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Complexes of (5,10,15-tri-X-phenyl-2,3,7,8,12,13,17,18-octamethylcorrolato)cobalt(LQ triphenylphosphine, ( O m -  
PC)Co(PPh3), where X = p-OCH3, p-CH3, p-C1, m-C1, m-F, 0421, o-F, or H, were synthesized and characterized 
in nonaqueous media using electrochemical, spectroelectrochemical, and EPR techniques. The 0-C1 derivative 
exists as different atropisomers in solution, and a thermal interconversion between them was achieved at 338 K 
in toluene. Activation parameters (fl, &) for interconversion between the atropisomers were obtained from 
‘H NMR measurements and were similar in magnitude to values reported for ortho-substituted tetraphenylporphyrin 
derivatives. Formation constants for pyridine binding to the pentacoordinated cobalt@) corroles in benzene 
were obtained from UV-visible spectrophotometric measurements and ranged between 20 and 193 M-I, with 
the exact value depending upon the specific electron-donating or electron-withdrawing group on the three phenyl 
rings of the complex. The redox potentials of (OMTxpc)Co(PPh3) also shift with the nature of the phenyl ring 
substituents, and linear free-energy relationships are observed. Each cobalt(II1) derivative undergoes two one- 
electron reductions, the fiist of which involves a Co(III)/Co(II) conversion and concomitant loss of the bound 
PPh3 ligand. Four one-electron oxidations are also observed for the investigated compounds, and this contrasts 
with the oxidative properties of related cobalt@) porphyrins which undergo a maximum of three one-electron 
oxidations under similar solution conditions. The fiist one-electron oxidation of each cobalt(II1) corrole is metal- 
centered and results in formation of a Co(1V) corrole as ascertained by EPR spectroscopic characterization of the 
electrogenerated species. 

Introduction Chart 1 

Corroles are a class of synthetic tetrapyrrole macrocycles 
which have been related to both the corrins and the porphyrins.’-4 
They possess a direct bond between the two pyrrole rings 
(labeled as A and D in the Chart 1), and this structurally 
associates them with the corrins which also have such a bond 
but are not aromatic. At the same time, the fully-conjugated 
aromatic macrocycle of the corroles makes them quite close to 
the porphyrins which have often served as comparison com- 
pounds for describing the chemistry or physicochemical proper- 
ties of the corroles. 
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relatively little is known about the electrochemical properties 
of these  compound^'^-^^ when compared to the much studied 
metall~porphyrins.~~-~~ Our own laboratory24 has characterized 
the electrochemistry of (OMC)Co(PPh3) and (OMC)Rh(PPh3) 
in nonaqueous media and has shown that both compounds 
undergo three reversible one-electron oxidations within the 
potential limit of the solvent. This electrochemical behavior 
differs from that of the well-studied Co(1II) and Rh(II1) 
metallop~rphyrins~~.~~~~~ which show only two reversible one- 
electron oxidations, both of which occur at the conjugated 
macrocycle. 

The relationship between redox potentials and electron- 
donating or electron-withdrawing substituents has often been 
used to probe electronic structures as well as to shed light on 
the site of electron transfer in a variety of metallopor- 
p h y r i n ~ . ~ ~ , ~ ~ - ~ ~  It has generally been the case that metal- 
centered reactions of metalloporphyrins are less sensitive to 
macrocyclic substituents than ring-centered ones?5 and this 
observation has often been used as a diagnostic criterion to 
assign the site of electron transfer prior to a spectroscopic 
characterization of the electrooxidized or electroreduced species, 
either in situ, or as an isolated material. It is of interest to see 
whether the redox reactions of metallocorroles also follow linear 
free-energy relationships, but these types of studies could not 
previously be carried out since all earlier synthesized metallo- 
corroles had the eight /3-pyrrole positions occupied by alkyl 
groups and also had no substituents on the three meso-positions 
of the macrocycle. Recently, however, the s y n t h e ~ i s ' ~ ~ ' ~  and 
structural characterization18 of a cobalt(II1) corrole which has 
three phenyl groups on the meso-positions of the macrocycle 
was reported, thus opening up the possibility that similar 
compounds with electron-donating or electron-withdrawing 
substituents on the three phenyl groups might be prepared in 
order to study the electronic effects induced by these types of 
substituents. Such a study should enable one not only to 
ascertain the influence of peripheral ring substituents on redox 
potentials for the corroles but should also provide data which 
might shed light on the cyclization reaction, a key intermediate 
reaction step involved in the 

This is now examined in the present paper which reports the 
synthesis, pyridine binding properties, and redox potentials of 
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Figure 1. Structural formula of (OMTXPC)Co(PPh,) complexes. 

eight different cobalt(II1) triphenylcorrolates which contain 
electron-donating or electron-withdrawing substituents on the 
three phenyl rings of the complex. The investigated compounds 
are shown in Figure 1 and are represented by the formulas 
(OMTXPC)Co(PPh3) and (OMTPC)Co(PPh3), where OMTXPC 
is the trianion of 5,10,15-tri-X-phenyl-2,3,7,8,12,13,17,18- 
octamethylcorrole and X = p-OMe, p-Me, p-C1, m-C1, 0-C1, 
m-F, or o-F and OMTPC represents the unsubstituted derivative, 
i.e. X = H. 

The complexes were characterized by mass spectrometry 
coupled with 'H NMR and electronic absorption spectroscopy. 
All eight derivatives possess a similar structure and therefore 
should have a relatively constant solvation energy during each 
electrode process. The three phenyl groups at the meso-position 
of the unsubstituted compound are almost perpendicular to the 
macrocycle,18 and this helps to hinder the aggregation that is 
often observed in the case of planar porphyrins and corroles. 
The electrochemical studies were carried out in benzonitrile, 
and the site of electron transfer was evaluated during each redox 
process using thin-layer W-visible spectroelectrochemical and/ 
or EPR techniques. 

