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Abstract

(1) A distinctive structural feature of P450 is the unusual thiolate coordination to heme. We have succeeded in the
preparation of the first synthetic thiolato—iron porphyrin (SR complex) which retains its structure during catalytic oxidation.
Experiments using SR complex have revealed that the thiolate ligand greatly accelerates the rate of the O-O bond cleavage
and its heterolysis even in highly hydrophobic media. (2) Heteroaromatic N-oxides were found to be excellent oxidants in
the presence of ruthenium porphyrin. 2,6-disubstituted pyridine N-oxides plus a catalytic amount of Ru porphyrin oxidized
olefins and sulfides to afford epoxides and sulfoxides, respectively, in high yields. The system in the presence of hydrogen
halide effectively oxidized unactivated alkanes and arenes to give alcohols (or ketones) and p-quinones in high yields with
high selectivity and an extremely high catalyst turnover number (up to 1.2 X 10°). (3) A polypeptide-bound porphyrinatoiron
complex was prepared. The polymer complex exhibited greater P450-like activity than non-bound Fe(TPP)CIl in the
oxidation of olefin and aniline derivatives. (4) P450 mimics were applied to drug metabolism studies. These model systems
were effective for one-step preparation of unstable metabolic intermediates, ‘candidate metabolites’, and for the discovery of
novel modes of metabolism.

Keywords: Cytochrome P450; Porphyrin; Thiolate; Axial ligand; O—O bond; Ruthenium; Pyridine N-oxide; Epoxidation; Hydroxylation;
Quinone; Polypeptide; Decarboxylation

Cytochrome P450s are ubiquitous enzymes
which play important roles in diverse in vivo
processes. The enzymes catalyze the synthesis
of physiologically significant biomolecules in-
cluding various steroids and prostaglandins, and

" Corresponding author.

are mainly responsible for metabolism of xeno-
biotics. The mechanism of their catalytic activi-
ties and structure—function relationships have
been the subject of extensive investigation in
the field of biomimetic chemistry (for recent
reviews, see Ref. [1]). We have succeeded in the
construction of several novel model systems of
cytochrome P450, and have employed them in
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studies of P450 functions, as well as in synthe-
sis and drug metabolism studies.

We report here our recent results in four
areas: synthesis of a unique iron porphyrin coor-
dinated by a thiolate anion and evaluation of the
relative effect of the axial thiolate ligand by use
of the complex [2]; a highly reactive oxidizing
system using heteroaromatic N-oxides catalyzed
by ruthenium porphyrin ([3];, synthesis of
polypeptide-bound iron porphyrin and examina-
tion of the modifying effect of the macro-
molecule on P450-like reactivities [4]; the appli-
cation of appropriately designed P450 mimics to
drug metabolism studies [5].

1. Pronounced effects of axial thiolate ligand
on the reactivity of iron porphyrin

The distinctive structural features of P450 as
a hemoprotein are the unusual thiolate coordina-
tion to heme and also the extreme hydrophobic-
ity of its active site. Among many heme en-
zymes, only P450 can hydroxylate unactivated
alkanes and arenes. Our interest has been fo-
cused on the relative effect of an axial thiolate
ligand on the reactivity of heme in lipophilic
media as a model of the P450 pocket. The iron
porphyrin ligated by alkylthiolate anion (SR
complex) prepared by us is a unique model
which retains its axial thiolate coordination dur-

ing catalytic oxidation reactions (Fig. 1) [2]. The
UV-Vis and EPR spectra, elemental analysis
and FAB mass spectra all supported the struc-
ture shown in the figure. EXAFS analysis of SR
complex (Fe’*) indicated an Fe-S bond length
of 2.20 A, which is quite close to that in native
ferric P450 enzymes [6]. SR complex could be
stored at room temperature under air for several
months.

1.1. The axial ligand effect on the rate of O-0
bond cleavage

To clarify the axial ligand effect on the oxy-
gen activation by P450, which is a multistep
reaction, the effect at each step should be evalu-
ated using the SR complex. First of all, we
examined the catalytic activity of SR on the
peroxide shunt reaction of P450 using alkyl
hydroperoxides and compared it with that of
Fe(TPP)CI to investigate the relative effect of a
thiolate ligand on O—O bond cleavage. 2,4,6-
Tri-tert-butylphenol (TBPH) and 1,1-diphenyl-
2-picrylhydrazine (DPPH) were chosen as sub-
strates because both are known to trap reactive
intermediates with high efficiency to produce
almost stoichiometrically the 2,4,6-tri-tert-
butylphenoxyl (TBP) or 1,1-diphenyl-2-picryl-
hydrazyl (DPP) radical [7]. Toluene was used as
the solvent, taking into account the highly hy-
drophobic environment of the active site of

R = NHCOC(CHy);

Fig. 1. SR complex (left side): UV-Visible spectra of SR(Fe")-CO complex A,, 383 nm (Soret), 459 nm (Soret). EPR spectra of
SR(Fe™) at 77 K: g, 1.96, g, 2.21, g, 2.32. Rhombicity = 1.02. XAFS spectra of SR (Fe™): Fe-S 2.20 A, Fe-N 2.00 A. Elemental
analysis. Calcd C: 69.51, H: 566 N: 9.40, S: 2.68. Found: C: 69.23, H: 5.52, N: 9.38, S: 2.60. FAB mass spectra (M H*)* 1160.

N.P. complex (right side): UV—Visible spectra of N.P.(Fe")-CO complex A, 423 nm (Soret). EPR Spectra of SR(Fem) at 77 K.
Elemental analysis g= 6.0, 2.0. Calcd for [Fe(Por)Im]*- AcO™ C: 57.69, H: 545, N: 9.34. Found: C: 57.87, H: 5.00, N: 9.27.
High-resolution FAB mass. observed m/e 1131.4668 (M-OAc)*. Calcd for (C4, Hgy N O, Fe) 1131.4696.
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Table 1

Observed initial rates of TBP ™ or DPP - formation on the oxidation of TBPH or DPPH with alkyl hydroperoxides catalyzed by SR or

FeTPPCL
iron porphyrin

ROOH + 2ArOH - ROH + 2ArO0 '+ H,0 )

Substrate Oxidant V (turnover number /min) * Vsr/ Veeterc
SR FeTPPCl
TBPH PhC(CH,),00H 21 035 58
-Bu-OOH 85 0.080 110
DPPH PhC(CH,),00H 20 0.085 235
-Bu—OOH 7.5 0.041 182

Conditions; solvent = toluene; [TBPH] = 0.2 M; [DPPH] = 0.1 M; [Oxidant] = 5 X 1072 M; [SR] = [FeTPPCIl] = 10™* M. These reactions

were carried out at 20° under an argon atmosphere.

