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The epoxidation of cyclooctene catalyzed by iron(III) [tetrakis(pentafluorophenyl)] porphyrin chloride [(F20TPP)FeCl]
was investigated in alcohol/acetonitrile solutions in order to determine the effects of the alcohol composition on the
reaction kinetics. It was observed that alcohol composition affects both the observed rate of hydrogen peroxide
consumption (the limiting reagent) and the selectivity of hydrogen peroxide utilization to form cyclooctene epoxide.
The catalytically active species are formed only in alcohol-containing solvents as a consequence of (F20TPP)FeCl
dissociation into [(F20TPP)Fe(ROH)]+ cations and Cl- anions. The observed reaction kinetics are analyzed in terms
of a proposed mechanism for the epoxidation of the olefin and the decomposition of H2O2. The first step in this
scheme is the reversible coordination of H2O2 to [(F20TPP)Fe(ROH)]+. The O−O bond of the coordinated H2O2 then
undergoes either homolytic or heterolytic cleavage. The rate of homolytic cleavage is found to be independent of
alcohol composition, whereas the rate of heterolytic cleavage increases with alcohol acidity. Heterolytic cleavage
is envisioned to form iron(IV) π-radical cations, whereas homolytic cleavage forms iron(IV) hydroxo cations. The
iron(IV) radical cations are active for olefin epoxidation, whereas the iron(IV) cations catalyze the decomposition of
H2O2. Reaction of iron(IV) π-radical cations with H2O2 to form iron(IV) hydroxo cations is also included in the
mechanism, a process that is favored by alcohols with a high charge density on the O atoms. The proposed
mechanism describes successfully the effects of H2O2, cyclooctene, and porphyrin concentrations, as well as the
effects of alcohol concentration.

Introduction

Iron(III) porphyrins have been the subject of considerable
interest, since they are good models of heme-type catalysts
found in nature.1-3 A large part of this effort has been
devoted to understanding the factors affecting the activity
and selectivity of porphyrins for the epoxidation of olefins
and the hydroxylation of various hydrocarbons. Particular
attention has focused on iron(III) porphyrins with electron-
withdrawing groups attached to the periphery of the por-
phyrin ring because they are highly active and relatively
stable to oxidative degradation.4-6 One of the most studied

of this class of iron porphyrins is iron(III) [tetrakis-
(pentafluorophenyl)] porphyrin [(F20TPP)Fe].5-29

Since (F20TPP)FeIII is a cation, it is must be charge-
compensated by an anion, X. Nam and co-workers have6

reported that the catalytic activity of the porphyrin is affected
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by the composition of the anion and the solvent in which
the porphyrin is dissolved. If, for example, X) Cl- or
CH3O-, then the porphyrin is catalytically inactive in an
aprotic solvent but becomes active if X) NO3

-, SbF6
-,

CF3SO3
-, or ClO4

-.12 The use of a protic solvent or a mix-
ture of protic and aprotic solvents can result in the activa-
tion of porphyrins that are inactive in an aprotic solvent.
Thus, for example, (F20TPP)FeCl has been reported to be
inactive for olefin epoxidation when dissolved in acetonitrile
but becomes active when methanol or another alcohol is
added to the aprotic solvent.17,19,28 We have demonstrated
recently that (F20TPP)FeX must first dissociate in order to
become active.29 This process requires that both the cation
and anion are solvated and involves coordination of the
solvent to the [(F20TPP)Fe]+ cation. Thus, in the case of (F20-
TPP)FeCl dissolved in CH3OH or a mixture of CH3CN and
CH3OH, the active form of the porphyrin is [(F20TPP)Fe-
(CH3OH)]+.

The mechanism by which iron(III) porphyrins catalyze the
epoxidation of olefins has also been the subject of many
studies.1-3 Unfortunately, much of this literature describes
work done with different porphyrins, solvents, olefins, and
oxidants (e.g., H2O2, ROOH, PhIO, mCPBA), making it
difficult to ascertain unambiguously the structure of the active
species and the reaction pathways via which reactants are
formed and oxidant is consumed. A further complication has
been the scarcity of rate data for both the formation of
product(s) and the consumption of oxidant, with the result
that it is often impossible to establish whether a proposed
mechanism is, or is not, consistent with the measured reaction
rates. The situation is considerably better for the case of
cyclooctene epoxidation by H2O2 catalyzed by (F20TPP)Fe,
since only one product, cyclooctene oxide, is produced.10,22

