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 port^,'^*^^ from l/kow = l /ki  + {(Ki/ki)/[I]}{l + [SI/&,). Extrapolation 
of I/kow to [SI = 0 by linear least squares gives ( K i / k i ) / [ I ]  since l / k i  
is negligible in our experiments. 

In experiments with trypsin, an excess of >20-fold in enzyme over 
NPN was used. Liberation of 4-nitrophenol was first order. Division of 
kow by the enzyme concentration yielded ki/Ki. 

Stoichiometry. These measurements were conducted at the pH op- 
timum for each enzyme in the buffer systems used for kinetic studies and 
are summarized in Tables IV and V for MPN and NPN, respectively. 
Aliquots of the methanolic stock solutions of the inhibitors were injected 
into preequilibrated buffer solutions followed by the injection of the 
enzymes from stock solutions. Release of 4-nitropheno1, monitored at 400 
nm, leveled off within 20 min with NPN and within 15-23 h with MPN. 
Remaining enzyme activities were measured after these times by the 
addition of the appropriate reagents to the reaction mixture. 

Enzyme-active-site molarities of stock enzyme solutions and inhibited 
~~~~ ~ ~ ~ 

(19) Hart, G. J.; OBrien, R. D. Biochemistry 1973, 12, 2940. 
(20) Tian, W -X.; Tsou, C.-L. Biochemistry 1982, 21, 1028. 

enzyme solutions were determined according to Bender et aL2' for chy- 
motrypsin, elastase, and subtilisin. To 940 p L  of a buffer solution was 
added IO p L  of a stock solution of 4-nitrophenyl acetate (stock solution, 
70 mM; final concentration after enzyme addition, 0.7 mM). The ab- 
sorbance was recorded for several minutes to determine the nonenzymic 
rate. A 50-pL aliquot enzyme stock solution was then added and the 
absorbance monitored through the burst phase and into the steady-state 
reaction. Active-site molarities were calculated both from the burst 
amplitude and the enzyme-dependent part of the steady-state rate, the 
average values being taken. Experiments were done in duplicate or 
triplicate. 

The active-site molarity for trypsin was determined22 from the burst 
phase of the hydrolysis of 4-nitrophenyl 4'-guanidinobenzoate hydro- 
chloride (Sigma Chemical Co.). 

(21) Bender, M. L.; Begue-Canton, M. L.; Blakeley, R. L.; Brubacher, L. 
J.; Feder, J.; Gunter, C. R.; Kezdy, F. J.; Killheffer, J. V.; Marshall, T. H.; 
Miller, C. G.; Roeske, R. W.; Stoops, J. K. J .  Am. Chem. Soc. 1966,88, 5890. 

(22) Chase, T.; Shaw, E. Biochem. Biophys. Res. Commun. 1967.29, 508. 
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Abstract: Oxygen transfer from percarboxylic acids to (ethylenediaminetetraacetato)iron(III) ((EDTA)Fe"') has been investigated 
(solvent CH,OH; T 30 "C), using 2,4,6-tri-tert-butylphenol (TBPH) as a trapping reagent for the reactive iron-oxo intermediate 
formed upon oxygen transfer. In the presence of TBPH the percarboxylic acid peroxo bond undergoes 100% heterolytic cleavage 
during oxygen transfer to (EDTA)Fe"', as demonstrated with phenylperacetic acid. This requires the reaction to involve the 
transfer of an oxene or oxygen atom to the iron(II1) moiety of the (EDTA)Fe"' catalyst to form what may be formally written 
as (EDTA)FeVO. Since the so-constituted oxidant oxidized PhCH2COH by le- transfer to provide (PhCH,), at a rate greater 
than the oxidation of carboxylate ligand, the electron deficiency of the oxidant must reside a t  the oxygen to a greater extent 
than on iron. The structure of the oxidant is, therefore, best represented as something between (EDTA)FeVO and one in which 
the iron(II1) species stabilizes the oxygen atom by d-orbital overlap ((EDTA)Fe"'O) species. The kinetics of the reaction 
of a percarboxylic acid with (EDTA)Fe"' were studied by using rn-chloroperbenzoic acid (MCPBA). The reaction was monitored 
by following the appearance of 2,4,6-tri-rert-butylphenoxyl radical (TBP'). Oxygen transfer was shown to be rate limiting 
from the first-order dependence upon [MCPBA] and zero-order dependence upon [TBPH]. At constant [MCPBA] and [TBPH], 
the pseudo-first-order rate constants, koW. for the appearance of TBP' increases linearly with increase in [(EDTA)Fe"'] and 
reaches a limiting value a t  high (EDTA)Fe"' concentrations. Oxidation of TBPH to TBP' is shown to compete with methanol 
solvent oxidation to formaldehyde and the oxidative coupling of MCPBA with TBPH to provide a peroxidic component, OXO. 
The percentage yields of TBP', CH,O, and OXO are independent of the concentration of (EDTA)Fe"', provided the concentrations 
of MCPBA and TBPH are kept constant. However, increasing the initial concentration of MCPBA increases the concentration 
of OXO, and, correspondingly, the yield of the other two products decreases. Similarly, the yield of phenoxy1 radical increases 
with increase in [TBPH]. The initial addition of formaldehyde retards the rate of the oxidation reactions. A kinetically competent 
series of reactions which allow the calculation of experimental values of kobd and the yields of products have been arrived 
at by computer simulation (Scheme 111). Comparison of the second-order rate constants (in methanol) for oxygen transfer 
from MCPBA to (tetraphenylporphyrinato)iron(III) chloride ((TPP)Fe"'CI) and to (EDTA)FeIT1 establishes the former to 
be but 45-fold a better acceptor. 

Iron complexes, both heme and non-heme, play important roles 
as catalysts in biochemical oxidation reactions a t  the level of 
ligand-Fe(II1) + 2e- + 02. Among the (protoporphyrin IX)- 
Fe(II1) enzymes are the peroxidases,' which carry out le- oxi- 
dations when charged by hydroperoxide, and cytochrome P-450 
enzymes,, which perform substrate oxygen chemistry when 
charged by ordered combination with le-, O,, and le-. Non-heme 
iron plays an important but, as yet, poorly understood role in the 
mechanism of the pterin-requiring mammalian phenylalanine 
hydroxylase3 and in a class of a-ketoglutarate-requiring enzymes 

(1 )  (a) Morrison, M.; Schonbaum, G. R. Annu. Rev. Biochem. 1976,45, 
861. (b) Dunford, H. B.; Stillman, J. S. Coord. Chem. Reu. 1976, 19, 187. 

(2) (a) Groves, J. T. Adu. Znorg. Biochem. 1979, 119. (b) Guengerich, F. 
P.; Macdonald, T. L. Acc. Chem. Res. 1984, 17, 9. 

(prolyl, lysyl, etc. and hydroxylases4) which perform oxygen in- 
sertions into C-H bonds (much as in the case of some cytochrome 
P-450 reactions). 

Studies from this laboratory have recently been directed to the 
oxygen-transfer chemistry of (meso-tetraphenylporphinat0)- 
metal(II1) chlorides ((TPP)M111CI).5 The second-order rate 

(3) Kaufman, S.; Fisher, D. B. In Molecular Mechanisms of Oxygen 
Actiuation; Hayaishi, 0.. Ed.; Academic: New York, 1974, p 286. 

(4) (a) Siege], B. Bioorg. Chem. 1979, 8, 219. (b) Cardinale, G. J.; 
Udenfriend, S. Adu. Enzymol. Relat. Areas Mol. Biol. 1974, 41, 245. (c) 
Hamilton, G. A. Adv. Enzymol. Relat. Areas Mol. Biol. 1969. 32, 55. (d) 
Abbott, M.; Udenfriend, S. In Molecular Mechanisms of Oxygen Acriuation; 
Hayaishi, 0.. Ed. Academic: New York, 1974, p 167. (e) Hayaishi, 0.; 
Nozaki, M.; Abbott, M. T. In The Enzymes: XZZ, 3rd ed.; Boyer, P. D., Ed.; 
Academic: New York, 1975, p 151. 