Experimental Section 

Chemicals. Reagent grade solvents were used for synthesis of the 
corroles and were obtained from Carlo Erba Reagenti, Italy. Reagent 
grade benzonitrile (PhCN), from Aldrich Chemical Co., was vacuum- 
distilled over P205 prior to use. Tetra-n-butylammonium perchlorate, 
TBAP, from Eastman Kodak Co., was used as a supporting electrolyte; 
it was recrystallized from absolute ethanol and stored under vacuum 
at 40 "C. 

Instrumentation. Electronic absorption spectra were recorded on 
a Philips PU 8700 or IBM Model 9430 spectrophotometer. Fast atom 
bombardment (FAB) and electronic impact (EI) mass spectra were 
obtained with a VG Quattro spectrometer; 3-nitrobenzyl alcohol was 
used as a matrix in the FAB experiment. 'H NMR spectra of the cobalt 
corroles were recorded on a Bruker .&I 400 spectrometer in C6D6 or 
C6D~CD3. A Bruker WP80SY instrument was used to obtain 'H NMR 
spectra of the monopyrroles used in the synthesis in CD3OD. Chemical 
shifts are given in ppm vs tetramethylsilane (TMS). 

Cyclic voltammograms were obtained with a conventional three- 
electrode system using an EG&G Princeton Applied Research Model 
174N175 polarographic analyzerhniversal programmer. A glassy- 
carbon electrode was used as the working electrode, and a platinum 
wire, as a counter electrode. A saturated calomel electrode (SCE) was 
used as the reference electrode. 

Spectroelectrochemical measurements were performed with a Prin- 
ceton Instruments PDA-1024 diode array and ST 1000 detector 
controller spectrophotometer. Data acquisition and processing were 
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performed using OSMA and PSMA software. The design of the thin- 
layer cell for spectroelectrochemistry has been reported elsewhere.34 

Synthesis and Characterization of Neutral Cobalt(II1) Corroles. 
Unsubstituted (5,10,15-triphenyl-2,3,7,8,12,13,17,18-octamethylcorro- 
lato)cobalt(III) triphenylphosphine can be prepared following four 
different procedures,17*'* but the most direct approach, and the one giving 
the best yield, is by a direct cyclization of 3,4-dimethyl-2-(a- 
hydroxybenzyl)pyrrole.I8 We have now extended this one-step synthetic 
procedure to pyrroles bearing different substituents on the 2-phenyl 
ring and have succeeded in the synthesis of seven new cobalt(II1) 
corroles. The (5,10,15-tri-X-phenyl-2,3,7,8,12,13,17,18-octamethyl- 
corrolato)cobalt(III) triphenylphosphine complexes, where X = p-OMe, 
p-Me, p-C1, m-Cl,o-Cl, m-F, or o-F were prepared by direct cyclization 
of 3,4-dimethyl-2-(a-hydroxyl-X-benzyl)pyrroles-5-carboxylic acids.I8 
The substituted 3,4-dimethyl-2-(a-hydroxyl-X-benzyl)pyrroles-5-car- 
boxylic acids were prepared by following a procedure published for 
the unsubstituted pyrrole, Le., 3,4-dimethyl-2-(a-hydroxybenzyl)pyrrole- 
5-carboxylic acid." The 'H NMR and mass spectral data of these 
pyrroles are given below. 

3,4-Dimethyl-2-(~- hydroxyl-p-OMe-benzyI)pyrrole-5-carboxy. 
lic acid. 'H NMR (6): 6.95-7.60 (d.d., 4 H, -Ph); 5.60 (s, 1 H, 
2-CH); 3.80 (s, 3 H,p-OMe); 2.20 (s, 3 H, 3-Me); 1.90 (s, 3H, 4-Me). 
MS [m/z (%)I: 273 (20%) [M+ - 11. Yield: 49%. 

3,4-Dimethyl-2-(a-hydroxyl-p-Me-benzyl)p~l~5~boxy~c acid. 

p-Me); 2.20 (s, 3 H, 3-Me); 1.82 (s, 3H, 4-Me). MS [m/z (%)I: 258.6 
(63%) [M+]. Yield: 68%. 
3,4-Dimethyl-2-(a-hydroxyl~Cl-benzyl)p~le-5-carboxylic acid. 

3-Me); 1.90 (s, 3H, 4-Me). MS [mlz (%)I: 278.7 (2%) [M+ 3. Yield: 
85%. 

3 , 4 D i m e t h y l - 2 - ( a - h y ~ o x y l - m - C I - b e n z y l ) p y ~ l ~ 5 ~ ~ ~ ~  acid. 

H, 3-Me); 1.90 (s, 3 H, 4-Me). MS [m/z (%)I: 278.7 (30%) [M+], 
280.5 (10%) [M+ + 21 (isotopic cluster chlorine atom). Yield: 88%. 

3 , 4 - D i m e t h y l - 2 - ( a - h y d r o x y l - o - C l - ~ ~ i ) p ~ l e - 5 ~ b o ~ ~ c  acid. 
'H NMR (6): 7.45 (m, 4 H, -Ph); 6.15 (s, 1 H, 2-CH); 2.20 (s, 3 H, 
3-Me); 1.86 (s, 3H, 4-Me). MS [mlz (a ) ] :  277 (8%) [M'], 279 (2.5%) 
[M+ + 21 (isotopic cluster chlorine atom). Yield: 79%. 

3,4-Dimethyl-2-(a-hydroxyl-m-F-benzyl)p~le-5~boxy~c acid. 
'H NMR (6): 7.20 (m, 4 H, -Ph); 5.85 (s, 1 H, 2-CH); 2.25 (s, 3 H, 
3-Me); 1.90 (s, 3H, 4-Me). MS [m/z (%)I: 262.8 (34%) [M+ - 11. 
Yield: 6 0 8 .  

3,4-Dimethyl-2-(a-hydroxyl-o-F-benzyl)pyr~le-5-~r~xy~c acid. 
'H NMR (6): 7.20 (m. 4 H, -Ph); 6.12 (s, 1 H, 2-CH); 2.26 (s, 3 H, 
3-Me); 1.86 (s, 3H, 4-Me). MS [mlz (%)]: 262 (12%) [M+ - 11. 
Yield: 56%. 

