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epoc ABSTRAQT: A sgries of glectrpn donors [neutral l.\li(lll) and Cu(ll) complexes of te’Fraazgtetrgenem.aCfocycIic
ligands] differing in metal ion, size of the macrocyclic ligand, and the length of the aliphatic bridges linking the

macrocyclic units in dimeric species were synthesized and their redox, structural and spectroscopic properties were
studied. The x-ray results for the donors under study show a nearly planar geometry of the monomeric
tetraazamacrocyclic complexes and interesting ‘organic-zeolite-like’ structures of the dimers. The dimeric Ni
complexes have flexible cavities between the two single ligands linked with aliphatic chains suitable for
accommodating some small-sized guests. For the dimeric compounds the metal oxidation [M(I1)/M(l11)] takes place
independently on each centre except one binuclear Ni complex, where the cooperativity of the metal centres was
observed. Methyl substituents give rise to irreversibility of the oxidation process of the complexes studied. In the
absence of these substituents neither reorganization nor ligand addition/elimination kinetics affect the electrode
process. A common scale for the donors under study and some important acceptor compéderduinone,
chloranil, tetracyanoethylene and tetracyanoquinodimethane, etc.) was proposed on the basis of their cyclic
voltammetric behaviour in the same physicochemical conditions. Copyric?@00 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc

KEYWORDS: Ni complexes; Cu complexes; cyclic voltammetry; donor—acceptor systems; macrocyclic complexes;
bismacrocyclic ligands; redox properties; x-ray structure; cooperative effects

INTRODUCTION instead of acetyl groups. Also, the monomers without
methyl substituents were synthesized (Fig. 1, R = H). The
Metal ion complexes are well recognized as tunable compounds prepared constitute a logical series of species
materials owing to the dependence of their redox differing by one, two or three selected structural factors.
potential on the electronic/structural properties of These factors are the coordinated ion (M ZNior
ligands. The macrocyclic ligands also offer a versatile Cu?"), the size of the macrocyclic monomeric ligand
molecular scaffolding for the coordinated ions. The (14-, 15- and 16-membered macrocycles), dimerization
scaffolding provides its own structural rigidity/flexibility  of two macrocyclic ligands (a comparison of monomers
and may also protect (expose) the structure from (to) theand dimers) and the length of the links connecting two
environment. We describe here the synthesis and propermonomeric moieties.
ties of a number of tetraazatetraenate Ni(ll) and Cu(ll)  Our ultimate goal (beyond the scope of this paper) is to
metal complexes (Fig. 1). These are either compoundsuse the macrocyclic donors as substrates for larger
synthesized for the first time (Fig. 1,y where M stands  dimeric/oligomeric units possessing some tailored cav-
for the metal ion anan= 14, 15, 16 denotes the number ities. Such a supramolecular structure may be held
of atoms in the macrocyclic ring of the ligand) or together by covalent, ionic or weak molecular interac-
described elsewhere [Fig. 1, (WMex-n),, m=15, 16, tions. We are interested not only in the monomeric
n=4,6)! donors but also in the dimeric ones, the latter with a
Compared with the compounds reported earlier by variable number of the CH groups linking both
Jager? Alcock et al® and Busch and co-workefs,the  macrocycles. The bridge length changes the cavity size,
monomeric donors studied in this work contain formyl which is crucial for the future donor—acceptor interaction.
Similar donors, lacunar complexes of Co(ll) and Fe(ll),
*Correspondence tol. Piela, Department of Chemistry, Warsaw have been used extensively as dioxygen carrighthen

