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Kinetic and Molecular Orbital Studies on the Rate of Oxidation of

Monosubstituted Phenols and Anilines by Horseradish Peroxidase Compound II*
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ABSTRACT: The second-order rate constant (k,) for the oxidation of a series of aromatic donor molecules
(monosubstituted phenols and anilines) by horseradish peroxidase (HRP) compound II was examined with
a stopped-flow apparatus. The electronic states of these substrates were calculated by an ab initio molecular
orbital method. It was found that in both phenols and anilines log k4 values correlate well with the highest
occupied molecular orbital (HOMO) energy level and the lowest unoccupied molecular orbital (LUMO)
energy level, but not with the net charge or frontier electron density on atoms of these molecules,. The HOMO
and LUMO energy levels of phenols and anilines further showed linear relationships with Hammett’s ¢
values with negative slopes. Similar results were obtained in the oxidation of substrates by HRP compound
I, except that the rate of reaction was much higher than in the case of HRP compound II. In addition,
the rates of oxidation of phenols by compound I or II were found to be about 1000 times higher than those
of anilines with similar HOMO energy levels. On the basis of these results, the mechanism of electron transfer

from the substrate to the heme iron of HRP compound II is discussed.

It is well established that horseradish peroxidase (HRP)!
catalyzed reactions proceed in the consecutive steps (Chance,
1951; George, 1952)

k
E + H,0, — ES; (1)
k
ES; + AH, — ES;; + AH* )
k
ES;, + AH, — E + AH" 3)
AH®* + AH* — A,H, (or A + AH,) 4)

where E, ES;, and ES; are the native enzyme, compound I,

' This work was supported in part by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science and Culture of Japan.

* Address correspondence to this author at the Laboratory of Bio-
physical Chemistry, Faculty of Pharmaceutical Sciences, Chiba Univ-
ersity, Yayoi-Cho 1-33, Chiba, Chiba 260, Japan.

*Present address: Department of Bacteriology, Jikei University School
of Medicine, Minato-ku, Tokyo 105, Japan.

and compound II, respectively, and AH, and AH" are the
hydrogen donor (the second substrate) and its free radical,
respectively. It was reported that the reactions between
compound I and AH, and between compound II and AH, are
of the second order and that the rate constant of reaction 2,
k;, is usually much higher than that of reaction 3, k, (Chance,
1951; Dunford & Stillman, 1976). However, little is known
about the mechanism of electron transfer from the substrate
to compound I and compound II.

It was shown recently that cytochrome ¢ peroxidase forms
a 1:1 complex with cytochrome ¢ and that the hemes of the
two proteins may be almost parallel with an edge separation
of 16.5 A, suggesting that the electron transfer takes place
through an intricate bridge of interaction, ionic interactions,
and hydrogen bonds connecting the two hemes (Poulos &

! Abbreviations; HOMO, highest occupied molecular orbital; HRP,
horseradish peroxidase; LUMO, lowest unoccupied molecular orbital.

0006-2960/90/0429-4093%02.50/0 © 1990 American Chemical Society



4094 Biochemistry, Vol. 29, No. 17, 1990

Kraut, 1980). On the other hand, we presented evidence
indicating that the aromatic donor molecule binds to HRP in
the vicinity of the heme peripheral 8-methyl group and almost
perpendicular to the heme plane (Sakurada et al., 1986). This
leads to the supposition that electron transfer from the sub-
strate to the heme iron of compound II may occur at the
binding site, but it is not clear how the electron transfer takes
place. Since many phenols and aromatic amines are oxidizable
by compound II, studies of the effect of the substituents on
the rate of reaction may shed some light on this problem.

