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ABSTRACT: Hydrogen atom transfer with a tunneling effect
(H-tunneling) has been proposed to be involved in aliphatic
hydroxylation reactions catalyzed by cytochrome P450 and
synthetic heme complexes as a result of the observation of
large hydrogen/deuterium kinetic isotope effects (KIEs). In
the present work, we investigate the factors controlling the H-
tunneling contribution to the H-transfer process in hydrox-
ylation reaction by examining the kinetics of hydroxylation
reactions at the benzylic positions of xanthene and 1,2,3,4-
tetrahydronaphthalene by oxoiron(IV) 5,10,15,20-tetramesi-
tylporphyrin π-cation radical complexes ((TMP+•)FeIVO(L))
under single-turnover conditions. The Arrhenius plots for
these hydroxylation reactions of H-isotopomers have upwardly concave profiles. The Arrhenius plots of D-isotopomers, clear
isosbestic points, and product analysis rule out the participation of thermally dependent other reaction processes in the concave
profiles. These results provide evidence for the involvement of H-tunneling in the rate-limiting H-transfer process. These profiles
are simulated using an equation derived from Bell’s tunneling model. The temperature dependence of the KIE values (kH/kD)
determined for these reactions indicates that the KIE value increases as the reaction temperature becomes lower, the bond
dissociation energy (BDE) of the C−H bond of a substrate becomes higher, and the reactivity of (TMP+•)FeIVO(L) decreases.
In addition, we found correlation of the slope of the ln(kH/kD) − 1/T plot and the bond strengths of the FeO bond of
(TMP+•)FeIVO(L) estimated from resonance Raman spectroscopy. These observations indicate that these factors modulate the
extent of the H-tunneling contribution by modulating the ratio of the height and thickness of the reaction barrier.

■ INTRODUCTION

Hydroxylation reactions of alkanes have received significant
attention for decades due to their importance in biological and
chemical reactions.1−17 Cytochrome P450 catalyzes various
hydroxylation reactions under mild conditions in the
degradation of many xenobiotics and the synthesis of
physiologically important compounds such as steroid hor-
mones.1,3,4,10,11 Since Groves et al. reported the first example of
alkane hydroxylation reactions with chloro iron(III) meso-
tetraphenylporphyrin (TPP) complex and iodosylbenzene as a
terminal oxidant,12 many synthetic heme catalysts for alkane
hydroxylation reactions have also been prepared.3,6,9,13−17 In
these reactions, oxoiron(IV) porphyrin π-cation radical species
(which are collectively known as compound I) have been
accepted as the key reactive intermediates responsible for the
hydroxylation reactions.18−23

The generally accepted mechanism for alkane hydroxylations
catalyzed by cytochrome P450 and synthetic heme catalysts is
the “oxygen rebound” mechanism (Scheme 1) originally
proposed by Groves et al.24 The oxoiron(IV) porphyrin π-

cation radical species initially abstracts a hydrogen atom from a
C−H bond of an alkane substrate to produce an alkane radical
and an iron(IV)-hydroxide intermediate (or iron(III)-hydrox-
ide porphyrin π-cation radical intermediate). The alkane radical
then rebounds with the hydroxide ligand of the intermediate to
form an iron(III) porphyrin and alcohol. In this mechanism, it
has been proposed that the initial hydrogen atom transfer
process from the alkane to the oxo ligand is the rate-limiting
step of the hydroxylation reaction. Therefore, it is essential to
understand the process of hydrogen atom transfer in order to
understand the hydroxylation reaction.
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Among the most intriguing observations made during the
hydrogen atom transfer processes are the unusually large
hydrogen(H)/deuterium(D) primary kinetic isotope effects
(KIEs).25−42 Such large KIE values have been ascribed to a
significant contribution of quantum-mechanical tunneling of
hydrogen or proton (H-tunneling) in the rate-limiting
hydrogen atom transfer process.43−61 H-tunneling in the
hydrogen atom transfer process from a substrate to an oxoiron
species is described in Scheme 2. The classical transition state

theory predicts that a hydrogen atom can be transferred from
the substrate to the oxo ligand by surmounting a reaction
barrier only if its energy is greater than the barrier height.
However, the H-tunneling effect predicts that a hydrogen atom
with even less energy may also be transferred by overlapping
probability functions of reactant and product states. Several
consequences for the participation of H-tunneling in the
hydrogen atom transfer reaction are (1) an anomalously large
KIE value, kH/kD > 10 at 25 °C for C−H bond, (2) a greater
difference between the observed activation energies for
hydrogen- and deuterium-isotopomers, E(H) and E(D), than
that expected from zero-point energy, E(D) − E(H) > 5.66 kJ
mol−1 for C−H bond, and (3) an unusually low value of the
ratio of experimental Arrhenius prefactors for H- and D-
isotopomers: AH

obs /A
D
obs < 0.7.43−61 In an extreme case, the

profile of the Arrhenius plot has an upward concave shape
instead of linear behavior.
There have been many reports that suggest the participation

of the H-tunneling process in hydroxylation reactions. For
example, the ambient temperature KIE values (kH/kD) were
found to be more than ∼7: 7−12 for aliphatic hydroxylations
catalyzed by cytochrome P450 and 7−22 for those by synthetic
heme complexes.25−32 Large KIE values have also been
reported for nonheme enzymes and their model com-
plexes.33−42 Recently, larger KIE values (∼28 at 23 °C and
∼360 at −30 °C) have been reported for a benzyl alcohol
oxidation reaction catalyzed by an oxoiron(IV) 5,10,15,20-
tetramesitylporphyrin (TMP) π-cation radical complex,
(TMP+•)FeIVO(L).32 The Arrhenius plot for the benzyl alcohol
oxidation reaction showed linear behavior from 23 to −30 °C,
but it showed a large difference in the activation energy and the
Arrhenius pre-exponential factor between benzyl alcohol and
benzyl alcohol-d7. These data were simulated with Bell’s
tunneling model. So far, there is no report of nonlinear