® Observed initial rates of the reactions were based on the catalysts (turnover number of catalysts /min).

P450. EPR spectra of the reaction solution (15 s
after the start of the reaction at 25°C) exhibited
low-spin spectra of the thiolate-ligated iron por-
phyrin in addition to the signal of the DPP -
formed, and the high-spin signal (g =6) in-
creased very slightly. All of the results sup-
ported the conclusion that SR catalyzes the
oxidation of the substrates by organic hydro-
peroxides while the axial thiolate ligand remains
essentially unoxidized. Comparison of the rates
of the reactions (Table 1: this table is repro-
duced from Ref. [2]) shows the cytochrome

PhCH,-G-O0H

Ph H,
L An(olytic

cleavage

P450 model SR to have about 60-240 times
higher catalytic activity than Fe(TPP)Cl. Thus,
the acceleration of the catalytic reaction by
thiolate ligation is undoubtedly due to the en-
hancement of O—O bond scission, because the
concentration of the peroxides used in these
reactions is so high that the O—O bond cleavage
step is rate-determining. The cyclic voltammo-
gram of SR in DMF showed a reversible reduc-
tion couple (Fe(IIl) /Fe(ID) at —0.45 V versus
SCE, which is more negative than that for
Fe(TPP)ClI (—0.27 V versus SCE) (Table 2).

Very fast
P"z'jg T———»"" A - PhCHy+

o- co, o/ |TeP
o'+ TBP:

it

TBPe

+H0
w Heterolytic
(PPAA) H cleavage
TBPH 2TBP.
TBPH + H,0

Fig. 2. PPAA as a probe for the determination of the mode of O—O bond cleavage.
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The negativity of the redox potential of SR is
probably due to electron donation from the thio-
late to the iron atom.

1.2. The axial ligand effect on the mode of the
0-0 bond cleavage

Next, we investigated the effect of thiolate
ligand on the mode of the O-O bond cleavage.
A new iron porphyrin axially and intramolecu-
larty coordinated by imidazole, termed the NP
complex, was prepared in order to compare the
effect of imidazole as an axial ligand with that
of thiolate [8]. The structure of NP is a modifi-
cation of the imidazole-ligated heme prepared
by Collman et al. [9]. The UV-Vis and EPR
spectra, elemental analysis and high-resolution
FAB mass spectra all supported the structure
shown in Fig. 1. We compared the catalytic
activity of NP with that of SR complex in an
oxidation system using peroxyphenylacetic acid
(PPAA). PPAA is a useful probe for the deter-
mination of the mode of the O-O bond cleav-
age, as illustrated in Fig. 2 [10]. SR gave PAA
quantitatively, while Fe(TPP)Cl mainly cat-
alyzed the formation of toluene, benzyl alcohol,
and carbon dioxide (Table 3: this table is repro-
duced from Ref. [8]). Complex NP showed
moderate reactivity, intermediate between those
of SR and Fe(TPP)CI. Therefore we can unam-
biguously conclude that SR breaks the O-O
bond of peroxyacids heterolytically in benzene.
This result indicates that the thiolate ligand
enhances heterolytic cleavage of peroxyacid—
iron porphyrin complex even in highly hy-
drophobic media without the assistance of acid
or base. In contrast, it was deduced from our
data that Fe(TPP)CI catalyzes the homolysis of
peroxyacid in benzene. The conclusion concern-
ing the O—O bond homolysis by Fe(TPP)Cl in
benzene is consistent with the results described
by Groves, Watanabe and co-workers [11]. It is
expected that a more strongly electron-donating
axial ligand would increase both the proportion
and rate of heterolytic O—O bond scission.

Table 2

Redox potentials (Pt versus SCE) of the iron porphyrins
Iron porphyrin Fe(IIDP /Fe(IDP Fe(IDP /Fe(D)P
SR (DMF) ~045 (V) —-1.26 (V)

SR (CH,(C1,) ~0.54 n.d.
Fe(TPP)CI(DMF) ~0.27 -1.08

In 0.1 M n-Bu,NCIO, /solvent at Pt versus NaSCE reference.
n.d.: not determined.

Therefore, the order of donative character of the
examined ligands can be estimated to be as
follows: thiolate > imidazole > chloride anion.
These results are supported by a related, and
independent work [12] which was published in
the same year as ours (Ref. [8]). White et al.
proposed a mechanism involving homolysis of
the O-O bond for P450, based on the result of
experiments using the enzyme itself and PPAA
as a peroxide probe [10]. They observed benzyl
alcohol formation in the oxidation of aliphatic
substrates with PPAA catalyzed by P450s.
Therefore, the mode of the O—0O bond cleavage
by P450 remains controversial. Our study using
SR complex should contribute to the discussion.

Further, the reactivity of the active species
formed by cleavage of the O~O bond of perox-
yacid—iron porphyrin complexes was examined
by using unactivated alkanes as substrates in
benzene (Table 3). The SR complex catalyzed
the hydroxylation of adamantane so efficiently
that the yield of adamantanols based on the used
mCPBA reached 88% (run 1). In the reaction,
80% of SR was confirmed to remain undecom-
posed by EPR and UV-Vis examinations. On
the other hand, only a low or moderate yield of
adamantanol was obtained by catalysis with
Fe(TPP)CI1 or NP, although mCPBA was com-
pletely consumed (runs 2, 3). Both Fe(TPP)CI
and NP also retained their structures after com-
pletion of the reactions. The degree of activity
of iron porphyrins for heterolysis of PPAA in
benzene is thought to correlate positively with
the degree of hydroxylation activity toward
alkanes.
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2. Versatile, highly efficient oxidations with
heteroaromatic N-oxides catalyzed by ruthe-
nium porphyrin

