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Introduction 
Electrochemical studies of tetraaza[ 141annulenel complexes 

have relevance to designing both catalysts (for dioxygen binding, 
for example)2 and new materials (e.g. electrochromics and 
conducting polymers).3 The redox potentials can be tuned over 
a wide potential range by variations in ring size, substituents, 
degree of unsaturation, conjugation around the ring, and the 
charge on the ligand.4*s However, the simple dibenzotetraazaan- 
nulenes, e.g. H*[dibenzo[ 141 tetraeneIN4 (or TADA-HI, 1) have 
low solubility in electrochemical solvents. The related macrocycle 
Hz[Me~dibenzo[ 14]tetraene]N4 26,' while having considerably 
greater solubility due to its nonplanar structure arising from the 
steric interactions between the methyl substituents and the ortho 
protons on the benzene rings, undergoes undesirable side reactions. 
Thus the solution electrochemistry of the Ni,* Co9 and Cu8 
complexes of 2 is complicated by oxidatively induced dimerization 
and film formation.I*13 Ligand 2 and its complexes may well 
be a special case in the tetraazaannulenes series since they are 
not planar, but saddle-shaped. In this paper we describe CoI1 
and Nil1 complexes of the new ligands H2[Me2dibenzo[14]- 
tetraene]N4 (3), H2[Me2ditol[l4]tetraene]N4 (4), and Hz[MeZ- 
dixyl[ 14ItetraenelNd (S), which have been shown to be planar 
by X-ray crystallography414J5 These ligands also have the 
advantage of bridgehead substituents (Le. at the 6,13-positions) 
which have been shown to hinder coupling reactions.16J7 The 
stability of the complexes permits a study of the effect of axial 
base on the CollI/lI and L+/O couples of tetraazaannulenes. The 
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electrochemical data may be used to predict the band maxima 
of observed ligand to metal charge transfer bands in the visible 
spectra of these complexes. 

1 RI,  Rzr RI, R4 H H~[dibenzo[ 141 tetraene)N4 
2 RI CH3; Rz, R3, & H Hz[Me5dibenzo[ 141 tetraene]N4 
3 Hz[ Me2dibenzo[ 141 tetraene]N4 
4 H~[Me2ditol[l4]tetraene]N4 
S H2[Me2dixyl[14]tetraene]N4 

Experimental Section 
Physical Measurements. UV-visible spectra in the 350-850-nm range 

were measured on a Philip PU8720 spectrometer. Cyclicvoltammograms 
were recorded using a three-electrode cell comprising a Pt-disk working 
electrode (area = 2 X lo-) an2) ,  a Pt-wire auxiliary electrode, and a 
saturated calomel reference electrode. The potentiostat was a Pine 
Instruments RDE4, and this was coupled to a Graphtec WX2300 X-Y 
recorder. The supporting electrolyte, tetra-n-butylammoniumhexaflu- 
orophosphate (TBAHFP) was recrystall id prior to use. Solvents (CH2- 
C12, HPLC grade, and DMF) used in the electrochemical experiments 
were obtained from Aldrich and were distilled prior to use; spectroscopic 
grade solvents were used as received. The solvent of choice for the study 
of the electrochemical properties of this group of macrocyclic compounds 
is DMF, for although the anodic limit of this solvent is lower than that 
of other electrochemical solvents, the compounds dissolve readily and are 
less prone to the precipitation which we believe to be the cause of many 
of the complications in the voltammetry of these species. 

The synthesis of the ligands and their metal complexes employed a 
condensation reaction between 3-ethoxy-2-methylacrolein ( F l u h )  and 
1,2-diaminobenzene (Aldrich) in dimethylformamide (DMF) to give 3,'s 
1,2-diamino-S-methyl benzene (Aldrich) to give 4, and 1,2-diamino-4,5- 
dimethylbenzene (Aldrich) to give 5. Recrystallization from DMF yields 
samples of the ligand and complexes for which C, H, and N analyses were 
within 2% of calculated values. 

Results and Discussion 
Cobalt Complexes. Comparison of the positions of the redox 

waves observed in the cyclic voltammogram of Co(4) in DMF 
(Figure 1 a) with those of the uncomplexed ligand (Table I) clearly 
allows assignment of the ColI1/I1 couple at +0.17 V vs SCE. The 
effect of an axially-coordinated base on the position of the CoWI 
couple is of particular interest and has hitherto not been 
investigated for this class of compounds. As shown in Figure 1 b, 
coordination of pyridine by the complex co(4) shifts the potential 

R2 = CHI, RI,  R3, R4 = H 
RI = H; R2 = CHI; RI or & = CH3 
RI  = H; R2 = CHI; R3 = R, = CH3 
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Figure 1. (a) Cyclic voltammogram (100 mV s-I) of Co[Me*diTol[l4]- 
tetraeneIN4. The anodic limit of the scan was chosen to avoid 
complications from theL/L+oxidation. (b) Voltammogramafter addition 
of a stoichiometric quantity of pyridine (Pt electrode, 0.1 mol dm-3 
TBAHFP in DMF). 