behavior of the Arrhenius plot for hydroxylation reaction of C−
H bond by high-valent metal-oxo speices.
In the present work, to study the factors affecting the H-

tunneling process, we performed a kinetic study of hydrox-
ylation reactions at the benzylic positions of xanthene and
1,2,3,4-tetrahydronaphthalene (tetralin) promoted by
(TMP+•)FeIVO(L) under single-turnover conditions in di-
chloromethane at low-temperature (Figure 1). The effect of

reactivity of (TMP+•)FeIVO(L) on the H-tunneling process is
studied by changing the axial ligand (L): nitrate, (TMP+•)-
FeIVO(NO3); chloride, (TMP+•)FeIVO(Cl), and imidazole,
[(TMP+•)FeIVO(Im)](NO3).

62 The effect of the bond
dissociation energy (BDE) of the substrate C−H bond is
studied using xanthene (BDE: 75−76 kcal mol−1) and tetralin
(BDE: 82−83 kcal mol−1) as substrates.63 The Arrhenius plots
for these hydroxylation reactions show nonlinear Arrhenius
behavior, which provides strong evidence for the participation
of H-tunneling in the rate-limiting hydrogen transfer process.
The results presented here provide evidence that the
contribution of the H-tunneling is controlled by the reaction
temperature, the BDE of the C−H bond of the substrate, the
reactivity of (TMP+•)FeIVO(L), and probably the FeO bond
strength of (TMP+•)FeIVO(L).

■ RESULTS
Reaction of (TMP+•)FeIVO(NO3) with Xanthene.

(TMP+•)FeIVO(NO3) was prepared by oxidation of (TMP)-
FeIII(NO3) with ozone in dichloromethane at low-temper-
ature.62 Since excess ozone gas and formed oxygen gas from the
oxidation can be removed from reaction solution by argon
bubbling, the ozone oxidation is cleaner than the other
chemical oxidations, in which excess oxidants and a byproduct
formed from the oxidants are usually present. Figure 2 shows
the absorption spectral change occurring during the reaction of
(TMP+•)FeIVO(NO3) with 20 equiv of xanthene at −50 °C.
The absorption spectrum of (TMP+•)FeIVO(NO3), which
shows strong absorption at 667 nm, changes, with clear
isosbestic points, to that of (TMP)FeIII(NO3), which has
absorption peaks at 512, 583, and 693 nm. The same
absorption spectral change was observed in the temperature
range from −20 to −95 °C. The presence of the clear isosbestic
points indicates that a simple oxidation reaction of xanthene
occurs in the present conditions. Analysis of the reaction
product by 1H NMR spectroscopy indicates formation of
xanthydrol as a major product (Table 1 and Supporting
Information Figure S1). In addition, a small amount of
xanthone, which is an overoxidation product of xanthene, was
formed. However, no other aromatic hydroxylation products
were detected. This result is similar to the result obtained in a

Scheme 2

Figure 1. Hydroxylation reactions at the benzylic positions of
xanthene and tetralin catalyzed by (TMP+•)FeIVO(L).
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previous report.64 The yields of xanthene and xanthone were
not changed at −30 and −90 °C. These results indicate that the
observed absorption spectral change results from the benzylic
hydroxylation of xanthene.
To study the involvement of the H-tunneling, we conducted

a kinetic study of the xanthene hydroxylation reaction in
dichloromethane over the temperature range −20 to −95 °C.
The time courses of the changes in absorbance at 667 nm were
found to follow the first-order kinetics in the presence of excess
(>10-fold) xanthene (Supporting Information Figure S2 and
Table S1). The estimated reaction rate constant, kobs, is linearly
correlated with the concentration of xanthene (Supporting
Information Figure S3). This is used to determine the second-
order reaction rate constant. The estimated second-order rate
constants, k2’s, are listed in Table 2 and plotted in the
Arrhenius plot (Figure 3). The plot cannot be simulated with a
line as expected from the Arrhenius equation, but has an
upward concave profile. The deviation from the linear behavior
predicted by the Arrhenius equation suggests the involvement
of other reaction processes, such as the H-tunneling process.
To confirm the involvement of the H-tunneling process, we

conducted kinetic studies of the hydroxylation reaction of
(TMP+•)FeIVO(NO3) with deuterium-labeled xanthene-d2, in
which two hydrogen atoms at the 9 position are replaced with
deuterium atoms, over the temperature range from −70 to −20
°C (Supporting Information Figures S4 and S5 and Table S2).
Reliable reaction rate constants could not be obtained outside
this temperature range because the reaction is too slow at
temperature below −70 °C due to limited substrate solubility

and because the decomposition of (TMP+•)FeIVO(NO3) is too
fast at temperature above −20 °C. The estimated second-order
reaction rate constants are summarized in Table 2 and plotted
in the Arrhenius plot (Figure 3). The Arrhenius plot for
xanthene-d2 is almost linear. This clearly rules out the
participation of thermally dependent other reaction processes,
such as two reactive species suggested by Shiak et al., in the
observed upwardly concaved profile.65 The Arrhenius prefactor
(log AH

obs = 4.4) estimated using a linear function for xanthene
is smaller than that (log AD

obs = 6.1) for xanthene-d2, A
H
obs/

AD
obs = 0.02 (Supporting Information Figure S6). This is

consistent with a significant contribution of the H-tunneling
process.
To further confirm the nonlinear Arrhenius behaivior, we

analyzed the Arrhenius plot using Bell’s tunneling model,43,52a

in which the reaction potential curve is assumed to be a
symmetrical truncated parabola and the reaction proceeds via
both the classical transition state pathway and the H-tunneling
pathway. This model is classical and too simple to evaluate the

Figure 2. UV−vis absorption spectral change for the reaction of
(TMP+•)FeIV(O)(NO3) (1.0 × 10−4 M in optical path length 1 cm
cell) and xanthene (2.0 × 10−3 M) in dichloromethane at −50 °C:
blue solid line, (TMP+•)FeIV(O)(NO3); black dotted line, every 200 s
after addition of xanthene; red solid line, after 2000 s.