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constants (kYOOH) for oxygen transfer to (TPP)Cr11'C1,5d (TP- 
P)Fe'1'C1,5e (TPP)Mn'1'C1,5f (TPP)Mn"'( ImH)CI,5g and (TPP)- 

by hydroperoxides and percarboxylic acids (YOOH) have 
been determined. With (TPP)Cr"'CI, YO-OH bond scission was 
found to be heterolytic with both percarboxylic acids and alkyl 
hydroperoxides. This was shown to be so by the finding that 
phenylacetic acid is the product when YOOH is phenylperacetic 
acid and from the observation that both percarboxylic acids and 
alkyl hydroperoxides fit to the same linear-free energy plot of log 
kYmH vs. the pK, of the YOH leaving groups (PI, = -0.35). In 
the reaction of percarboxylic acids and the most acidic alkyl 
hydroperoxides with (TPP)Fe"'CI, (TPP)Mn"'(ImH)CI, and 
(TPP)Co"'CI linear plots of log kYmH vs. pKa of YOH were also 
obtained (for Fe"', PI, = -0.35); however, for all three metallo- 
(1II)porphyrins a break in slope to a much smaller value of -PIP 
was observed at a value of pKa of Y O H  between 9 and 10. The 
change in slope of the linear free-energy plots was proposed to 
be due to a change of mechanism of YO-OH bond breaking from 
heterolytic for percarboxylic acids and the most acidic alkyl hy- 
droperoxides to homolytic for the weakly acidic alkyl hydroper- 
oxides and hydrogen peroxide. Thus, with (TPP)Fe"'CI, heter- 
olysis of the YO-OH bond with percarboxylic acids was estab- 
lished, while homolytic YO-OH scission of the alkyl hydroper- 
oxides was supported by the finding that the products of their 
reaction are those expected from the homolytic cleavage. The 
role of the porphyrin ligand in the determination of the modes 
of YOH bond cleavage is of considerable interest. It has been 
shown that the products of electrolytic oxidation of (TPP)Fe"'OH 
are the iron(1V)-oxo porphyrin and the iron(1V)-oxo tetra- 
phenylporphyrin *-cation radicaL5'J Presumably, the same species 
is formed on reaction with percarboxylic acids (eq 1). Homolytic 

(TPP)Fe"'X + R C 0 3 H  -, +'(TPP)Fe'VO + RCOzH (1) 

oxygen-oxygen bond scission with alkyl hydroperoxides and hy- 
drogen peroxides should produce, as an immediate product, the 
iron(1V)-oxo tetraphenylporphyrin (eq 2). 

(TPP)Fe"'X + ROOH - (TPP)FeIVO + RO' + H t  (2) 

(TPP)Fe'"O + RO' + H +  -, f'(TPP)Fe'VO + R O H  

An important question may be posed. Does the porphyrin ligand 
participate in the mechanism of YO-OH bond scission in a 
manner which determines the importance of heterolysis vs. hom- 
olysis or is this change of mechanism a property of the central 
metal ion? Walling6 has previously established that the reaction 
of (ethylenediaminetetraacetato)iron(III) ((EDTA)Fe"') with 
H 2 0 2  involves homolysis of the H W H  bond in aqueous medium. 
In this investigation we have studied the mechanism of the reaction 
of (EDTA)Fel" with percarboxylic acids in methanol solvent. The 
reaction has been followed by using 2,4,6-tri-tert-butylphenol 
which, along with methanol solvent, serves as a trap for the in- 
termediate (EDTA)(Fe0)5+ species. The present study establishes 
that the reaction of (EDTA)Fe"' with percarboxylic acids involves 
RC02-OH bond heterolysis. 

Experimental Section 
Materials. The sodium salt of (ethylenediaminetetraacetato)iron( 111) 

was prepared from an equimolar solution of ferric ammonium sulfate and 
the disodium salt of ethylenediaminetetraacetic acid as described in the 
literature.' The purity of the complex was checked by its characteristic 
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(5) (a) Shannon, P.; Bruice, T. C. J .  Am. Cfiem. Soc. 1981,103,4500. (b) 
Nee, M. W.; Bruice, T. C. J .  Am. Cfiem. Sot. 1982, 104, 6123. (c) Powell, 
M. F.; Pai, E. F.; Bruice, T. C. J .  Am. Cfiem. Soc. 1984,106, 3277. (d) Yuan, 
L.-C.; Bruice, T. C. J .  Am. Cfiem. Sot. 1985, 107, 512. (e) Lee, W. A,; 
Bruice, T. C. J .  Am. Cfiem. SOC. 1985, 107, 513. (f) Yuan, L.-C.; Bruice, 
T. C. Inorg. Cfiem. 1985, 24, 986. (8) Yuan, L.-C.; Bruice, T. C. J .  Am. 
Cfiem. SOC. 1986, 108, 1643. (h) Lee, W. A,; Bruice, T. C. Inorg. Cfiem. 
1986, 25, 131. ( i )  Lee, W. A.; Calderwood, T. S.; Bruice, T. C. Proc. Narl. 
Acad. SOC. U.S.A. 1985.82.4301. (j) Calderwood, T. S.; Lee, W. A,; Bruice, 
T. C. J .  Am. Cfiem. Soc. 1985, 107, 8272. 

( 6 )  (a) Walling, C.; Kurz, M.; Schugar, H. J. Inorg. Cfiem. 1970, 9, 931. 
(b) Walling, C.; Partch, R. E.; Weil, T. Proc. Nurl. Acad. Sci. U.S.A.  1975, 
72, 140. 

(7)  Rizkalla, E. N.; El. Shafey, 0. H.; Guindy, N. M. Inorg. Cfiim. Acta 
1982, 57, 199. 

absorption maximum in the UV region (A,,, 258 nm; cmax 9000 M-' 
cm-').8 m-Chloroperbenzoic acid (Aldrich Chemicals) was determined, 
by iodometric titration (vide infra), to be 80% pure and was used as 
received. Phenylperacetic acid was synthesized from phenacetyl chloride 
and alkaline hydrogen pe ro~ ide .~ . '~  The peracid was standardized io- 
dometrically by adding a known aliquot of peracid to a previously 
buffered 0.1 M sodium iodide solution in 95% ethanol followed by 
spectrophotometric determination of the concentration of triiodide (A  358 
nm; 2.5 X lo4 M-' cm-' ). ' I  2,4,6-Tri-tert-butylphenol (TBPH) 
(Aldrich Chemicals) was recrystallized several times from 95% ethanol 
until the solution in ethanol was colorless. Anhydrous methanol (Mal- 
linckrodt, AR) was used as received. 

Kinetic Studies. All reactions were carried out under argon in an- 
hydrous methanol in Thunberg cuvettes. In a typical reaction, a mixture 
of (ethylenediaminetetraacetato)iron(III) ((EDTA)Fe"') complex and 
a methanolic solution of 2,4,6-tri-tert-butylphenol (TBPH) was taken in 
the cuvette compartment of a Thunberg and about 0.30-0.40 mL of a 
methanolic solution of m-chloroperbenzoic acid was taken in the bulb 
compartment. After degassing of both Thunberg compartments with 
methanol saturated argon for nearly 1 h, the oxidation was initiated by 
mixing well the solutions from the top and bottom compartments. The 
Thunberg was transferred to a Perkin-Elmer Model 553 recording 
spectrophotometer thermostated at 30 f 0.2 O C  and the appearance of 
phenoxyl radical (TBP') monitored at 400 nm. Reactions were generally 
carried out under the pseudo-first-order conditions of [TBPH] >> 
[MCPBA] >> [(EDTA)Fe"']. Each reported rate constant is an average 
of at least two different determinations. Each kinetic trace was analyzed 
as a combination of sequential pseudo-first-order and zero-order reactions 
with the help of software written for this purpose using a Hewlett- 
Packard Model 9825A computer. 

Determination of the mode of cleavage of the percarboxylic acid 
peroxo bond was carried out as follows: 0.20 mL of a methanolic solution 
of (EDTA)Fe"' and 0.05 mL of phenylperacetic acid (PPAA) were 
mixed under N2 in a closed vial capped with a gas-tight rubber septum 
containing 0.5 mL of a methanolic solution 0.2 M in TBPH. The final 
concentrations of reactants are (EDTA)Fe"' = 1.22 X M to 3.80 
X M and PPAA = 3.60 X M. At higher concentrations of 
(EDTA)Fe"', the reaction solution was incubated for 1 h, while in the 
case of lower concentrations of (EDTA)Fe"', the reaction mixture was 
allowed to stand for I O  h to make sure that the reaction had gone to 
completion. To the spent reaction solution there was then added 0.5 mL 
of a freshly prepared ethereal solution of diazomethane and the concen- 
tration of methyl phenylacetate determined by GC with a Varian Model 
3700 using a Varian WCOT capillary column (vitreous silica, 18 m, 50 
QC2/BPI - 0.25). Each sample was analyzed at least 3 times and each 
value determined was an average of two experiments. 

Epoxidation of cyclohexene in the presence of (EDTA)Fe"' was car- 
ried out with phenylperacetic acid under N, and the formation of cy- 
clohexene epoxide was followed by GC as described above. The reaction 
was carried out under the pseudo-first-order conditions of [cyclohexene] 
>> [phenylperacetic acid] > [(EDTA)Fe"']. 

Results 
In the present study we have examined the reaction of m- 

chloroperbenzoic acid with (ethylenediaminetetraacetato)iron( 111) 
complex ((EDTA)Fe"') in absolute methanol (30 OC, under ox- 
ygen-free argon) in the presence of 2,4,6-tri-tert-butylphenol 
(TBPH). Reactions were followed spectrophotometrically at the 
A,,, of TBP' ( A  400 nm; e 1200 M-l cm-I). In the absence of 
the metal catalyst, the m-chloroperbenzoic acid (MCPBA) oxi- 
dation of TBPH to phenoxyl radical (TBP' at 400 nm) is very 
slow. The second-order rate constant that may be calculated from 
the reaction of MCPBA (1.5 X M) with TBPH (0.1 M)  is 
2 x 10-4 M-l s-I . (EDTA)Fe"' serves as a catalyst for the 
MCPBA oxidation of TBPH to the phenoxyl radical TBP'. 
