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     Metalloporphyrin-catalyzed oxidation is one of the most attractive topic in biomimetic chemistry. 
 Recent progress in this field is reviewed from biological, synthetic, and mechanistic aspects. The 

 biochemical figure of cytochrome P-450, representative metalloporphyrin-containing oxidation catalyst 
 in biological systems, are summarized in the former part of this article. The last part covers im-

 portant studies concerning 1) synthesis of chemical analogues of P-450, 2) biomimetic oxidation and 
 oxygenation with synthetic metalloporphyrin catalysts by various oxidants, especially molecular oxy-
 gen, and 3) mechanism of oxygen transfer to organic substrates from meltalloporphyrin in higher 

 oxidation states. 

    KEY WORDS : Metalloporphyrin/ Oxidation/ Oxygenation/ cytoch-
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                           1. INTRODUCTION 

    The use of molecular oxygen, the most important oxidizing agent used in bio-
logical systems, is an attractive subject for synthetic organic chemists. Reactions 
of singlet organic compounds with triplet molecular oxygen, however, are generally 
difficult without some change of their spin states because of the spin exclusion.' 

 Thus, "substrate activation" or "oxygen activation" is necessary for the successful 

oxygenation of organic compounds. In biological systems "monooxygenases" have 
been known that reductively activate molecular oxygen to ensure oxidations and 

oxygenations of a wide variety of organic substrates.2•3> In particular, the mole-
cular mechanism of the reactions of cytochrome P-450's, typical heme containing 
monooxygenases, has been the subject of attention for over a decade.") The pre-
sent review describes the outline of catalysis of cytochrome P-450 and the recent 
development of the chemical simulation of the protein using synthetic metallopor-

phyrins. 
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                          2. CYTOCHROME P-450 

     Cytochrome P-450 is the general term of monooxygenases with iron(III) pro-
 toporphyrin(IX) (heme, Figure 1) as a prosthetic group, which exists mainly in liver 

 microsome and adrenal mitochondria.9-I1) 

/ \ N\ 
..N~ 

                                        Fe 

i / 

                   COOH COOH 

                      Fig. 1. Structure of protoporphyrin (IX) (Herne). 

 These enzymes catalyze the 0-0 bond fission of the molecular oxygen at the active 
 site by using electrons derived from NAD(P)H, and mediate the wide variety of 

 significant oxygenation reactions responsible for steroid metabolism, drag detoxifica-

 tion, and so on. 

                     P450 
    RH +02 +NAD (P) H ROH +H20 +NADP+(1) 

 Interesting reactions in synthetic organic chemistry such as selective hydroxylation 
 of unactivated alkanes, 0-dealkylation of ethers, N-dealkylation of tertiary amines, 

 and epoxidation of olefins are promoted by P-450 under very mild reaction condi-
 tions. 

Microsomal P-450's are generally responsible for drug and toxin metabolism 
 with low substrate specificity. The molecular weights of highly purified ones are 

 about 50000. P-450's in adrenal cortex which are responsible for the processes of 

 steroidal hormone biosynthesis have very high substrate specificity and the reactions 
 are stereo- and regioselective. These two types of enzymes utilize NADPH as an 

 electron source. P-450CAM (camphor-5-exo-hydroxylase) obtained by d-camphor in-
 duction of Pseudomonas putida has been highly purified and crystallized. The major 

 difference of P-450CAM from other membrane-bound P-450's is its water-solubility and 
 the use of NADH. as an electron source.15> The reaction of this enzyme is also regio-

 and stereospecific. 
     Two principally different processes for transferring electrons from NAD(P)H to 

 the active site of P-450 have been found as shown in eq. (2) : in bacteria and mito-

 chondria, both FAD-flavoprotein and iron-sulfur protein are involved,15-IS) while in 
 liver microsome, only FAD-FMN flavoprotein mediates the direct reduction of the 

 iron-center without the help of other proteins.19 22 

      NAD(P) H FAD -* 2Fe/2S 
               P-450(2) 

    NADPH---------- (FAD-FMN) 
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2.1 Molecular Structure 

   Recently, extensive X-ray crystallographic studies have been performed with 
 P-450cAM, including both substrate-binding and non-binding forms (Figure 2).23-29 
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             Fig. 2. Structure of the active site around the heme of camphor bound 
P-450cAM. 

Iron(III) protoporphyrin(IX), the active site of 02 activation and oxygenation of 
organic compounds, is fixed by hydrogen bonds between the propionate moieties of 
heme and Arg 112, Arg 299, and His 355 of the apoenzyme. Iron center of heme 
is ligated with thiolate anion of Cys 357 as the fifth axial ligand. The active site 
domain around the heme prosthetic group is highly hydrophobic, except for the 

presence of tyrosine residue in a distant position from the metal center, for the pur-
pose of fixation of camphor.23) Analysis of camphor non-binding form reveals that 
a few molecules of water are present in the active site domain which are freely ex-
changeable each other because of weak interaction with the iron center.25) It is con-
sidered that the elimination of the coordinated water from the domain by the sub-
strate binding is the driving force of spin interconversion from low spin Fe(III) to 
high spin state.26-3°) 
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2.2 Mechanism of Catalysis 

   Cytochrome P-450 is reduced by the two electrons from NADPH (or NADH 
in P-450cAm) via P-450 reductase which contain of FAD-FMN or iron-sulfur cluster 
at the active site and activates molecular oxygen for use in oxygenation of the or-

ganic substrate accompanied with formation of one molecule of water per consumed 
dioxygen. The mechanism of catalysis of P-450, though it is a multi-step process 
and very complex, has been accepted as shown in Scheme 1. 

SO Fe" 

S ,, Fe" 

                            XOH               ,Fe0)3* XOOH 
H2O(peroxide shunt) Sot,Fe" 

02 

21-1* 

                        S^Fe"!OZ- 

                   SFe`O-S,,.FQ!O, 
                                                            S.,,,Fe..0-2 

e Scheme 1. 