E”ive,lrSitY'IU'@PﬁSteUfa L, 02 093 Warsaw, Poland. cavities and acceptors have appropriate size, hydropho-
-mail: piela@chem.uw.eau.p . ope . . . .
Contract/grant sponsorPolish Scientific CommitteeContract/grant bic/hydrophilic properties and charge distributions, then
number:KBN 3 TO9A 098 14. one may hope that each acceptor molecule would be
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Figure 1. Tetraazaenemacrocycle ligands of Ni(ll) and Cu(ll) metal ions. Each macrocyclic ligand carries a formal —2e electric
charge compensating that of the cation. The symbol Mm with M = Cu, Ni and m= 14, 15, 16 means the corresponding metal
cation (M?™) and the m-membered macrocycle complex with R = H (for R = CH3 the symbol MmMe is used). The abbreviations
(Ni16Me,-4), and (Ni16Me;-6), represent the bismacrocyclic molecular dimers of Ni16Me bound by two four- and six-

membered methyl units, respectively

dockedbetweena pair of donors.This may resultin a
number of novel applicationsof such complex donor
(D)—accepton(A) systemseg.g. allowing chargetransfer
in several adjacent DA units or even generating
electronicbistability ©*

The purposeof this study was to select the most
promisingDA pairsfor suchstudyapplicationsj.e. pairs

Copyright0 2000JohnWiley & Sons,Ltd.

with the smallest difference of the redox potentials.
Therefore, p-benzoquinong(Q), chloranil (CA), tetra-
cyanoethylene(TCNE) and tetracyanoquinodimethane
(TCNQ) were proposedas acceptorsand placedon a
commonredox potential scale. The abbreviationgyiven
in Fig. 1 will be usedthroughoutthis paper.

In addition to structural properties solute—solvent

J. Phys.Org. Chem.2001;14: 63-73
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Figure 2. Molecular structure of monomeric donors obtained from the crystallographic measurements: (a) Cu14; (b) Ni14; (c)
Cu16. All monomeric compounds are almost square planar (see Table 1). Molecular structures of dimeric donors (Ref. 1) are
shown in (d) (Ni16Me,-4), and (e) (Ni15Me,-4),. In contrast to (Ni15Me,-4),, the (Ni16Me,-4), structure hosts disordered
toluene molecules in the cavities between strongly deformed macrocyclic fragments linked with two aliphatic chains. Only non-

hydrogen atoms are shown for the bismacrocycles

interactionsare known as important factors in redox
processe8® Hence tuning of the redox potential
differencesis meaningfulonly when donein the same
solvent,for bothdonorsandacceptorsWith thisin mind
we choseacetonitrile (AN), a solventsuitablefor both
polar and non-polar compoundsand convenient for
electrochemicalstudies owing to its high dielectric
constant(~36).

EXPERIMENTAL AND COMPUTATIONAL
PROCEDURE

Details of syntheses,ab initio calculations, x-ray
diffraction crystallographistudiesRamarspectroscopy,
UV-VIS, NMR, massspectrometricand voltammetric
measurementaregivenin the SupplementarMaterial.
Crystallographidata(excludingstructuralfactors)for
the structuresreportedin this paperhavebeendeposited
with the CambridgeCrystallographicData Centre and

Copyright0 2000JohnWiley & Sons,Ltd.

allocatedthe depositionnumbersCCDC 121699,CCDC
121700and CCDC 121701for Cul4, Cul6 and Nil4,
respectively Copiesof the datacan be obtainedfree of
chargeon applicationto CCDC (E-mail: deposit@ccdc.-
cam.ac.uk).

RESULTS AND DISCUSSION
Geometric features

The monomericligandsstudiedin this work are neutral
species composed of two strongly delocalized 7z-
electronsystemsseparatetby aliphaticlinks andcoupled
by the bridgingmetalion. This situationis oftenformally
depictedaseachof thetwo systemsarrying—leelectric
chargecompensatetly the+2echargeatthecoordinated
cation. Structuralfeaturesof the ligandswere studiedin
the solid state by x-ray crystallograpl and for the
isolatedmoleculeshy abinitio calculationsAccordingto
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Figure 3. lllustration of the crystal packing and short contacts such as C—H- - - O and Me- - - O interactions (dotted lines) in (a)
Cu14, (b) Ni14 and (c) Cu16. Zeolite-like structure of the bismacrocycles: (d) (Ni15Me;-4), with water molecules between the
stacked column of the bismacrocycle and (e) (Ni16Me,-4), with disordered toluene molecules in the cavities of the

bismacrocycles’

our calculations (Restricted Open-ShellHartree—Fock
level, 6-31G*basisset®) the chargedistributionfor the
isolatedmoietiesresembleonly qualitatively the above
picture. The Mulliken net chargeon the metal atom s
+1.48eand +1.62einsteadof +2e, and on the NC3N
fragmentsone has —1.14e and —1.20e insteadof the
formal —le chargefor the Nil4 and Cul4, respectively.
The calculationsshow that all the bondsare strongly
polar with the largestpolarizationbeing at the complex
centre,andthe mostnegativenet chargesare carriedby
the four nitrogenatoms.

