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Abstract: Local density functional (LDF) calculations with polarized double-? basis sets have been used to calculate 
the two lowest one-electron ionization potentials (IPs) of a variety of free base porphyrins with multiple alkyl, aryl, 
fluoro, chloro, bromo, trifluoromethyl, cyano, and nitro substituents. For unsubstituted porphyrin (PH2), /3-octaalkyl-
porphyrins, and /neso-tetraphenylporphyrin (TPPH2), LDF-ASCF calculations reproduce the lowest ultraviolet 
photoelectron spectral (UPS) IPs to within ~0.2 eV. The two lowest one-electron IPs of TPPH2 are predicted to be 
lower than those of PH2 by ~0.5 eV, in agreement with UPS experiments. Ab initio Hartree—Fock (HF) theory 
seriously underestimates this electronic effect of meso-tetraphenyl substitution. Both LDF and HF theories predict 
that substituents on the phenyl rings of TPPH2 should strongly affect the lowest one-electron IPs of TPPH2. Substitution 
of the para positions of the phenyl groups of TPPH2 with — CF3, -CN, or —NO2 substituents should raise the lowest 
IP by 0.7—0.8 eV, while perfluorination of the phenyl rings should increase the lowest IP by ~0.95 eV. A comparison 
of the IPs of ortho-, meta-, and para-fluorinated TPPH2 derivatives suggests that electron-withdrawing substituents 
at meta and para positions should exert significantly stronger electronic effects on the porphyrin ring than ortho 
substituents. Ab initio HF theory seriously overestimates the electron-withdrawing effect of peripheral halogen 
substituents. Provided there is no macrocycle buckling due to steric interactions among peripheral substituents, 
LDF theory predicts that meso-tetrahalogenation (with F, Cl, or Br) should have almost no influence on the lowest 
IP of PH2, while /3-octachlorination or octabromination should increase the lowest IP by ~0.4—0.5 eV. Electrochemical 
measurements support these LDF predictions. /3-OctafTuorination is predicted to exert an electronic effect of ~0.85 
eV on the lowest IPs of PH2, which is significantly larger than the electronic effect of /3-octachlorination or 
octabromination. Substituents such as —CF3, -CN, and —NO2 exert far higher electronic effects than the halogens. 
For instance, LDF theory predicts that the lowest IP of meso-tetrakis(trifluoromethyl)porphyrin should exceed that 
of TPPH2 by ~1.74 eV and that of me50-tetrakis(pentafluorophenyl)porphyrin by ~0.68 eV. Unlike the halogens, 
meso-tetrasubstitution with cyano groups should drastically increase the lowest IP of PH2, by a margin of ~ 1.2 eV. 
/5-Octacyano-substitution is predicted to have an electronic effect of >2.0 eV on the lowest IP of PH2. Meso-
tetranitrosubstitution is predicted to elevate the lowest IP of PH2 by ~0.9—1.1 eV, depending on the conformation 
of the nitro groups. In general, meso-substituents exert stronger electronic effects than the same substituents placed 
at /3-positions. 

I. Introduction 

Porphyrin ligands with multiple electron-withdrawing pe
ripheral substituents are currently of interest as precursors to 
stable metalloporphyrin catalysts for a variety of hydrocarbon 
oxygenation reactions.1 Electron-withdrawing substituents bring 
about an increase in the ionization potential (IP) of the porphyrin 
and thus protect the metalloporphyrin catalyst from oxidative 
destruction. There is considerable interest, therefore, in deepen
ing our understanding of substituent effects on the IPs of 
porphyrins. An improved understanding should provide valu
able guidelines for the design of new porphyrin ligands for a 
variety of applications. 

Gas-phase photoelectron spectroscopy may be the ideal 
experimental tool for such a study, but gas-phase measurements 
may be difficult for some large porphyrin molecules. Moreover, 
the interpretation of electrochemical redox potentials may not 
be straightforward: for instance, it may be problematic to decide 
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8 Abstract published in Advance ACS Abstracts, April 1, 1995. 

whether substituent effects on redox potentials faithfully reflect 
trends in gas-phase properties such as IPs and electron affinities 
(EAs) or are obscured by condensed-phase effects such as 
differential solvation between the oxidized and reduced states. 

(l)For selected reviews on metalloporphyrin-catalyzed oxygenation 
reactions, see: (a) McMurry, J. E. Ace. Chem. Res. 1983, 16, 405. (b) 
McMurry, T. J.; Groves, J. T. In Cytochrome P-450: Structure, Mechanism 
and Biochemistry; Ortiz de Montellano, P., Ed.; Plenum Press: New York, 
1986; Chapter 1. (c) Meunier, B. Bull. Soc. ChUn. Fr. 1986, 4, 578. (d) 
Tabushi, I. Coord. Chem. Rev. 1988, 86, 1. (e) Bruice, T. C. In Mechanistic 
Principles of Enzyme Activity; Lieberman, J. F., Greenberg, A., Eds.; 
VCH: New York, 1988; Chapter 8. (f) Montanari, F.; Banfi, S.; Quici, S. 
Pure Appl. Chem. 1989, 61, 1631. (g) Lenoir, D. Synthesis 1989, 883. (h) 
McMurry, J. E. Chem. Rev. 1989, 89. 1513. (i) Mansuy, D.; Battioni, P. 
Basis Mech. Regul. Cytochrome P-450. Front. Biotransform. 1989, 1, 
Chapter 2, p 66. (j) Bruice, T. C. Ace. Chem. Res. 1991, 24, 243. (k) Bruice, 
T. C. Ace. Chem. Res. 1992, 25, 314. (1) Stern, M. K.; Groves, J. T. In 
Manganese Redox Enzymes; Pecoraro, V. L., Ed.; VCH: New York, 1992; 
Chapter 11. (m) Meunier, B. Chem. Rev. 1992, 92, 1411. (n) Mansuy, D.; 
Battioni, P. In Bioinorganic Catalysis; Reedijk, J., Ed.; Marcel Dekker: 
New York, 1993; pp 395—424. (o) Metalloporphyrins in Catalytic Oxida
tions; Sheldon, R. A., Ed.; Marcel Dekker: New York, 1994. (p) Mansuy, 
D. Coord. Chem. Rev. 1993, 125, 129. (q) Metalloporphyrins Catalyzed 
Oxidations; Montanari, F.; Casella, L., Eds.; Kluwer Academic: Dordrecht, 
1994. 
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Figure 1. Structures of selected compounds studied in this work. Double bonds are not shown. 
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Accordingly, it appeared worthwhile to apply high-quality 
theoretical methods as alternative probes of substituent effects 
in porphyrins. 

We recently found that density functional theory (DFT)2 

constitutes an impressively accurate method for calculating 
valence IPs of porphyrins.3,4 The calculated IPs agree with 
experiment to within ~0.2 eV.3 Assuming that this error is a 
fairly systematic one across a variety of substituted porphyrins, 
differences between IPs of different molecules should be 
reproduced with even less error, i.e. with near-quantitative 
accuracy. This level of performance of DFT considerably 
exceeds that of ab initio Hartree—Fock theory5,6 and stems from 
the fact that DFT effectively accounts for electron correlation.7-9 

Moreover, since DFT is far more computationally facile than 
conventional correlated ab initio methods, we have been able 
to assemble a large database of local density functional (LDF) 
valence IPs for molecules ranging in size from unsubstituted 
porphyrin to perfluorinated tetraphenylporphyrin. The results 
constitute an accurate and insightful overview of electronic 

(2) For expositions of density functional theory, see, e.g.: (a) Laban-
owski, J. W.; Andzelm, J. Density Functional Methods in Chemistry; 
Springer: New York, 1991. (b) Parr, R. G.; Yang, W. Density Functional 
Theory of Atoms and Molecules; Oxford University Press: New York, 1989. 
(c) Jones, R. O. In Ab Initio Methods in Quantum Chemistry; Lawley, K. 
P., Ed.; Wiley & Sons: New York, 1987; Vol. I. 

(3) Ghosh, A.; AImIOf, J. Chem. Phys. Lett. 1993, 213, 519. 
(4) Ghosh, A. J. Phys. Chem. 1994, 98, 11004. 
(5) Ghosh, A.; Almlof, J.; Gassman, P. G. Chem. Phys. Lett., 1991,186, 

113. 
(6) Gassman, P. G.; Ghosh, A.; Almlof, J. J. Am. Chem. Soc. 1992, 114, 

9990. 
(7) For chemical applications of DFT, see, e.g.: (a) Ziegler, T. Chem. 

Rev. 1991, 91, 651. (b) Andzelm, J.; Wimmer, E. J. Chem. Phys. 1992, 96, 
1280. (c) Johnson, B. G.; Gill, P. M. W.; Pople, J. A. /. Chem. Phys. 1993, 
98, 5612. 

(8) For studies of the effects of electron correlation on the structures of 
tetrapyrroles, see: (a) Almlof, J.; Fischer, T. H.; Gassman, P. G.; Ghosh, 
A.; Haser, M. J. Phys. Chem. 1993, 97, 10964. (b) Merchan, M.; Orti, E.; 
Roos, B. O. Chem. Phys. Lett. 1994, 221, 136. (c) Reimers, J. R.; Lu, T. 
X.; Crossley, M. J.; Hush, N. S. J. Am. Chem. Soc. 1995, 117, 2855. 

effects of alkyl, aryl, fluoro, chloro, bromo, trifluoromefhyl, 
cyano, and nitro substituents on the valence IPs of free base 
porphyrins. 