The consensus view in this case is that epoxidation begins
with the equilibrium coordination of H2O2 to (F20TPP)Fe.
The O-O bond of the peroxide can then cleave either

homolytically or heterolytically to produce either an iron-
(IV) cation or an iron(IV)π-radical cation, respectively. The
first of these species is involved in the decomposition of
H2O2, whereas the second is responsible for the epoxidation
of cyclooctene. We have recently shown that a mechanism
containing all of these elements, as well as a reaction for
the conversion of iron(IV)π-radical cations to iron(IV)
cations, provides a very good description of the kinetics of
cyclooctene epoxidation by H2O2 catalyzed by (F20TPP)FeCl
dissolved in a mixture of methanol and acetonitrile.28

Equilibrium constants and rate coefficients were determined
for each of the elementary processes involved in the
epoxidation mechanism. It was also demonstrated that the
same rate parameters can be used to describe the kinetics of
H2O2 consumption in the presence and absence of the olefin.
A further finding of this work was that the presence of
methanol facilitates the heterolytic cleavage of the O-O
bond of H2O2, as originally suggested by Traylor and co-
workers.30

The objective of the present study was to determine the
effects of alcohol composition on the kinetics of cyclooctene
epoxidation and the selectivity of H2O2 consumption toward
olefin epoxidation versus decomposition to water and
oxygen. (F20TPP)FeCl was used as the catalyst for all of this
work, and the alcohols used included methanol, ethanol,
n-propanol,i-propanol,n-butanol, andt-butanol. The forma-
tion of cyclooctene oxide was determined by gas chroma-
tography, and the consumption of H2O2 was determined by
1H NMR.

Experimental Section

Reagents. Non-UV grade acetonitrile (99.99%), methanol
(99.98%), ACS grade chloroform (99.8%), hydrogen peroxide
(30%), t-butanol (99.4%), andi-propanol (99.99%) were obtained
from EMD Chemicals. (F20TPP)FeCl, dodecane (99+%), n-
propanol (99.8+%), andn-butanol (99.9%) were obtained from
Sigma Aldrich.Cis-cyclooctene (95%) was obtained from Alfa-
Aesar. Deuterium oxide (99.8%) was obtained from Cambridge
Isotope Laboratories, Inc.

Reactions.All reactions were carried out in 5 mL reaction vials
at room temperature (298 K). The reaction mixture was stirred
magnetically with spin-vane stir bars throughout the reaction. The
total reaction volume was 3.35 mL for all reactions. The solvent
consisted of a mixture of alcohol and acetonitrile, 6.2 M in alcohol
unless otherwise stated. Ten microliters of dodecane was used as
an internal standard. The cyclooctene and hydrogen peroxide
concentrations were varied depending upon the experiment. Hy-
drogen peroxide was added to the reactor vial using a microsyringe
after all other components had been added to the vial. Time zero
for a reaction was defined as the time at which the hydrogen
peroxide was added to the vial.

Analysis of Reaction Products.The presence of cyclooctene
epoxide in the reaction products was detected via gas chromatog-
raphy, and its concentration was determined by comparison of the
peak area of epoxide to the peak area of the internal standard. An
HP6890 series gas chromatograph fitted with an Agilent DB Wax
(30 m× 0.32 mm× 0.5µm) capillary column, and an FID detector
was used for the analysis. Since each chromatographic analysis
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required 15 min, multiple reactions were used to collect product
concentration data as a function of time. Data were obtained in
triplicate to ensure precision. The repeatability of the data was(2%.
The accuracy of measuring the epoxide concentration via gas
chromatography was(1% based on analysis of a calibrated
standard.

The hydrogen peroxide concentration was measured in situ as a
function of time via1H NMR using a 400 MHz Bruker VMX
spectrometer. For these experiments, a concentrated catalyst solution
was injected into the NMR reaction tube containing all other
components immediately prior to the initiation of data collection.
A data point was collected either every 32 or 64 s by averaging
the data from 4 or 8 scans. The data point collection interval was
determined by the rate of reaction. Quantification of hydrogen
peroxide was done by integrating the area of the hydrogen peroxide
peak, located at approximately 10.3 ppm, and comparing it to the
area of the peak for the internal standard, chloroform. A more
detailed description of the NMR technique can be found else-
where.28,31

UV-visible spectroscopy was used to characterize the axial
coordination, oxidation state, and degradation of the porphyrin.
Absorbance experiments were conducted using a Varian Cary 400
Bio UV-visible spectrometer. Porphyrin degradation was quantified
by integrating the area under the peaks between 280 and 700 nm.
An extinction coefficient was determined from standardized
samples. The systematic error associated with UV-visible scans
was negligible.

