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Abstract: Decomposition of p-cyano-N,N-dimethylaniline N-oxide (NO) catalyzed by [meso-tetrakis(2,6-dichlorophenyl)-
porphinato]iron(III) chloride ((ClsTPP)Fe!'Cl) yields as products p-cyano-N,N-dimethylaniline (DA), p-cyano-N-methylaniline
(MA), and formaldehyde (CH,Cl, solvent, 25 °C, N, atmosphere). Intermediate in the reaction are mono and bis NO complexes
(ClgTPP(CI)Fe!'NO and Cl;TPP(NO)Fe!'"NOQ, respectively). Oxygen transfer from the complexed NO species to the iron
porphyrin is rate-limiting and provides the higher valent iron(1V) salts ([ClgTPP(CI)Fe!YO]*- and [ClsTPP(NO)Fe!VO]*.)
and DA. The observed kinetics for reactions involving 10~100 turnovers of catalyst dictate that the catalyst is saturated in
the formation of ClyTPP(Cl)Fe!'™NO0 and that formation of ClsTPP(NO)FeNO is unfavorable. The two iron(IV)—oxo porphyrin
w-cation radical species are converted back to the iron(11T) porphyrin catalytic moieties by oxidation of DA — MA + CH,0
and oxidation of CH,O. Addition of 2,4,6-tri-tert-butylphenol (TBPH), 2,3-dimethyl-2-butene (TME), and cyclohexene results
in the formation of TBP- and the respective epoxides, thus inhibiting the oxidation of DA and CH,0. The kinetics of the
overall reaction and formation of each product may be simulated by employing the reactions of Scheme II and eq I-r, and
from the simulations, the rates and equilibria, leading to the formation of the two iron(IV)~oxo porphyrin r-cation radical
species may be determined as can minimal rate constants for the oxidations of DA, CH,0, and TBPH and the epoxidation
of TME and cyclohexene. The results obtained herein with the electron-deficient porphyrin, (ClyTPP)Fe(IIT)C|, are discussed
and compared to those obtained previously when employing (TPP)Fe™'Cl as the catalyst.

N,N-Dimethylaniline N-oxides transfer their oxygen atoms to
iron(111) and manganese(111) porphyrins following their ligation
to these entities.!? Heteroaromatic amine N-oxides, such as
pyridine N-oxide, ligate to metalloporphyrins but do not enter into
the oxygen-transfer reaction. These differences in oxygen-transfer

(1) (a) Shannon, P.; Bruice, T. C. J. Am. Chem. Soc. 1981, 103, 4500. (b)
Nee, M. W; Bruice, T. C. J. Am. Chem. Soc. 1982, 104, 6123. (c) Powell,
M. F.; Pai, E. F.; Bruice, T. C. J. Am. Chem. Soc. 1984, 106, 3277. (d)
Dicken, C. M; Lu, F.-L.; Nee, M. W.; Bruice, T. C. J. Am. Chem. Soc. 1985,
107, 5776.

(2) On the basis of the data presented in this manuscript, in the studies
listed in ref 1, and in the reaction of aniline N-oxides with cytochromes
P-450 ; and P-450¢,y (cf.: Heimbrook, D. C.; Murray, R. I.; Egeberg, H.
D.; Sligar, S. G.; Nee, M. W.; Bruice, T. C. J. Am. Chem. Soc. 1984, 106,
1514), the mechanistic postulations of Burka, et al. (see: Burka, L. T
Guengerich, F. P.; Willard, R. J.; Macdonald, T. L. J. Am. Chem. Soc. 1985,
107, 2549) may be disregarded. Burka and co-workers have stated “N,N-
dimethrlaniline N-oxides are not really able to oxidize ferric cytochrome P-450
or Mnll' or Cr' (porphyrins) to +V hypervalent states”™—*... direct two-
electron oxidative cleavage of the Fe——O—N complex (i.e., iron(111) porphyrin
complex with N-oxide) to generate a formal Fe"=0 species and an amine
appears incompatible with ...”. Concerning the cytochrome P-450 reaction,
the results of Heimbrook et al. (loc. cit.) suffice to explain the experimental
results of Burka et al. With regard to the transfer of N-oxide oxygen to
manganese(1II) tetraphenylporphyrin, this is shown to occur in the paper by
Powell et al. (ref 1c). The transfer of oxygen from p-cyano-N,N-dimethyl-
aniline N-oxide to chromium(III) tetraphenylporphyrin has been established
to be a photocatalytic chain reaction (Yuan, L.-C.; Bruice, T. C. J. Am. Chem.
Soc. 1985, 107, 512; Yuan, L.-C.; Calderwood, T. S.; Bruice, T. C. Ibid., in
press). Inregard to the subject of the present manuscript, there is no doubt
but that the oxygen from the p-cyano-N,N-dimethylaniline N-oxide (NO) is
transferred to the iron(III) tetraphenylporphyrin ((TPP)Fe'Cl). Thus, from
the experiments of Dicken et al. (ref 1d), it was shown that the first-order rate
constant for product appearance in the reaction of NO with (TPP)Fe!"'Cl to
yield p-cyano-V,N-dimethylaniline (DA) and its oxidation products (see eq
2-5) exhibits a linear dependence on [(TPP)Fe!"'Cl] and zero-order depen-
dence on [NQJ. In the presence of the le” acceptor trap, 2,4,6-tri-tert-bu-
tylphenol (TBPH), and the “oxene” acceptor trap, 2,3-dimethyl-2-butene
(TME), the kinetics of the reaction are independent of [TBPH] or [TME].
Most importantly, for both the one-electron trap, TBPH, and the “oxene™ trap,
TME, the products are DA (100%) and the radical TBP- (100%) or the
2,3-dimethyl-2-butene epoxide (100%) and DA (100%). There can be only
one explanation for these experimental results. Oxygen is transferred from
the N-oxide to the iron(III)porphyrin in a rate-determining step to yield DA
and «*(TPP)Fe'VO, and the latter species is trapped by le~ transfer to yield
TBP- or oxygen transfer to yield the epoxide.

Table I. Effect of 2,4,6-Tri-tert-butyiphenol Concentration on the

Percentage Yields (Based upon the Initial Concentration of NO =

2.4 X 107 M) of 2,4,6-Tri-tert-butylphenoxyl Radical (TBP-), DA,
and MA. Concentration of (CIsTPP)Fe!'Ci Catalyst = 8.0 X 1075
M

[TBPH], M % DA % MA % TBP-.
0.03 54 44 37
0.06 60 36 48
0.15 72 28 67
0.30 78 20 79

ability reflect the ease of reduction of aliphatic amine /N-oxides
and the difficulty in the reduction of heteroaromatic amine N-
oxides.> The direct products of the reaction of (meso-tetra-
phenylporphinato)iron(I1]) chloride and a dimethylaniline /V-oxide
are an N,N-dimethylaniline and an iron(1V)-oxo porphyrin =-
cation radical (eq 1) An enzyme-bound iron(1V)-oxo porphyrin

(TPP)Fe!'Cl + dimethylaniline N-oxide = complex
complex — [TPP(Cl)Fe!YO]*. + dimethylaniline (1)

w-cation radical species (compound I) is formed on reaction of
peroxidases with hydrogen peroxide, alkyl hydroperoxides, or
percarboxylic acids.* Similar chemistry has been presumed in
tlie “Peroxide Shunt” reactions of the cytochrome P-450 enzymes.*

p-Cyano-N,N-dimethylaniline N-oxide (NO) has proven to be
a particularly useful reagent for the study of both the dynamics
of formation and reactions of higher valent iron—oxo and nmian-
ganese—oxo porphyrin species.! A detailed investigation of the
reaction of NO with (meso-tetraphenylporphinato)iron(111)
chloride has been reported.'® Under the pseudo-first-order con-
ditions of [NO] > [(TPP)Fe!'Cl], transfer of oxygen (eq 2) is
rate-determining. As shown in eq 3, 4, and 5, oxygen transfer

(3) Katritzky, A. R.; Lagowski, J. M. “Chemistry of the Heterocyclic
N-Oxides”; Academic Press: New York, 1971; Vol. 19, Chapter 3.