II. Methods 

The density functional calculations were performed with the DMoI10 

program system using the local exchange-correlation functional due to 
von Barth and Hedin." Numerically tabulated basis sets of double-^ 
plus polarization ("DNP") quality were used.1' An extremely fine mesh 
was used for the numerical integrations for calculating matrix ele
ments.12 All calculations were of the spin-unrestricted type. The IPs 
were calculated by a ASCF method, i.e. the total energy of the neutral 
porphyrin was subtracted from the energies of cationic doublet states 
of different symmetries. Since a many-electron wave function does 
not exist in the LDF formalism, one cannot impose orthogonality 
constraints between different states. Accordingly, the method inherently 
lacks the ability to describe excited states except in cases where such 
orthogonality to all lower states is ensured on symmetry grounds. 
Therefore, it was only possible to calculate the energetically lowest 
state for any particular symmetry species of the cation. 

Figure 1 depicts the structures of the compounds studied in this work. 
The molecular geometries used in the present LDF calculations are 
the same as those used in our previous ab initio study.6 

III. Results 

Table 1 lists the names and abbreviations of the different 
porphyrins studied, their LDF IPs for the two lowest (2AU and 

(9) For density functional calculations on porphyrins, see, in addition to 
refs 3, 4, and 8a: (a) Delley, B. Physica B 1991, 172, 185. (b) Jones, D. 
H.; Hinman, A. S.; Ziegler, T. Inorg. Chem. 1993, 32, 2092. (c) Ghosh, 
A.; Almlof, J.; Que, L., Jr. J. Phys. Chem. 1994, 98, 5576. (d) Ghosh, A.; 
Almlof, J. J. Phys. Chem. 1995, 99, 1073. (e) Ghosh, A. Angew. Chem., 
in press. 

(10) For a description of the DMoI program, see: Delley, B. J. Chem. 
Phys. 1990, 92, 508. The DMoI program is distributed by Biosym 
Technologies, Inc.: San Diego, CA. 

(11) von Barth, U.; Hedin, L. J. Phys. C 1972, 5, 1629. 
(12) For details, see: DMoI User Guide; Biosym Technologies, Inc., 

9685 Scranton Road, San Diego, CA 92121-2777. 
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Table 1. Calculated LDF/DZP and HF-KT/DZ Values of the Two Lowest IPs of Porphyrins0 (Substituent Effects Are Relative to 
Unsubstituted Porphyrin4) 

IP (eV) substituent effect (eV)6 

compd abbrev 

PH2 
PMe 8H 2 

TPPH 2 
TDCPPH 2 
0,0'-TDFPPH2 
P-TFPPH2 
m,m'-TDFPPH2 

P-TCF 3PPH 2 
P-TCNPPH 2 
P-TNO2PPH2 
TPFPPH 2 

m-PF4H2 

/3-PF8H2 
F2 8TPPH2 
m-P(CF3)4H2 
/?-P(CF3)8H2 

PF8(CFa)4H2 

m-PCl4H2 

/J-PCl8H2 

m-PBr4H2 

/3-PBr8H2 

m-P(CN)4H2 

/3-P(CN)8H2 

m-P(N0 2 ) 4H 2 

m-P(N0 2 ) 4H 2 

molecular 
point group 

D2h 

D2I, 

D2H 
D21, 
D2,, 
D2h 
D2h 

Di 
D2H 
D2h 

D2h 

D2H 
D2H 
D2H 
D2 

D2H 
D2 

D2H 
D2H 

D2H 
D2H 

D2H 
D1H 

D2H 
D2H 

LDFC 

final state 
2AU

 2Bm 

7.38 
6.72 

7.01 
7.06 
7.20 
7.30 
7.49 
7.73 
7.77 
7.81 
7.96 

7.87 
8.22 
8.51 
8.47 
8.90 
9.19 

7.84 
7.93 

7.80 
7.76 

8.64 
9.45 

8.49 
8.51 

7.21 
6.64 

6.73 
6.78 
6.95 
7.02 
7.32 
7.45 
7.49 
7.52 
7.79 

7.29 
8.07 
8.38 
8.54 
8.48 
9.05 

7.29 
7.83 

7.23 
7.69 

8.44 
9.28 

8.67 
8.11 

HF-KT' ' 

final stte 
2AU 

6.23 
5.80 

6.13 
6.14 
e 
e 
e 
7.02 
6.90 
7.13 
7.29 

7.15 
7.84 
8.77 
7.55 
e 
e 

6.96 
7.50 

6.94 
7.40 

7.57 
8.73 

7.52 
8.01 

2B,U 

6.44 
6.19 

6.23 
6.39 
e 
e 
e 
7.19 
7.06 
7.31 
7.74 

6.83 
7.77 
8.72 
8.76 
e 
e 

7.02 
7.53 

7.07 
7.46 

8.11 
8.80 

8.98 
8.72 

LDF 

final state 
2Au 

0.00 
- 0 . 6 6 

- 0 . 3 7 
- 0 . 3 2 
- 0 . 1 8 
- 0 . 0 8 

0.11 
0.35 
0.39 
0.43 
0.58 

0.49 
0.84 
1.13 
1.09 
1.52 
1.81 

0.46 
0.55 

0.42 
0.38 

1.26 
2.07 

1.11 
1.13 

2B,U 

0.00 
- 0 . 5 7 

- 0 . 4 8 
- 0 . 4 3 
- 0 . 2 6 
- 0 . 1 9 

0.11 
0.24 
0.28 
0.31 
0.58 

0.08 
0.86 
1.17 
1.33 
1.27 
1.84 

0.08 
0.62 

0.02 
0.48 

1.23 
2.07 

1.46 
0.90 

HF-KT 

final i 
2A„ 

0.00 
- 0 . 4 3 

- 0 . 1 0 
- 0 . 0 9 

e 
e 
e 
0.79 
0.67 
0.90 
1.06 

0.92 
1.61 
2.54 
1.32 
e 
e 

0.73 
1.27 

0.71 
1.17 

1.34 
2.50 

1.29 
1.78 

state 
2B,„ 

0.00 
- 0 . 2 5 

- 0 . 2 1 
- 0 . 0 5 

e 
e 
e 
0.75 
0.62 
0.87 
1.30 

0.39 
1.33 
2.28 
2.32 
e 
e 

0.58 
1.09 

0.63 
1.02 

1.67 
2.36 

2.54 
2.28 

unsubstituted porphyrin 
/3-octamethylporphyrin 

tetmphenylporphyrins 
meso-tetraphenylporphyrin 
mejo-tetrakis(2,6-dichlorophenyl)porphyrin 
meso-tetrakis(2,6-difluorophenyl)porphyrin 
meso-tetrakis(4-fluorophenyl)porphyrin 
me.so-tetrakis(3,5-difluorophenyl)porphyrin 
mejo-tetrakis[4-(trifluoromethyl)phenyl]porphyrin 
me.ro-tetrakis(4-cyanophenyl)porphyrin 
meio-tetrakis(4-nitrophenyl)porphyrin 
meso-tetrakis(pentafluorophenyl)porphyrin 

fluorinated porphyrins 
• meso-tetrafluoroporphyrin 

/3-octafluoroporphyrin 
/?-octafluoro-me.so-tetrakis(pentafluorophenyl)porphyrin 
meso-tetrakis(trifluoromethyl)porphyrin 
/3-octakis(trifluoromethyl)porphyrin 
/3-octafluoro-me5o-tetrakis(trifluoromethyl)porphyrin 

chlorinated porphyrins 
meso-tetrachloroporphyrin 
/?-octachloroporphyrin 

brominated porphyrins 
meso-tetrabromoporphyrin 
/S-octabromoporphyrin 

cyanoporphyrins 
meso-tetracyanoporphyrin 
/3-octacyanoporphyrin 

nitroporphyrins 
meso-tetranitroporphyrin (coplanar) 
meso-tetranitroporphyrin (perpendicular) 

" The two lowest IPs correspond to 2AU and 2B ] u cationic final states of a Z)2A-symmetric porphyrin. These states transform as A and Bi for D2 
symmetry and as A ] n and A2„ for a typical D4A symmetric metalloporphyrin (e.g. ZnP), respectively. * A substituent effect is defined here as the IP 
of a substituted porphyrin minus the IP of PH2 , for a particular type/symmetry of the final ionized state. c This work. d These data are quoted from 
ref 6. ' Data unavailable or not obtained. 

2BiU in D2/,; A and Bi in D2) cationic final states, and the 
substituent effects relative to unsubstituted porphyrin for the 
two final state symmetries. Also shown for comparison, where 
available from older work,6 are IPs obtained from Hartree— 
Fock (HF) calculations using Koopmans' theorem (KT). 

IV. Discussion 

A. Ultraviolet Photoelectron Spectra of PH2, Octaalkyl-
porphyrins, and TPPH2. Gas-phase ultraviolet photoelectron 
spectral (UPS) data are scarce for porphyrins, but such data are 
available for PH2,13b some octaalkylporphyrins,13 and TPPFt.14,15 

These data permit an evaluation of the performance of LDF 
theory in reproducing the absolute values of the lowest UPS 
IPs of porphyrins. 

