies of
ZnTPPCIQ®, andfor ZnTPP1.48A and90° compared
with 1.50A and 60° obtained from crystallographic
studiesof ZnTPP?®

We found a mere0.32kcalmol™ (1 kcal= 4.184kJ)
differencebetweenthe energyof the optimizedZnTPP
wherethe phenylring-coredihedralanglewas 90° and
the energyof the optimized structurewherethe phenyl
ring-coredihedralanglewasconstrainedo 67°, illustrat-
ing the low energybarrier to rotation. For the sake of
consistencywe fixed all mesephenyl torsionsin this
studyat 67° in keepingwith the geometryof the radical
cation.

J. Phys.Org. Chem.12, 10-18(1999)
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Figure 3. Calculated and experimental bond lengths for
ethynyl-bridged biradicals. Values in roman type are the
calculated lengths for the unoxidized porphyrin those in
italics are calculated lengths for the oxidized porphg/rin and
those in parentheses are from crystallographic data>®

The SCUsandbridgesattachedo the porphyrinwere
optimized subjectto planar constraintsand symmetry
constraints (where appropriate) using the UHF-PM3
Hamiltoniar®® at the highestmultiplicity and a planar
porphyrincoregeometry As notedpreviouslyby Lahti et
al.*® semiempirical calculations are insufficient for
making definitive quantitative predictions, but are
effective as a tool to predict qualitative trends. They
foundthe separat@ptimizationof the spinstatesdid not
producelarge differencesin the relative energysepara-
tions of thesestate$® (seeRef. 22 for a discussionof
singlet/tripletorbital descrptions).As shownin Fig. 3, for
zinc(ll) [5-[(3"-oxyphenyl)ethynyH10,15,20-triphenyl-
porphyrin] and its radical cation, the optimized
C(5)Iﬂeso_co:(ethynyl)’ Ca(ethynyl)_c/i(ethynyl)’ andcﬁ(eghynyl)
to C(1)phenyry bond lengths(1.409,1.205,1.405 A for
unoxidized;1.416,1.196,1.417A for oxidized, respec-
tively) are similar to those obtainedfrom the crystal-
lographicdataof zinc(Il) [5,15-[bis[(4-methoxyphenyl)
ethynyl]-10,20-diphenylporphyrinfl.437,1.187,1.432A,
respectivelyf® Likewise, the optimized phenoxy-
ethynylporphyrincore dihedral is nearly 0° consistent
with the crystallographic data for zinc(ll) bis[(4-
methoxyphenyl)ethyyi]-10,20-diphenylpophyrin.

We usedspin densitiesobtainedfrom PM3-RHF-CP*
calculationsin this study since UHF-calculatedspin
densitiesare often contaminated* PM3-RHF-Clcalcu-
latedspindensitiefor ZnTPP"" areconsistentvith other
calculatedvaluescited in the literature. The calculated

meseC andax-C spindensitiesn this studyare0.125and
0.0060, respectively, compared with the previously
calculatedspin densitiesof 0.193(0.158) and —0.0094
(0.0066)with CI (without CI).*” Spin densitiesfor our

SCUsareshownin Fig. 4. The calculatedspin densities
of the metaand para-positionsof the phenoxyring are
—0.0529and 0.2969,respectively which are consistent
with the experimentalvaluesof —0.0676and 0.3239%8

The calculatedspindensityof the phenoxyring showsan

alternatingdistribution of spin density consistentwith

othercalculatedesults®®>?°The calculatedspindensities
of the ethynyl-linked nitronylnitroxide atoms are 0.29
(N), 0.20 (O) and 0.0093(Cinethind cOmparedwith the

experimentalvalues of 0.27 (N), 0.27 (O) and —0.11
(Chethind Which were obtainedfrom phenylnitronyinitr-
oxide®® The calculatedspin densitiesof the ethynyl-

linked galvinoxyl atomsare —0.0061(Cethingd, 0.2336
(Cipsd)» —0.0014(Coriho)s 0.1204(Crneta, 0.0090(Cpara)

and 0.0755 (O) comparedwith the McLachlan MO

calculated spin densitiesof —0.062 (Cething, 0.153
(Cipsa)» —0.043(Corthg), 0.142(Crnerd, 0.027(Cpara) and
0.168(0) for the phenylgalvinoxyradical>°->*