(4) (a) Morrison, M.; Schonbaum, G. R. 4nn. Rev. Biochem. 1976, 45,
861. (b) Dunford, H. B.; Stillman, J. S. Coord. Chem. Rev. 1976, 19, 187.

(5) Groves, J. T. Adv. Inorg. Biochem. 1979, 119.
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is followed by reaction of the generated [TPP(Cl)Fe'VO]*- with
p-cyano-N,N-dimethylaniline (DA), p-cyano-N-methylaniline
(MA), and carbinolamine. Along with DA and MA, the for-

NO + (TPP)Fe!!Cl = TPP(Cl)Fe!"NO —
[TPP(CI)Fe!YO]*- + DA (2)

DA + [TPP(Cl)Fe!YO]*. — carbinolamine-1 + (TPP)Fe!!Cl
3)

carbinolamine-1 = MA + CH,0O

MA + [TPP(CD)Fe'VO]*- — MA. + TPP(C)Fe'VO + H*
“4)

MA: + TPP(C)Fe!YO — A + CH,0 + (TPP)Fe!''Cl
2MA- — MD
2MA- — H

carbinolamine-1 + [TPP(CI)Fe!YO]*. — FA + (TPP)Fe!!C]
(5)

mation with time of the following products was monitored: p-
cyanoaniline (A), N-formyl-p-cyano-N-methylaniline (FA), N,-
N"bis(p-cyanophenyl)- N-methylmethylenediamine (MD), and
N,N’-dimethyl-N,N"-bis(p-cyanophenyl)hydrazine (H). The
percentage yields of the various products accounted correctly for
the material balance of the reaction. Multiple turnovers of the
(TPP)Fe!!Cl catalyst did not result in its destruction. The rate
constants for the various reactions of eq 2, 3, 4, and 5 were
determined by computer simulation. The calculated rate constants,
when placed into the reaction scheme, predicted the experimental
observations which included the influence of the initial [NO] and
[(TPP)Fe™Cl] on the kinetics of the reaction and the time courses
for the formation of products, product yields, and the independ-
ently determined value of the rate constant for oxygen transfer
from NO to (TPP)Fe!Cl. In summary, the foregoing kinetic study
has allowed the determination of the rate constants and products
in the oxidation of p-cyano-N.N-dimethylaniline, p-cyano-N-
methylaniline, and its formaldehyde carbinolamine by [TPP-
(CI)Fe!YO]*.. The reaction of NO with (TPP)Fe''!C] can be
employed to determine the second-order rate constants for the
oxidation of any substrate (alkylated amine, alkene, alkane, etc.)
with [TPP(C)Fe'YO]*., providing that the substrate can compete
at some concentration with DA and MA for [TPP(Cl)Fe'YO]*-.
We have investigated a series of alkenes. For example, addition
of 2,3-dimethyl-2-butene to the reaction solution results in the
formation of the corresponding epoxide, an increase in the yield
of DA, and a decrease in the yield of all other products derived
from DA. The overall turnover rate is not affected by the presence
of the alkene. Thus, the alkene competes with the amines DA
and MA for oxidation by intermediate [TPP(Cl)Fe!YO]*. As-
signment of the proper rate constant for epoxidation (eq 6) allowed
the correct prediction of the percentage yields of epoxide, DA,
MA, FA, A, H, and MD (see eq 2-5). The foregoing results

0

(CH3),C==C(CH), ELEUN . (CHy JpC—CICHy), )
+ +

(TPPCHFel YOIt (TPPIFerc)

provide encouragement to extend the study to the reaction of NO
with other iron(111) porphyrin salts in order to ascertain if it is
possible by this means to elucidate the influence of electronic,
steric, and ligand effects upon the rate constant for oxygen transfer
from NO to iron(1I1) porphyrin and upon the rate of reaction of
iron(1V)-oxo porphyrin #-cation radical with various substrates.

There is described herein a study of the reaction of NO with
[meso-tetrakis(2,6-dichlorophenyl)porphinato]iron(111) chloride
((CKTPP)Fe''!Cl). We have previously® compared the CV redox
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R = H, (TPP)Fe!llC]
R = Cl, (ClTPP)Fel!lCI

potentials of HO™ and CH,O" ligated (tetraphenylporphinato)-
and [tetrakis(2,6-dichlorophenyl)porphinato]iron(111) salts (eq
7 and 8). Both the electrochemical and kinetics studies have been

(TPP)Fe'lOMe === (TPP)Fe!V(OMe) mor2

[(TPP)Fe!VOMe]* == [(TPP)Fe!YOMe]** (7)

26V 44V
(CI,TPP)Fe"OMe === (CI,TPP)Fe!"OMe ===

[(CI,TPP)Fe!YOMe]* == [(Cl,TPP)Fe!VOMe]** (8)

carried out at 25 °C in CH,Cl,. Comparison of the potentials
of eq 7 and 8 shows that [(Cl;TPP)Fe!YOMe]*- is a better oxidant
than is [(TPP)Fe!YOMe]*- by 280 mV,

Experimental Section

[meso -Tetrakis(2,6-dichlorophenyl)porphinatojiron(III) chioride
((CIgTPP)Fe!''Cl) was synthesized by the method of Traylor et al.” and
found to be identical with the previously reported material by UV-vis
spectra,

p-Cyano-N,N-dimethylaniline N-oxlde (NO) was prepared as previ-
ously described.'d The source of all other chemicals used in this study
has been described previously.'® The solvent CH,Cl, was of the highest
purity, and its preparation has been described in a previous publication
as Grade A."¢

Kinetic Methods. All reactions have been studied in CH,Cl, solvent
at 25 °C under a dry and oxygen-free atmosphere. Kinetic procedures
have been described previously. Software based upon the method of
Gear integration was employed in conjunction with a Vax 11/750 com-
puter for the integration of the integral equations arising from the kinetic
schemes. The concentrations of reactants and products as a function of
time were generated by this means. For the plots of Figures 1, 2, and
4, the concentrations of DA and MA at given times were divided by their
respective extinction coefficients (at 320 nm) and multiplied by 0.1 to
provide the absorbance of these species in a 0.1-mm cuvette. Addition
of the absorbance values for DA and MA at given times provided the
simulated absorbances (lines) which are compared to the experimental
absorbances (circles) in Figures 1, 2, and 4. For Figure 3, the concen-
trations of the 2,4,6-tri-tert-butylphenoxyl radical [TBP-] with time were
calculated by employing the appropriate reaction sequence and rate
constants (Discussion section) and the values of [TBP:] were converted
to absorbance by using the extinction coefficient for the radical at 630
nm (400 M cm™). The simulated absorbances are plotted as the lines
in Figure 3 and compared to the experimental values (circles).