The calculated LDF values of the two lowest IPs of PH2 are 
7.21 and 7.38 eV, which agree to within 0.2-0.3 eV with the 
experimental UPS IPs of 6.9 and 7.2 eV.13b The difference in 
energy between the lowest 2A11 and 2B iu states of the PH2 cation 
is too small (~0.3 eV) for the present LDF calculations to 

(13) (a) UPS of PEt8H2: Kitagawa, S.; Morishima, I.; Yonezawa, T.; 
Sato, N. Inorg. Chem. 1979,18,1345. (b) Dupuis, P.; Roberge, R.; Sandorfy, 
C. Chem. Phys. Lett. 1980, 75, 434. This article reports the UPS of free 
base PH2 and etioporphyrins I—III, whose lower IPs, not unexpectedly, are 
essentially the same as those of PEt8H2.13" 

(14) UPS of TPPH2: Khandelwal, C ; Roebber, J. L. Chem. Phys. Lett. 
1975, 34, 355. 

(15) For LDF simulations of the lowest UPS IPs of free base phthalo-
cyanine, see: Ghosh, A.; Gassman, P. G.; AImISf, J. /. Am. Chem. Soc. 
1994, 116, 1932 

reliably predict the precise energy ordering of these states. A 
more accurate method such as the CASPT2 technique may be 
useful for assigning the final state symmetries for the two lowest 
UPS IPs of PH2.16 

The two lowest UPS IPs of octaethylporphyrin (PEtSH2) are 
6.39 and 6.83 eV,13a which agree to within 0.1-0.3 eV with 
calculated LDF values of 6.64 and 6.72 eV for PMe8H2. The 
calculated LDF values (6.73 and 7.01 eV) of the two lowest 
IPs of TPPH2 are in similarly good agreement with experimental 
UPS values of 6.39 and 6.72 eV.14 Notably, the LDF IPs 
accurately reproduce the electronic effects (~0.5 eV) of meso-
tetraphenyl and /3-octaethyl substitution on the two lowest one-
electron IPs of PH2. X-ray photoelectron spectroscopic (XPS) 
studies revealed a similar difference of ~0.6 eV between the 
core IPs of the central nitrogens of PH2 and TPPH2.617 In 
contrast to the LDF and UPS results, HF theory predicted that 
meso-tetraphenyl substitution should have an effect of only 0.1— 
0.2 eV on the two lowest IPs of PH2,6 thus significantly 
underestimating the substantial electron-donating effect of the 
meso-phenyl groups. 

Gouterman's four-orbital model18 suggests that the two lowest 
one-electron IPs of porphyrins should be energetically well-
separated from all higher IPs which has been found to be the 
case for PH2, octaalkylporphyrins, and TPPH2.1314 The ex
perimental UPS values of the third lowest one-electron IPs of 

(16) For CASPT2 calculations on porphyrins, see, in addition to ref 8b: 
Merchan, M.; Orti, E.; Roos, B. O. Chem. Phys. Lett. 1994, 226, 27. 
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PH2 and TPPH2 are 8.4 and 7.71 eV, respectively. LDF theory 
predicts that the cationic 2B2g states of PH2 and TPPH2 are 
higher in energy than the neutral ground state by 8.24 and 7.67 
eV, respectively. This constitutes evidence that the third lowest 
cationic states of PH2 and TPPH2 are 2B2g.

19 Once again, the 
results suggest that the error in LDF-ASCF values of IPs of 
porphyrins is no more than approximately 0.2 eV. The LDF 
IPs also reproduce the electronic effect of ~0.7 eV of meso-
tetraphenyl substitution on the third lowest UPS IP of PH2. 

LDF theory also predicted that meso-tetrafluorination should 
have almost no effect on the lowest IPs and oxidation potentials 
of porphyrins, which was confirmed by electrochemical meas
urements.4 

B. Substituent Effects in Tetraarylporphyrins. Electron-
withdrawing substituents on the phenyl rings of iron and 
manganese tetraarylporphyrins enhance the stability and catalytic 
activity of the metalloporphyrin catalysts in a variety of 
hydrocarbon oxygenation reactions.20 Thus, Fe111 and Mn111 

complexes of the TPFPP ligand are significantly better catalysts 
of oxygenation reactions than analogous metallo-TPP com
plexes, the latter being readily degraded under the highly 
oxidizing conditions employed.20 Suitably bulky ortho sub
stituents on the phenyl rings may improve the performance of 
metallotetraarylporphyrin catalysts by preventing the formation 
of catalytically inactive (i-oxo metalloporphyrin dimers and by 
sterically protecting the porphyrin periphery from oxidative 
attack. A detailed analysis of the steric and electronic effects 
of substituents on the chemical reactivity of metallotetraaryl
porphyrin catalysts is an important and challenging problem of 
considerable current interest. Theoretical and photoelectron 
spectroscopic studies can contribute to this analysis by deter
mining the purely electronic effects of peripheral substituents 
without interference from steric (as happens in studies of 

(17) For XPS studies on tetrapyrroles, see, in addition to ref 6: (a) Zeller, 
M. V.; Hayes, R. G. J. Am. Chem. Soc. 1973, 95, 3855. (b) Niwa, Y.; 
Kobayashi, H.; Tsuchiya, T. J. Chem. Phys. 1974, 60. 799. (c) Karweik, 
D.; Winograd, N.; Davis, D. G.; Kadish, K. M. J. Am. Chem. Soc. 1974, 
96, 591. (d) Niwa, Y.; Kobayashi, H.; Tsuchiya, T. Inorg. Chem. WIA, 13, 
2891. (e) Karweik, D. H.; Winograd, N. Inorg. Chem. 1976, 15. 2336. (f) 
Signorelli, A. J.; Hayes, R. G. J. Chem. Phys. 1976, 64,4517. (g) Macquet, 
J. P.; Millard, M. M.; Theophanides, T. J. Am. Chem. Soc. 1978, 700, 4741. 
(h) Lavallee, D. K.; Brace, J.; Winograd, N. Inorg. Chem. 1979, 78, 1776. 
(i) Muralidharan, S.; Hayes, R. G. J. Chem. Phys. 1979, 71, 2970. (j) 
Tatsumi, K.; Tsutsui, M. J. Am. Chem. Soc. 1980, 702, 882. (k) Kadish, K. 
M.; Bottomley, L. A.; Brace, J. G.; Winograd, N. J. Am. Chem. Soc. 1980, 
702, 4341. (1) Muralidharan, S.; Hayes, R. G. J. Am. Chem. Soc. 1980, 
702,5106. (m) Zanoni, R.; Boschi, T.; Licoccia, S.; Paolesse, R.; Tagliatesta, 
P. Inorg. Chim. Acta 1988, 745, 175. (n) Ghosh, A.; Fitzgerald, J.; Gassman, 
P. G.; Almlof, J. Inorg. Chem. 1994, 33, 6057. 

(18) (a) Gouterman, M.; Wagniere, G.; Snyder, L. C. J. MoI. Spectrosc. 
1963, 77, 108. (b) Weiss, C; Kobayashi, H.; Gouterman, M. J. MoI. 
Spectrosc. 1965, 16, 415. (c) Gouterman, M. In The Porphyrins; Dolphin, 
D., Ed.; Academic: New York, 1978; Vol. Ill, Part A, Physical Chemistry. 

(19) The representation B2g is symmetric with respect to rotation about 
the N-H---H-N axis. 

(20) For the chemical reactivity of metallotetraarylporphyrins with 
electron-withdrawing substituents on the phenyl rings, see: (a) Chang, C. 
K.; Ebina, F. J. Chem. Soc, Chem. Commun. 1981, 778. (b) Traylor, P. S.; 
Dolphin, D.; Traylor, T. G. J. Chem. Soc, Chem. Commun. 1984, 279. (c) 
Nappa, M. J.; Tolman, C. A. Inorg. Chem. 1985, 24, 4711. (d) Battioni, P.; 
Renaud, J. P.; Bartoli, J.-F.; Reina-Artiles, M.; Fort, M.; Mansuy, D. J. 
Am. Chem. Soc. 1988, 770, 8462. (e) Ellis, P. E.; Lyons, J. E. J. Chem. 
Soc, Chem. Commun. 1989, 1189. (f) Traylor, T. G.; Miksztal, A. R. J. 
Am. Chem. Soc. 1989, 777, 7443. (g) Ellis, P. E.; Lyons, J. E. Catal. Lett. 
1989, 3, 389. (h) Ojima, F.; Kobayashi, N.; Osa, T. Bull. Chem. Soc. Jpn. 
1990, 63, 1374. (i) Ellis, P. E.; Lyons, J. E.; Myers, K., Jr. U.S. Patent 4 
900 871, 1990. (j) Bruice, T. C; He, G. J. Am. Chem. Soc. 1991, 113, 
2747. (k) Akasaka, T.; Haranaka, M.; Ando, W. J. Am. Chem. Soc. 1991, 
113, 9898. (1) Artaud, I.; Greenberg, H.; Mansuy, D. J. Chem. Soc, Chem. 
Commun. 1992, 1036. (m) Battioni, P.; Bartoli, J. F.; Mansuy, D.; Byun, 
Y. S.; Traylor, T. G. J. Chem. Soc, Chem. Commun. 1992, 1051. (n) Traylor, 
T. G.; Tsuchiya, S.; Byun, Y.-S.; Kim, C. / Am. Chem. Soc. 1993, 775, 
2775. (o) Fujii, H. J. Am. Chem. Soc. 1993, 775, 4641. (p) Traylor, T. G.; 
Byun, Y. S.; Traylor, P. S.; Battioni, P.; Mansuy, D. J. Am. Chem. Soc. 
1991, 113, 7821. 