Synthesis of (OMTXPC)Co(PPh3). In a typical experiment the 
starting pyrrole (2.0 mmol) was dissolved in hot absolute ethanol (200 
mL); trifluoroacetic acid (1 mL) was then added and the solution 
refluxed for 15 min. Excesses of sodium acetate (20.0 "01). cobalt(I1) 
acetate (1.9 mmol), and triphenylphosphine (2.0 mmol) were then 
added, and the solution was refluxed for 24 h. The solvent was vacuum 
evaporated and the residue extracted with diethyl ether. Column 
chromatography on basic alumina (Merck, type T) using diethyl ether 
as eluant, followed by recrystallization from 1:3 CHZC12MeOH afforded 
pure products. (OMC)Co(PPh3) was prepared according to the 
published p r o c e d ~ r e . ~ ~  Spectral properties and analytical data for the 
(OMTXPC)Co(PPh3) complexes are given below. 

(OMTpOMePC)Co(PPh3). 'H NMR (6): 7.81-7.00 (m, 12H, 
phenyl-H); 6.85 (br ,  3H,p-PPh3); 6.67 (br ,  6H, m-PPh3); 5.41 (br ,  6H, 
o-PPh3); 3.57 (s, 3H, 10-p-OMe); 3.56 (s, 6H, 5,15-p-OMe); 3.17 (s, 
6H, 2.18-Me); 2.47 (s, 6H, 3,17-Me); 2.46 (s, 6H, 7,13(or 8,12)-Me); 
2.45 (s, 6H, 8,12(or 7,13)-Me). MS (mlz): 1047 [M+]. A,,m ( E ) :  382 
(46 500), 572 nm (8200). Yield: 20%. Anal. Calcd for C%HaN403- 
PCo: C, 75.70; H, 5.78; N, 5.35. Found: C, 75.40; H, 5.90; N, 5.05. 

(OMTp-MePC)Co(PPhs). 'H NMR (6): 7.87-7.07 (m, 12H, 
phenyl-H); 6.86 (f, J = 7 Hz, 3H, p-PPh3); 6.78 (t, J = 7 Hz, 6H, 
m-PPh,); 5.41 (r, J = 7 Hz, 6H, o-PPh3); 3.15 (s, 6H, 2,18-Me); 2.45 
(s, 6H, 3,17-Me); 2.43 (s, 15 H, 7,13(or 8,12)-Me + 5,10,15-p-Me); 

(34) Lin, X. Q.; Kadish, K. M. Anal. Chem. 1985, 57, 1498-1501. 
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'H NMR (6): 7.4-7.28 (m, 4 H, Ph); 5.86 (8, 1 H, 2-CH); 2.24 (s, 3 
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2.39 (s, 6H, 8,12(or 7,13)-Me). MS (mlz): 999 [M']. ,Iman ( E ) :  379 
(55 OOO), 414 sh (34 600), 572 nm (9 200). Yield: 20%. Anal. Calcd 
for C,&aN$Co: C, 79.34; H, 6.05; N, 5.61. Found: C, 79.60; H, 
6.15; N, 5.50. 

(OMTpCIPC)Co(PPh3). IH NMR (see Figure 3) (6): 7.58-7.01 
(m, 12H, phenyl-H); 6.81 ( t ,  J = 7 Hz, 3H, p-PPh3); 6.59 ( t ,  J = 7 Hz, 
6H, m-PPh3); 5.22 (f, J = 7 Hz, 6H, o-PPh3); 3.12 (s, 6H, 2,18-Me); 
2.31 (s, 6H, 3,17-Me); 2.26 (s, 6 H, 7,13(or 8,12)-Me); 2.23 (s, 6H, 
8,12(or 7,13)-Me). MS (m/z): 1059 [M+], 1061 [Mt + 21, 1063 [M+ 
+ 41, 1065 [M' + 61 (isotopic cluster of three chlorine atoms). ,I, 
( E ) :  380 (21 700), 412 sh (14 600), 574 nm (3300). Yield: 10%. Anal. 
Calcd for C63H51N4C13PCo: C, 71.36; H, 4.85; N, 5.28. Found: C, 
71.00; H, 4.65; N, 5.10. 

(OMT~-C~PC)CO(PP~J).  'H NMR (see Figure 3) (6): 7.93-6.86 
(m, 12H, phenyl-H); 6.86 ( r ,  J = 7 Hz, 3H, p-PPh3); 6.59 (f, J = 7 Hz, 
6H, m-PPh3); 5.20 (br ,  6H, o-PPh3); 3.22-3.09 (br ,  6H, 2,18-Me); 
2.37-2.27 (18H, 3,7,8,12,13,17-Me). MS ( d z ) :  1059 [M+], 1061 [M+ 
+ 21, 1063 [Mt + 41, 1065 [M+ + 61 (isotopic cluster of three chlorine 
atoms). Amax ( E ) :  380 (51 700), 411 sh (38 500), 576 nm (8800). 
Yield: 8%. Anal. Calcd for C ~ ~ H ~ I N ~ C ~ ~ P C O :  C, 71.36; H, 4.85; N, 
5.28. Found: C, 71.10; H, 4.70; N, 5.15. 

(OMTo-ClPC)Co(PPh3). 'H NMR (see Figure 3) (6): 7.87-7.06 
(m, 12H, phenyl-H); 6.83 (m, 3H, p-PPh3); 6.63 (m, 6H, m-PPh3); 5.44 
(1, J = 7 Hz, 6H, o-PPh3); 3.08, 3.02, 2.95 (s, 6H, 2,18-Me); 2.56- 
2.42 (18H, 3,7,8,12,13,17-Me). MS (m/z): 1059 [M+], 1061 [M+ + 
21, 1063 [M+ + 41, 1065 [M+ + 61 (isotopic cluster of three chlorine 
atoms). ,Imax ( E ) :  378 (50 500), 414.5 sh (35 700). 578 nm (8100). 
Yield: 10%. Anal. Calcd for C ~ ~ H S ~ N & ~ ~ P C O :  C, 71.36; H, 4.85; 
N, 5.28. Found: C, 71.55; H, 4.95; N, 5.10. 