Bordeleau and Bartha (1972) suggested, on the basis of
overall reaction rates of oxidation of various aniline derivatives
catalyzed by a peroxidase contained in the soil fungus Geo-
tricum candidum, that susceptibility to enzymic transformation
depends on the electron density on the nitrogen atoms of amino
groups of these substrates. Our results obtained by molecular
orbital calculations, however, did not support the view, dem-
onstrating that the rate of reaction is dependent on HOMO
energy levels (Hosoya et al.,, 1983). On the other hand,
Dunford and Adeniran (1986) reported that logarithms of k,
values for the oxidation reaction of many phenol and aniline
derivatives by HRP compound II correlate well with Ham-
mett’s o values. In the case of the enzyme in the fungus, the
rate of oxidation obtained was not for the elementary reaction
3, but rather for the overall reaction (Bordeleau & Bartha,
1972). Furthermore, the molecular orbital calculation for these
substrates was performed by a semiempirical molecular orbital
method (Hosoya et al., 1983). In the present paper, therefore,
we have attempted to examine whether there is any correlation
between the rate constant for reaction 3, k,, of many phenol
and aniline derivatives and quantum chemical indices of these
substrates calculated by ab initio molecular orbital method,
hoping to obtain some clue to the mechanism of the electron
transfer in the peroxidase reaction.

EXPERIMENTAL PROCEDURES

Materials. HRP (isozyme B + C) was purified by the
method of Aibara et al. (1982), starting from crude materials
with 1.0-2.0 of RZ (ratio of A,p;/ Az4) obtained from Wako
Pure Chemical Co. The RZ of the final preparation was over
3.0. The enzyme concentration was determined spectropho-
tometrically at 403 nm by using a molar absorptivity of 1.02
X 10° M~ cm™ (Aibara et al., 1982). A fresh HRP solution
was mixed with | equiv of H,0,, and the solution stood ov-
ernight at 4 °C to recover the native enzyme. Compound I1
was prepared from the HRP solution by adding 1 equiv of
H,0, and | equiv of K;Fe(CN),. The concentration of the
resultant solution of compound I was between 2 and 4 uM.
Solutions of most substrates were prepared by dissolving a
weighed amount of the compound in an appropriate volume
of purified water each day to make fresh stock solutions of
1-10 mM concentration. The solutions were stored in brown
bottles to prevent photochemical reactions. The substrate
solution for each run was then made by diluting portions of
the stock solution to give concentrations of 20-100 uM, with
a sodium phosphate buffer of pH 7.0. Usually more than
10-fold excess of substrate over the enzyme was used so that
the reaction occurred by a pseudo-first-order process.

Kinetic Experiments. The kinetic experiments were per-
formed in a Hitachi double-wavelength double-beam spec-
trophotometer, Model 557, equipped with a stopped-flow ap-
paratus (Hitachi 557-0814) and a personal computer (NEC
PC-9801F2). The wavelengths used were A; = 418 nm and
A, = 403 nm. One of the drive syringes of the stopped-flow
apparatus was filled with the substrate, and the other syringes
were filled with compound I1 freshly prepared as described

Sakurada et al.

Table I: Values of k4 for Phenol and Aniline Derivatives and Hammett’s
o Values for the Substituents

ky M5
phenol and its aniline and its Hammett’s

substituents derivatives derivatives o value?
H (3.15+003) x 10° (8.59 % 0.20) x 10*

p-CH; (1.06 £ 0.02) X 10¢  (6.10 £ 0.19) x 10° ~0.17
p-Cl (1.10 £ 0.02) X 106  (1.16 £ 0.05) x 10° 0.23
p-OCH;, (5.95 £ 0.11) X 106 (6.67 £ 0.09) x 10¢ ~0.27
p-CHO (527 £0.11) x 10> ND? 0.43
p-CN (9.25 £ 0.20) x 10* ND* 0.66
m-CH, (3.96 £ 0.05) x 10°  (1.79 £ 0.03) x 10° ~0.07
m-Cl (6.80 £ 0.10) x 10*  (1.52 £ 0.03) x 10° 0.37
m-OCH, (1.01 £0.02) X 10° (6.26 £ 0.13) x 104 0.12
m-CHO (4.56 £ 0.11) x 10° ND* 0.36
m-CN (1.47 £ 0.06) X 10* ND? 0.56
m-OH (3.52£0.03) x 10° ND? 0.12
0-CH; (8.13 £0.12) x 10*  (1.38 £ 0.02) x 10°

o-Cl (4.42 £ 0.05) x 10° (1.01 £0.03) x 10°

0-OCH, (2.79 £ 0.37) X 10°  (2.90 % 0.08) x 106

0-CHO (273 £0.04) x 10* ND?