The catalytic cycle shows the following feature in each step:5-7) 
1. Binding of substrate to give a high spin ferric complex. 
2. Reduction of Fe(III) to Fe(II) by P-450 reductase. 
3. Binding of 02 to the Fe(II) center generating low spin Fe(II)-Oz complex. 
4. A second reduction of the low spin oxy complex to give peroxo species, Fe(III)-

OZ-  3 
5. Heterolysis of 0-0 bond to genreate the reactive oxidant formally depicted as 

[FeO]3+ and one molecule of water. 
6. Oxidation or oxygenation of the substrate which results in formation of the 

product and regeneration of ferric resting state of the enzyme. 
Since the rate-determining step is the electron transfer process and intermediates 
responsible for oxygenation reaction might be unstable, no direct evidence of the 
subsequent processes after the second electron transfer has been obtained. Thus, 
although oxoiron(IV) porphyrin cation radical or oxoiron(V) complex has been sug-

gested, exact nature of reactive species is not yet clarified. 
   The binding and reduction of 02 in the native P-450 catalytic cycle could be 

circumvented by the use of exogenous oxygen sources such as ROOH,31) PhIO,32-34) 
NaI04,35-37) and peracids.32,38) These processes require neither NADPH nor 02, and 
inhibition by carbon monoxide was not observed.38,39) Thus, it is suggested that 
these processes, referred as "peroxide shunt" in Scheme 1, proceed via the reaction 
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        of the two electron oxidants with ferric P-450, which directly generates the reactive 
       species  [FeO]3+without reduction of Fe(III) and subsequent oxy-Fe (III) by electrons 

        from NADPH.38) These oxidant-dependent reactions are quite similar to these of 

       H202 dependent peroxidases (Scheme 2). 

                     S . Fe3+ H2p2 

H2O 

                               SH• 

(FeO)3+ 
(FeO)2+(Compound 1) 

                      (Compound II) 

SH• SH2 

                                           Scheme 2. 

       Horseradish peroxidase (HRP) reacts with H202, generating a stable oxidized inter-
        mediate complex, Compound I,40,41) the iron center of which is in the same oxida-

        tion state with that of the proposed reactive intermediate of P-450. Compound I 

       has been characterized as an oxoiron(IV) porphyrin cation radical species by spectro-
        scopic studies including Mossbauer,42> EPR,431 ENDOR,44) EXAFS,'f51 NMR,46> and 

MCD.47) The reactive species in P-450 represented by [Fe0]3+ has been also be-
        lieved as an oxo-Fe(IV) porphyrin cation radical from the two facts: "peroxide shunt" 

       pathway is also effective in the P-450 catalytic cycle as in the peroxidase process, 
        and the reactions by P-450 catalysis are simulated by synthetic metalloporphyrins 

        which can be oxidized to oxo-Fe(IV) cation radical. 
           The catalytic behavior of HRP, however, is quite different from that of P-450: 

        HRP does catalyze successive one-electron oxidations but does not catalyze oxygena-
        tion reactions'31 The difference has been discussed on the basis of the differences 

       in the structure of active site domains) and in the fifth axial ligand, which is imidazole 
       of histidine in HRP") whereas is unusual thiolate of cystein in P-450.23,24) 

            3. SIMULATION OF METALLOPORPHYRIN CONTAINING OXYGENASES 

           As described above, cytochrome P-450 possessing iron(III) protoporphyrin(IX) 
        as the active site performs the reductive activation of dioxygen leading to oxygena-

        tion of many organic substrates. The catalytic action of transition metal salts for 

        autoxidation of organic molecules has been known since the dawn of chemistry. 
        However, the role of metal salts in these classical reactions has been established as 

        generation of free radical species in the radical chain processes. On the contrary, 
        biological oxidation and oxygenation have been recognized as the processes through 
        the cleavage of high energy 0-0 bond. Thus, free radical chain reactions as auto-

        xidation could be ruled out from the enzymatic oxygenation mechanism, Udenfriend 
        system composed of Fe(II), EDTA, 02 and ascorbic acid (AA) as the electron source 

                                 (173)
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      has been reported in 1954 as the model system for the biological aromatic hydroxyla-
       tion by using molecular oxygen.50) 

     CH Fe(II),EDTA CHOH3   ssss() 
02, AA 

      The system also promoted hydroxylation of aliphatic hydrocarbons and expoxidation 

      of olefins albeit in very low yields. Recently, Lindsay-Smith concluded that the 
      mechanism of this oxygenation system was, however, quite different from that of 

      biological oxygenation, catalysed by cytochrome P-450 in particular, on the basis 
       of the measurement of deuterium isotope effect and experiments using _1802.51,52) 

      In this section we will describe recent progress of metalloporphyrin catalyzed oxy-

      genation of organic substrates in relation to cytochrome P-450. 

      3.1 Metalloporphyrin complexes in higher oxidation states 

          In this decade, a number of papers reported about synthesis and characteriza-
      tion of complexes which can be regarded as models of oxidized forms of heme pro-

       teins. 

         Groves et al. reported that (Fe(TMP)Cl, Figure 3) was oxidized by m-chloroper-
      benzoic acid (mCPBA) at —78°C to give a green complex.53) 

                abbrev.R1R2 

       R2 R, R2TPPC
6H5- 
    R\ R2 \ 

       NTMP2,4,6-Me3C6H2-H N— 

    R, \ / R1 TFPPC6F5-H 
N NTDCPP2,6-C12C6H3- H 

        R2 \ 1 / / R2 
                   TPPS4-S03HC6H4- H 

            R2 R1 R2 
             TPFPPC6F5-F 

                      Fig. 3. Abbrevations of synthetic porphyrins used in this article. 

      This complex, of which absorption bands appear in long wavelength region and 
      aryl protons shift to low field region in 1H-NMR, is proved to be oxo-iron(IV)por-

      phyrin cation radica1,53-56) consistent with results such as the isomer shift in Mos-
      sbauer spectra, magnetic moments, and EXAFS studies, which estimated the Fe-0 
      bond distance as 1.6 A.57) These physicochemical properties are quite similar to 

      that observed in HRP Compound I. Furthermore, the fact that the cation radical 
      has the ability of epoxidizing of norbornene at low temperature (Scheme 3) is con-

      sidered to be a clue suggesting that it should be the catalytically active species in 
      iron porphyrin-oxidant systems corresponding to the high-valent heme in the ac-

      tive species of P-450.53) 
          Fe(IV) porphyrin complexes so far reported has, with no exceptions, oxo- or 

      alkoxo- axial ligands which should be required for the stabilization of the Fe(IV) 
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                                         Scheme 3. 

