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Hydroxylation of Acetanilide by Iron-Sulfur and Nickel-Sulfur Complex Systems
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The hydroxylation of acetanilide by iron-sulfur complexes produces p- and o-acet-
aminophenols as main products. The yield of p-acetaminophenol is 34.8 and 31.49, in
the catalytic systems of dithiothreitol(DTT)-iron-inorganic sulfur (S) and glutathione
(GSH)-Fe-S complexes, respectively. The turnover number of the acetanilide-hydrox-
ylation is 3.9x10-2 and 3.5x10~% (mol p-acetaminophenol/min/mol complex) in the
DTT-Fe-S and GSH-Fe-S complex systems, respectively. The DTT-nickel complex
incorporates inorganic sulfur to form unstable DTT-Ni-S complex. The DTT-Ni complexes
have also high catalytic effect on the hydroxylation of acetanilide.

Keywords——acetanilide hydroxylation; iron-sulfur complex catalyst; nickel-sulfur
complex catalyst; iron-sulfur protein model; drug metabolism

Iron-sulfur proteins function as electron carriers in biologically important reactions such
as photosynthesis, nitrogen fixation, and steroid hydroxylation. The structural models of
iron-sulfur proteins have been extensively investigated.? We have also studied the incor-
poration of inorganic sulfur into model iron-sulfur complexes to clarify the nature and func-
tion of the inorganic sulfur.® However, little studies on catalytic model systems for iron-
sulfur proteins have been carried out. Iron-sulfur protein and cytochrome P-450 together
participate in steroid 11p-hydroxylation of adrenal cortex and in camphor hydroxylation of
microorganism. In addition, it has been recently reported that iron-sulfur protein from
Pseudomonas putida acts as a terminal enzyme in 4-methoxybenzoate monooxygenase reac-
tion.? The catalytic activity of iron-sulfur proteins has attracted the attention of us, and
we have previously found that model iron-sulfur compounds catalyze hydroxylation of aniline.?
This paper deals with the hydroxylation of acetanilide by iron-sulfur and nickel-sulfur com-
plexes.

Experimental

Dithiothreitol (DTT), glutathione (GSH), acetanilide, and reduced nicotinamide adenine dinucleotide
phosphate (NADPH) were obtained from Sigma. 4C-Acetanilide (2.13 mCi/mm) was purchased from the
Radiochemical Centre. Other chemical materials were commercially available reagent grade. Model
irori-sulfur complexes were prepared by mixing the sulfur-containing ligands, sodium sulfide (or sodium
selenide), and ferric chloride in an aqueous solution at pH 9.0, and were characterized by visible absorption
and electron spin resonance (ESR) spectra.” Solutions of ferric chloride and sodium sulfide were freshly
prepared with deionized water and were standerdized with ethylenediaminetetracetic acid (EDTA) and iodine
respectively. It has been found that the molar ratio of sulfide (or selenide) to iron in the model complexes
is 1: 1 and that the stability of the complexes decreases in the order, DTT-Fe-S>DTT-Fe-Sey DTT-Fe.®
Nickel complex of DTT was prepared by mixing the ligand and nickel chloride in an aqueous solution at
pH 9.0, and was characterized spectrophotometrically.
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The incubation system contained 0.2 mum of the metal complex and 2.0 mm of acetanilide labelled with
UC.acetanilide in 50% (v/v) acetone—water solution at pH 9.0. The reaction solution containing sulfide-
incorporated complex was incubated for 90 min, and the solution containing selenide-incorporated complex
was incubated for 60 min at 20°. After the incubation, the reaction products were separated and identified
by thin-layer chromatography, using a solvent system of benzene: methanol: acetic acid=45:8:4. The
yields of o-acetaminophenol and p-acetaminophenol formed were determined by measurement of ¥C-radio-
activity with a Beckman liquid-scintillation counter, model LS-233 and an Aloka 27z thin-layer radiochromato-
scanner. All values represent averages of several experiments.

Results and Discussion

As shown in Fig. 1, acetanilide was hydroxylated at an aromatic position to form o- and
p-acetaminophenols. When DTT-Fe-S complex was used as the catalyst, p-aminophenol
was also produced with trace amounts. On the other hand, ferric chloride alone showed no
catalytic activity for hydroxylation of acetanilide under the same condition. No formation
of m-acetaminophenol was found in the present catalyst systems, though m-acetamino-
phenol has been detected as one of hydroxylation products in liver microsomes of benzpyrene-
induced rats.” Daly, et al. reported that acetanilide was metabolized to form p-acetamino-
phenol, o-acetaminophenol, and trace amount of aniline in rat liver microsomes.® In contrast,
our catalytic system resulted in no formation of aniline during the acetanilide hydroxylation
reaction.

