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Abstract 

A series of six coordinate cobalt(II1) complexes 
of the type [LCo((DO)(DOH)bzo)Br]+ (for abbrevia- 
tions see V. Alexander and V. V. Ramanujam, Inow. 
Chim. AC&Z, 1.56 (1989) 125), where L=Cmethyl- 
pyridine, 1-methylimidazole, benzimidazole, 5,6- 
dimethylbenzimidazole, 2-aminopyridine, triphenyl- 
phosphine, ethylamine, diethylamine and triethyl- 
amine, have been synthesized with the tetraaza 
quadridentate chelate 3,8-dimethyld,6-benzo4,7- 
diazadeca3,7-diene-2,9-dione dioxime. The quadri- 
dentate ligand coordinates with cobalt in the equa- 
torial position as a monoanion with the concomitant 
formation of an intramolecular hydrogen bond. 
The Lewis base and the bromide coordinate in the 
axial sites of cobalt. The synthesis of these com- 
plexes has been accomplished by making use of 
the lability of the axial sites of the dibromo com- 
plex, [Co((DO)(DOH)bzo)Br2]. These complexes 
have been characterized by C, H, N and Co analysis, 
conductivity measurements, magnetic susceptibility 
and IR, ‘H NMR and UV-Vis spectroscopy. Indirect 
evidence for the presence of a hydrogen bond in 
these complexes has been obtained by replacing 
the H-bonded proton by the BF2 group. All these 
complexes exhibit three d-d transitions, two in 
the visible region and one in the near UV region, 
assi nable 

E 
to ‘AIs + ‘Ei, ‘Alg + ‘AZg and ‘Alg -+ 

(lEg + ‘BZg), characteristic of tetragonally distorted 
octahedral cobalt(III) complexes and have been 
assigned a Ddh microsymmetry in analogy with the 
crystal field model of Wentworth and Piper. The 
ligand field parameters such as DqXy, Dq’ and Dt 
have been computed and the field strength of the 
in-plane ligand is higher than that of the axial ligand. 
The electronic absorption spectra of low spin 
cobalt(III) in pseudo Oh symmetry and in a Deb 
microsymmetry when Dqxy >Dq’, Dq” > Dqx ’ and 
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Dqx y =Dq’ are explained with the aid of a qualita- 
tive energy level diagram. The observed spectro- 
chemical series of the Lewis bases for Co3+ is Iz < 
py < 4-CH3py < Et,NH < MeIz < EtNH, < Et,N < 
BIz <PPhs. They exhibit two polarographic reduc- 
tion waves corresponding to the Co(III) +Co(II) 
and Co(H) + Co(I) reductions. The cyclic voltam- 
mograms in DMF at a CC disk electrode consist of 
two cathodic waves corresponding to the reductions, 
Co(II1) + Co(H) and Co(I1) -+ Co(I) and two anodic 
waves corresponding to the oxidations, Co(I) + 
Co(H) and Co(I1) + Co(III). Both Co(III)/Co(II) 
and Co(II)/Co(I) redox couples are irreversible as 
indicated by the A.??, and ipa/ipe values. aE, for 
the former couple is much higher than that of the 
latter indicating a slow rate of electron transfer 
for the reduction of Co(III) to Co(H) due to the 
strong binding of the Lewis base to the Co3+ ion. 
The i,,/i,, for the Co(II)/Co(I) couple is 0.5 indi- 
cating a 50% Co(I) yield. This suggests the involve- 
ment of a coupled chemical reaction such as an 
ECE mechanism. The mechanisms of the electrode 
processes are explained in the light of recent elec- 
trochemical investigations on similar Co(II1) com- 
plexes. The generation of five coordinate [LCo”- 
((DO)(DOH)bzo)]+ during the reduction of the 
Co(III) complex and the generation of the four 
coordinate Co(I) complex, [Co’(@O)(DOH)bzo)], 
during the reduction of the Co(H) complex are 
envisioned. The cyclic voltammetric E,,, value for 
the Co(III)/Co(II) redox couple depends on the 
spectrally determined field strength of the axial 
ligand in a predictable manner. The plot of Dq’ 
versus El,z is linear with a slope of 0.56 f 0.02 
cm-’ mV_‘. The Co(II)/Co(I) E,,, is independent 
of the axial ligand and reflects the nature of the 
in-plane ligand. The dependence of the Co(III)/ 
Co(II) El,2 value on the axial ligand reflects the 
transfer of an electron during the reduction of the 
Co(III) complex to the dZz orbital which is sigma 
antibonding with respect to both axial and in-plane 
ligands while the independence of the Co(II)/Co(I) 
E 1,2 value on the axial ligand reflects the transfer 
of an electron during the reduction of the five 
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coordinate Co(I1) complex to the dWz_,,2 orbital 
which is sigma anti-bonding with respect to the 
equatorial ligand only. 

Introduction* 

Model studies in search of the mechanisms for 
the enzymic reactions catalysed by coenzyme Brs 
and methylcobalamin (methyl B&, the only known 
organocobalt compounds of nature, exceeded this 
objective and has become a general contribution 
to coordination chemistry [l]. The field encom- 
passed by this research is characterized by important 
contributions in terms of distinctive compounds 
and reactions. It has brought together in a highly 
creative and productive context the important 
lines of research in biochemistry and organometallic 
chemistry as commented upon by Halpern [2]. 
It is well recognized that the (non-alkyl)- and alkyl- 
cobalt(II1) complexes of the bis(dimethylglyoxi- 
mato) dianion, collectively called cobaloximes 
[3], have made rich contributions to the field of 
Bra chemistry and to inorganic chemistry in general 
[l, 41. These compounds are interesting on the 
one hand because of their extensive coordination 
chemistry [l] and on the other hand because of 
the parallels between the chemistry of organo- 
metallic derivatives and organocobalamins [l, 3,4b, 
51. As models for coenzyme Brz, cobaloximes have 
been subjected to extensive studies including elec- 
trochemical [6], kinetic [7], and structural [4b, 
7s, t, 81 properties. Studies on models built upon 
the monoanionic chelates like corrin, championed 
by Costa and his co-workers, are a complement to 
the field of Br2 chemistry [6a, 7r, s, 9, IO]. Costa’s 
modified model, (C,(DO)(DOH)pn)**, being an 
excellent electrochemical mimic of cobalamins 
[6a, b], seems to promote better types of reactions 
involved in Br,-dependent enzymic processes [lob, 
c, 111. The enormous strides made recently through 
the organocobalt(II1) compounds of the credible 
cobaloxime and Costa-type models provided valuable 
insight into the elegant chemistry orchestered by 
the primary bioinorganic system. Nevertheless, the 
related chemistry of the (non-alkyl)cobalt com- 
plexes is intriguing and informative transition metal 
chemistry. 

A new coenzyme Brz model built upon the quadri- 
dentate ligand, 3,8dimethyl-5,6-benzo4,7diazadeca- 

*For abbreviations used in this paper see ref. 13. The 
equatorial chelate is represented by ((DO)(DOH)bzo) to be 
consistent with that employed by Costa. 
**(C.z(DO)(DOH)pn) is Costa’s modified model wherein 

the oxime methyl groups in ((DO)(DOH)pn) are replaced 
by ethyl groups (see refs. 9c, d). This derivative is also 
abbreviated as (EMO)(EMOH)pn (see ref. 10~). 

I I’ 

IDOH)2bro [ LCo(DODOHbrolRr]+ 

MeI* hZe2Rlr 

Fig. 1. I, (DOH)zbzo (3,8dimethyl-5,6-benzo-4,7diaza- 
deca-3,7diene_2,9dione dioxime); II, [ LCo((DO)(DOH)- 
bzo)Br]+, L = py. 4CHapy, 2-NHzpy, Blz, Iz, MeIz, MezBIz, 
PPha, EtNH2, EtzNH or EtaN. 