center.56) In general, one electron oxidation of Fe(III) prophyrins by the oxidants 
      results in electron loss from the porphyrin ring, not from the metal center."'") The 

      approach of strong electron donating ligands to ghe resulted iron(III) porphyrin 
      cation radical causes electron transfer from metal to ligand, generating Fe(IV) por-

       phyrins.55) 

0C103OCH3 

EFe0)  CH3O/CH3OH Fem(4) 
              0C10340COCH3 

          In table I are summarized the oxidized form of metalloporphyrin complexes as 
      well as the oxygenated metalloporphyrin complexes in relation to catalytic activity 

      of P-450. 
         Oxoiron (IV) porphyrin complex isoelectronic to HRP compound II is known 

      to be produced through a 0-0 bond scission of an intermediate formed from Fe(II) 

      porphyrin and molecular oxygen. Weiss et al. reported the generation of Fe(IV) = 
0(por) by the reaction of CO, with Fe(II)OZ or Fe(III) (Z-, which was formed 

      by successive one-electron reduction of Fe(II)OZ complex.67) The generation of Fe 

(IV) =O(por) species is also reported by Balch et al. either through cleavage of u-
      peroxoiron(III) (TPP) dimer when treated with N-McIm65> or through thermal cleav-

      age of ,a-peroxoiron(III)TMP dimer (Scheme 4).63) The same authors reported 
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                      Table 1. Metalloporphyrin Complexes Related to the P-450 Catalytic Cycle. 

              compoundpreparationidentificationb ref. 

           Fe(II) TpivPP(02)Fe(II) Tpiv PP+02vis, Moss60 
          Fe(II) TPP(02)Fe(II) TPP+KO2vis, EPR61, 56 

Fe(II) TPP+02+em^62 

         [Fe(III) TMP], 02Fe(II) TMP+02NMR63 
             Fe(III) TMP+•(C104)2FeTMP(C104)2+Fe(C10) vis, Moss59 

                        HNMR64 
0=Fe(IV) TPP(NMeIM)[FeTPP]202+NMeImHNMR57 

          (-50°C)65 

                         Moss66 
       0=Fe(IV) TMP[FeTMP]202HNMR63 

                                       (-30C°) 
0 =Fe(IV) Tpiv PPFeTpivPP (02) + CO2 — e - Moss67 
0=Fe(IV) TMP+•FeTMPC1-+-mCPBAvis53 

(-78°C)EPR(silent)54 

                            EXAFS55 
                         Moss56 
                                                                  57 

                        Fe(III) TMP+•—eHNMR68 
                                     (-78°C) 

0=Fe(IV) PP(IX)vis, RR69 
           Fe(IV) TEP(OMe)2FeTMPOMe+mCPBAHNMR, Moss54 

                                       in Me0'/MeOH 
FeTMP-{-•(C106)257 

+MeO(-50°C) 
        Mn(II) TPP(02)MnTPP+02vis, EPR70 

        Mn(III) TPP+•MnTPPX+C12EPR 
        Mn(III) TMP+•MnTMPC1+0C12-NMR71 

(-78°C) 
         Mn(IV) TPP(X)2MnTPP-+-PhIOvis, Xray72 

   X=0I(OAc) Ph73 

                                                               74 
                                                               75 
        Mn(IV) TPP(OMe)2MnTPP+PhIOvis76 

                in Me0-/MeOH77 

       0=Mn(V) TEPMnTMOC1-1-OCI-vis78 
                   (-80°C)HNMR 

MnTMP+mC1PhCOC1vis79 
+K02+0H-HNMR 
                                     (-78C°) 

0=Cr(V) TPPCrTPPC1+PhIOvis, EPR80-82 
+tBuNH2 

0=Cr(IV) TPPCrTPP+NOvis83 
0=Cr(V) TPP—e-84 

                                                                 85 

               a Abbravations used throughout this article for porphyrin dianons exept for those referred in 
               Figure 3: TpivPP; a, a, a, a-meso-tetrakis (o-pivalamidophenyl) porphyrin, PP; protoporphyrin 

               (IX), T (Chol) PP; a, ,0, a, ,0-meso-testrakis (o-(3-hydroxycholenylamido)-phenyl) porphyrin, 
              TTPPP; meso-tetrakis (2, 4, 6-triphenylphenyl) porphyrin, TDMDCPP; meso-testrakis (2, 4, 6-

              trichloro-3, 5-dimethylphenyl)porphyrin; TMPyPP; meso-tetrakis(N-methyl-4-pyridyl) 
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that further one-electron oxidation of  (TMP)Fe(IV)=O by halogens or by iron 

(III) porphyrin cation radical generates (TMP+)Fe(IV)=0 cation radical.68) The 
neutral Fe(IV)=0 species, though its chemical reactivity has not thoroughly ex-

amined, does not epoxidize olefins but induces oxygenation of phosphines to phos-

phine oxides,86) which in quite different from that of highly reactive cation radicals 
whose chemical reactivity is rather well known. 

   Mn porphyrin complexes also hydroxylate hydrocarbons in the presence of 
PhIO.87•88) Although the active species of the reaction is estimated to be Mn(V), 
its identification has not yet been done, while Mn(IV) species, which is more stable 
than Mn(V), can be isolated in several cases.72-77) Groves et al. observed Mn(V) 
species in the reaction of (TMP)Mn(III) with superoxide at —78°C in the presence 
of benzoic anhydride and hydroxide ion, and confirmed the progress of epoxidation 
of olefins coexisting in the system.79) Meunier discussed the generation of Mn(V) 

species from the reaction of (TMP)Mn(III) with hypochlorite at low temperature.78) 

   Generation of oxo-Fe(IV) cation radicals resulted from the reaction of iron por-

phyrins with peracids such as mCPBA is shown to proceed via heterolysis of 0-0 
bondS9'90) after the ligation of ArC000- to Fe(III) in dichloromethane (Figure 4).90) 

   On the othre hand, in toluene, homolytic cleavage predominates generation of 
ArC00• and subsequent alkylation of the heme taking place.91) Bruice et al. car-
ried out kinetic studies on the reaction of Fe(III) porphyrins with a number of pera-

cids and peroxides, employing t-butylphenol as the trapping reagent of Fe=0 spe-

                                            0 
0CFerot + ArCOO-      0~OCAr~jc 

CFe"' ArCOOH ~,,, 
X 

O CFe'D + ArCOO•          X =CI,OH 

                                                            IOIII 
 Ar=OCAr 

                 -->N
N    CI/ F

e"' N N' 