Table 1. Products and Their Yields for the Reaction of
(TMP+•)FeIVO(L) with Xanthenea

product and yield (%)

complex T (°C) xanthydrol xanthone

(TMP+•)FeIVO(NO3) −30 °C 75 10
−90 °C 79 13

(TMP+•)FeIVO(Cl) −50 °C 84 4
−90 °C 86 6

[(TMP+•)FeIVO(Im)](NO3) −60 °C 97 not detected
−90 °C 95 not detected

aExperiment conditions were shown in the Experimental Section. The
yields are averages of two or three independent experiments.

Table 2. Second-Order Reaction Rate Constants (k2) for the
Reaction of (TMP+•)FeIVO(NO3) with Xanthene and
Xanthene-d2

k2/M
−1 s−1

T/°C xanthene xanthene-d2 KIEa

−20 3.93 ± 0.02 (2.34 ± 0.03) × 10−1 16.8 (17.4)
−30 2.69 ± 0.08 (1.28 ± 0.05) × 10−1 21.0 (21.9)
−40 1.62 ± 0.07 (6.04 ± 0.25) × 10−2 26.8 (28.3)
−50 (9.64 ± 0.20) × 10−1 (2.82 ± 0.05) × 10−2 34.2 (36.6)
−60 (5.91 ± 0.10) × 10−1 (1.19 ± 0.06) × 10−2 49.7 (55.1)
−70 (3.45 ± 0.07) × 10−1 (5.45 ± 0.03) × 10−3 63.3 (72.5)
−80 (2.08 ± 0.04) × 10−1

−90 (1.27 ± 0.04) × 10−1

−95 (8.92 ± 0.20) × 10−2

aThe numbers in parentheses are KIE values obtained after an isotope
purity correction with isotope purity 99.8% for xanthene-d2.

Figure 3. Arrhenius plots using second-order rate constants listed in
Table 2 for the hydroxylation reactions of (TMP+•)FeIVO(NO3) with
xanthene (●) and xanthene-d2 (■). The lines (red line for xanthene
and blue line for xanthene-d2) are results of least-squares fits with
Bell’s tunneling model, eq1. The estimated parameters are listed in
Table 3.
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parameters for potential energy surface, in contrast to recently
proposed models based on first principles.57−61 However, this is
convenient and sufficient just to show nonlinear Arrhenius
behavior including the H-tunneling. In Bell’s tunneling model,
the temperature dependence of the reaction rate constant (k)
can be described as

β α
β α

= −
−

α β− −
k A

( e e )
(1)

where α = ((E)/(kBT)) and β = ((2π2a(2mE)1/2)/(h)). In this
equation, A is the Arrhenius prefactor, E is the height of the
reaction barrier, kB is the Boltzmann constant, T is reaction
temperature (K), h is the Planck constant, a is half of the width
at the bottom of the parabolic barrier, and m is the mass of a
hydrogen atom or a deuterium atom. The Arrhenius plots for
the reactions of (TMP+•)FeIVO(NO3) with xanthene and
xanthene-d2 were simulated with eq 1, and the results are
shown with red and blue lines, respectively, in Figure 3. The
estimated parameters from the simulations are summarized in
Table 3. The E(D) − E(H) value (5.1 kJ/mol) is within the
range of a semiclassical transition state model, in which less
than 5.66 kJ/mol is expected with allowance for bending
vibrations. The simulation line expected from eq 1 fits the data
better than that from the Arrhenius linear equation. This is
confirmed more clearly by the T log k−T plot (Supporting
Information Figure S7).
Reaction of (TMP+•)FeIVO(L) with Xanthene. To study

the effect of the reactivity of an oxoiron(IV) porphyrin π-cation
radical complex on the H-tunneling process in the hydrox-
ylation reaction, we conducted kinetic studies of the
hydroxylation reaction of (TMP+•)FeIVO(Cl) and [(TMP+•)-
FeIVO(Im)](NO3) with xanthene in dichloromethane. Pre-
viously, we showed that reactivity for epoxidation of cyclo-
octene increases according to the following order: (TMP+•)-
F e I V O ( N O 3 ) < ( T M P + • ) F e I V O ( C l ) <
[(TMP+•)FeIVO(Im)](NO3).

62 With addition of xanthene,
the absorption spectra of (TMP+•)FeIVO(Cl) and [(TMP+•)-
FeIVO(Im)](NO3) change to those of iron(III) porphyrin
complexes with clear isosbestic points (Supporting Information
Figure S8). The product analysis indicates the formation of
xanthydrol in 84% yield at −50 °C and in 97% yield at −60 °C
from the reactions of (TMP+•)FeIVO(Cl) and [(TMP+•)FeIV-
O(Im)](NO3), respectively (Table 1 and Supporting Informa-
tion Figure S1). The similar yields were also obtained at −90
°C, suggesting no change of the reaction mechanism even at
low-temperature (Table 1).
The second-order reaction rate constants (k2) of (TMP+•)-

FeIVO(Cl) and [(TMP+•)FeIVO(Im)](NO3) with xanthene
were estimated from the dependence of the reaction rate

constant (kobs) on the concentration of xanthene and xanthene-
d2 (Tables 4 and 5, and Supporting Information Figures S9−