Table I. Redox Potentials (V) of Tetraazaannulene Ligands and 
Complexes in DMF 

compd LO/- MlI/l MIII/II L+/O L2+/+ 

1,TAA -1.77' 0.75" 1.06" 
2,TMTAA -2.25' 0.79" 0.95" 
(2)Nib -1.73 (60) 0.45" 1.00" 

3 -1.85' 0.64" 0.98" 
4 -1.85' 0.55" 0.85" 

(2)Cob -1.65 (90) 0.01 (60) 0.55 (60) 1.04 (60) 

(4)Ni -1.75 (60) 0.42 (70) 0.63 (50) 1.01 (60) 
(4)CO -2.25 (70) -1.39 (70) 0.17 (60) 0.53 (60) 0.91" 

a E,only. Datafromref9,withMeCNassolvent. E,only. Figures 
in parentheses are peak separations in mV. Scan rate = 100 mV/s, Pt 
working and counter electrodes, SCE reference electrode, ferrocene 
standard (Fc/Fc+ = 0.49 V). 

Table 11. Observed and Calculated Charge-Transfer Band Positions 
Based on Electrochemical Data" 

compd obsd band max/nm calcd band max/nm 

(1)H2 437,418 44 1 b-c 

(2)Hz 429,382 428,b 399b 
(2)Co 578,536, 541,411 564pe 
(2)Ni 583 585d 

(2)Cu 630,408 648rC 
(3)H2 453,382 451b 

(2)Pd 490,415 544'9d.r 

(4)Hz 456,437,386 c,42Ob3' 
(4)Co 608,532,435,425,385 646: 537: 446,b.c 392b 
(4)Ni 532,446,426 521,d446b$C 

h (nm) = 1240/AE(eV), all calculated data based on data in Table 
I (this work), unless otherwise stated. Only low-energy bands >375 nm 
considered. IL (intraligand) T-T* band: AE(eV) = E(Lo/+) -E(LoI-). 

Insufficient electrochemical data. LMCT (ligand to metal charge- 
transfer) band: AE(eV) = E(Lo/+) - E(M*+/+). e Reference 9. Elec- 
trochemical data recorded in CH~CII .  f Electrochemically irreversible 
reduction peak prevents use of Eo data in calculations. 

of this couple to a more negative potential by 140 mV. At the 
same time the visible spectrum changes dramatically with a 
prominent new band appearing at A,,, 486 nm (Table 11). In 
similar complexes this change has been interpreted as being due 
to the formation of a monopyridine adduct.19 Coordination of 
a molecule of pyridine at an axial site results in a change in the 
ground state of the complex so that the metal-based HOMO is 
no longer a d, orbital but is replaced by a dz2 orbital of higher 

(19) Sakata, K.; Hayashida, Y.; Hashimoto, M.; Terada, K.; Kato, Y. Inorg. 
Chim. Acta 1983, 105, L25. 

Figure 2. Cyclic voltammogram (100 mV s-I) of Ni[Me2diTol[l4]- 
tetraene]N4 (Pt electrode, 0.1 mol dm-) TBAHFP in DMF). 

energy, and hence the oxidation potential of the CoIrr/lI couple 
is lowered. This effect is also communicated to the first oxidation 
potential of the ligand, which is shifted with respect to the value 
obtained in the absence of pyridine, though the shift this time is 
smaller (70 mV) and toward a more positive value, making the 
ligand more difficult to oxidize. The raising of the oxidation 
potential of the ligand in the presence of pyridine results from 
r-bonding competition between pyridine and the macrocycle. 
Pyridine acts as a ?r-acceptor, thus reducing the metal-ligand 
a-bonding and raising the oxidation potential of the ligand. The 
Co1Il1, L/L-, and L2+/L+ potentials, however, remain unchanged. 