3,7diene-2,9-dione dioxime, (Fig. 1, Structure I) 
has been reported recently [12]. This chelate co- 
ordinates with cobalt in the equatorial position as 
a monoanion. The detailed electrochemical investiga- 
tions carried out very recently on the alkyl- and 
(non-alkyl)cobalt(III) complexes of this chelate 
indicate that this is a closer electrochemical mimic 
of B12 than the cobaloxime and lies in between 
Costa’s modified derivative, (C,@O)(DOH)pn), and 
cobaloxime 1131. Since this model affords a rich 
variety of (non-alkyl)- and alkylcobalt(II1) com- 
plexes owing to the potentialities of the axial co- 
ordination sites of cobalt, it seems to be another 
convenient vehicle to study the intriguing relation- 
ship that exists between structure, axial ligands, 
spectral properties, and redox behaviour displayed 
by several other related quadridentate equatorial 
chelates. Therefore, the synthesis and physico- 
chemical studies of a series of complexes of this 
new chelate with a closely related family of axial 
ligands would be of significance for exploring these 
properties. Herein the synthesis, characterization, 
and spectrochemical, electrochemical and spectro- 
electrochemical properties of (non-alkyl)cobalt(III) 
complexes of chelate I with a series of Lewis bases 
and a bromide ion in the axial sites (Fig. 1, Structure 
II) are reported. 
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Experimental 

Materials 
Triphenylphosphine, imidazole and boron tri- 

fluoride etherate (BDH); benzimidazole, potassium 
hexafluorophosphate and 1 -methylimidazole (Fluka); 
5,6-dimethylbenzimidazole and sodium fluoborate 
(Riedel); and sodium perchlorate (E. Merck) were 
used as received. Diethylamine and triethylamine 
(BDH, Laboratory Reagent) were dried over KOH 
pellets for several days, distilled twice and kept 
over KOH. Ethylamine (40 wt.% solution in water) 
and 4-picoline (4-methylpyridine) (IDPL, India) 
were used as received. 2-Arninopyridine (Koch Light) 
was recrystallized from ethanol. 

Double distilled water, obtained by distilling 
distilled water over alkaline permanganate, was used 
throughout. Diethylether was dried by distilling 
over sodium metal. Commercial grade ethanol and 
methanol were purified by refluxing over lime for 
7 h, and then distilled. Acetone (BDH, Analar Re- 
agent) was used without further purification. 

The supporting electrolyte, internal standard 
and the solvents used for electrochemical investiga- 
tions have been reported recently [ 131. 

Synthesis of the Ligand 
The ligand, 3,8-dimethyl-5,6-benzo4,7diazadeca- 

3,7-diene-2,9-dione dioxime, (DOH)sbzo, was syn- 
thesized by the recently reported method [ 121. 

Synthesis of the Complexes 
AU the complexes reported herein were syn- 

thesized starting from the dibromo complex [Co- 
((DO)(DOH)bzo)Brs] , reported recently [ 121. 

/4-CH,pyCo((DO)(DOH)bzo)Br]PF6 (I) 
To a solution of [Co((DO)(DOH)bzo)Br,] (2.46 

g, 5 mmol) in 100 ml of hot aqueous methanol 
(1:5 vol./vol.) was added 2 ml of a saturated aqueous 
solution of potassium hexafluorophosphate followed 
by the addition of 4-methylpyridine (0.4656 g, 5 
mmol) with stirring. The yellowish brown crystalline 
compound which separated out was filtered imme- 
diately through a G3 sintered funnel, washed twice 
with dry methanol followed by diethyl ether and 
dried under vacuum over anhydrous calcium chloride. 
Yield 80%. Anal. Calc. for C2aHZ4NSOZBrPF6Co* 
HzO: C, 35.95; H, 3.92; N, 10.48; Co, 8.82. Found: 
C, 36.07; H, 3.80; N, 10.67; Co, 9.21%. ‘H NMR 
(dmso-dd) 6 (Me$Si) 2.23(s, 12H), 0.48(s, 3H), 
7.26(m,2H), 7.9(m,6H). AM (DMF) 68.2 ohm-’ 
cm2 mol-' . 

(MeIzCo((DO)(DOH)bzo)Br/Br (2) 
A solution of [Co((DO)(DOH)bzo)Br2] (2.46 g, 

5 mmol) in 100 ml of hot aqueous methanol (1:5 
vol./vol.) was treated with 1-methylimidazole (0.4105 

g, 5 mmol) and the resulting dark brown solution 
was refhrxed on a water bath for an hour. The volume 
of the solution was then reduced to 10 ml by slow 
evaporation on a water bath and left at room tem- 
perature (30 “C) for 6 h. The dark brown product 
which separated out was filtered and washed 
repeatedly with cold methanol (0 “C) followed by 
diethyl ether to obtain the light brown tiny spongy 
needles. Yield: 60%. Anal. Calc. for C1sH2sN602Br2- 
Co.H20: C, 36.51; H, 4.26; N, 14.9; Co, 9.90. 
Found: C, 36.72; H, 4.34; N, 13.98; Co, 9.81%. 
‘H NMR (dmsodd) 6 (Me&) 1.45(s, 3H), 2.4(s, 
12H), 6.8(m, lH), 7.13(m, lH), 7.5(m,4H). AM 
(DMF) 78.2 ohm-’ cm2 mol-‘. 

[BIzCo((DO)(DOH)bzo)Br]BF4 (3) 
This complex was synthesized by following the 

procedure employed for the synthesis of 1 using 
5 ml of an alcoholic solution of benzimidazole (0.5 
g, 5 mmol) and 3 ml of a saturated aqueous solu- 
tion of sodium fluoborate. Yellowish brown crys- 
tals. Yield: 70%. Anal. Calc. for C21H23N602BrBF4- 
Co*H20: C, 39.72; H, 3.97; N, 13.23; Co, 9.28. 
Found: C, 39.54; H, 3.75; N, 13.50; Co, 9.69%. 
‘H NMR (dmsodlb) 6 (Me&) 2.28(s, 12H), 7.3O(m, 
4H), 7.53(m, 4H), 8(m, 2H). AM (DMF) 85.5 ohm-’ 
cm2 mol-‘. 

[(Me2BIzCo((DO)(DOH)bzo)Br]PF6 (4) 
This complex was synthesized by following the 

procedure employed for the synthesis of 1 using 5 
ml of an alcoholic solution of 5,6_dimethylbenz- 
imidazole (0.74 g, 5 mmol) and 2 ml of a saturated 
aqueous solution of KPF6. Brownish yellow crystals. 
Yield: 71%. Anal. Calc. for C2sH2rN602BrPF6Co: 
C, 39.28; H, 3.87; N, 11.95; Co, 8.38. Found: 
C, 38.97; H, 3.60; N, 11.90; Co, 8.50%. ‘H NMR 
(dmsod6) 6 (Me&) 1.5(s, 6H), 2.3(s, 12H), 7.16(m, 
4H), 7.83(m, 4H). AM (DMF) 87.5 ohm-’ cm2 
mol-' . 

[PPh&o((DO)(DOH)bzo)Br]Br (5) 
To the brown solution of [Co((DO)(DOH)bzo)- 

Br2] (2.46 g, 5 mmol) in 100 ml of hot aqueous 
methanol (1:5 vol./vol.) was added 10 ml of a hot 
alcoholic solution of triphenylphosphine (1.31 g, 
5 mmol). The resulting reddish brown solution was 
vigorously stirred for 5 min. The brown shiny tiny 
needles which separated out were filtered through 
a G3 sintered funnel and washed repeatedly with 
dry alcohol followed by dry ether. Dried under 
vacuum oven at 60 “C overnight. Yield: 65%. Anal. 
Calc. for Cs2Hs2N402Br2PCo.0.5H20: C, 50.35; 
H, 4.36; N, 7.34; Co, 7.72. Found: C, 50.45; H, 
4.31; N, 7.30; Co, 7.98%. ‘H NMR (dmso-db) 6 
(Me$i) 1.97(s, 6H), 2.10(s, 6H), 7.56(m, 19H). 
AM (DMF) 64.7 ohm-’ cm2 mol-‘. 
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[EtNH2Co((DO)(DOH)bzo)BrjC104 (6) 
To a solution of [(Co((DO)(DOH)bzo)Br2] (2.46 

g, 5 mmol) in 100 ml of hot aqueous methanol 
(1:5 vol./vol.) was added 2 ml of a saturated aqueous 
solution of NaClO+ It was cooled to 10 “C and the 
cold solution was then treated with a 40 wt.% aque- 
ous solution of ethylamine (0.5636 g, 5 mmol) with 
stirring. The resulting dark brown solution was kept 
undisturbed at room temperature (30 “C) for 2 h. 
The brown shiny crystals which separated out were 
filtered through a G3 sintered funnel, washed once 
with cold water (5 “C) and repeatedly with cold 
acetone (0 “C) followed by ether and dried under 
vacuum. Yield: 50%. Anal. Calc. for Cr6HZ4N506- 
BrClCo*HsO: C, 33.44; H, 4.56;N, 12.19;Co, 10.25. 
Found: C, 33.65; H, 4.60; N, 12.03; Co, 10.50%. 
‘H NMR (dmsod,) 6 (Me4Si) 0.83(m, 5H), 2.29(s, 
12H), 7.35(m,4H). AM (DMF) 85.2 ohm-’ cm’ 
mol-' . 