40
~~
R
e
R ESISISE S5 8 [
O 5
v 000 o) @) =
r 2
g Q 8 2
. 000 O )
a4 ©
R
g
]
ey
9 0 Q 3
0 <
" A BCD 1234 5617 L,
Fig. 1. Thin-Layer Chromatogram Obtained from 0 Y
Incubation of Acetanilide and Iron Complexes 7 8 9 10 11 12
The A-D represent the chromatogram of the following sys- pH .
tems: A, acetanilide and DTT-Fe-S complex; B, acetanilide . .
and DTT-Fe complex; C, acetanilide and DTT-Fe-Se comp- Fig. 2. Effect of pH on Acetanilide Hy-
lex; D, acetanilide and Fe. Reference compounds were 1, p- droxylation Reaction by DTT-Fe Comp-
aminophenol; 2, p-acetaminophenol; 3, m-acetaminophenol; 4, lexes
o-acetaminophenol; 5, acetanilide; 6, dithiothreitol; 7, mixture
of compounds 1—6. The chromatogram was obtained by use The iron complex used were as follows: DTT-Fe~

of benzene: methanol: acetic acid=45: 8: 4 for one hour. S (O), DTT-Fe ([), and DTT-Fe-Se (A).

Figure 2 shows the pH-dependence of acetanilide hydroxylation by various iron complexes
of DTT. The maximal hydroxylation activities by DTT-Fe-S and DTT-Fe-Se complexes
were obtained in pH regions from 8.5 to 10.5 (DTT-Fe-S) and from 8.0 to 10.5 (DTT-Fe-Se)
respectively, and that by DTT-Fe complex was observed in pH regions from 8.0 to 8.8 and from
10.0 to 11.2 separately. On the other hand, the optimum pH region for the complex formation
of these iron complexes was approximately between 8.0 and 11.0. Thus pH effects both on
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para-AAP - acetanilide hydroxylation reaction and iron complex
' formation were substantially parallel. We have
reported that the pH effect on O,-uptake of these
iron complexes is also dependent upon the complex
formation.® These facts indicate that the iron
~complex and dissolved oxygen play an important
role for the acetanilide hydroxylation reaction.
Figure 3 represents the time-course of the
acetanilide hydroxylation reaction by DTT-Fe-S
complex. The red solution of DTT-Fe-S complex
decomposes to colorless solution above 90 min.
After the complex decomposed, the hydroxylation
reaction no longer proceeded.
‘As well as DTT-iron complexes, GSH-iron
: complexes also catalyzed the acetanilide hydroxyla-
Fi%- ;°> eg%neggguiie tOf ﬁ?gtaﬁi?PhG?OI tion reaction. Table I summarizes the results of
orred L n e YCIOXYR" - the acetanilide hydroxylation catalyzed by these
tion Reaction by DTT-Fe:S Complex iron complexes. DTT-Fe-S and GSH-Fe-S com-
- plexes showed the highest activity among these iron
complexes. As regard to DTT-iron complexes, the acetanilide hydroxylation was more
effectively catalyzed by DTT-Fe-Se complex than by DTT-Fe complex, whereas it was in
reverse in GSH-iron complex systems. This phenomenon may be explained by the fact
that GSH-Fe complex solution containing excess GSH releases inorganic sulfur, incorporates
the released sulfur, and that is spontaneously converted into GSH-Fe-S complex.?®  The
percentage of o-acetaminophenol formed was approximately 5%, regardless of variety of
the complex used. ’
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Tasre 1. Hydroxylation of Acetanilide by Various Iron Complexes

‘ p-Acétaminophenol o-Acetaminophenol  parafortho

Complex . formed (%) formed (%) ratio
DTT-Fe 8.2 4.7 1.74
DTT-Fe-S 34.8 6.9 5.04
DTT-Fe-Se 11.1 5.0 2.22
GSH-Fe 21.8 6.3 3.46
GSH-Fe-S 31.4 5.1 6.16
GSH-Fe-Se 15.5 5.6 2.77

TasrLe II. Rates of Acetanilide-Hydroxylation by
Various Iron Complexes

Turnover number

Complex - Mol p-acetaminophenol/ Mol o-acetaminophenol/
min/mol chelate min/mol chelate
DTT-Fe . .9.1x1073 5.2x10"3
DTT-Fe-S 3.9x 1072 7.7%x1073
DTT-Fe-Se . 1.9%x10-2 ’ 8.3x 1073
GSH-Fe 2.4%x10-? 7.0x1073
GSH-Fe-S 3.5x 102 5.7x1073
GSH-Fe-Se . 2.6x1072 , 9.3x10°3
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Table II shows the rates of the hydroxylation of acetanilide by various iron complexes.
It has been reported by Lu, ¢t al.9 and Mieyal, ¢t alX® that rates of aniline hydroxylation
catalyzed by the reconstituted cytochrome P-450 systems are 0.22—0.37 (mol p-aminophenol/
min/mol hemoprotein) and those by the reconstituted cytochrome P-450 systems containing
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Fig. 4. Molar Ratio (A) and Continuous Variation (B) Methods between DTT and Nickel
The concentration of the reagents were as follows: (A), [Ni]—#2 % 10-% u and (B), [DTT]+[Ni]=10-3 u.
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Fig. 5. Visible Absorption Spectra of 350 400 450 500 550
DTT-Ni Complexes at pH 9.2 Wavelength, nm
(1), DTT-Ni complex; (II), DTT-Ni-S complex; Fig. 6. Visible Absorption Spectra of DTT-

