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R1 = OH , R2 = H 

R 1 = H , R2 = OH 

R1 = R2 = H 
3 R= THP 

R = Me 

CH2OH 

10 R = Me 

The entire sequence from bromopiperonal can be completed 
in 2 weeks and requires no chromatography except for a filtration 
column to remove dicyclohexylurea after the DCC lactonization. 
Practical stereocontrolled syntheses of 1 (9.4%, 12 steps16), 4 (6%, 
11 steps), and 8 (14.9%, 10 steps) have thus been achieved. 

Acknowledgment. We thank the Natural Sciences and Engi
neering Research Council of Canada for support of this work. The 
400-MHz spectra were obtained at the South-Western Ontario 
NMR Centre Funded by a major installation grant from NSERC, 
Canada. 

(15) 4; 85% yield; m.p. 211 0C; KO_OCHC'3 1780 cm"1. The 1H NMR 
spectrum of 4 was identical with a published trace (Brewer, C. F.; Loike, J. 
D.; Horowitz, S. B.; Sternlicht, H.; Gensler, W. J. J. Med. Chem. 1979, 22, 
215). 

(16) The figure of 63% is based on the crude yield (78%) of podophyllic 
acid obtained from the saponification of 8 by the previous authors. Purifi
cation of the crude product provided podophyllic acid in only 29% yield14 

which reduces the overall yield for the two steps to 24%. Our overall yield 
of 9.4% for 1 is based on the higher figure. 

Photoassisted Reduction of Molecular Oxygen to 
Hydrogen Peroxide Catalyzed by 
Oxoalkoxomolybdenum(V) Porphyrin 

Henry J. Ledon* and Michel Bonnet 

Institut de Recherches sur la Catalyse 
69626 Villeurbanne Cedex, France 

Daniel Galland 

Centre d'Etudes Nucleaires de Grenoble 
Departement de Recherche Fondamentale 

Section de Resonance Magnetique 
85 X-38041 Grenoble Cedex, France 

Received March 27, 1981 

In the last few years much attention has been focused on the 
photochemistry of metalloporphyrins as these complexes exhibit 
very intense absorptions in the visible region.1 This makes them 
choice candidates in the design of light-harvesting systems for solar 
energy conversion. However, very few examples of the photo
chemistry of porphyrins with a redox-active central metal have 
been described.2 Recently we reported on the photolysis of a 
diperoxomolybdenum(VI) porphyrin (02)2Mo(TPP) which affords 
the related cis-dioxo complex O2Mo(TPP).3""5 The paucity of 
such a photoejection of a dioxygen ligand from a transition-metal 
complex6,7 led us to study the photochemical behavior of mo
lybdenum porphyrins containing Mo-O bonds.8 

When 0=Mov(TPP)—OCH3
9 (1) was aerobically irradiated 

(100-W tungsten lamp) in a benzene solution containing 5% v/v 
methanol, a clean evolution of the UV-visible spectrum was ob
served as shown in Figure 1, affording a new absorbance at X 431 
nm in the Soret region, characteristic of O=Mo1Y^ TPP) (2).10 

When this solution was left in the dark, the spectra of 1 was fully 
restored. The dependence of the wavelength of irradiation on the 
reaction was examined by using a monochromatic light source." 
No noticeable decomposition of 1 was observed when a benzene 
solution (1.4 X 10"6 M) was irradiated in a 5-cm pathlength cell 
at X 620 or 575 nm near the maximum of absorption, respectively, 
of the a and 0 bands. However a rapid evolution to 2 was obtained 
when this solution was irradiated in the Soret region. The quantum 
yield for the reaction, determined by using the ferrioxalate ac-

(1) Hopf, F. R.; Whitten, D. G. In "Porphyrins and Metalloporphyrins"; 
Smith, K. M., Ed., Elsevier Scientific Publishing Company: Amsterdam, 
1975; Chapter 16, pp 667-700. Hopf, F. R.; Whitten, D. G. Porphyrins 1978, 
2, 161-195. Horsey, B. E.; Hopf, F. R.; Schmehl, R. H.; Whitten, D. G. In 
"Porphyrin Chemistry Advances"; Longo, F. R., Ed., Ann Arbor Science 
Publishers Inc.: Ann Arbor, 1979; Chapter 3, pp 17-28. 

(2) Bartocci, C; Scandola, F.; Ferri, A.; Carassitti, V. / . Am. Chem. Soc. 
1980, 102, 7067-7072 and references therein. Inaki, Y.; Takahashi, M.; 
Kameo, Y.; Takemoto, K. J. Polym. Sci., Polym. Chem. Ed. 1978, 16, 
399-406. Hatano, K.; Usui, K.; Shida, Y. Bull. Chem. Soc. Jpn. 1981, 54, 
413-420. 