       Fig. 4. Heterolysis and homolysis routes in mCPBA oxidation of Fe(III) complex. 

   porphyrin, for other reagents: PhIO; iodosylbenzene, F,PhIO; pentafluoroiodosylbenzene, 
XyIO; m-xylyliodosylbenzene, mCPBA; m-chloroperbenzoic acid, CmOOH; cumenehydro-

   peroxide, tBuOOH; t-butylhydroperoxide, NO; N, N-dimethylaniline-N-oxide derivatives, 
Im; imidazol, N-MeIm, N-methylimidazol, AcPhlm; 4-imidazoylacetophenone, ImPh2; 1,5-

   diphenylimidazol, AA; ascorbic acid, BA; benzoic anhydride, PVA; polyvinylalchol, MNAH; 
1-methyl-3-carbamoyl-1,4-dihydropyridine, BNAH; l-benzyl-3-carbamoyl-1,4-dihydropyri-

    dine. 
   b Abbreviations of the physical methods used for the identiofication of the compounds: vis; 

   visible absorption spectroscopy, Moss; Mossbauer spectroscopy, EPR; electron paramagnetic 
   resonance spectroscopy, NMR; nuclear magnetic resonance spectroscopy, HNMR; proton 

   NMR, EXAFS; extended X-ray absorption finestructure spectroscopy, RR; resonance Raman 
   spectroscopy, X-ray; X-ray crystallography. 
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cies.92) They have noticed that the bending of the Bronsted plot of the rate constants 
around the pKa value of 11. On the basis of the experimental results they estimated 
that the homolytic mechanism previals the peroxides having pKa value greater than 
11. Similar relationship between oxidant's pKa and the rate constants is also ob-

served in the case of (TPP)Mn(Im) complexes,") not in the case of Cr(TPP) where 
only heterolysis occurred.9`) These results agree with the contribution of 0-0 
bond homolysis in P-450 reactions especially when peroxides are involved in the 
reaction.95> Considering that the native P-450cAM, the active site of which is surround-
ed by hydrophobic residues,23) undergoes heterolysis as the major reaction, it is notewor-
thy that in hydrophobic solvents homolytic cleavage is predominant to heterolysis in the 
reaction of the model complexes. 

   There have been discussions concerning the exact electronic distribution of oxo-
Fe (IV) cation radical. Recently Sugimoto et al. examined oxidation of (TDCPP) 
Fe(III) with monooxygen donors at low temperature.') They concluded on the 

basis of magnetic and electrochemical measurements of the product complexes that 
the oxidized intermediate should be well characterized as an oxygen atom covalen-
tly bound to Fe(II) cation radical center. They also discussed that stereospecific 
formation of exo-epoxide in the reaction with norbornene is consistent with concerted 
insertion of a singlet oxygen of "oxene-porphyrin" into pi-bond of olefin, and rules 
out the possibility of high-valent iron formation, which would give mixed products 

through electron transfer reaction. 
   Some papers suggest the generation of oxo-Fe(IV) porphyrin cation radical by 

oxidation of Fe(II) complex with molecular oxygen. Khenkin et al. reported that 
Fe(II)02, generated by the reduction of Fe(II)02, derived an EPR-silent green com-

plex upon treatment with acetic anhydrode at —50°C, though furhter investigations 
had not been presented.97) Tabushi et al. found that reduction of the picket-fence 

porphyrin Fe (II)-02 complex by H2/Pt in the presence of benzoic anhydride caused 
epoxidation of cyclooctene under acidic conditions, suggesting Fe (V) as the active 
species.98) The analysis of the rate constants, however, has indicated that the rate 
determining step is the reduction of Fe(II)02 to Fe(III)0 -, hence no furhter in-
formation about the subsequent reactions could be given from the kinetic study. 
In the absence of the substrate to be oxidized, a rapid reduction of high-valent 

active catalyst by the excess reductant took place which is considered to be the main 
degradation pathway of the reductant. All the systems reported so far require acid 
anhydrides for the cleavage of 0-0 bond without exceptions,") which does not 
necessarily mean the participation of the carboxylate group in the catalytic oxygena-
tion process, the contribution of which is once proposed during the course of activa-
tion of 02 by P-450 in the heme pocket of the enzyme.23) Thus, it should be con-
cluded that a proton catalyzed cleavage of 0-0 bond, which is sometimes believed 
as the process occurring in P-450, has not yet been confirmed in the model systems. 

3.2 Simulation of metalloporphyrin mediated oxygenationsloo,IO1) 

3.2.1 Peroxide dependent reactions 

   Groves et al. have reported in 1979 that (TPP)FeCI-iodosylbenzene(PhIO) sys- 

                          (178)
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          Table 2. Summary of  P-450 Model Systems Dependent on Exgenous Oxidants. 

   oxidantcatalyst additives reactionref.  
PhIO (TPP) FeCI— epoxidation102-109 

                                            hydroxylation 

           (TFPP) FeC1— arom. hydroxylation 110 
                                            epoxidation111, 112, 113 

                                            hydroxylation and 114 
                                                    aromatization 

          (TPP) Fe, Mn— 0-dealkylation 51, 52                                             N-dealkylation 104. 
S-•S=0105 

           (TPP) Fe, Mn, Co, Crhydroxylation 115 

          (TPP) MnC1epoxidation87, 88, 116, 117                                               h
ydroxylation 

Im, Py epoxidation118 
                                              hydroxylation 