Accordingto thex-rayresultsthemolecularstructures

Copyright0 2000JohnWiley & Sons,Ltd.

of the monomeric Cul4, Nil4 and Cul6 complexes
exhibit differentdegree®f planarity.Nil4 andCul4are
almostsquareplanar (Figs 2 and 3, Table 1), whereas
Culé6 is significantly distorted from planarity. Some
small differencesamongthe Ni—N distancesand also
among the Cu—N distances,are within the level of

errors.Fromthe crystallographigoint of view, only the

Nil4 moleculeis a symmetricmoleculein the crystal
lattice with the nickel atom at the symmetrycentre(C;

symmetry group). The ab initio Hartree—Fock(6—31G
basisset)geometryoptimizationgivesalsoC; symmetry
for theisolatedNil4 molecule(for Cul4thecalculations

J. Phys.Org. Chem.2001;14: 63-73
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Table 1. Geometry of the central NiN4 fragment: deviation from square-planar symmetry®

Deviationof Deviationsof the Metal—N Deviationsof the
Compound metalion nitrogenatoms bondlengths aromaticcarbonatoms
Nil4 0.000 0.00,0.00,0.00, 1.858,1.856, 0.31,-0.28,0.28,
0.00 1.858,1.856 -0.31
Cul4s 0.025 0.13,-0.13,0.13, 1.933,1.927, 0.35,—-0.35,0.36,
—0.13 1.935,1.921 —0.36
Culé6 0.030 0.47,-0.45,0.42, 2.081,1.993, 1.13,0.15,—-0.97,0.44,
—0.45 2.150,1.957 —0.05,-0.92
(Nil5Me,-4), 0.008 0.13,-0.15,0.15, 1.881,1.845, —0.60,—1.41,-0.81,
-0.14 1.891,1.817 —0.77,-1.64,-0.85,
0.91,1.72,0.86,0.56,
1.49,0.63
(Nil5Me,-4), —0.077,—0.066 0.06,—0.06, 1.897,1.874, 0.13,-0.19,-0.87,
—0.05,0.060.02, 1.900,1.843 —0.04,0.86
—0.02,0.02, 1.871,1.900,
—0.02 1.895,1.887

& A deviationof anatomrepresentshe distancein A of the correspondingatomfrom the bestplanebasedon the nitrogenatoms.

give C, symmetrywith the symmetryaxisgoingthrough
the metal atom, M, and almost orthogonalto the best
planeof the MN,4 system).The ab initio calculationsfor
Nil4 showthat the Ni- - - N distancesare very closeto
1.92A and 1.87A at the Hartree—Fockand the density
functionaltheory(DFT/B3LYP)levels,respectivelyThe
consecutiveN—Ni—N anglesare 85.9,94.1, 85.9 and
94.7 attheHF leveland86.2,93.8,86.2and93.8 atthe
DFT/B3LYP level. The M- --N_distancesin Cul4 are
slightly longer, 1.96 and 1.93A at the HF and DFT/
B3LYP levels,respectively.The consecutiveN—M—N
anglesin Cul4 are85.7,94.9,85.7and94.9 at the HF
level and85.7,94.7,85.7and 94.6° at the DFT/B3LYP
level. The DFT/B3LYP resultsfor the M- - - N distances
agreeto within 0.01A with the experimentalvalues,
much betterthan the Hartree—Fockesults.The M- - -N
bond lengthening(0.04 and 0.06 A for HF and DFT/
B3LYP, respectively)is consistentand larger than the
differenceof the Shannon’son radii (0.02A**) The ab
initio Hartree—Fock geometry optimization for the
isolatedmoleculegstartingfrom the x-ray configuration)
gives also the planar fragments, with a very small
OCchoCaCyr dinedral angle, of the order of 0.4° for
Cul4and2.3 for Nil4, andthe C;—Ccho bondlengths
typical for aromaticsystemsabout1.43A.