phenyl-H); 6.81 (r, J = 7 Hz, 3H, p-PPh3); 6.58 (br ,  6H, m-PPh3); 
5.19 (br ,  6H, o-PPh3); 3.14 (s, 6H, 2,18-Me); 2.36 (s, 6H, 3,17-Me); 
2.34 (s, 6H, 7,13(or 8,12)-Me); 2.29 (s, 6H, 8,12(or 7,13)-Me). MS 
( d z ) :  101 1 [M']. A,, ( E ) :  378 (54 OOO), 41 1 (38 600), 576 nm (8900). 
Yield: 5%. Anal. Calcd for C~~HS~N.&PCO: C, 74.84; H, 5.08; N, 
5.54. Found: C, 75.15; H, 5.20; N, 5.65. 

phenyl-H); 6.85 (br ,  3H,p-PPh3); 6.69 (br ,  6H, m-PPh3); 5.38 (br ,  6H, 
o-PPh3); 3.14-3.00 (s, 6H, 2,18-Me); 2.61-2.32 (s, 18H, 3,7,8,12,- 
13,17-Me). MS (mlz): 1011 [M+]. A,,,= (e ) :  379 (57000), 410 
(42 500), 578 nm (10 400). Yield: 10%. Anal. Calcd for C63H51N4- 
F3PCo: C, 74.84; H, 5.08; N, 5.54. Found: C, 75.00; H, 5.15; N, 
5.60. 

Equilibrium Measurements. The binding of pyridine to the Co- 
(111) corroles was canied out at 25 'C in benzene (Aldrich 99+%) and 
the reaction monitored by UV-visible spectroscopy. The concentration 
of the corrole for these measurements was M, and that of 
pyridine was in the range of lo-, to 0.5 M. The absorbance data were 
corrected for dilution and then fitted to the following equation by means 
of a nonlinear least-squares procedure 

(OMTm-FPC)Co(PPh& 'H NMR (6): 7.59-7.18 (br, 12H, 

(OMTo-FPC)Co(PPhs). IH NMR (6): 7.70-7.04 (br ,  12H, 

where A is the absorbance measured at a given pyridine concentration, 
A0 is the absorbance of the substrate at [Py] = 0, and A, refers to the 
absorbance of the substrate when fully coordinated by pyridine. The 
quantities A ,  and K were treated as adjustable parameters. 

Results and Discussion 

Synthesis. The synthesis of porphyrins and chlorins from 
monopyrroles has long been known35 but the preparation of a 
corrole such as (OMTpc)Co(PPh3) from a monopyrrolic precur- 
sor has only recently been reported in the literature.'s Key 
factors driving the reaction toward formation of a contracted 
corrole ring are the peculiar catalytic activity of the cobalt atom 
in the presence of PPh3 and the steric release allowed b y  the 
corrole moiety. In fact, despite the steric hindrance of the 

(35) Kim, J. B.; Adler, A. D.; Longo, F. R. In The Porphyrins; Dolphin, 
D., Ed.; Academic Press: New York, 1978; Vol. IA, pp 85-100. 
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/3-pyrrole and meso-phenyl substituents, the corrole can mantain 
a planar conformation.18 This differs from the related porphyrins 
where peripheral crowding causes severe deviations from 
planarity. The extension of our published synthetic procedure 
to corroles bearing different substituents on the 2-phenyl ring 
leads to compounds where steric release is still present. This 
is true, even in the case of the compounds with a bulky 0-C1 
substituent, as demonstrated by the spectral properties of the 
(OMTo-ClPC)Co(PPh3) complex. Aromaticity, and hence 
planarity, is in fact demonstrated both by the presence of intense 
absorptions due to transitions within the x system of the 
macrocycle and by the strong upfield shift of all 'H NMR 
resonances of the neutral compound due to the macrocycle ring 
current. 

The best yields of (OMTXPC)Co(PPh3) were as high as 20% 
and were obtained for the complexes with electron-donating 
substituents @-OMe or p-Me) on the phenyl rings. Lower yields 
(5- 10%) were obtained for the halide-substituted compounds 
(X = C1 or F). Attempts were also made to synthesize the NO:! 
derivatives, but no cyclization reaction was observed for phenyl 
rings bearing this strong electron-withdrawing group. These 
results are in agreement with a mechanism formulated for the 
acid-catalyzed cyclization reaction of 2-a-hydroxypyrroles 
involving cationic species generated by elimination of water 
from the protonated form of the starting pyrrole.35 These 
cationic species should, in fact, be stabilized by the presence 
of electron-donating substituents. Porphyrins are the products 
of cyclization when metal ions different from cobalt are used.18 
It can be assumed that the mechanisms leading to porphyrin or 
corrole syntheses differs only after the formation of a tetrapy- 
rrole.18 

Axial Binding of Pyridine. The spectral changes seen upon 
addition of the pyridine to the (OMTXPC)Co(PPh3) complexes 
are consistent with addition of a single pyridine molecule and 
establishment of the following equilibrium: 

(OMTXPC)Co(PPh,) + Py f (OMTXPC)Co(PPh,)(Py) 

(2a) 

(2b) 
[(OMTXPC>CO(PPh3)(PY)I K =  
[(OMTXPC)Co(PPh,)l [PYI 
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The resulting hexacoordinated corrole has a W-vis  spectrum 
which is significantly different from that of the pentacoordinated 
one, with the most peculiar feature being a large (ca. 60 nm) 
bathochromic shift of the absorption maximum. An example 
of the observed spectral changes during the titration are shown 
in Figure 2a for the case of (OMTp-OMePC)Co(PPh3). 