Spectra and extinction coefficients of products have been previously
reported.'d Pertinent to this study are the following: p-cyano-N,V-di-
methylaniline, €50 2.0 X 10* M7" em™, €359 6.0 X 10° M7 em™; p-
cyano-N-methylaniline, €55 2.6 X 10* M~ em™, €350 1.5 X 10° M~ em™".

Results

Reaction of [meso-Tetrakis(2,6-dichlorophenyl)porphinato]-
jron(III) Chloride ((Cl;TPP)Fe''Cl) with p-Cyane-N,N-di-
methylaniline N-Oxide (NO) Yielding p-Cyano-N,N-dimethyl-
aniline (DA), p-Cyano- N-methylaniline (MA), and CH,0. The
time course for the appearance of these products can be con-
veniently monitored spectrophotometrically at 320 nm where
absorption by the metalloporphyrin is minimal. HPLC analysis
of the reaction mixture at 280 and 320 nm gives complete material
balance and shows that the yields of DA and MA are 40% and
60% (based upon initial [NO]), respectively, at ratios of
[NO]/[(CILTPP)FeCl] of 10-100. The yield of CH,O is in-
variant at 20% based on the method of Nash.® The porphyrin

(6) Lee, W. A,; Calderwood, T. S.; Bruice, T. C. Proc. Natl. Acad. Sci.
U.S.A. 1988, 82, 4301.

(7) Traylor, P. S;; Dolphin, D.; Traylor, T. G. J. Chem. Soc., Chem.
Commun. 1984, 279.
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Figure 1. Experimental points for the the appearance of DA and MA
with time, as monitored at 320 nm which accompanies the reaction of
(CIgTPP)Fe'ICl at 8.0 X 10 M with varying concentrations of NO (the
concentrations of NO employed are (A) 8.0 X 107 M, (B) 4.0 x 107?
M, (C) 1.6 X 1073 M, (D) 8.0 X 10™* M). The lines which correlate the
experimental points have been computer-generated by simulation using
the reactions of Scheme I1 and the rate constants of Table IV.
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Figure 2. Experimental points for the change in absorbance at 320 nm
with time which accompanies the reaction of NO (7.7 X 107 M) with
(C,TPP)Fe!'Cl at varying concentrations (the concentrations of (ClgT-
PP)Fe!Cl employed are (A) 7.7 X 1075 M, (B) 3.8 X 107 M, (C) 1.5
X 107 M, (D) 7.7 X 107 14). The lines which correlate the experimental
points have been computer-generated by simulation using Scheme I and
the rate constants of Table IV with the exception of &, which varies in
the following manner: A, 3.0 X 102s7; B, 4.5 X 10257}, C, 9.0 X 1072
st D, 10.0 X 1072571,

remains intact for all the reactions described herein as evidenced
from its visible spectrum at ¢..

Under the conditions of [NO]; > [(Cl;TPP)Fe!!Cl]; and at
constant iron(111) porphyrin concentration, the overall rate of the
reaction when monitored at 320 nm does not vary appreciably
with a change in [NOJ;. The initial rate constants show an increase
with an increase in [NO]; (Figure 1). Changes in the iron(Il])
porphyrin concentration result in an appreciable change in the
overall rates of product formation (Figure 2). In Figures I and
2, the points are experimental and the lines are computer-generated
as best fits of the preferred reaction sequence (Discussion section).

Oxidation of 2,4,6-tri-tert-butylphenol (TBPH) in the presence
of NO catalyzed by (CIsTPP)Fe!!Cl was followed at the A, of
the phenoxyl radical (TBP-) at 630 nm (¢g30 4.0 X 10> M~! cm™),
and the percentage yields of products were determined at the
completion of the reaction (Table 1). Examination of Table |
shows that an increase in [TBPH]; is accompanied by an increase
in the yield of TBP- and DA and a decrease in the yield of MA.
These results find ready explanation in the sense of eq 9 which
shows a means for competition of TBPH with DA for the higher
valent iron—oxo porphyrin w-cation species. At the highest con-

(8) Nash, T. Biochem. J. 1953, 55, 416.

Dicken et al.
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Figure 3. Spectral time course for the oxidation of TBPH monitored at
Amax = 630 nm for the radical TBP-. In these experiments, the [NO]; and
the [(Cl;TPP)FellCl]; have been maintained at 2.4 X 107 and 8.0 X 107
M, respectively. The concentrations of TBPH are as follows: A, 0.30
M; B, 0.15 M; C, 0.06 M; D, 0.03 M. The experimental points have been
fitted with computer-generated lines by employing the reactions of
Scheme IT and eq n—q with associated rate constants as discussed in the
manuscript.

Table II. Oxidation of Alkenes by NO Catalyzed by (Cl;TPP)Fel!'Cl
and (TPP)Fe!'Ci

% yield of epoxide?
substrate (ClsTPP)Fe!!'CI (TPP)Fe!ICI catalyzed

= 25 90

O 34 45

0 36
Ph  Ph 0 29
Ph 0 17
/:/
Ph

2GC yields are based on [NO]J,.

centration employed, the TBPH has yet to trap all the higher
valent iron—oxo porphyrin =-cation species (Table I).

(CI,TPP)Fe''C] + NO — [CI;TPP(Cl)Fe!VO]*. + DA

[ClTPP(CI)Fe!YO]*. + DA —
(CIsTPP)Fe''ICl + MA + CH,0

[CIsTPP(Cl)Fe!YO]*- + 2TBPH — (ClgTPP)Fe!''Cl + 2TBP-
%)

In Figure 3 there is shown the change in 4¢3, with time that
accompanies the reactions of Table 1. Examination of Figure 3
shows that the presence of TBPH has no effect on the rate of the
overall reaction. The points in Figure 3 are experimental and the
correlation lines computer-generated through the use of a com-
petent reaction sequence (see Discussion section).