Table 2. Substituent Effects (eV) in mejo-Tetraarylporphyrins 
Relative to TPPH2 

compd 

TPPH2 

TDCPPH2 
0,0'-TDFPPH2 
P-TFPPH2 
m,m'-TDFPPH2 
P-TCF3PPH2 
P-TCNPPH2 
P-TNO2PPH2 
TPFPPH2 

Ia 
0.00 

0.60 
2.72 
2.12 
2.80 
3.24 

substituent effect (eV) 

LDF 

Final State 
2Au 

0.00 
0.05 
0.19 
0.29 
0.48 
0.72 
0.76 
0.80 
0.95 

2B,„ 

0.00 
0.05 
0.22 
0.29 
0.59 
0.72 
0.76 
0.79 
1.06 

HF-KT 

Final State 
2A11 

0.00 
0.01 

0.89 
0.77 
1.00 
1.16 

2B1U 

0.00 
0.16 

0.96 
0.83 
1.08 
1.51 

XPS 

NIs 

0.0 
0.3 

0.65 
0.7 
0.75 
0.9 

chemical reactivity) and solvent effects (as is possible in 
electrochemical investigations). 

To facilitate a discussion of the influence of substituents on 
the phenyl rings on the lowest IPs of TPPH2, Table 2 recasts 
the data on tetraarylporphyrins using TPPH2 as the zero level 
for substituent effects (instead of PH2). The data clearly show 
that substituents on the phenyl rings exert a strong influence 
on the valence IPs of the porphyrin ring. Replacement of the 
four para hydrogens of TPPH2 by trifluoromethyl, cyano, and 
nitro substituents results in increments of ~0.7—0.8 eV in the 
two lowest LDF IPs of TPPH2. Between TPPH2 and TPFPPH2, 
the two lowest IPs are predicted to differ by about 1 eV at the 
LDF level. Table 2 also includes previously reported XPS 
results6 and which show that the calculated shifts of the LDF 
valence IPs are essentially equal to the substituent effects on 
the nitrogen core IPs. 

Although HF theory seriously underestimates the influence 
of meso-tetraphenyl substitution on the IPs of PH2, Table 2 
shows that the HF values of electronic effects of substituents 
on the phenyl rings relative to unsubstituted TPPH2 are quite 
good, being only about 15% higher than substituent effects 
obtained with LDF calculations and XPS measurements. 
Indeed, HF theory provided rather accurate simulations of core 
level XPS of a series of tetraarylporphyrins.6 However, we will 
see that for some other porphyrins (see e.g. section IVC) 
substituent effects calculated using HF theory are in poor 
agreement with experiment. 

It is instructive to compare substituent effects on the LDF 
IPs of tetraarylporphyrins with those on experimental one-
electron oxidation potentials. Kadish et al. obtained ap
proximately linear Hammett plots of substituent-induced shifts 
in oxidation potentials (AEi/2) of free base tetraarylporphyrins 
versus the sum of substituent constants (La) for substituents 
on the phenyl rings.21^23 The slopes (Q) of such plots were 
0.065 and 0.054 V for dichloromethane and n-butyronitrile 
solvents, respectively. Table 2 includes values of Sc for the 
tetraarylporphyrins that have only meta and para substituents. 
Figure 2 shows a Hammett plot of substituent-induced shifts in 
the lowest LDF IP of TPPH2 versus 2> for all the tetraaryl
porphyrins studied except those with o.o'-substitution. The 
cations of all the compounds included in this plot have 2B iu 

(21) Electrochemistry of free base tetraarylporphyrins: Kadish, K. M.; 
Morrison, M. M. J. Am. Chem. Soc. 1977, 98, 3326. 

(22) Electrochemistry of metallotetraarylporphyrins: (a) Walker, F. A.; 
Beroiz, D.; Kadish, K. M. J. Am. Chem. Soc 1976, 98, 3484. (b) Kadish, 
K. M.; Morrison, M. M. Bioinorg. Chem. 1977, 7, 107. (c) Kadish, K. M.; 
Morrison, M. M.; Constant, L. A.; Dickens, L.; Davis, D. G. J. Am. Chem. 
Soc. 1976, 98. 8387. 

(23) For a review on the electrochemistry of porphyrins, see: Kadish, 
K. M. In Progress in Inorganic Chemistry; Lippard, S. J., Ed.; Wiley: New 
York, 1986; p 435. 
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Figure 2. A Hammett plot of substituent effects (eV) on the lowest 
LDF IP of tetraarylporphyrins, which corresponds to a 2Bj1, final state. 
All substituent effects are relative to the lowest IP of TPPH2 chosen as 
the zero level. 

ground states at the present LDF level. The most interesting 
feature of this plot is that the slope, Q, is ~0.23 eV, which is 
considerably higher than the Q'S of the electrochemical plots. 
Thus, p-fluoro andp-cyano substitution at all four para positions 
of TPPH2 increases the electrochemical oxidation potential by 
~0.1 and 0.2 V, respectively, but affects the LDF first IP by 
~0.29 and 0.76 eV, respectively. What causes this discrepancy 
between electrochemical and LDF substituent effects? Is this 
a failure of LDF theory? While a definitive answer must await 
UPS measurements, two facts argue against this possibility. First, 
LDF theory has performed astonishingly well in reproducing 
the lowest one-electron IPs of porphyrins for which experimental 
UPS data are available. Second, as Table 2 shows, the 
calculated substituent effects on the lowest LDF IPs are very 
closely paralleled by substituent effects observed by XPS. This 
suggests that substituent effects on electrochemical oxidation 
potentials may not be linearly related to shifts in gas-phase IPs, 
especially where these shifts are very large. This is not 
particularly surprising since even a change of solvent can 
significantly affect the reaction constant Q for a particular 
electrochemical oxidation or reduction of a family of porphyrins. 
Overall, solvation appears to exert a "damping" effect on 
substituent effects observed in the gas phase. 

The calculations on 0,0'-TDFPPH2, m,m'-TDFPPH2, p-
TFPPH2, and TPFPPH2 show that the electronic effects of 
successive fluorinations on the phenyl rings are additive. These 
calculations illustrate another interesting point: m- andp- fluoro 
substituents on the phenyl groups exert much larger electronic 
effects on the lowest IPs of porphyrins than ortho substituents. 
An examination of Mulliken atomic charges suggests a plausible 
explanation for this effect. Although the dihedral point groups 
of the porphyrins preclude overall molecular dipole moments, 
the fluorinated phenyl groups may be regarded as local dipoles. 
In the case of m,?n'-TDFPPH2 and p-TFPPH2, the dipole 
moments associated with the phenyl rings are directed outward, 
i.e. away from the center of the porphyrin. In contrast, the dipole 
moments associated with the phenyl groups of 0,0'-TDFPPH2 

are directed inward, which accounts for the much smaller 
electronic effects of o-fluoro substituents relative to m- and 
p-fluoro groups. Such an effect may also account for the very 
small difference (~0.05 eV) in the lowest LDF IPs of TPPH2 

and TDCPPH2. 

C. Halogenated Porphyrins. The first reports by Traylor24 

and Dolphin25 on syntheses of /J-octabromo- and /3-octachloro-
meso-tetraarylporphyrins marked the beginning of a virtual 
explosion of interest in this new class of ligands.26 A number 
of studies suggested that the new /3-octahalogeno ligands were 
significantly more resistant to oxidative degradation than their 
/8-unsubstituted analogs. This is consistent with the intuitive 
expectation that multiple electronegative substituents such as 
halogens should increase the oxidation potential of the porphyrin 
macrocycle. However, examples are known where peripheral 
halogenation results in essentially no change in a porphyrin's 
oxidation potential.27'28 These observations clearly warrant a 
detailed understanding of the electronic effects of peripheral 
halogenation on the electronic character of the ligand. 

The LDF data in Table 1 shows that meso-tetrahalogenation 
has almost no effect on the lowest IP of PH2, which corresponds 
to a 2Biu final state, but exerts a significantly stronger effect of 
~0.4 eV on the second lowest IP, which corresponds to a 2A11 

final state. Experimentally, meso-tetrafluorination has a neg
ligible effect on the one-electron oxidation potential of octa-
ethylporphyrin,28 in agreement with the LDF predictions, but 
contrary to the HF results (see Table I).4 In other words, the 
LDF calculations suggest that the ground state of meso-
tetrafluoro-/J-octaethylporphyrin cation must be 2B iu, as it is 
for [PF4H2]+ at the LDF level. 

