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Abstract 

A detailed electrochemical characterization of 
the Ni(I1) and Cu(I1) complexes of the new ligand, 
5,7,12,14-tetraphenyldibenzo[b, i] [1,4,8,1 lltetra- 
aza[l4]annulene, has been carried out in an effort 
to more fully understand the mechanism of electro- 
polymerization of the tetramethyl analog of the 
macrocycle. Evidence has been obtained to support 
a radical mechanism for the electropolymerization 
of the nickel(I1) complex of 5,7,12,14_tetramethyl- 
dibenzo[b, i] [1,4,8,ll]tetraaza[14]annulene at the 
surface of an electrode at 0.97 V. The electrochem- 
ical properties of this new macrocyclic ligand system 
were also investigated. Metal complexes of a series 
of complexes with varying substituents were pre- 
pared and characterized. A linear relationship be- 
tween the Hammett u constants of the substituents 
and redox properties of the complexes was obtained. 
The redox potentials of the metal complexes of this 
new ligand were compared to those of the tetra- 
methyl analog of the macrocycle. The new l&and 
system brings about a shift of the redox potentials 
by at least 0.3 V (in the positive direction). This 
shift is large in comparison to the shift in redox po- 
tential of tetraphenyl versus tetramethyl porphyrins. 
In order to determine of the nature of the redox shift 
is purely an inductive effect, the spin Hamiltonian 
parameters for the Cu(II) complexes of this new 
system are compared to that of the tetramethyl 
analog and it was determined that the inductive 
effect alone of the phenyl rings controls the large 
change in redox potentials of the ligand and the 
metal centers. The UV-Vis spectra of the copper(H) 
and the nickel(H) complexes, along with the free 
ligand, are also presented. 

Introduction 

The study of tetraaza [ 141 annulene macrocycles 
has been of considerable interest because of the 
utility of this ligand to model porphyrins and corrin 
rings in biological systems [l-5]. In addition, the 
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potential of metal complexes of these macrocycles 
as catalysts [6] has also fostered some attention. 
For example, the investigation of film formation 
on the surface of electrodes during routine cyclic 
voltametric studies, apparently formed through an 
electrochemical polymerization of the tetramethyl- 
dibenzo [b, i]tetraaza[ 14lannulene macrocycle, has 
recently been explored in some depth [7,8]. This 
interest was increased when it was discovered that 
COa can be electrocatalytically reduced to HCOa- 
by the Ni(II) containing film. 

Our interest has been to explore the range of 
polymer films which might be possible, utilizing 
the basic tetraazaannulene framework. In order 
to better understand the mechanism of polymer 
formation as well as provide a macrocyclic ligand 
with which we might carry out electrochemical 
substrate binding studies, we designed a new macro- 
cyclic molecule where we feel the proposed electro- 
chemical coupling mechanism would be inhibited. 
The rather elusive ligand, 5,7,12,14tetraphenyl- 
dibenzo[b,i][1,4,8,11]tetraaza[l4]annulene [9, lo] 
(Fig. 1) satisfied those criteria. The four phenyl 
rings of the diiminate backbone would provide steric 
hindrance to the proposed electropolymerization 
scheme of metal complexes of the tetramethyl- 
dibenzo[b, i] [1,4,8,1 l] tetraaza[l4]annulene macro- 
cycle, a mechanism which was postulated to proceed 
through the carbons of the diiminate backbone 

]71* 
Even though the tetraaza[l4]annulene ligand 

system was first reported by Jager [l l] almost 20 
years ago, to our knowledge no detailed electro- 
chemical studies had been reported prior to our 

R=H, CH3& Cl 

I;ig. 1. [Ni(Ph4(RBzo)2[ 141 tetraeneN4)]. 
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earlier observations of film formation. A series of 
compounds has been prepared with varied substi- 
tuents on the two benzo rings that make up the 
backbone of the macrocycle ring. The effect of 
these substituents upon the redox behavior of the 
nickel(B) complexes are reported. The electrochem- 
ical properties as well as other spectral probes of 
the free ligand and the copper(B) complex ligand 
also yielded further insight into the coordination 
properties of this new macrocycle. 

Experimental 

Materials 
Tetraethylammonium perchlorate (TEAP) was 

purchased from Southwestern Chemicals, Inc., dried 
overnight at 70 “C under vacuum and used without 
further purification. Methylene chloride was pur- 
chased from EM Science. Gold label N,N-dimethyl- 
formamide and all other chemicals were purchased 
from Aldrich Chemical Company. Solvents for 
electrochemistry were dried 48 h over 4A molecular 
sieves. Argon, used for degassing solvents, was ob- 
tained from National Welders Supply Company. 