          (TTPPP) MnOAc— hydroxylation 119 

        (TFPP) MnC1— epoxidation120 

         (TDCPP) MnC1Im epoxidation121 

          (picnbask) MnImPh2 epoxidation122 
          (binappor) MnImPhz epoxidation123 

           (T (Chol) PP) Mn— hydroxylation 124, 125 
 F5PhIO (TFPP) FeC1— epoxidation126 

          (TDCPP) FeC1— epoxidation127, 128 
XyIO (TPP) FeC1— epoxidation129, 130 

  F5PhIO 

0C1- (TDMDCPP) FeC1- epoxidation131, 132 

          (TPP) MpC1— epoxidation133, 134, 135 

                                   py epoxidation136, 137, 138, 139 
          (TPP) MnCIAcPhIm epoxidation149 

                    — CHOH CHO141 
                                      hydroxylation 142 

        (TMP) MnC1— epoxidation143 
CmOOH Fe, Co (TPP)- hydroxylation 144 
tBuOOH 

CmOOH Fe, Mn (TPP) ClIm epoxidation145 

tBuOOH (TPP) MnCIIm epoxidation146 

CmOOH (TPP) FeC1— 0-dealkylation 147 

           (TPP) Mo (=0) OMe — epoxidation148, 149 
H2O2 (Pors) MnIm epoxidation150 

         (TMPyP) Fe— hydroxylation 151 

      (TPP) FeC1— S SO152 
 NO(TPP) FeC1— N-dealkylation 153 

         (TFPP) FeC1— N-dealkylation 154 
          (TPP) Fe, MnC1— epoxidation155, 156 

                           — hydroxylation 157 

                                          N-dealkylation 158 

        (TPP) Fe2O— epoxidation159 

         (TPP) MnC1Im N-dealkylation 160 

        (TPP) CrCI— diol cleavage 83 
KHSO5 (TFPP) Mn— epoxidation161 

                                      hydroxylation 162 

    a abbreviations used: see Figure 3 and footnote of Table I. 
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        tern is effective for stereospecific epoxidation of olefins and hydroxylation of saturat-
        ed hydrocarbons.loz) This system is the first model reaction of peroxide-dependent 

        cytochrome P-450. In the self-hydroxylation of a strapped-porphyrin iron com-
        plex by PhIO the distribution of the hydroxylated positions on the strap moiety clear-
        ly indicated that the oxygenation reactions were performed by the coordinated oxy-
        gen on the central metal103) but not by such free radical species as Fenton reagent 

(Fe (II) /H202) 
            This PhIO-dependent oxygenation system was extended to the wide variety of 

        P-450 type oxygenations such as 0-dealkylation of ethers,51•52) N-dealkylation of ter-
        tiary amines,104) and oxygenation of sulfides.105) Furthermore, various metallopor-

        phyrin-based oxidant systems other than iron porphyrin-PhIO system have been de-
        veloped; Fe, Mn and Cr porphyrins as catalysts and C10", hydroperoxides, H202, 

        amine-N-oxides and KHSO5. These studies are summarized in Table II. 
            Simple tetraphenyl- and tetraaryl-porphyrin metal complexes, especially iron 

        complexes which were often used in the first stage of the studies, were too unstable 
        under the oxidative conditions to give high catalyst turnover numbers. It has been 

        considered that the catalyst deactivation was brought about by an electrophilic attack 
        to the meso position of porphyrin ring by oxidizing species.163) More effective cat-

        alysts resistant to the oxidative degradation have been designed and prepared by 
        introduction of electronegative groups such as F- and C1 as the substituents of phen- 

         yl rings and/or by the steric protection of meso positions.11o.11I.121,164.165>Recently, 
        more stable catalyst was obtained by perfiuorination of all the hydrogens of the por-

       phyrin ((TPFPP)FeC1), which induces aromatic hydroxylation by H202 without 
        significant degradation of the catalysts.166) 

            Applications of metalloporphyrin catalyzed oxygenation to regio- or stereo-selec-
        tive epoxidation of unfunctionalyzed olefins were reported. The use of iron porphy-

        rins modified by a chiral binaphtyl groups167) or strapped porphyrins with the chiral 

                                                              R 
          R_ 

    NH/O-C~C=O 
NH 

 411 4* 
Rf---~H 

C=O 

    ~NHNH R 
0=C -~ 

       040C~OR=~/                                                          C-NHC•®CONH-C-S 
R- 

    0,0s- OCH,\ 
                       Fig. 5. Modified porphyrin ligands for asymmetric epoxidation. 
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groups derived from amino  acids168) in shown in Figure 5 is rewarded by about 50% 
e.e. inthe epoxidation of styrene. Recently, Groves and co-workers have prepared a 
membrane bound porphyrin modified by cholesterol derivative ((TCho1PP)FeCI).124,125) 
The oxygenation of cholesterols by the iron or manganese complex proceeded with 
high regioselectivity at the side chain of cholesterol derivatives. 

3.2.2 Reactions with Molecular Oxygen 
   Cytochrome P-450 in native system activated the molecular oxygen in the pre-

sence of electron source, NAD (P) H, to oxygenate many of organic compounds. Most 
of metalloporphyrin-mediated reactions reported so far were dependent on the exo-

genous oxidants referred as the "peroxide shunt" which was a by-path route in the 
P-450 catalytic cycle. The reactions catalyzed by metalloporphyrins in combination 
with reducing agents and 02 should be important for understanding of the native en-
zymatic reaction pathway. However, only limited numbers of successful reactions 
have been reported so far as shown in Table III. 

   The first example of oxygenation by metal.oporphyrin-02 was hydroxylation 
of cyclohexane mediated by hemine-thiosalicylic acid-02 system, reported by Belova 
et a1.169) Subsequently, allylic oxidation by (TPP)Fe(III)-02,170) and aromatic 
hydroxylations by hemin-02-thiolln) or thio ester172) were reported, but no mechani- 

           Table 3. Summary of 02 Dependent Reactions with Reducing Agents.a 

   catalyst reductantadditivereactionref. 

 Heminthiosalicylic acid —hydroxylation169 

 (TPP) FeC1——allylic oxidn.170 
          thiol—arom. hydroxylation 171 

           thioester—arom. hydroxylation 172 
         NaBH4olefin to alcohol 173, 174 

          BNAHC-C cleavage of diol 175, 176 

 (TPP) MnNaBH4—olefin to alcohol 177 
Et4BH4—olefin to alcohol 178 

           BH4/AAcystein olefin to alcohol 179 
                                                  epoxidation 

BH4Avicel hydroxylation. of oleic 180 
                                               acid 

            H2/Pt/PVABA/N-MeIm - epoxidation181 
H2/Pt/PVABA/N-MeIm regioselective epoxn. 182 