0-OH (4.36 £ 0.05) X 10° ND?

0-CN (8.71 £0.17) X 102 ND*

o-SH ND? (1.36 £ 0.01) x 106

9Taken from Exner (1972). ®Not determined.

above. The reaction was then followed by monitoring the
disappearance of compound II as described (Dunford &
Adeniran, 1986). Usually 10 experiments were conducted for
each substrate concentration and the data stored directly in
an on-line computer memory. For the experiments on the
substrate with a low k, value, 3 mL of a freshly prepared
solution of compound II in the sodium phosphate buffer was
measured into a cuvette and placed in the observation chamber.
The reference was filled with the buffer. A calculated amount
of the stock solution of the substrate was measured and mixed
rapidly with the enzyme, and the instrument was started as
soon as possible. The relative absorbance at regular time
intervals was then measured manually from the trace obtained
from the spectrometer. The observed pseudo-first-order rate
constant, k,, for each experiment, either on the stopped-flow
apparatus or on the recorder of the spectrophotometer, was
calculated through the use of a Guggenheim plot in the manner
described by Hiromi (1979).

Quantum Chemical Calculations. Geometry and electronic
states of phenol and aniline derivatives were calculated by ab
initio molecular orbital method (GAUSSIAN 82 with a STO-3G
basis set) (Binkley et al., 1982) using a HITAC M-680 in the
Computer Center, Institute of Molecular Science, Okazaki,
Japan.

RESULTS

The k, values of many monosubstituted phenols and anilines
were determined at pH 7.0 at 22 °C by the method described
above and are given in Table I. The values of some substrates
that were already measured by Dunford and Adeniran (1986)
are generally in agreement with those obtained here.

The electronic states of these substrates were calculated by
an ab initio molecular orbital method. In this calculation, only
unprotonated forms were employed, because it was already
confirmed that these are reacting species {Dunford & Ade-
niran, 1986). In the case of aniline derivatives, as shown in
Figure 1, plots of HOMO energy against log k4 show a linear
relationship, the correlation coefficient being very high (» =
0.989). When these substrates were divided into para-, meta-,
and ortho-substituent homologous series, the correlation
coefficients were slightly increased in para- and meta-sub-
stituted compounds. In the case of phenols, the correlation
coefficient between HOMO energy and log k4 for phenols was
rather low as compared with that for anilines, being 0.641.
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FIGURE 1: Relationship between the HOMO energy and the loga-
rithms of k4 of monosubstituted phenols and anilines. (O) Phenols:
(1) H; (2) p-CHy; (3) p-Cl; (4) p-OCH3; (5) p-CHO; (6) p-CN; (7)
m-CHj; (8) m-Cl; (9) m-OCHj;; (10) m-CHO; (11) m-CN; (12)
m-OH; (13) 0-CHj; (14) o-Cl; (15) o-OCHj; (16) 0-CHO; (17) 0-OH;
(18) 0-CN. (@) Anilines: (19) H; (20) p-CHj; (21) p-Cl; (22)
p-OCH3; (23) m-CHyj; (24) m-Cl; (25) m-OCHjy; (26) o-CH3; (27)
0-Cl; (28) 0-OCHj; (29) o-SH. The calculations including and
excluding (3), (8), and (14) are shown by the dotted line and the full
line, respectively.

Table 11: Correlation Coefficients between log k, and Quantum
Chemical Indices Obtained by the ab Initio Molecular Orbital
Method

3 27 3 27
- 1 c=C "
‘c :c‘—of o, N
c-C c-C 1°H
s 6 6

correlation coefficient
log &, phenol and its

aniline and its

line versus derivatives (18)¢ derivatives (11)¢
Energy Level of
A HOMO 0.641, 0.873% 0.989
B LUMO 0.832, 0.889* 0.828
Net Charge on
C Ol or N1 0.005 0.349
D Cl 0.432 0.902
E C2 0.083 0.049
F C4 -0.310 -0.232
G Cé6 -0.143 -0.066
H H2 0.445 0.783
| Hll 0.447 0.449
Frontier Electron Density [f,(E)]
J Ol or N1 -0.024 -0.611
K Cl -0.055 0.628
L C2 -0.010 -0.367
M C4 -0.321 -0.476
N Cé6 -0.119 ~0.023

2Number in parentheses denotes the number of substrates used.
bNumber in italics denotes the values obtained excluding chloro com-
pounds.