However, (EDTA)Fe"' is not as an effective catalyst as is (TP- 
P)Fe11'C1,5e so that at catalyst concentration of 1.5 X M the 
catalytic reaction must compete with the slow and direct oxidation 
of TBPH by MCPBA. The latter accounts for only a few percent 
of the TBP' formed and may, thus, be ignored. In the presence 

(8) Schugar, H. J.; Hubbard, A. T.; Anson, F. C.; Gray, H .  B. J .  Am. 

(9) McDonald, R. N.; Steppel, R. N.; Dorsey, J. E. Org. Syntfi. 1970, 50, 
Cfiem. Sot. 1969, 90, 71, 

IS. ... 

(10) White, R. E.: Sligar, S. G.; Coon, M. J. J .  Biol. Cfiem. 1980, 255, 

( 1 1 )  Bruice, T. C.; Noar, J. B.; Ball, S. S.; Venkataram, U.  V. J ,  Am. 
11 108. 

Cfiem. SOC. 1983, 105, 2452. 
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Figure 1. A plot of the initial rate (ui) for the formation of TBP' vs. 
[(EDTA)Fe"'][MCPBAIi at constant [(EDTA)Fe"'] = 2.25 X M 
and [TBPH] = 9.50 X M. Insert: A plot of the pseudo-first-order 
rate constants for the formation of TBP' ( k o M )  vs. [MCPBAIi at 
[(EDTA)Fe"'] = 2.25 X lo-' M and [TBPH] = 9.50 X 

of (EDTA)Fe"' and MCPBA the methanol solvent is also oxidized 
to formaldehyde. Analysis for the concentration of TBP' was 
carried out a t  630  nm (eb3,, 200 M-' cm-I in methanol) and the 
formaldehyde concentration determined by the method of Nash.i2 
Because we wished to avoid solvent oxidation, solvents other than 
methanol were investigated. The (EDTA)Fe"' complex was found 
to be insoluble in acetonitrile, benzonitrile, and dichloromethane 
(solvents commonly used for oxidation reactions). 

Investigation of the kinetics of the oxygen transfer from 
MCPBA to (EDTA)FeI1' were followed by observing the ap- 
pearance of TBP' while methodically changing the concentrations 
of MCPBA, TBPH, and (EDTA)FelI1. The plots of Am vs. time 
were found to be biphasic. An initial first-order reaction occurs 
to about 90% completion in the appearance of TBP', and this is 
followed by a very slow and continual formation of the radical. 
As will be explained further on in the article, the first-order 
component relates to oxygen transfer from MCPBA to 
(EDTA)Fe*" while the zero-order component arises from the 
decomposition of a peroxidic component formed during the re- 
action. All the plots of Am vs. time were analyzed as combinations 
of sequential pseudo-first-order and zero-order processes. Kinetic 
analysis is restricted to the major pseudo-first-order reaction. 

The kinetic results may be considered in terms of eq 3 (where 
vi represents initial rates). To establish the reaction order for 

M. 

vi = k[MCPBA] [(EDTA)Fe1"][TBPH] (3) 

MCPBA the concentration of this agent was varied from 5.0 X 
10-4 M to 1.05 X 10-2 M while [(EDTA)Fe1I1Ii and [TBPH], were 
held constant a t  2.25 X M and 9.5 X lo-* M, respectively. 
An apparent second-order rate constant for the oxidation of TBPH 
was determined as the slope of a plot of vi vs. [MCPBA], X 
[(EDTA)Fe'"li divided by [TBPHIi (see Figure 1). At a constant 
[(EDTA)Fe"'] = 2.22 X lW5 M, the appearance of TBP' follows 
the first-order rate law and the calculated first-order rate constant 
is independent of the initial concentration of MCPBA (see insert 
to Figure 1). Further, when disappearnce of MCPBA was fol- 
lowed by an iodometric procedure (see Experimental Section), 
it was found to follow the first-order rate law. These findings show 
that the oxidation of TBPH is first order in MCPBA. 

The oxidation reaction was also studied as a function of the 
concentration of TBPH and (EDTA)FelI1. The concentration of 
TBPH was varied from 0.025 M to 0.38 M while the initial 
concentrations of MCPBA and (EDTA)Fe"' were kept constant. 
Under these conditions the rate of oxidation of TBPH was found 
to be independent of its concentration (Table I), thereby satisfying 
a kinetic criterion for its acting as a trap for the iron-oxo reactive 
intermediate formed on reaction of (EDTA)Fe"' with MCPBA. 

(12) Nash, T. Biorhem. J .  1953, 55, 416. 

Table I. Effect of TBPH Concentration on the Pseudo-First-Order 
Rate Constant for TBP' Formation, [MCPBA] = 1.5 X lo-) M" 

2.22 x 10-5 0.095 13.3 
(EDTA)Fe"', M TBPH, M koM x 104, s - ~  

2.22 x 10-5 0.025 15.7 
2.22 x 10-5 0.050 16.9 
2.22 x 10-5 0.200 15.3 
2.22 x 10-5 0.38 12.5 
1.48 X lo4 0.025 31.4 
1.50 x 10-4 0.095 34.0 
1.48 x 10-4 0.380 30.0 

'Solvent CH,OH; t 30 f 0.1 OC; X 400 nm. 

Table 11. Effect of Formaldehyde Concentration on the 
Pseudo-First-Order Rate Constant for TBP' Formation When 
[TBPH], = 0.095 M, [MCPBA], = 1.50 X IO-) M, and 
[(EDTA)Fe1"Ii = 2.25 X M 

ICH,Ol;, M L,, x 104. S-I 
1.73 x 10-3 3.90'~~ 
1.75 x 10-3 2.10* 
7.33 x 10-4 5.64 

Followed by monitoring the disappearance of [MCPBA] at various 
time intervals. b[CH20] formed = 4.30 X IO4 M; [TBP'] = 3.40 X 
10-4 M; [ o x o ]  = 1.50 x 10-4 M. 
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Figure 2. A plot of the pseudo-first-order rate constant, koW, for the 
formation of TBP' vs. [(EDTA)Fe"'] at [TBPH], = 9.5 X M. Line 
A, [MCPBA], = 1.50 X lo-) M (A). Line B, [MCPBA], = 8.00 X 
M (V). The (0, 0) points represent koM values simulated via Scheme 
111. 

The dependence of reaction rate upon the concentration of 
(EDTA)Fe"', in the range 1.0 X M-1.50 X M, was 
determined while holding the initial concentrations of MCPBA 
and TBPH constant. The dependence of kM upon [(EDTA) Fe"'] 
at [MCPBAJi = 1.5 X and 8 X lo4 M was determined. Plots 
of the pseudo-first-order rate constants (kobsd), determined by 
computer-fitting of the time course for TBP' appearance, vs. 
[(EDTA)Fe"'Ii is shown in Figure 2. Inspection of Figure 2 shows 
that kOw increases with increase in [(EDTA)Felll], becoming 
independent of catalyst at its higher concentrations. 

Formaldehyde retards the reaction. Thus, addition of form- 
aldehyde at the time of initiation of the reaction retards the rate 
of formation of TBP'. Product analysis reveals that at the highest 
concentration of added formaldehyde, the formaldehyde formed 
a t  completion of reaction plus the small amount of TBP' is less 
than the amount of MCPBA consumed (Table 11). Presumably 
the imbalance in the stoichiometry is due to oxidation of about 
33% formaldehyde to formic acid. Such imbalance in stoi- 
chiometry is not observed, unless formaldehyde is added (to > 1.7 
X M) a t  initiation of the reactions. 
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Table 111. Effect of (EDTA)Fe"' on the Yield of Products in Oxidation of TBPH (0.095 M) by MCPBA, Catalyzed by (EDTA)Fe"' 
yield, % 

(EDTA)Fe"', M MCPBA, M CHZO," M TBP',b M oxoc TBP' CHZO oxo total 

4.20 X 1.50 x 10-3 1.05 x 10-3 6.00 X lo4 0.96 x 104 20.1 70.2 6.4 96.7 
2.20 x 10-5 1.50 x 10-3 9.86 X IO-* 6.23 x 10-4 1.20 x IO4 21.0 66.2 8.0 95.2 
4.40 x 10-5 1.50 x 10-3 9.50 X IO4 6.90 X IO4 1.17 X IO4 22.0 66.1 7.7 95.8 
8.90 x 10-5 1.50 x 10-3 1.08 x 10-3 4.60 x 10-4 0.76 x 10-4 15.4 72.0 5.1 92.5 

4.20 X 10" 8.02 x 104 5.69 X lo4 3.0 X lo4 0.33 X lo4 18.8 67.7 4.4 91 .O 

4.25 x 10-5 8.10 x 104 4.10 X lo4 4.15 X lo4 1.70 X IO4 25.9 51.2 21.5 98.0 
8.04 x 10-5 8.06 x 10-4 3.60 x 104 3.90 X lo-* 2.98 X lod 24.3 45.0 37.2 106.0 

a Estimated by the method of Nash. bEstimated from the absorbance changes at 630 nm. 'Estimated iodometrically (see Experimental Section). 