Reaction of NO (2.7 X 10~} M) with (Cl;TPP)Fe"!Cl (8.0 X
107° M) in the Presence of a Number of Alkenes (1.0 M). The
percentage yields of epoxides (determined by capillary GC (see
Experimental Section)) are given in Table 11 and compared to
those obtained with (TPP)Fe!!Cl as the catalyst.!® From Table
11, (TPP)Fe™Cl is seen to be the better catalyst. In fact, with
(ClsTPP)Fe™Cl, only cyclohexene and 2,3-dimethyl-2-butene
(TME) show any ability to compete with the demethylation re-
action of DA to yield MA. The percentage yields of TME-epoxide,
DA, and MA obtained when TME is employed as a substrate are
provided in Table 1I1. The addition of TME as a substrate has
little effect on the kinetics of the turnover reaction of NO with
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Table III. Effect of 2,3-Dimethyl-2-butene (TME) on the Product
Yields in the (CI;TPP)Fe!'CI (8.0 X 107* M) Catalyzed
Decomposition of NO (2.7 X 107 M)

[TME],, M % DA % MA % TME-epoxide
36 60
0.01 36 S8 1
0.10 44 54 6
1.00 51 46 24

the iron(111) porphyrin except at its highest concentrations where
the rate becomes slightly slower (Figure 4).

Equilibrium Constants for the ligation of picoline N-oxide
(PNO) with (CI;TPP)Fe''Cl were approximated by the visible
spectral techniques of Walker and co-workers.” Picoline N-oxide
has been employed since it is unable to transfer its oxygen to the
iron(111) porphyrin. The equilibrium binding of PNO was followed
at 510 nm where an «,8 absorbance band of the iron(111) por-
phyrin disappears upon its complexation. The approximated
equilibrium constants of eq 10 and 11 were calculated to be 70
M™" and 830 M2, respectively. Though useful in the determi-

K
(CIgTPP)Fe!'Cl + PNO — CI,TPP(Cl)Fe"'PNO (10)

8
(CI,TPP)Fe"'Cl + 2 PNO == [(CI;TPP)Fe!"'(PNO),]*CI-
(11)

nation of the propensity of metalloporphyrins to complex one and
two axial ligands (8,/K, = 10), the implicit assumption is made
in Walker’s derivation that the extinction coefficient for the 1:1
complex is similar to the extinction coefficient for the 2:1 complex.
This may or may not be so. The inability to determine the ex-
tinction coefficient of the 1:1 complex warrants the use of this
method.

Discussion

The reaction of p-cyano-N,N-dimethylaniline N-oxide (NO)
with [meso-tetrakis(2,6-dichlorophenyl)porphinato]iron(111)
chloride ((CIsTPP)Fe™Cl) (25 °C, CH,Cl, solvent, anaerobic)
provides as products p-cyano-N,N-dimethylaniline (DA), p-
cyano-N-methylaniline (MA), and formaldehyde. The iron(111)
porphyrin is not consumed. The percentage yields of the products
and the dynamics for MA and DA formation have been deter-
mined at various concentrations of both NO and iron(111) por-
phyrin salt. Formation of DA and MA with time was followed
spectrophotometrically at 320 nm where absorbance of the
iron(111) porphyrin salt is minimal. Computer fitting of the
experimentally determined changes in A3, with time has been
carried out by using various assumed reaction schemes and the
extinction coefficients of DA and MA at 320 nm. The most
simplistic reaction sequence is provided in Scheme | (where CAl
is the carbinolamine of MA with CH,0). In Scheme 1, axial

Scheme 1

k
(CIsTPP)Fe''Cl + NO == CI;TPP(CDFe"'NO  (a)

k
CI;TPP(Cl)Fe""NO —> [CI,TPP(C])Fe!VO]*. + DA (b)
k.
[CI,TPP(C)Fe!VO]*- + DA —> (CI;TPP)Fe!''iCl + CAl (c)

k
CAl == MA + CH,0 (d)
—d
k!
[CI,TPP(C))Fe'YO]* + CH,0 —
(CIgTPP)Fe'Cl + HCO,H (e)
complexation of NO by iron(111) porphyrin (eq a) is followed by

the rate-determining oxygen transfer (eq b) to generate an
iron(1V)—oxo porphyrin w-cation radical and DA. There then

(9) Walker, F. A.; Lo, M.-W.; Ree, M. T. J. Am. Chem. Soc. 1976, 98,
5552,
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follows the oxidation of DA to CAl, dissociation of CAl to MA
and formaldehyde, and oxidation of formaldehyde.

Unlike the reaction of (TPP)Fe''Cl with NOQ, we were not able
to completely trap the iron(1V)-oxo octachloroporphyrin #-cation
radical (eq b) and thereby determine independently the rate
constant for the commitment step of oxygen transfer from NO
to iron(111) octachloroporphyrin. Each of the plots of Aj,q vs.
time with change in the initial concentration of NO ([NOJ;)
(Figure 1) could be fit by using the reaction sequences of Scheme
1 if iteration of the rate constants for each of the kinetic plots were
carried out separately. In each instance, it was necessary that
the equilibrium constant k,/k_, be such that the iron(111) por-
phyrin catalyst be saturated in NO through most of the time course
for the reactions. Since the apparent rate constants, k,/k_, and
ky, were [NO];-dependent, in going from plot to plot, Scheme |
does not provide a unifying rate law. A plot of the &, values vs.
[NO]; was found to be linear. Thus, the reaction is at least
partially second-order (slope of plot) in [NO],, With this in mind,
the rate-determining steps may be taken to involve decomposition
of both the mono and bis complexes ClyTPP(Cl)Fe'''NO and
CI; TPP(NO)Fe'"NO. From our experience in generating the
simulations with Scheme 1, formation of CI;TPP(Cl)Fe!"NO must
be exergonic at the concentrations of NO employed. Saturation
of the catalyst by formation of the mono NO ligated complex and
the role of a bis complex in the product formation have been
incorporated into Scheme 11. (In the sequence of reactions in
Scheme 11, each step pertains to the rate-controlling process and
not to convey, necessarily, the mechanism of the reaction. Thus,
reactions ¢ and g likely occur by rate-controlling electron ab-
straction followed by proton transfer from carbon.)

Scheme 11
(ClgTPP)Fe!'Cl + NO = CI,TPP(Cl)Fe'"NO (a)
CI;TPP(Cl)Fe'"'NO — [CI;TPP(C1)Fe!YO]*- + DA (b)
[CI;TPP(CI)Fe!VO]*- + DA — [CI;TPP(Cl)Fe!YOH] + DA.
(©
[CI,TPP(Cl)Fe!YOH] + DA. — (CI,;TPP)Fe!!Cl + CAl (d)
CI; TPP(CI)Fe"'NO + NO = CI;TPP(NO)Fe''NO + Cl- (e)
CI;TPP(NO)Fe!™NO — [CI;TPP(NQ)Fe!YO]*. + DA (f)

[CI;TPP(NO)Fe'VOJ* + DA —
[CI;TPP(NO)Fe!VOH] + DA- (g)

[Cl,TPP(NO)Fe!'YOH] + DA. — (Cl,TPP)Fe!"'NO + CAl
(h)
CAl = MA + CH,0 @)

[CI,TPP(C])Fe!VO]*. + CH,0 —
(CL,TPP)Fe''Cl + HCOOH (j)

[Cl,TPP(NO)Fe!VO]* + CH,0 —
(CI;TPP)Fe!''NO + HCOOH (k)