(3) Abbreviations used: meso-tetraphenylporphyrinato, TPP; mero-tetra-
(p-tolyl)porphyrinato, TTP; octaethylporphyrinato, OEP; electron paramag
netic resonance, EPR. 

(4) Ledon, H.; Bonnet, M.; Lallemand, J.-Y. J. Chem. Soc, Chem: 
Commun. 1979, 702-704. 

(5) Mentzen, B. F.; Bonnet, M. C; Ledon, H. J. Inorg. Chem. 1980, 19 
2061-2066. 

(6) Geoffroy, G. L.; Hammond, G. S.; Gray, H. B. / . Am. Chem. Soc. 
1975, 97, 3933-3936. 

(7) Boreham, C. J.; Latour, J. M.; Marchon, J. C. Inorg. Chim. Acta 1980, 
45, L69-L71. 

(8) A preliminary account of this work has been presented at the XXI 
International Conference in Coordination Chemistry, Toulouse, France, July 
7-11, 1980. Ledon, H.; Bonnet, M.; Varescon, F. Abstracts of Papers, No. 
101. 

(9) Ledon, H. J.; Bonnet, M. C; Brigandat, Y.; Varescon, F. Inorg. Chem. 
1980, /9,3488-3491. 

(10) 0=MoIV(TPP) was prepared as described for 0=MoIV(TTP): 
Diebold, T.; Chevrier, B.; Weiss, R. Inorg. Chem. 1979, 18, 1193-1200. 

(11) 150-W xenon lamp OSRAM XBO and Bausch and Lomb mono-
chromator were used. Slides were adjusted to provide a spectral band width 
of about 10 nm. Filters M.T.O. J 351, Kodak W 4, and Kodak W 25 were, 
respectively, used for irradiations at 454, 575, and 620 nm. 
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Figure 1. Evolution of the visible spectra of a solution of O=Mo(TP-
P)—OCH3 in benzene-methanol mixture (95:5) in the presence of air. 
Arrow heads indicate the variation of absorbance. 

tinometer method,12 was 1.5 X 10"2. No fluorescence was detected. 
Formation of the oxomolybdenum(IV) porphyrin 2 by photoin-
duced homolysis of the Mo-OCH3 bond was confirmed by EPR 
spectroscopy and spin-trapping experiments. When an oxygen-

0=Mov(TPP)— OCH3 -^* 0=MoIV(TPP) + -OCH3 (l) 

free benzene solution of 1 was irradiated13 directly in the cavity 
of an EPR spectrometer, the intensity of the characteristic nine-line 
spectra of 1 slowly diminished with time but again was fully 
restored when the cell was open to air and one drop of methanol 
was added, confirming the formation of a diamagnetic molyb-
doporphyrin complex upon irradiation. When the same experiment 
was repeated in the presence of a-phenyl-N-ferfbutylnitrone, a 
new signal (g = 2.0062, /iN = 12.75 G, AH = 1.78 G) attributed 
to the methoxyl radical-nitrone adduct14 appeared, concomitant 
with the bleaching of the spectrum of 1. The formation of a radical 
species was also demonstrated by the polymerization of acrylo-
nitrile15 by irradiation of a benzene solution (20% v/v) containing 
ca. 0.1% of 1, which affords a cream insoluble material (J»CN 2343 
cm-1). 

The reoxidation of 0=MoIV(TPP) (2) in a benzene-methanol 
mixture was monitored by UV-visible spectrometry. Figure 2 
shows the evolution of the concentration of 2 against time, which 
follows strict second-order kinetics. This second-order dependence 
on molybdenum suggests a two-electron reduction of molecular 
oxygen to hydrogen peroxide which was actually identified in 
separate experiments. 

CH3OH 

20=MoIV(TPP) + O2 • 
20=Mov(TPP)—OCH3 + H2O2 (2) 

In order to evaluate the efficiency and possible uses of the 
photoreduction of 1, a catalytic cycle was devised by coupling the 
reactions described in reactions 1 and 2. When a 1.9 X 10"5M 

(12) Bowman, W. D.; Demas, J. N. J. Chem. Phys. 1976,80, 2434-2435. 
(13) 500-W xenon lamp filtered with water and Pyrex. 
(14) Rehorek, D.; Salvetter, J.; Hantschmann, A.; Hennig, H. Inorg. Chim. 

Acta 1979, 37, L471-L472. Rehorek, D.; Hennig, H. Z. Chem. 1980, 20, 
109-110. 