1.09 X IO" 1.50 x 10-3 9.80 X IO4 5.10 X IO4 2.04 X IO4 16.7 64.0 13.6 94.3 

1.48 x 10-4 1.50 x 10-3 9.64 X lo-* 6.80 X lo4 1.46 X lo4 22.6 64.3 10.6 97.5 

2.27 x 10-5 8.00 x 10-4 5.79 x lo4 3.35 x IO4 0.37 X IO4 20.9 72.0 4.6 97.5 

1.50 x 10-4 8.07 x 10-4 3.98 X lo4 5.35 x IO4 1.61 x 10-4 33.2 49.3 19.9 102.0 

Table IV. Effect of [MCPBA] on the Percentage Yield of Products When [(EDTA)FellL] = -2.25 X M and [TBPH] = 0.095 M 
yield, % 

MCPBA, M CH20, M TBP', M oxo TBP' CHZO oxo total 
5.10 x 10-4 3.27 X IO4 2.60 x 104 0.55 X IO-* 25.5 63.8 10.7 100.0 
8.00 x 10-4 5.79 x 10-4 3.35 x 104 0.37 X IO4 20.9 72.0 4.6 97.5 

1.05 X lo-' 4.60 x 10-3 2.64 x 10-3 3.90 x 10-3 13.0 43.8 37.1 93.9 

1.50 x 10-3 9.86 X lo4 6.23 X lo-* 1.20 x 10-4 21.0 66.2 8.0 95.2 
6.06 x 10-3 2.87 x 10-3 1.80 x 10-3 9.20 x 10-4 15.7 47.3 15.2 78.2 

Table V. Effect of [TBPH] on the Yield of Products at [MCPBA] = 1.5 X IO-) M 
yield, % 

(EDTA)Fe"', M 
2.25 x 10-5 
2.25 x 10-5 
1.48 x 10-4 
2.22 x 10-5 
2.25 x 10-5 
2.26 x 10-5 
2.20 x 10-5 

TBPH, M CHIO, M TBP', M OXO, M TBP' CHzO oxo total 
0 1.03 x 10-3 0 0 0 68.6 0 a 
0.025 1.07 x 10-3 1.85 x 10-4 2.20 x 10-4 6.3 72.2 14.9 93.0 
0.025 1.17 x 10-3 1.90 X lo4 9.60 X IO" 6.3 77.3 0.64 84.0 
0.050 9.28 x 10-4 3.75 x 10-4 2.51 x 10-4 12.5 61.9 16.8 91.2 
0.095 9.86 x 104 6.23 X IO4 1.20 x 10-4 21.0 66.2 8.0 95.2 
0.200 7.50 X lo-* 1.05 x 10-3 2.00 x 10-4 34.8 53.0 13.0 101.0 
0.380 7.00 X IO4 1.36 X IO-' 0.95 x 10-4 45.3 46.6 6.30 98.2 

1.51 x 10-4 0.380 4.83 X IO4 1.41 x 10-3 4.06 X lo4 47.0 32.2 27.1 106.0 
"The reaction was arbitrarilv followed for 90 min. at which time 70% of MCPBA had disappeared from solution. Therefore, formaldehyde is 

formed in 100% yield. 

The following results support oxidation of TBPH and methanol 
to occur in reactions which compete with each other for an 
iron-oxo species which is formed in the rate-controlling step. The 
yield of both TBP' and formaldehyde a t  various concentrations 
of (EDTA)Fe"' is given in Table 111, when [MCPBA], equals 1.50 
X M and 8 X M and when [TBPHIi is constant a t  9.5 
X M. It can be seen from the data of Table 111, when taking 
into account that one MCPBA is consumed per two TBP' formed 
and one MCPBA is used per formation of one formaldehyde, that 
the yields of TBP' and formaldehyde in each experiment leave 
about 10% of the [MCPBA], unaccounted for. When all TBP' 
has been formed, there is found, invariably, a peroxidic component 
that by iodometric titration (Experimental Section) accounts for 
the mixxing 10% of [MCPBA], (Table 111). When [MCPBA], 
is 1.50 X M the percentage yield of TBP' is around 20%, 
whereas that of formaldehyde is around 65%-implying that the 
ratio of both products is always a constant for the entire range 
of concentrations of (EDTA)Fe"' employed. However, when 
[MCPBA], is lowered from 1.50 X M to 8.0 X 10-4 M, there 
is some change in the ratio of these products. There is a marginal 
increase in the precentage yield of TBP' as the concentration of 
the metal catalyst is increased, whereas the percentage yield of 
formaldehyde drops to a correspondingly lower value. 

The kinetics for the oxidation of TBPH by MCPBA was studied 
as a function of [MCPBA], while the catalyst and TBPH con- 
centrations were maintained constant. The percentage yield of 
both TBP' and CH,O decreases with increase in [MCPBAIi, the 
ratio of both remaining constant (Table IV). Also, the peroxidic 
component present a t  completion of reaction increases with in- 
crease in the initial concentration of MCPBA. 

Finally, the percentage yields and the ratios of TBP' and CH20 
depends on the concentration of TBPH. At [(EDTA)Fe"'Ii equals 

2.25 X M and 1.5 X lo4 M the percentage yield of TBP' 
and formaldehyde remains almost constant, provided [MCPBA], 
and [TBPHIi are kept constant (Table V). In the absence of 
TBPH, formaldehyde is the only product. As the concentration 
of TBPH is increased from 0 to 0.38 M, the percentage yield of 
TBP' increases from 0 to 50 while the percentage yield of form- 
aldehyde decreases from 100% to 50%. The upper concentration 
of TBPH that may be used is limited to about 0.38 M by its 
solubility in methanol. 

The stability of (EDTA)FelI1 to percarboxylic acid oxidation 
was studied with both MCPBA and perlauric acid (PLA). Use 
of PLA has an advantage in that it is an aliphatic peracid with 
no significant absorbance at 258 nm-the only absorption max- 
imum for (EDTA)Fe"'. Reactions with PLA were studied in the 
absence of TBPH and a t  [(EDTA)Fe"'Ii = 2.22 X M and 
[PLA], = 1.50 X M. TBPH could not be used due to its 
strong aromatic absorbance masking the entire UV region. The 
rate of reaction of MCPBA is greater than that of PLA with 
(EDTA)FelI1. This is to be expected from past e x p e r i e n ~ e ~ ~ - ~  and 
the greater acidity of m-chlorobenzoic acid when compared to 
that of phenylacetic acid. After the reaction was over, the per- 
centage yield of formaldehyde was estimated to be -75%. The 
25% imbalance in the percentage yield of formaldehyde based on 
peracid reacted may be attributed to formaldehyde oxidation. The 
concentration of the catalyst (EDTA)Fe"' was determined from 
its absorbance a t  258 nm. It was found that nearly 80% of the 
catalyst remains as (EDTA)Fe"', suggesting that the metal 
catalyst is rather stable even in the absence of TBPH. 

The stability of (EDTA)Fe"' to peracid oxidation in the 
presence of TBPH was also examined. The oxidation of TBPH 
(0.1 M) by MCPBA (1.5 X M) in the presence of 
(EDTA)FelI1 at 2.27 X M was carried to completion. An 
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Table VI. Percentage Yield of Methyl Phenylacetate Obtained by Reaction of Phenylacetic Acid Product with Diazomethane in Oxidation of 
TBPH by Phenylperacetic Acid Catalyzed by (EDTA)Fe"' 
(EDTA)Fe"', M PPAA, M TBPH, M [PPAAli.i,,d, rmol methyl phenylacetate formed yield. % 

3.80 x 10-3 

5.72 x 10-3 
5.72 x 10-3 
4.88 x 10-3 
9.76 x 104 
4.88 x 10-4 

3.80 X IO-' 

1.22 x 10-4 

3.60 x 10-3 
3.60 x 10-3 
3.60 X 
3.60 X 
4.07 X 10-j 
4.07 x 10-3 
4.07 x 10-3 
4.07 x 10-3 

0 
0 
0 
0 
0.2 
0.2 
0.2 
0.2 

2.18 x 10-3 
1.09 X 
2.1 x 10-3 
1.09 x 10-3 
1.74 x 10-3 
1.74 x 10-3 

1.74 x 10-3 
1.74 X IO-' 

1.45 x 10-3 
0.68 x 10-3 
1.39 x 10-3 
0.69 x 10-3 
1.62 x 10-3 
1.89 x 10-3 
1.01 x 10-3 
1.69 x 10-3 

66.54 
62.3" 
63.8" 
63.3" 
92.8 

108.0 
109.0 
97.1 

"Nearly 4% of bibenzyl has been detected under the same GC conditions; our attempts to determine the other possible products corresponding to 
nearly 20% of the peracid reaction were unsuccessful. 