The following assumptions and restrictions were employed in
arriving at the rate constants for the reactions of Scheme 11: (i)
The rate constants for the le™ oxidation of DA by the two iron-
(1V)-oxo porphyrin w-cation radical species have been assumed
to be equal (k. = k,); (ii) The rate constants for the oxidation
of CH,O by the two iron(1V)-oxo porphyrin =w-cation radical
species are taken as equal (k; = ky); (iii) The equilibrium constant
for dissociation of carbinolamine to MA and CH,O is taken as
that determined in a previous study (k;/k_; = 10/130 to 1 X
108/1.3 X 10° M; any value in this range is suitable); (iv) The
rate constants for le™ oxidation of DA- by both iron(IV)-oxo
porphyrin species are taken as diffusion-controlled as before (k4
=k, = 10° M s). Determination of unassigned rate constants
was carried out by iteration. The value of k,/k_, must be large
enough to provide sufficient “zero orderness™ to the plots of A4y
vs. time. This requires a value for k,/k_, that is approximately
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Figure 4. Experimental points for the change in absorbance at 320 nm
with time due to the formation of DA and MA on reaction of NO (2.7
X 107 M) and (CI;TPP)Fe'!'Cl (8.0 X 107 M) in the presence of TME
where the concentration is (A) 1.00 M, (B) 0.10 M, (C) 0.01 M, and (D)
not present during the reaction. The lines which correlate the experi-
mental points have been computer-generated from Scheme II and eq |
and m as discussed in the manuscript.

Table IV. Rate Constants Employed To Fit the Experimental Points
of Figure 1 (Using Scheme II) which Shows the Dependence of
Kinetics and Product Yields on [NOJ; at [(ClsTPP)Fel!CI] = 8.0 x
10° M

k,/k_, 1.0 X 105/10.0 M™!

b 40 % 1072 57!
ke =k, 34 X 105 M 57!
kg = ky 1.0 X 10° M s
ke/k_, 1.5 X 103/10.0

f 047 s
ki/k_, 1.0 X 10%/1.3 X 10* M
ki =k, 4.4 X 10 M5!

100 times greater than that found for the complexing of picoline
N-oxide. Apparently, heteroaromatic N-oxides do not bind as well
to iron(111) porphyrins as do dimethylaniline N-oxides. Other
portions of the plots are shaped by the choice of the values of &y,
k./k_., and k;. The correct percentage yields of DA, MA, and
CH,O0 are set by the correct choice of k.:k;. Successful curve
fitting is dependent upon the setting of the values of k. = k; and
k; = k, at some minimal set in order to obviate the prediction of
a lag phase in the increase of A3,, with time (since none is seen
experimentally). Increasing the values of k., kg, k;, and &, beyond
their assigned minimal values has no influence upon the fitting
of the experimental data. These constants pertain to the oxidations
carried out by the iron(1V)-oxo porphyrin w-cation species. Since
these reactions follow the rate-determining step (transfer of an
oxygen from N-oxide to iron(111) porphyrin), their rate constants
cannot be assigned an absolute value without discrete charac-
teristics of the dynamics for the formation of products. The lack
of an experimentally detectable lag phase in product formation
allows the setting of their values at a minimum but no information
is provided in the dynamics of product formation which allows
the setting of maximum values.

The constants of Table 1V have been employed with Scheme
11 to generate the lines which correctly correlate the experimental
points of Figure 1 for the dependence upon [NOJ; of DA and MA
appearance with time. None of the constants of Table IV exhibit
a dependency upon [NO];, and the experimental Kinetic points
are fit within the accuracy of the spectrophotometer to the com-
pletion of reaction (10-100 turnovers of iron porphyrin catalyst).
Scheme II is, therefore, a competent expression of the reaction
insofar that its use provides a correct correlation of the time
course for DA and M A formation and yields of DA, MA, and
CH,0 when [NO); is varied at a particular concentration of
(ClgTPPYFe™'Cl (8 X 107° M). In Table 1V, k./k_, for the
formation of the bis NO complex has been simulated as 100 times
less than k,/k_, for the formation of the mono NO complex. It
has been determined experimentally (Results section) that the
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Table V. Effect of [NO]; on the Oxidation of DA and CH,0 by a
Bis Complex vs. a Mono Complex (Initial Concentration of
(CI,TPP)FelIC] = 8.0 X 1075 M)

[NOJ, M [[CKTPP(NO)Fe"O]*] s/ [[CIsTPP(CFe'VO) ]
8.0 x 107 23.14
4.0 x 103 9.88
1.6 X 107 3.46
8.0 x 107 2.26

Table VI. Effect of [(CisTPP)Fe!!Cl]; on the Oxidation of DA and
CH,0 by a Bis Complex vs. a Mono Complex (Initial Concentration
of NO = 7.7 X 107* M)

[[CsTPP(NO)Fe'YOI*] .,/

[(CITPP)Ee"ICl],, M [[Cl,TPP(Cl)FeO]*],.,

7.7 X 1078 1.93
38 x 107 0.63
1.5 X 10°¢ 0.31
7.7 X 1076 0.29

formation of the bis complex with picoline N-oxide (PNO) is 5
times less than that for the formation of the mono PNO complex.
Thus, though complexing of NO as an axial ligand is greatly
favored over the complexing of PNO to yield monocomplexes (loc.
cit.), the equilibrium constants for complexing of the second NO
or PNO moieties differ by less than an order of magnitude.

The influence upon the kinetics in changing the concentration
of the (ClyTPP)Fe!"'Cl catalyst at a constant initial concentration
of NO (7.7 X 10™* M) is shown in Figure 2. The experimental
points of Figure 2 have been fit by computer-generated lines using
the reaction sequence of Scheme 11 and, with the exception of &,
the constants of Table 1V. In order to fit the experimental points
of Figure 2, it has been necessary to allow k, a dependence upon
iron(111) porphyrin concentrations:

[(CI,TPP)FeM'CI);, M ky, 57!
7.7 X 1076 10 X 1072
15 % 107 9.0 X 1072
38 X 107 4.5 X 1072
77 X 107 3.0 x 1072

The increase in ky, of ~3-fold on decrease of the iron(111) por-
phyrin concentration by 10-fold reflects a modest increase in rate
and a greater “zero-order character” in the change of A;,, with
time on a decrease in catalyst concentration. This may reflect
stabilization of the CI;TPP(Cl)Fe"'NO species or destabilization
of the transition state for the oxygen-transfer step caused by
self-association of the CI;TPP(Cl)Fe!"NO moiety.

The importance of the mono and bis /V-oxide complexes in the
generation of iron(1V) porphyrin w-cation species as a function
of [NOJ; is seen in Table V. Increasing the [NO]; by 10-fold
causes the ratio of [[ClyTPP(NO)Fe!VO]*-],.../ [[CIsTPP(CI)-
Fe!VO]*-],max to increase by over 10-fold. The concentrations of
NO considered in Table TV are those employed in the experiments
of Figure 1. The maximum concentrations of Cl~ and NO-ligated
iron(1V)—-oxo porphyrin #-cation radicals generated during the
reaction were determined by simulation from Scheme 11 employing
the appropriate rate constants. The bis N-oxide complex is seen
to play a major role in the overall rate of reaction at the higher
turnovers of the catalyst. The importance of the reaction path
through the bis complex also becomes more important on in-
creasing [(ClgTPP)Fe!!Cl]; (Table V1). However, the effect is
not as great since a 10-fold change in the initial porphyrin con-
centration corresponds to a ~6-fold change in the ratio of
[[Cl,TPP(NO)Fe'YO]* ],/ [[Cls TPP(C)Fe'VOI *+] .

