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The isolation,* chara~terization,~ and reactivity of [(TMP+)- 
Fe'"(O)]+ (1+)4 and related oxoiron(IV) porphyrin cation radical 
complexe~ ,3~~~  their involvement in catalytic oxygenation of 
hydrocarbons,6-8 and the similarity of their electronic structure 
to that of compounds I of the relevant enzymes puts them among 
the most important biomimetic c o m p l e x e ~ . ~ ~ - ~  The intensive 
mechanistic research on oxygen atom transfer from oxoiron- 
(IV) porphyrin cation radicals to olefins led to the conclusion 
that intermediates which contain both reactants must exist on 
the pathway to the final products.IO Several years ago, Groves 
and Watanabe reported the direct observation of such an 
intermediate, which however could not be structurally char- 
acterized.'" The currently most common structural proposals 
for the intermediate in metalloporphyrin-catalyzed epoxidation 
of olefins are metallacycle, charge-transfer, or electron-transfer 
(ET) complexes. 

(1) Part of these results were presented at the 9th International Sympo- 
sium on Homogeneous Catalysis, Jerusalem, Israel, August 1994, and at 
the Intemational Symposium on Molecular Reaction Mechanisms Involving 
Transition Metals, Experimental and Theoretical Aspects, Florence, Italy, 
October 1994. 

(2) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans, 
B. J. J. Am. Chem. SOC. 1981, 103, 2884. 

(3) (a) Resonance Raman: Kincaid, J. R.; Schneider, A. J.; Paeng, K.-J. 
J. Am. Chem. SOC. 1989,111,735. (b) Mossbauer and EPR: Trautwein, A. 
X.; Bill, E.; Bominaar, E. L.; Winkler, H. Struct. Bonding (Berlin) 1991, 
78, 1. (c) NMR: Groves, J. T.; McMurry, T. J. Rev. Port. de Quim. 1985, 
27, 102. Balch, A. L.; Latos-Grazynski, L.; Renner, M. W. J.  Am. Chem. 
SOC. 1985, 107, 2983. (d) UV-vis: Reference 2. (e) EXAFS: Andersson, 
L. A.; Dawson, J. H. Struct. Bonding (Berlin) 1991, 74, 1. 

(4) Abbreviations used TMP, TPP, and 'ITP, the dianions of tetramesi- 
tyl-, tetraphenyl-, and tetratoluylporphyrin, respectively; (TMP'), (TPP+), 
and(TTP+), the one-electron-oxidized porphyrin dianions; 1+, the cationic 
oxoiron(1V) complex of ( T M P )  without specifying its trans ligand. 

(5) 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. 1993, 105, 1504; Angew. Chem., Int. Ed. Engl. 1993, 32, 
1437. 

(6) (a) Groves, J. T.; Nemo, T. E.; Myers, R. S. J .  Am. Chem. SOC. 1979, 
101, 1032. (b) Chang, C. K.; Kuo, M . 4 .  lbid. 1979, 101, 3413. 

(7) Review articles: (a) Meunier, B. In Metalloporphyrin Catalyzed 
Oxidations; Montanari, F., Casella, L., Eds.; Kluwer Academic Publishers: 
Dordrecht, 1994; Chapter 1. (b) Watanabe, Y.; Groves, J. T. The Enzymes, 
vol. X X  Sigman, D. S., Ed.; Academic Press: Califomia, 1992; Chapter 9. 
(c) Mansuy, D.; Battioni, P.; Battioni, J. P. Eur. J.  Biochem. 1989, 184, 
267. (d) Bruice, T. C. In Mechanistic Principles of Enzyme Activity; 
Liebman, J. F., Greenberg, A., Eds.; VCH: New York, 1988; p 227. (e) 
Dawson, J. H.; Eble, K. S. In Advances in Inorganic and Bioinorganic 
Mechanisms, Vol. 4;  Sykes, A. G., Ed.; Academic Press: London, 1986; 
Chapter 1. 

(8) For different reactive intermediates, see: (a) Grinstaff, M. W.; Hill, 
M. G.;  Labinger, J. A.; Gray, H. B. Science 1994,264, 13 1 1. (b) Nam, W.; 
Valentine, J. S. J .  Am. Chem. SOC. 1993, 115, 1772. (c) Yamaguchi, K.; 
Watanabe, Y.; Morishima, I. J.  Chem. SOC., Chem. Commun. 1992, 1721. 
(d) Watanabe, Y.; Yamaguchi, K.; Morishima, I.; Takehira, K.; Shimizu, 
M.; Hayakawa, T.; Orita, H. Inorg. Chem. 1991, 30, 2581. 