aliquot of the spent reaction mixture was removed, and to this 
was added an additional shot of (EDTA)Fe"'. The lack of for- 
mation of additional TBP' established that all MCPBA had been 
consumed, even though the spent reaction solution is active toward 
I- due to the presence of the peroxidic component. To another 
aliquot of the spent reaction mixture there was added a shot of 
MCPBA, and this resulted in the formation of additional TBP'. 
The rate constants obtained for TBP' formation in the initial 
reaction and in the following reaction on addition of the shot of 
MCPBA were found to be comparable (1.50 X s-I vs. 1.84 
X s-'), providing one takes into account the retarding effect 
upon rate of the formaldehyde generated in the first reaction. 
Thus, in an independent experiment initiated with [CH20]  equal 
to that formed in the first reaction, it was found that the rate of 
TBP' formation was decreased 8-fold. This shows that little or 
no catalyst is oxidized under the expreimental conditions of these 
kinetic studies. 

The association of (EDTA)Fe"' species was investigated by 
spectral and electrochemical methods. The absorbance of 
(EDTA)Fe"' (1.10 X 10" M-1.50 X M) a t  258 nm in 
methanol was found to vary in a linear fashion with its concen- 
tration. By this criterion (Beer's law), (EDTA)Fe"' remains 
monomeric a t  the concentrations employed in this study. Also, 
a cyclic voltammetric examination of a methanol (EDTA)FelI1 
solution was carried out a t  the highest concentration of metal 
catalyst used (1.50 X lo4 M) in these oxidation studies (p  = 0.10 
with NaCIO,; with a glassy carbon electrode). We observed that 
the metal catalyst has a single, reversible reduction wave at -200 
mV (SCE) with a peak separation of 80 mV. Therefore, by this 
criterion the catalyst is also monomeric.* 

Homolytic vs. heterolytic cleavage of the 0-0 bond of peracid 
was investigated with phenylperacetic acid (PPAA) as the oxidant. 
Heterolytic 0-0 bond scission would result in the formation of 
phenylacetic acid which can be trapped with diazomethane and 
estimated as methyl phenylacetate by G C  analysis. The results 
are summarized in Table VI. From Table VI: (i) About 65% 
of methyl phenylacetate was formed when near-equimolar con- 
centrations of both (EDTA)Fe"' and PPAA in the absence of 
TBPH were used, and there was also shown to be present (Ex- 
perimental Section) approximately 4% of bibenzyl. (ii) With 
[TBPH], = 50 X [PPAAli = [(EDTA)Fe"'], there was formed 
92 i 1% of methyl phenylacetate. (iii) Under the conditions used 
for the kinetic studies ((EDTA)[Fe"'Ii = 9.76 X M to 1.22 
X M, [PPAA], = 4.07 X M, [TBPH], = 0.2 M) the 
percentage yield of methyl ester of phenylacetic acid reached 
100%. These results show that in the presence of TBPH the 
"peroxo" bond is quantitatively cleaved via a heterolytic mechanism 
to give phenylacetate anion. The -30% decarboxylation in the 
absence of the TBPH trap may be attributed to oxidation of the 
phenylacetic acid product by the iron-oxo species. 

Epoxidation of Cyclohexene. The appearance of cyclohexene 
epoxide in methanol from cyclohexene (1 .O M) by epoxidation 
with phenylperacetic acid (4.3 X M) in the presence of 
(EDTA)Fe'I' (7.70 X M) is associated with a pseudo-first- 
order rate constant of 7.60 X s-l. In the absence of catalyst, 
the pseudo-first-order rate constant is 5.0 X lo4 s-I. Comparison 
of these constants shows that epoxide formation is 1.5 times faster 
in the presence of catalyst. In the absence of catalyst the formation 

of epoxide is 100% based upon [PPAA],; however, in the presence 
of catalyst the percentage yield of epoxide is but 63%, and there 
is also formed 40% yield of formaldehyde. In parallel first-order 
reactions, as is the case for epoxide and formaldehyde formation, 
both products appear a t  the same rate which is equal to the rate 
of disappearance of starting material and to the sum of the 
pseudo-first-order rate constants for the formation of each product. 
With this information and the percentage yields of epoxide and 
formaldehyde there may be calculated as 4.6 X lo4 s-l the true 
pseudo-first-order rate constant for epoxide formation. Thus, 
catalysis of phenylperacetic acid epoxidation of cyclohexene by 
(EDTA)Fe"', if it should occur, cannot be seen over the unca- 
talyzed reaction in methanol. 

Discussion 
In this study we have determined the kinetics for the reaction 

of rn-chloroperbenzoic acid with (EDTA)Fe"' using solvent 
methanol and 2,4,6-tri-tert-butylphenol (TBPH) as a substrate 
(30 "C; solvent methanol). Experiments establish that the 
(EDTA)Fe"' catalyst is stable under all the experimental con- 
ditions of this study. By spectral and electrochemical criteria there 
can be discerned none but monomeric catalyst at [(EDTA)Fe"'], 
used in the kinetic investigations. The reactions were monitored 
spectrophotometrically at 400 nm by following the formation of 
2,4,6-tri-tert-butylphenoxyl radical (TBP'). 

Reactions were found to be biphasic. Under the conditions 
([TBPH], > [MCPBA], = 1.5 X M) a t  which most of the 
kinetic studies have been carried out, the major portion of TBP' 
formation (290%) occurs via first-order kinetics, followed by a 
much slower zero-order formation of TBP' which continues long 
after consumption of all MCPBA. The latter slow formation of 
TBP' is due to the breakdown of a peroxidic product which is 
produced in about 10% yield based upon the initial concentration 
of MCPBA. With increase in [MCPBA],, with [TBPH], always 
in excess, the yield of this peroxidic component increases (Table 
IV). From experiments which involved the addition of the various 
components of the reaction at completion of MCPBA consumption 
(see Results) it may be concluded that the peroxidic component 
is formed on condensation of MCPBA and TBPH. Our pre- 
sumption of this reaction is included in eq 4. The proposed 

T B P H  

d(EDTA)Fe"' + H,O \ (EDTA)(FeOH)'+ 
&4* 

(4) 
- H  o=c' 

+ 
(EDTA)(Fe"'OH) 

(0x0) 

structure of the peroxidic component (OXO) has precedence in 
the known formation of like products in the reaction of base- 
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catalyzed  oxygenation^'^ by TBPH. Frostin-Rio and co -~orke r s '~  
have reported the formation of similar peroxidic compounds from 
TBPH during its oxidation by molecular oxygen catalyzed by 
ligated metal species. They postulate a metal peroxo complex as 
intermediate. In eq 4, the iron-oxo intermediate oxidizes TBPH 
by two parallel reaction paths: (i) two single-electron-transfer 
reactions resulting in the formation of two TBP' radials and (ii) 
hydride-equivalent transfer from TBPH to the iron-oxo species 
to form a carbocation species which then undergoes nucleophilic 
attack by MCPBA (eq 4) to yield OXO. From a knowledge of 
the concentrations of TBP' and OXO at  completion of the 
pseudo-first-order component of the reaction one can state that 
the ratio of the rate constants for the formation of TBP'/OXO 
is 2/1 a t  [TBPH], >> [MCPBA], = 1.5 X lo-, M. 

The rate constants for the initial and major portion of the 
reaction involving the first-order appearance of TBP' and the 
slower and minor zero-order appearance of TBP' from decom- 
position of OXO were separated by computer-fitting of the ap- 
propriate equations for consecutive first- and zero-order reactions 
to the experimentally determined absorbances of TBP' at 400 nm. 
Since [CH,OH] >> [TBPH] the major oxidation product is 
formaldehyde. The catalytic turnover of decomposition of 
MCPBA by (EDTA)Fe"' in the presence of TBPH is charac- 
terized by the following: (i) The pseudo-first-order rate constant 
for formation of TBP' is independent of [TBPH]. (ii) TBP' 
formation is also independent of [MCPBA]. (iii) At low 
(EDTA)Fe"', koW shows a linear dependence on [(EDTA)Fe"'], 
becoming independent at high concentration of catalyst. (iv) The 
ratio of the prroducts formaldehyde/TBP' depends upon the initial 
concentrations of TBPH. These results are  in accord with the 
formation of a complex of MCPBA with (EDTA)Fe"' and 
rate-limiting decomposition of this complex to provide an iron-oxo 
EDTA species, (EDTA)(FeO)S+, which reacts with both TBPH 
and C H 3 0 H  in non-rate-determining steps. 