The centralMN,4 fragmentexhibitsa highersymmetry
(closeto C,p) thanthat of the whole molecule.Sincethe
deviationof the centralMN,4 fragmentfrom the square
planarsymmetryis fairly smallfor both Cul4 andNil4,
onemay anticipatethatthe spectroscopialternativerule
will be approximately obeyed for some bands. The
calculationgyiveinformationaboutz-conjugatioreffects
for Ni14 and Cul4. The C—C bondsin the n-electron
regionarealmostequalto the characteristidondlength
of 1.42A. The C—N bond lengthsare close tg about
1.30A for all theC,—N bondsandto 1.42—1.46A for all
the Cyipr—N bonds.The equality of the C;—N bond
lengthssuggestshat the n-conjugationis extendedover

Copyright0 2000JohnWiley & Sons,Ltd.

theregionbetweerthe two nitrogenatoms,althoughthe
bondlengthis only slightly largerthanthattypical for the
CN doublebond (1.28 A). In agreementwith this, the
Caiipr—N bondlengthis closeto a typical single C—N
bondlength(1. 47A) The formyl groupsin Nil4, Cul4d
and Cul6 participatein the n-conjugatedsystem.The
x-ray diffraction dataconfirmtheir near-coplanarityvith
the central n-electron part, especially for the 14-
memberednacrocyclesindeed theanglesbetweereach
of thetwo formyl groupplanesandthe bestfour-nitrogen
planearebothequalto 9° for Nil4 (centreof symmetry),
14 and 6° for Cul4 and 21 and 24° for Cul6. The
intermolecularcontactsin Cul4 and Nil4 crystalsare
different(Fig. 3). ThecentralCu”* cationhassomeclose
contacts(about 3.335 A) with symmetry[1/2 - x, 1/2
-V, — 2] related O(2) atom and about 3.19A with
H(10a) from the neighbouring[1 —x, —1/2+vy, 1/
2 — 7] moleculethe closestin the crystal lattice. Both
the oxygenatomsinteractwith —CH groups,O(1) with
H(9b) [1+x, v, 7, ca 2.48A, and O(2) with H(2b)
[-1+x Y, 7, ca2.32A, andH(%9a) [x, y, -1+ 7], ca
2.38A. Thearrangemendf Nil4 moleculesn thecrystal
lattice is such that some intermolecular dimers are
formed via weak C—H---O interactions with the
H---O distance 2.42A, with the H-.-O distance
2.42A, O(1) --H(1b) [1—x, 1-y, 1—7]. Sucha weak
dimer interactswith anotherone located more or less
perpendicularlyin such a manneras to facilitate the
M---H close contactsof about3.16A to H(1la) [—X,
1/2+vy, 1/2—z] (Fig. 3). In the caseof Cul4 the
situationis similar with the closestM- - - H contactonly
slightly longer (3.19 A). However,in contrastto Cul4,
thereis no closeM- - - O contacts.
TheCul6moleculesalsoform moleculardimersin the
crystal (Fig. 3), interacting with the neighbouring
moietiesvia weak C—H- - - O hydrogenbonds(ca 2.4
A). TheseH-bondsareonly slightly longerthanthosein
the Nil4 andCul4 cases?2.58and2.87A from O(1) to
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Figure 4. Electronic absorption spectra (A means absorbance) of saturated donor solutions in a 1:1:1 mixture of CHsCN,

CH30H, CH5Cl: (a) Cu14; (b) Ni14; (c) Cu16; (d) Ni16

H(7a) [-Xx, -y, 2 —Z andH(2a) [-1—X%, -y, 2— 2],
respectivelyTheshortesintermoleculaH- - - O contacts
for the O(2) atomareevenlongerandequalto ca2.9A.
Also, the shortestM--- O (4.33A) andM- - -H (3.68A)
contactsfor Cul6 are ca 1 A longerthan for the other
monomers.