(9) (a) Rutter, R.; Hager, L. P.; Dhonau, H.; Hendrick, M.; Valentine, 
M.; Debrunner, P. Biochemistry 1984, 23, 6809. (b) Hoffman, B. M.; 
Roberts, J. E.; Kang, C. H.; Margoliash, E. J. Biol. Chem. 1981,256,6556. 
(c) Roberts, V.; Hoffman, B. M.; Rutter, R.; Hager, L. P. lbid. 1981, 256, 
2118. 

(10) (a) Arasasingham, R. D.; He, G.-X.; Bruice, T. C. J.  Am. Chem. 
SOC. 1993, 115, 7985. (b) Traylor, T. G. Pure Appl. Chem. 1991, 63, 265. 
(c) Collman, J. P.; Brauman, J. I.; Hampton, P. D.; Tanaka, H.; Bohle, D. 
S.; Hembre, R. T. J. Am. Chem. SOC. 1990, 112, 7980. (d) Collman, J. P.; 
Kodakek, T.; Brauman, J. I. Ibid. 1986,108,2558. (e) Groves, J. T.; Avaria- 
Neisser, G. E.; Fish, K. M.; Imachi, M.; Kuczkowski, R. L. lbid. 1986, 
108, 3837. (0 Groves, J. T.; Watanabe, Y. Ibid. 1986, 108, 507. 

0002-7863/95/1517-8021$09.00/0 

Scheme la 
f r  

i r  

2-X (Ar = Mesityl) 1-x 

a Reaction conditions: (i) CDzC12, -78 "C, 03; (ii) Nz; (iii) + styrene, 
x = clod-. 

Axial ligands play a major role in the chemistry of hemo- 
proteins and also affect the spectra and reactivity of oxoiron- 
(IV) porphyrin cation radical c o m p l e x e ~ . ~ ~ , ~ , ~ ~ ~ ~  We have 
recently demonstrated that the rate of epoxidation of styrene 
by 1+ complexes (obtained via ozonolysis of the corresponding 
iron(II1) porphyrins, 2-X in Scheme 1)12 was modulated by its 
trans-axial ligands: 1-F > 1-OHCH3 > 1-C1 > 1-OAc > 
l-OS02CF3 (1-Trio >> 1-OC103.13 Although the combination 
of 1-OClO3 with styrene afforded no organic products, we later 
noticed that it induced a distinct color change from brilliant to 
dark green, similar to that reported by Groves and Watanabe." 
We have now decided to concentrate on the reaction of l-OC103 
with alkenes, with the hope of obtaining new data which will 
enable a definite formulation of the long-sought intermediate 
in iron porphyrin catalyzed epoxidation of olefins. The detailed 
study resulted in the trapping of complex 3, which allowed its 
characterization as an ET complex by a combination of NMR 
and EPR spectroscopies. 

Addition of styrene (similar results were obtained with 
cyclooctene or cis-stilbene) to a CD2C12 solution of 1-OClO3 
at -80 "C induced dramatic changes in its 'H NMR spectrum 
(Figure la).14 The rate of formation of the new complex (3) 
was dependent on the amount of styrene added, but no further 
reaction occurred for extended periods, as confirmed by NMR 
and quenching of 3 by n - B m  at -80 OC and GC analysis. 
The NMR spectrum of 3 (Figure Ib) consists of four upfield- 
shifted resonances at 6 = -55 ,  -18, -14, -9 ppm and one 
signal at f l O O  ppm, in the ratio 2:3:3:3:2, which were assigned 
to the m-H, 0-CH3, o-CH3, and p-CH3 of the mesityl groups 
and to the P-pyrrole protons, respe~tive1y.l~ This pattem, 
including the observation of two sets of 0-CH3 signals with 
different line widths, closely resembles that of iron(III) porphyrin 
cation radical complexes with two different axial ligands.I6 To 
further establish this conclusion, which is based on (TPP') and 
( T I T + )  derivatives, we prepared (TMP+)Fe(CI)(SbC16) (4) 
inde~endent1y.I~ The NMR spectrum of 4 is shown in Figure 
IC, and its comparison with that of 3 confirms the correct 
assignment and demonstrates the close similarity between the 
two complexes. Accordingly, we conclude that complex 3 

~~ 
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Figure 1. 'H NMR (200 MHz, CDZC12, -80 "C) spectra of 
complexes: (a) 1-0C103; (b) 3 (l-OC103 f styrene-&); (c) 4. Inset: 
EPR spectrum of 3 (1-0C103 + styrene) at -80 "C. 

contains an iron(II1) porphyrin cation radical with two different 
axial ligands, C104- and 02-, produced by one-electron 
reduction of the FeIV=O bond in 1-Cl04. 