Imidazole also lowers the reduction potential of the CoW1 
couple. When imidazole is present in a stoichiometric (1:l) 
quantity, the couple is found at -0.24 V, a shift of 410 mV. This 
large shift may be interpreted as a large formation constant for 
the pyridine complex. Interestingly, the first ligand oxidation 
potential is also shifted to a more negative potential (+0.35 V) 
after adding imidazole. Imidazole is a good *-donorz0 and will 
thus increase the electron density available on the metal for back- 
donation to the ligand. In so doing the potential of the ligand 
oxidation is lowered. No direct correlation exists between pKa 
and the redox potentials for this group of structurally unrelated 
bases. In a series of related ligands the negative shift of the 
ligand redox potential should be a measure of the tendency of the 
complex to bind 0 2 .  A less electronegative ligand will permit 
strong C0-O2 bonds to be formed.21 

For the group of related Co complexes Co(3), Co(4), and Co- 
(5) the CoII/I couple follows theorder 5 C 4 C 3; Le., the reduction 
potential is more negative for the most highly methyl substituted 
(electron rich) macrocycle. The ColI1/I1, and L+/O couples do 
not, however, follow any definite order (Table I). The large peak 
separation of the ColI1/I1 couple (340 mV) in the complex Co(3) 
indicates an electrochemically irreversible couple (slow electron 
transfer), and makes an accurate determination of the Eo value 
difficult. This also precludes detailed comparison of its position 
and those of the couples in Co(4) and Co(5). The 
irreversible behavior probably arises from differing coordination 
about the Co center in the 11, I11 oxidation states as observed for 
pyridine coordination to cobalt porphyrins, where two pyridines 
coordinate in the Co"' state, one more than for the Colt state.22 

Nickel. CyclicvoltammetryofNi(4) in DMF (Figure 2) reveals 
waves for both the Nilll/ll and N W  couples. If we consider the 
d-orbitals involved in the NiI1 oxidation in the Ni macrocycle the 
oxidation of the central metal to the Nil1' state is facilitated by 
the strong in-plane interaction which raises the energy of the 
d,t,z orbital, the so-called redox orbital. For square-planar Ni*I 
compounds of tetraaza macrocycles the potential range for the 
NiIII/II couple spans over 2 V, with the position being influenced 
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(21) Carter, M. J.;  Rillcma, D. P.; Basolo, F. J .  Am. Chem. SOC. 1974, 96, 
SOC. 1973, 95, 1796. 

792 
(22) Kadish, K. M. Prog. Inorg. Chem. 1986, 34,435-605. 



Notes 

by both ring size and the strength of the in-plane interactions. 
The position of the couple observed in this work is in accord with 
expectations based on a comparison of ring size and the degree 
of conjugation around the ring once the effects of solvent and 
reference electrode have been accounted f0r.~,5 The failure to 
observe the Ni111/11 couple in voltammograms of Ni(2) is due to 
the smaller in-plane interactions resulting from the buckled ligand 
(2), driving the couple to more positive potentials. 

Visible Spectroscopy. Visible spectra of the free ligands 3-5 
and their Ni and Co complexes were recorded in DMF and are 
in accord with literature data on planar tetraazaannulene 
complexes (Table 11). The spectra of the saddle-shaped ligand 
(2) and its complexes are quite different.8,9 The bands which 
appear after complexation, at 530 and 600 nm, are of the ligand 
to metal charge-transfer (LMCT) variety since they are too intense 
to be d-d transitions. It is possible to estimate the energies of 
these transitionsvery simply from thedifference in redox potentials 
for ligand oxidation and metal reduction, as has been attempted 
for metal porphyrins23 and  phthalocyanine^.^^ The complexes 
studied in this work seem particularly promising for this analysis: 
they have a rich and well-understood electrochemistry, and the 
visible region of the spectrum is uncluttered by intraligand 
absorptions. Using the data of Table I in 
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under the ideal conditions outlined in this paper. Several 
observations on the data may be made. First, the planar ligands 
appear to be more easily oxidized than 2 (probably because the 
charge may be delocalized); this means that the intraligand bands 
are of lower energy in the freeligands. However, when the ligands 
are complexed the ligand redox potentials become comparable. 
Since the planar ligands seem to stabilize the lower oxidation 
states of Co more than the nonplanar ligand 2 (thecomplexes are 
easier to reduce, Table I), the LMCT bands occur at slightly 
lower energy. The situation is less clear for the Nil1 complexes 
due to uncertainty in the reversible potentials of Ni(2); however, 
here it seems that 2 slightly favors the lower oxidation state Nil, 
leading to a lower energy LMCT band. 

Conclusions 

The planar, bridgehead-substituted complexes stabilize the Col 
oxidation state. A cyclic voltammetry study of axial base 
coordination has revealed fundamental differences between the 
two bases, pyridine and imidazole. This is clear evidence for the 
participation of metal d,, and dy, orbitals in both metal-ligand 
and metal-base interactions. 
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AE(LMCT) - E(L/L+) - E(M*+/+) 
where E(L/L+) is the redox potential for oxidation of the ligand 
and E(M2+/+) is the redox potential for reduction of the metal, 
we may estimate the positions of the LMCT transitions in eV, 
AE(LMCT), as shown in Table 11. Within the limitations of the 
reliability of the electrochemical data, the agreement in band 
position is quite striking. Less convincing, however, is the ability 
to predict the precise number of bands; this is largely due to the 
lack of complete electrochemical data for compounds not studied 
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