Oxidative functionalization of hydrocarbons
is a key area of metalloporphyrin chemistry
from the viewpoints of model study of cy-
tochrome P450, and utilization of hydrocarbon
resources. Many oxidation systems using metal-
loporphyrins have been reported for oxidation
of hydrocarbons. However, the product yields
based on substrate used are too low for syn-
thetic purposes in most cases. We have focused
on the development of new metalloporphyrin-
catalyzed oxidizing systems to serve this pur-
pose. It is thought to significant which oxidant
is chosen as an oxygen atom donor to a metallo-

Table 4

T. Higuchi, M. Hirobe / Journal of Molecular Catalysis A: Chemical 113 (1996) 403422

porphyrin, because the formed highly reactive
intermediate, which can hydroxylate unactivated
alkanes, would oxidize not only hydrocarbon,
but also the oxidant itself. It is therefore consid-
ered to be preferable for an oxygen atom donor
to have the following properties.

(1) The donor (X-O) should readily react
with a metalloporphyrin and form reactive
species such as a high-valent oxo-metal por-
phyrin complex.

(2) X-O and its deoxygenated product (X)
should have only low reactivities toward the
formed active intermediate.

(3) X-O and X should be unreactive toward
substrates and oxidized products.

(4) The leaving group X should not strongly
coordinate to the metal of the catalyst.

Epoxidation of various olefins with 2,6-substituted pyridine N-oxides catalyzed by Ru(TMPXO),

RI2 RI2
Ri_ Rs S . RuTMP(O), Bt Rs ){\)\
/— \ T R3 N RY T underar AWA |R' N R
R
Rz Rs & i P20 R Te T
Olefin Oxidant Epoxide Isolated Yield®
> o
[
c'% cu,'(gj‘cu3 c'©_<1 99 %
CH;,
» o
Ph% CH;?CH; Ph©_<l 92%
CH, 0
Jol @L\,@ 08 %
CH;”"N""CH4 °
CH,
|
cuaruf‘cus o 97 %P
o
4 L 0
HsC CImNTel HiC 70 %
CH, 3 CHs

These reaction were carried out in benzene at RT under Ar overnight. [olefin] = 170 mM; [oxidant] = 180 mM; [Ru(TMPXO),] = 0.5-2.0

mM.
 Based on olefins.
® Determined by GLC.
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Almost none of the previously reported X-O
satisfies all four requirements. We are interested
in heteroaromatic N-oxides, which are repre-
sented by pyridine N-oxide derivatives. These
N-oxides are generally stable at ambient temper-
ature. Pyridine N-oxide is unable to oxidize
thiols and phosphines at room temperature [13].
Pyridine is resistant to reactive oxidizing
reagents such as permanganate, and indeed is
frequently used as a solvent in permanganate
oxidations. Many nitrogen-containing heterocy-
cles as leaving groups strongly coordinate to
metals. However, 2,6-dimethylpyridine has al-
most no coordinating ability. Therefore, we
adopted the N-oxides of heterocycles of which
the nitrogen atoms are hindered by introducing
substituents at the neighboring positions, as can-
didates for X-0O, though heteroaromatic N-
oxides had not previously been used as effective
oxidants for reactions of this kind owing to their

Table 5
The catalytic activity of various metal complexes for the oxygen
transfer reactions from pyridine N-oxides

N, Jl/j Metal Complexes ©/<? NS
ci :{ Cl  under Ar r.t. c al

Metal complex Yield ?
epoxide pyridine

Mn(TPP)CI 0% 0%
Fe'''(TPP)CI 0 0
Co(TPP) 0 0
Mo"(TMPXO)OH 0 0
Ru"'(TMPX0), 100 95
RuY(T, ¢, FPPXO), 94 97
Ru'(TPP)CO 26 55
Ru'(TMP)CO 99 93
Ru''C1,(PPh,), 0 ]
Ru''Cl1,(PPh;), 0 0
Rh™M(TMP)C1 0 0
RR(TMP) 0 0
0s¥V(TMPX0), trace 0

[Metal complex] =1 mM, [styrene] = 170 mM, [2,6-diCl-pyridine
N-oxide] = 180 mM in benzen under Ar at RT.

* Based on starting materials.

® Carried out in CH,Cl,.

Table 6
Oxygen atom transfer activity of pyridine N-oxide derivatives to
Ru porphyrin

room femperature
in benezens

= RuTMP(0), = Ph
e = MR DTN
Ry N/ R, \—= under Ar Ry A2
o}

Pyridine R, N-oxide R, Time Pyridine yield*® Epoxide yield™*
1 2 y P

H H on Y nd. ¢ trace
CH; H on. nd. 26%
Cl H on 100% 94
CH, CH, 6h nd 95
Cl Cl 2h 95 100
Br Br 6h 100 98
Ph Ph o.n. n.d. trace

These reactions were carried out in benzene at room temperature
under Ar ([olefin]=170 mM, [pyridine N-oxide]=180 mM,
[RuTMP(0),]=1 mM).

* Detected by GLC.

® Based on pyridine N-oxides.

° Based on olefins.

4 Overnight (16 ~ 20 h).

¢ Not determined.

low oxidation abilities compared to the above
oxidants.

2.1. Olefin epoxidation

Among various metalloporphyrins, only
ruthenium (Ru) porphyrins are excellent cata-
lysts for transfer of the oxygen atom of N-oxide
to an olefin [3]. We have found that the Ru
porphyrin-2,6-disubstituted pyridine N-oxide
couple efficiently epoxidizes various olefins
(Table 4). No metal complexes examined, ex-
cept for Ru(por), worked as catalysts (Table 5).
An olefin and a slight excess amount of 2,6-di-
methylpyridine N-oxide were mixed in benzene,
then the olefin and the N-oxide were completely
converted into the epoxide and 2,6-dimethyl-
pyridine by the addition of the catalytic amount
(0.5 mol%) of Ru¥(TMPXO), to the mixture.
cis-stilbene gave cis-stilbene oxide selectively
in the reaction. The turnover number reached
17,000. The reaction did not proceed with non-
substituted pyridine N-oxide, as expected. 2-
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Table 7
Reactivity of various heteroaromatic N-oxides as oxidants

