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Figure 1. Structures of complexes—3 and SR.
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Among heme enzymes, cytochrome P450 and NO synthase 1

(NOS) have strong oxidizing ability and unusual structure, in that

their heme irons have thiolate coordination. Consequently, much 2

interest has been focused on their structdivaction relationship.
We have synthesized the first synthetic heme thiol&®& (
complexX) which retains thiolate coordination during catalytic
oxidation and have found several remarkable thiolate axial ligand
effects?

Recently, the presence of an NS hydrogen bond in the

(V) of 1-3 andSR

Amax (l0g €) of absorption spectrum (nm) Fdl/Fd!
Fdl a Fe'—COP redox couple (\9
430 (5.04) 380 (4.77), 456 (5.08) —-0.41
539 (4.06) 556 (4.01)
429 (4.96) 391 (4.73), 465 (4.82) —-0.56
537 (3.95) 558 (3.77
3 425 (5.10) 388 (4.78), 460 (4.94) —-0.53
537 (4.04) 557 (3.86)
SR 428 (5.03) 385 (4.76), 460 (4.94) —-0.52
538 (3.98) 562 (3.77)

a|n dimethyl sulfoxide. 30 min after the addition of NaBHunder
a CO atmosphere in dimethyl sulfoxideln 0.1 M n-tetrabutylammo-

active site of P450 and NOS has been suggested, based on thgjum perchlorate/CkCl,, at Pt electrode vs SCE reference.

analysis of their crystal structufeSuch a bond should markedly

affect the chemistry of the heme thiolate. Ueyama and co-workers
have reported synthetic structural models of heme arenethiolate

with an NH+-S hydrogen bond but their paper did not include
data about the influence of the NHS hydrogen bond on the
catalytic activity of the heme thiolate.

We report here a novel iron porphyrialkanethiolate complex
with an intramolecular NH-S hydrogen bond that we synthesized
in order to examine the influence of the NH5 hydrogen bond
on catalytic oxidation. CompleX was designed to form an
NH---S hydrogen bond by introducing amide NH in the vicinity
of the thiolate, while complexe® and 3 were designed not to
form an NH--S hydrogen bond by replacing amide NH with
N-methyl or by introducing acetamide in a position apart from
the sulfur atom (Figure .

Complexesl—3 were characterized by FAB MS, IR, EPR,

Figure 2. Molecular structure (ORTEP drawing; 25% probability level)
of 1. Fe and S atoms are shown as octant shading ellipsoids, N and O as
octant ellipsoids.

copy, and X-ray crystal structure analysis. The absorption spectra
of the ferrous-CO complexes ofl—3 exhibited typical hyper-

electronic absorption spectroscopy, resonance Raman spectrosporphyrin spectra for a thiolate-ligated iron(ll) porphy+@O
complex (Table 1). The Soret band of the ferre@O complex

of 1 (456 nm, which arises from a transition between the lone
pair p orbital of the thiolate and the, erbital of heme) was
considerably blue-shifted compared to that of the other complexes,
indicating electron deficiency of thiolate in compléxarising
from the NH--S hydrogen bond.
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Table 2. Selected Bond Distances and-F@ Modes of Synthetic
Heme Thiolates and Native P450s

Fe-S Fe-N vFe-S
A (mean, A) (cm™
12 2.18 1.98 394
SR 2.20 1.99 366
FeOEP(S-CeHs)® 2.30 2.06
P45Qam (substrate-bound) 2.90 2.08 35¢°
P45Qer, (substrate-freé) 2.15 1.96

aThis work. ® The bond distances &R were obtained by extended
X-ray absorption fine structure spectroscépy: Reference 99 Ref-
erence 3a¢ Reference 10\ Reference 3d.

enzymes. Complek is the first example of a synthetatkanethi-
olatelligated heme to which the crystal structure analysis has been
applied. Bond distances @fare much closer to the corresponding
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Table 3. Competitive Oxidation of Cyclooctane/Cyclooctene

Catalyzed by Iron Porphyrias
OH o O
4 5 6
total yield alkane/alkene,

mCPBA

—_ -

iron porphyrins

products yield (%)

iron porphyrin 4 5 6 (%) (4 +5)/6
none nd nd 6.64 6.64

5.66 0.34 18.96 24.96 0.32
2 5.25 0.07 6.65 11.97 0.80
3 490 1.39 9.91 16.20 0.63
SR 5.01 0.04 8.52 13.58 0.60
SR-Im¢d 093 142 5054 52.89 0.05

a Reaction conditions: [iron porphyrinst [NMCPBA] = 1.0 mM,
[cyclooctanel= 200 mM, [cyclooctenef 20 mM. All reactions were

ones of P450 enzymes than those of arenethiolate-ligated hemesgarried out in CHCI, under Ar at—15 °C for 5 min.® Yields were

as shown in Table 2.