The low-spin—high-spinenergy difference, AE, s_ns
wasobtainedfrom a PM3-RHF-Clcalculationusingthe
keyword OPENf,n) wheren=2 and 3 for triplet and
quartet,respectively.A Cl active spaceof five orbitals
wasused:two doubly occupied two singly occupiedand
one unoccupiedfor triplets and one doubly occupied,
three singly occupiedand one unoccupiedfor quartets.
This methodhasbeenusedpreviouslyby otherresearch
groupsto obtainresultsthatarein qualitativeagreement
with experiment®2’

Coupling of an attachedorganic radical with the
porphyrin radical cation providesa meansof creating
S> 1/2 speciesThis featureis amajorcomponenbdf our
investigation.As illustratedin Fig. 5, the SOMO of a
metalloporphyrinradical cation can have either predo-
minantly a;, or ap, character,dependingon which of
these two orbitals is higher in energy. In general,
oxidationof a mesesubstitutedmetalloporphyrinresults
in theremovalof anelectronfrom the a, orbital leaving
unpairedspin density concentratedat the mesocarbons
andpyrrole nitrogenpositions with minor spindensityat
the f-pyrrole positionsandevenlessspindensityattheo-
carbons> 447 Oxidation of a p-pyrrole-substituted
porphyrin resultsin positive spin density at the «- and

0.20
Oe 0.0090 0.076
0.27
‘0\( ) 0.027) ©.17)
N 0 -0.0061 o
0.0093 < (0.062)
-0.11
0.053 01D +\ ¢/ oL
(-0.068) N } ©.19)
030 /o2 0.0014 0.23
0.32) o 027 (-0.043) (0.15)

Figure 4. PM3-calculated and other calculated*’~>° spin densities for SCUs

CopyrightO 1999JohnWiley & Sons,Ltd.
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Figure 5. Porphyrin singly occupied molecular orbitals
(SOMOs)

p-carbonsand negativedensity at the mesecarbons?
Becausef the large spindensityat the meso-arbonsof
mesesubstitutedoorphyrinradicalcations we employed

our efforts to design porphyrin radical cation systems
bearingSCUsattachecdht the mesepositions Becausef

the stericdemandsat the mesepositionof the porphyrin
macrocyclewe investigatedhreedifferentmodifications
of the porphyrin periphery: phenyl mesesubstitution,
ethenylmesesubstitutionandethynyl mesaesubstitution.
Figure6 showsthe structuresusedin this study.

To beginthe study,we determinedhe connectivity(or
union mode) of the SCUsthat leadsto ferromagnetic
couplingwith the oxidizedporphyrin.A usefulapproach
to this determinationis the starred—non-starrefbrmal-
ism. ‘Starred’ refersto positionsof positive spindensity
and‘non-starred’refersto positionswith no spindensity
(nodal positions)or negativespin density. It hasbeen
shownthatunion of anactivesite (starredposition)with
an inactive site (non-starredoosition) resultsin a high-
spingroundstate>3

First we will discussthe electronic properties of
ZnTPP" andthe oxy radicalasthe SCUsandthe union
modesleading to high-spin coupling. In ZnTPP", the
spinatthemesepositioncandelocalizento mesephenyl
rings, as evidencedby proton hyperfinecouplingin the
EPR spectraof thesesystem$® The spin of the oxy
radicaldelocalizesnto theattachedhenylring resulting
in large positive spin densitypara to the oxygen(active
site) and negative spin density meta to the oxygen
(inactive sites)?>26:48

Figure 6. Porphyrin systems used in this study

CopyrightO 1999JohnWiley & Sons,Ltd.
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ZnTPP™ a,, spin density

Figure 7. Active and inactive union sites for ZnTPP*" and the
SCU phenoxy radical

Giventhe existenceof spindensityin the phenylrings
of ZnTPP", we predict that the union of an inactive
porphyrinphenylpositionwith anactive SCU site or the
union of an active porphyrin site with aninactive SCU
siteillustratedin Fig. 7 shouldbothleadto ferromagnetic
coupling. Compounds1 and 5 have active-TPP -
inactive-oxy union modes whereas 2 and 6 have
inactive-TPP —active-oxyunion modes.