When 2,3-dimethyl-2-butene (TME) is included in the reaction
mixture, the ratio of DA/MA products is increased, and ep-
oxidation of the alkene occurs (Table 111). This reflects the
deflection of the iron(IV)—oxo porphyrin =-cation radical species
from DA oxidation, yielding MA, to epoxidation of alkene. In
all cases, the sum of [HCOOH] + [MA] + [TME-oxide] products
equals the oxidizing equivalents of NO employed. Figure 4 shows
the increase in absorbance with time on reaction of NO (=2.4 X
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Table VII. Percentage Yields of Products Predicted by Computer
Simulation for the Decomposition of NO (=2.4 X 107 M) Catalyzed
by (ClgTPP)Fel!ICl (=8.0 X 1075 M) in the Presence of TME

% yields based on [NOJ;

[TME];, M DA MA TME-epoxide
0 40 60 0
0.01 40 59 i
0.10 42 58 6
1.0 54 46 28

1073 M) with (CIgTPP)Fe!C] (=8.0 X 107 M) in the presence
of varying concentrations of TME. For computer fitting of the
experimental points of Figure 4, Scheme 11 was amended by the
addition of eq ] and m. In order to obtain the correct ratio of

k
[CI,TPP(C])Fe'VO]* + TME —»
(CI,TPP)Fe''Cl + TME-oxide (1)

km
[CI,TPP(NO)Fe!VOJ*. + TME —>
(CIsTPP)Fe!''Cl + TME-oxide (m)

the products (TME-epoxide:DA:MA:CH,0), k; and k, were set
relative to k. and k;. Values of & = ky, equal to 102 M~! s™! were
found to serve this purpose. The iterative process established that
best fits were obtained when k, was allowed to change somewhat.
The value of k; required adjustment also but only at the highest
concentration of TME:

[TME];, M ky, s7! ki s
0 5.0 x 1072 0.47
0.10 2.5 x 1072 0.47
0.10 3.0 X 1072 0.47
1.0 2.0 X 1072 0.28

The values of k, and k;at [TME] = 1.0 M may presumably be
attributed to a change in the nature of the CH,Cl, solvent with
such a high hydrocarbon content. Since k, = (3.5 % 1.0) X 1072
s and k; shows no variation from 0.47 s}, Scheme 11, with the
rate constants of Table 1V (plus eq 1 and m with k; = k, = 10?
M1 57!y is kinetically competent for the epoxidation of TME by
NO as catalytzed by (ClyTPP)Fe!™Cl. The simulated percentage
yields of products are provided in Table VIl. These data compare
most favorably to the experimentally determinined percentage
yields which have been shown in Table 11].

1t was an intention to employ 2,4,6-tri-tert-butylphenol (TBPH)
as a trap for the iron(1V)-oxo porphyrin w-cation radical species
generated on oxygen atom transfer from NO to (CI;TPP)Fe!!Cl.
This hope was dashed on finding that not all high valent iron-oxo
porphyrin species could be trapped at the highest concentration
of TBPH that could reasonably be employed (Table 1). When
the reactions of Scheme 1] are amended by addition of eq n, o,
p, and q, the appearance of TBP- with time (monitored at 630
nm) can be fitted. In order to do so, the rate constants of Table

kn
[CIsTPP(C])Fe!VO]*- + TBPH —
CI;TPP(CI)Fe!YOH + TBP- (n)

k
CI,TPP(Cl)Fe'VOH + TBPH —»
(CI;TPP)Fe!'Cl + TBP- + H,O (o)

k
[Cl,TPP(NO)Fe!VO]*. + TBPH —»
CI;TPP(NO)Fe!VOH + TBP- (p)

k
CI,TPP(NO)Fe!VOH + TBPH —»
(CI,TPP)Fe!'NO + TBP- + H,0 (q)

1V, with the exception of ky, and k;, were used. The values of &,
ko, k,, and k, were set equal to 5.2 X 10° M s™! to provide the
correct yields of the radical TBP- as well as DA and MA. When
employing Scheme 11 plus eq n, o, p, and q with their associated
constants to fit the experimental data of Figure 3, it is found that
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Table VIII. Percentage Yields of Products which Correspond to the
Simulated Time Course (Figure 3) for Oxidation of
2,4,6-Tri-tert-butylphenol by NO (=2.4 X 1073 M) in the Presence of
(CIsTPP)Fe!'!ICi (=8.0 X 107° M)

% yields
[TBPH], M DA MA TBP-
0.03 58 42 37
0.06 62 38 48
0.15 74 26 67
0.30 83 17 79

it is necessary to assume that an increase in [TBPH], increases
the rate constant for decomposition of the CI;TPP(Cl)Fe''!NO
complex (k,) and decreases the rate constant for decomposition
of the ClyTPP(NO)Fe"'NO complex (k).

[TBPH], M ky, s7! ke, 57
0 5.0 X 1072 0.47
0.03 5.0 X 1072 0.47
0.06 4,0 X 1072 0.38
0.15 7.0 X 1072 0.35
0.30 7.5 X 1072 0.32

The fits of the experimental data points of Figure 3 can also be

made by employing the constants of Table 1V along with those

for k,, k,, ky, and kg if it is assumed that TBPH is a catalyst for

decomposition of the mono N-oxide complex (as in eq r).
KITBPH]

CITPP(Cl)Fe"'NO [CIsTPP(C])Fe!'YOl*- + DA

(r)

The values of ky, k;, and k. employed to generate the lines of Figure
3 are

{TBPH];,, M ky, s7! ke, 57 k,, M~ g7
0 5.0 X 1072 0.47
0.03 5.0 x 1072 0.47 5.0 x 1072
0.06 4.0 X 1072 0.35 4.0 X 1072
0.15 5.0 x 1072 0.40 5.0 x 1072
0.30 5.0 x 1072 0.40 5.0 x 1072