However, if chloro derivatives, which are known to often show
irregularity (Job & Dunford, 1976), were excluded, the cor-
relation coefficient for phenols was increased to 0.873 (Table
I1).

From the calculations it was also found that the line for
phenols was almost parallel to that for anilines, the latter being
about 0.81 eV higher than the former (Figure 1), and that
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FIGURE 2: Relationship between the HOMO energy and the loga-
rithms of &, of substituted phenols and anilines. The data of k, were
taken from Job and Dunford (1976): (Q) Phenols: (1) p-OCHj; (2)
p-CHj; (3) m-CH,; (4) m-OH; (5) H; (6) m-OCHjy; (7) m-CHO.
(®) Anilines: (8) p-OH; (9) p-OC,Hs; (10) p-CHj; (12) H; (13)
m-OC,H;. r =-0.875 (n = 7) for phenols; r = -0.963 (n = 5) for
anilines.

LUMO energy level correlates well with log &, in both phenol
and aniline derivatives.

The quantum chemical calculation also disclosed that the
net charges on oxygen atoms of phenols and on nitrogen atoms
of anilines were scarcely changed by introduction of these
substituents. In addition, as shown in Table I1, no significant
correlation was found except in the cases of C1 and H2 in
anilines. Even the high correlation coefficients obtained in
the three cases are considered to have been brought about
eventually, since the net charges at these atoms scarcely varied
among the series of compounds.

It was noteworthy that electrons of carbon atoms and oxygen
or nitrogen atoms are not present in 2s, 2px, and 2py orbitals
but exclusively in 2pz (2pw) orbitals. The absolute values of
coefficients of 2pz orbitals at the heteroatoms were in the range
0.2979-0.4696 in phenols and 0.4628-0.5726 in anilines, being
higher than those at most carbon atoms. From these coeffi-
cients, frontier electron densities of HOMO eigenfunctions,
f(E), were calculated according to Fukui’s (1970) method and
used to examine the correlation with log k,. However, the data
did not show any correlation between them (Table II, lines
J-N). We have also calculated frontier electron densities f,(R)
which are related to radical reactions, but no correlation was
found between log &, and f,(R) (data not shown).

Previously, Job and Dunford reported the values for the rate
constant (k) for the oxidation of various phenols and aromatic
amines by compound I. Since electronic states of some of
substrates were calculated as described above, other substrates
except chloro derivatives and disubstituted substrates in the
list (Table II) of Job and Dunford (1976) were subjected to
ab initio molecular orbital calculations. The results shown in
Figure 2 indicate that log k; values also correlate well with
HOMO energy levels of substituted phenols and anilines and
that the slopes of two lines are similar to each other. As in
the case of log k, mentioned above, there is little correlation
between log k5 and net charges and frontier electron densities.

Finally, we have examined whether k4 values for the aniline
and phenol derivatives fit the Hammett equation

log (kx/ku) = po (%)
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where kx and ky are the second-order rate constant for sub-
stituted and unsubstituted phenol and aniline and p and ¢ are
the rate constant and substituent constant of the Hammett
equation, respectively. The plots of log kx/ky against o values
yielded straight lines, from which the correlation coefficient
and p values for phenols were found to be —0.85 and —3.78 and
those for anilines, —0.96 and —5.75, respectively.

DIscussION

Previously, the second-order rate constant (k,) for the ox-
idation of various aromatic donor molecules by HRP com-
pound Il was obtained with a stopped-flow apparatus by
several groups of investigators (Chance, 1951; Marklund et
al., 1972; Yamazaki & Yokota, 1973; Dunford & Stillman,
1976; Kato et al., 1984). However, the results are not nec-
essarily in agreement with each other, due to differences in
the reaction conditions and apparatus used, and involve data
of insufficient accuracy. Therefore, we have attempted to
obtain the rate constants for many substrates under specific
conditions.