S16 and Tables S3−S6), and the results are plotted in the
Arrhenius plot (Figure 4). It is interesting to note that k2 for the
xanthene hydroxylation reaction increases according to the
order (TMP+•)FeIVO(NO3) < (TMP+•)FeIVO(Cl) <
[(TMP+•)FeIVO(Im)](NO3), which is the same as that for an
cyclooctene epoxidation reaction.62 The Arrhenius plots for the
reactions of (TMP+•)FeIVO(Cl) and [(TMP+•)FeIVO(Im)]-
(NO3) with xanthene and xanthene-d2 seem to be linear, but
very slight deviations from linear lines can be detected for
xanthene. The Arrhenius prefactors (log AH

obs = 5.2 and 5.0)
estimated with a linear function for (TMP+•)FeIVO(Cl) and
[(TMP+•)FeIVO(Im)](NO3) are smaller than those (log AD

obs
= 5.7 and 6.5) with xanthene-d2, and, thus, A

H
obs /A

D
obs = 0.32

and 0.03, respectively (Supporting Information Figure S6). The
Arrhenius plots can be simulated well with Bell’s tunneling

Table 3. Parameters Estimated from Least-Square Fits of Arrhenius Plots with Bell’s Tunneling Model

substrate iron porphyrin νFeO/cm
−1 log A/M−1 s−1 a/Å E(H)/kJ mol−1 E(D)/kJmol−1

xanthene (75.5)a (TMP+•)FeIVO(NO3) 821c 6.2 ± 0.1 0.504 ± 0.003 29.8 ± 0.1 34.9 ± 0.1
(33.8 ± 1.0)b (38.6 ± 0.9)b

(TMP+•)FeIVO(Cl) 801c 6.2 ± 0.1 0.519 ± 0.006 24.6 ± 0.1 29.1 ± 0.1
(20.2 ± 1.1)b (25.1 ± 1.0)b

[(TMP+•)FeIVO(Im)]NO3 812d 6.9 ± 0.2 0.504 ± 0.004 28.0 ± 0.1 31.5 ± 0.1
(28.7 ± 0.6)b (32.1 ± 0.5)b

tetraline (82.5)a (TMP+•)FeIVO(Cl) 801c 5.8 ± 0.1 0.566 ± 0.006 29.9 ± 0.1 35.1 ± 0.1
(41.7 ± 1.6)b (46.9 ± 1.4)b

aThe numbers in the parentheses are the bond dissociation energy (kcal mol−1) of the C−H bonds at the benzyl positions.63 bThe numbers in the
parentheses are E(H) and E(D) values estimated from least-squares fits of Figure 6. cReference 66. dReference 67.

Table 4. Second-Order Reaction Rate Constants for the
Reaction of (TMP+•)FeIVO(Cl) with Xanthene and
Xanthene-d2

k2/M
−1 s−1

T/°C xanthene xanthene-d2 KIEa

−40 17.75 ± 0.25 (9.90 ± 0.14) × 10−1 17.6 (18.5)
−50 10.31 ± 0.41 (5.16 ± 0.38) × 10−1 20.0 (20.8)
−60 6.20 ± 0.22 (2.56 ± 0.07) × 10−1 23.8 (25.0)
−70 3.85 ± 0.17 (1.28 ± 0.06) × 10−1 28.0 (29.6)
−80 2.25 ± 0.05 (6.14 ± 0.06) × 10−2 34.0 (36.4)
−90 1.29 ± 0.02 (2.72 ± 0.07) × 10−2 45.9 (50.4)
−95 (9.92 ± 0.15) × 10−1

aThe numbers in parentheses are KIE values obtained after isotope
purity correction with isotope purity 99.8% for xanthene-d2.

Table 5. Second-Order Reaction Rate Constants for the
Reaction of [(TMP+•)FeIVO(Im)](NO3) with Xanthene and
Xanthene-d2

k2/M
−1 s−1

T/°C xanthene xanthene-d2 KIEa

−50 11.59 ± 0.01 (8.97 ± 0.27) × 10−1 12.9 (13.2)
−60 6.41 ± 0.27 (3.86 ± 0.01) × 10−1 16.6 (17.1)
−70 4.04 ± 0.06 (1.77 ± 0.06) × 10−1 22.9 (23.9)
−80 2.44 ± 0.08 (8.10 ± 0.25) × 10−2 30.1 (32.0)
−90 1.44 ± 0.06 (3.16 ± 0.20) × 10−2 45.6 (50.1)
−95 1.12 ± 0.01

aThe numbers in parentheses are KIE values obtained after isotope
purity correction with isotope purity 99.8% for xanthene-d2.
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model (eq 1) better than the Arrhenius linear function (Figure
4 and Supporting Information Figure S6). The estimated
parameters are listed in Table 3. All of these results indicate
significant contribution of the H-tunneling processes in these
hydroxylation reactions of (TMP+•)FeIVO(Cl) and [(TMP+•)-
FeIVO(Im)](NO3).
Reaction of (TMP+•)FeIVO(Cl) with Tetralin. To study the

effect of the C−H bond dissociation energy on the H-tunneling
process in a hydroxylation reaction, we conducted kinetic
studies of the hydroxylation reaction of (TMP+•)FeIVO(Cl)
with tetralin, which has higher C−H bond dissociation energy
of the benzyl moiety than xanthene (Table 3). We examined
the reaction of (TMP+•)FeIVO(Cl) with tetralin (Supporting
Information Figure S17). With addition of tetralin, the
absorption spectrum of (TMP+•)FeIVO(Cl) changes to
(TMP)FeIIICl with clear isosbestic points. The product analysis
showed the formation of 1,2,3,4-tetrahydro-1-naphthol in 97%
yield at 223 K and 95% yield at 193 K (Table 1). An aromatic
hydroxylation product was not detected. The same product was
also obtained for the reaction of (TMP+•)FeIVO(Cl) with
tetralin-d4 (Supporting Information Figure S18).
The second-order reaction rate constants (k2) of (TMP+•)-