(15) Bamford, C. H.; Tipper, C. F. H. "Comprehensive Chemical 
Kinetics"; Elsevier Scientific Publishing Company: Amsterdam, 1976; Vol. 
14 A and references therein. 

Figure 2. Time-dependent evolution of the absorbance at 619.5 nm of 
a solution of O=Mo(TPP) in benzene containing 1% of methanol after 
exposure to air. A delay of ca. 20 s was needed before recording to insure 
a correct mixing. 

Scheme I 

hv - O , 

solution of 1 in dry benzene-methanol mixture (90:10) was ex
posed to sun light by using a watercooled jacketed Pyrex reactor 
over a period of 4 h, hydrogen peroxide could be detected by 
iodometric titration.16 Up to 56 mol of hydrogen peroxide have 
been obtained per mole of 1 per hour giving a final concentration 
of 4.3 X 10~3 M. The fate of the methoxyl radical was not studied 
as it was reported to afford mainly formaldehyde under similar 
conditions.17 In fact, when cyclohexanol was used instead of 
methanol, cyclohexanone was identified by gas chromatography, 
but the reaction was much slower (4-5 rotations per h) probably 
due to the larger steric hindrance of the alcohol. The overall 
reaction which is the formation of hydrogen peroxide from mo
lecular oxygen using methanol as reducing agent is exergonic as 
may be estimated from the thermodynamic standard data.18 In 

CH3OH + O2 — CH2O + H2O2 (3) 

this catalytic cycle, solar energy is thus only used to furnish the 
required activation energy for the reaction. However, the pho
tochemical step (reaction 1) is probably largely endergonic. The 
redox potential for the reduction of 1 has been reported in CH2Cl2 
solution to be -0.74 V vs. SCE,19 giving a free energy change of 
0=Mov(TPP)—OCH3 + Ie- — O=Mo^(TPP) + CH3O" 

(4) 
about + 11 kcal/mol and the electron affinity of the methoxyl 
radical, EA, equal to 1.8 eV,20 i.e., AH = -42 kcal/mol. If the 
contribution of solvation effects and the entropic term in reaction 
5 is neglected, the free energy change of reaction 1 (reaction 4 
- reaction 1) is largely positive. 

(16) Sharpless, K. B.; Verhoeven, T. R. Aldrichim. Acta 1979,12,63-74. 
(17) Reichgott, D. W.; Rose, N. J. J. Am. Chem. Soc. 1977, 99, 

1813-1818. 
(18) Handbook of Chemistry and Physics, 56th Edition, CRC Press: 

Cleveland, OH, 1975. 
(19) Murakami, Y.; Matsuda, Y.; Yamada, S. / . Chem. Soc., Dalton 

Trans. 1981,855-861. 
(20) Benson, S. W.; Nangia, P. S. / . Am. Chem. Soc. 1980, 102, 

2843-2844. 
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CH3O-+ Ie" ^ CH3O" (5) CH3 

The easy photoreduction that we observed for 0=Mov(TP-
P)—OCH3 may account for the spectral change caused by laser 
irradiation of 0=Mov(OEP)—OCH3 reported by Ohta et al.21 

during the measurement of resonance Raman spectra in KBr 
pellets. The appearance of a new band at 956 cm"1 is in close 
agreement with the value of the Mo—O stretch observed in in
frared spectroscopy at 965 cm-' for O—MoIV(OEP).22 

This also gives a reasonable pathway for the photodecomposition 
of the diperoxomolybdenum(VI) porphyrin (O^Mo^fTPP). We 
can assume, as favored by extended Hiickel calculations,23 that 
the first step is the homolysis of a Mo-O bond as shown in Scheme 
I, affording formally a peroxo-superoxomolybdenum(V) complex. 
This intermediate should be very unstable as there is no example 
of a fully characterized peroxo complex of d", n odd, transition 
metal24 and recently an oxomolybdenum(V) porphyrin complex 
has been reported to be reduced by superoxide ion.25 Next step 
will be the departure of molecular oxygen providing a peroxo-
molybdenum(IV) complex which will give the a's-dioxo-
molybdenum(VI) porphyrin after a very thermodynamically fa
vorable internal redox reaction.23 

These results clearly establish the ability of molybdenum 
porphyrins to harvest solar energy to produce reactive interme
diates by redox processes. 
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(21) Ohta, N.; Scheurmann, W.; Nakamoto, K.; Matsuda, Y.; Yamada, 
S.; Murakami, Y. Inorg. Chem. 1979, 18, 457-460. 

(22) Buchler, J. W.; Eikelmann, G.; Puppe, L.; Rohbock, K.; Schneehage, 
H. H.; Week, D. Liebigs Ann. Chem. 1971, 745, 135-151. 