The findings that the reaction of (EDTA)Fe"' with phenyl- 
peracetic acid provides phenylacetic acid (identified as its methyl 
ester with diazomethane) in 65% yield but that this reaction in 
the presence of TBPH gives the carboxylic acid in 100% yield 
establish that the reaction of MCPBA with (EDTA)Fe"' to 
provide (EDTA)( F e O y  occurs by a two-electron heterolytic 
cleavage of the PhCH2C0,-OH bond. If (EDTA)(FeO)5+ is not 
trapped by TBPH, it can react with carboxylic acid (eq 5 ) .  It 

(EDTA)Fe"' + PhCH2C03H - 
(EDTA)(FeO)S+ + PhCH2CO2H (Sa) 

(EDTA)(FeO)S+ + 2PhCH2C02H - 
(EDTA)Fe"' + 2PhCH2' + 2 C 0 2  (Sb) 

(EDTA)(FeO)S+ + 2TBPH - 
(EDTA)Fe"' + 2TBP' + H 2 0  (5c) 

2PhCH2' - PhCH2CH2Ph ( 5 4  
is known that the radical species PhCH2C02' formed on le- 
oxidation of phenylacetic acid has essentially no lifetime, de- 
composing to C 0 2  and PhCH2'.'' The small amount of bibenzyl 
product obtained in the absence of TBPH (eq 5d) would then be 
due to coupling of PhCH2' obtained from the reaction of eq 5b. 

There are two principal means to analyze the kinetics for 
complex reactions which involve catalyst turnover. The method 
of choice has been dependent upon the change in the values of 
the reciprocal of the initial rate as a function of the reciprocal 
of the concentrations of reactants, inhibitors, etc. This metho- 
dologyI6 has been developed to a high degree of sophistication by 

Balasubramanian and Bruice 

(13) (a) Nishinaga, A.; Shimizu, T.; Matsuura, T. J .  Org. Chem. 1979, 
44, 2983. (b) Nishinaga, A.; Tomita, H.; Matsuura, T. Tetrahedron Lerr. 
1979,31,2893. (c) Nishinaga, A,; Nakamura, K.; Matsuura, T. Tetruhedron 
Lett. 1978, 38, 3557. 

(14) Frostin-Rio, M.; Pujol, D.; Bied-Charreton, C.; Perree-Fauvet, M.; 
Gaudemer, A. J .  Chem. SOC., Perkin Trans. 1 1984, 1971. 

(15) Braum, W.; Rajenbach, L.; Eirich, F. R.  J .  Phys. Chem. 1962, 66, 
1591. 

individuals as Cleland. It receives a great deal of attention from 
the biochemical community, because it provides a means of 
computation which does not require the real time solution of 
complex differential equations. It is now possible, with the advent 
of modern computer technology and the development of software 
based on Gear in t eg ra t i~n , '~  to fit the time course for disap- 
pearance of reactants and appearance of products, etc., to com- 
pletion of reaction. The latter procedure has been employed in 
recent studies from this laboratory,'* and it has been used in the 
present investigation. A number of possible reaction schemes have 
been examined to explain the results of the present study. The 
first sequence of reactions to be considered is shown in Scheme 
I. Units are moles and seconds. 

Scheme I" 

(a) (EDTA)Fe"' + MCPBA (EDTA)Fe'"-MCPBA 
kl 

k- l  "precursor complex" 
k , / k - ,  = 1.0 X 104/l .0  X lo3 

k2 
(b)(EDTA)Fel''MCPBA - 

r.d.8. 

(EDTA)(FeO)5+ + MCBA k2 = 6.0 
k3 

(c) (EDTA)(FeO)'+ + TBPH - 
(EDTA)(FeOH)S+ + TBP' k3 = 1.0 X I O 4  

ko 
(d) (EDTA)(FeOH)'+ + TBPH - 

(EDTA)Fe"' + TBP' + H 2 0  k4 = 1.0 X lo4 
kJ 

(EDTA)Fe'II + C H 2 0  + H 2 0  k5 = 90.0 
(e) (EDTA)(FeO)" + C H 3 0 H  - 

k6 
(f) (EDTA)(FeO)S+ + TBPH + MCPBA - 

(EDTA)FeT" + OXO k6 = 5.0 X lo6 
k,  

(8) (EDTA)Fe"' + C H 2 0  Z (EDTA)Fe"'CH,O 
k.7 

The constants K I  (= k , / k - , )  and k2 were determined by iter- 
ation using the entirety of the kinetic data of this study. The 
absolute values of k ,  and k-, are not of importance as long as they 
are large enough to assure that k-,  >> k2 << k , ,  so that a pree- 
quilibrium conditions is in effect. The ratio k , / k - ,  is important 
to the fitting of the data. Also, the absolute values of k7 and k-, 
are not important but their ratio provides the equilibrium constant 
(K7) for complexing of formaldehyde or, more likely, its hydrate 
to (EDTA)Fe"'. Since the reaction steps which follow the 
rate-limiting step ( k 2 )  are rapid (viz., the oxidation of TBPH to 
yield TBP', the formation of C H 2 0  from methanol and the for- 
mation of the peroxidic component (OXO)), the only constraints 
upon k,, k,, kS,  and k6 are that they not be rate-determining and 
that their ratios be such that the correct yields of the various 
products are  predicted. Suitable numerical values were chosen 
by the method of iteration. This scheme accommodates the 
following experimental observations: (i) By use of the constants 
listed with Scheme I, simulations show that the rate of appearance 
of T B P  follows the first-order rate law. (ii) The pseudo-first-order 
rate constants (kobd) for appearance of TBP' reaches a limiting 
value on increase in [(EDTA)Fe"IIi, suggesting formation of a 
precursor complex between (EDTA)Fe"' and MCPBA. (iii) A 
peroxidic component is formed by reaction of MCPBA with 
TBPH, and the product does not react with (EDTA)Fe"'. (iv) 
Formaldehyde has a retarding effect on kobsd. 

Fitting of the simulated time curves for appearance of TBP' 
to the first-order rate law allows the calculation of what should 

~ ~~~ 
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Chem. SOC. 1986, 108, 1636. (16) Segel, I .  H .  In Enzyme Kinetics; Wiley: New York, 1975 
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Table VII. Effect of the Initial Concentration of (EDTA)Fe"' on the Yield of Various Products for the Oxidation of TBPH by MCPBA at  
[TBPHJi = 9.5 X IO-' M 

TBP', M x 104 C H ~ O ,  M x 104 oxo x 104, M 
(EDTA)Fe"', M MCPBA, M calcd obsd calcd obsd calcd obsd 

1.50 x 10-4 1.50 X IO-' 6.16 6.75 9.03 9.76 1.07 1.34 
8.90 x 10-5 1.50 x 10-3 5.93 4.20 9.47 10.8 1.04 0.76 
4.40 x 10-5 1.50 x 10-3 6.16 6.90 9.50 8.90 1 .08 3.15 
2.2s x 10-5 1.50 x 10-3 6.16 6.23 9.62 9.71 1.08 1.18 
4.20 X 10" 1.50 x 10-3 5.97 6.00 9.43 10.60 0.70 0.41 
1.10 x 10" 1.50 x 10-3 5.70 5.25 9.00 8.20 1 .os 3.76 

1.50 X IO4 8.07 X IO4 4.10 5.35 3.80 3.98 0.93 2.22 
8.04 x 10-5 8.06 x 10-4 4.10 3.90 3.89 3.60 0.93 2.98 
4.2s x 10-5 8.10 X lo4 4.10 4.15 4.00 4.10 0.94 1.74 
2.2s x 10-5 8.00 x 10-4 3.51 3.35 5.45 5.79 0.33 0.37 
4.20 X 10" 8.00 x 10-4 3.46 3.05 5.45 5.40 0.34 0.35 
4.20 X IO" 6.00 x 10-3 15.9 14.7 25.5 28.3 11.3 11.0 

be the experimentally determined pseudo-first-order rate constants 
(kobsd) for TBP' appearance. The simulated values of kohd for 
the formation of TBP' are independent of the initial [MCPBA], 
as is found experimentally. However, when [(EDTA)Fe1"Ii is 
changed by the computer and the computed plots of TBP' formed 
with time are fitted to the first-order equation, it is found that 
the computed values of koM are larger than those obtained ex- 
perimentally. In order to force a fit of Scheme I to the experi- 
mental data, it is required that k2 decreases with increase in 
[(EDTA)Fe"'Ii. This result would be in accord with the con- 
sumption of (EDTA)Fe'" by its reaction with (EDTA)(Fe0)5+ 
at  high [(EDTA)Fe1"li. Such a situation would mirror that 
reported by Walling6b for the reaction of H 2 0 2  with (EDTA)Fe"' 
where disappearance of catalyst was attributed to its reaction with 
HO'. With the present system, however, we find that the catalyst 
is quite stable. The difference between the experimental conditions 
of Walling and associates and ourselves is that in our case both 
TBPH and CH,OH solvent serve as very effective traps for oxygen 
radicals and (EDTA)(FeO)5+, whereas the Walling experiments 
were carried out in H 2 0  and the (EDTA)Fe"' served along with 
H 2 0 2  as the only oxidizable substrates. The destruction of catalyst 
cannot account for our experimental results is shown by simulation. 