Table 9
Selective epoxidation of natural dienol acetates

b P
R R,
NS e RUTMP(O); "4 #\ Re gy

I X + E e ! X + V
Rs g’ “Ry Rs“SNZ TSR, [+
N-Oxide Yield of Epoxide | N-Oxide Yield of epoxide

cuafzj“cus 95 % C(Njoz 99 %
¢ 3

CHy~ Ny CH

CH:Ig’ICH: 190 O D O 56

99

[+]
-
[
,Z
Q
X
&
\Y

= Clm i 28
C., 4 i

methylpyridine N-oxide worked as an oxidant
to some extent. 2,6-Disubstituted pyridine N-
oxide generally had excellent activities to epoxi-
dize olefins quantitatively (Table 6). The only
exception was 2,6-diphenylpyridine N-oxide,
which had almost no oxidizing activity. This
inertness is probably due to the steric hindrance
by the phenyl groups. The addition of pyridine
(only 2 equivalent to Ru(Por)) to the usual
system completely inhibited the reaction. There-
fore, these results indicate the significance of
inhibition by coordination of the formed
pyridines. Halogen-substituted pyridine N-

Table 8
Competitive epoxidation of 1:1 mixture of cis- and trans-olefin

Yielda
Run Terpenes 6,7-Epoxide _ 2,3-Epoxide Digpoxide
1 )VVK/‘OM 79%b (90%)C 1% (1%) 3% (3%)

2 oAc 75% (78%) 2% (2%) 16% (17%)

S

3 OAc 97% (97%) 0%9 (0%} 0% (0%)

These reactions were carried out in benzene at room temperature
under Ar for 2 d ([terpene] =170 mM, [lutidine N-oxide]= 250
mM, [RuTMP(0),]=1 mM).

* Determined by 400 MHz NMR.

® Based on terpenes.

¢ Based on conversion.

d 1,2-epoxide.

oxides had higher reactivity than methyl-sub-
stituted ones in terms of yield and reaction rate.
N-oxides of heteroaromatic compounds other
than pyridine are also effective as oxidants,
provided that the coordination abilities of their
deoxygenated heteroaromatic are sufficiently
low (Table 7) [14]. This N-oxide /Ru(Por) sys-
tem stereospecifically epoxidized a cis-olefin to
afford a cis-epoxide (Table 8). Competitive oxi-
dation of cis- and trans-B-methylstyrene re-
sulted in the selective conversion of cis-B-meth-
ylstyrene to the cis-epoxide. This cis-olefin se-
lectivity has also been observed in the study of
the Fe(TMP)CI-PhIO system by Groves and
Nemo [15]. Acetates of natural dienols, i.e.,
geraniol, linalol, and nerol, were selectively

1 : 1 mixture of

cis- and trans-olefin Yield of epoxide Recovery
P Ph P
PR L\ R Ph_ Ph Ph
Ph o \ Ph = Ph
------------------------------ 87% . A% 2% .......99%
PR Ph__ CHs Pl Ph  CH; Ph
CH, o CHs CH,
89% % 7% 91%

These reactions were carried out in benzene at room temperature (stilbene: for 4 h; B-methylstyrene: o.n.) ([cis-olefin] = [trans-olefin] =
[2,6-lutidine N-oxide] = 170 mM). Yields were based on used cis(trans)-olefins.
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mono-epoxidized (Table 9), in all cases, at the
6,7-double bonds. The steric and electronic ef-
fects of acetoxy groups may cause the highly
selective epoxidation. Sulfides were also oxi-
dized to afford the sulfoxides and the sulfones

Table 11
Hydroxylation and /or ketonization of various alkanes and alcohols

in good yields. However, the sulfide oxidation
required more time or higher temperature for
completion than epoxidation. This retardation is
probably attributable to coordination of a sulfide
or a sulfoxide to the Ru atom [16,17].

Run Substrate Condition

Product (Yields are based on substrates)®

cat. = RuTPP(CO)

1 add. = HBr
[N-oxide] = 2.0 equiv
rt., 6h

cat. = RuTMP(Q),

2 add. = HBr
[N-oxide] = 2.2 equiv
40° 9h

cat. = RuTMP(O),
add. = HBr

[N-oxide] = 1.1 equiv
60°, 4 h

cat. = RuTPP(CO)
add. = HBr

[N-oxide] = 1.2 equiv
rt, 6h

cat. = RuTPP(CO)
add. = HBr

[N-oxide] = 3.0 equiv
rt, 40h

cat. = RuTMP(O),
add. = HCI

[N-oxide] =1.1 equiv.
rt, 24 h

rt., 24 h

OH cat. = RuTMP(O),
add. = HCI
[N-oxide] = 1.1 equiv
rt, 24h

OH cat. = RuTMP(O),
8 add. = HBr
[N-oxide] = 1.1 equiv

bou
ﬁgﬂ
OH
@ ’ Q\OH
OH
0 O
Sl i
add, = ° e
> ©/\ [N-oxide] = 2.2 equiv. Q)K 88 % ©/K n.d.
rt., 24 h
O r
O/OH o
oy
jos

2- keto
94 % d ( 3- keto) trace?
o \4-keto
2-keto 2-:3%
77 % ( 3-keto ) 3:2%
o 4-keto 4:1%
74 %" (90 %°)

72%" (80 %°)

OH
7% O 2%

88 %

84 %"

81 %P

These reactions were carried out under Ar in benzene ([substrate] = 200 mM, [catalyst] = 1 mM, HBr aq. (47%) or HCI aq. (36%) = 30

ul1/ml, molecular sieves 4A = 100 mg/ml).

* Yields are based on substrates (detected by GLC).
® Isolated yield.

° Based on conversion.

¢ <0.5%.