The results from the crystal structure analysid ahd EXAFS
study of SR suggest that the F€S bond distance ift is shortened
by the NH--S hydrogen bond. Therefore, we carried out a

based on mCPBAS Not detected? Reference 16.

the change of the EPR spectra. Therefore, we concluded that the
NH---S hydrogen bond stabilizes the Fe(lll) porphyraikanethi-

resonance Raman investigation to compare the bond distance®late structure both by increasing the-F& bond order and by

betweerl andSR under the same solution conditions. To identify
the Fe-S stretching modes i8R and 1, we incorporated“S
isotope into their thiolate sulfur. Thd-e—S signal was examined

at lex = 363.8 nm using the same conditions as in the case of
P450cant? As shown in Table 2, the FeS mode inl is shifted

to 394 cmt, compared with 366 crt in SR. Therefore, it is
confirmed that hydrogen bonding shortens the Eéond distance

in the case of alkanethiolate-ligated heme, just as previously
reported for most of the thiolate non-heme compleXegntrary

to the result of the hemarenethiolategeported by Ueyama et
al* These results can be explained as follows: -N8 hydrogen
bonding shortens the meta bond length when the HOMO
involves antibonding metalS interactiorf®tIn the case of hemes

in which the fifth ligand is a relatively weak electron donor such
as CI or ClO;~, the HOMO is on the porphyrin ligand.
However, when the fifth ligand is a strongly basic one, such as
OH~ or CH;O~, the HOMO is not on the porphyrin ligand but
on the central metdf From these results, it is highly probable
that the HOMO ofl is on the central metal, owing to the highly
basic and electron-donating alkanethiolate axial ligand, in contrast

inducing a positive shift of the redox potential.

The most characteristic feature of the reaction of P450 is its
high activity as a monooxygenase. It is generally accepted that
alkane hydroxylation and alkene epoxidation proceed via different
mechanism$? so it is expected that alkan@lkene competitive
oxidation can be used as a probe for discrimination of differences
in chemical properties among active species derived from iron
porphyrins. Thus, competitive oxidation of cyclooctafsclo-
octene was studied in novel heme thiotateCPBA systems to
examine the effect of the NHS hydrogen bond. Reaction
conditions followed those in our previous report on the reactivity
of an active intermediate derived fro8R.1® The thiolate ligation
of 1—3 and SR during oxidation reaction was confirmed by
measuring the EPR spectrum before and after the reaction. The
intermediate of each of—3 and SR was confirmed to be the
two-electron-oxidized form by using peroxyphenylacetic acid,
which has frequently been used as a probe for this purljose.
shown in Table 3, every heme thiolate effectively oxidized alkane
and, like P45G? showed a higher ratio of cyclooctanol to
cycloctene oxide compared witBR-Im,? which is an axial

to the heme arenethiolates. Therefore, in the case of our compleximidazole-ligated analogue @R. However, significant differ-

1, NH---S hydrogen bonding shortens the-F& bond length,
similar to the case of the non-heme complexes.

Also in support of the presence of the hydrogen bond is that
the redox potential is positively shifted only in the casé ¢fable
1). The cyclic voltammograms df showed a positively shifted
Fe'/Fée' redox couple (by~0.1 V), in comparison with those of
2, 3, and SR, which lack the hydrogen bond, and this value is
extremely close to those of native P450 form®42 V, P450cam
in high spin stat¥). Each complex showed a clear, reversible

ences in the ratio of oxidation products were observed between
1 and the other heme thiolates. In the cas®,08, andSR, the
ratios of cyclooctanol to cycloctene oxide wer8.6. On the other
hand,1 showed a lower ratio than the other heme thiolates. These
results indicate that the electronic structure of the active inter-
mediate ofl is somewhat more advantageous for electrophilic
reaction than are those of the other compleiRes.
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