[EtZNHCo((DO)(DOH)bzo)BrJC104 (7) 
To a solution of [Co((DO)(DOH)bzo)Brz] (2.46 

g, 5 mmol) in 100 ml of hot aqueous methanol 
was added 2 ml of a saturated aqueous solution of 
NaC104 followed by the addition of diethylamine 
(0.3657 g, 5 mmol). The resulting dark brown solu- 
tion was refluxed for 2 h. The volume of the solution 
was then reduced to 10 ml by evaporation on a water 
bath and cooled to 0 “C. The black crude compound 
which separated out was filtered, washed once with 
water and twice with cold acetone (0 “C) and dried 
in air. Recrystallization from hot methanol yielded 
a dark brown crystalline complex. Yield: 50%. Anal. 
Calc. for CleHzaNs0,sBrClCo~0.5Hz0: C, 36.41; H, 
4.92; N, 11.79; Co, 9.93. Found: C, 36.37; H, 4.87; 
N, 11.80; Co, 10.12%. ‘H NMR (dmsodl,) 6 (Me4Si) 
0.9(m, lOH), 2.3(s, 12H), 7.3(m, 4H). AM (DMF) 
69.5 ohm-’ cm2 mol-‘. 

(EtgVCo((DO)(DOH)bzo)Br]C104 (8) 
This complex was synthesized by employing 

the procedure outlined for the synthesis of 7 using 
triethylamine (0.506 g, 5 mmol). Dark brown crys- 
tals were obtained. Yield: 60%. Anal. Calc. for 
C2eHs2Ns06BrClCo: C, 39.20; H, 5.26; N, 11.43; 
Co, 9.62. Found: C, 38.93; H, 5.19; N, 11.32; Co, 
10.13%. ‘H NMR (dmsodb) 6 (Me,Si) 0.95(m, 15H), 
2.32(m, 12H), 7.60(m, 4H). AM (DMF) 75.5 ohm-’ 
cm2 mol-' . 

(2-NH#yCo((DO)(DOH)bzo)BrJBr (9) 
To a solution of [Co((DO)(DOH)bzo)Br,] (2.46 

g, 5 mmol) in 100 ml of hot aqueous methanol 
(1:5 vol./vol.) was added 5 ml of an alcoholic solu- 
tion of 2-aminopyridine (0.47 g, 5 mmol). The 
resulting reddish brown solution was refluxed for 
4 h on a water bath. The volume of the solution was 
then reduced to 25 ml by slow evaporation on a 

water bath and refrigerated at 0 “C overnight. The 
brown product which separated out was filtered, 
washed rapidly with cold acetone followed by diethyl 
ether and dried under vacuum over anhydrous cal- 
cium chloride. Recrystallization from warm ethanol 
yielded a light brown crystalline complex. Yield: 
40%. Anal. Calc. for C19H2sN602Br2Co: C, 38.93; 
H, 3.95; N, 14.34; Co, 10.05. Found: C, 38.78; 
H, 4.11; N, 14.35;Co, 10.31%. AM (CHaOH) 110.7 
ohm-’ cm2 mol-‘. 

[pyCo((D0)2bzoBF2)BrJC104 (10) 
The hydrogen bounded proton in [pyCo((DO)- 

(DOH)bzo)Br]C104 was replaced by the BF2 group 
by following the procedure of Schrauzer and Wind- 
gassen [14]. A suspension of [pyCo((DO)(DOH)- 
bzo)Br]C104 (3.038 g, 5 mmol) in 100 ml of dry 
diethyl ether was stirred with a large excess of boron 
trifluoride etherate for 20 h using a magnetic stirrer 
in a stoppered round bottom flask. The yellowish 
brown complex turned dark brown as the reaction 
proceeded. The product was filtered, washed with 
dry alcohol followed by diethyl ether and dried 
under vacuum. Yield: 95%. Anal. Calc. for C19Hzl- 
Ns0&1BrBF2Co: C, 35.74; H, 3.32; N, 10.97; Co, 
9.23. Found: C, 35.70; H, 3.50; N, 11.05; Co, 9.48%. 

[pyCo((DO)(DOH)bzo)Br]C104 (II) and (IzCo- 
((DO)(DOH)bzo)Br]PF, (12) 
The synthesis of these complexes has already 

been reported [ 121. 

Physical Measurements 
The instruments used and the method employed 

for C, H, N and Co estimations, for recording IR, 
‘H NMR, W-Vis spectra, for measuring the con- 
ductivity and for determining the magnetic suscep- 
tibility have been described elsewhere [ 121. 

Therm0 Gravimetric AnaIysis 
TGA was carried out using a Dupont Thermo- 

gravimetric analyzer by heating the samples at a 
rate of 20 “C per minute under the atmosphere of 
dinitrogen. The loss of weight was recorded as a 
function of temperature. 

Results and Discussion 

Infrared Spectra 
The characteristic infrared absorption bands 

of the ligand framework and the coordinated base 
are presented in Table 1. The characteristic absorp- 
tion bands due to the axially bound Lewis base 
are observed besides the bands characteristic of the 
ligand framework. Upon complex formation, the 
pyridine vibrations in the high frequency region 
are not shifted appreciably whereas the out-of-plane 



Co(III) Complexes of Quadridentate Dioxime &and 29 



30 V. Alexander 

ring deformation vibration at 40.5 cm-’ and the in- 
plane deformation vibration at 604 cm-’ suffer 
significant shifts towards higher frequencies [17]. 
Thus the in-plane deformation vibration of the 
coordinated pyridine ring occurs at 700 cm-’ while 
the out of plane deformation vibration occurs at 
425 cm-’ in lpyCo((DO)(DOH)bzo)Br] C104. The 
coupled C=C and C=N stretching and the CH defor- 
mation of the pyridine ring occur at 1610 and 770 
cm-‘, respectively [ 181. The 4-methylpyridine com- 
plex [4-CH,pyCo((DO)(DOH)bzo)Br]PF, exhibits 
v(CH) vibrations at 3040 and 3110 cm-‘. v(C=C) 
appears as a strong sharp band probably due to the 
coupling with the HOH bending mode of lattice wa- 
ter. The unsymmetric ring breathing mode and the to- 
tally symmetric ring breathing mode appear as weak 
bands at 1040 and 1005 cm-‘, respectively [ 191. 
v(NH) appearing in solid imidazole as a very broad 
band due to intermolecular hydrogen bonding ap- 
pears as a sharp band at 3140 cm-‘. The NH in-plane 
deformation vibration occurring at 1540 cm-’ in 
free imidazole [20] is not observed as a separate 
band in the complex. This may probably couple 
with the v(C=N) of the ligand framework. Similarly, 
the ring stretching modes appearing at 1473 and 
1445 cm-’ in the free imidazole appear as shoulders 
at 1490 and 1500 cm-r as has been observed by 
Cordes and Walter [21]*. The very weak band 
appearing at 920 cm-’ may be attributed to the ring 
mode of coordinated imidazole which appears at 
935 cm-’ in the free imidazole. 

The v(NH) absorption occurring at 3140 cm-’ 
in [(IzCo((DO)(DOH)bzo)Br]PF6 is absent in [MeIz- 
Co((DO)(DOH)bzoBr] Br indicating the absence of 
the imino hydrogen in the latter. The sharp band 
appearing at 3120 cm-’ may be assigned to the 
methyl group vibration of the coordinated l-methyl- 
imidazole since it is absent in the complex of imida- 
zole. In [BIzCo((DO)(DOH)bzo)Br] BF, the weak 
bands above 3250 cm-’ are apparently due to the 
imidazole CH vibrations and those at 2980 and 
3040 cm-’ are assignable to the CH vibration of 
the benzene portion of benzimidazole and the equa- 
torial ligand. The strong band appearing at 3 120 
cm-’ may be due to the v(NH) of the ligand. Several 
ring stretching bands are expected in the region 
1700-1200 cm- r. Thus the sharp bands at 1500, 
1310 and 1280 cm-’ are assigned to the aromatic 
ring stretching and the sharp bands at 1625, 1440 
and 1370 cm-’ are attributed to the v(C=C), v(C=N) 

*The authors report that the band at 1328 cm-’ in the 
imidazole complexes is assignable to the CH or NH bending 
mode. If this were due to the CH bending mode, [MeIzCo- 
((DO)(DOH)bzo)Br]Br would also give a band around 1328 
cm-’ which is not observed. Therefore the band appearing 
in the 1310-1330 cm-’ region for the complexes of imida- 
zole, benzimidazole and 5,6-dimethylbenzimidazole is 
attributed to the NH bending mode. 

and asymmetric and symmetric deformation vibra- 
tions of the methyl groups, respectively. Based on 
the infrared studies of Cordes and Walter [22] on 
the bis(benzimidazolato)metal complexes, the sharp 
band at 1280 cm-’ is assigned to the CH bending 
vibration which is not found in the dibromo com- 
plex, [Co((DO)(DOH)bzo)Brz]. In analogy with 
the above work [22], the weak band at 635 cm-’ 
is assigned to ring torsion because of its consistent 
appearance in all the complexes of both imidazole 
and benzimidazole . 