Spectroscopic results

Figure 4 showsa sectionof the electronic absorption
spectraand Table 2 presentghe wavelengthof several
electronictransitionsobservedn the UV-VIS spectreof
the donorsin the solution. In the analysisof electronic
transitionsone hasto takeinto accountthe d—d, LMCT,
MLCT, n—* andn—z* transitions.

Most of the donors studied have three evident
absorptionbandsin the 300-1100hm range (the 800—
1100nmregionwasblankandhenceis not shownin Fig.
4). Thereis a very strongsinglebandat 300-390hm and

a shoulderat about330-370nm. This strongsingleband
may beassignedo theligand-centredi—=* transitionsn
analogy with the Soret band? with a large molar
absorptiorcoefficient(s ~ 5 x 10° I mol~* cm™). There
is no cleartendencyof energydecreasef the stronguV
band as the structure becomesflatter (Table 2). The
strongbandat about320nm is almostinsensitiveto the
ligand ring distortions [compare the A values for
Nil6Me, and (Nil6Me»-4),] andto thering substituted
with methyl groups(comparethe X\ valuesfor Nil6Me,
and for Nil6). This suggeststhat the band at about
300nm originates from a local N,C-centred n—n*
transition.

The lowest-energytransition of small intensity is
observedor all compoundsat about480-550nm. This
seemsto be due to the n—rn* electronic transition
(HOMO-LUMO, an analogueof a Q porphyrinband?)
with astrongcontributionfrom the carbonylgroups(thus
havinga partial n—t* characteralso).

The IR, Ramanand RR spectraall of the donors

Table 2. Wavelengths, A (nm), and the assignment of the electronic transitions for the donors under study

Transition Culd Culb Nil4 Nil5 Nil6 Nil6Me, (Nil6Me,-4), Nil6Mes-6),
(m—7*) 300vs ca.300 335vs 329s 320vs 321vs 320vs 315vs
(m—*) 330sh 390vs- 370sh 375sh 370sh 425sh - -
(n—n*) + (n—=*) 530w 550w 490w 512w 490w 480w 480m 490w
LMCT 750w 650vw

Copyright0 2000JohnWiley & Sons,Ltd.
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Figure 5. IR spectrum of Cu14

studied here are similar and related to those of the
analogousmetalloporphyring? This is the reasonwhy
we presentonly a representativeexample of the IR,
RamanandRR spectraFigs5 and6). Thefull setof the
IR, Raman and RR spectra are included in the
Supplementary Material .

An approximatesquare-planasymmetryof the central
part of the Nil4 and Cul4 molecules may explain
qualitativelythe relativeintensitiesof the RamanandIR
spectra.The vibrations localised mainly in the centre
should approximately exhibit Cy, symmetry. As a
consequencemost of the IR-active modesare Raman
inactive and vice versa, which is confirmed by the
calculatedIR intensities.If the symmetryof Cul4 and
Nil4 wereindeedC,,, their molecularvibrationsmight
be decompose@dsI’ = Raman(31 Ay + 14 Bg) + IR (32
B, + 16 A,)). The samesmall deviationsfrom the Cy,
symmetry explain why in reality the A; modes have
negligible IR intensities (typically 0.0-0.2km mol™%),
andthe By modesarealsopracticallyforbiddenin the IR
spectrg0.0—2.9km mol~%).*3If themolecularsymmetry
wereD,p, whichis still closeto reality for the centralpart
of thecomplexesthe A, modeswouldbeforbiddenin the
IR. This seemsto be the reasonwhy in the IR the A,
modesare much weaker (usually 4.8—-22.1km mol™?)
thanthe B, modes(typically strongor very strong,up to
239km mol™Y). Of course the assignmenbasedon Cy,
symmetryfails for the modescontainingstrongcontribu-
tion from the alkyl bridges(elementdecreasingnolecu-
lar symmetry).

Electrochemical results

Strongerdonorabilities aremanifestedvoltammetrically
by adecreaséin theformal potentialof the Ni(11)—Ni(lll)

Copyright0 2000JohnWiley & Sons,Ltd.

or Cu(l)-Cu(lll) systems(Fig. 7 and Table 3). A
promising donor would exchangeelectron reversibly
and no chemical reactionsshould interfere with this
process.