Axial coordination to the porphyrin was characterized via
paramagnetic NMR, using a 400 MHz Bruker VMX spectrometer.
As reported previously, in the presence of an alcohol, (F20TPP)-
FeCl dissociates the chloride ligand to produce [(F20TPP)Fe(ROH)]+

cations and Cl- anions.29 This process is evidenced by an upfield
shift of theâ-pyrrole proton peak.

Analysis of Reaction Kinetics

The kinetics of cyclooctene epoxidation and hydrogen
peroxide consumption are described on the basis of the
mechanism shown in Figure 1. This scheme is very similar
to that used to analyze the epoxidation of cyclooctene by
hydrogen peroxide catalyzed by (F20TPP)FeCl in methanol/
acetonitrile solutions.28 The first step, Reaction 1, is the
dissociation of (F20TPP)FeCl into [(F20TPP)Fe(ROH)]+

cations and Cl- anions. As demonstrated for the case of
methanol, the cation is stabilized by the coordination of a
molecule of methanol, as well as general solvation by
methanol, and the chloride anion is stabilized by methanol
solvation.29 (Note: for clarity, the alcohol ligand is not shown
after Reaction 2.) Hydrogen peroxide then coordinates
reversibly in Reaction 2 to the [(F20TPP)Fe(ROH)]+ cation.
The O-O bond of the coordinated H2O2 can undergo either
heterolytic or homolytic cleavage. The first of these pro-
cesses, Reaction 3, is facilitated by interaction of a molecule
of alcohol with the coordinated H2O2, as illustrated in detail
in Figure 2. Since the alcohol is somewhat acidic, the proton
on ROH can be transferred to the OH group of H2O2 farthest
from the Fe(III) cation to produce water, whereas the
alkoxide group of ROH picks up the H atom of the OH group
of H2O2 attached to Fe(III) and reforms the alcohol. Thus,
the alcohol plays the role of a proton-transfer agent. The
product of heterolytic cleavage of the O-O bond is an iron-
(IV) π-cation radical. Homolytic cleavage of the O-O bond
of coordinated H2O2 is shown as producing an HO• radical
and an iron(IV) hydroxo cation. In our previous work,28 we
have shown the latter species to be an iron(IV) oxo species,
but a recent theoretical study by Silaghi-Dumitrescu indicates
that the product of homolytic cleavage is more likely a
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Figure 1. Mechanism for the epoxidation of cyclooctene and the decomposition of hydrogen peroxide via (F20TPP)Fe.
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hydroxo species rather than an oxo species.37 The iron(IV)
π-radical cation, which is the product of Reaction 3, can
participate in two reactions. The first process involves
reaction with H2O2, Reaction 6, to produce a HOO• radical
and an iron(IV) hydroxo cation, and the second process is
the epoxidation of cyclooctene, Reaction 7. The iron(IV)
hydroxo cations produced in Reactions 4 and 6 can react
with H2O2 in Reaction 5 to produce HOO• radicals, H2O,
and iron(III) cations. The latter cations are also produced as
products of Reaction 7 and are the same as the original
species involved in Reaction 1. The only additional difference
between the mechanism shown in Figure 1 and that presented
originally28 is that a molecule of alcohol is not involved in
Reaction 5.

The changes to the original version of the reaction
mechanism do not affect the ability of the model to describe
all features of the observed reaction kinetics, as will be shown
in the next section. We note that there are some differences
in the values reported in our previous work and the values
shown in Table 1; this is due to the above-mentioned changes
to the mechanism which resulted in some kinetic parameters
being multiplied or divided by the experimental alcohol
concentration. The values ofK1, k3K2, k4K2, andk6/k7 were

obtained by fitting the kinetics predicted by the mechanism
appearing in Figure 1 to the experimental data obtained in
this study. Similar fits of the model to the data were obtained
for five alcohol/acetonitrile solutions and for experiments
in which the porphyrin concentration was varied for a
constant alcohol/acetonitrile concentration or the alcohol
concentration was varied for a fixed porphyrin concentration.
The value ofk5 was taken to be the same as that observed
for experiments conducted in methanol/acetonitrile solutions
and not dependent on the alcohol composition.