Physical Measurements 
Electronic absorption spectra were obtained in 

methylene chloride solutions using matched I cm 
quartz cells and were recorded with a Cary 2300 
spectrophotometer. NMR spectra were obtained in 
CDCla employing a Varian EM-360 spectrometer 
for 60 MHz ‘H NMR. Elemental analyses were 
obtained from Atlantic Microlabs, Atlanta, GA, 
U.S.A. 

Electrochemical properties were determined in 
methylene chloride with 0.1 M tetraethylammo- 
nium perchlorate as the supporting electrolyte in 
conventional three compartment ‘H’ cells. Cyclic 
voltammograms were obtained using a BAS CV 27 
potentiostat and recorded with a YEW Model 3022 
A4 X-Y recorder. The measurements were made at 
a Bioanalytical System platinum electrode. Electro- 
chemical potentials were recorded versus a saturated 
calomel electrode (SCE). Before use, the disk elec- 
trode was polished sequentially with 3, 1 and 0.25 
pm diamond paste (Buehler) on a Buehler nylon 
disk followed by ultrasonic cleaning in deionized 
water (5 min) and in gold label acetonitrile (5 min). 
Solutions were degassed for approximately 20 min 
with argon. 

ESR spectra were recorded with a Varian E-3 
spectrometer. The g values were measured relative 
to diphenylpicrylhydrazyl (DPPH), g = 2.0036 f 
0.0003. The field sweep was calibrated in gauss by 
assigning the peak separation between the fourth 
and fifth lines of the vanadyl acetylacetonate as 

108.0 G (gapparent = 1.986) [ 121. Solution spectra 

were obtained in benzene, and frozen glass spectra 
were obtained in a 1 :l II/V mixture of methylene 
chloride and DMF. 

Syntheses 
The Iigands were prepared by either a modified 

method of Jager [ll] or, in the case of the new 
tetraphenyl ligand, a modified procedure of Hotz 
[lo] [Ni(PhqBzoZ [ 141 tetraeneN,] , (an abbreviation 
for the nickel(H) complex of 5,7,12,14_tetraphenyl- 
dibenzo [b, i] [1,4,8,11 ]tetraaza[l4]annuIene), [Ni- 
(Ph4(CH3Bzo)2 [14]tetraeneNd)], [Ni(Ph4(ClBzo),- 
[14]tetraeneN4)], [Hz(Ph4Bzo,[14]tetraeneN4)] and 
[Cu(Ph4Bzoz [ 141 tetraeneN4)] were prepared by 
methods described by Hotz [lo]. The reactions 
were carried out under a slight flow of argon to 
remove water as it formed. The synthesis of [Ni- 
(Ph4(CIBzo), [ I 4]tetraeneN4)] was carried out for 
240 min (as compared to 90 min previously) at 
lower temperature due. to the volatility of the 4- 
chloro-o-phenylenediamine. The yields were also 
lowered somewhat due to the changes in reaction 
conditions. [Ni(Ph4(CH,Bzo), [ 14]tetraeneN4)] : 
‘H(60 MHz, ppm): 2.33(6H, s); 5.13(2H, s); 5.50, 
5.63, 5.73(68, m); 7.15, 7.31(20H, m). Anal. Calc. 
for Ca4Hs4N4Ni: C, 78.01; H, 5.06; N, 8.27. Found: 
C, 77.90; H, 5.08; N, 8.20%. [Ni(Ph4(ClBzo)2[ 14]- 
tetraeneN4)]: ‘H(60 MHz, ppm): 5.23(2H, s); 5.67, 
5.83,5.95(6H, m); 7.25,7.38(20H, m). 

Results and Discussion 

Electronic Spectra 
Absorption spectra of these complexes and the 

neutral ligand were examined over the 700 to 250 
nm range and the results are summarized in Table I. 
There are three major absorptions in the spectrum 
of the ligand and each can be assigned as a ligand 
to ligand charge-transfer band. These same bands 
are present in the metal complexes along with addi- 
tional absorption bands in the visible region which 
are responsible for the intense color of the metal 
complexes. The bands in the visible region of the 
metal complexes exhibit energies between 460- 
670 run, with molar absorptivities as high as 1.3 X 
IO4 cm-’ M-‘. The molar absorptivities are indic- 
ative of charge-transfer absorptions, likely Iigand 
to metal [13]. 