             H2/Pt/PVABA/N-MeIm arom. hydroxylation 183 
       AA—epoxidation184, 185 

e-BA/N-MeIm epoxidation186 
       ZnAcOHepoxidation187 

 (TPPS) MnMNAH/FMNBA/N-MeIm epoxidation188 
         NaBH4—olefin to alcohol 189 

                                                  epoxidation 
                                               hydroxylation 

(T(Chol) PP) Mn AAhydroxylation190 
(TPP) CoNaBH4olefin to alcohol 191 

   a abbreviations used: see Figure 3 and footnote of Table I . 
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stic studies were performed in detail so far. 
   Major difficulty in simulating P-450 reactions lie in the chemical systems them-

selves where highly reactive couples, oxidants and reducing agents, coexisted. This 
drawback is easily overcome in the enzymatic systems in which reaction sites are 

protected by the proteins, whereas the difficulty remains in model systems. The 
first successful attempt in this context has been reported by Tabushi in 1979, perform-
ing the oxygenation of cyclohexene to cyclohexanol and cyclohexanone utilizing 
molecular oxygen catalyzed by  (TPP)  MnCI in the presence of NaBH4 as a reducing 
agent') Only trace amount of cyclohexene oxide corresponding to the type of pro-

duct by P-450 catalysis was obtained. The oxygenation of olefins by analogous sys-
tems using Mn,173> Fe,I73.174) Co 174.131) or Rh192) porphyrin complexes as the •catalyst in 
combination with BH4 as the reducing agent were also reported, but major products 
in these systems were corresponding saturated alcohols and ketones. 

   Okamoto and Oka suggested that some of oxygenation of olefins by these systems 
should involve "olefin activation" but not "oxygen activation" in related to cyto-
chrome P-450.191) Investigation. of selective conversion of aryl-conjugated olefins to 
arylethanols mediated by (TPP) Co with BH4 under 02 was carried out by using 
BD4 as the reducing agent. Deuterium incorporation in the reactions of styrene 
was observed not only at the R1 and R2 positions of the product but also in recovered 
styrene. 

                        Ph D Ph 
\ C _ C /R2 (TPP) Co, NaBD4> R—C C—R(5) 

        12 

RI/\R3 02OH R
3 

                    CoTPP 

/BH4 
                  HCoTPP 

CH3CH, 

   0—CH--CH2 --------C—CoTPPC• + CoTPP 
                                                   HI 

CH,02 

®CHOH 
         BH4-CH,CH, BHa+

(Co)COOH ----------- 
                                    BH4®COO CoTPP 

(Co)    CH, HH 
—O 

                                      Scheme 5. 
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This result, though unexpected in the processes of  02 activation, is easily explained 
by the reversible insertion of hydride-cobalt complex, resulted in the reaction of 

(TPP) Co with BHT to styrene, affording alkylcobalt complexes. Consequently, 
the mechanism shown in Scheme 5 was proposed. 

   Homolysis of the alkylcobalt bond to alkyl radical was followed by the formation 
of alkylperoxy-cobalt complex. Subsequent decomposition of the complex by reducing 

agent gave oxygenation products. Although the mechanisms of Mn or Fe porphyrin 
mediated reactions were not clarified so far, it is quit probable that some of these re-
action followed a similar reaction mechanism. 

   Tabushi has reported another Mn-porphyrin-0,-reducing agent system, (TPP) 

Mn-H2/Pt-02. Using colloidal platinum on polymer support for mediating electron 
transfer from H2, (TPP)Mn-catalyzed epoxidation of olefins proceeded successful- 
ly.181> The epoxidation of nonconjugate dienes was regioselectivels2) and this system 
was also effective for the hydroxylation of aromatic compounds.183) Addition of 
N-MeIm as the axial ligand and acid anhydride to the reaction system was essential 
for successful reaction. The relative reactivities of sevral olefins were nearly identical 
to that of (TPP)Mn-PhIO system, suggesting that high valent Mn-oxo complexes 
were also the reactive oxidant in this aerobic system.181) A detailed kinetic investi-

gation of this catalytic system by using iron(II) "picket fence porphyrin" dioxygen 
complex revealed that the rate-determinig tstep is the second electron transfer to Fe-
02 complex assisted by H. N-MeIm and acid anhydride did not contribute to the 
r.d.s.98) Oxygen atom is donated not only to substrate but also to the reducing agent, 
H2i probably by reactive iron species, though it has been neither detected nor chara-
cterized. The relative rate of H2O formation to epoxidation was 17.7. Mansuy 

et al. carried out (TPP)Mn-catalyzed oxygenation of elefins and hydrocarbons by 
using ascorbate as the reducing agent.l84,1e6) The overconsumption of reductant 
was also observed in Mansuy's system similarly in Tabushi's one, and the epoxide 
formation was only about 1 mol to 100 mol consumption of ascorbate. It was indi-
cated that electrochemical reduction's') and Zn dust187) was also effective as the ele-
ctron source for (TPP) Mn-catalyzed epoxidation of olefins, but no furhter informa-
tion was obtained. 

   Groves and co-worker have reported an interesting epoxidation system using 
only 02 without any exogenous reductant. (TMP)Ru catalyzed the epoxidation 
by introducing each oxygen atoms of dioxygen to olefin. Two molecules of epoxide 
were obtained from one molecule of '02.193) The reactions were explained by the me-
chanism involving disproportionation of Ru(IV)=0 porphyrin to Ru(II) and Ru 

(VI) (=0)2, which was responsible for the epoxidation (Scheme 6). 
   Cytochrome P-450 in the native enzymatic system utilizes NAD(P)H as the 

ultimate electron source. Hence, there have been efforts for using N-substituted 
nicotineamide derivative which has the same dihydropyridine structure as NAD(P)H. 
It is known that these NAD(P)H analogs transfer the hydrogen atom at C-4 posi-
tion of ring as a net H- to carbonyl functions and C-C double bonds activated by 
electron withdrawing groups.194:195)Furthermore, Okamoto and co-workers indicat-
ed the ability of these compounds for reducing of Fe(III) (CN)4196.197) and the other 
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  transition meta1s198) by stepwise one-electron reduction. 
      The first application of NAD(P)H analogs to the metalloporphyrin-catalyzed 

  reactions was also accomplished by Okamoto et al. Aerobic C-C bond cleavage of 
1,2-diols with aromatic groups was successfully catalyzed, by (TPP)FeC1 in the pre-

  sence of BNAH as the reducing agent.175) This bond cleavage reaction was first 
  02-dependent model system of cytochrome P-4508Cc which was responsible for cho-
  lesterol side chain cleavage in the steroidal hormone biosynthesis.'99 °l) The reaction 

  was highly selective for C-C bond cleavage affording aldehydes or ketones in nearly 

  quantitative yields. Unproductive consumption of the reductant observed in the 
  other systems was very little. Detailed kinetic analyses of the reactionl76) showed 