By either means of fitting, TBPH provides a very modest increase
in the rate of decomposition of the mono N-oxide complex as
compared to the rate of decomposition of the bis N-oxide complex.
These changes amount to only a few hundered calories/mole in
free energies of activation and may be considered as trivial. The
reaction sequence of Scheme 11, plus eq n, o, p, and q, is deemed
competent to explain the oxidation of TBPH. The percentage
yields generated by simulation are shown in Table VIII. Com-
parison of the predicted percentage yields to the experimentally
determined yields of products (Table 1) shows near identity.
When comparing the rates of reactions of [TPP(X)Fe'YO]*-
and [Cl;TPP(X)Fe!YO]*- with a given substrate, one must take
into consideration that the latter should be a much better oxidant
(as shown by electrochemical data, eq 7 and 8) but that approach
to either the oxo ligand (for epoxidation or electron transfer) or
to the porphyrin ring structure (for electron transfer) is sterically
hindered by the eight chloro substituents. The lessened ability
of TBPH to trap (by electron-transfer oxidation) the iron(I1V)
octachloroporphyrin w-cation species, when compared to the re-
action when using (TPP)Fe!Cl as the catalyst, may be attributed
to this steric hindrance. Steric hindrance of the approach of TBPH
to the iron(1V)-oxo ocatachlorotetraphenylporphyrin =-cation
radicals must be greater than that for approach of DA. The
oxidations of TBPH and DA are le -transfer processes and thus
differ from the epoxidation of alkenes. It is yet to be determined
whether le™ oxidation or epoxidation is most affected by a decrease
in the electron density of the porphyrin ligand brought about by
substitution with electronegative substituents. That the rate
constant for oxidation of DA should be greatly increased due to
the electron withdrawal of the octachloro substituents can be
appreciated by consideration of the differences in the standard
free energies (kilojoule/mole) of oxidation of DA. From a
knowledge of the potentials for the le™ reductions of [TPP(Cl)-
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Fe!'VO]* and [C;TPP(CI)Fe'YO]*- (eq 7 and 8) and the le”
reduction of DA*- (1.45 V), one can calculate the standard free
energies for DA oxidation by the iron(1V)~oxo porphyrin =-cation
radicals.

[TPP(Cl)Fe!OJ* + DA —— =2 TPP(Cl)Fe'VO + DA™
(12)

[CI;TPP(CI)Fe!VO]*. + DA ——2,
CI,TPP(C)Fe!VO + DA* (13)

Allowable Comparisons of the Dynamics for the Reaction of
p-Cyano-N,N-dimethylaniline N-Oxide with (TPP)Fe!"'Cl and
(CL,TPP)Fe'!Cl. Oxygen transfer from NO to (TPP)Fe!!CI
follows an endergonic complexation of reactants and is clearly
rate-determining in the turnover of the catalyst. Oxygen transfer,
under the concentrations employed (similar to the present study),
involves only the mono N-oxide iron(111) porphyrin complex. The
intermediate [TPP(Cl)Fe!YO]™*- species is trapable with either
TBPH or TME. The formation of [TPP(CI)Fe!VO]*- follows the
first-order rate law, and the computed second-order rate constant
for the oxygen-transfer reaction is a product of the separately
undeterminable constants for complexation of (TPP)Fe!!Cl by
NO and the intracomplex oxygen transfer to yield [TPP(CI)-
Fe!YO]*. plus DA. On the other hand, oxygen transfer from NO
to (CI;TPP)Fe'Cl involves both a mono and a bis N-oxide
complex with the iron(111) porphyrin. The formation of the mono
complex is exergonic, and the catalyst is saturated with NO
through much of the time course for the reaction. The equilibrium
constant for formation of the monocomplex has been computed
but that for bis complex formation is unavailable since this process
is unfavorable at the concentrations of iron(111) porphyrin and
NO employed. With these considerations in mind, it is obvious
that the values of the equilibrium constants for NO complexation
by (TPP)Fe!!Cl and (CI;TPP)Fe!'!Cl cannot be compared nor
can the rate constants for intracomplex oxygen transfer with
TPP(CI)Fe'"NO and Cl;TPP(Cl)Fe'"NO or Cl;TPP(NO)Fe'NO.
Comparison of the products of the complexing constant (k,/k_,)
and first-order rate constants for oxygen transfer (k,) can be made:

(ka/k—a)s (kakb/k—a)s
M! ky, 57! M5!
NO + (TPP)FelCl 5-7
NO + (CI,TPP)Fe!IC] 1 x 10* 4 x 1072 4 x 10?

The overall rate constant (k,k,/k_,) for oxygen transfer is in-
creased 100-fold by the octachloro substitution.

The only products formed in the case of the decomposition of
NO by (CI;TPP)Fe''Cl are DA and MA. When (TPP)Fe!!Cl
is employed as the catalyst, four additional products are also
obtained: N-formyl-p-cyano-N-methylaniline (FA), p-cyanoaniline
(A), N,N"bis(p-cyanophenyl)- N-methylmethylenediamine (MD),
and N,/V-dimethyl- N,N"“bis(p-cyanophenyl)hydrazine (H). This
result suggests that oxidations of DA and CH,O by [CIyTPP-
(C)Fe!YO]* and [C;TPP(NO)Fe!VO]*. are so much more facile
than their oxidation by [TPP(CI)Fe!VO]*- that no further oxi-
dations of MA or CAl to yield the other four products are seen
when (CI;TPP)Fe!'Cl is the catalyst. Comparison of the potentials
for [(ClsTPP)Fe'YOMe]* and [(TPP)Fe!YOMe]™ establishes the
former to be a stronger le” oxidant by 280 mV (eq 7 and 8). The
rate constants for the cascade of oxidations carried out by
[TPP(CI)Fe!YO]*- could be obtained by simulation even though
these steps occur after the rate-limiting oxygen-transfer reaction.
As in the present study, the ratios of the products dictate the ratios
of the rate constants for product-forming steps. The maximum
values of these rate constants were set by the observation of lag
phases in product formation and the minimum values by the known
constant for the rate-determining step. In the instance of the
[CITPP(C1)Fe!VO]*- oxidations, there could only be set minimum
values for the rate constants based on the fact that product for-
mation was not accompanied by a lag period. A comparison of
the rate constants for the oxidation of DA and CH,O by [TPP-
(ClYFe'VOJ*- to the determined minimum values of these constants
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for [ClgTPP(CI)Fe!VO]-* is informative:
[TPP(C1)Fe!YO]* + DA 3.0 X 102 Mg
[CI,;TPP(CI)Fe!VO]*- + DA
[TPP(C)FeVO]* + CH,0
[CI;TPP(CI)Fe!VO]* + CH,0 4.4 X 10° M™' 5! (minimal)

3.4 X 10° M s7! (minimal)
1.5 X 103 M 57!

The octachloro-substituted iron(l1V)-oxo tetraphenylporphyrin
w-cation radical is minimally 1000-fold better an oxidant for DA
oxidation and 300-fold better for CH,O oxidation. Octachloro
substitution of the iron(IV)-oxo porphyrin =-cation radical pro-
vides a minimal increase in the rate of TME epoxidation of 4-fold:

[TPP(Cl)FeVOJ*- + TME 25 M5!

[ClgTPP(Cl)Fe!YO]* + TME 100 M~ s7! (minimal)

As with (TPP)Fe"'Cl catalysis, it was our hope that we might
be able to assign second-order rate constants to the epoxidation
of alkenes by (Cl;TPP)Fe'Cl. This has not been possible. Since
ki and k., are set relative to K, and k; and the latter constants are
minimal, the constants k; and k,, are also minimal. Thus, as long
as k., k,, k;, and k, are maintained at the proper ratios to provide
the correct product ratios, they may be increased beyond their
given minimum values until the largest constant becomes diffu-
sion-limited without affecting the fits of the kinetic plots. The
second-order rate constants for the epoxidation reactions cannot,
therefore, be given as other than minimal values.