Results and Discussion

The effects of alcohol composition on various properties
and parameters are summarized in Table 1. The reported pKa

values are taken from ref 33. The percent of porphyrin that
was degraded during reaction is reported for experiments
performed with and without olefin present and is based on
UV-visible measurements made at the beginning and end
of a reaction. The latter point was determined in most cases
by the complete consumption of hydrogen peroxide, the
limiting reagent. However, when the decomposition of
hydrogen peroxide was studied in ani-propanol/acetonitrile
mixture, the complete degradation of the porphyrin occurred
prior to the complete consumption of hydrogen peroxide.
The epoxide yield is defined by the following relationship.28

where [C8 - O]∞ is the concentration of cyclooctene epoxide
present in solution at the end of reaction, i.e., when all of
the H2O2 has been consumed, and [H2O2]0 is the concentra-
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Figure 2. Details of the elementary process involved in Reaction 3 (see Figure 1).

Table 1. Summary of Results and Kinetic Parameters Based on the Presented Mechanism Applied to Different Alcohol-Based Solvent Systems with a
6.2 M Alcohol Concentrationa

variable methanol ethanol n-propanol n-butanol i-propanol

pKa 15.3 15.9 16.1 16.1 17.1
porphyrin degradation with olefin 10% 10% 18% 24% 30%
porphyrin degradation without olefin 21% 23% 44% 53% 100%
epoxide yield, wrt H2O2 88% 86% 79% 79% 74%
[Fe - ROH] (µM) 46 49 59 57 44
kobs(min-1) 0.25 0.24 0.15 0.14 0.09
K1 from GC 1.2× 10-5 1.5× 10-5 3.5× 10-5 3.0× 10-5 1.0× 10-5

K1 from NMR 1.0× 10-5 1.5× 10-5 3.3× 10-5 2.8× 10-5 0.9× 10-5

k3K2 (M-1‚s-1) (from GC data) 13 11 5.3 5.2 4.2
k4K2 (s-1) (from GC data) 5.5 5.7 4.4 4.3 4.6
k3/k4 (M-1) (from GC data) 2.38 1.99 1.22 1.22 0.92
k3K2 (M-1‚s-1) (from GC and NMR data) 12 11 5.3 5.0 4.0
k4K2 (s-1) (from GC and NMR data) 5.0 5.7 4.4 4.1 4.4
k3/k4 (M-1) (from GC and NMR data) 2.38 1.99 1.22 1.23 0.92
k5 (M-1‚s-1) 225 225 225 225 225
k6/k7 0.30 0.45 0.60 0.65 0.95

a Error bars for yields are(2%, and error bars for rate constants are(10%

Y∞ )
[C8 - O]∞
[H2O2]0

× 100%=
k3[ROH]

k3[ROH] + 2k4

× 100% (1)
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tion of H2O2 at the start of the reaction.Y∞ represents the
yield at the end of the reaction, when all of the H2O2 has
been consumed; however, as shown in ref 28, the yield is
independent of reaction time provided that the initial
concentration of cyclooctene is in large excess of the initial
concentration of hydrogen peroxide. This requirement was
always satisfied, since the ratio of hydrogen peroxide to
cyclooctene was 50 for all of the case listed in Table 1.K1

was determined by two independent techniques28,29 and is
reported in both cases for an alcohol concentration of 6.2
M. The concentration of [(F20TPP)Fe(ROH)]+ was deter-
mined from eq 2, using the listed value ofK1. The total
concentration of porphyrin, [Fe- Cl]0, used for these
calculations was 74.7µM.

The observed first-order rate constant for hydrogen peroxide
consumption,kobs, is defined according to eq 3.28 The value
of kobs was determined from the initial rate of formation of
cyclooctene oxide and the value ofY∞ (see eq 1). The value
of k3K2 was then obtained from eq 3.

Here [Fe- ROH] represents the concentration of [(F20TPP)-
Fe(ROH)]+ cations. Oncek3K2 is known, thenk3/k4 andk4K2

can be determined from the measured value ofY∞ using the
second part of eq 1. The ratio of the rate constants for
Reactions 6 and 7,k6/k7, was determined by fitting the
proposed reaction kinetics to the measured epoxide yield
obtained as a function of the initial concentration of
cyclooctene for a fixed concentration of hydrogen peroxide.28

Observed Rate Constant,kobs. Equations 1 and 3 pre-
dict that bothY∞ and kobs should be independent of the
concentration of H2O2. Figure 3 shows this to be the case
for each of the alcohols investigated, which indicates that
the mechanism proposed to interpret the rates of cyclooctene

epoxidation and hydrogen peroxide consumption for (F20-
TPP)FeCl dissolved in methanol/acetonitrile solutions is
equally valid for reactions occurring in other alcohol/
acetonitrile solutions.