What accounts for the substantial difference in energy of ~0.6 
eV between the two lowest LDF IPs of meso-tetrahalogeno-
porphyrins, compared to a difference of only ~0.2 eV for PH2? 
Mesomeric electron donation from the halogens may provide a 
possible explanation. Such a +R effect would be expected to 
strongly stabilize the lowest 2B i„ cationic state relative to the 
lowest 2AU state, since only the former has significant unpaired 

(24) Traylor, T. G.; Tsuchiya, S. Inorg. Chem. 1987, 26, 1338. 
(25) Wijesekera, T.; Matsumoto, A.; Dolphin, D.; Lexa, D. Angew. 

Chem., Int. Ed. Engl. 1990, 29, 1028. 
(26) For references on ring-chlorinated and ring-brominated porphyrins, 

see, in addition to references 25 and 26: (a) Bonnett, R.; Gale, I. A. D.; 
Stephenson, G. F. / Chem. Soc. C1966, 1600. (b) Callot, H. J. Tetrahedron 
Lett. 1973, 4987. (c) Giraudeau, A.; Callot, H. J.; Gross, M. Inorg. Chem. 
1979, 18, 201. (d) Lyons, J. E.; Ellis, P. E. Catal. Lett. 1989, 3, 389. (e) 
Hoffmann, P.; Labat, G.; Robert, A.; Meunier, B. Tetrahedron Lett. 1990, 
31, 1991. (f) Dolphin, D. H.; Nakano, T.; Kirk, T. K.; Wijesekera, T. P.; 
Farrel, R. L.; Malone, T. E. U.S. Patent 4 892 941, 1990. (g) Ellis, P. E., 
Jr.; Lyons, J. E. U.S. Patent 4 970 348, 1990. (h) Carrier, M.-N.; Scheer, 
C; Gouvine, P.; Bartoli, J.-F.; Battioni, P.; Mansuy, D. Tetrahedron Lett. 
1990, 31, 6645. (i) Ellis, P. E.; Lyons, J. E. Coord. Chem. Rev. 1990, 105, 
181. (j) Bartoli, J. F.; Brigaud, O.; Battioni, P.; Mansuy, D. J. Chem. Soc, 
Chem. Commun. 1991, 440. (k) Campestrini, S.; Robert, A.; Meunier, B. 
J. Org. Chem. 1991, 56, 3725. (1) Lyons, J. E.; Ellis, P. E. Catal. Lett. 
1991, S, 45. (m) Antonio, M. d'A.; Gonsalves, R.; Johnstone, R. A. W.; 
Pereira, M. M.; Shaw, J.; Sobral, A. J. F. N. Tetrahedron Lett. 1991, 32, 
1355. (n) Bhyrappa, P.; Krishnan, V. Inorg. Chem. 1991, 30, 239. (0) 
Crossley, M. J.; Burn, P. L.; Chew, S. S.; Cuttance, F. B.; Newsom, I. A. 
J. Chem. Soc, Chem. Commun. 1991, 1564. (p) Battioni, P.; Brigaud, O.; 
Desvaux, H.; Mansuy, D.; Traylor, T. G. Tetrahedron Lett. 1991, 32, 2893. 
(q) Traylor, T. G.; Hill, K. W.; Fann, W.-P.; Tsuchiya, S.; Dunlap, B. E. J. 
Am. Chem. Soc. 1992, 114, 1308. (r) Hoffmann, P.; Robert, A.; Meunier, 
B. Bull. Soc. Chim. France 1992, 129, 85. (s) Hoffmann, P.; Meunier, B. 
New J. Chem. 1992, 16, 559. (t) DiMagno, S. G.; Lin, V. S.-Y.; Therien, 
M. J. J. Am. Chem. Soc. 1993, 115, 2513. (u) Lee, W. W.- S.; Wong, K.-
Y.; Li, X.-M.; Leung, Y.-B.; Chan, C-S.; Chan, K. S. / Mater. Chem. 
1993, 3, 1031. (v) Bhyrappa, P.; Krishnan, V.; Nethaji, M. J. Chem. Soc, 
Dalton Trans. 1993, 1901. (w) Reddy, D.; Ravikanth, M.; Chandrashekar, 
T. K. /. Chem. Soc, Dalton Trans. 1993, 3575. (x) Lyons, J. E.; Ellis, P. 
E., Jr.; Myers, H. K., Jr.; Wagner, R. W. J. Catal. 1993, 141, 311. (y) 
Pattou, D.; Labat, G.; Defrance, S.; Seris, J.-L.; Meunier, B. Bull. Soc Chim. 
Fr. 1994, 131, 78. (z) Lyons, J. E.; Ellis, P. E„ Jr., Chapter 10 in ref lo. 
(aa) Grinstaff, M. W.; Hill, M. G.; Labinger, J. A.; Gray, H. B. Science 
1994, 264, 1311. (bb) Hodge, J. A.; Hill, M. G.; Gray, H. B. Inorg. Chem. 
1995, 34, 809. 

(27) Naruta, Y.; Tani, F.; Maruyama, K. Tetrahedron Lett. 1992, 33, 
1069. 

(28) Ochsenbein, P.; Ayougou, K.; Mandon, D.; Fischer, J.; Weiss, R.; 
Austin, R. N.; Jayaraj, K.; Gold, A.; Terner, J.; Fajer, J. Angew. Chem., 
Int. Ed. Engl. 1994, 33, 348. 
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H H 
Figure 3. Spin populations on symmetry-distinct non-hydrogen atoms 
in the ground (2Bi11) state of [PCl4H2]"

1". 

Table 3. XPS Core IPs (eV) of the Central Protonated and 
Unprotonated Nitrogens of Selected Free Base Porphyrins 

compd 

TPPH2 
/S-Br8TPPH2 
TDCPPH2 
/3-Cl8TDCPPH2 

nitrogen 

protonated 

399.5 
399.9 
399.75 
400.1 

IsIP 

unprotonated 

397.4 
397.75 
397.7 
398.1 

electron density at the tneso positions. The LDF calculated spin 
density distributions of the 2Bi11 cationic states of meso-
tetrahalogenoporphyrins supports this picture, the unpaired spin 
being considerably delocalized onto the halogen atoms. Figure 
3 shows that in the ground (2Bi„) state of Im-PCUH2]+ each 
chlorine atom carries a substantial spin population of 0.054, 
which is close to half of that at a meso carbon atom. 

In an earlier ab initio HF theoretical study6 of substituent 
effects in porphyrins, we predicted that /3-octahalogenation 
should exert dramatic shifts of over 1 eV on the core and lowest 
valence IPs of porphyrins (see Table 1). However, we could 
not test this prediction against experimental results, since the 
appropriate physical measurements had not been reported at that 
time. Subsequently, the following measurements led us to 
question this HF-based prediction. 

Nitrogen core X-ray photoelectron spectra were obtained for 
TPPH2, TDCPPH2, and their /3-halogenated derivatives, 
(8-Br8TPPH2

29 and /3-Cl8TDCPPH2.
30'31 Differences between 

the nitrogen core IPs of the unhalogenated and halogenated 
porphyrins may be regarded as providing an estimate of the 
modulation of the electrostatic potential in the central region 
of the porphyrin as a result of /3-halogenation. The results, 
shown in Table 3, indicate that /3-octachlorination and octa-
bromination affect the core IPs of the central nitrogens by only 
about ~0.4 eV, i.e. far less than the shifts in the HF nitrogen 
Is orbital energies.6 

Variations in gas-phase electron affinities (EAs) of hemins 
provide another sensitive probe of the electronic effects of 

(29) Ghosh, A.; Gassman, P. G.; Almlof, J. In Proceedings of the 
Symposium on Surfaces in Biomaterials 1991. Symposium Sponsor: Perkin-
Elmer Corporation, Eden Prairie, MN. October 11, 1991. 

(30)Ghosh, A.; LeGoff, E.; Merz, A.; Schropp, R. Inorg. Chem., 
submitted for publication. 

(3I)A Physical Electronics 5600 spectrometer was used for the XPS 
measurements. A tiny speck (~5 ,Ug) of porphyrin was rubbed with a flat-
tipped quartz rod into an extremely thin, effectively conducting film on 
gold foil, the Au 4f7/2 peak at 84.0 eV being used as a convenient external 
reference. Monochromatized Al Ka X-rays, of power 500 W, were used. 
Flooding the samples with low-energy electrons from a neutralizer did not 
change the positions or shapes of the XPS peaks, eliminating the need for 
any correction for sample charging. The data reported here are reproducible 
to within ±0.1 eV. 

substituents on the porphyrin ring.32 /3-Octachlorination of 
Fe(TDCPP)Cl and Fe(TPFPP)Cl affects the EAs of the two 
compounds by (0.72 ± 0.22) and (0.21 ± 0.06) eV, respec
tively.32 The rather large uncertainty in the former number 
makes it difficult to analyze, but the latter number again suggests 
that the electronic effect of/S-octachlorination, while significant, 
is considerably less than the HF prediction. 