(I11), DTT-Ni-S (excess) complex; (IV), DTT-Ni- Ni-S Complex at Various PH

Se complex. The spectra were measured by mixing

following materials: (I}, DTT(2.0 mx) and NiCl,(0.2 The sample solution contained DTT (2.0 mum), Na,S
mu); (IT), DTT (2.0 mx), Na,S (0.2 mu), and NiCl, (2.0 mx), and NiCl, (0.2 mn).

(0.2 mu); (III), DTT (2.0 mx), Na,S (2.0 mu), and

NiCl,(0.2 mu); (IV), DTT(2.0 mu), H,SeO;(0.2 mx),

and NiCl,(0.2 mu).
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hemoglobin are 0.08—0.23. These turnover numbers are appreciably close to those obtained
in this work. It is well-known that acetanilide is mainly hydroxylated at the p-position
by liver microsomal preparations in the presence of NADPH and molecular oxygen.! = In
our model systems, however, the acetanilide hydroxylation was proceeded without NADPH.
Addition of NADPH to these reaction systems gave no effect on the yield of this hydroxy-
lation reaction. Considering that NADPH participates in the reaction as an electron donor
in biological systems, excess thiol ligand may participate as an electron donor in the present
systems. These hydroxylation reactions seem to be mainly electrophilic, since acetanilide is
hydroxylated at para and ortho positions and no meta position is hydroxylated.

Figure 4 clearly shows the existence of 1: 1 complex between nickel and DTT.

When inorganic sulfur was added to
DTT-Ni complex, the spectrum of this
complex was changed with disappearance
of shoulder at 350 nm and blue shift of
absorption maximum at 450 nm. The
fact reveals that inorganic sulfur was
incorporated into DTT-Ni complex. Ad-
dition of inorganic selenide (H,SeO,) to
DTT-Ni complex caused the red shift of
the absorption from 450 nm to 458 nm
(see Fig. b).

Figure 6 shows the visible spectra of
DTT-Ni-S complex at various pH. Yellow-
orange DTT-Ni-S complex exhibits the

Absorbance

T, e, spectrum with absorption maximum at

350 - 400 450 500 440 nm at pH 9.
Wavelength, nm When pH of the solution is acidic,
Fig. 7. Sprectral Change with Time of DTT-Ni-s thespectrum of DTT-Ni-S complex bacame
Complex at pH 9.2 similar to that of DTT-Ni complex. The

TasLe ITI. Hydroxylation of Acetanilide by Nickel Complexes

p-Acetaminophenol o-Acetaminophenol paralortho
Complex formed (%) formed (%) ratio
DTT-Ni 30.0 7.2 4.17
DTT-Ni-S 22.3 6.0 3.72

The reaction solutions contained C-acetanilide(2.0 mu) and Ni complexes (0.2 mm) at pH 9.0,
and were incubated for 120 min at 20.

TasrLe IV. Rates of Acetanilide-Hydroxylation by Nickel Complexes

Turnover number

AY
Complex Mol p-acetaminophenol/ Mol o-acetaminophenol/
min/mol chelate min/mol chelate
DTT-Ni 2.5x10"2 6.0x 1073
DTT-Ni-S 1.9x 102 5.0x 103
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same phenomenon was observed, when DTT-Ni-S complex was permitted to stand for one
hour (see Fig. 7).

Of special interest is the high catalytic activity of DTT-Ni complexes as well as the iron
complexes for the hydroxylation of acetanilide. Tables IIT and IV show the experimental
results. Nickel ion alone gave no cata,lytlc effect. On the other hand, it has been reported
that acetanilide is hydroxylated by various metal ions such as Cu*, Ti3*, V¥, and Sn?*, and that
0-, m-, and p-acetaminophenols are formed.!® Hydroxylation and o-dealkylation of phenace-
tin are also proceeded by reduced metal complex (Fe*+, Cut, Ti*+, V3, Sn?*) plus O, system.!®)
The DTT-Ni complex plus O, system may participate in the present hydroxylation. In fact,
several oxygen complexes of nickel have been prepared and characterized.!¥ However,
further investigations are necessary to clarify the reaction mechanism for the acetanilide
hydroxylation by DTT-Ni complex systems.
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