Almost reversibleelectrodebehaviourfor Nil4, Nil6
andCul4wasdemonstratetdy the closeto unity ratio of
the cathodic to anodic peak currents and the peak
potential differences,Eya — Epe, closeto 60 mV. The
oxidation of Cul4 proceedsat less positive potentials
than that of Nil4, indicating better electron donor
propertiesof the former. For the 14-memberednono-
meric ligands, Cul4 oxidizes more easily than Nil4,
whereaghe oppositeoccursfor Cul6 andNil6. Hence
the formal potentialof the M(II)-M(lll) complexcouple
is determinedby both the electronic and structural
factors. The reversibility of the Cul4 systemsuggests
thatboththe Cu(ll) andCu(lll) formsappeatin a similar
planar configuration, so the electron releasedoes not
require larger reorganization of the complex. The
planarity, the high redox reversibility and a low value
of the formal potentialfor Cul4 makeit oneof the most
promisingof the electrondonorsunderstudy.

Changesf substituentsr of the macrocyclicligand
size affect both the potential at which the complexis
oxidized (Fig. 7) andthe reversibility of the system.A
lower reversibility of the non-planarCul6 vs the planar
Cul4 and Nil4 vs Nil6 indicates larger structural
changesaccompanyingthe electron transfer in those
casesAlso, the substitutionof Ni16 with two additional
methyl groups (J&ger-typecomplexe$) introducesche-
mical irreversibility.

Influence of dimerization and the double bridge
length

Figure2 showsthe molecularstructureof the (Nil5Me,-
4), and (Ni16Me,-4), complexes. Both Ni(ll) dimers
have large cavities formed betweenthe macrocycle
moietiesjoined by two aliphatic chains.The bismacro-
cyclic Ni(ll) receptors form unique 3D structures
containing parallel channels (Fig. 3)—an ‘organic
zeolite.” The channelscanbe occupiedby somesmaller
guesimoleculege.g.H,O, CHCI; or toluene) According
to x-ray results thereis anumbrella-likedistortionof the
monomers of the dimeric ligands especially for
(Nil6Mex-4),, owing to the tensionin the too short
aliphatic links. Thesestructuralchangesmay resultin
more facile oxidation of the metal ion in the dimeric
specieswvith respecto themonomer(Table3 andFig. 7).
The anodicpeakfor the two bismacrocycless twice as
high asthosefor the singlemacrocyclecompoundsince
two redox centresare presentin one molecule of the
bismacrocycliccomplexesHowever,lack of the catho-
dic counterparts of these peaks reveals following
chemicalreactionsof the Ni(lll) oxidationproduct.

The appearanceof two oxidation signals may be

J. Phys.Org. Chem.2001;14: 63-73
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Figure 6. Raman spectra of Cu14 excited with (a) 647.1 and (b) 488 nm radiation

expectedfor two identical redox centreswhenin close
proximity. In the case of the (Nil6Me,-4), and
(Nil6Me»-6), complexes,the appearanceof a single,
buttwice ashigh, oxidationpeakmeanghatbothcentres
are separatedwell enough and do not interact, so
voltammetricallythey behaveastwo independenNi(ll)

sites. Our x-ray analysis gives for the intermetallic
distance9.3A for (Nil6Mex-4),. Thus,assumingsmall
crystal packing effects, the electrostaticinteraction in

acetonitrile(AN) seemgo beeffectivelyshieldedatsuch
distancesIn contrast,for (Nil5Me,-4), a much shorter

Copyright0 2000JohnWiley & Sons,Ltd.

intermetallic distanceis found from the x-ray measure-
ments(5.22 A). Therefore,a splitting of the oxidation
peakin AN solutionis observedseeTable3 andFig. 7)
which reflectsthe cooperativityof the metal centres.
The electronic spectrumof (Nil6Me,-4), does not
showlargedifferencesin comparisorwith Nil6. There-
fore, not only the positively chargedmetal centresare
effectively shieldedby the solventas demonstratedy
electrochemistry,but also the interaction of the -
electronsystemsf the two macrocycless fairly small.
The dimerizationinfluencesmore strongly the vibra-