We have shown that solutions of complexes of 
the form [M(Me4Bzo, [ 14]tetraeneN4)] form films 
on electrode surfaces during repetitive cyclic scan- 
ning thru the oxidation waves of the ligand itself 
[7,8]. Since it had been proposed ]7] that the 
electropolymerization takes place thru the diimi- 
nate backbone of these compounds, we felt further 
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TABLE 1. Electronic Absorption Bands for [M(Ph&Bzo)z- 

[ 14 ] tetraenehld)] Complexesaqb 

M R Position E (cm-’ M-l) 

(nm) (log e) 

Ni H 622 4.44 x 103C3.04) 
462 1.30 x 104(4.11) 
406 2.00 x 104(4.30) 
356 7.64 x 103(3.88) 
266 3.34 x lO”(4.52) 

CH3 621 4.80 x 103(3.68) 
466 1.49 x 104C4.17) 
408 2.19 x 104(4.34) 
354 8.68 x 103(3.94) 
264 4.01 x 104(4.60) 

Cl 620 3.86 x 103(3.59) 
465 1.16 x 104(4.06) 
408 1.78 x 104(4.25) 
354 6.71 x 103(3.83) 
250 3.65 x 104(4.56) 

CU H 672 4.00 x lO’(2.60) 
544 - 1.36 x 103(3.13) 
461 1.34 x 104(4.13) 
406 2.81 x 104(4.45) 
275 3.03 x 104(4.48) 

Hz H 427(ShjC 7.60 x 103(3.88) 
379 3.54 x 104C4.55) 
272 2.14 x 104(4.33) 

%pectra were obtained for lo4 M solutions in methylene 

chloride. b22 t 2 “C; Position + 0.5 nm; e, + 1%. Csh, 

shoulder peak. 

evidence of this mechanism might be obtained by 
considering the electrochemical properties of systems 
where a sterically constrained coupling was required 
for film formation. The new ligand system, [M(Ph4- 
Bzo2 [ 141 tetraeneN4)], which has phenyl rings 
instead of the methyl groups on the diiminate back- 
bone provides just such an opportunity. The repet- 
itive scans of [Ni(Ph4BzoZ [ 14]tetraeneN4)] (see 
Fig. 2a) and of [Cu(Ph4BzoZ [ 141 tetraeneN4)] (see 
Fig. 3a) thru the oxidation part of the cyclic yield 
fairly reversible waves, an observation much different 
from the irreversible waves of the tetramethyl deriv- 
atives. Also, there was no film formation upon 
repetitive scans. 

These new compounds, [M(Ph,Bzo,[l4]tetra- 
eneN4)], are more easily reduced and less easily 
oxidized than the analog with the four methyl 
groups. For example, the nickel complex of the 
tetraphenyl ligand exhibits a reduction at - 1.28 V 
(see Table 2) as compared with the tetramethyl 
analog which shows a reduction at - 1.76 V versus 

SCE [S]. A comparison of the oxidation waves of 
the new nickel compound to the oxidation peaks 
of the tetramethyl analog yields the same observation 
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a 

Fig. 2. Cyclic voltammograms of [Ni(Ph4(Bzo)2[14]tetra- 

eneN4)] in solutions containing 0.1 M TEAP and 1.0 X 10” 

M complex (sweep rate 200 mV/s): (a) in methylene chlo- 

ride (limits of +1.50 to -1.50 V vs. SCE); (b) in DMF 
(limits of 0.00 to - 1.90 V 11s. SCE). 
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Fig. 3. Cyclic voltammograms of [Cu(Phd(Bzo)z[ 14]tetra- 
eneNJ)] in solutions containing 0.1 M TEAP and 1 .O X 10e3 

M complex (sweep rate 200 mV/s): (a) in methylene chlo- 

ride (limits of +1.50 to -1.50 V W. SCE); (b) in DMF 
(limits of 0.00 to - 1.75 V vs. SCE). 
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TABLE 2. Redox Properties of [M(Ph.+(Bzo)z[14]tetra- 

eneN4)] Complexes 

M R El/2 E1/2 El/:! El/2 

Ox(l) 0x(2) Red( 1) Red(2) 

(v)*= (v)a. = (V)b.C (V)b. c 

Ni CH3 0.67 1.19 -1.34 - 1.78 

H 0.76 1.26 -1.28 -1.73 

Cl 0.87 1.31 -1.17 -1.64 

Cu H 0.68 1.13 -0.96 -1.55 

H2 H 0.94(irr) 1.33(irr) - 1.57(irr) 

aO.l M TEAP-methylene chloride solutions; T = 22 t 2 “C. 

bO.l M TEAP-DMF solutions; T= 22 f 2 “C. ‘Volts vs. 

SCE, t 0.01 V; sweep rates 200 mV/s. 