(23) Tatsumi, K.; Hoffmann, R. Private communication. 
(24) Hoffmann, R.; Chen, M. M.-L.; Thorn, D. L. Inorg. Chem. 1977,16, 

503-511. 
(25) Imamura, T.; Numatatsu, T.; Terui, M.; Fujimoto, M. Bull Chem. 

Soc. Jpn. 1981, 54, 170-174. 
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Flavopapain 1, derived from alkylation of the active site cys-
teine-25 of papain [EC 3.4.4.10] with the reactive flavin analogue 
2, is a highly efficient semisynthetic enzyme, whose catalytic 
activity surpasses that of our best previously described flavopapain 
41"3 by over an order of magnitude and begins to approach the 
activity exhibited by all but the most efficient flavin-containing 
oxidoreductases. We feel that this represents a significant step 
toward the production of enzymelike molecules by a process that 
we call "chemical mutation". This is an approach to the design 
of catalysts which relies on the combination of an existing pro
tein-binding site with a chemically reactive coenzyme analogue, 

(1) Levine, H. L.; Nakagawa, Y.; Kaiser, E. T. Biochem. Biophys. Res. 
Commun. 1977, 76, 64-69. 

(2) Levine, H. L.; Kaiser, E. T. J. Am. Chem. Soc. 1978,100, 7670-7677. 
(3) Kaiser, E. T.; Levine, H. L.; Otsuki, T.; Fried, H. E.; Dupeyre, R. Adv. 

Chem. Ser. 1980, 191, 35-48. 

1, X = papain-S-
2,X = Br 
3,X = H 

papain - S -CH2 

thus exploiting the binding specificity of the protein but expressing 
the characteristic chemical reactivity of the covalently attached 
coenzyme. 

It has been demonstrated that flavopapain 4 is an effective 
catalyst for the oxidation of yV'-alkyl-l,4-dihydronicotinamides 
by O2.

1"3 Rates of the enzymatic oxidation exceed those of the 
flavin prosthetic group by an order of magnitude. More impor
tantly, catalysis by the semisynthetic enzyme 4 exhibited substrate 
saturation kinetics, as would be expected for an enzymatic reaction 
involving the obligatory participation of a binding site. In contrast, 
oxidation reactions catalyzed by flavopapain 5 exhibited modest 
rate enhancements of the order of about 3-fold and did not exhibit 
saturation kinetics. 

CH3 

papain- S-CH2^ H ^ Y ^ Y N Y N r 
H 5 A^lAzNH 

O 

The difference between flavopapains 4 and 5 had been antic
ipated on the basis of model building, assuming that the carbonyl 
oxygen of 4 could hydrogen bond to the peptide backbone of 
papain, thus positioning the flavin within the hydrophobic binding 
groove of the enzyme.4 No such interaction is possible in the 
case of 5, and hence no comparable positioning of the flavin 
prosthetic group seems likely in this case. 

Further model building, this time using structurally similar 
8-acetyl-10-methylisoalloxazine attached as in 1, with the acetyl 
carbonyl constrained to participate in a scheme of hydrogen 
bonding identical with that postulated to occur in the case of 4, 
led to the prediction that iV'-benzyl-M-dihydronicotinamide 
(TV'-BzNH) could fit snugly within the binding pocket of the 
enzyme, in close proximity to the flavin. Hence, the prediction 
was made that flavopapain 1 should be a good catalyst for the 
oxidation of this substrate and fall into that group of semisynthetic 
enzymes which exhibits saturation kinetics and relatively high 
catalytic rate enhancements. 

In order to test this prediction, a synthesis of the requisite 
8-acetyl-10-methylisoalloxazine 3 had to be devised. This was 
achieved starting with the well-characterized-3-amino-4-nitroa-
cetophenone 65 as shown in Scheme I. 

Treatment of amine 6 with trifluoroacetic anhydride in a solvent 
of trifluoroacetic acid at O CC for 20 min led to the isolation of 
3-(trifluoroacetamido)-4-nitroacetophenone as short yellow needles 

(4) Papain derivatives which result from the alkylation of Cys-25 with 
chloromethyl ketone substrate analogues have been examined structurally via 
X-ray diffraction. It was found that the carbonyl oxygen derived from the 
chloromethyl ketone was within hydrogen-bonding distance of two N-H 
groups: the side-chain NH of Gln-19 and the backbone NH of Cys-25. 
Drenth, J.; KaIk, K. H.; Swen, H. M. Biochemistry 1976, 15, 3731-3738. 

(5) Waters, W. A. J. Chem. Soc. 1945, 629. 
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