FeIVO(Cl) with tetralin and tetralin-d4 were estimated from the
dependence of the reaction rate constant (kobs) on the
concentration of tetralin (Table 6, and Supporting Information

Figures S19−S22 and Tables S7 and S8), and the results are
plotted in the Arrhenius plot (Figure 5). The Arrhenius plots

for tetralin and tetralin-d4 seem to show linear behavior. The
Arrhenius prefactor (log AH

obs = 4.7) estimated with a linear
function for tetralin is smaller than that (log AD

obs = 5.5) for
tetralin-d4, A

H
obs/A

D
obs = 0.16, consistent with a significant

contribution of the H-tunneling process (Supporting Informa-
tion Figure S6). The Arrhenius plots can be simulated well with
Bell’s tunneling model, eq 1. The estimated parameters are
shown in Table 3.

Kinetic Isotope Effect. The hydrogen(H)/deuterium(D)
primary kinetic isotope effect (KIE) is often utilized to estimate

Figure 4. Arrhenius plots using the second-order rate constants listed in Tables 4 and 5 for the hydroxylation reactions of (a) (TMP+•)FeIVO(Cl)
and (b) [(TMP+•)FeIVO(Im)](NO3) with xanthene (●) and xanthene-d2 (■). Solid lines (red line for xanthene and blue line for xanthene-d2) are
results obtained for the least-squares fits with Bell’s tunneling model, eq 1. The estimated parameters are listed in Table 3.

Table 6. Second-Order Reaction Rate Constants for the
Reaction of (TMP+•)FeIVO(Cl) with Tetralin and Tetralin-d4

k2/M
−1 s−1

T/°C tetralin tetralin-d4 KIEa

−40 (2.28 ± 0.01) × 10−1 (8.42 ± 0.10) × 10−3 27.1 (33.2)
−50 (1.17 ± 0.02) × 10−1 (3.76 ± 0.03) × 10−3 31.3 (39.7)
−60 (6.25 ± 0.04) × 10−2 (1.58 ± 0.04) × 10−3 39.7 (54.6)
−70 (3.20 ± 0.02) × 10−2 (5.66 ± 0.02) × 10−4 56.5 (92.8)
−80 (1.49 ± 0.02) × 10−2

aThe numbers in parentheses are KIE values obtained after isotope
purity correction with isotope purity 99.3% for tetralin-d4.

Figure 5. Arrhenius plots using second-order rate constants listed in
Table 6 for the hydroxylation reactions of (TMP+•)FeIVO(Cl) with
tetralin (●) and tetralin-d4 (■). Solid lines (red line for tetralin and
blue line for tetralin-d4) are results obtained from the least-squares fits
with Bell’s tunneling model, eq 1. The estimated parameters are listed
in Table 3.
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the extent of involvement of the H-tunneling process in a given
H-transfer reaction.25−42 To estimate the contribution of the
H-tunneling process to the present hydroxylation reactions, we
calculated KIE values from the kinetic data listed in Tables 2,
4−6. The logarithms of the KIE values, ln(kH/kD), are plotted
against 1/T (Figure 6). If the H(D)-transfer reaction proceeds

only through a transition state, without the tunneling process,
the KIE values would depend solely on the difference of
activation energies for H- and D-isotopomers, and the KIE
value can be derived from the Arrhenius equation as

= −k k A A E E RT( / ) ( / )exp[{ (D) (H)}/ ]H D
H D

(2)

where AH and AD are Arrhenius prefactors and E(H) and E(D)
are activation energies for H- and D-transfer reactions,
respectively. The E(D) − E(H) value is determined by the
zero-point energy (hν/2) at the transition state and depends on
the extent of dissociation of the C−H bond at the transition
state. Previously, the maximum E(D) − E(H) value can be
estimated to be 5.66 kJ/mol.43 Therefore, the ln(kH/kD)−1/T
plot should be linear and under the maximum line (the broken
line in Figure 6), and its slope should be less than the slope of
the maximum line. The ln(kH/kD)−1/T plots for the present
hydroxylation reactions either are close to or exceed these
criteria. Moreover, the ln(kH/kD)−1/T plots are upwardly
concave and can be simulated well with Bell’s tunneling model.
Least-square fits of the ln(kH/kD)−1/T plots with eq 2 also
provide unusual parameters that need to consider the H-
tunneling processes (Supporting Information Figure S23). The
KIE plots also provide evidence of a significant contribution of
the H-tunneling process to these hydroxylation reactions.

■ DISCUSSION

Nonlinear Arrhenius Plot. As shown in Figures 3−5, the
Arrhenius plots for the hydroxylation reactions of xanthene
show upward concave profiles. The observed concave profiles
are not so clear, but are simulated with Bell’s tunneling model
better than the Arrhenius’s equation (a linear function), as
shown in Supporting Information Figure S7. The almost linear
behavior for the D-transfer also rules out the possibility of
temperature-dependent participation of other reaction path-
ways via different transition states and other reactive species.
The results of the product analysis and product yield, as well as
the presence of clear isosbestic points in the absorption spectral
change, also support this conclusion. The ratios of the
Arrhenius prefactors are in the range that needs to consider
the H-tunneling. Thus, all of these results indicate the
participation of the H-tunneling in these hydroxylation
reactions. The estimated parameters from the curve fits are
not sufficiently reliable to discuss the level of contribution of
the H-tunneling process because the assumptions introduced in
the Bell’s tunneling model will lead to inaccurate results for
energy ranges at the bottom and near the top of the parabolic
barrier. We also analyzed the present kinetic data with Q value,
which is the ratio of a tunneling correction rate and
semiclassical rate (Supporting Information Figure S24). Since
the Q values were sensitive to the parameters used for
semiclassical rate, it was difficult to directly evaluate the level of
the H-tunneling process only from the Q value. Recently, more
precise two-dimensional empirical tunneling models and
quantum-mechanical theories, which allow calculation of
isotopic Arrhenius curves from first principles, have been
developed.57−60 Further detailed analysis of the present
Arrhenius plots with these more sophisticated models will
require revealing factors controlling the H-tunneling processes
in their hydroxylation reactions of oxoiron(IV) porphyrin π-
cation radical complexes.