¢ Not detected.
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2.2. Alkane hydroxylation

We next examined the effect of additives
upon the oxidation reactivity of this system,

Table 12

413

with the aim of developing a novel oxidation
system for alkanes and other unreactive com-
pounds. We found that the catalytic ability of
ruthenium porphyrins was enhanced by the

Oxidation of aromatic compounds by ruthenium porphyrin-2,6-dichloropyridine N-oxide system

[+]

X
&
b
[o]

(¢}

T
&

-
Py

OCH,
CH;0 2,
2
OCH,
OCH;
3,
3
OCH,
OCH,
‘ L =
OCH;

CH;0.
5 5,
OCH,

CHs0, CHgO

6 CH,0

HsC

10

3

OCH,

6a

o

%
J

CH,30,
OCH;
OCH; 7a

O(CH,);,CH4

©\O(CH2)-,CH3

8,

Ru(TPP)CO
HBr

Ru(TPP)CO
HBr

Ru(TMP)CO
HBr

Ru(TMP)(O),
HCI

Ru(TPP)CO
HBr

Ru(TMP)CO
HBr

Ru(TMP)CO
HBr

Ru(TMP}CO
HBr

Ru(TMP)CO
HBr

Ru(TMP)CO
HBr

[o]
1o
CH30 OCH;

)
o 97%
cngo@L 2,
OCH,
o
o 74 %
3y
OCH,
o -
o 74 % o
OCH; 3b OCH,
o )
11 % 1% 4%
No product
CH;0 0,
cuao~<_:>—<:>ocu3
0 g,
77 %
HsCO, )
-y
OCH, © .
b
o 46 %
ﬁj\owm,cn3
° 79% 8
0 o %
40 %
o
b -

0 29%

Reaction conditions: substrate (1 mmol): Ru(por) (2 wmol): 2,6-dichloropyridine N-oxide {4 mmol): 40% HBr or 36% HCI (30 wl):
molecular sieve 4A (200 mg): benzene (2 ml) unless otherwise noted.
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presence of a small amount of HCl or HBr and
that the oxidation of alkanes or aliphatic alco-
hols with pyridine N-oxides was also catalyzed
by ruthenium porphyrins with high efficiency in
the presence of these acids (Table 10) [18,19].
Under this condition, adamantane was almost
wholly consumed to afford adamantan-1-ol,
adamantane-1,3-diol, and adamantan-2-one in
yields of 68%, 25%, and 1% based on adaman-
tane, respectively (run 1). The role of HBr or
HCI has not yet been fully clarified. However,
these acids are considered to work as donors of
an axial ligand (Br~ or Ci™) of Ru porphyrin,
and also as activators of an active intermediate,
by protonation. Details are described in the
Mechanistic studies section. Ruthenium cata-
lysts were extremely stable under these condi-
tions. Adamantane was reacted with 2,6-dichlo-
ropyridine N-oxide in the presence of 1.0 X
107* eq. of Ru(TPPYCO) and HBr at 40°C.
The oxidant was almost exhausted in 15 h, at
which time the turnover number was 11,100
(run 8). At higher temperature, Ru(TPP)(CO)
gave a turnover number of 120,000 during 6 h
(run 9). The turnover frequency for the last case
was 5.6/s. Several alkanes were oxidized with
this system. The results are shown in Table 11.
1-Methylcyclohexanol was selectively obtained
with high efficiency in the oxidation of methyl-
cyclohexane (yield = 94%) (run 1). The oxida-

residual percentage (%)
(based on initial concentration)
N
o

o
o
N
'
-]

time (h)

Fig. 3. Competitive oxidation of o- and m-dimethoxy-benzenes
by Ru(TPP)CO-2,6-dichloropyridine N-oxide system in the pres-
ence of HBr.

tion of cis-decalin proceeded efficiently and
cis-decalol was isolated in 72% yield (run 4).
The stereo isomer, trans-decalol, was not de-
tected by GLC analysis. Ethylbenzene was con-
verted into acetophenone in 88% yield (run 5).
Cyclooctane, which is less reactive than a ter-
tiary alkane or benzyl alkane, was oxidized to
afford cyclooctanone in reasonable yield (yield
=77%) (run 6). Aliphatic alcohols were also
oxidized to afford the corresponding ketones
(runs 7, 8, 9). These results indicated that the
ketones were generated via alcohols in the oxi-
dation of secondary alkanes.

2.3. Selective quinone formation by arene oxi-
dation [20]

This highly reactive Ru(Por)-N-oxide system
was also expected effectively to oxidize rather
unreactive aromatic compounds. We examined
oxidation of aromatic compounds with the
Ru(Por)-2,6-disubstituted pyridine N-oxide sys-
tem in the presence of acid, and found selective
quinone formation [20]. Oxidation of various
arenes was examined with 2,6-dichloropyridine
N-oxide catalyzed by Ru(Por) in the presence of
hydrogen halide. Alkoxybenzene derivatives
were oxidized to afford mainly p-benzo-
quinones in yields that greatly depended upon
the structure of the substrates (Table 12). Com-
pound 1, gave the best result (1,: 97%). The
turnover number of Ru(Por) reached 33,000 in
the case of 1,. m-dimethoxybenzene (abbrevia-
ted as m-DMB) (3,) was converted into 2-
methoxy-p-benzoquinone (3, in good yield (run
3). In contrast, o-DMB (4,)) afforded 3, and the
chlorinated quinone 4, in low yield (run 4), and
p-DMB 5, gave almost no product (run 5).
Competitive oxidation of m-DMB and o-DMB
resulted in an exclusive oxidation of m-DMB
and recovery of 0o-DMB (Fig. 3). The reaction
rate of m-DMB was much higher than that of
0-DMB in the oxidizing system. Therefore, the
chemo-selectivity of the oxidizing system was
examined by using compounds 6, and 7,, which
possess both m-DMB and 0-DMB or p-DMB
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structure, as substrates. In the case of 6,, 2-
methoxy-5-(3,4-dimethoxyphenyl)-p-benzo-
quinone 6, was afforded in high yield as a
single product (run 6). The oxidation of 7, gave
an analogous result (7,) (run 7). This type of
selectivity is unique among oxidizing reagents
commonly used in quinone synthesis (for recent
reviews, see Ref. [21]). For example, cerium
(IV) ammonium nitrate (CAN) preferentially
oxidizes p-dimethoxybenzene structures. Our
attempt to oxidize 6, and 7, with CAN resulted
in the formation of a complex mixture of prod-
ucts, in each case. The only isolable product in
the CAN oxidation of 7, was 2-(2,4-dimetho-
xyphenyl)-p-benzoquinone (yield = 8%) as ex-
pected.