As seen in Table 1, the value ofkobs depends on the
composition of the alcohol in the solvent and decreases in
the order CH3OH ≈ C2H5OH > n-C3H7OH ≈ n-C4H9OH >
i-C3H7OH. The value ofY∞ follows a similar pattern.
Therefore, it is apparent that alcohol composition affects both
the rate of H2O2 consumption and the fraction of the H2O2

that is utilized for epoxidation. Since bothkobs and Y∞ are
functions of several rate and equilibrium parameters, it is
necessary to examine how alcohol composition affects these
parameters in order to appreciate the effects of alcohol
composition on the observed overall kinetics.

Formation of the Active Species, [(F20TPP)Fe(ROH)]+.
It is evident from eq 3 thatkobs is proportional to the
concentration of [(F20TPP)Fe(ROH)]+, and as shown in eq
2 above, the concentration of this species depends on the
value ofK1, all other factors being the same. Table 1 shows
that the value ofK1 increases with increasing chain length
for straight-chained alcohols containing 1-4 carbon atoms.
This trend is attributed to stronger binding of longer-chained
normal alcohols to [(F20TPP)Fe]+ cations as a consequence
of the increasing negative charge on the O atom of the
alcohol as the length of the alkyl group increases. As
discussed previously, the dissociation of (F20TPP)FeCl into
cations and anions, which occurs in alcohol-containing
solvents, depends on both solvation of the Cl- anion and
coordination of a molecule of alcohol to the [(F20TPP)Fe]+

cation.29 The lower value ofK1 for i-propanol relative
to n-propanol is attributed to steric effects, since other-
wise, one would expecti-propanol to be more effective than
n-propanol in stabilizing [(F20TPP)Fe]+ cations. Consistent
with this reasoning, we observed thatt-butanol was com-
pletely ineffective in promoting the dissociation of (F20TPP)-
FeCl. The failure of t-butanol to coordinate axially to
porphyrins has been noted previously and has been ascribed
to steric hindrance between the methyl groups of the alcohol
and the pyrrole nitrogen atoms.34,35It is important to observe
that, while alcohol chain length affects the value ofK1, the
concentration of [(F20TPP)Fe(ROH)]+ cations increase to a
much smaller degree, as can be see from Table 1 (Note: all
values ofK1 are reported for an alcohol concentration of
6.2 M). Thus, the noticeable effect of alcohol composi-
tion on the value ofkobs must be attributed to factors other
than changes in the concentration of [(F20TPP)Fe(ROH)]+

cations. In particular, reference to eqs 1 and 3 shows that
kobs depends on the values ofk3K2 andk3/k4. Therefore, the
influence of alcohol composition on these parameters is
examined next.

Effect of Alcohol on Heterolytic versus Homolytic
Cleavage of the O-O Bond in Coordinated H2O2. Table
1 shows that the value ofk3K2 is strongly affected by alcohol
composition, decreasing in the order CH3OH > C2H5OH >
n-C3H7OH ≈ n-C4H9OH > i-C3H7OH. By contrast, the value
of k4K2 changes to only a limited extent with alcohol
composition. Since Reaction 4 does not depend explicitly

Figure 3. Effects of H2O2 concentration on the observed reaction rate
coefficient for the consumption of H2O2 and the yield of cyclooctene oxide
based on H2O2 consumption. The upper set of data points is the yield, while
the lower set of data points is the observed rate coefficient.

[Fe - ROH] )

-K1[ROH] + x(K1[ROH])2 + 4K1[ROH][Fe - Cl]0

2
(2)

kobs)
k3K2[Fe - ROH][ROH]

Y∞
(3)
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on the composition of the alcohol, the near constancy of the
values ofk4K2 with alcohol composition suggests that the
value ofK2, the equilibrium constant for the coordination of
H2O2 by [(F20TPP)Fe(ROH)]+ cations, is also not much
affected by alcohol composition. It then follows that the
observed trend in the magnitude ofk3K2 with alcohol
composition is due predominantly to changes in the value
of k3. Table 1 shows that the decrease in the value ofk3/k4,
as one moves from methanol toi-propanol, parallels the
decreasing acidity of the alcohols, as evidenced by their
increasing pKa. This trend indicates that alcohol acidity is
an important factor in determining the rate coefficient for
Reaction 3, the heterolytic cleavage of the O-O bond of
H2O2. As seen in Figure 2, this process is envisioned to occur
in a concerted fashion via the interaction of ROH with [(F20-
TPP)Fe(H2O2)(ROH)]+ cations. The net result of this reaction
is the formation of the Fe(IV)π-radical cation and H2O. The
molecule of alcohol involved in the reaction is released and,
hence, serves only as a catalyst. This conclusion is consistent
with the idea of Traylor and co-workers,30,36,37who proposed
that the heterolytic cleavage of the O-O bond of H2O2

coordinated to porphyrins occurs via a general acid-catalyzed
process.