  that the kinetics are quite similar to that of epoxidation of olefins by Mn or Fe por-

  phyrin-C10' system ;202 203) Michaelis-Menten kinetics and reversal tendency of re-
  activity for a series of substrates in individual reactions and competitive ones. Final-

  ly, on the basis of these observations and spectroscopic identification of intermediate 
  complexes, the mechanism of the reaction through iron(IV)-monoalcholato complex 

  was proposed (Scheme 7). 
      Tabushi has successfully extended the strategy of using NAD(P)H analogs as a 

  reducing agent to olefin epoxidation in the presence of FMN as an electron me- 
  diator.188) It is known that FMN is present in an active site of liver microsomal 

  cytochrome P-450 reductase and that the reduction of Fe(III) porphyrins to Fe(II) 
  state by BNAH was accelerated by the addition of FMN or modification of porphyrin 

  ligand by FMN204) Thus, epoxidation of cyclohexene catalyzed by water soluble 
  Mn porphyrin was performed by using excess MNAH in the presence of catalytic 

  amount of FMN. Addition of N-MeIm and benzoic anhydride was also essential 
  for the reaction as is the case for the H2/Pt system. The contribution of high valent 

                            (184)



                         Metalloporphyrin-catalyzed Oxidation 

            CO 
                                   CI 

 I BNAH 02 

2 >= 0 
O 

Feiv 

                                            OH+ 
                0HOOH 

F9/ 
                                        Scheme 7. 

 oxo-Mn species to the reaction was suggested on the basis of the reactivity orders of 
 a series of olefins.188) 

 3.3 Mechanism of Oxygenation of Organic Substrates 

     The hydroxylation of alkanes and the epoxidation of alkenes catalyzed by P-450 
 are attractive reactions for synthetic organic chemistry. Extensive studies in this 

 field have provided some mechanistic clue for understanding the oxygenation of 
 organic compounds. 

     Hydroxylation of saturated hydrocarbons mediated by synthetic metallopor-

 phyrins as well as biological P-450s was suggested as a process of free radical re-
 combination in the solevnt cage. Groves and co-workers have postulated the me-

 chanism of ferric porphyrin-catalyzed oxygenation by PhIO as follows: the hydrogen 
 atom of substrate is abstracted by Fe (IV) cation radical, followed by in-cage re-

 combination of Fe(IV)=0 with alkyl radical producing oxygenated product (Scheme 
8).11'7) 

CPPhIO RON
CI 

        Phi 

O 

Ce1°: OH •RI  
         RBr.BrCCI3IivCI                  ~Fe 

t CI 

RH 

                                        Scheme 8. 
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Supporting evidence was; 
1) allylic rearrangement during cyclohexene oxidation.205) 
2) large deuterium isotope effect (kH/kD.,.12) 107) 
3) in the presence of BrCC13i reaction of cycloheptane produced cycloheptyl bromide 
in addition of normal oxygenation products.l07) 
4) 3° positions of admantane were predominantly hydroxylated.107) 
5) hydorcarbon with cyclopropane ring rearranged to ring opening product by the 
reaction.107) 

Similar observations were also given in hydroxylation reactions using enzymatic P-
450, suggesting the participation of a hydrogen atom abstraction-recombination mech-
anism.206) 
   Manganese porphyrin catalyzed hydroxylations have been also postulated to be 
a process of similar mechanism, albeit there is slightly different feature from iron-

catalyzed reactions (Scheme 9). In (TPP)MnX catalyzed-hydroxylation significant 
amounts of halogenated alkanes were formed as the by-product in addition to normal 
hydroxylated product 207'208) These findings were explained by the increased number 
of free radical species escaping from in-cage metal-radical pair and reacting with 
counter anion ligated to metal center.115) 

                     ROH Mni" 
4  
                            X 

                                            O 

          ~MnHR• RFIM17nv 
          X 

X 

                            cage escape 

OH 

        R• ;ID -----------------• RX 

                                      Scheme 9. 

Such a halogenation or pseudohalogenation product remarkably increased when 
aqueous NaX (X=halide anion or pseudohalide anion such as azide) is added to the 

reaction mixture. Electron releasing substituents on the phenyl rings of porphyrin 
ligand promoted halogenation of substrates.115) It is note worthy that the difference of 
centerred metal, Mn or Fe, was reflected to the reactivity in the 5-exo-hydroxylation 
of camphor by P-450cAM. Sligar et al. prepared P-450cAM having Mn protopor-

phyrin (IX) as the prosthetic group and carried out oxyganations of camphor and 
5,6-dehydrocamphor by this enzyme.209) Interestingly, this reconstructed P-450cAM 
did not promote the hydroxylation of camphor, but did only the epoxidation of 5,6-

dehydrocamphor. Thus, in the biological system, iron porphyrins were quite im-

portant for the hydroxylation activity. 
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      The hydrogen atom abstraction-recombination process was also suggested in 
 0-dealkylation of ethers on the basis of large deuterium isotope effect in the de- 

   methylation of anisole.51'') 

C6H5-O CH3 +(Por)'+Fe(IV) = 0 --> [C6H5-OCH2 (Por)Fe(IV)-OH] 

y(6) 
C6H5-OH +CH2O -------------> C6H5- OCH2OH + (Por) Fe (III) 

       Bruice and coworkers found the function of soluble, monomeric dimethylaniline-

   N-oxide derivatives as oxygen donors in ferric porphyrin catalyzed oxygena-
   tions.88.153'''156'15s> Self N-dealkylation of dimethylaniline, produced by the oxygen 

   transfer from N-oxide to metalloporphyrins, have been investigated in detail.1S7'158> 
   Kinetic analyses including deuterium isotope effectlM'zro) and product analyses154'211) 

   indicated the process proceeds through aminium cation radical formation via one-
   electron oxidation of nitrogen atom of amine moiety by elecrophilic oxoiron species. 

Ph-N-CH3-++Fe(IV) = 0 -~ Ph-N+-CH3 PFe(IV) = 0 

  CH3CH3\(7) 

Ph-NH+CH2O Ph-N-CH2OH+PFe(III) -4- Ph-N-CH2 PFe(IV)-OH 
1 

CH3CH3CH3 

       The mechanism of epoxidation is now controversial and remains to be solved. 
   The following pathways were considered as possible ones (Figure 6). 