Finally, even though the ability of [CI;TPP(CI)Fe!VO]*- to
epoxidize the alkenes in Table 11 is much greater than that of
[TPP(CIl)Fe'VO]*-, higher yields of epoxidation are obtained when
employing (TPP)Fe'Cl as the catalyst. This result is due to the
fact that the ratios of the rate constants for DA and CH,0
oxidation to the rate constants for TME oxidation are 3.4 X 10%/1
and 4.4 X 10%/1, respectively, when the catalyst is (ClsTPP)Fe"'Cl
while when the catalyst is (TPP)Fe!!Cl, these ratios are 12/1 and
60/1, respectively. Thus, in comparing the oxidative selectivity
of the iron(IV) porphyrin =-cation radicals generated from
(CI;TPP)Fe!Cl and (TPP)Fe!'Cl, one notices that the octachloro
species is 300 times more selective toward DA oxidation as com-
pared to TME epoxidation and about 70 times more selective
toward CH,O oxidation as compared to TME epoxidation. Em-
ploying reactions | and m for cyclohexene epoxidation, one can
calculate relative rate constants for cyclohexene epoxidation by
[CIgTPP(Cl)Fe!YO]*. and [CIyTPP(NO)Fe!YO]*.. From these
calculations, cyclohexene epoxidation is 1.6 times as fast as TME
epoxidation. In the case of (TPP)Fe™Cl, TME is epoxidized twice
as fast as cyclohexene. cis- and trans-stilbene and norbornylene
do not compete with DA as substrates for the iron(1V)-oxo
octachlorotetraphenylporphyrin w-cation radical. This is not so
with the iron(1V)-oxo tetraphenylporphyrin r-cation radical.
These results establish the role of steric hindrance in the ep-
oxidation of alkenes by the iron(1V) porphyrin w-cation radicals
generated from (Cl;TPP)Fe!'Cl.

By far and away the most effective porphyrin-based epoxidation
system has been reported by Traylor and co-workers.!® Their
system consists of (Cl;TPP)Fe"'Cl and pentafluoroiodosylbenzene
in a solvent of CH,Cl, containing 18% CH,OH and 2% H,0. The
actual oxygen-transfer agent is proposed to arise via reaction of
the alcohol with iodosylbenzene as shown in eq 14. Oxygen

OH
R—I—0 + HOR" ——= R—1 (14)

OR’
transfer is suggested to occur by way of the mechanism in eq 15.
The oxo species of eq 15 is presumably identical with [ClyTPP-

(C)Fe!VO]*- of this study. A rather amazing feature of the
Traylor system is that there is no apparent steric effect in the

(10) Traylor, T. G.: Marsters, J. C.. Jr.: Nakano. T.: Dunlap, B. E. J. Am.
Chem. Soc.. in press.
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C/I—R I—R
b _ g
1
— fe— —= —Fe— —= —Fe*— + RI + RO"

(15)

epoxidation reaction. That we find that it is necessary to involke
a steric effect when using NO as the oxygen transfer agent suggests
that in the case of oxygen transfer from NO to (ClyTPP)Fe!'Cl,
subsequent DA oxidation has very little steric requirement, and
for this reason, DA oxidation competes most successfully with
bulky arenes for the [CI;TPP(Cl)Fe'YO]*- species. In Traylor’s
experiments, the steric effect would be of little importance because
the [CI;TPP(C1)Fe'YO]*- is generated in the absence of all oxi-
dizable substrates except for added alkene. When using either
NO or pentafluoroiodosylbenzene, the rate-limiting step is oxygen
transfer with substrate oxidation being much faster. In sucha
situation, the ratios of products formed are dependent upon the
rate constants for the added substrate reacting with [ClgTPP-
(Cl)Fe!YO]™*.. Examination of molecular models for (CI;TPP)-

Fe'"'C] and the X-ray data for ((MeO);TPP)H," in conjunction
with what would appear to be the most reasonable transition-state
geometry for epoxidation'? suggests that steric hindrance should
be encountered when employing (ClyTPP)Fe!!Cl as the catalyst.
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Influence of Nitrogen Base Ligation and Hydrogen Bonding on
the Rate Constants for Oxygen Transfer from Percarboxylic
Acids and Alkyl Hydroperoxides to
(meso-Tetraphenylporphinato)manganese(I111) Chloride
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Abstract: Equilibrium constants for axial ligation of imidazole (ImH), N-methylimidazole (N-Melm), 4’-(imidazo-1-yl)-
acetophenone (NAcPhIm), 2,6-lutidine (2,6-Py), and 3,4-lutidine (3,4-Py) with (meso-tetraphenylporphinato)manganese chloride
((TPP)Mn™Cl) have been determined. The rates of oxygen atom transfer from percarboxylic acids and alkyl hydroperoxides
(YOOH) to the manganese(III) porphyrin in the presence of varying concentrations of the nitrogen bases were determined.
For this purpose, 2,2-diphenyl-1-picrylhydrazine (DPPH) was employed as a trap for the generated higher valent oxo-manganese
porphyrin species. From the equilibrium and kinetic data, there was then calculated the second-order rate constants for oxygen
atom transfer from YOOH compounds to the species (TPP)Mn!!'Cl, TPP(C)Mn!"'N, and TPP(C)Mn"!N, (where N = ImH,
N-Melm, and 3,4-Py). Only the percarboxylic acids exhibit measurable rate constants for oxygen transfer to (TPP)Mn"!C],
whereas alkyl hydroperoxides and percarboxylic acids transfer oxygen to the TPP(CI)Mn'"!N species. Of the species TPP-
(CMn!"IN,, reaction with YOOH compounds is seen only when N is imidazole. This is attributed to an equilibrium of the
unreactive bis axially ligated TPP(Cl)Mn'"!(ImH), with the reactive isomeric mono axial-ligated complex Cl~H~Im--H-
Im--Mn"!'TPP. Nitrogen base ligation of (TPP)Mn!"'Cl provides minimally a 10* increase in the rate constants for oxygen
transfer in methylene chloride. Linear free-energy plots of the log of the second-order rate constants for oxygen transfer from
YOOH vs. the pK, of YOH establish that 8,, for oxygen transfer in which heterolytic O-O bond scission is rate-determining
is large and negative. The value of 8,, when oxygen transfer involves rate-determining homelytic O-O bond scission is small
and negative.

Sligar and co-workers have successfully demonstrated the re-
constitution of P-450.4» With manganese protoporphyrin 1X with
retention of enzyme activity.! Model studies of P-450 and
peroxidase have been focused on the investigations with manganese
porphyrins, as well as iron porphyrins. A puzzling observation
which has received much attention is that though manganese(111)
porphyrin salts are good catalysts for oxidations with iodosyl-
benzene and percarboxylic acids, they are not reactive with alkyl
hydroperoxides.>> We have recently shown that the lack of
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reactivity of (TPP)Mn"!Cl with alkylhydroperoxides in benzo-
nitrile is due to the very great sensitivity of the oxygen transfer
to the acidity of the leaving group (YOH), eq 1.° On the other

(TPP)Mn"!Cl + YOOH — TPP(C)MnYO + YOH (1)

hand, the reactivity and stereoselectivity of manganese(11l)
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