KIE Value and Its Temperature Dependence. The
observed KIE values and upwardly concave profiles of their
temperature dependence, shown in Figure 6, clearly indicate
significant contribution of the H-tunneling process in the
present hydroxylation reactions. It is clear that the proportion
of the H-tunneling process to the overall H-transfer reaction in
the tetralin hydroxylation reaction is greater than that in the
xanthene hydroxylation reaction. This result reveals that the
BDE of the C−H bond is a factor controlling the proportion of
the H-tunneling contribution and the proportion of the H-
tunneling process in the hydroxylation reaction increases with
an increase in the BDE of the C−H bond. As the BDE of the
C−H bond of the substrate increases, the potential energy
curve of the reactant state becomes deeper and steeper because
larger energy is required to break the C−H bond.
Consequently, the height of the reaction barrier becomes
higher, but the thickness near the transition state becomes
thinner (Supporting Information Figure S25). These changes
lead to a greater H-tunneling contribution.
When we compare the KIE values in the xanthene

hydroxylation reactions, the KIE value at the same temperature
increases according to the order [(TMP+•)FeIVO(Im)](NO3)
< (TMP+•)FeIVO(Cl) < (TMP+•)FeIVO(NO3), which is
reverse of the reactivity order for the cyclooctene epoxidation
reaction.62 On the other hand, the slope of the line increases
according to the order of (TMP+•)FeIVO(Cl) < [(TMP+•)-
FeIVO(Im)](NO3) < (TMP+•)FeIVO(NO3). This order

Figure 6. Plots of logarithms of KIE values after the isotope purity
correction listed in Tables 2, 4−6, ln(kH/kD), against the reciprocal of
temperature, 1/T: pink circle, (TMP+•)FeIVO(NO3) with xanthene;
red square, (TMP+•)FeIVO(Cl) with xanthene; green triangle,
[(TMP+•)FeIVO(Im)](NO3) with xanthene; blue square (TMP+•)-
FeIVO(Cl) with tetralin. The black broken line indicates a limit line of
ln(kH/kD) expected from the semiclassical transition state model, E(D)
− E(H) = 5.66 kJ/mol. Solid lines show KIE values estimated from
least-squares fit with Bell’s tunneling model, eq 1, and the a values
obtained from the simulation of the Arrhenius plots. The estimated
E(H) and E(D) values are listed in Table 3.
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correlates with the bond strengths of the FeO bond of these
complexes estimated from resonance Raman spectroscopy: 821
cm−1 for (TMP+•)FeIVO(NO3), 812 cm

−1 for [(TMP+•)FeIVO-
(Im)](ClO4), and 801 cm−1 for (TMP+•)FeIVO(Cl).66−68

Since the KIE value can be changed drastically by the actual
E(D) − E(H) value and the height and thickness of the
reaction barrier (Supporting Information Figure S26 and S27),
the direct comparison of the H-tunneling contribution in three
reactions may be difficult. Although further study will be
needed to conclude, the reactivity of oxoiron(IV) porphyrin π-
cation radical complex and the FeO bond strength may be
factors controlling the proportion of the H-tunneling process.
It has been reported that the reactivity of oxoiron(IV)

porphyrin π-cation radical complex is modulated by the nature
of the porphyrin and axial ligand. The electron deficient
porphyrin ligand having strong electron-withdrawing substitu-
ent has been known to increase the reactivity of oxoiron(IV)
porphyrin π-cation radical complex.23a On the other hand, the
axial ligand binding strongly to iron(III) porphyrin complex
also increases the reactivity of oxoiron(IV) porphyrin π-cation
radical complex.66 Since the change of the reactivity means the
change of the activation energy and the reaction free energy,
the shape of the reaction barrier must be changed by the
change of the reactivity. The change of the reactivity of
oxoiron(IV) porphyrin π-cation radical complex would shift the
potential energy curve of the reactant state upward or
downward. The shift of the potential energy curve results in
the change of the shape of the reaction barrier, leading to the
change in the contribution of the H-tunneling process. For
example, with an increase in the reactivity of oxoiron(IV)
porphyrin π-cation radical complex, the potential energy curve
of the reactant state shifts upward, and the reaction barrier of
the hydroxylation reaction becomes lower and thicker
(Supporting Information Figure S25), leading to a lesser H-
tunneling contribution. Previously, the KIE value of cyclo-
hexane hydroxylation reaction was reported to become lower
with an increase in the electron-withdrawing effect of the meso-
substituent.31 Although the reported KIE values are not so high
as to expect large H-tunneling contribution, this observation
can be interpreted by the change of the H-tunneling
contribution as discussed here.
The FeO bond strength would not modulate the shape of