The spectrum of the 5,6dimethylbenzimidazole 
complex, [MezBIzCo((DO)(DOH)bzo)Br]PF6, re- 
sembles that of the benzimidazole complex except 
for the appearance of a sharp band at 1470 cm-’ 
assignable to the methyl group vibration. One com- 
mon feature observed in the complexes of the imida- 
zole group ligands is the appearance of a sharp 
band in the region 1310-1330 cm-‘. Since this 
band is not found in the complexes of l-methyl- 
imidazole, it is assigned to NH bending vibration 
[2 11. This spectral behaviour illustrates that imida- 
zole, benzimidazole, and 5,6-dimethylbenzimidazole 
coordinate to the metal ion through the tertiary 
nitrogen. The characteristic feature of the infrared 
spectrum of the triphenylphosphine complex, [PPh3- 
Co((DO)(DOH)bzo)Br]Br is the appearance of a 
number of sharp bands in the 1620 cm-’ region 
probably due to the phenyl ring vibrations and a 
sharp as well as strong band at 700-705 cm-‘. 
Since the latter band is absent in the dibromo com- 
plex and in all other Lewis base complexes, it can 
be attributed to the vibration of coordinated tri- 
phenylphosphine. 

The infrared spectrum of [EtNH&o((DO)(DOH)- 
bzo)Br]C104 consists of sharp as well as strong bands 
at 3 100 and 3200 cm- ‘. The primary amines have 
the tendency to form hydrogen bonds with another 
molecule or with solvent molecule. Steric hindrance 
would not favour the formation of hydrogen bonds 
in this complex, however. The analytical data rules 
out the formation of associated molecule. The 
strong sharp bands appearing at 3100 and 3200 

-’ can therefore be ascribed to the symmetric 
zz asymmetric NH stretching frequencies [23], 
respectively. In the case of [2-NH2pyCo((DO)(DOH)- 
bzo)Br]Br it is difficult to describe unequivocally 
the mode of bonding of 2-aminopyridine since it 
is a potential ambidentate ligand. It can coordinate 
to a metal either through the nitrogen present in 
the ring (endocyclic N) or through the nitrogen of 
the amino group (exocyclic N). Summers et al. [8b] 
in their study on coenzyme Brz models invoked 
the endocyclic binding mode of 2-aminopyridine 
from the crystal and molecular structure of [2-NHz- 
pyCo(DH)zi-Pr] supported by spectral and solution 
studies. Yet, these authors did not rule out the 
fluxional behaviour of 2-aminopyridine forming 
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complexes through the endocyclic and exocyclic 
nitrogens which are present in equilibrium. Very 
recently, Marzilli et al. [8fl extensively studied the 
dynamic behaviour of 2-aminopyridine by kinetic, 
spectroscopic and structural studies. The absence 
of a sharp band characteristic of the free amino [24] 
group in the 3300-3500 cm-’ region in the infrared 
spectrum of [2-NHzpyCo((DO)(DOH)bzo)Br]Br in- 
dicates that 2-aminopyridine coordinates through 
its exocyclic nitrogen. 

While complexes of ethylamine and 2-amino- 
pyridine exhibit strong and sharp bands in the 3080- 
3200 cm-’ region, [Et,NHCo((DO)(DOH)bzo)Br]- 
Cl04 exhibits a broad band at about 3250 cm-’ 
probably due to the coupling of v(NH) and v(CH) 
vibrations. The triethylamine complex, [EtsNCo- 
((DO)(DOH)bzo)Br]C104, also exhibits a strong 
as well as broad band in this region due to v(CH). 
All the Lewis base complexes exhibit absorption 
bands characteristic of the ligand framework besides 
the bands characteristic of the coordinated Lewis 
bases as described above. Among the bands charac- 
teristic of the macrocycle, the v(OH) band merits 
discussion since it appears in a wider energy region 
in these complexes. The complexes of imidazole, 
1-methylimidazole, 2-aminopyridine, ethylamine, 
diethylamine and triethylamine exhibit this absorp- 
tion as a broad band of medium intensity in the 
region 2280-2450 cm-’ whereas in the complexes 
of benzimidazole and 5,6-dimethylbenzimidazole, 
it is very weak and broad and in the complexes of 
pyridine, 4-methylpyridine and triphenylphosphine 
it is obscured. 

u(Co-N) (nitrogen donors of the equatorial 
ligand) appears in all the complexes in the region 
520-5 30 cm-’ except for [PPh&o((DO)(DOH)- 
bzo)Br]Br in which it occurs at 540 cm-‘. This 
indicates that the energy of the Co-N bond in this 
complex is higher than that in all other complexes 
due to the greater n-accepting tendency of triphenyl- 
phosphine. The sharp band, assignable to v(C=C), 
occurring at 1630 and 1605 cm-’ in the free ligand 
and in the dibromo complex, respectively, appears 
in the complexes of pyridine, Cmethylpyridine, 
benzimidazole, 5,6-dimethylbenzimidazole and 2- 
aminopyridine as a sharp band probably as a coupled 
v(C=C) vibration of the equatorial ligand and that 
of the coordinated Lewis base, whereas it overlaps 
with v(C=N) in the complexes of imidazole, l-meth- 
ylimidazole, ethylamine and triphenylphosphine and 
appears as a broad band. 

In broad agreement with the analytical composi- 
tion, the complexes of pyridine, 4-methylpyridine, 
1 -methylimidazole, benzimidazole, 5,6dimethyl- 
benzimidazole, triphenylphosphine, ethylamine and 
diethylamine exhibit infrared absorption bands 
characteristic of lattice water. In general, lattice 
water absorbs at 3550-3200 cm-’ corresponding 

to antisymmetric and symmetric OH stretchings 
and at 1630-1600 cm-’ corresponding to HOH 
bending [25]. It also exhibits absorption bands in 
the region 600-300 cm-’ [25,26]. All these com- 
plexes exhibit a strong as well as broad band in the 
region 3420-3540 cm-r due to the antisymmetric 
and symmetric OH stretchings. The HOH bending 
vibration expected to occur in the 1630-l 600 cm-’ 
region may probably be overlapping with v(C=C). 
The complex [MezBIzCo((DO)(DOH)bzo)Br]PF.s ex- 
hibits a sharp shoulder at 1630 cm-’ probably due 
to the ‘pure’ HOH bending of the lattice water. 
All those complexes which crystallize with lattice 
water exhibit another band at 440 cm-‘. Infrared 
absorption bands characteristic of ionic perchlorate, 
fluoborate and hexafluorophosphate are well ob- 
served [ 121. 

Themtal Studies 
Thermogravimetric analysis was carried out for 

all the twelve complexes. All these complexes de- 
compose in the temperature range of 250-300 “C. 
In the case of [IzCo((DO)(DOH)bzo)Br]PF6, [Mez- 
BIzCo((DO)@OH)bzo)Br] PF,, [Et ,NCo((DO)- 
(DOH)bzo)Br] Clod, [pyCo((DO)sbzoBFz)Br]C104 
and [2-NHspyCo((DO)(DOH)bzo)Br] Br no loss in 
weight was observed upto 250 “C indicating the 
absence of water or solvent molecules (CHsOH) 
in the crystal lattice. The other complexes indicate 
loss of lattice water in the temperature range of 
60-80 “C. [PPh&o((DO)(DOH)bzo)Br]Br and 
[Et,NHCo((DO)(DOH)bzo)Br]C104 lose 0.5 mole- 
cules of water per molecule of the complex whereas 
[pyCo((DO)(DOH)bzo)Br] C104, [MeIzCo(@O)- 
(DOH)bzo)Br] Br , [BIzCo(@O)(DOH)bzo)Br] BF4, 
[4-CHapyCo((DO)(DOH)bzo)Br]PFe and [EtNH&o- 
((DO)(DOH)bzo)Br]C104 loss 1 molecule of water 
per molecule of the complex. These data confirm 
the exact molecular composition of these complexes 
as inferred from the analytical data. 

Magnetic Susceptibility 
The weight of each of these complexes decreased 

in the magnetic field and the Xg”” is a negative 
quantity ranging from -985 X lo-” to -2167 X 
lo-l2 indicating the diamagnetic nature of these 
complexes [ 121. 