The hydrocarbon oxidations by the present
oxidizing system are the first examples of pyri-
dine N-oxide derivatives working as oxidants in
a catalytic oxidation of hydrocarbons.

2.4. Mechanistic studies
In the catalytic reaction with cytochrome

P450, iron—oxo porphyrin complexes are con-
sidered to be the active intermediates for the

~ 157
9 A o
3 Ru(TMP)(CI)x( 1)
g
@ 10}
T
°
- RuTMP(CO)
s St
o RuTMP(0),
5>
0d

2 3 4 5
Time (h)

oxidation of substrates (for recent reviews, see
Ref. [1]). Since Ru(TMPXO), was synthesized
and characterized by Groves and Quinn [22],
this complex has been regarded as analogous to
the active intermediate of cytochrome P450, and
the oxidation reactivity of this dioxo complex
has attracted much interest [22,23]. Considering
the difference in reactivity between the
Ru(TMP)(0),-0, system and the
Ru(TMP)O),-N-oxide system, it seemed likely
that some active intermediate other than
Ru(TMP)(O), is generated during the oxidation
with our system. The rate constant of the reac-
tion between Ru(TMP)O), and 2-vinyl-
naphthalene was determined in a mechanistic
study [16]. It is clear from the kinetic experi-
ments that the catalytic reaction proceeded at a
much faster rate than would be predicted from
the reactivity of Ru(TMP)(O),, which indicates
that an active intermediate other than
Ru(TMP)(O), mainly epoxidizes olefins during
this catalytic reaction. A study on incorporation
of 80O from labeled water into the epoxide also
supported the above proposal [16].

In contrast, it might be possible to understand
the mechanism in the presence of HCl or HBr

B [*2) o
< o <
1

Yield (1-ol + 1.3-diol) (%)
[\
S

Time (h)

Fig. 4. (A) The hydroxylation of adamantane with 2,6-dichlorpyridine N-oxide catalyzed by RuTMP(C1),, RuTMP(0),, and RuTMP(CO).
These reactions were carried out in benzen under Ar at 40°C ([adamantane] = [2,6-dichloropyridine N-oxide] = 100 mM, [catalyst] = 0.4
mM). Neither HCl (or HBr) nor molecular sieves were added to the reaction mixtures. Yields (based on starting adamantane) were
determined by GLC. (B) The hydroxylation of adamantane with 2,6-dichloropyridine N-oxide catalyzed by RuUTMP(O), in the presence or
the absence of HCI. These reactions were carried out in benzen under Ar at 40°C ([adamantane] = [2,6-dichloropyridine N-oxide] = 100
mM, {RuTMP(O),] = 0.4 mM). A saturated HCI solution of benzene was added to these reaction mixtures (A: 10 ml/1, B: 5 ml /1, C: 0
ml/1). Molecular sieves were not added to the mixture, because the added HCI solution was anhydrous. Yields (based on starting
adamantane) were determined by GLC.
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by considering the effect of these acids, because
the acids greatly affected the reactivity of the
catalytic oxidation. To elucidate the effect of
HCI, Ru(TMP)(O), was allowed to react with
HCI without substrate or oxidant, and the result-
ing ruthenium porphyrin complex (I) was iso-
lated (y. 82%). It is probable that I is the
trans-dichloro complex of ruthenium porphyrin,
formulated as Ru(TMP)(CI),, as judged from its
NMR data [19].

The catalytic abilities of a series of com-
plexes, I, Ru(TMP)(0),, and Ru(TMP)CO),
were compared in the absence of HCl or HBr at
40°C. As shown in Fig. 4, I was the most
efficient catalyst among them, suggesting that
Ru(TMPXO), and Ru(TMP)(CO) acted as effi-
cient catalysts after conversion into I or into
complexes which could be generated more eas-
ily from I than from Ru(TMP)O), or
Ru(TMP)(CO). However, the oxidation with
Ru(TMPXO), in the presence of HCl at 40°C
proceeded far more efficiently than that with I
in the absence of acid, and the amount of added
HCI affected the efficiency of the oxidations

T. Higuchi, M. Hirobe / Journal of Molecular Catalysis A: Chemical 113 (1996) 403-422

(Fig. 4). It is probable that the active intermedi-
ates are the ruthenium-oxo porphyrin com-
plexes formulated as [O=Ru"(por)(X)] (X = Cl
or Br) (b), and the acids accelerate the forma-
tion of the Ru—oxo intermediate from the N-
oxide and ruthenium porphyrin in reduced form.
The present results do not allow us to identify
the mechanism or the active intermediate. Nev-
ertheless, the catalytic activity of ruthenium
porphyrins appears to be influenced drastically
by the nature of the axial ligands. Further inves-
tigation of the mechanistic details is needed and
is in progress in our laboratory.

3. Synthesis of polypeptide-bound iron por-
phyrin and effect of the macromolecule on
P450-like reactivities

We designed a novel polypeptide-bound por-
phinato iron complex to investigate the environ-
mental effect in heme enzyme. This polymer
porphyrin (PP), was synthesized from poly-7y-
methyl-L-glutamate (MW: 100,000) by cou-

o} (o}
HOH HH HOH
N—<|:-—c N—<|:——c N—Clr—C
dy, /m N 02NHCI CHy '"
[ HN-NH, GHz 6% NaNO, CI:H2
(He 70°C 3h Gtz 0°C 30min 72
ﬁ*O—CHa C—N—NH, ﬁ—Ns
o) ) H 0
Poly-y-methyl-L-glutamate (PMG)
MW 100,000
1)
0 (e}
H H | H H || M=Fe
N—C—C—{-N—¢—C m =110
| m
o
in ovridi
in pyridine CHz CH2 n
20°C 2ah — 50°C 48h. | |
(”:—-NH2 ﬁ
2) aq. NH, o] o]
3) 2N HC!
Polymer (PP)

Fig. 5. Synthesis of polypeptide-bound porphinatoiron.
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pling with Fe(TPP)CI*. The ratio of glutamine
residues to Fe(TPP)C] was estimated to be about
110 by atomic absorption analysis (Fig. 5). We
have already reported that this polymer complex
exhibited more P450-like activities than the
non-bound Fe(TPP)Cl in the olefin oxidation
with molecular oxygen in the presence of
NaBH, [4].