   A) Concerted oxygen insertion into the double bond. 
   B) Initial formation of a cation radical intermediate by electron transfer from 

   alkene pi bond to the iron-oxo species and following decomposition of intermediate 
   to epoxide. 

   C) Initial formation of metal-bound neutral radical by electrophilic attack of oxo-

   metal species to olefin following decomposition to epoxide. 

       r\--°' -----------------  A\ 
                                               Mm O 

     /B My =0 + I—~~Lqv=O•\~.\ 1 ---------y /O\ + pip 
\ i 

 C/ 

         Miy+O\/------------------/ 
       O
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         Fig. 6. Proposed mechanisms of the epoxidation of alkenes catalyzed by metalloporphyrins. 
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D) Initial formation of a metallaoxetane intermediate by addition of metal-oxo 
bond to alkene and following collapse to the epoxide. 

   Path (A) was proposed by Groves in the early stage of studies. Retention of the 
stereochemistry of olefin during the reaction,106 the oxenoid character of the iron 
bound oxygen96) and MNDO molecular orbital calculation') support this pathway. 

   Kinetic investigation of Mn(TPP)Cl-catalyzed epoxidation using LiOC1 as the 
oxidant and 4'-imidazoyl acetophenone as the axial ligand in a two-phase system by 

Collman and co-workers revealed that the reactions of several alkenes proceeded at 
different rates and the rates were independent to the concentrations of alkenes.202'203) 
A competitive reaction of two different substrates indicated a turnover of the reactiv-
ities compared with that of independent one These results were consistent with the 

Michaelis-Menten mechanism, reversible formation of an intermediate by the reac-
tion of reactive catalyst with substrate followed by rate-determining product forma-
tion. Similar kinetic behavior was also observed in the epoxidation with (TFPP) 
FeCl-LiOC1 system.izs) Metallaoxetane, which is well-known in a number of reac-
tions promoted by transition metals,zi3) was proposed as a possible intermediate. 

Presence of metallaoxetane intermediate was also confirmed in the rearrangement 
of j9-deuteriostyrene to deuteriophenylacetoaldehyde.uo) In this context, it is note-
worthy that Groves and co-workers spectroscopically observed an uncharacterized 
intermediate in the reaction of oxoiron(IV) porphyrin cation radical with olefin at 
low temperature.214) 

   On the contrary, Traylor and co-workers have investigated the epoxidation of 

olefins with ferric porphyrin systems, (TFPP)FeC1 or (TDCPP)FeC1-F5PhIO-ROH, 
and postulated the reaction mechanism involving cation radical intermediate which 
is produced by one electron oxidation of alkene with high valent oxo-iron species.127) 
Such a mechanism was supported by the following evidence: 
1) N-alkylated porphyrin was formed during the catalytic reaction.2 
2) norbornene afforded substantial endo-epoxide with accompanying skeletal rear- 
rangement.lzs,zle> 
3) a linear relationship between the logarithm of the relative rates of epoxide for-
mation and the ionization potential of the alkenes was observed.') 
4) rearrangements were promoted by cation radical or easily one electron oxidi-
zable substrates were occurred with substrates highly reactive for one-electron oxi-
dation,129.130) 
   Recently, Bruice and co-workers have investigated side products of the reaction 

of cis-stilben with (TFPP)FeCl-F5PhIO system in detail (Figure 7).111) The observed 
cis to trans isomerization of stilben as well as formation of PhCHO under 02 at-
mosphere were explained by the reversible formation of cation radical intermediate. 
Evidence for presence of a carbocation in the reaction pathway leading to epoxide 
as the intermediate was presented based on the formation of both Ph2CHCHO (Ph 

group migration) and PhCH2COPH (H migration). The reaction of Z-(1,2-bis(trans-
2-trans-3-diphenyl)cyclopropyl)-ethene (DPCPE) with same system carried out for 

examining the presence of a radical intermediate gave corresponding cis-epoxide at 
95% yield without cis-trans isomerization.112,113) Isolation and characterization of 
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           Fig. 7. Proposed pathway for the products in the reaction of cis-stilben. 

the side products obtained in only 5% yield showed that they were non-oxygenated 
hydrocarbons accompanied with ring opening of cyclopropane moiety (Figure 8). 

Ph Ph 
Ph 

                           PFe=O 
P                              ii..-4\1\/YP                                                                 Ph 

Ph PhX 

  i>..PhPil<t-Phor 
                                                 P PtFe°=OPhPhoh 

X Ph Ph 
PPh 

O • i 
PFo"' 

          Fig. 8. Proposed route to the non-oxygen cataining products from DPCPE.. 

The "clock time" of the rearrangement from secondary to secondary benzyl radical 
is determined as >2 x l010 based on the kinetics of independent reaction of cor-
responding cyclopropyl carbinyl radicalUS) The experimental results was consis-
tent with the formation of cation radical species but not the other neutral radicals, 
suggesting the contribution of cation radical intermediate on the epoxidation pro-
cesses.113) 
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   These cation radical processes were, however, postulated only based on the re-
sults of the analyses of side products and/or of the reactions with easily oxidazable 
substrates. Thus, it is not clear whether these reactions suggesting for cation radical 
intermediate such as N-alkylation of porphyrin, rearrangement of substrates, and so 
on arise from the intermediate along the main reaction pathway leading to the ep-

oxide, that is, 1 e- oxidation of alkenes is on the epoxidation reaction path, or not. 
The contribution of metallaoxetane intermediate on the epoxidation path is still re-
mained to be clarified, too. In this context, Bruice and co-worker recently prepared 
meso-tetrakis(2,6-dibromophenyl)porphyrinato iron complex (Br8TPP)FeCl, Figure 
9), the reaction of which will encumbered by the steric bulkiness of o-bromo sub-
stituents 217) 

a 
Br 
                        BrMe                 •C)/̀ II 

•Fe, ` Br;          •~ Br                          Br 

Br 

             Fig. 9. Proposed structure of the intermediate in the epoxidation 
                   of 2,3-dimethyl-2-butane with (BrsTPP)FeC1). 

In the epoxidation reaction with this complex, if high valent iron metal is in the 

plane of the porphyrin ring, alkenes can be accessible to iorn bound oxygen only from 
the basal side, and impossible to interact with the metal from the side of Fe-0 bond. 

Clean epoxidation induced by this complex with the dimethyl-2-butene and cis-

stilben, disfavors the metalloxetane intermediate. 
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