Intramolecular Hydrogen Bond 
The OH stretching vibration appearing in the 

free ligand at 2900 cm-’ is shifted to 2400 cm-’ 
in the dihalo, pseudohalogeno and alkylcobalt(II1) 
complexes indicating the formation of hydrogen 
bonding during the complexation of the ligand [ 121. 
The OH bond weakens in the complexes due to 
hydrogen bonding and consequently v(OH) appears 
at lower energy. The Lewis base complexes also 
exhibit v(OH) at around 2400 cm-‘. These com- 
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plexes also exhibit two strong as well as sharp bands 
at 1220 and 1075 cm-’ assignable to v(N0) and 
v’(N0). The appearance of only one band at 1220 
cm-‘, assignable to v(NO), in the free ligand shows 
that the two -NOH groups are identical while the 
appearance of two bands, assignable to v(NO), 
in the complexes indicates the presence of two 
unequal -NO- linkages. Indeed, upon complexa- 
tion there are two -NO- linkages, C=N-O-H and 
C=N-O-- -H, due to the formation of the hydro- 
gen bond. Studies on cobaloximes by Schrauzer 
and Windgassen [27] and by Yamazaki and Hoho- 
kabe [18] as well as the work of Blinc and Hadzi 
[28] also confirm the presence of two unequal 
-NO- linkages due to hydrogen bonding. Disap- 
pearance of the 6(OH) band in the complexes is 
further evidence for O-H...0 bond formation [29]. 
The hydrogen bonded proton can be chemically 
innocent [9d] and it escaped experimental detec- 
tion by proton NMR spectroscopy, but it can be 
replaced by a BFa group. Thus, indirect evidence 
for the presence of a hydrogen bond is obtained 
by replacing the hydrogen bonded proton in [py- 
Co((DO)(DOH)bzo)Br]C104 by the BF, group by 
treating the complex with BFs.OEtz. The infrared 
spectrum of [pyCo((DO)zbzoBF2)Br]C104 consists 
of sharp bands at 1190 and 815 cm-’ assignable 
to v(B0) and weak and sharp bands at 1025 and 
1005 cm-’ assignable to v(BF) [30]. The u(OH) 
and v’(N0) bands appearing in [pyCo((DO)(DOH)- 
bzo)Br]C104 disappear in the BF, derivative and 
the presence of the sharp as well as strong band 
assignable to v(N0) in the BF, derivative indicates 
the presence of only one -NO- linkage, C=N-O-B. 
The BFa derivatives of similar hydrogen bonded 
complexes have demonstrated quite unusual struc- 
tural, spectroscopic and chemical properties [31]. 
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Electronic Absorption Spectra 
Six coordinate complexes of cobalt(M) are 

invariably low spin and diamagnetic with ‘Ars ground 
term. Thus their behaviour parallels low-spin Fe(H), 
but shifted .to higher energy for comparable ligands, 
because of the higher oxidation state [32,33]. 
The crystal field model predicts that the electronic 
spectra of complexes of metal ions having low-spin 
d6 configuration will be characterized by two low 
lying spin allowed crystal field transitions, assignable 
to ‘Ala -+ ‘Trs and ‘A,, --f ‘Tars, as shown in part A 
of Fig. 2. When the symmetry is lowered from 0, 
to De,, (tetragonal centric) or C,, (tetragonal acen- 
tric), corresponding to a tetragonal distortion, the 
excited ‘Tr, level of the pseudo 0, symmetry is split 
into ‘Ea and ‘A as while the ‘TZg level is split into 
‘Baa anBd ‘Ez according to the crystal field model of 
Wentworth and Riper [34]. The splitting of the rTZg 
band is predicted by theory to be too small to be 
experimentally observed [35]. Thus on lowering the 
symmetry to Ddh from O,, more than two bands, 
usually three, are observed, two in the visible region 
and one in the near UV region assignable to ‘Alg + 
‘E:(y& ‘Ars -+ ‘AZe(vA) and ‘Alg + (lBZg + ‘Ei) 
(vrr). The spin allowed crystal field transition in 
pseudo Oh symmetry is shown in part A of Fig. 2. 
The splitting of the excited states of low-spin d6 
cobalt(M) in a Dab microsymmetry and the spin 
allowed crystal field transitions when Dqxy > Dq’ 
are shown in part B of Fig. 2. 

When the field strength, Dqxy, of the equatorial 
ligand is less than that of the axial ligand, i.e. when 
Dt is negative, the ‘Aas level drops in energy below 
the ‘Ei level as illustrated in part C of Fig. 2. Busch 
and his co-workers [36], in their study on cobalt(III) 
complexes of tetraaza macrocycles, observed falling 
of the rAA2s level below the *Ei level in dicyano 

'A +‘T 
lg 1g 

1 ODq vc I 

_____________ -l 4 lg I 

DqXY > Dq= Dqxy < DqZ DqXY= Dq' 

1 

Oh [Corn Lpi Dab 

Fig. 2. Energy level diagram (not to scale) and the d-d transitions for a low spin d6 ion in pseudo Oh symmetry (A); the splitting 
of the excited states in D4h microsymmetry when DqXy > Dq’ (B); when Dqyy < Dq* (C); and when Dqxy =Dq* (D). 
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TABLE 2. Electronic spectral band assignments for the Lewis base complexesa 
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Complex ‘Alp -, lE;(vE) ‘Alp + ‘AZ,&& 
(kK) OtK) 

‘Alp -, (‘E: + ‘B~&Q) 
OtK) 

Other 
bandsb 

[4CH3pyCo((DO)(DOH)bzo)Br]PF,j 17.80 22.98 27.62 37.73 
[MeIzCo((DO)(DOH)bzo)Br]Br 17.86 23 27.55 38.17 
[BIzCo((DO)(DOH)bzo)Br]BF4 18 23 27.62 37.73 
[PPh$o((DO)(DOH)bzo)Br]Br 18 22.83 30.30 38.17 
(EtNH~Co((CO)(DOH)bzo)Br]ClO~ 17.80 22.83 27.62 33.98, 38 
(Et2NHCo((DO)(DOH)bzo)Br]C104 17.83 22.98 27.40 37.30 
[EtaNCo((DO)(DOH)bzo)Br]C104 18 23.15 27.78 38 

‘Spectra were recorded using _ 10e3 M solution in DMF in the visible region and in methanol in the UV region at 30 “C. bThe 
charge transfer transition and/or n -+ n* transition of the ligand framework. 

complexes where Dq” is greater than Dqxy. When 
Dq” is very close to Dqxy, the symmetry becomes 
closer to Oh and the splitting of the ‘Tra excited 
state of the pseudo Oh symmetry is too small to be 
experimentally detected and the low lying band is 
the composite of the ‘Ei and ‘A2a transitions as 
illustrated in part D of Fig. 2. 

In a recent study [12] on vitamin Br2 and co- 
enzyme Br2 models built upon the equatorial ligand 
under study, the crystal field model of Wentworth 
and Piper [34] has been usefully employed to inter- 
pret the electronic absorption bands and to compute 
the ligand field parameters of the (non-alkyl)cobalt- 
(III) complexes since they exhibited the three pre- 
dicted bands. The Lewis base complexes under 
study also exhibit the three predicted bands, two 
in the visible region and one in the near UV region 
indicating their close approximation to the D4,, 
microsymmetry. This amounts to assuming that 
the four donor atoms of the macrocyclic ligand are 
coordinated in a square planar array and impose 
equivalent field strength on the metal ion. Thus the 
site symmetry of the cobalt atom is considered to 

TABLE 3. Ligand field parameters for the Lewis base com- 
plexes* 

Complex Ligand field param- 
eters (cm-‘) 

Dqxy Dq’ Dt 

[pyCo((DO)(DOH)bzo)Br]ClO4 2663 1625 593 
[ IzCo((DO)(DOH)bzo)Br]PF6 2674 1594 617 
(4CH3pyCo((DO)(DOH)bzo)Br]PF6 2678 :zGi :i; 
[MeIzCo((DO)(DOH)bzo)Br]Br 2680 
[BIzCo((DO)(DOH)bzo)Br)BF4 2680 1680 571 
[PPh$o((DO)(DOH)bzo)Br]Br 2663 1697 552 
[EtNH$o((DO)(DOH)bzo)Br]ClO4 2663 1657 575 
[Et2NHCo((DO)(DOH)bzo)Br]C104 2678 1647 589 
[EtJNCo((DO)(DOH)bzo)Br]Cl04 2695 1664 589 

Yomputed according to the crystal field model of Went- 
worth and Piper [ 341. See also ref. 12. 

be D4,,. Other low-spin cobalt(II1) complexes of 
macrocyclic and nonmacrocyclic ligands have been 
usefully treated by assuming the D4,, symmetry 
[36-391. The electronic spectral band assignments 
and the ligand field parameters of these complexes 
are given in Tables 2 and 3, respectively. The elec- 
tronic absorption spectra of [I-CH,pyCo((DO)- 
@OH)bzo)Br]PF,, ~eIzCo((DO)(DOH)bzo)Br]Br, 
[PPhaCo(@O)(DOI-I)bzo)Br]Br and [EtNH,Co- 
(@O)@OH)bzo)Br]C104 are depicted in parts 