It is well known that cytochrome P450 cat-
alyzes the demethylation of alkylamines [24].
However, when the described polypeptide-bound
porphyrin was used, unexpected products, such
as N-N coupling and C-N coupling products,
were obtained besides the normal demethylation
product, aniline (Table 13) [4]. Table 13 shows
the result of this reaction under air in the pres-
ence of NaBH,. The coupling compounds were
produced in relatively high yield compared with
the case of the free Fe(TPP)Cl. Based on this
result, we presumed that these products may be
unknown metabolites in the P450 system. So we
attempted to detect these compounds in a rat
liver microsomal reaction mixture using the
GC-SIM method [25]. Two rat liver microsomal
systems, the NADPH /O, and the cumene hy-

Table 13
Coupling products formation catalyzed by cyt. P450 model systems

droperoxide-supported shunt path, were em-
ployed. As expected, these coupling compounds
were also found as metabolites of N-methyl-
aniline in the microsomal system. A significant
amount of the coupling product was formed,
though the yield was lower than that of the
demethylation product.

In addition, P450-specific inhibitors, SKF-
525A and metyrapone, suppressed the formation
of these coupling products (data not shown).
These results indicate that the coupling reaction
is P450-dependent. Thus, P450 chemical model
systems are available for investigating new
metabolic pathways.

4. Application of P450 mimics to drug
metabolism studies and evaluation of their
utility

Metabolism of most xenobiotics involves cy-
tochrome P450 in vivo. It is widely recognized
that heme in the enzyme is mainly responsible
for its chemistry. Chemical models can be use-
ful in studies on drug metabolism, because it is

Dealkylation NH,
H
/
W
Ay
R R R R R
\ ! | 1
N—N N N
T 00
Coupling R
N HN
H R
[#] 2] A
Catalyst N.N p-C.N 0-C,N Aniline
( umol / uwmol cat.)
Polymer-FeTPPC1 1.84 0.12 1.61 8.92
Free FeTPPCl 0.06 trace 0.12 17.0

The reaction mixture contained catalyst (1 umol), N-methylaniline (0.2 mmol), tetramethylammonium hydroxide (0.2 ml of 10% methanol
solution), NaBH , (0.5 mmol), and methanol (1.3 ml). The reaction mixture was stirred vigorously under air for 3 h at RT.
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Table 14
Oxidation of PCP by iron porphyrin-mCPBA system

o %

A0 Qe

OH cyclo-OH B-Oxo Carboxylate
OH
OH,
PCP
O @60 J
OH
m-OH p-~OH vOH
Catalyst Yield (based on oxidant)
m-OH B-OH y-OH cyclo-OH B-oxo carboxylate
SR n.d. 1.85% 41% 0.44% 18.5% nd.
NP nd. 27 41 0.59 041 6.5%
Fe(TPP)C1 n.d. 0.18 22 0.75 1.2 trace

Reaction conditions; [cat.] = 1 mM, [mCPBA] = 1 mM, [PCP] = 500 mM at RT under argon.

usually laborious and expensive to obtain suffi-
cient amounts of drug metabolites by using
animals, during the development of new
medicines. Some oxidation products identical
with metabolites are expected to be afforded by
the catalytic oxidation of drugs with metallopor-
phyrin systems, since their reactivities are
thought to resemble, at least to some extent, that
of cytochrome P450. The advantages of using
model systems to understand drug metabolism
are as follows: (1) metabolite candidates can be
obtained in relatively large amounts and used to
identify the real in vivo metabolites and provide
samples for pharmacological testing; (2) the
mode of metabolism can be clarified, for exam-
ple, unstable metabolites can be isolated under
selected and controlled reaction conditions; and
(3) the usage of experimental animals can be
reduced.

As the first example for study, we chose the
anesthetic agent phencyclidine (PCP), because,

despite being a small molecule, it has an aro-
matic ring, an aliphatic ring and an N-contain-
ing heterocyclic ring moiety, and is expected to
exhibit a diversity of reactions in various model
systems. As shown in Table 14, many types of
oxidation products were produced by using vari-
ous chemical model systems; phenolic, alco-
holic, and ring-opened amino acids [5].

The SR and NP complexes gave similar
products in combination with mCPBA as shown
in Table 14. It is noteworthy that the piperidine
3-oxo compound was predominantly obtained in
the SR catalyst system.

We then examined the reaction of PCP in the
liver microsomal systems (data not shown). Mi-
crosomes—oxidant systems were constituted
from three kinds of rat liver microsomes, i.e.,
non-treated, phenobarbital (PB)-treated and 3-
methylcholanthrene (3MC)-treated, as well as
non-treated mouse liver microsomes, and two
kind of oxidants, cumene hydroperoxide (A)
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20 or -OH

6-S0,CH,

HO

Conjugates —<———— HO

6,7-diOH

Conjugates

N

3-COOH

Fig. 6. Metabolic pathways of 3-isobutyryl-2-isopropylpyrazolo[1,5-alpyridine (IBPP) in humans and animals.

and iodosylxylene (B). The identity of all prod-
ucts (Table 14) was confirmed by comparison
with authentic samples obtained from the chem-
ical model systems. The piperidine-$-oxo com-
pound was generated, as in the chemical model
systems.

Next, we examined the reaction profiles of
the antiasthma drug, IBPP, in various P450
chemical model systems and compared them
with those of the rat or human liver microsomal

Mn(TPP)CI/ NaOCI

system. The company involved in this project
had difficulty in developing this drug because of
the diversity of its metabolic pathways includ-
ing an unstable metabolite. The metabolic path-
ways of IBPP in vivo are shown in Fig. 6 [26].
The main metabolite is the 6,7-diol, but the
6,7-epoxide, presumed to be its precursor, could
not be isolated. However, the epoxide could be
obtained in good yield by using the
Mn(TPP)Cl /NaOCl system [26] as shown in

IBPP

N
\
N

6,7-Epoxide Yield 57 %

Fig. 7. Synthesis of 6,7-epoxy-IBPP by a Cyt. P450 model.
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Fig. 7 [27]. Usual epoxidizing reagents such as
mCPBA did not give this epoxide. This success-
ful isolation of the unstable epoxide was possi-
ble because the reaction medium does not con-
tain epoxide-labile nucleophiles such as proteins
and amino acids.