A summary of the calculated formation constants is given in 
Table 1. The values range from 20 to 35 M-I for the OMTXPC 
derivatives and are 1 order of magnitude smaller than for the 
formation of (OMC)Co(PPh3)(py) from (OMC)Co(PPh3). The 
decrease of the equilibrium constant upon going from (0MC)- 
Co(PPh3) to (OMTPC)Co(PPh3), Le., upon substituting the 
meso-hydrogens with phenyl groups, can be attributed to the 
influence of the steric factors. The values of the equilibrium 
constant are, however, comparable to values previously reported 
for the binding of substituted pyridines to cobalt /?-alkylcor- 
roles.36 

A change in the phenyl ring substituents over the series of 
compounds results in only a small change in the magnitude of 
equilibrium constant. However, the K values show a good 

(36) Murakami, Y.; Yamada, S.; Matsuda, Y.; Sakata, K. Bull. Chem. SOC. 
Jpn. 1978, 51, 123-129. 
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Figure 2. (a) Changes in electronic absorption spectra of (OMTp- 
OMePC)Co(PPh3) in benzene upon addition of pyridine and (b) 
substituent effects on equilibrium constants for the binding of pyridine 
to (OMTXPC)Co(PPhj). Error bars correspond to 10% of K values. 

Table 1. Equilibrium Constants for Formation of 
(OMTXPC)Co(PPhS)(py) from (OMTXPC)Co(PPh3) 
in Benzene at 25 "C 

corrole ligand K (M-I) corrole ligand K (M-I) 

OMTp-MePC 25(f3) OMTO-ClPC 42 ( f 4 )  
OMTPC 35(f2) OMC 193(f l l )  

correlation with the Hammett substituent constant, 30  (Figure 
2b). As expected, the pyridine binding reaction is favored by 
electron-withdrawing substituents (e = 0.58). 
NMR Studies. Assignment of proton resonances on ( O m -  

PC)Co(PPh3) was made on the basis of symmetry consider- 
ations, on shielding effects of the meso-phenyl groups, and by 
comparison with previously-reported NMR data for (0MTPC)- 
C O ( P P ~ ~ ) . ~ ' ~ ' ~  A summary of 'H NMR data for these com- 
pounds is given in the Experimental Section, and spectra for 
the 0-, m-, and p-chloro-substituted derivatives are shown in 
Figure 3. An increase in the line widths is observed upon going 
from the p-C1 derivative (trace a) to the m-C1 one (trace b). 
These resonances are split into three major components, which, 
in the case of the 0-C1 complex, are labeled as A, B, and C, as 
shown in Figure 4. 

The multitude of resonances for the o-C1-substituted corrole 
can be explained by the presence of stable atropisomers at room 
temperature (Le., geometric isomers which are stable by virtue 
of restricted rotation about a formal single bond) as a result of 
the chlorine atoms located on either side of the macrocyclic 
ring. In fact, the presence of the bound PPh3 axial ligand makes 
the two faces of the complex diastereotopic. Numerous 

OMTp-OMePC 20(f2) OMTm-C1PC 53 ( f 2 )  

OMTp-ClPC 35(f3) 
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Figure 3. 'H NMR spectra of (a) (OMTp-C1pc)Co(PPh3), (b) (OMTm- 
ClPC)Co(PPh3), and (c) (OMTo-ClPC)Co(PPhs) in C6D6. 
examples of similar atropisomers have been reported for ortho- 
substituted tetraphenylp~rphyrins.~~~~~ 

A chemical separation and identification of the different 
corrole atropisomers is beyond the scope of the present work. 
However, thermal interconversion was achieved at 338 K in 
toluene. The formation of an equilibrium mixture is best 
evidenced by a coalescence of resonances due to the ortho 
protons on the phenyl rings of Pph3 as shown in Figure 4. 

Activation parameters for interconversion of the atropisomers 
from the isomerization rate constants of peaks A, B, and C in 
Figure 4 were obtained by using Eyring's equation.39 The 
values thus obtained are summarized in Table 2. The free 
energy barrier is similar for the three investigated components 
and is comparable to values obtained for other similar com- 
pounds having different a t ropis~mers .~~ This is true despite the 
fact that the interconversion rate constants are different for 
resonances B and C with respect to resonance A in Figure 4, 
thus indicating a different local flexibility in the side chain 
motion. However, the measured activation enthalpies and 
entropies are very similar for all three resonances which suggests 
that no single atropisomer is favored at room temperature. 

Electroreduction. Figure 5a shows a cyclic voltammogram 
for the oxidation and reduction of (OMTp-ClPC)Co(PPh3) in 

(37) Walker. F. A. Tetrahedron Lett. 1971, 4949-4951. 
i38) Freitag, R. A.; Mercer-Smith, J. A,; Whitten, D. G. J. Am. Chem 

(39) Testa, B. Principles of Organic Stereochemistry; Marcel Dekker: New 
SOC. 1981, 103, 1226-1228. 

York, 1979. 
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Figure 4. Temperature dependence of o-proton resonances for the axial 
PPh3 ligand of (OMTo-C1PC)Co(PPh3) in C&CD3. 

Table 2. Rate Constants and Activation Parameters for Thermal 
Interconversion of the Co(OMTo-ClPC)(PPh,) Atropisomers, with 
Labels of the Resonances Shown in Figure 4 
resonance k ( S I )  A d  O<caVmol) (kcaVmo1) A 9  (eu) 

A 1.9 x 17.3 16.3 -3.0 
B 2.0 x 17.2 15.6 -5.6 
c 7.5 x 10-3 16.7 15.2 -5.0 

PhCN, 0.2 M TBAP. The compound undergoes two one- 
electron reductions, the f i s t  (process I) of which is irreversible 
with EV located at -0.89 V vs SCE for a scan rate of 0.1 V/s. 
Reversing the scan after the f i s t  reduction results in a 
reoxidation peak (process 1') located at Epa = -0.31 V. The 
second reduction, process 11, is located at E M  = -1.90 V, a 
value close to the potential limit of the solvent. Similar 
electroreduction behavior is observed for each investigated 
corrole, and the corresponding half-wave or peak potentials are 
summarized in Table 3. 