J. Phys.Org. Chem.2001;14: 63-73
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Figure 7. Redox properties of the tetraazaenemacrocyclic complexes of Cu®* and Ni**. CV curves for 0.4 mM Cu14 (a), Cu16
(b), Ni14 (c), Ni15 (d), Ni16 (e), Ni16Me (f), (Ni16Me;-4), (g), (Ni16Me,-6), (h) and (Ni15Me;-4), (i) in 0.1 M a TBAP solution
of acetonitrile, scan rate 0.05 V's.~" The figure shows the oxidation potential dependence on the metal ion [(a) vs (c), (b) vs (e)],
of the macrocycle size [(a) vs (b), (c) vs (d) and (e), (g) vs (i)] of the methyl substitution [(e) vs (f)], of the dimerization [(f) vs (g), (e) vs
(9), (f) vs (h), (&) vs (h), (d) vs (i)] and of the bridge length [(g) vs (h)]. (a), (c) and (e) show the reversible oxidation processes. Note

the cooperativity of oxidation in case (i)

tional spectraof thecomplexeshandoesthelengthof the
macrocyclesThe wavenumbedifferencesamongNil4,
Nil5 andNil6 areusuallysmallerthanthoseamongthe
monomericand dimeric units. As canbe seenin Fig. 2,
especiallythe umbrella-likeout-of-planedeformationof
the aromaticringsis animportantstructuredetermining

Copyright0 2000JohnWiley & Sons,Ltd.

factorof thedimers.ThedifferencedetweenNil6Me-
4), and(Nil6Me»-6), arelessimportant,the compounds
have also similar oxidation peak potentials(0.752 and
0.747V, respectively)and the size of the hydrophobic
cavity seemsto be the only structurally relevant
differencebetweenthem.
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Table 3. Voltammetric characteristics of the donor compounds in AN-0.1M TBAP solution (see Experimental section,

voltammetry), scan rate 0.05 Vs~ '@

Compound Epa M(I/M(I11) Epc M(II/M(I1) E® M(Iy/M(i1N) Epa— Epc
Culd 0.698 0.630 0.664 0.068
Ni14 0.947 0.867 0.907 0.080
Ni15 0.957 0.859 0.908 0.098
Cul6 1.060 0.972 1.016 0.088
Ni16 0.913 0.850 0.882 0.063
Ni16Me, 0.800

(Ni15Me,-4), 0.615and0.737

(Ni16Me,-4), 0.756

(Ni16Me,-6), 0.747

@ The formal potentialsare given only for the systemswith well developedanodic/cathodipeaks;blanksmeanthatthe cathodicsignalis absent
owing to chemicalreactionconsuminghe oxidizedform of the complexfollowing electrontransferasdescribedn thetext. Ey, andEyc denotethe
oxidationandreductionpeakpotentials respectivelyandE° is the formal potential.All potentialsarein volts.

b The splitting of the peaksis dueto an oxidation cooperativitybetweenthe two Ni(ll) centres.

Common redox scale for donors and accep-
tors

Thegoal of this work wasto selectthosedonor—acceptor
pairs, which exhibit very close redox potentialswhen
measuredn the samesolvent.In the AN solutionsthe
reductionof all the acceptorsunder study, quinone*
chloranil*® tetracyanoquinodimethaffe and tetracya-
noethylené’ proceedsin two well resolvedle redox
steps with the formation of a radical and dianion,
respectively. Table 4 gives the peak and formal
potentials,which show the following sequenceof the
redox potentials: TCNE~ TCNQ> CA > Q, in line
with the ab initio calculated electron affinities (Har-
tree—Fock,6—31G* basis set, adiabaticapproximation,

vacuum  conditions): TCNQ~CA~TCNE>Q
[TCNQ (2.94eV), CA (2.85eV), TCNE (2.76eV), Q
(1.31eV)].