(0.76 and 1.26 V versus 0.42 and 0.97 V [8], respec- 

tively). The same trend occurs in the copper(H) 
complexes. In [Cu(Ph4Bzo2 [ 141 tetraeneN,)] the 
reduction wave is at -0.96 versus - 1.39 V [15] 
for the tetramethyl analog. In a comparison of the 
oxidation waves of the former to the oxidation peaks 
of the latter, the same trend is seen (0.68 and 1.13 V 
versus 0.37 and 0.87 V [15], respectively). Evi- 
dently, the electron withdrawing nature of the 
phenyl ring better supports the reduction of not 
only the new macrocyclic ligand but also the metal 
center. 

A comparison of the half-wave potentials of the 
tetramethyl/tetraphenyl macrocycles to those of 
the tetramethyl/tetraphenyl porphyrins is interesting. 
The reduction half-wave potential of (tetraphenyl- 
porphinato)nickel(II), (TPP)Ni, as compared to 
(tetramethylporphinato)nickel(II), (TMeP)Ni, shows 
the same trend as with these macrocyclic complexes 
(- 1.28 versus - 1.36 V [14], respectively). How- 
ever, this latter difference is rather small in com- 
parison to the macrocyclic systems. 

We also observed a new, second reduction wave 
in these complexes which has not been observed 
before (see Figs. 2b and 3b). It is apparent that the 
phenyl substituent effect has moved this reduction 
within the ‘solvent window’. The potential differ- 
ence between the first and second reductions is 
approximately 0.5 V. The second reduction observed 
in the metal complexes is believed to be a reduction 
of the ligand itself. The reduction of the ligand is 
not as reversible as the second reduction of the metal 
complexes (see Figs. 2b and 4b). The nature of the 
reduction wave becomes more reversible when a 
metal ion is complexed to the ligand. Clearly, this 
ligand orbital into which the second reduction occurs 
must gain some metal character. 

The free base ligand exhibits two irreversible 
oxidations (see Fig. 4a). It had been noted by Kadish 
et al. [16] that [H2(Me4Bzo2[14]tetraeneN4)] 
exhibited no reduction as far negative as -2.20 V 

P. J. Hochgesang and R. D. Bereman 

Fig. 4. Cyclic voltammograms of [H2(Ph&Bzo)2[ 14]tetra- 
eneN4)] in solutions containing 0.1 M TEAP and 1.0 X 

1O-3 M complex (sweep rate 200 mV/s): (a) in methyl 

chloride (limits of +1.50 to -1.50 V vs. SCE); (b) in DMF 

(limits of 0.00 to - 1.75 V vs. WE). 

versus SLCE (saturated lithium calomel electrode), 
it was surprising to find that the tetraphenyl analog 
showed a reduction wave (see Fig. 4b) at - 1.57 V. 

The electrochemical data obtained on the series 
[Ni(Ph4(RBzo)2 [ 14]tetraeneN4)], where R = CH3, H 
and Cl, are given in Table 2. Potentials are listed for 
the four redox waves of this series, one which con- 
tains an electron withdrawing and an electron do- 
nating group. A plot of Ox(l) versus 2a, [17] is 
given in Fig. 5 and it can be seen that the plot is 
linear (correlations for these are 0.9997. 0.983, 

-0.40 o-20 0.00 0.20 0.40 

2 UP 
Fig. 5. Hammett plot of E1/2Ox(l) vs. 20, for [Ni(Ph4- 

(RBzo)2[14]tetraeneN4)] macrocycles. 
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Fig. 6. Solution ESR spectrum of [Cu(Ph4Bzo2[14] tetra- 
eneN&] in benzene. 

0.997 and 0.997 for the respective redox waves 

of E1,2 Ox(l), El,, OX(~), El,, Red(l) and ~5’~~~ 

Red(2)). The slopes of these plots range from 0.148 
to 0.249 (0.249, 0.148, 0.214 and 0.176, respec- 
tively) which fall between the values of 0.07 V [18] 
for remote substitution effect and 0.50 V [19] for 
direct substitution effect of porphyrins. These 
values also fall between the remote and direct substi- 
tution range for macrocycles (0.064 and 0.52 V 
[20] respectively). The value for the slopes more 
closely correspond with those found by Giraudeau 
et al. [21] for a-pyrrole substituents. A larger range 
of substituents might better define these effects, 
but our attempts to prepare molecules with -COOH 
and -NO2 substituents were unsuccessful. 