the potential energy curve because the shape (curvature) of the
potential energy surface of the reactant state for the
hydroxylation reaction is mainly determined by the nature of
the CH bond of substrate. Furthermore, since our previous
report concluded that the FeO bond strength of oxoiron(IV)
porphyrin π-cation radical complex does not correlate with its
reactivity,63 the FeO bond strength does not control the H-
tunneling process with shifting the potential energy curve
upward or downward, as proposed for the reactivity change. It
is difficult to explain the correlation between the FeO bond
strength and the H-tunneling process with the change of the
reactant state. A possible explanation is that the FeO bond
strength correlates with the FeOH bond strength of
iron(IV)-hydroxide intermediate, which is produced after the
H-transfer reaction (the product state of the H-transfer
reaction). The FeOH bond strength changes the shape of
the potential energy curve of a product state. Thus, it also
changes the shape of the reaction barrier of the H-transfer
reaction, leading to the change of the H-tunneling process. As
discussed in the paragraph above, since the H-transfer reaction
to an oxoiron(IV) porphyrin π-cation radical complex having

weak FeO bond expects to produce an iron(IV)-hydroxide
complex having weak FeOH bond, the reaction barrier of the
H-transfer reaction would be thicker, and thus the H-tunneling
contribution would be smaller, as the FeO bond becomes
weaker.
Finally, it is clear from Figure 6 that the reaction temperature

is an important factor to determine the H-tunneling
contribution. This phenomenon has been reported for
decades.43−61 With a decrease in the reaction temperature,
the reaction occurring via the transition state contributes to a
lesser degree than the reaction occurring via the H-tunneling
process because the H-tunneling occurs at lower energy barrier.
Thus, the H-tunneling contribution increases as the reaction
temperature decreases. As previous reports pointed out, we
point out here again that caution should be taken with respect
to a measured temperature when the KIE values are being
compared.
In summary, we have performed a kinetic study of

hydroxylation reactions at the benzylic positions of xanthene
and tetralin with (TMP+•)FeIVO(L) under single-turnover
conditions to investigate the factors controlling the H-tunneling
process and succeeded in the observation of nonlinear
Arrhenius plots. The analysis performed in this study indicates
that the extent of the H-tunneling contribution is controlled by
the BDE of the CH bond of the substrate, the reactivity of
oxoiron(IV) porphyrin π-cation radical, and probably the Fe
O bond strength.

■ EXPERIMENTAL SECTION
Instruments. UV−vis absorption spectra were recorded on an

Agilent 8453 spectrophotometer (Agilent Technologies) equipped
with USP-203 low-temperature chamber (UNISOKU). Gas chroma-
tography−mass spectrometry (GC−MS) analysis was performed on a
QP-5000 GC−MS system (Shimadzu) equipped with a capillary gas
chromatograph (GC-17A, CBP5-M25-025 capillary column). 1H
NMR spectra were measured on a Lambda-500 spectrometer
(JEOL). 1H NMR chemical shifts were recorded versus tetramethylsi-
lane (TMS) and referenced to a residual solvent peak, dichloro-
methane 5.32 ppm and chloroform 7.23 ppm. Ozone gas was
generated by UV irradiation of oxygen gas (99.9%) with an ozone
generator PR-1300 (ClearWater) and used without further purifica-
tion.

Materials. Anhydrous dichloromethane was purchased from Kanto
and was stored in the presence of 4 Å molecular sieves. The other
anhydrous and spectrophotometric grade solvents were commercially
obtained and were used as received. Xanthene and xanthydrol were
purchased from Sigma-Aldrich. 1,2,3,4-Tetrahydronaphthalene (tetra-
lin) was purchased from Tokyo Kasei, and 1,2,3,4-tetrahydro-1-
naphthol was purchased from Wako. Chloroform-d1, dichloromethane-
d2, deuterium oxide (D2O), and dimethyl sulfoxide-d6 (DMSO-d6)
were purchased from Cambridge Isotope Laboratories Inc. Sodium
hydride (55% dispersion in mineral oil) was purchased from Wako and
purified by washing with hexane just before use. Undecane was
purchased from Kanto. To remove a trace of impurity, xanthene
dissolved in small amount of dichloromethane and neat tetralin was
passed through activated alumina just before use. The concentration of
xanthene solution after the purification was determined for each
preparation by the absorbance at 249 nm, ε249 nm = 7872.4 M−1 cm−1

in dichloromethane at room temperature. 5,10,15,20-Tetramesitylpor-
phyrin (TMPH2) was prepared according to the process described in
the literature.69 (TMP)FeIIICl was prepared by the reaction of TMPH2
with FeCl2 and sodium acetate in acetic acid and purified by silica gel
column chromatography using CH2Cl2/CH3OH as an eluent.62

(TMP)FeIIINO3 was prepared by the reaction of (TMP)FeIIICl with
silver nitrate in tetrahydrofuran at room temperature and purified by
recrystallization from dichloromethane/n-hexane.70
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Xanthene-d2 was prepared according to the procedure described in
the literature.71 A mixture of xanthene (1 g, 5.5 mmol) and DMSO-d6
(D: 99.9%, 6 mL) together with sodium hydride (0.4 g, 16.7 mmol)
under an inert (argon) atmosphere was stirred at room temperature
overnight. The reaction was quenched with 10 mL of D2O (D: 99.9%).
The crude product was filtered and washed with a large volume of
water. The product was purified by recrystallization from ethanol. 1H
NMR spectra confirmed about 99% deuterium incorporation. The
same procedure was repeated with DMSO-d6 (D: 99.96%, 6 mL). The
deuterated xanthene-d2 was further purified by passing through
activated alumina just before use. The purified xanthene-d2 showed
about 99.8 atom % deuteration (Supporting Information Figure S28).
The xanthene-d2 solution was also passed through activated alumina
just before use, and the concentration for each preparation was
determined from the absorbance at 249 nm.
1,2,3,4-Tetrahydronaphthalene-d4 (tetralin-d4) was prepared using a