After qualitatively determiningwhich union modes
lead to ferromagneticcoupling, we semiquantitatively
investigated which connectivity provides the largest
ferromagnetic coupling. It is convenientto use the
‘metathrough-a-benzenainion modein examiningthe
semiquantitativeesultsfor the ZnTPP""—oxy study.The
benzeneing which hasthe SCUsattachedmetato each
otheris actingasthe FCU (hereaftereferredto asMBC.:
‘metabenzeneoupler’). The magnitudeof the coupling
is reflectedby the magnitudeof the spin densityin the
MBC from each SCU>* A brief discussionof the
couplingof mxylylenewill provehelpful. The biradical
m-xylylene is composedof a benzenering (the MBC)

with two methyleneradicals(the SCUs)attachedmetato
eachother.As shownin Fig. 8 andTable 1, examination
of variousconformersof m-xylylene showsthe relation-
ship betweenMBC spin density and spin coupling>®
Whenthetwo methylenesreplanar(in thesameplaneas
the MBC), both methyleneradical spinscan delocalize
into theMBC andcontributeequallyto thespindensityin
the MBC, resultingin a largeexchangenteractionanda
large singlet—tripletgap.

When one methyleneis twisted perpendicularto the
plane of the MBC while the other methyleneremains
planar,the spindensityin the MBC comesmainly from
delocalization of the planar methylene spin. The
exchangeinteractionis dramaticallydecreasedecause
the conformationkeepsmost of the two spinsspatially
separatedThis illustratesthatit is not sufficientto have
atomswith largespindensitiesattachednetathrough-a-
benzenethe factorthat determineghe magnitudeof the
exchangeinteraction is the amount of spin density
delocalizedinto the MBC from eachSCU>*°° Separat-
ing the spindensityin theMBC into its SCUcomponents
is a convenientmeansof rationalizingthe spin coupling
in our porphyrinradicalcation—SClUsystemsTherefore,
two importantidentificationsare neededto explain the
calculatedcouplingtrendsin our ZNnTPP"—oxy systems:
which benzeneing hasthe SCUsattachednetato each
other(i.e. whichring is the MBC) andtheamountof spin
densityin the MBC from eachSCU.

In 1thephenylring bearingtheoxy radicalis theMBC
asshownin Fig. 9. However,for 2 the porphyrinphenyl
ring is the MBC.

Next we considerthe spin densityfrom eachSCU in
theMBC. Sincetheconnectivitieof 1 and2 donotallow
the SCU spinsto be resonancealelocalizedbeyondthe
MBC, we candetermingheamountof spindensityin the
MBC from eachSCU. Theresultsaredisplayedin Table

H H
H H-g e H
Methylene Torsion: 0,0 90,90

Figure 8. Labels and methylene torsion angles for m-xylylene
Table 1. UHF-PM3-calculated spin densities and singlet-triplet gaps for m-xylylene conformers

MBC spin MBC spin
Methylene AE sy MBC spin densityfrom densityfrom Methylenea Methyleneb
torsion (kcalmol™%) density methylenea methyleneb spindensity spindensity
0,0 15.3 0.878 0.439 0.439 0.561 0.561
0,90 0.581 0.535 0.473 0.062 0.527 0.944
90,90 -0.021 0.112 0.056 0.056 0.944 0.944

2 Singlet-triget energygap.A positive valueindicatesa triplet groundstateanda negativevalue a singletgroundstate.

Copyrightd 1999JohnWiley & Sons,Ltd.
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Union mode: active ZnTPP** /inactive phenoxy

Union mode: inactive ZnTPP* /active phenoxy

Figure 9. Active and inactive union sites for TPP*" and the SCU phenoxy radical. The MBC is a different ring in each biradical and

is shown in bold

The para-substitutedZnTPP"" system1 hasa smaller
exchangenteractionthanthe metasubstitutedznTPP"
system2. Even though the para-substitutedZnTPP"
systemhasa large amountof spin densityin the MBC
(0.8210),the spinmainly originatesfrom only oneof the
SCUs—theoxy radical(0.8204).Thetiny amountof spin
densityat the phenyl para-positionis an indication that
thereis very little spinfrom the porphyrinradical cation
in the couplerleadingto a small exchangenteractionin
1. Conversely the metasubstitutedZnTPP"" system,2,
hasa smallertotal spindensityin the MBC (0.1516) but
becausé hascontributionsfrom bothSCUs(0.017from
porphyrin radical cation and 0.13 from oxy radical) its
exchangeinteractionis over twice as large. Thus, the
results of the calculationsindicate that the inactive
porphyrin—actie phenoxyunion modeprovidesstronger
coupling than the active porphyrin—inative phenoxy
union mode, illustrating an importantdesignelement.