In previous papers (Hosoya et al., 1983; Sakurada et al.,
1988), semiempirical molecular orbital methods were used to
calculate the electronic states of donor molecules. In the
present study, we employed an ab initio method for the cal-
culation of electronic states of substrates mentioned above, and
the quantum chemical indices obtained were subjected to
examination for the correlation with the values for log k, which
are related to the activation energy of the reaction.

Previously, Bordeleau and Bartha (1972) suggested that the
enhancement of the peroxidase-catalyzed oxidation of phenols
and anilines upon introduction of electron-releasing substitu-
ents may be related to a possible increase in the electron
density on oxygen or nitrogen atoms. Our present quantum
chemical calculation for phenols and anilines, however, showed
that the net charge on oxygen atoms of phenols and on nitrogen
atoms of aromatic amines was practically unchanged by
substituted groups. This fact, together with no correlation
between log k, and the net charge on these atoms or carbon
atoms, argues against the view that the rate of oxidation by
compound 11 is correlated to the net charge on any atoms.

Instead, high correlations were found between log k4 and
HOMUO energy both in phenols and in aromatic amines, in
agreement with our previous results (Hosoya et al., 1983). It
is noteworthy that the electrons in HOMO were distributed
only in 2pr orbitals and were especially abundant on oxygen
or nitrogen atoms and para carbon atoms as mentioned above.
These facts indicate that the rate of oxidation by compound
II depends on the ease with which a = electron is released from
the substrates.

Dunford and collaborators reported that Hammett’s rules
apply to the oxidation of para- and meta-substituted phenols
and anilines by compound I (Job & Dunford, 1976) and
compound II (Dunford & Adeniran, 1986). The present re-
sults on the oxidation of aromatic substrates by compound II
also fitted well into the Hammett equation. Our previous
negative results (Hosoya et al., 1983) in applying the Hammett
equation to the rate of oxidation of anilines catalyzed by a
peroxidase in fungi may be due to the lack of accuracy in the
values of oxidation rate obtained by Bordeleau and Bartha
(1972) and due to the quantum chemical calculation by a
semiempirical method.

Henri-Rousseau and Texier (1978) demonstrated that there
is a negative correlation between Hammett’s o value and the
HOMO energy levels which were estimated on the basis of
the ionization potential and absorption spectrum. This was
confirmed as shown in Figure 3, where the HOMO energy

Sakurada et al.
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FIGURE 3: Relationship between the HOMO energy levels and
Hammett’s ¢ values. (®) Phenol; (O) parasubstituted phenols; (@)
meta-substituted phenols. (A) Aniline; (A) para-substituted anilines;
(A) meta-substituted anilines. » = —0.890 (n = 12) for phenols and
r=-0.961 (n = 7) for anilines.

-04 -02

levels calculated by the ab initio molecular orbital method are
plotted against ¢ values for substituents. Thus, it is considered
that a negative correlation between the value and log k, has
been obtained in the present case. A similar relationship was
observed between LUMO and ¢ values (data not shown).

As described already, the reaction constant (p) in the
Hammett equation obtained in the present study was —5.75
for oxidation of anilines and —3.78 for oxidation of phenols.
These are in agreement with the values for phenols obtained
by Dunford and Adeniran (1986), —4.6. According to Ham-
mett (1940), p values in many reactions are range between
-3.69 and +3.99, depending on the nature and conditions of
the reaction: examples with high negative p values are re-
actions between (i) anilines and dinitrochloronaphthalene,
-3.69 (Singh & Peacock, 1936), (ii) anilines and dinitro-
chlorobenzene, -3.19 (Van Opstall, 1933), and (iii) di-
methylanilines and trinitrophenol, ~2.90 (Hertel & Dressel,
1933). In addition, the following reactions were found to have
a high negative p value, —5.93 (Bird & Ingold, 1938; Jaffe,
1953):

pX-ArH + NO,* — pX-Ar-NO, + H*  (6)

These reactions with high negative p values are common in
that the introduction of electron-releasing substituents en-
hances the rate of reaction, resembling the present enzymic
reaction. In addition, para, meta, and ortho substituents
produced nearly the same effect upon the rate of oxidation
of phenols and anilines by compound II (Figure 2). These facts
are compatible with the view that the effect of substituents
on the oxidation rate is related to the step of one electron
transfer from the substrate to the heme iron.