(b), (c) and (d), respectively, of Fig. 3. In general, (a>, 

lo4 
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& 

IO2 

10 

L 
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Fig. 3. Electronic absorption spectra of (a) [4-CH~pyco- 
((DO)(DOH)bzo)Br]PF6, (b) [MeIzCo((DO)(DOH)bzo)Br]- 
Br, (c) [PPh$o((DO)(DOH)bzo)Br]Br, (d) [EtNHgCo- 
((DO)(DOH)bzo)Br]C104 in DMF (visible region) and in 
methanol (UV region) at 25 “C. 
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molar absorptivities will be higher for tetragonal 
than for octahedral complexes [40]. Another factor 
which enhances the intensity of d-d transitions is 
the ligand field strength. The stronger the ligand 
field, the more intense is the absorption 1411. The 
intensity of the crystal field transitions of the com- 
plexes under study is slightly higher due to tetragonal 
distortion and strong ligand fields. The intensity of 
the lowest spin allowed ‘Ara + ‘Eq transition varies 
from 40 to 70 1 mol-’ cm-’ while that of the VA 
transition, ‘Arg + ‘AZg varies from 140-300 1 mol-’ 
cm-’ and that of the vII transition, ‘Arg -+ (lBZg t 
‘Ei), lies in the range of 300-600 1 mol-’ cm-‘. 

The ligand field parameters of [pyCo((DO)(DOH)- 
bzo)Br]C104 and [IzCo((DO)@OH)bzo)Br]PFe have 
been reported elsewhere [12]. The DqXy, Dq’ and 
D, values of the former are 2663, 1625 and 593 
cm-‘, respectively, while the corresponding values 
of the latter are 2674, 1594 and 617 cm-‘, respec- 
tively. The complex [4-CHapyCo((DO)(DOH)bzo)- 
BrjPF, exhibits the vn transition at 17.8 kK and the 
VA transition at 22.98 kK with molar absorptivities 
of 73 and 556 1 mol-’ cm-‘, respectively. The vII 
band occurs at 27.62 with an E value of 720 1 mol-’ 
cm-‘. These assignments lead to DqXy, Dq’ and D, 
values of 2678, 1642 and 592 cm-‘, respectively. 
The field strength of 4-methylpyridine is thus greater 
than pyridine as expected from the hyperconjugative 
electron release by the methyl group. The greater 
availability of the lone pair electron density on the 
4-methylpyridine nitrogen enhances its field strength. 
The field strengths of 1 -methylimidazole, 5,6-di- 
methylbenzimidazole, ethylamine, diethylamine and 
triethylamine are very nearly the same indicating 
their comparable coordinating ability. The field 
strength of benzimidazole is 1680 cm-‘, higher than 
that of other bases, indicating its stronger bonding 
to the cobalt(II1) ion. This is reflected in the Co(III)/ 
Co(II) E, 12 values of the benzimidazole complex 
which are higher than those of others (vi& infra). 
The field strength of triphenylphosphine is worthy 
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of comment. The field strength of triphenylphos- 
phine, being a better n-acceptor, is expected to be 
high. Indeed, it exhibits the highest field strength 
of 1697 cm-‘. The observed spectrochemical series 
of the Lewis bases for Co3+ is in the following in- 
creasing order: Iz < py < 4CH,py < Et,NH < 
MeIz < EtNH2 < Et,N < NIz < PPha. 

The reliability of the spectral assignments lies 
on the near constancy of the field strength of the 
equatorial ligand which falls in the range of 2663 
to 2680 cm- ’ for the 10 complexes for which all 
ligand field parameters have been computed. Note, 
however, that the DqXy calculated for [EtsNCo- 
((DO)(DOH)bzo)Br]C104 is 2695 cm-‘. The near 
invariance of the field strength of the equatorial 
ligand despite the presence of different axial ligands 
is of commendable chemical significance. Such a 
small variation of DqrY with different axial ligands 
is essentially due to the occurrence of the ‘Ars -+ 
‘A 2g transition, crucial to the computation of DqXy, 
in a narrow energy region. It is very interesting 
and intriguing to note that the aliphatic amines, 
namely, ethylamine, diethylamine and triethylamine 
which do not possess n-orbitals also produce Dq* 
values comparable to that of the aromatic Lewis 
bases possessing rr-orbitals. Therefore, it is almost 
certain that the a-donation of the axial ligand con- 
tributes to Dq’ while both u- and n-bonding contrib- 
ute to Dqxy. 

Electrochemical Behaviour of the Complexes 
The DC polarograms of these complexes consist 

of two well defined reduction waves corresponding 
to the reduction of Co(II1) to Co(I1) and Co(I1) 
to Co(I). The half-wave potentials and the diffusion 
current constants for both of these reduction pro- 
cesses are presented in Table 4. The near constancy 
of the ratio of the diffusion current to the con- 
centration indicates that the reductions are diffusion 
controlled at DME and one electron transfer occurs 
for both reductions [6d, 131. 

TABLE 4. Polarographic half-wave potentialsa and diffusion current constants for the reduction of the Lewis base complexes in 
DMF containing -0.1 M TEAP at 25 “C 

Complex Concentration First reduction wave Second reduction wave 
~10-~ M Co(lI1) -+ COW) Co(H) -+ Co(I) 

El/2 07 id/c El/Z W) id/C 

(log units) (log units) 

[4-CHapyCo((DO)(DOH)bzo)Br]PFe 1.25 -0.25 2.02 - 1.18 1.79 
[MeIzCo((DO)(DOH)bzo)Br]Br 1.12 -0.24 1.90 - 1.15 1.87 
[ BIzCo((DO)(DOH)bzo)Br] BF4 1.08 -0.17 1.71 -1.13 1.74 
[MezBIzCo((DO)(DOH)bzo)Br]PFe 1.00 -0.26 1.90 -1.15 1.90 
[PPhsCo((DO)(DOH)bzo)Br]Br 0.65 -0.23 1.66 - 0.84 1.71 
[2-NH2pyCo((DO)(DOH)bzo)Br]Br 1.10 -0.21 1.78 -1.00 1.75 

aPotentials are reported in volts vs. Ag/AgCl. 
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TABLE 5. Cyclic voltammetric data for the reduction of Lewis base complexes at a glassy carbon disk electrode in DMF containing TEAP (0.1 Ml at 22 “C’ s 

s 
0 

Complex Cobalt Epe (V) Ena (V) Eriz (V) Et/z (v) in, ipa ipalipc aE, (mV) ipc /lP 2 

redox (vs. SCE) (vs. SCE) (vs. SCE) (vs. Fc/Fc+) (PA) &Al (vs. SCE) @A s-1/2 mV-1’2) f 
couple B 

l% 
9 

[4CHspyCo((DO)(DOH)bzo)Br]PFs III/II -0.66 -0.32 -0.490 -0.980 1.5 1.5 1.00 340 0.21 2; 
(1 x10-3M) II/I - 1.17 -1.12 -1.145 - 1.635 11.7 5.6 0.48 50 1.63 ;i: 

b 
[BIzCo((DO)(DOH)bzo)Br]BF4 III/II -0.60 -0.40 -0.500 - 0.990 12.6 12.7 1.00 200 1.78 3 

(0.98 x lo-’ M) II/I -1.12 -1.05 -1.060 - 1.550 20 10 0.50 70 2.82 Y. 
[EtNHaCo((DO)(DOH)bzo)Br]ClO4 III/II -0.66 -0.24 -0.450 - 0.940 26 26 1.00 420 3.60 3 (D 

(1.124 x 10” Ml II/I - 1.12 -1.14 -1.180 - 1.670 36 18 0.50 80 5.09 ? 
[Et2NHCo((DO)(DOH)bzo)Br]C104 III/II -0.62 -0.25 -0.435 -0.925 30 31 1.03 370 4.24 B 

(1.107 x lo-‘M) II/I -1.12 -1.14 -1.180 - 1.670 40 21 0.52 80 5.65 
8 

[EtaNCo((DO)(DOH)bzo)Br]C104 III/II -0.65 -0.27 - 0.460 - 0.950 33 33 1.00 380 4.67 
(1.12 x 10” Ml II/I -1.12 -1.13 - 1.175 - 1.665 86 46 0.53 90 12.16 

[MeIzCo((DO)(DOH)bzo)Br]Br III/II -0.60 -0.30 -0.450 -0.950 300 
(0.92 x 1O-3 M) II/I -1.15 -1.08 -1.100 - 1.590 70 

[MeaBIzCo((DO)(DOH)bzo)Br]PFs b III/II -0.75 -0.20 -0.475 - 0.965 550 
(1 x 10” M) II/I -1.23 