Competition for the Fe(IV) π-Radical Cation. While
the relative rates of Reactions 6 and 7 can also affect the
yield of epoxide, Reaction 6 occurs at a much lower rate
than Reaction 7 when the initial concentration of olefin is
strongly in excess of the concentration of hydrogen peroxide.
This point is clearly seen in Figure 4. Thus, for the case
where the initial concentration of H2O2 is 14.7 mM and the
initial concentration of cyclooctene is 0.72 M, the yield of
epoxide is dictated solely by the ratio ofk3/k4 for a fixed
alcohol concentration. However, as the concentration of
cyclooctene is decreased, the yield decreases and eventually
goes to zero. The curves shown in Figure 4 for each alcohol
were obtained by adjusting the value ofk6/k7, keeping the
value of all other rate parameters constant. As can be seen
in Table 1, the value ofk6/k7 increases in the order CH3OH
< C2H5OH < n-C3H7OH ≈ C4H9OH < i-C3H7OH. Here
again, this trend parallels the increase in pKa values,
suggesting that epoxidation of cyclooctene (Reaction 7)

becomes more favorable relative to the conversion of the
Fe(IV) radical cation to the Fe(IV) hydroxo cation (Reaction
6) as the electron density on the O atom of the coordinated
alcohol decreases. This pattern is consistent with the
observations of Nam and co-workers, who have shown that
high-valent iron oxo intermediates with electron-deficient
porphyrins react rapidly with olefins.38 We suggest that that
these observations indicate that, as the electron density on
the porphyrin ring increases, the Fe(IV) radical cation
becomes less effective in promoting olefin epoxidation and
becomes susceptible to reaction with hydrogen peroxide to
produce Fe(IV) hydroxo cations.

Effects of Porphyrin and Alcohol Concentration onkobs.
In the experiments discussed to this point, the initial
porphyrin concentration and the concentration of alcohol in
the solvent were kept constant. Therefore, it is of interest to
establish whether the mechanism proposed in Figure 1
describeskobs as these variables are changed. Reference to
eqs 1-3 indicates thatkobs should be proportional to [Fe-
ROH]/Y∞ (eq 2), with the value of [Fe- ROH] given by eq
3 and the value ofY∞ given by eq 1. Variation of the
porphyrin concentration at a fixed alcohol concentration
should have no effect onY∞, and hence,kobs should change
only as a consequence of changes in [Fe- ROH]. Figure 5
shows that in all caseskobs obeys eq 2 when the initial
porphyrin concentration is varied from 30 to 900µM. The
slope of each straight line is equal to the product ofk3K2

and the alcohol concentration, and the values obtained from
the slopes are identical to those given in Table 1 for each
alcohol.

In our previously published study of cyclooctene epoxi-
dation catalyzed by (F20TPP)FeCl dissolved in methanol/
acetonitrile solutions, we reported that bothY∞ and kobs

change in a nonlinear fashion with increasing concentration
of methanol.28 Figure 6 shows these effects for methanol
and all of the other alcohols considered in the present study.
To explain the dependence ofkobs on the concentration of
alcohol in the solvent, it is necessary to recognize thatK1 is
a function of alcohol concentration. We have recently shown

(38) Goh, Y. M.; Nam, W.Inorg. Chem.1999, 38, 914-920.

Figure 4. Effect of cyclooctene concentration on the final yield of
cyclooctene epoxide. The solid lines represent the yield predicted on the
basis of the mechanism shown in Figure 1.