The spin coupling in the phenyl mesesubstituted
porphyrinis limited by the phenyl-coretorsion.Because
the stericinteractionsbetweerthe -pyrrole protonsand
the phenylortho-protonsforce the phenylrings to twist
considerably(between60° and 70° for MTPP deriva-
tives)*>*®thereis only a small amountof spinfrom the
porphyrin radical cation delocalizedinto the porphyrin
phenylrings, thuslimiting the spin—spincoupling.

Realizingthe needfor moredelocalizedspinfrom the
macrocyclein the MBC to achieve larger exchange
interactions,we investigatedthe ethenyl-bridgedpor-
phyrin 3 and the ethynyl-bridgedporphyrin 4. The -
ethenylbridgeprotonalsoexperiencestericinteractions
with the S-pyrrole proton,causingthe bridgeto twist by
50°, but the amount of spin delocalized from the
porphyrinradical cationto the MBC is largerfor ethene
thanfor phenyl,asshownin Table 2.

Calculationsshow that becausethe ethynyl linkage
allows elimination of the torsion factor allowing the
planar alignment of phenoxyring with the porphyrin
radicalcation,thesinglet-tripletgapin 4 is nearly380cal
mol~! greaterthanthatin 3. Hencethe magnitudeof the
exchangeinteractionis shownto be a function of the
amount of spin density from ZnTPP", the smallest
contributorto the MBC spindensity.

Next, we investigated redox-activated exchange
coupling—theeffectivenes®f the ZnTPP" to exchange
coupletwo SCUs. Other researchgroupshave investi-
gated redox-activatechigh-spin species?°° Examina-
tion of the quartet—doublegapsfor 5-8in Table2 shows
thathigh-spingroundstatesareachievedconsistentvith
the trendsfor biradicals1-4, i.e. the exchangecoupling
increasedn the order5 < 6 < 7 < 8. Sincethe quartet
state is calculatedto be the ground state for these

Table 2. ZnTPP™ —oxy spin—spin coupling and spin density analysis?

MBC spindensity MBC spindensity

Porphyrin AE s n (kcalmol™) MBC spindensity from ZnTPP" from oxy radical
1 0.067(TGS) 0.8210 0.0006 0.8204
2 0.149(TGS) 0.1516 0.0171 0.1345
3 0.903(TGS) 0.8362 0.0187 0.8175
4 1.282(TGS) 0.8425 0.0237 0.8188
5 0.041(QGS) 0.8211 0.0001 0.8210
6 0.070(QGS) 0.1529 0.0167 0.1362
7 0.309(QGS) 0.8276 0.0094 0.8182
8 0.405(QGS) 0.8323 0.0131 0.8192
9 0.405(QGS) 0.8324 0.0133 0.8192

& TGS=triplet groundstatefor S= 1 biradical; QGS= quartetgroundstatefor S= 3/2 triradical.
AE_s_ns= high-spin—low-spirenergygap; positive value indicatesa high-spingroundstate.

CopyrightO 1999JohnWiley & Sons,Ltd.
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(Neutral species)

-0.036 kcal mol ™ (SGS)
Figure 10. Spin densities and high-spin—-low-spin energy gaps for biradicals 8 and 10

Table 3. Neutral porphyrin—Oxy high-spin—low-spin energy
gaps’

AELs_HSa (kcal mol_l)

0

0
-0.017
—0.036
—0.024
—0.936

Porphyrin

QOWo~NO U

triradicals,the calculationspredictthe porphyrinradical
cation functions as a high-spin coupler. We believe
similartrendswould be observedor speciediavingthree
or four SCUsattachedo ZnTPP"".

We also performed calculations on the neutral,
unoxidizedporphyrin core to testits effectivenessas a
ferromagneticcoupler,and the resultsare presentedn
Table 3. The lack of interactionbetweenthe peripheral
SCUsof 5 and 6, evidencedby the degeneratgyround
states,and the small antiferromagnetiaccoupling of the
ethenyl-and ethynyl-bridgedsystems,7 and 8, demon-
strates,as expected,the ineffectivenessof the neutral
porphyrinasan FCU. Since both SCUsare attachedat
nodal positions, very little spin is delocalizedinto the
macrocycle. Spin polarization in 7 and 8 may be
responsiblefor the low-spin ground-statepreference.
Therefore,porphyrin radical cation enhancesxchange
coupling among SCUs, and could prove to be an
importantredox-activatedexchangecouplingfragment.