However, removing one electron from phenols or anilines
to compound II would generate a positive charge in the sub-
strate molecule. If this is the case, the reaction would follow
the Okamoto—-Brown equation

log kx/ky = po* (7

where o is Okamoto—Brown’s substituent constant (Okamoto
& Brown, 1957; Brown & Okamoto, 1958). However, our
data did not fit the equation, in agreement with the case of
oxidation by compound I (Job & Dunford, 1976). Further-
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more, the initial products from phenols were reported to the
phenoxy radicals (Shiga & Imaizumi, 1978). These facts lead
to the supposition that the electron transfer is accompanied
by simultaneous loss of a proton from the substrate, avoiding
the formation of a positive charge. Since the step expressed
by eq 3 was found, by spectrophotometric titration, to consume
one proton from the medium (Yamada & Yamazaki, 1974),
eq 3 may be expressed more clearly as a whole as

AH, + H* 4+ PoFe!Y=0 — AH* + H,0 + PoFell  (8)

where Po stands for protoporphyrin IX. The amount of energy
needed to release a proton from OH of phenols may be dif-
ferent from that from NH of anilines. This may be related
to the finding that two straight lines with similar slopes were
separated by about 0.81 eV as shown in Figure 2.

The dissociation constants of several phenols and anilines
to HRP were previously obtained on the basis of optical dif-
ference spectra (Paul & Ohlsson, 1979; Hosoya et al., 1989).
These values fell in a relatively narrow range, about 3—-10 and
10-20 mM, respectively, and no significant correlation was
found with log k,. Thus, the difference in the affinity of donors
to HRP is considered to cause little effect on the rate of
reaction. Since we are examining a series of monosubstituted
phenols and anilines, contribution of the entropy factor for the
free energy charge in the reaction is considered not to change
significantly among these substrates.

Correlation of HOMO energy levels of organic compounds
with their standard redox potentials was reported in the case
of nonenzymic oxidation-reduction such as reactions between
benzenediols and tris(1,10-phenanthroline)iron(IIT) (Kimura
et al,, 1981, 1982; Yamabe et al, 1981). In these studies, the
standard redox potentials of the free radicals were estimated
from kinetic data by the application of the Marcus theory
(Marcus, 1968). Similar correlation between the HOMO
energy levels and the standard redox potential of the second
substrates is also expected in the present enzyme reactions,
but it is difficult at the present stage to calculate accurate
standard redox potentials from the kinetic data by the Marcus
theory since the enzyme reaction contains more complicated
systems.

Therefore, we attempt here only to furnish a qualitative
explanation for the results of the present reaction with an
adiabatic diagram (Marcus & Sutin, 1985). In Figure 4, R
refers to reactants (the left side of eq &) plus surrounding
medium and P denotes products (the right side of eq 8) plus
surrounding medium, taking as examples two phenol deriva-
tives [(AH;)o; and (AH,)o,;] in Figure 4a and two aniline
derivatives [(AH,)x; and (AH,)n ;] in Figure 4b. The ordinate
shows the free energy of the system, but the difference between
substrates is considered to be mainly due to that in the elec-
tronic energy. At position B, it is expected that the substrate
may bind to the enzyme to make it possible to diminish the
activation energy of electron transfer through the interaction
of R with P (Marcus & Sutin, 1985) or that of HOMO with
LUMO (Henri-Rousseau & Texier, 1978; Mulliken & Person,
1969).