A comparison between the redox behavior of (OMTp-ClPC)- 
Co"'(PPh3) and a mono-PPh3-bound porphyrin analog, (Tp- 
ClPP)Co"(PPh3), where Tp-C1PP is the dianion of the meso- 
tetra-pC1-phenylporphyrin, is shown in Figure 5b. The porphyrin 
complex, (Tp-ClPP)Co"(PPh3), was prepared by addition of 1 .O 
equiv PPh3 to (TpC1PP)Co in PhCN:O The resulting five- 
coordinate complex undergoes two reversible one-electron 
reductions (processes I and 11) which are located at E112 = -0.82 
and - 1.91 V. These values can be compared to an EF = -0.89 
V and an E112 = -1.90 V for the two one-electron reductions 
of (OMTp-ClPC)Co(PPh3). Also, as shown in Figure 5, peak 
potentials for reduction of the cobalt corrole and cobalt 
porphyrin are almost identical upon the cathodic scan. This 

(40) (a) Wayland, B. B.; Abd-Elmageed, M. E. J. Am. Chem. SOC. 1974, 
96, 4809-4814. (b) Wayland, B. B.; Sherry, A. E.; Bum, A. G. J. 
Am. Chem. SOC. 1993, 115,1675-7684. 

(41) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata, 
D. P.; Debrunner, P. G.; Scheidt, W. R. J.  Am. Chem. SOC. 1994, 116, 
7760-7770. 
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Figure 5. Cyclic voltammograms of (a) (OMTp-C1PC)Co(PPh3) and (b) (Tp-ClPP)Co(PPh,) in PhCN, 0.2 M TBAP. Scan rate = 0.1 VIS. 

Table 3. Half-Wave Potentials (V vs SCE) for the Oxidation and 
Reduction of (OMTp-XPC)Co(PPh3) in PhCN, 0.2 M TBAP 

reduction 

oxidation 1st 
substituent* 30 3rd 2nd 1st E, E,, 2nd 

p-OMe 
p-Me 
H 
0-c1 

0-F 
p-c1 

m-F 
m-C1 

-0.81 1.39' 0.76 0.22 -1.0 -0.38 -1.96 
-0.51 1.41 0.78 0.23 -1.01 -0.38 -1.97 

0.0 1.43 0.80 0.24 -1.00 -0.34 -1.96 
0.60 1.51 0.88 0.33 -0.80 -0.32 -1.88 
0.69 1.45 0.85 0.31 -0.89 -0.31 -1.90 
0.72 1.57 0.89 0.31 -0.86 -0.30 -1.93 
1.02 1.51 0.86 0.32 0.84 -0.32 -1.92 
1.11 1.53 0.88 0.30 -0.92 -0.32 -1.93 

(OMC)Co(PPh3)c 1.54 0.76 0.19 -0.86 -0.30 -1.92 

a See Figure 1. Irreversible process. Value given is E,, at a scan 
rate = 0.1 V/s. Potentials taken from ref 24. 

close similarity in potentials might suggest that the initial 
oxidation state of the metal is the same for the two macrocyclic 
complexes or, altematively, that the electron density distribution 
in the trianionic corrole macrocycle containing a cobalt(II1) ion 
is the same as in the dianionic porphyrin containing a cobalt- 
(11) ion. The f i s t  possibility seems unlikely, but in order to 
further investigate this point, we spectroscopically examined 
the species formed after the first one-electron reduction of both 
compounds. These results are discussed below. 

The neutral cobalt@) corroles are all characterized by a Soret 
band at 380-390 nm, a shoulder at 410-420 nm, and a broad 
visible absorption band centered at around 580 nm. Controlled 
potential reduction of (OMTPC)Co(PPh3) at - 1.3 V in a thin- 
layer spectroelectrochemical cell leads to a disappearance of 
the original Soret band at 380 nm and the appearance of a new 
red-shifted Soret band located at around 430 nm (see Figure 
6a). The spectral changes are reversible, and reoxidation of 
the singly-reduced species at a controlled potential of 0.0 V 
leads to complete recovery of the initial UV-vis spectrum. A 
similar behavior has been reported for ( O M C ) C O ( P P ~ ~ ) ~ ~  and, 
when combined with the noncoupled reduction and reoxidation 
peaks for the f i s t  reduction of (OMTpClPC)Co(PPh3) (Figure 
5) ,  suggests a metal-centered reduction, i.e., a Co(III)/Co(II) 
reaction followed by a coupled chemical reaction. 

The noncoupled peaks for the first reduction of the Co(II1) 
corroles can be interpreted by invoking a loss of the triph- 
enylphosphine axial ligand after generation of Co(I1) and a 
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Figure 6. Thin-layer spectral changes obtained for (OMTPC)Co(PPh3) 
in PhCN, 0.1 M TBAP during (a) the first reduction and (b) the first 
oxidation. 

change from square pyramidal to planar geometry for the 
compound, which is then reoxidized at a more positive potential. 
The EPR spectrum obtained after bulk electroreduction of 
(OMTPC)Co"'(PPh3) at -1.3 V in PhCN under nitrogen at 77 
K is shown in Figure 7a and also supports this mechanism. The 
rhombic signal shows three principal g values with partially 
resolved hyperfine splitting due to the 59C0 nuclear interaction. 
There is no additional hypefine splitting due to the phosphorous 
nucleus of PPh3, in agreement with axial ligand dissociation 
after the first one-electron reduction. Three major components 
of the Co(I1) spectrum are located at gl = 3.349, g2 = 2.187, 
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Figure 7. EPR signals obtained for (OMTPC)Co(PPh3) after (a) the 
first reduction and (b) the first oxidation in PhCN, 0.2 M TBAP. 
and g3 = 1.903. The hyperfine coupling originating from the 
59C0 ( I  = 7/2) nucleus is resolved only in the low-field part of 
the spectrum, and the calculated values are at AICo = 181 x 

cm-I. The g and A values 
both agree with literature results for other cobalt(II) corroles.'0+2' 

The W-visible changes observed during controlled potential 
electroreduction of (Tp-C1PP)Co(PPh3) in a thin-layer cell are 
shown in Figure 8a. The electroreduction is accompanied by a 
decrease in intensity of the 410 nm Soret band and the formation 
of a new split Soret band located at 360 and 420 nm. The final 
spectrum has been well characterized in the literature and 
assigned to that of a Co(1) metalloporphyrin.42-44 These results 
thus clearly confirm that the initial oxidation state of the central 
metal ion, when bound to a PPh3 axial ligand, is f 3  in the case 
of the cobalt corroles as opposed to +2 in the case of cobalt 
porphyrins. 