A comparison of our computed results on PCl8H2 and PBr8H2 

with existing electrochemical data on /3-polyhalogenated por
phyrins is somewhat more involved. While we have assumed 
planar D2/, structures for PCl8H2 and PBr8H2, all known /3-octa-
chloro- and /3-bromoporphyrins are also meso-tetraaryl-substi-
tuted and have severely buckled equilibrium geometries as a 
result of steric effects.3334 It is probably appropriate, therefore, 
to estimate the effect of /S-octachloro and /3-octabromo substitu
tion alone on the lowest IP of PH2 from the oxidation potential 
of the nearly planar 7,8,17,18-tetrahalogeno-5,10,15,20-tetra-
mesitylporphyrin.28 7,8,17,18-Tetrachlorination or 7,8,17,18-
tetrabromination increases the one-electron oxidation potential 
of tetramesitylporphyrin (TMPH2) by 0.24 and 0.21 V, respec
tively. Assuming that the electronic effects of /3-halogenation 
are additive, one would predict that /3-octachlorination and 
/3-octabromination should increase the oxidation potential of a 
porphyrin by 0.48 and 0.42 eV, respectively, in the absence of 
macrocycle buckling due to bulky meso substituents. These 
estimates are in excellent agreement with differences of 0.55— 
0.62 eV between the lowest LDF IPs of PH2 and PCl8H2 and 
differences of 0.38-0.48 eV between the lowest LDF IPs of 
PH2 and PBr8H2 (see Table 1). The LDF calculations also 
reproduce the electrochemical result that /3-octachlorination 
exerts a very slightly larger electronic effect than /3-octabro-
mination.28 

Overall, experimental measurements of the effects of /?-octa-
chloro or /3-octabromo substitution on such properties as XPS 
IPs (Table 3),29,30 gas-phase EAs,32 and electrochemical oxida
tion potentials2528 are in excellent accord with LDF theoretical 
substituent effects of about 0.5 eV. The LDF and experimental 
results25'27-30,32 also show that HF theory seriously overestimates 
the electronic effects of halogen substituents on the porphyrin 
ring. 

Oxidation potentials of /3-octachloro- and /J-ociabromo-mero-
tetraarylporphyrins deserve an additional comment. Macrocycle 
buckling in these porphyrins results in a lowering of the first 
IP or of the oxidation potential35 which may almost entirely 
offset the electron-withdrawing effect of/3-octahalogenation.28 

However, macrocycle buckling does not mask the electronic 
influence of /J-halogens on the nitrogen core IPs (as shown by 
the XPS results in Table 3),30 reduction potentials,2528 or EAs.28 

(32) Chen, H. L.; Ellis, P. E„ Jr.; Wijesekera, T.; Hagan, T. E.; Groh, S. 
E.; Lyons, J. E.; Ridge, D. P. J. Am. Chem. Soc. 1994, 116, 1086. 

(33) (a) Mandon, D.; Ochsenbein, P.; Fischer, J.; Weiss, R.; Jayaraj, K.; 
Austin, R. N.; Gold, A.; White, P. S.; Brigaud, O.; Battioni, P.; Mansuy, 
D. Inorg. Chem. 1992, 31, 2044. (b) Ochsenbein, P.; Mandon, D.; Fischer, 
J.; Weiss, R.; Austin, R.; Jayaraj, K.; Gold, A.; Terner, J.; Bill, E.; Miither, 
M.; Trautwein, A. X. Angew. Chem., Int. Ed. Engl. 1993, 32, 1437. (c) 
Marsh, R. E.; Schaeffer, W. P.; Hodge, J. A.; Hughes, M. E.; Gray, H. B.; 
Lyons, J. E.; Ellis, P. E., Jr. Acta Crystallogr. C 1993, 49, 1339. (d) 
Schaeffer, W. P.; Hodge, J. A.; Hughes, M. E.; Gray, H. B.; Lyons, J. E.; 
Ellis, P. E., Jr.; Wagner, R. W. Acta Crystallogr. C 1993, 49, 1342. (e) 
Henling, L. M.; Schaefer, W. P.; Hodge, J. A.; Hughes, M. E.; Gray, H. B. 
Acta Crystallogr. C1993,49, 1743. (f) Bhyrappa, P.; Nethaji, M.; Krishnan, 
V. Chem. Lett. 1993, 869. 

(34) For semiempirical theoretical studies of /?-octahalogeno-me.$o-
tetraarylporphyrins, see: (a) Brigaud, O.; Battioni, P.; Mansuy, D.; Giessner-
Prettre, C. New J. Chem. 1992, 16, 1031. (b) Takeuchi, T.; Gray, H. B.; 
Goddard, W. A. J. Am. Chem. Soc. 1994, 116, 9730. 

(35) (a) Barkigia, K. M.; Chantranupong, L.; Smith, K. M.; Fajer, J. J. 
Am. Chem. Soc. 1988, 110, 7566. (b) Barkigia, K. M.; Renner, M. W.; 
Furenlid, L. R.; Medforth, C. J.; Smith, K. M.; Fajer, J. J. Am. Chem. Soc. 
1993, 115, 3627. 
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This is consistent with the observation by Dolphin et al. that 
/3-octachlorination of TPPFeCl increases the ring-centered 
oxidation potential by only ~100 mV, while lowering the 
reduction potential by ~400 mV.25 Similarly, /3-octachloro and 
/3-octabromo substitution of TMPH2 has essentially no effect 
on the oxidation potential but decreases the reduction potential 
by ~600 mV.28 Accordingly, any extra stability of/3-octachloro 
and /3-octabromo derivatives of TPP, TMP, or TDCPP ligands 
or metal complexes toward oxidants, relative to the unhalogen-
ated systems, probably owes more to the steric effects of the 
halogens than their modest electronic effects. Indeed, in certain 
cases, especially in the presence of a large excess of oxidant 
relative to the substrate, /3-octachlorination or /3-octabromination 
does not appear to confer any additional stability to a metallo-
tetraarylporphyrin catalyst.36 Thus, the LDF results and the 
experimental scenario, together, suggest that the design of the 
ultimate high-potential porphyrin ligands cannot rely on /?-octa-
chlorination or octabromination alone. However, /3-halogena-
tion of porphyrins with strongly electron-withdrawing meso 
substituents should constitute a promising approach to high-
potential ligands and catalysts. Examples of such compounds 
include FeQ3Cl8TPFPP)Cl26m and Fe(^Br8TPFPP)Cl,261 which 
are superb catalysts of alkane hydroxylation with molecular 
oxygen in the absence of sacrificial reductants.26aabb 

In contrast to chlorinated and brominated porphyrins, ring-
fluorinated porphyrins have received relatively little atten-
t i o n 26f.g,27,37 The L D p data in Table 1 show that ,8-octa-
fluorination has an effect of ~0.85 eV on the lowest IPs of 
PH2, which exceeds the substituent effects of/3-octachlorination 
or /3-octabromination by a significant margin of 0.3—0.4 eV. 
Moreover, since the steric bulk of fluorine is considerably less 
than that of other halogens, /J-octafluoro-mejo-tetraarylpor-
phyrins should be less buckled than their chloro and bromo 
analogs. Thus, both electronic and conformational factors 
should be responsible for the lowest IPs or oxidation potentials 
of /3-polyfluoro-meso-tetraarylporphyrins being higher than those 
of their chloro and bromo analogs. Assuming a D2/, structure 
of perfluorinated TPPH2, LDF calculations predict (see Table 
1) that substitution of all 28 peripheral hydrogens of TPPH2 by 
fluorine should increase the first IP by 1.65 eV! At the HF 
level, the electronic effect of perfluorination of TPPH2 is 
considerably more than the already large LDF value, but as 
discussed above, the LDF value is presumably trustworthy. Not 
surprisingly, Fe(F2sTPP)Cl is reported to be a remarkably stable 
and efficient catalyst of hydrocarbon oxygenation, hydroxylating 
benzene and epoxidizing cyclooctene with high turnover 
numbers with 35% H2O2 without suffering any decomposition 
in l -2h . 3 7 b 

Finally, note that for each of the compounds PF8H2, PCl8H2, 
and PBr8H2, the two lowest IPs are very close. Therefore, our 
calculations cannot predict with certainty the ground states, 2AU 

or 2Biu, of the cation radicals of these compounds. 
D. Trifluoromethylated Porphyrins. Although porphyrins 

with perfluoroalkyl groups have been known for some years, 
they have been largely ignored by both physical and synthetic 
chemists.38 Recent ab initio HF calculations6 and the present 
LDF study suggest that perfluoroalkylated porphyrins rank 

(36) Banfi, S.; Mandell, R.; Montanari, F.; Quici, S. Gazz. Chim. /to/. 
1993, 123, 409. 

(37) Ring-fluorinated porphyrins: (a) Andrews, L. E.; Bonnett, R.; 
Kozyrev, A. N.; Appelman, E. H. J. Chem. Soc, Perkin Trans. 1 1988, 
1735. (b) Tsuchiya, S.; Seno, M. Chem. Lett. 1989, 263. (c) Michalski, T. 
J.; Appelman, E. H.; Bowman, M. K.; Hunt, J. E.; Norris, J. R.; Cotton, T. 
M.; Raser, L. Tetrahedron Lett. 1990, 31, 6847. (d) Tsuchiya, S.; Seno, 
M.; Kawai, M. Jpn. Kokai 90-250883, 1990. (e) Naruta, Y.; Tani, F.; 
Maruyama, K. Tetrahedron Lett. 1992, 33, 1069. (f) Bonnett, R.; Harriman, 
A.; Kozyrev, A. N. J. Chem. Soc, Faraday Trans. 1992, 88, 763. 

among the ultimate high-potential porphyrin ligands and, 
therefore, merit detailed experimental study. 