similar method.72 A mixture of sodium hydride (0.72 g, 30 mmol) and
DMSO-d6 (D: 99.9%, 11.55 mL) was stirred for 30 min at room
temperature under an inert (argon) atmosphere. Then, tetralin (1.00 g,
7.58 mmol) was added to the solution, and the mixture was stirred at
room temperature for more than 48 h. The reaction was quenched
with D2O (D: 99.9%, 10 mL). Hexane (30 mL) was added, and the
mixture was separated. The organic phase was extracted by hexane (30
× 2 mL) and then washed with water (40 × 2 mL). The solution was
dried with anhydrous sodium sulfate, and the solvent was removed
under reduced pressure to give the crude tetralin-d4. The product was
purified vacuum distillation. To improve the isotope purity, this
procedure was repeated three times. The final product was further
purified by passing it through a silica gel column using hexane as the
eluent. 1H NMR spectra of the purified tetralin-d4 showed about 99.3
atom % deuterium incorporation (Supporting Information Figure
S29). The tetralin-d4 was also passed through activated alumina just
before use.
Kinetic Analysis. Iron(III) porphyrin complex ((TMP)FeIIINO3

or (TMP)FeIIICl, 1.0 × 10−4 M) dissolved in dichloromethane in a 1
cm quartz cuvette was placed in a low-temperature chamber set in a
UV−vis absorption spectrometer. After cooling the sample solution to
a desired temperature (−20 to −95 °C), ozone gas was passed through
the solution using a gastight syringe. The formation of oxoiron(IV)
porphyrin π-cation radical complex, (TMP+•)FeIVO(NO3) or
(TMP+•)FeIVO(Cl), was monitored by the absorption spectroscopy.
[(TMP+•)FeIVO(Im)](NO3) was prepared by the addition of 1 equiv
of imidazole (1.0 × 10−4 M) to (TMP+•)FeIVO(NO3). The remaining
ozone was removed by bubbling dry argon gas with a gastight syringe
(∼10 mL). Xanthene or tetralin dissolved in dichloromethane was
added to the sample solution with stirring. The reaction was
monitored by observing the absorption spectral change at a constant
time interval immediately after addition. The pseudo-first-order rate
constant (kobs) was determined by the least-squares fit of the time-
course of the absorbance at 668 nm for (TMP+•)FeIVO(NO3) and
[(TMP+•)FeIVO(Im)](NO3), and at 667 nm for (TMP+•)FeIVO(Cl)
with single-exponential function by a curve-fitting program in Igor
(WaveMetrics, Inc.). The pseudo-first-order rate constant was found
to be linearly dependent upon the concentration of substrate. The
second-order rate constant (k2) was determined by a least-squares fit
of the dependence with the following equation, kobs = k0 +
k2[substrate], where k0 is the rate constant for the self-decomposition
of the oxoiron(IV) porphyrin π-cation radical complex.
Since the observed reaction rate constant for deuterated sample is

the sum of reaction rate constants for the D-transfer reaction and the
unlabeled H-transfer reaction, the second-order rate constant for 100%
pure deuterated sample, kD(correction), was calculated with the
following equation, eq 3

= − × − ×k k k(correction) { (1 DP/100)} 100/DPD D H (3)

where kH and kD are the second-order reaction rate constants obtained
from experiments for H- and D-isotopomers, respectively, and DP is
the deuterium isotope purity (%). The KIE value obtained after the
isotope purity correction was calculated with kD(correction), KIE-
(correction) = kH/kD(correction).

The least-squares curve fits with the Bell’s tunneling model, eq 1,
require estimation of three parameters, the Arrhenius prefactor (A),
thickness of the reaction barrier (a), and the activation energy (E), for
one kinetic data set. There are many combinations of these parameters
that can simulate well the experimental Arrhenius plot. Although Bell’s
tunneling model expects E(D) − E(H) less than 5.66 kJ/mol and very
similar A and a values between H- and D-isotopomers, we could not
obtain reliable parameters satisfying these conditions from the least-
squares curve fit with eq 1 without any restrictions. Therefore, we first
roughly estimated the A value from Arrhenius plot for D-isotopomer
with a linear function, and then repeated least-squares fit of the
Arrhenius plot for H-isotopomer with eq 1 to be better fit by adjusting
the estimated A value, allowing determination of the A, a, and E(H)
values. Finally, the E(D) value is determined by least-squares curve fit
of the Arrhenius plot for D-isotopomer with eq 1 including the A and
a values determined from the curve fit of H-isotopomer.

Product Analysis. For xanthene hydroxylation, oxoiron(IV)
porphyrin π-cation radical complex (1.0 × 10−3 M) was prepared in
dichloromethane-d2 in a two-neck Schlenk tube using the same
method described above. Xanthene (2−20 equiv) was added to the
sample solution at the same temperature. The solution was stirred
until the green solution changed to reddish (over the course of several
minutes). After being warmed to room temperature, the sample
solution was transferred to a 5 mm NMR tube, and the 1H NMR
spectrum was measured at 25 °C. The product was assigned on the
basis of 1H NMR chemical shifts of xanthydrol and xanthenone. The
yield of the product (xanthydrol) was determined by the percentage of
the peak area over the iron porphyrin signals. The same experiment
was repeated three times, and the product yields were determined
from the average of three experiments.

For tetralin hydroxylation, oxoiron(IV) porphyrin π-cation radical
complex (5.0 × 10−4 M) was prepared in a two-neck Schlenk tube
using the same method described in the above section. Tetralin (0.1−
0.6 M) was added to the sample solution at the same temperature. The
solution was stirred until the green solution changed to reddish (over
the course of several minutes). After warming to room temperature,
the products were analyzed by GC−MS. 1,2,3,4-Tetrahydro-1-
naphthol was an only product, and other products including aromatic
hydroxylation products were not detected. The yield of 1,2,3,4-
tetrahydro-1-naphthol was determined by GC−MS with a calibration
line using undecane as an internal standard. The same experiment was
repeated three times, and the product yields were determined from the
average of three experiments.
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