Electrooxidation. (OMTpClPC)Co(PPh3) undergoes four 
one-electron oxidations which are labeled as processes 111-VI 
in Figure 5a. The first three are reversible, while the fourth is 
quasireversible and close to the anodic potential limit of the 
solvent. This behavior contrasts with that of (TpC1PP)Co"- 
(PPh3), which undergoes only three one-electron oxidations 
(processes 111-V), the first of which involves a Co(II)/Co(III) 
transition (see Figure 5b). The potential separation, AJ3112, 
between processes I11 and IV of (Tp-ClPP)Co(PPh3) is 0.96 V, 
while AE1/2  between processes IV and V of the same compound 
is 0.29 V, a value close to the AEln for the successive one- 
electron ring-centered oxidations of most metall~porphyrins?~ 
The absolute potential difference in Eln between any two 
successive oxidations of (OMTp-ClPC)Co(PPhs) varies between 
0.55 and 0.65 V, and similar results are obtained for the other 
seven investigated cobalt(II1) corroles (see Table 3). 

cm-' and AzCo = 76 x 

(42) Felton, R. H.; Linschitz, H. J. Am. Chem. SOC. 1966,88, 1113-1116. 
(43) D'Souza, F.; Villard, A.; Van Caemelbecke, E.; Franzen, M.; Boschi, 

T.; Tagliatesta, P.; Kadish, K. M. Znorg. Chem. 1993,32,4042-4048. 
(44) Kadish, K. M.; Lin, Q. X.; Han, B. C. Znorg. Chem. 1987,26,4161- 

4167. 
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Figure 8. Thin-layer spectral changes obtained for (TpClPP)Co(PPh3) 
in PhCN, 0.1 M TBAP during (a) the first reduction and (b) the first 
oxidation. 

The abstraction of one electron from (OMTXPC)Co(PPh3) 
can involve the conjugated macrocycle with formation of a 
cobalt(III) corrole n-cation radical or it may involve the metal 
with formation of a cobalt(1V) derivative. As seen in Figure 
6b, the first oxidation of (OMTpc)Co(pPh3) leads to a decrease 
of the Soret band intensity at -380 nm and to an almost 
complete disappearance of the visible band at 560 nm. The 
f i s t  one-electron oxidation of (Tp-C1PP)Co11(PPh3) also leads 
to a decrease in intensity of the Soret and visible bands which 
are located at 410 and 525 nm, and this is accompanied by the 
concomitant appearance of new red-shifted Soret and visible 
bands at 435 and 545 nm (see Figure 8b). The spectral changes 
observed upon the f i s t  one-electron oxidation are typical for a 
metal-centered process in the case of metalloporphyrin~,4~8~ 
where a Co(II)/Co(III) reaction is observed, but do not allow 
us to make a f i  conclusion as to the site of electron transfer 
upon oxidation of the cobalt(III) corroles. However, as 
discussed below, the EPR spectra of the species obtained after 
the f i s t  one-electron oxidation of (OMTPC)Co(PPh3) suggest 
a metal-centered oxidation and formation of a Co(IV) derivative. 

The EPR spectra obtained after the fist  one-electron oxidation 

ClPC)Co(PPh3) in PhCN are similar to each other and reveal 
spectral features different from those of cobalt(III) porphyrin 
x-cation radicals reported in the l i t e r a t ~ r e . ~ , ~ ~  The signals of 
the singly-oxidized corrole species have a central line at g = 
2.002 which is similar to values reported for cobalt(II1) 
porphyrin x-cation radi~als.4~ However, the shape of the overall 
signal in Figure 7b differs from that of most porphyrin n-cation 
radicals in that two additional broad peaks with a separation of 

of (OMTPC)Co(PPh3), (OMTm-FPC)Co(PPh3), and (OMTm- 

(45) (a) Wolberg, A., Manassen, J. J .  Am. Chem. SOC. 1970, 92, 2982- 
2991. (b) Ichimori, K.; Ohya-Nishiguchi, H.; Hirota, N.; Yamamoto, 
K. Bull. Chem. SOC. Jpn. 1985, 58, 623-630. 
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about 400 G are also seen on either side of the central line. 
Increasing the temperature results in a lowering of intensity for 
these two broad peaks, but a complete isotropic radical signal 
could not be obtained. This EPR spectrum cannot be assigned 
to a triplet magnetic spin state which might result upon 
formation of a n-n dimer of the corrole It-cation radical since 
neither the expected two additional satellite peaks of lower 
intensity nor the half-field signal46 is observed. 

The EPR spectrum in Figure 7b can thus be assigned to either 
a pure It-cation radical of cobalt(II1) corrole where the anisot- 
ropy arises as a result of the low symmetry of the corrole ring 
(C~V),  or to a Co(IV) derivative. The observed rhombic signal 
with gl = -2.14, g2 = 2.002, and g3 = -1.89 suggests the 
formation of a low-spin d5 Co(IV) complex with electron 
configuration (dxzdyz)3dv2 or (dxzdyz)4d,1 of the type discussed 
in the literature for related low-spin d5 Fe(III) porphyrins!' The 
unresolved 59C0 hyperfine splitting may be indicative of some 
delocalization of the unpaired electron throughout the macro- 
cycle. A splitting of the central line at g = 2.002 is also 
observed, and this is interpreted as resulting from an interaction 
of the unpaired electron with the 31P nucleus (I = l/2) of the 
coordinated PPh3 ligand. The coupling constant for this splitting 
is -10 G. 

A comparison of this coupling constant with the reported 
phosphorus-cobalt coupling constant of (TPP)Co"(PPh3) (A2 - 250 G):' a species in which the unpaired electron is localized 
on the dZ2 metal orbital, may suggest some delocalization of 
the unpaired electron on the corrole It-ring system or simply 
reflect the fact that none of the orbitals which might be occupied 
by the unpaired electron (dv, d,, or dxz) have a good overlap 
with the phosphorus atom of the PPh3 ligand. Thus, one must 
conclude that the first oxidation of (OMTXPC)Co(PPh3) is 
metal-centered resulting in formation of a low-spin d5 Co(1V) 
species. 