The identification of the olefinic moiety of the complex was 
based on EPR examination of the reaction mixtures. Addition 
of olefins to a preformed solution of 1-0C103 at -80 OC, EPR- 
silent at this temperature, resulted in the appearance of strong 
signals at g R 2 (g = 2.0041, 2.0041, and 2.0018 for the 
complexes with styrene (3, Figure lb, inset), styrene-d8 @a), 
and cis-stilbene (3b), respectively), which disappeared upon 
heating (formation of 2-OClO3) and recooling. At -80 "C, the 
peak-to-peak line widths (AHpp) of the signals of all complexes 
were very similar ( ~ 6 . 3  G), but in frozen solutions (T  = 130 
K), the signal of 3 was broader than that of 3a (AHpp = 7.5 
and 5.5 G, respectively). Since all known iron porphyrin 
derivatives, including complex 4, which we checked as well, 
are EPR-silent in solution at -80 "C, the signals of 3, 3a, and 
3b at g R 2 must be due to the corresponding olefin cation 
radicals. Although we have not obtained hyperfine coupling 
for 3 (the EPR spectra (CFCl3, T = 140 K) of the cation radicals 
of styrene (resolved multiplet) and cis-stilbene (broad singlet) 
are known),I8 we attribute this to the proximity of the organic 
radical to the iron porphyrin. The fact that the signal of 3 is 
somewhat broader than that of 3a is consistent with expectation, 
considering the much smaller hyperfine coupling constant of 
deuterium.I9 In conclusion, on the basis of the EPR and 
NMR investigations, we suggest that 3 is an ET complex, 
[(TMP+)Ferr1(0)(OC103)]-[styrene]'+, formed by one-electron 
transfer from styrene to 1-oc103, resulting in an oxygen-iron 
bond order of 1.5 in 3. The presence of the oxy ligand in 3 is 
required in order to accommodate the reactivity data (vide supra) 
and is supported by independent evidence for a similar species, 
(TMP+)FelI1( OH) (C104). *O 

Several NMR experiments were performed in order to 
confirm that 3 is on the main reaction pathway from reactants 

(17) Complex 4 was obtained by oxidation of (TMP)FeCl by [dibenzo- 
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to products (Scheme 2). Complex 3 was stable in solution at 
temperatures up to -30 "C, at which it was slowly converted 
to 2-0C1o3. GC analysis (quenching at -30 "C) showed that 
styrene oxide (17%) and phenylacetaldehyde (5%) were formed?' 
In a similar experiment, 100 equiv of styrene was added to a 
solution of 1-Trif, the least reactive 1+ complex to react with 
styrene at -80 OC and produce styrene oxide. Examination of 
the spectrum after about 5 min revealed a mixture of 1-Trif 
(the reactant), 2-Trif (the product), and a complex very similar 
to 3 (3-Trif). In about 2 h both 1-Trif and 3-Trif were fully 
converted into 2-Trif, still at -80" C. By choosing a ratio of 
30: 1 between styrene and the more reactive 1-C1 complex, we 
could observe 1-C1 and 2-C1 simultaneously, but in this case 
only a clean conversion to 2-C1 was observed, without any 
intermediate. Our conclusion is that the axial ligand in 1-X 
determines if an intermediate is formed in observable quantities 
and if it will react further to the final iron(1II) product at low 
temperatures. An even more conclusive experiment was 
performed on 3 itself, by changing its axial ligand via addition 
of CD30D to a preformed solution of 3 at -80 "C. About 5 
min after the addition of CD3OD, the spectrum of 3 was fully 
replaced by that of a mixture of 1-ODCD3 and 2-ODCD3. This 
must mean that 3 was destabilized by the ligand exchange of 
Clod- by CD30D and that it was converted into a mixture of 
the reactant (1-ODCD3) and the product (2-ODCD3).22 In the 
course of an hour the spectrum changed gradually to that of 
2-ODCD3 alone, while GC analysis revealed the formation of 
styrene oxide (24%) and phenylacetaldehyde (20%). All these 
observations clearly demonstrate that complex 3 is a true 
intermediate in the reaction of 1-OClO3 with styrene and suggest 
strongly that similar complexes lie on the reaction pathway of 
the other 1-X complexes as well. 

In conclusion, we have trapped intermediate in the reaction 
of oxoiron(1V) porphyrin cation radical complexes with olefins, 
identified it as an ET complex,23 and provided evidence that it 
lies along the reaction pathway to the final products. 
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