[PPh3Co((DO)(DOH)bzo)Br]BrC III/II -0.75 -0.30 -0.525 - 1.015 450 
(1.16 x 1O-3 Ml II/I -0.96 -0.87 -0.915 - 1.415 90 

%weep rate: 50 mV s-l unless otherwise stated. bThe anodic and cathodic waves for both redox couples are sharp. CWell defined cathodic and anodic waves are observed at 
the sweep rate, 20 mV s-l for both redox couples. When the voltammogram was recorded at 500 mV s-l, a new cathodic wave appears at around - 1.25 V. 

x 
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The cyclic voltammograms of these complexes 
consist of two cathodic waves corresponding to the 
reductions, Co(II1) + Co(I1) and Co(I1) + Co(I) and 
two anodic waves corresponding to the oxidations, 
Co(I) -+ Co(I1) and Co(I1) + Co(II1). The cathodic 
and anodic waves are well developed for [4CHspy- 
Co((DO)(DOH)bzo)Br]PF,, [BIzCo((DO)(DOH)bzo)- 
Br]BF4, [EtNH&o((DO)(DOH)bzo)Br]C104, [Eta- 
NHCo((DO)(DOH)bzo)Br]C104 and [EtsNCo((DO)- 
(DO)bzo)Br]C104 and all parameters are computed. 
The cyclic voltammetric data for the reduction of 
these complexes are presented in Table 5. In the 
case of the complexes of pyridine, imidazole, l- 
methylimidazole, and triphenylphosphine, the waves 
are poorly defined and hence all parameters could 
not be accurately obtained. The parameters, namely, 
ipa/ipc, aE, and ipa/vl’*, employed to evaluate 
the reversibility of the redox couple, are given in the 
last three columns of Table 5 [ 13,421. 

In the case of the complexes of 4_methylpyridine, 
benzimidazole, ethylamine, diethylamine, triethyl- 
amine, and triphenylphosphine &.&, is 1 for the 
Co(III)/Co(Il) redox couple indicative of reversible 
electron transfer. But the separation between the 
anodic and cathodic peak potentials, AE,, is too 
large, ranging from 360 to 400 mV at the sweep 
rate of 50 mV s-l, indicative of its electrochemical 
irreversibility. Also, both cathodic and anodic peaks 
of this couple lack the characteristic sharpness of 
a reversible electrode reaction. The cyclic voltam- 
mograms for the reduction of [EtNH,Co((DO)- 
(DOH)bzo)Br]CIOd, [EtaNHCo((DO)(DOH)bzo)Br]- 
C104 and [EtaNCo((DO)(DOH)bzo)Br]C104 are 
shown in parts (a), (b) and (c), respectively, of Fig. 
4. Though the anodic and cathodic peaks shift 
farther apart with increasing scan rate, characteristic 
of the quasireversible couple [43], the peaks are 
widely separated (360-400 mV) indicating irrevers- 
ible electrochemical reduction of [LCo((DO)(DOH)- 
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bzo)Br]+ to the cobalt(I1) state. The causes of irre- 
versibility have already been explained [13]. This 
indicates extensive bond breaking [43] during the 
reduction of [LCorr’((DO)(DOH)bzo)Br]+ and it is 
almost certain that the axial bromide, tram to the 
Lewis base, is lost and the formation of a five co- 
ordinate Co(I1) complex, [LCo”((DO)(DOH)bzo)]+ 
is envisioned as shown in eqn. (1). The (non-alkyl)- 
cobalt(II1) complexes of ((DO)(DOH)bzo) [ 131 

[ LCo"'((DO)@OH)bzo)Br ] + t e - 

[LCo”((DO)@OH)bzo)]+ t Br- (1) 

and (C2(DO)(DOH)pn) [6a] also exhibit a similar 
behaviour. De Tacconi et al. [44] in their studies on 
aquacobalamin have also observed a slow rate of 
electron transfer for the Co(III)/Co(II) couple, a 
behaviour which they ascribed to the benzimidazole 
moiety of the nucleotide being more strongly bonded 
to cobalt resulting in a larger vibrational contribu- 
tion to the reorganization energy of the electron 
transfer. The near constancy of ipa/v”* indicates 
that the reduction of Co(II1) to Co(I1) is diffusion 
controlled at the working electrode [45]. 

In the case of the Co(II)/Co(I) redox couple the 
separation between the anodic and cathodic peak 
potentials spans between 50-100 mV at all sweep 
rates and the ipa/ip, ratio is -0.5 indicating the 
electrochemical irreversibility of the couple. A 
very interesting feature of the cyclic voltammetry 
of these complexes is the relative insensitivity of 
the Co(II)/Co(I) redox couple to the axial ligands. 
The near invariance of the position of the cathodic 
peak corresponding to the reduction of Co(I1) + 
Co(I) is indicative of the weak interaction of the 
axial ligand in the electrogenerated five coordinate 
cobalt(I1) complex, [LCo”((DO)@OH)bzo)] +. A 
similar observation was made by Endicott et al. 

+ 0.5 0 0.5 I 1.5 

E (V YS SCEI 

Fig. 4. Cyclic voltammograms for the reduction of (a) [EtNH$Jo((DO)(DOH)bzo)Br]C104 (1.124 x 10e3 M), (b) [EtzNHCo- 
((DO)(DOH)bzo)Br]C104 (1.107 X 10” M), (c) [Et3NCo((DO)(DOH)bzo)Br]C104 (1.12 x 10” M) at a glassy carbon disk 
electrode in DMF containing 0.1 M TEAF’ at 22 “C. Sweep rate for (a), 200 mV s-l; and for (b) and (c), 50 mV s-l. 
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[46] who in their studies on the tram influence 
and axial interactions in low spin tetragonal co- 
balt(I1) complexes of the type [CoL4(OHs)J2+ and 
[Coh(C104),] * have shown that the axial Co-ligand 
bond lengths are 0.3-0.5 A longer than the equa- 
torial Co-ligand bond. A similar observation was 
made by Schneider et al. [47] who in their studies 
on the kinetics of bis(dimethylglyoximato)cobalt(II) 
complexes of the type [Co(DH),B2] and [Co- 
(DH),B] have shown that in solution the former 
undergoes complete dissociation into [CO@H)~B] 
and B. The near invariance of the position of the 
anodic peak corresponding to the oxidation of 
Co(I) to Co(I1) is attributed to the complete loss 
of the axial ligands during the generation of the 
Co(I) complex as shown in eqn. (2). The generation 
of four coordinate Co(I) complex was also observed 
by Alexander and Ramanujam in their electro- 
chemical investigations on the halogeno- and pseudo- 
halogenocobalt(II1) complexes of (DOH)2bzo [ 131 
and by Swetik and Brown [48] and by Saveant 
and his coworkers [49] in their cyclic voltammetric 

[ LCo”((DO)(DOH)bzo)]’ + e - 

[Co’((DO)(DOH)bzo)] + L (2) 

studies on vitamin Br2 derivatives. A weak axial 
interaction of the solvent molecules (DMF) with 
the electrogenerated Co(I), as observed by Elliott 
et al. [6a], cannot be ruled out however. 

The magnitude of AE, for the Co(II)/Co(I) 
redox couple (50-100 mV) is much lesser than that 
of the Co(III)/Co(II) couple (360-400 mV) indi- 
cating that the rate of electron transfer is much 
faster for the Co(I1) + Co(I) reduction than that 
of the Co@) --f Co(H) reduction. The much slower 
rate of electron transfer for the reduction of the 
Co(II1) complex than the subsequent reduction of 
the electrogenerated [LCO”((DO)(DOH)~ZO)]~ to 
[Co’((DO)(DOH)bzo)] is due to the strong binding 
of the Lewis base to the Co3+ ion which results in 
a larger vibrational energy contribution to the elec- 
tron transfer process. The faster rate of electron 
transfer during the reduction of the Co(I1) complex 
is due to the weak axial binding of the Lewis base 
(uide supra) which results in a small vibrational 
energy contribution to the reduction process. A 
similar observation was made by de Tacconi ef al. 
[&I] who in their study on aquacobalamin observed 
a faster electron transfer in the case of the base-off 
Br2,/base-off Blzs couple than in the base-off Br2,/ 
base-off Blzr couple. 
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*L4 refers to a 14-membered tetraaza macrocyclic ligand. 
The following are the macrocyclic ligands employed: [14]- 
aneN4, Me,j[ 14]4,lldieneN4, Mea[ 14]4,1 ldieneN4, [ 14]- 
tetraeneN4, [ 14]4,7dieneN4, [ 14]py-dieneN4 and [ 14]- 
tetraeneoximatoN4. For the expanded names of these ligands 
and their skeletal structures see ref. 46. 