Figure 5. Relationship betweenkobs and [Fe- ROH]/Y∞ when the total
porphyrin concentration is varied while the alcohol concentration is kept
constant at 6.2 M.
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that this dependence arises from the fact that the enthalpy
of dissociation of (F20TPP)FeCl is linearly dependent on the
concentration of alcohol; thus,K1 can be described by

whereK1
0 is the pre-exponential factor,∆H0 is the enthalpy

of dissociation of (F20TPP)FeCl in pure acetonitrile, andR
is the dependence of the enthalpy of dissociation on the
alcohol concentration.29 For methanol, the values of∆H0 and
R are 6 kcal‚mol-1 and-0.2 kcal‚mol-1‚M-1, respectively.
Therefore,K1 increases exponentially with increasing metha-
nol concentration. A similar exponential relationship between
K1 and the concentration of ethanol was observed in the
course of the present study. Since such measurements require
substantial amounts of NMR time,29 values of∆H0 and R
were not determined for ethanol, and neither were the
dependences ofK1 on alcohol concentration for propanol and
butanol. Nevertheless, when the effects of alcohol concentra-
tion onK1 are taken into account and the dependence ofkobs

on alcohol concentration is determined from eqs 1-3, one
obtains the expected relationship ofkobs on [Fe - ROH]-
[ROH]/Y∞. As shown in Figure 7, the dependence ofkobs on
[Fe - ROH][ROH]/Y∞ is linear for both methanol and
ethanol solutions for a fixed concentration of (F20TPP)FeCl.
Moreover, the value ofk3K2 determined from the slope of
the straight line for each alcohol is equivalent to that listed
in Table 1, which was obtained for a single alcohol
concentration of 6.2 M.

Peroxide Decomposition in the Absence of Substrate.
In our studies using methanol/acetonitrile mixtures as the
solvent, we observed that the kinetics of H2O2 decomposition
in the absence of cyclooctene could be described very
accurately using the same rate parameters as those used to
describe the epoxidation of cyclooctene.28 The question then
is whether the same is true when other alcohols are used
instead of methanol. Figure 8 shows the experimental data
for the fractional decomposition of H2O2 as a function of
time for different alcohol/acetonitrile mixtures. The solid
curves represent the concentration profiles calculated using

the rate parameters given in Table 1 (Note: the curves for
methanol and ethanol overlap). While the theoretical curves
are consistent with the data in all cases down to [H2O2]/
[H2O2]0 ≈ 0.3, the experimentally observed rate of decom-
position slows down substantially for long reaction times.
The only exception is for methanol. The deviation between
experiment and theory is particularly noticeable when the
cosolvent is ethanol, but is also pronounced for propanol
and butanol. Another interesting observable is difference in
the UV-visible spectra taken for H2O2 decomposition in
methanol/acetonitrile and ethanol/acetonitrile. These results
are shown in Figure 9. As was shown previously,28 when
the reaction is carried out in a solution containing methanol,
the peak near 390 nm, which is attributed to [(F20TPP)Fe-
(CH3OH)]+, decreases at the same time that the peaks at 410
and 540 nm, which are characteristic of Fe(IV) porphyrin
species, grow. After a few minutes, though, the spectrum
reaches a steady state and then no longer changes in shape.
The slow loss of overall intensity is due to porphyrin
degradation (see below). On the other hand, when the
reaction is carried out in the presence of ethanol, the band
at 390 nm declines monotonically and the band at 540 nm
grows monotonically. Thus, in an ethanol-containing solu-

Figure 6. Effects of alcohol concentration onkobsandY∞ when the alcohol
concentration is varied while keeping the porphyrin concentration fixed at
75 µM. The upper data points correspond to the yield, and the lower data
points correspond to the observed rate coefficient.

K1 ) K1
0 exp[-(∆H0 + R[ROH])/RT]

Figure 7. Relationship betweenkobsand [Fe- ROH][ROH]/Y∞ when the
alcohol concentration is varied while the porphyrin concentration is kept
constant at 75µM.

Figure 8. Temporal profiles for H2O2 decomposition in the absence of
cyclooctene. The solid lines represent the H2O2 concentration as predicted
from theory, and the data points represent the H2O2 concentration as
measured by1H NMR.
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tion, Fe(III) species are consumed continuously and Fe(IV)
species are produced continuously, and in contrast to
methanol-containing solutions, a steady-state balance be-
tween these two species is never reached.