Electron Spin Resonance 
In an effort to determine if the shifts of the redox 

potentials are totally inductive or possibly partly 
due to structural changes, we compared the electron 
spin resonance parameters for the copper(II)tetra- 
methyl and tetraphenyl macrocyclic complexes. 
The ESR spectra for [Cu(Me4Bzo2 [14]tetraeneN4)] 
looked approximately the same as that of the [Cu- 
(Ph4Bzo2[14]tetraeneN4)] (Figs. 6 and 7). Only 
slight differences were observed in a comparison 
of the g values and A values (Table 3). The method 
described by Maki et al. [22] was used to determine 
the covalence of the u bonding. For the ground state 
in a tetragonal environment (where g,, =g,, =gl, 
g,,=gll, A,, =A,, =A1 and A,,=Al~), the ex- 
pressions for the spin Hamiltonian parameters are 

gll = 2 - 8aI 

g1 = 2 - 2012 

and 

,411 = P[-8q - K - 4/7 - 3/7(2a2)] 

Al = P[-2a2 - K + 217 + 3/7Q] 

where cxx and a2 are mixing parameters and P= 

h.dUhrd3 and refers to the Fermi hyperfine cou- 
pling energy in units of P. The observed hyperfine 
coupling constant in solution, (a) = 1/3(2Al + A 11) - 
90 gauss, is consistent only with Al and A 11 of the 
same sign, and since IA 111 9 IAll, the sign of each 
must be negative (P is positive for 63*65Cu). Solving 
for P and K, we obtained P= 0.023 and 0.026 cm-’ 
and K = 0.47 and 0.41 (for [Cu(Me4Bzo2[14]tetra- 
eneN4)] and [Cu(Ph4Bzo2 [14] tetraeneN4)], respec- 
tively). For the free @n, PO-O.035 cm-’ [23], 
so in these complexes rW3 has been roughly reduced 

Fig. 7. Frozen glass ESR spectrum of [Cu(Ph4Bzo2[14]- 

tetraeneNq)] in a (1:l v/v) methylene chloride: DMF solu- 

tion. 

TABLE 3. Magnetic Parameters for [Cu(Me4Bzo2[ 14]- 

tetraeneNa)] and [Cu(Ph4Bzoz[14]ltetraeneN.+)]a*b 

R gc Atid 
(gauss) 

ANd 
(gauss) 

Me 2.091 89.25 25.75 
Ph 2.076 89.56 25.75 
Me II 2.162 197.91 10.91 
Ph II 2.174 208.45 10.07 
Mel 2.056 34.92 14.19 
Phi 2.027 30.14 14.37 
Meo 1.965 12.81 
Pho 1.963 12.84 

%olution spectra were recorded in benzene using 1 X lo4 M 
[Cu(Ph4Bzoz[ 14]tetraeneN4)] at 22 + 2 “C. bFrozen glass 
spectra were recorded in methylene chloride:DMF (1:l 

v/v) using 1 X IO4 M (Cu(Ph4Bzoz[ 141 tetraeneN4)] at 
-77 K. ‘Error is 2 0.002. dError is ? 0.5 gauss. 
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35% and 25%. This indicates a somewhat more co- 
valent u bond in [Cu(Me4Bzoz [ 141 tetraeneN4)J 
complex. 

Evaluation of the parameters (Ye from the expres- 
sion for g would allow for an estimate of configura- 
tional excitation energies. Estimates were made 
assuming 5 to be about 0.5 to 0.7 of the free ion 
value, co = 828 cm-‘. However, charge transfer 
bands of these complexes mask areas where these 
transitions should take place. Therefore, no true 
comparison of the calculated values to the actual 
values could be made. 

Conclusion 

To more fully understand the electropolymeriza- 
tion of [M(MeqBzo2 [ 141 tetraeneN4)], an electro- 
chemical study of the tetraphenyl analog was under- 
taken. This study further supports the electro- 
polymerization scheme which we had proposed. 
We not only found that electropolymerization was 
prevented, but also that the oxidations became 
reversible. Varying the substituents on the benzo 
rings of the macrocycle did change the electrochem- 
istry of the macrocycle as would be expected. A shift 
in the electrochemical properties of the macrocycle 
allowed for the identification of a second reduc- 
tion. The large change in overall ease of reduction 
prompted investigation. This ease in reduction 
could be solely due to an inductive effect of the 
phenyl rings alone. A study of the spin Hamiltonian 
parameters comparing the copper tetramethyl and 
tetraphenyl macrocycles showed a slight difference 
in the covalency in u bonding. The optical bands 
are not well enough resolved to allow any molecular 
orbital calculations but it would be surprising if 
these calculations lead to any meaningful difference 
in MO type. Therefore, it was concluded that the 
large change in overall reduction must be due in 
large part to the inductive effects of the phenyl 
rings. 
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