In the case of phenols, the following equation is obtained
from Figure 4a and eq 8

AEgji— AEg; =
Eany0ii = Eanyoii = (E@anyo,; — E@angoy) (9)

where AEq; and AEg; are differences in free energies of P
and R as shown in Figure 4a and E(yp.)0;i €tc. are electronic
energies of respective compounds. Ab initio calculation showed
that total energies of radical forms are smaller approximately
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FIGURE 4: Profile of many-dimensional potential surface of reactants
plus surrounding medium (R) and that of products plus surrounding
medium (P) in the reaction between donors and HRP compound II
(PoFe™=0 + H* + AH, — PoFelll + H,0 + AH*). A and C denote
nuclear conordinates for an equilibrium configuration of reactants
and for products, respectively, and B denotes nuclear configuration
at the intersection of the two free-energy surface. Hydrogen donors
used are (a) two phenols [(AH;)o; and (AH,)o;] and (b) two anilines
[(AH)n,; and (AH,)n ;). AE denotes the difference between energies
of P and R, and E, indicates the activation energy of each reaction.
Dif. stands for the difference between AE of phenols and AE of
anilines. For explanation of the figure, see the text.

POTENTIAL ENERGY

by the HOMO energy of corresponding donors than those of
donors (data not shown). Thus

AEO,ii - AEO,i = _(HOMOO'“ - HOMOO‘Q) (10)

where HOMOO,i and HOMOO_“ (HOMOO,ii > HOMOO_i)
denote the HOMO energies of two of a series of phenol de-
rivatives. On the other hand, the following equation is obtained
from the results shown in Figure 1

HOMO, ;; - HOMOg; = ni(log k4)o — (log ks)o,} =

7 X 0.435
- T(Ea,o.ii - E,0p (11)

where 7 is the slope of the straight line in Figure 1 (0.26 eV
for the full line of phenols) and E,o; and E, g ; are the ac-
tivation energies of the reaction between compound II and
phenols. If it is assumed that the entropy factors of a series
of compounds are almost similar to each other as described
already, combination of eqs 10 and 11 results in

AEO,“ - AEO,i = _(HOMOO,ii - HOMOo_i) =
4.43(E, 0 — Ea04) (12)
This indicates that when two phenol derivatives are compared,
the difference in the activation energy is almost equal to
one-fifth of the difference in the HOMO energy and that the
higher the HOMO energy level of the substrate, the larger
the value of |AE| and the smaller the activation energy, E,.
As for aniline derivatives, similar consideration with the data
shown in Figure 1 gives the equation

AEN‘“ - AEN,i = - (HOMON'“ - HOMONJ) =
4.51(ENi = Eong) (13)

thus being very similar to that of phenols. Figure 4b depicts
the free energy surface when the energies of R containing
(AH;)n; and (AH;)n; are almost similar to those with
(AH;)o; and (AH,)o;, respectively. As described under
Results, the rate of reaction in anilines is about !/, as small
as that of phenols with similar levels of HOMO energy (Figure
1), and E, n; and E, n; should be larger than E,g; and E, g ;,
respectively. Such a difference in the activation energy be-
tween phenols and anilines may be explained if the upward
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shift of P occurs as shown in Figure 4b, probably due to
differences in the bond energy of O—H and N-H, solvent effect
of the heteroatoms, the mode of hydrogen binding to the en-
zyme (Paul & Ohlsson, 1978; Sakurada et al., 1986), and so
on.

The above discussion is concerned with the oxidation of
substituted phenols and anilines by compound II. The cir-
cumstances are, however, similar to the oxidation by compound
I as shown in Figure 2. The only difference is that the rate
of reaction between the substrate and compound I is much
higher than in the case of compound II. This may be related
to the fact that compound I has two oxidation equivalents, one
in heme iron and the other in the form of cation on porphyrin
(Dolphin et al., 1971).

In conclusion, it was found that logarithms of k4 of mono-
substituted phenols and anilines correlated well with HOMO
energy levels of these compounds calculated by an ab initio
molecular orbital method and that the HOMO energy levels
showed a linear relationship with Hammet ¢ values of sub-
stituents with negative slope. Analysis of these correlations
suggested that (i) one electron transfer from the substrates
to the heme iron may occur from the 2pw orbital of HOMO
of the substrates; (ii) the height of barrier of electron transfer
(activation energy) may be a function of the gap between the
energy level of the reactants and that of the products, which
leads to a linear relationship between HOMO energy and log
k4 of donors, and (iii) the difference in the activation energy
of anilines and phenols may be due to concerted proton release
from substrates. Further studies are needed to elucidate
quantitatively the mechanism of the electron transfer by
finding out the configuration of the enzyme—substrate complex.
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