The trend in the relative concentrations of Fe(III) and Fe-
(IV) porphyrin species observed in Figure 9b for ethanol-
containing solutions can be rationalized by assuming that
the following elementary process, Reaction 8, occurs

The effect of Reaction 8 is to reduce the concentration of
[(F20TPP)Fe(ROH)]+ cations that can participate in Reaction
2. At the onset of H2O2 decomposition, the concentration of
HO• radicals will be small, but as the reaction proceeds, the
concentration of these radicals builds up. It can be shown
that the slower the rate of H2O2 decomposition, the higher
will be the concentration of HO• radicals in solution at a
given time, and hence the faster will be the rate of Reaction
8. As discussed above, the rate of Reaction 3 decreases with
increasing length of the alkyl chain in the alcohol, i.e.,k3K2

decreases. Since Reactions 3 and 6 proceed at equal rates, a

reduction in the rate of Reaction 3 results in a net decrease
in the rate of H2O2 consumption and hence to a rise in the
concentration of HO• radicals at a given reaction time.
Furthermore, reducing the rate of heterolytic cleavage by
either reducing the concentration of alcohol or by increasing
the length of the alcohol alkyl chain results in a decrease in
the observed rate constant, an increase in the rate of
homolytic cleavage relative to the rate of heterolytic cleavage,
and a consequent increase in the concentration of HO•

radicals present at a given reaction time. A steady-state
balance on Fe(III) and Fe(IV) species can be maintained only
until the concentration of HO• radicals becomes so large that
the inclusion of Reaction 8 leads to a continual build up in
the concentration of Fe(IV) and a corresponding decrease
in the concentration of Fe(III) species. When this occurs,
the rate of H2O2 decomposition decreases relative to that
occurring prior to the build up of HO• radicals; this effect is
what is seen in Figure 8.

Porphyrin Degradation. Free radicals (HO• or HOO•) are
thought to be responsible for porphyrin degradation.22,28We
have shown previously that porphyrin degradation increases
as the observed rate constant decreases or as the concentra-
tion of radicals in solution increases.28 As explained above,
the concentration of radicals in solution at a given time is
expected to increase as the alkyl chain length of the alcohol
increases and the observed rate of reaction slows. More
importantly, however, the concentration of HO• radicals
increases as the alkyl chain length of the alcohol increases,
as a consequence of the decrease in the rate of heterolytic
cleavage relative to the rate of homolytic cleavage (i.e.,k3/
k4). The net result of these changes is additional porphyrin
degradation, as shown in Table 1. The susceptibility of a
porphyrin to degradation increases as the porphyrin or the
ligand coordinated to the Fe cation becomes more electron-
rich.1,4-6 The electron-donating ability of alcohol ligands
increases with chain length, and hence, this could also
contribute to the increased degree of porphyrin degradation
observed with increasing alkyl chain length.

Conclusions

It has been shown that (F20TPP)FeCl is catalytically
inactive for the epoxidation of cyclooctene by H2O2 when
dissolved in acetonitrile solution but becomes increasingly
active upon the addition of an alcohol to the solvent. Catalyst
activation is attributed to the dissociation of (F20TPP)FeCl
into cations and anions. Alcohols enhance the extent of
dissociation by coordinating to the [(F20TPP)Fe]+ cations and
by solvating both the alcohol-coordinated cation and the
chloride anion. The equilibrium constant for (F20TPP)FeCl
dissociation,K1, increases with increasing alkyl chain length
for normal alcohols, as a consequence of increasing electron
density on the O atom of the alcohol. The kinetics of
cyclooctene epoxidation and the consumption of H2O2 are
well described by the mechanism shown in Figure 1.
Reaction is initiated by coordination of H2O2 to [(F20TPP)-
Fe(ROH)]+ cations. The O-O bond of the peroxide then
cleaves either heterolytically or homolytically. Heterolytic
cleavage is facilitated by alcohol (see Figure 2) and occurs

Figure 9. UV-visible spectra taken as a function of time during the
decomposition of hydrogen peroxide in the absence of cyclooctene: (a) in
a methanol/acetonitrile solvent system and (b) in an ethanol/acetonitrile
solvent system. For these experiments, the concentrations of porphyrin and
hydrogen peroxide were one-fifth of those used for other kinetic studies
(see Table 1). The concentration of alcohol for both experiments was 6.2
M.

[(F20TPP)FeIII (ROH)]+ + HO• f

[(F20TPP)FeIV(OH)(ROH)]+
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more rapidly the higher the acidity of the alcohol, whereas
homolytic cleavage is independent of alcohol composition.
Heterolytic cleavage produces Fe(IV)π-radical cations,
which are active for the epoxidation of cyclooctene, whereas
homolytic cleavage produces Fe(IV) hydroxo cations, which
are active for the decomposition of H2O2. The Fe(IV)
π-radical cations can also be converted to Fe(IV) hydroxo
cations by reaction with H2O2. The mechanism shown in
Figure 1 correctly predicts the dependence of the observed

rate coefficient,kobs, and the yield,Y∞, on the concentrations
of H2O2, porphyrin, and alcohol for different alcohol
compositions.
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