The lowest LDF IP of m-P(CF3)4H2 exceeds that of TPPH2 

by 1.74 eV. In other words, M-P(CFa)4H2 is approximately as 
electron-deficient as F28TPPH2. Accordingly, a comparison of 
the performance of the relatively sterically unhindered Fe[m-
P(CF3)4]C1 with that of FeOSX8TPFPP)Cl (X = F, Cl, Br) in 
catalyzing hydrocarbon oxygenation may allow a dissection of 
the roles played by high molecular IPs and steric effects of 
/3-halogens in protecting the porphyrin from oxidative degrada
tion. 

Electrochemical redox potentials of zinc meso-tetrakis-
(perfluoro-n-propyl)porphyrin [ZnP(WCaFv)4] have been reported.38' 
The oxidation potential of this compound is ~0.67 V higher 
than that of ZnTPP, while the reduction potential of ZnP(nC3F7)4 

is lower than that of ZnTPP by the same amount. Large as 
these electrochemical substituent effects may be, they are far 
lower than substituent effects of ~1.74 eV that are predicted at 
the LDF level for the first IP. Photoelectron spectroscopic 
experiments on me5o-tetrakis(perfluoro-M-alkyl)porphyrins are 
in progress to determine the accuracy of the LDF predictions.39 

Presumably, the smaller magnitudes of these electrochemical 
substituent effects, compared to LDF data, result from dif
ferential solvation energies of neutral and charged states of 
porphyrins. 

The relative magnitudes of the two lowest EPs of m-P(CF3)4H2 

may deserve a comment. At the HF-KT level, the 2Bi u state of 
[m-P(CF3)4H2]+ is higher in energy by over 1 eV than the 2AU 

state, in agreement with the intuitive expectation that strongly 
electron-withdrawing meso substituents should preferentially 
stabilize the highest occupied biu orbital, which has large 
amplitudes at the meso positions, relative to the highest occupied 
au orbital. The LDF results, which we tend to trust on the basis 
of their generally excellent agreement with experiment (as 
described in Section IVA), are somewhat unexpected: the two 
lowest vertical IPs of m-P(CF3)4H2 are extremely close. 
However, both HF and LDF theories agree that the ground state 
of [m-P(CF3)4H2]

+ is 2A11. 

In view of the extreme electron-deficient character of 
m-P(CF3)4H2, it was of interest to perform exploratory calcula
tions on /S-P(CF3)8H2, a compound yet to be synthesized. 
Surprisingly, the lowest LDF IP of /3-P(CF3)8H2 is essentially 
the same as that of m-P(CF3)4H2! Clearly, a meso trifluoro-
methyl group exerts a much stronger electron-withdrawing effect 
than one at a /3 position. As expected, the lowest IP of 
/?-P(CF3)8H2 corresponds to a 2Bi u cationic final state, the 2AU 

state being higher by a margin of 0.4 eV. 
Ono has reported electrochemical oxidation potentials of free 

base [PMe4(CF3)^t] and zinc-complexed 2,7,12,17-tetramethyl-
3,8,13,18-tetrakis(trifluoromethyl)porphyrin [ZnPMe4(CF3)4] .

38d 

The one-electron oxidation potentials of these two compounds 
are higher than those of PEt8H2 and ZnPEt8 by 0.24 and 0.33 
V, respectively.38d Assuming perfect additivity of substituent 
effects, one would predict that the lowest IP of PMe4(CF3)4H2 

(38) Ring-perfluoroalkylated porphyrins: (a) Homma, M.; Aoyagi, K.; 
Aoyama, Y.; Ogoshi, H. Tetrahedron Lett. 1983, 24, 4343. (b) Toi, H.; 
Homma, M.; Suzuki, A.; Ogoshi, H. J. Chem. Soc, Chem. Commun. 1985, 
1791. (c) Aoyagi, K.; Toi, H.; Aoyama, Y.; Ogoshi, H. Chem. Lett. 1988, 
1891. (d) Ono, N.; Kawamura, H.; Maruyama, K. Bull. Chem. Soc. Jpn. 
1989, 62, 3386. (e) Yoshimura, T.; Toi, H.; Inaba, S.; Ogoshi, H. lnorg. 
Chem. 1991, 30, 4315. (f) Yoshimura, T.; Kamada, H.; Toi, H.; Inaba, S.; 
Ogoshi, H. Inorg. Chim. Acta 1993, 208, 9. (g) Ellis, P. E., Jr.; Lyons, J. 
E.; Myers, H. K. Eur. Patent 0 471 561 A2, 1992. (h) Ellis, P. E., Jr.; Lyons, 
J. E. Eur. Patent 0 494 508 Al, 1992. (i) DiMagno, S. G.; Williams, R. A.; 
Therien, M. J. J. Org. Chem. 1994, 59, 6943. 

(39) Ghosh, A.; GoIl, J.; Therien, M. J., research in progress. 
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should equal the mean of those of/3-PMe8H2 and /3-P(CF3)SH2, 
which is 7.56 eV. Explicit LDF calculations on PMe4(CF3)4H2 

(C2/,) resulted in a value of 7.58 eV for the lowest IP, in excellent 
agreement with the predicted value. At the LDF level, the 
lowest IP of PMe4(CF3^H2 exceeds that of/3-PMe8H2 by 0.94 
eV, which is considerably more than the substituent effect on 
the electrochemical oxidation potentials. Once again, it appears 
that electrochemical redox potentials do not reflect the intrinsic 
electronic effects of multiple, highly electron-withdrawing 
substituents such as trifluoromethyl groups. Gas-phase UPS 
measurements, where the cationic final states cannot be 
preferentially solvated as in electrochemistry, should reveal 
significantly larger substituent effects than observed by elec
trochemical measurements. 

Chemists at the Sun Company (Marcus Hook, Pennsylvania) 
have reported perfluorination of the ̂ -positions of mero-tetrakis-
(perfluoro-w-alkyl)porphyrins by controlled fluorination with F2 

diluted in N2.
26s The lowest LDF IP of such a porphyrin, 

exemplified by PF8(CFs)4H2 in this study, exceeds the lowest 
IPs of PH2 and TPPH2 by over 1.8 and 2.3 eV, respectively. 
Thus, there is little doubt about the stability of /3-octafluoro-
me5o-tetrakis(perfluoro-n-alkyl)porphyrins toward oxidative deg
radation. 

E. Cyanoporphyrins. In this study, we have selected 
cyanoporphyrins as the simplest representatives of a larger class 
of porphyrins bearing carboxyl-derived substituents such as 
-CN,40 CO2R,41 CONR2,

4243 etc. Cyanoporphyrins are acces
sible from the corresponding brbmoporphyrins via the Rosen-
mund—von Braun reaction. Callot was the first to prepare 
/3-tetracyanoporphyrins by this method.403 A recent patent has 
reported high levels of/3-polycyano substitution, resulting from 
subjecting /3-octabromo-me\y0-tetraarylporphyrins to the Rosen-
mund—von Braun procedure.40d In view of the extreme 
electron-withdrawing power of cyano substituents, the poly-
cyanoporphyrins deserve considerably more physicochemical 
study than reported to date. 

At the LDF level, the two lowest one-electron IPs of 
Wi-P(CN)4H2, 8.44 and 8.64 eV, are about the same as those of 
m-P(CF3)4H2. As in the case of m-P(CF3)4H2, the LDF vertical 
IPs of W-P(CN)4H2 are very similar for the lowest 2AU and 2B )u 

final states. The lowest LDF IP of /3-P(CN)8H2 is extremely 
high at 9.28 eV, which exceeds that of/3-P(CF3)8H2 by 0.8 eV. 
Thus, although CN- is regarded as a pseudohalide, cyano 
substitution exerts a far more drastic effect on the IPs of PH2 

than does substitution with halogens. Clearly, polycyanopor-
phyrins are among the most electron-deficient porphyrins 
known. 

Since HF theory is known to seriously overestimate the 
electron-withdrawing effects of peripheral halogen substituents 
on the valence IPs of PH2 (see section IVD),4 it is of interest to 
compare HF and LDF results on substituent effects due to 
peripheral cyano groups. Table 1 shows that unlike in the case 
of halogenated porphyrins, the HF-KT and LDF substituent 
effects are in rather good agreement for the two cyanoporphyrins 
studied, W-P(CN)4H2 and /3-P(CN)8H2. Thus, the maximum 

(40) Polycyanoporphyrins: (a) Callot, H. J. Bull. Soc. Chim. Fr. 1974, 
1492. (b) Callot, H. J.; Giraudeau, A.; Gross, M. J. Chem. Soc, Perkin 
Trans. 2 1975, 1321. (c) Donohoe, R. J.; Atamian, M.; Bocian, D. F. J. 
Am. Chem. Soc. 1987, 709, 5593. (d) Lyons, J. E.; Ellis, P. E., Jr. U.S. 
Patent 5 120 886, 1992. 

(41) Mflller, F.; Karwe, A.; Mattay, J. J. Org. Chem. 1992, 57, 6080. 
(42) (a) Kaesler, R. W.; LeGoff, E. J. Org. Chem. 1983, 48, 4399. (b) 

Shirazi, A.; Marianelli, R. S.; Sturgeon, G. D. lnorg. Chim. Acta 1983, 72, 
5. (C) Isaac, M. F.; Lin, Q.; Simonis, U.; Suffian, D. J.; Wilson, D. L.; 
Walker, F. A. Inorg. Chem. 1993, 32, 4030. 