The reaction product profile of IBPP was
model systems, rat liver microsomes, and hu-
man liver microsomes [28]. The pattern analysis
of IBPP reaction products in some chemical
model systems and microsomal systems is
shown in Fig. 8. The relative yield of the corre-

T:.sFPPFeCl/PhlO
2a-0H

3a-0OH

2a ,3a-diOH

28-0OH
38-0H

28.,38-diOH

Tz2,4.sPhPPFeCl/mCPBA

TPPMnCl/NaOCl

TPPMnCl/Pt-colloids /Hz, O

sponding product is indicated along each axis.
These diagrams, formed by linking each plot,
show a characteristic pattern of each reaction
system. This pattern analysis by a combination
of two-dimensional TLC should make it possi-
ble to select or design a model system most
suitable for the metabolism of various drugs. In
this method, it is not necessary to confirm each
metabolite in advance. After selection of the
most suitable model system by comparison with
the native P450 system, the metabolites can be
chemically determined by using the model sys-
tem on a large scale.

Rat Microsomes (PB)

253,38-diOH
38-0H

Human Microsomes

Fig. 8. Metabolic patterns of IBPP by P450 chemical models and liver microsomes.

R
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R,-C-COOH _Fe (TPFPAYCT R,-C-OH |+  C=0|+ €O, | <N >R
/ PhiO / R/ s
R Ra 2 - R
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Fe"(TPFPP)CI

Fig. 9. Oxidative decarboxylation of carboxylic acids.
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Table 15
Oxidation products of carboxylic acids by Fel'( TPFPP)C1 /PhIO
system

Isolated yield (%)

Ry R, Ry () @ Other
R 9 /Hv
I O_ CHy H 456 34 g, c-E-0-cR,
R, 24 R,

) "
Iy @c CHy H 482 257 RC-Cl 125
Ry
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R Q
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lq O H H 519 243 R(COCH 50
CH,= CHCH,0
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X=SOCH; 23 52
X (X=SOCH;)
Iy O—cu:en— H H 318
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In @‘CH:“‘ CH; CH; 9.2 n,;‘c-cl 18.1

Ry

CI—Q-OH

295

CH; CH;

Conditions: [substrate] = 100 mM, [PhIO]= 200 mM,
[Fe™(TPFPP)CI] = 0.5 mM in CH,Cl,. The mixture was stirred
at RT for 20 h under Ar.

Next, we have found that carboxylic acids
with an aryl group or three substituents at the a
carbon are readily decarboxylated oxidatively to
afford the one-carbon-reduced alcohol and car-
bonyl products in the iron porphyrin—iodosyl-
benzene system (Fig. 9 and Table 15) [29]. This
oxidative decarboxylation was novel among
metalloporphyrin-catalyzed oxidations. FT-IR
spectra of the reaction mixture in the case of
ketoprofen exhibited a strong absorption due to
carbon dioxide. An EPR study provided strong

evidence for the formation of a carbon-centered
radical in the decarboxylation. The reaction
mechanism is considered to involve one-elec-
tron oxidation of a carboxyl group and a suc-
ceeding, rapid decomposition of the unstable
carboxyl radical to afford CO, and the carbon
radical.

Therefore, the findings in the model system
led us to investigate the existence of this new
metabolic pathway of carboxylic acids via ox-
idative decarboxylation in vivo, since many
drugs could be affected [30]. The products de-
rived from drugs with a carboxyl moiety could
be used as authentic samples, so-called ‘candi-
date metabolites’, to identify novel metabolites
in urine and bile of dosed rats or in microsomal
reaction mixtures. Two metabolites of ketopro-
fen isolated from rat bile and urine were consis-
tent with the authentic II,) and HI,, in terms of
the retention times and mass fragmentation in
GC/MS experiments. Experiments in vitro us-
ing rat microsomes have revealed that metabo-
lites are formed via oxidative decarboxylation
in the incubation mixtures of microsomes plus
indomethacin or clofibric acid or 2,2-dimethyl-
3-phenylpropionic acid (Table 15). Therefore, it
is highly probable that oxidative decarboxyla-
tion of carboxylic acids generally occurs as a
pathway of hepatic metabolism in vivo. The
results obtained provide evidence for the in-
volvement of cytochrome P450 in the new
metabolism.

Formation of novel metabolites via oxidative
decarboxylation would influence the pharmaco-
logical activities and the toxicities of drugs
bearing a carboxylic group, especially if the
metabolites themselves are biologically active.
Therefore, it is necessary to assay the activities
of the metabolites, in order to clarify their role
in the pharmacological effect of the parent drugs.

(o]

7

R, COOH . R, O
)=(\/ Cytochrome P-450 or its model 1\

R, R

HO PRs

Fig. 10. Hydroxylactonization of vy, 8-unsaturated carboxylic acids.
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The inhibitory activities of compound II, and
II, on arachidonic acid-induced platelet aggre-
gation in rabbits, though less than those of the
mother compounds, were still significant.

Further, we have found that y,6- and B,y-
unsaturated carboxylic acids afford &-hydroxy-
v-lactone and B-hydroxy-vy-lactone, respec-
tively, in one step with the iron porphyrin—
iodosylbenzene (PhIO) system (Fig. 10). This
type of lactonization has not previously been
reported as far as we know. We have also
revealed an apparently general metabolic reac-
tion affording +y-lactone compounds from the
corresponding y,6- and @,y-unsaturated car-
boxylic acids, catalyzed by cytochrome P450.
Details of this study will be presented in another
paper [31].

In summary, we have developed the SR com-
plex having axial thiolate as a structural model
of the cytochrome P450 active site, a robust and
potent Ru porphyrin—heteroaromatic N-oxide
system as a functional P450 model, and a
polypeptide-bound iron porphyrin exhibiting ef-
fects due to the macromolecule, and we have
applied P450 mimics to drug metabolism stud-
ies. We shall be well pleased if these studies
contribute to the development of metallopor-
phyrin chemistry and also the understanding of
P450 chemistry.
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