The neutral porphyrin is more effective as an
antiferromagneticcoupler as seenin system 10. In
contrastto the connectivity of 8 (neutral species) the
activephenoxypositionof 10is attachedo theporphyrin
phenylring as shownin Fig. 10. The ZnTPP antiferro-
magneticallycouplesthe two spinsleadingto a singlet
groundstate.

CopyrightO 1999JohnWiley & Sons,Ltd.

(Neutral species)

-0.94 kcal mol™! (SGS)

After determining the most effective means of
accomplishingferromagneticcoupling, we turned our
attention to the peripheral SCUs. Galvinoxyl and
nitronylnitroxide are both stableradical moietieswhich
have been incorporatedin other systems exhibiting
magnetic interactions>>®° Using the ethynyl-bridged
derivative,we comparedthesetwo SCUsto seewhich
would give the largestexchangenteraction.

-0
t-Bu F t-Bu \N+
</
0 O N:é
t-Bu /

t-Bu )
Galvinoxyl Nitronylnitroxide

TheFCUin thesesystemss notthe MBC sincethereis
no benzeneaing with SCUsattachedmnetato eachother.
Thereis, however,anotherrobustferromagneticcoupler
intrinsic  in  these systems—trimetfienemethane
(TMM). Just as we used the metathrough-a-benzene
motif to examinethe coupling strengthfor the oxy-
substitutedradicalcationporphyrinsystemswe now use
the TMM motif to examinethe coupling strengthin the
galvinoxyl- and nitronylnitroxide-substiited radical
cation porphyrin systems. We examined the spin
component®f the TMM couplerto rationalizethe trend
of the exchangenteractionjust aswe did with the meta
benzenecoupler.

meta-Benzene Coupler (MBC) TMM Coupler

SCU\©/SCU SCU\"/SCU

Spin density in MBC is the sum of spin Spin density in TMM coupler is the sum of
densities contributed by each SCU spin densities contributed by each SCU
As shown in Fig. 11, the galvinoxyl-substituted
porphyrin has more spin density from the porphyrin
radicalcationcontributingto the TMM coupler(the bold
double bond) than the nitronylnitroxide derivative,

J. Phys.Org. Chem.12, 10-18(1999)
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Qs

0.2275: spin density of TMM coupler
0.0955: spin density from ZnTPP**
0.1320: spin density from galvinoxyl

AEgr = 3.60 keal (TGS)

+e
Ph |

0.3033: spin density of TMM coupler
0.0401: spin density from ZnTPP™
0.2636: spin density from nitronylnitroxide

AEgy = 2.86 keal (TGS)

Figure 11. Spin densities and high-spin-low-spin energy gaps for galvinoxyl- and nitronylnitroxide-substituted porphyrins

whereasthe nitronylnitroxide derivative has more spin
densityfrom the SCU contributingto the TMM coupler.
Consistentwith the resultsof the metabenzenecoupler,
the exchangenteractionis limited by delocalizedspin
densityfrom the smallercontributor.

In conclusionthesecalculationssupportthefeasibility
of usingthe porphyrinradicalcationasan efficient FCU
to build high-spinspeciesThetrendsin computechigh-
spin—low-spirenergygapswereexplainedwith theaid of
a coupler—spinanalysis.Even though the metasubsti-
tuted ZnTPP"" systemis calculatedto have a larger
exchangenteractionthanthe para-substitutedZnTPP"
systemthe exchangenteractionis limited by the phenyl
torsionwhich modulatesdelocalizationof the spin from
the ZnTPP"" into the MBC. The ethenyl-and ethynyl-
bridgedsystemshowever havetwo factorscontributing
to their larger exchangdnteractionscomparedwith the
phenyl-bridgedsystemsdecreasedorsion (50° twist for
ethenyland0° twist for ethynyl)anda smallernumberof
atomsin the bridge over which the spinis delocalized.
The ethynyl-bridgedsystemhas the largest spin con-
tributions from both SCUsin the MBC and hencethe
largest exchangeinteraction. The importance of the
redox-activatedspin coupling was demonstratedby the
lack of significant ferromagnetic coupling when the
unoxidizedZnTPPwasusedasthe FCU (i.e. ZnTPP " vs
ZnTPP). Finally, galvinoxylethynyl substitutionresults
in greatercouplingthannitronylnitroxide-ethynylcoup-
ling.
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