The fact that Co(II1) corroles can undergo four one-electron 
oxidations was not previously reported, but presumably this 
reaction might also occur for (OMC)Co(PPh3) at very positive 
potentials, Le., at values of E1/2 greater than 1.9 V vs SCE in 
PhCN. The fourth oxidation of (OMTXPC)Co(PPh3) is qua- 
sireversible for all eight compounds investigated in the present 
study, and this reaction was not examined in detail due to its 
proximity to the anodic potential limit of the solvent. However, 
a comparison of cyclic voltammograms for (OMTp-C1PC)Co- 
(PPh3) and (Tp-C1PP)Co(PPh3) (Figure 5) seems to rule out the 
fourth oxidation as involving the bound phosphine ligand. 

Further comparison of the (OMTp-ClPC)Co(PPhs) and (Tp- 
ClPP)Co(PPh3) voltammograms (Figure 5) shows that the first 
one-electron oxidation of both metallomacrocycles occurs at 
virtually the same potential, i.e., + 0.31 V for the corrole and 
+ 0.30 V for the porphyrin. The first oxidation of the neutral 
porphyrin corresponds to the Co(II)/Co(III) electrode reaction, 
while that of the corrole is assigned to the Co(III)/Co(IV) 
reaction. 

The first ring-centered oxidation of the eight investigated 
corroles (process N in Figure Sa) occurs at E112 = 0.86-0.89 
V, values which are shifted negatively by -400 mV as 
compared to the first ring-centered oxidation of related cobalt 
tetraphenylporphyrins (see Figure 5 and Table 3). In addition, 
the potential differences between the first and second ring- 
centered oxidations of the eight corroles (processes N and V 
in Figure 5a) are also much larger (-0.65 V) than between the 
two ring-centered oxidations of the related Co(II1) tetraphe- 
nylporphyrins (-0.21 V).25 These results all suggest that the 

(46) Wertz, J. E.; Bolton, J. R. Electron Spin Resonance. Elementary Theory 
and Practical Applications; Chapman and Hall: New York, 1986. 
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Figure 9. Effect of substituents on the redox potentials of (0MTXPC)- 
Co(PPh3) in PhCN, 0.2 M TBAP. 

electron density distribution on the corrole cations differs 
substantially from that of the related Co(II1) porphyrin cations. 
The more facile f i s t  ring oxidation of the corroles with respect 
to the first ring-centered oxidation of the porphyrins might also 
be due to the fact that the corrole is a tribasic ligand as compared 
to the porphyrin which is a dibasic ligand. The higher negative 
charge of the corrole trianion will thus increase the energy of 
the HOMO and lead to a much easier oxidation of the corrole 
macrocycle. This is in agreement with calculated energy levels 
of the corrole macrocycle where the energy of the HOMO is 
significantly higher than that of the porphyrin ring HOMO," 
thus leading to a more facile removal of electrons from the 
conjugated n-ring system of the corrole. 

Substituent Effects. It has long been known that the addition 
of electron-donating or electron-withdrawing groups to the 
periphery of a porphyrin macrocycle will modify both the 
physical properties and the chemical reactivity of the compound. 
The effect of substituents on a given set of closely-related 
compounds can generally be quantitated by employing Hammett 
free energy relationships, which, for the case of redox potentials, 
is given by the following equation:47 

(3) 

where cr is the Hammett substituent constant and e, measured 
in volts, represents the sensitivity of the given redox reaction 
to the change of substituent. El/2(X) is the half-wave potential 
for the compound with substituent X, and E1/2(H) is the potential 
for the compound with hydrogen as a substituent. The effects 
of substituents should be additive (if more than one substituent 
is present), and the change in E112 for the investigated corroles 
which have three substituents can be defined as shown in eq 4. 

Figure 9 illustrates how redox potentials of (0MTXPC)Co- 
(PPh,) vary as a function of the phenyl ring substituents. The 
first three reversible oxidations show a linear correlation between 

(47) Advances in Linear Free Energy Relationships; Chapman, N. B., 
Shorter, J.,  Ed.; Plenum Press: London, New York, 1972. 
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El12 and the substituent constants (30). The values of e 
calculated from the straight line plots using eq 4 are 57, 66, 
and 75 mV for the lst, 2nd, and 3rd oxidation, respectively. 
These values can be compared with values of e obtained for 
the two ring-centered oxidations of (TPP)Co which are equal 
to 100 and 130 mV, respectively, in PhCN.29 The experimental 
values of e obtained for the three oxidations are close to each 
other and cannot be used to distinguish between a substantially 
metal-centered Co(III)/Co(IV) process for the f i s t  oxidation and 
the supposedly ring-centered second and third oxidations. 

The cathodic peak potential for the fist  reduction of the eight 
investigated corroles also follows a linear free-energy relation- 
ship and the plot of A J Y ~ / ~  vs 30 gives a slope of 92 mV. This 
value is rather high for a metal-centered Co(III)/Co(II) process 
and can probably be explained by the presence of the PPh3 
ligand and its subsequent dissociation, ie., the chemical reaction 
which follows the electron transfer. The e value of 92 mV for 
reduction of the (OMTXPC)Co(PPhs) complexes can be com- 
pared with a 39 mV slope obtained for the reoxidation process, 
a value more typical of a metal-centered Co(II)/Co(ItI) reactions, 
such as in case of (TPP)Co oxidation where e = 44 mV.29 The 
value of e for the second reduction of (OMTXPC)Co(PPh3) is 
30 mV, which is about half the average e found for oxidations 
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of the same compound (66 mV). The Co(II)/Co(I) reaction of 
(TPP)Co also has a e = 44 mV,29 and this suggests a metal- 
centered Co(II)/Co(I) process during the second one-electron 
reduction of (0MTXPC)Co. It should also be noted that the 
potentials for oxidation or reduction of the two corroles having 
o-C1 or o-F substituents do not deviate substantially from the 
linear plots in Figure 9, thus indicating that ortho-substitution 
does not cause substantial ring deformation as is seen for the 
highly substituted porphyrins.48 
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