(43) For an XPS study of /3-octakis(/V,N-diethylcarboxamido)porphyrin, 
see: Ghosh, A. /. Org. Chem. 1993, 58, 6932. 

discrepancy between the HF-KT and LDF values for the 
substituent effects due to polycyano substitution is only ~30% 
of the LDF substituent effects, compared to »100% for certain 
halogenated porphyrins. This observation appears to be quite 
suggestive, when we recall that HF theory provides a good 
description of the charge distribution in free base /3-octaeth-
ylporphyrazine and phthalocyanine.15,17" We suggest that for 
tetrapyrroles containing only C, H, and N, HF theory can 
semiquantitatively reproduce experimentally observed substitu
ent effects on the core and lowest valence IPs. In contrast, HF 
theory appears to grossly exaggerate the electron-withdrawing 
effects of substituents containing such highly electronegative 
atoms as F, Cl, Br, and O on the porphyrin nucleus. 

F. Nitroporphyrins. Polynitroporphyrins have been known 
for a few years,44 but their application to catalysis of hydro
carbon oxygenation is just beginning to be investigated. The 
oxo-bridged dimer of iron(III) /J-octaethyl-meso-tetranitro-
porphyrin reportedly catalyzes the conversion of isobutane to 
tert-butyl alcohol with dioxygen as oxidant, giving 1600 
turnovers in 5 h in benzene at 80 0C, conditions under which 
Fe(PEt8)Cl and [Fe(PEt8)J2O are totally inactive.4* Similarly, 
polynitro derivatives of Fe(TDCPP)Cl and Fe(TPFPP)Cl cata
lyze alkane oxygenation with dioxygen without any sacrificial 
reductants.441 

LDF calculations have been carried out for two different 
conformations of /n-P(N02)4H2, in which the nitro groups are 
coplanar and perpendicular to the porphyrin ring. The two 
lowest LDF IPs of the coplanar form, 8.49 and 8.67 eV, are 
similar to those of m-P(CF3)4H2 and Zn-P(CN)4H2. For the 
coplanar form, the ground state of the cation is 2AU at the LDF 
level, as expected for extremely electron-withdrawing meso 
substituents. The results for the perpendicular form of 
m-P(N02)4H2 are rather different from those for the coplanar 
form. Thus, the lowest LDF IP (8.11 eV) of the perpendicular 
form is substantially lower than the second lowest IP (8.51 eV) 
and also significantly lower than the two lowest LDF IPs of 
the coplanar form. Moreover, the ground state of the perpen
dicular form of [m-P(N02)4H2]

+ is 2AU at the LDF level, instead 
of the expected 2Biu! Examination of the spin density distribu
tions of the cationic states reveals a conjugative interaction 
between the highest occupied a (relative to the plane of the 
nitro group) orbital of the nitro group and the porphyrin's 
jr-system, which is possible only for the perpendicular form. 
For the 2B iu cationic state of the perpendicular form, this 
interaction results in significant derealization of the unpaired 
spin density and, therefore, of the positive charge onto the nitro 
groups, which explains the stability of the 2B i„ state relative to 
the 2AU state. 

As in the case of halogenated porphyrins4 and unlike in the 
case of cyanoporphyrins, the HF substituent effects listed in 
Table 1 for m-P(N02)4H2 exceed the LDF values by over 100% 
of the latter. Presumably, this again reflects the fact that HF 
theory seriously overestimates the electron-withdrawing effects 
of the nitro oxygens on the rest of the molecule (as suggested 
in section IVE). 

(44) Polynitroporphyrins: (a) Bonnett, R.; Stephenson, G. F. J. Org. 
Chem. 1965, 30, 2791. (b) Johnson, A. W.; Oldfield, D. J. Chem. Soc. 1965, 
4303. (c) Grigg, R.; Shelton, G.; Sweeney, A.; Johnson, A. W. / Chem. 
Soc, Perkin Trans. 1 1972, 1789. (d) Watanabe, E.; Nishimura, S.; Ogoshi, 
H.; Yoshida, Z. Tetrahedron 1975, 31, 1385. (e) Catalano, M. M.; Crossley, 
M. J.; Harding, M. M.; King, L. G. J. Chem. Soc, Chem. Commun. 1984, 
1535. (f) Gong, L.; Dolphin, D. Can. J. Chem. 1985, 63, 401. (g) Wu, G.; 
Gan, W.; Leung, H. J. Chem. Soc, Faraday Trans. 1991, 87, 2933. (h) 
Zhu, N.-J.; Li, Y.; Wu, G.-Z.; Liang, X.-G. Acta Chim. Sin. 1992, 50, 249. 
(i) Lyons, J. E.; Ellis, P. E„ Jr. U.S. Patent 5 120 882, 1992. (j) Senge, M. 
J. Chem. Soc, Dalton Trans. 1993, 3539. (k) Ellis, P. E., Jr. ; Lyons, J. E.; 
Shaikh, S. N. Catal. Lett. 1994, 24, 79. (1) Bartoli, J. F.; Battioni, P.; DeFoor, 
W. R.; Mansuy, D. / Chem. Soc, Chem. Commun. 1994, 23. 
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Table 4. Electronic Effects (eV) of Substituents on the Two 
Lowest One-Electron IPs of PH2 on a "per Substituent Basis" 

meso /3 

final state final state 
substituent 

H 
Me 
Ph 
C6F5 

F 
Cl 
Br 
CF3 
CN 
NO2 (coplanar) 
NO2 (perp.) 

2AU 

0.00 

-0 .09 
0.145 
0.12 
0.115 
0.105 
0.27 
0.315 
0.28 

, 0.28 

2B,U 

0.00 

-0 .12 
0.145 
0.02 
0.02 
0.005 
0.33 
0.31 
0.365 
0.22 

2A„ 

0.00 
-0 .08 

0.105 
0.07 
0.05 
0.19 
0.26 

2Bi11 

0.00 
-0.07 

0.11 
0.08 
0.06 
0.16 
0.26 

G. A Comparison of Different Substituents. Table 4 
compares the effects of different substituents on the two lowest 
LDF IPs of PH2 on a "per substituent" basis. The effects of 
individual meso and [5 substituents were obtained by dividing 
the total substituent effects in meso-tetrasubstituted and /?-octa-
substituted porphyrins (which are given in Table 1) by 4 and 8, 
respectively. All substituent effects are relative to hydrogen, 
unsubstituted porphyrin being taken as the zero level. 

In terms of electron-withdrawing power, the substituents we 
have studied rank as follows (in decreasing order): NO2 ~ CN 
~ CF3 > C6F5 > F > Cl ~ Br > H > Me > Ph. By and large, 
this order is intuitively expected. A number of other trends 
emerge from Table 4. 

A substituent placed at a meso position generally exerts a 
higher electronic effect than the same substituent placed at a 
/3-position. However, halogens are an exception to this gen
eralization. As discussed above, meso halogens exert a near-
zero effect on the lowest LDF IP of porphyrin, i.e. the IP that 
corresponds to the lowest 2Biu final state. 

Contrary to HF results and, perhaps, to chemical intuition, 
/3-octasubstitution with all the substituents studied results in 
nearly equal electronic effects on the two lowest LDF IPs of 
PH2. Except for halogens, meso substituents too exert nearly 
equal effects on the two lowest LDF IPs of PH2. 

V. Summary and Conclusions 

A comparison of LDF results with available UPS data 
suggests that the LDF approach reproduces the absolute values 

of the lowest one-electron IPs of porphyrins to within about 
0.2 eV. Substituent effects on the IPs are probably reproduced 
with even higher accuracy. This level of accuracy exceeds by 
far that of HF calculations and shows that the computationally 
expedient LDF method provides a rather accurate description 
of the difference in correlation energy between the neutral and 
ionized states of porphyrin molecules. In a number of cases, 
substituent effects calculated with HF and LDF theories are quite 
different. For instance, HF theory seriously underestimates the 
substantial electron-donating effect of meso-tetraphenyl substitu
tion and overestimates the electron-withdrawing effects of 
halogens. In contrast, LDF substituent effects are generally in 
near-quantitative agreement with experiment. 

In view of the excellent performance of the LDF method, 
we have assembled a database of the lowest LDF IPs of a broad 
variety of substituted porphyrins. This should provide valuable 
guidance to experimentalists using peripheral substitutions to 
electronically tune the porphyrin ligand for specific applications. 
Specifically, our results are relevant to ongoing experimental 
work on electron-deficient porphyrins that are resistant to 
oxidative degradation. For instance, we have shown that 
/3-octachlorination or /3-octabromination brings about compara
tively modest increments in the IPs of porphyrins. In contrast, 
substituents such as trifluoromethyl, cyano, and nitro exert 
drastic electron-withdrawing effects. Thus, porphyrins bearing 
these latter substituents, which to date have received relatively 
little attention, should have the maximum electronic protection 
against oxidative degradation. Overall, LDF calculations have 
provided an accurate and fairly comprehensive picture of 
substituent effects in porphyrins. 
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