The formal potentialsfor the acceptoranddonorsare
shownin Fig. 8. Theywereall measuredinderthe same
experimentalconditions [obtained from cyclic voltam-
metry (CV) with the useof a glassycarbonelectrodein
AN]. Forthetwo donor—acceptgpairsCul4-TCNQand
Cul4-TCNE, the electric potential differencesare the
smallest and are as small as 0.430 and 0.373V,
respectively.This suggeststhat the Cul4-TCNQ and
Cul4-TCNEredoxpairscanbeconsideredspromising

Table 4. Characteristics of the cyclic voltammograms of acceptor molecules in AN-0.1 M TEAP solution scan rate: 0.05V s

building blocksfor bistablemolecule§’ andnewdonor—
acceptomaterials.

CONCLUSIONS

The x-ray resultsfor the donorsstudiedshow a nearly
planargeometryof the monomerictetraazamacrocyclic
complexesandan ‘organic-zeolite-like’structuresof the
dimers.Thedimeric Ni complexeshaveflexible cavities
betweenof the two single ligandslinked with aliphatic
chains suitable for accommodatingsome small-sized
guests.

For the dimeric compoundsthe metal oxidation
[M(ID-M(111)] takesplaceindependentlyon eachcentre
except for (Nil5-Me,-4), where, owing to the short
metal-metal distance, an oxidation cooperativity has
beenobserved Methyl substituentsyive rise to irrever-
sibility of theoxidationproces®f thecomplexestudied.
In theabsencef thesesubstituentgeitherreorganization
nor ligand addition—elimination kinetics affect the
electrodeprocess.This suggestghat the Cul4 can be
consideredsa promisingdonorfor newdonor—acceptor
complexes.

A commonscalefor the donorsunderstudyandsome
importantacceptorcompoundqp-benzoquinoneghlor-
anil, tetracyanoethylenand tetracyanoquinodimethane

—1a

Compound Epe1 Epal E%, Epco Epaz E%,

TCNEP 0.237 0.344 0.291 ~0.784 ~0.694 ~0.739
TCNQ 0.200 0.269 0.234 ~0.352 ~0.278 ~0.315
Q ~0.520 —0.450 ~0.485 ~1.210 ~1.130 ~1.170
CA 0.044 0.117 0.0805 ~0.732 ~0.649 —0.690

& Epct, Epas, Epc2 andEpap arethe peakpotentialsfor the first and secondelectrontransfer respectively and E‘f’, Eg' arethe formal potentials All

Eotentialsin volts.
TCNE in 0.1m TBAP-CH,CI,; scanrate0.02V sL

Copyright0 2000JohnWiley & Sons,Ltd.
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E°/V
0.9 ——
——— -0.739 TCNE'~/ TCNE*~
-0.7 ——
05 T 485 Q/Q
0.3 —=—— -0.315 TCNQ'™/ TCNQ*™
0.1
| +0.081 CA/CA'™
+0.1 ——
T F——+0.234 TCNQ/TCNQ'™
_E———+0.291 TCNE/TCNE ™~
+0.3
05T 40664 Cultla/Cu14
07 - 0747 (Nij:16Me3—6)z / (Ni:léMeg—6)3:
+0.756 (Ni* 16Me,—4), / (Ni*T16Me,—4),
:” ,+0.882 Ni'T16/ Ni'T16
+0.9 +0.907 Nil“14 / Ni*"14
+1.016 Cu*"16/ Cu*"16*

3 E,, instead of E° (see text)

Figure 8. Positioning of the donors and acceptors under
investigation in the common electric redox potential scale (E
in volts). The potentials were measured under the same
conditions: 0.1M TBAP in AN, scan rate 0.05Vs.~" A
promising donor—acceptor pair, candidate for the bistability
effect (in AN), corresponds to a donor oxidation potential
slightly lower than the acceptor reduction potential (e.g.
Cu14-TCNE or Cu14-TCNQ)

etc.) was proposedon the basisof their CV behaviour
underthe samephysicochemicaktonditions.This scale
allowedusto selectthe Cul4-TCNQandCul4-TCNE

redoxpairsasgoodcandidatedor the building blocksof

an electronicallybistablemolecule.

Copyright0 2000JohnWiley & Sons,Ltd.
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