The reaction of eq h when added to those of Scheme I provides 
Scheme 11. (I Units are moles and seconds. The constants listed 

Scheme 11" 

(a) (EDTA)Fe"' + MCPBA z= (EDTA)Fe1I1-MCPBA 
k ,  

k-1 

k l / k - ,  = 1.0 x 104/l .0  X lo3  

kl 
(b) (EDTA)Fe"'MCPBA -. 

(EDTA)(FeO)5+ + MCBA k2  = 6.0 

k3 
(c) (EDTA)(FeO)5+ + TBPH - 

(EDTA)(FeOH)5+ + TBP' k ,  = 5.0 X lo3 
ki 

(d) (EDTA)(FeOH)S+ + TBPH - 
(EDTA)Fe"' + TBP' + H 2 0  k ,  = 5.0 X lo2 

kS 

(EDTA)Fe"' + C H 2 0  + H 2 0  kS = 50.0 
(e) (EDTA)(FeO)5+ + C H 3 0 H  - 

k6 
(f) (EDTA)(FeO)S+ + MCPBA + TBPH -. 

(EDTA)Fe"' + OXO k ,  = 2.5 X lo6 

kl  

k-7 
(g) (EDTA)Fe"' + CHzO (EDTA)Fe"'CH,O 

kl/kWl = 1.0 X 102/10.0 

ks 
(h) (EDTA)(FeO)S+ + (EDTA)Fe"' - 

(EDTA)Fe"' + deactivated product k8 = 4.0 X lo5 

with Scheme I1 are best as determined by iteration. By the same 

means as previously described it was found that k z  must again 
be adjusted downward with increase in [(EDTA)Fe"'] in order 
to reproduce the experimental time courses of TBP' appearance. 
It would appear as though the only remaining assumption is that 
the activity coefficient of (EDTA)Fe"' decreases over the 100-fold 
change in concentration used in this study. An explanation based 
upon reversible binding of a minor product of the reaction appears 
unlikely because at high [(EDTA)Fe"'] there are fewer turnovers 
of the catalyst. At high (EDTA)FeT1' concentration, the formation 
of a pox0 dimeric iron species like (EDTA)(Fe-O-Fe)(EDTA)8+ 
due to a comproportionation reaction of (EDTA)(FeO),+ with 
(EDTA)Fe"' seems also unlikely because when the concentration 
of TBPH is changed at  high (EDTA)Fe"' concentrations, the 
zero-order dependence on TBPH remains unchanged (see Table 
I). Though, by both spectral and electrochemical techniques (see 
Results), there could not be obtained evidence of association of 
(EDTA)Fe"', the ability to simulate the collected body of kinetic 
experiments requires some sort of association. (Association 
through bridging by solvent molecules or a formaldehyde hydrate 
could preclude spectral or electrochemical detection.) Addition 
of eq h' to Scheme I provides Scheme 111. Units are moles and 

Scheme IIP 

(a) (EDTA)Fe"' + MCPBA S (EDTA)Fe'I'-MCPBA 
k i  

k-1 

k , / k - ,  = 1.20 f 0.2 X 104/l .0  X lo3 

k2 
(b) (EDTA)Fe"'MCPBA -. 

(EDTA)(FeO)5f + MCBA k2 = 6.2 f 0.20 

k3 
(c) (EDTA)(FeO)S+ + TBPH - 

(EDTA)(FeOH)S+ + TBP' k3 = 5 .5  f 0.5 X lo3 

k4 
(d) (EDTA)(FeOH)5+ + TBPH - 

(EDTA)Fe"' + TBP' + H 2 0  k4 = 5.0 X lo2 

ks 
(e) (EDTA)(Fe0)5+ + C H 3 0 H  - 

(EDTA)Fe'" + C H 2 0  + H 2 0  k ,  = 48 f 3 
k b  

(f) (EDTA)(FeO)S+ + TBPH + MCPBA - 
(EDTA)FelI1 + OXO k6 = 4.5 f 2.0 X lo6 

ki 

k-7 
(g) (EDTA)Fe"' + C H 2 0  (EDTA)Fe"'CH,O 

k 7 / k - ,  = 2.0 X 104/10.0 
k 

(h') (EDTA)Fe"' + (EDTA)Fe"' & ((EDTA)Fe"'), 
k 4  

k8 /k - ,  = 1.0 X 105/9.0 i 2.0 

seconds. The rate constants presented with Scheme I11 were 
obtained by iteration employing the complete body of experimental 
data. It should be noted that the destruction of (EDTA)Fe"I need 
not be assumed. The resistance of (EDTA)Fe"' to oxidation under 
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Table VIII. Effect of the Initial Concentration of TBPH on the Yield of Various Products for the Oxidation of TBPH by MCPBA (1.50 X lo-) 
M) 

[TBP'] X IO4, M [CH20] X IO4, M oxo x 104, M 
(EDTA)Fe"', M TBPH, M calcd obsd calcd obsd calcd obsd 

2.25 x 10-5 0.025 1.90 1.85 11.3 10.7 1.21 2.20 
2.25 x 10-5 0.050 3.25 3.75 9.27 9.28 1.96 2.50 
2.25 x 10-5 0.20 9.42 10.5 6.96 7.50 1.60 2.00 
2.25 x 10-5 0.38 13.9 13.6 5.96 7.00 0.98 0.95 

1.50 X 0.025 2.17 1.90 12.2 11.7 0.39 0.09 
1.50 x 10-4 0.38 12.3 14.1 4.41 4.83 2.00 4.06 

Table IX. Effect of the Initial Concentration of MCPBA on the Yield of Various Products for the Oxidation of TBPH by MCPBA at 
[(EDTA)Fe"'], = 2.25 X M and [TBPH], = 9.5 X M 

TBP', M x 104 CH20, M X IO4 oxo, M x 104 
MCPBA, M calcd obsd calcd obsd calcd obsd 
5.10 x 10-4 2.32 2.70 3.58 3.10 1.37 0.74 
8.00 x 10-4 3.51 3.35 5.45 5.79 0.33 0.37 
1.50 X 6.16 6.23 9.62 9.7 1 1.08 1.18 
6.00 x 10-3 17.5 18.8 28.0 28.7 1 1.30 9.21 
1.05 X 24.3 26.4 39.4 46.0 26.0 45.4 

Table X. Effect of the Initial Concentration of MCPBA on the Rate 
Constant k ,  for the Rate of Appearance of TBP' at [(EDTA)Fe1I1li 
= 2.25 X M and [TBPH], = 9.5 X IO-* M and at Constant k2 
= 8.0 s-I and k-* = 10.0 M-' s-I 

MCPBA, M k ,  
IO3 X kow, s-I 

calcd obsd 
5.10 X lo4 1.10 x 104 1.17 1.09 
8.00 x 10-4 1.10 x 104 1.23 1.19 
1.50 X IOF3 1.40 x 104 1.35 1.33 
6.00 x 10-3 1.40 X lo4 0.87 0.89 
1.05 X 1.50 x 104 0.75 0.80 

Table XI. Effect of the Initial Concentration of TBPH on the Rate 
Constant k ,  for the Rate of Appearance of TBP' at [(EDTA)Fe'"], 
= 2.25 X M and at Constant 
k2 = 8.0 s-I and k-* = I O  M-l s-' 

M and [MCPBA], = 1.50 X 

TBPH, M kl calcd obsd 
0.025 1.4 x 104 1.35 I .57 
0.05 1.5 x 104 1.47 1.69 
0.20 1.5 x 104 1.59 1.53 
0.38 1.2 x 104 1.23 1.25 

the experimental conditions has been affirmed (see Results). The 
reactions of Scheme 111 with associated constants seems to explain 
the observed kinetic details and the percentage yields of products. 
The yield of the various products, TBP', CHzO, and the OXO 
calculated on the basis of Scheme 111 and the corresponding 
experimentally observed product yields, are given in Tables VII, 
VIII, and IX. From these tables the agreement between the 
computed values and the observed yields is reasonably good. At 

the same time, the required changes in the rate constants ( k , ,  kZ,  
and k8) required to fit kobd for the appearance of TBP' may be 
examined under various reaction conditions: (i) Change in 
[MCPBA], a t  constant [TBPH) and [(EDTA)Fe"'] is given in 
Table X. As [MCPBAIi is increased (20-fold), there is but a 
marginal increase ( (1 .3 f 0.2) X lo4 M-' s-I ) i n the value of k , ,  
while k2 and k-8 are constant, and there is g o d  agreement between 
computed and experimentally determined values of kaM. (ii) The 
influence of change in [TBPHIi a t  constant [MCPBA], and 
[(EDTA)Fe"'Ii upon the computed and experimentally observed 
values of koM is given in Table XI. The best values of k l ,  kz  
and k-* for the fitting of the experimental data are almost constant, 
and the agreement between the computed and experimental koM 
is within experimental error. (iii) Fitting of the experimental 
results for changing [(EDTA)Fe"'li, at constant [MCPBAIi and 
[TBPH],, requires (Table XII) only a small change in k l  ((1.3 

cases and is virtually constant and kz averages to 7.0 f 2.0 s-I. 