In the case of the Co(II)/Co(I) redox couple the 

in&e ratio is 0.5 indicating a 50% Co(I) yield. 
This indicates the involvement of a coupled chem- 
ical reaction such as an ECE mechanism depicted 
below (eqns. (3)-(6)). 

E [LCo”‘((DO)@OH)bzo)Br]t + e 4 

[LCo”((DO)@OH)bzo)]+ (3) 

C [LCo”‘((DO)(DOH)bzo)Br]t 

+ [LCo”((DO)(DOH)bzo)] + @ 

[LsCo”‘((DO)(DOH)bzo)] 2+ 

+ [Co”((DO)(DOH)bzo)]+ (4) 

E [LCo”((DO)(DOH)bzo)]+ t e 4 

[Co’(@W~Hko)l (5) 

This ECE mechanism also predicts a 50% cobalt(I) 
yield (eqn. (6)). The irreversibility of both the 
redox couples is also well accounted for by this 
mechanism. 

2 [LCo”‘((DO)(DOH)bzo)Br]+ t 2e ---\ 

LCo’ll@W~H)b~~o)l 
+ P’WWDWIWI (6) 

Spectroelectrochemistry 
While the polarographic half-wave potentials 

for the reduction of Co(II1) to Co(I1) spans between 
-0.14 and -0.25 V (versus Ag/AgCl) with a poten- 
tial variation of only 0.11 V, the cyclic voltammetric 
E l/2 values for the Co(III)/Co(II) couple span in 
an even narrower region of -0.43 to -0.525 V 
with a variation of 0.095 V (versus SCE). Despite 
the small variation of the Co(III)/Co(II) Er,2 values 
for these complexes there is a dramatic dependence 
of the El,, values on the field strength of the axial 
ligand as indicated by a linear plot of DqZ versus 
E l/2 with a slope of 0.56 f 0.02 cm-’ mV_‘. The 
dependence of the cyclic voltammetric Co(III)/ 
Co(I1) El,, values on the field strengths of the 
axial ligands is depicted in Fig. 5. The dependence 
of the Co(III)/Co(II) couple on the spectrally deter- 
mined ligand field strength of the axial ligands was 
documented by Rillema et al. [50] in their studies 
on cobalt(II1) complexes of Meg [ 14]4,11 -dieneN4 
with a variety of axial ligands. The authors have 
observed a wide potential variation of over 1 V 
and obtained a linear plot of Dqx versus E1,2 with 
a slope of 1.7 + 0.2 cm-’ mV_‘. This observation 
further substantiates that the Co(III)/Co(II) redox 
couple is very sensitive to the axial ligand. Compli- 
mentary studies by Rillema et al. [51] on a series of 
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influence of the equatorial ligand. The differences 
between the E,,, values of the Co(III)/Co(II) and 
Co(II)/Co(I) redox couples of all these complexes 
are not constant. This indicates that electrons are 
not transferred to the same metal d-orbital during 
the reduction of the Co(II1) and Co(I1) complexes. 
This observation is clearly borne out on the depen- 
dence of the Co(III)/Co(II) Ei12 value on the axial 
ligands and on the dependence of the Co(II)/Co(I) 
E,,, on the equatorial ligand. 

Dq= cm 
-I 

1650 

1625 

In a complex of [COL~XY] of Ddh symmetry 
where X and Y occupy the principal axis, z, a pair of 
rr-orbitals on the ligands X and Y will perturb d,, 
and d,, orbitals which then become n-antibonding 
(or A-bonding if the n-orbitals of X and Y are empty). 
These d,. and dyz pairs will then interact with the 
z-directed n-orbitals on La. The d,, orbital interacts 
only in a n-sense with the n-orbitals of L4 lying in 
the XY plane. The dZ2 orbital is sigma antibonding 
with respect to both L4 and X and Y ligands, whereas 
dxZ--Yz is sigma antibonding to the La only [see ref. 
33, p. 501. The dependence of the Co(III)/Co(II) 
redox couple on the axial ligand thus indicates the 
addition of electron to the dL2 orbital during the 
electrolytic reduction of [LCorr’(@O)(DOH)bzo)- 
Br]+ to the Co(I1) form. Whereas the independence 
of the Co(II)/Co(I) redox couple on the axial ligand 
and its dependence only on the equatorial ligand is 
attributed to the addition of the electron to the 
dXZ_+ orbital during the reduction of [LCo”((DO)- 
(DOH)bzo)]+ to [Co’((DO)(DOH)bzo)]. In the 
extreme case of tetragonal distortion by the elonga- 
tion of the axial ligands, a square planar bonding 
environment results, a situation not at all uncom- 
mon for d* metal ions. Under such a situation dZ2 
falls in energy below the d,, and d,, orbitals and 
is no longer the lowest unoccupied orbital and the 
absence of an axial ligand field dependence on E,,, 
is readily understood. 

0.43 0.48 0.53 

Co~lllKo(lI) E h (V vs SCE) 

Fig. 5. Correlation between the field strength (Dq’) of the 
Lewis bases and cyclic voltammetric El/2 values of the 
Co(III)/Co(II) redox couple. 

cobalt(II1) complexes of the type [C0”‘4(0Hs)~] 
with constant axial ligands and varying equatorial 
chelates, h, such as Me,+[14] 1,3,8,10-tetraeneN.,, 
Mee[14]4,11dieneN4, and Me6[14]aneN4 have 
shown a constant standard potential, E”, of 0.55 V 
for the Co(III)/Co(II) redox couple. 

The polarographic and cyclic voltammetric Er,, 
values for the Co(II)/Co(I) redox couple span over 
0.3 and 0.12 V, respectively. But, neither the polar- 
ographic nor the cyclic voltammetric El,, values 
depends on the Dq’ systematically as indicated by 
the plot of E,,2 versus Dq’, which is scattered. This 
indicates that the Co(II)/Co(I) couple is quite insen- 
sitive to the axial ligand. The spectrochemical and 
electrochemical studies by Busch and his co-workers 
on cobalt(II1) complexes of 13-16aneN4macro- 
cyclic ligands [36] and a series of 14-membered 
macrocycles varying in their degree and position of 
ligand unsaturation and substitution [3a] also in- 
dicated that the Co(II)/Co(I) E,,, value depends 
on the in-plane ligand in a predictable manner. A 
similar observation was made by Costa et al. [52] 
for cobalt(II1) complexes of linear quadridentate 
ligands. The electrochemical study of Elliott et al. 

[6a] on coenzyme Br2 models also reveals that the 
couple is insensitive to potential axial ligand or 
solvent and it measures primarily the electronic 

Conclusion 

The synthesis of macrocyclic complexes with 
modified structural features continues to be a fasci- 
nating field of chemistry. The cobaloximes represent 
a closely related family of Co complexes of (DH)2 
with the most diverse variety of axial ligands ever 
reported for any equatorial chelate. The (DO)(DOH)- 
bzo chelate, designed to synthesize suitable Blz 
models, affords a greater diversity of (non-alkyl)- 
Co(II1) complexes than the (DO)(DOH)pn and 
C2(DO)(DOH)pn models due to the potentiality 
of the axial coordination sites of Co. This is due to 
the enhanced field strength due to the constructive 
effect of the mechanically confining (DO)@OH)bzo 
ligand which provides optimum central cavity to 
accommodate Co3+ and imposes equivalent coordina- 
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tion sites. The tetragonal distortion reflects the 
spectroscopic consequence of the equatorial ligand 
imposing a different coordination site from that 
of the axial’ligands. These compounds are remarkable 
in having given insight into the contribution of 
u-bonding to Dq’ and a- and n-bonding to Dqxy 
from electrochemistry in conjunction with the result 
of Busch and his co-workers [38]. The participation 
of tz, orbitals in a-bonding with both axial and 
equatorial ligands and the antibonding nature of 
the eg orbitals with respect to the axial or equatorial 
ligand provides a major impetus for these molecules 
to serve as a useful qualitative guide to construct 
an MO diagram from spectroelectrochemistry. It is 
conceivable that the formation of five coordinate 
Co(U) and four coordinate Co(I) complexes may 
probably be due to the lowered synergistic effect 
between the electron rich Co centre and the axial 
ligands. But more definite informations about the 
electrogenerated lower valent Co complexes are 
needed from controlled potential electrolysis, spec- 
troscopy and solution studies to ascertain this effect 
with confidence. Since it affords six coordinate 
alkyl- and (non-alkyl)cobalt(III) complexes, charac- 
teristic of an intriguing Br2 model, definite knowl- 
edge of the three dimensional structures of these 
complexes are needed to ascertain the site symmetry 
of Co3+ and the flexibility of the equatorial ligand 
for comparison with other Br2 models and macro- 
cycles. 
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