The computer calculated values of k- agree reasonably well with 
the experimentally observed values. (iv) The diminution in koM 
for appearance of TBP' brought about by addition of formaldehyde 
may be simulated (as shown in Table XIII) by using the rate 
constants kl  = 1 . 1  f 0.1 X lo4 M-l s-I, kz = 6.0 s-I, and k-8 = 
10 s-I, and the corresponding calculated product yields are given 
in Table XIV. 

Our previous studies establishes that oxygen transfer from 
percarboxylic acids to (tetraphenylporphinato)metal(III) salts 
(metal(II1) = Fe"', Mn"', Cr"', and Co"') involves heterolytic 
0-0 bond scission. For oxygen transfer from weakly acidic alkyl 
hydroperoxides to (tetraphenylporphinato)metal( 111) salts (Fe"', 
Mn'I', and Co"') homolytic 0-0 bond breaking is involved.5e%f-gqh 
In the present study we have shown that the oxygen transfer from 

f 0.2) x 104 M-1 s-1 ), w hile k-8 has been changed for only two 

Table XII. Effect of Initial Concentration of (EDTA)Fe"' on the Rate Constants k l ,  k2, and kT8 for the Rate of Appearance of TBP' at [TBPH], 
= 9.50 X IO-* M 

IO3 X kowr s-I 

(EDTA)Fe"', M MCPBA, M kl k2 k-8 calcd obsd 
1.50 x 10-4 1.50 x 10-3 1.10 x 1 0 4  6.0 10.0 3.54 3.40 
8.90 x 10-5 1.50 x 10-3 1.40 x 104 6.5 10.0 3.38 3.50 

2.25 x 10-5 1.50 x 10-3 1.40 x 104 8.0 10.0 1.35 1.33 
4.20 X 1.50 X lom3 1.50 x 104 9.0 15.0 0.37 0.53 
1.10 x IO" 1.50 x 10-3 1.50 x 104 10.0 15.0 0.14 0.15 

4.40 x 10-5 1.50 x 10-3 1.40 X IO4 7.0 10.0 2.19 2.12 

1.50 X 8.07 x 10-4 1.0 x 104 5.0 7.0 2.55 2.00 
8.04 x 10-5 8.06 x 10-4 1.0 x 104 6.0 10.0 2.25 2.15 
4.25 x 10-5 8.10 X 1.0 x 104 6.0 10.0 1.42 1.42 
2.25 x 10-5 8.00 X IO4 1.1 x 104 8 .O 10.0 1.23 1.19 
4.20 X 10" 8.00 X IO4 1.4 x 104 6.5 10.0 0.28 0.27 
4.20 X 10" 6.02 x 10-3 1.0 x 104 6.0 10.0 0.12 0.11 
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Table XIII. Effect of the Initial Concentration of Formaldehyde on 
the Rate Constant kl  for the Appearance of TBP' at [(EDTA)Fe"'], 
= 2.25 X M, [MCPBAIi = 1.50 X lo-' M, and [TBPH], = 9.50 
X lo-* M 

103 x koM. s-I [CH20li, 
M x 104 k ,  k ,  k... calcd obsd 

7.30 1.3 X lo4 6.0 10.0 0.56 0.56 
17.0 1.0 X lo4 6.0 10.0 0.29 0.21 
17.3 1.2 X lo4 6.0 10.0 0.36 0.39" 

Followed by monitoring the disappearance of [MCPBA]. 

Table XIV. Effect of the Initial Concentration of Formaldehyde on 
the Yield of Various Products for the Oxidation of TBPH by 
MCPBA at [(EDTA)FeL1'li = 2.25 X lo-' M, [MCPBA], = 1.50 X 
lo-' M. and ITBPHl, = 9.50 X M 

[TBP'] X [CH20] X OXO X lo4, 

M X lo4 calcd obsd calcd obsd calcd obsd 
104, M 104, M M [CH201 ii 

7.30 4.74 4.60 10.2 9.20 1.05 1.13 
17.0 4.38 3.40 9.30 4.30" 1.04 1.50 

'The remaining -5.0 X lo4 M in formaldehyde is likely to be fur- 
ther oxidized to formic acid (33%). 

percarboxylic acids to (EDTA)Fe"' involves heterolytic 0-0 bond 
breaking. Wallingdb has previously shown that the oxygen transfer 
from hydrogen peroxide to (EDTA)Fe"' involves homolytic 0-0 
bond cleavage in aqueous medium. 

In methanol solvent employing TBPH as a trap for the iron-oxo 
species, the second-order rate constant for oxygen transfer from 
MCPBA to (TPP)Fe11'(CH30H)C15e exceeds that for oxygen 
transfer from MCPBA to (EDTA)Fe"' by about 45-fold. The 
extensively *-conjugated porphyrin ligand, as compared to EDTA, 
provides the greatest electron density to the iron(III), increasing 
its softness and nucleophilicity. Though (TPP)Fe"'(CH,OH)Cl 
is more reactive than (EDTA)Fe"' toward MCPBA, oxidation 
of CH,OH solvent (in competition with TBPH oxidation) by the 
generated iron-oxo porphyrin species does not occur, whereas it 
does in the case of the iron-oxo EDTA species. This may be taken 
to indicate that the harder iron center imparts a greater reactivity 
and lesser selectivity to the iron-oxo EDTA species. 

I t  is surprising to us, even in the presence of both TBPH and 
CH30H solvent as traps, that oxygen transfer to the (EDTA)Fe"' 
catalyst does not result in its destruction by oxidative decarbox- 

ylation of the carboxylate ligand groups (eq 6). This suggests 

to us that the structure (EDTA)(FeV0)5+ is inadequate and that 
considerable electron deficiency must reside on the oxygen atom. 
Sawyerlg and associates have proposed that, in general, oxygen 
transfer to ferric ion does not expand the oxidation state of the 
latter and that the iron(II1) stabilizes the oxygen atom by d-orbital 
overlap. If such were the case, the structure of the iron-oxo 
intermediate species of this study would be (EDTA)( Fe1110)5+. 
Two-electron oxidation of iron(II1) tetraphenylporphyrin salts 
((Porph)Fe"'X) provides an iron(II1) tetraphenylporphyrin di- 
cation ((Porph)Fe1"XZ+) when the ligand X- is weakly basic such 
as C10,- and C1- and an iron(1V) tetraphenylporphyrin *-cation 
radical ( ( 'P0rph)Fe '~(0CH~)+) when X- is a strongly basic ox- 
yanion as HO- and CH30-.5iJ Oxygen atom transfer to ligated 
iron(II1) is equivalent to the addition of HO- to ligated iron(1II) 
followed by 2e- oxidation. The analogy supports the iron(IV)-oxo 
porphyrin *-cation radical as the product of oxygen transfer to 
iron(II1) porphyrins. An imidazole-ligated iron(IV)-oxo porphyrin 
*-cation radical represents the reactive species (compound I) of 
the peroxidase enzymes.20 The nature of the iron-oxo species 
formed upon oxygen atom transfer to iron(II1) would appear to 
be dependent upon the nature of the ligands. 
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Abstract: Alkylated 1,3-dienes are shown to oxygenate to endoperoxides by a cation radical chain mechanism. Steric slowing 
of Diels-Alder dimerization appears to be necessary; 1,3-cyclohexadiene (21) gave only dimer under conditions where its 
1 -isopropyl-4-methyl derivative, 17, gave a 96% yield of ascaridole (18). The cation radical chain conditions tolerate more 
steric crowding than does the singlet oxygen reaction, as 4,4'-bihomoadamantenyl (11) gave an 84% yield of its endoperoxide 
16 while singlet oxygen gave a mixture of several products. Oxygenation products were not observed from biadamantylideneethane 
(S), which is sterically prohibited from assuming an s-cis conformation. 

The characteristic reaction of s-cis 1,3-dienes with singlet oxygen 
is Diels-Alder 1,4-cycloaddition to give the unsaturated six- 
membered ring endoperoxide, as shown in eq 1.' Barton and 

co-workers2 showed that a variety of Lewis acids catalyze endo- 
peroxide formation from dienes and triplet oxygen, both in the 

(1 )  (a) Schaap, A. P.; Kakilka, K. A. "Singlet Oxygen", Wasserman, H. 
H.; Murray, R. W., Eds.; Academic: New York, 1979 Chapter 6. (b) 
Frimer, A. A. Chem. Rev. 1979, 79, 359. 

(2) Barton, D. H. R.; Haynes, R. K.; Leclerc, G.; Magnus, P. D.; Menzies, 
I. D. J .  Chem. SOC., Perkin Trans. I 1975, 2055 and references therein. 
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