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Oxygenation of olefin, /V-dealkylation of tertiary amine, oxidation of sulfide, and oxidative cleavage of ether bond
were conducted with tetraphenylporphyrinatoiron(IlI) (Fe* * TPPCI), NaBH,, Me,N - OH, and molecular dioxygen in
benzene — methanol solution. Fe** TPPCl, NaBH,, and molecular dioxygen were essential for these reactions and
the yields were decreased when Me,N-OH was absent. Olefins were converted to alcohols, which were not produced
from the corresponding epoxides under the same conditions. In styrene oxygenation, an electron-donating substituent
on the substrate decreased the reactivity, whereas in /V,N-dimethylaniline demethylation, it enhanced the reactivity.
Despite the use of the same reagents, the key intermediates of these two reactions are different. Fe?* TPP — g-alkyl
complexes produced from Fe* *TPPCI, olefin, and NaBH,, were identified as intermediates under anaerobic conditions.
Fe? *TPP —o-alkyl complex reacted with molecular dioxygen to give oxygenated products.

Examination of the relative reactivities of p-substituted N,N-dimethylanilines in the NaBH, reaction system
revealed first, that the demethylation proceeded via one-electron abstraction, and second, that the reactive species of

the demethylation reactions seems to be an iron-oxenoid.
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sodium borohydride

Cytochrome P-450 (Cyt. P-450) plays an important role
in metabolizing a wide variety of xenobiotics and biomole-
cules. This reaction is especially interesting since it pro-
duces a strong oxidant, iron-oxenoid, by the reductive
activation of O, on its ironprotoporphyrin IX. Therefore,
many Cyt. P-450 model reactions have been studied exten-
sively.” In most cases, however, previously activated
oxygen sources such as iodosylbenzene, CIO~, H,O0,,
alkylhydroperoxide, etc., have been used instead of O,
and a reducing agent. Only a few reactions have involved
the reductive activation of 0,.1'> We and others have
reported Cyt. P-450 model reactions involving the reduc-
tive activation of O, in the presence of NaBH, as a reduc-
tant.*>~®% Among the reductants used in the Cyt. P450
model reactions, NaBH, is effective in olefin oxygenation,
but other Cyt. P-450 type reactions such as tertiary amine
dealkylation, etc., have not been reported.

In most Cyt. P-450 model reactions, a metal-oxenoid is
thought to be an active oxidant, as with Cyt. P-450 itself,
and olefin is oxidized mainly to epoxide.” The main
products of Mn-,» Co-,* and Fe-porphyrin®-catalyzed
reactions were alcohols which were thought to be produced
from the corresponding ketones, not via the epoxides, ex-
cept in the case of Mn-porphyrin. In the Co-porphyrin re-
action, it was proposed that the reaction proceeded via a
carbon—cobalt intermediate, g-alkyl complex, followed by
the reaction with O,,* whereas metal-oxenoid was thought
to be an active oxidant in the Mn-porphyrin reaction.® The
reaction mechanism in the tetraphenylporphyrinatoiron

~(II) (Fe**TPPCI) reaction is, therefore, of interest.

Lieber and Guengerich have reported that hydrogen
atom migration and formation of carbonyl compounds
could take place in the Cyt. P-450 catalysis of olefin oxida-
tion.” Based on this, we proposed, in a previous paper,
that the iron-oxenoid was the active oxidizing species of

olefin oxygenation in the Fe** TPPCI/NaBH, reaction.”

Recently, Setsune et al. have obtained the Fe3*—g-alkyl
complex from the reaction mixture of Fe** TPPCI, NaBH,,
and olefin and identified it by 'H-NMR.® However, we
have detected Fe?*-g-alkyl complex, not the Fe3*—g-
alkyl complex, under anaerobic conditions by UV-visible
absorption spectroscopy,” and we would like to propose
here an alternative mechanism for olefin oxygenation by
the Fe? " TPPCl/NaBH, reaction.

We also report Cyt. P-450 type N, S, and O oxidation
reactions, tertiary amine dealkylation, sulfide oxygenation,
and ether bond cleavage, catalyzed by the Fe3*TPPCI,
NaBH,, Me,N:-OH, and O, system. Different from the
olefin oxygenation, the reactive oxidant of these reactions
seems to be an iron-oxenoid.

Results and Discussion

Olefin Oxygenation Styrene and l-octene were con-
verted to a-phenethyl alcohol (yield was 88% and catalyst
turnover number was 528) and 2-octanol (66%), respec-
tively, by Fe**TPPCl, NaBH,, Me,N-OH, and O,, as
previously reported in a communication® (Chart 1). For
this reaction, Fe3* TPPCI, NaBH,, and O, were essential,
and the yield was decreased in the absence of Me,N-OH.
Other bases, KOH and NaOCHj,, had the same effect. As
we have already reported, Me,N-OH prevented the
formation of p-oxo-dimer, which was less active.” When
the amount of NaBH, was smaller or the reaction tem-
perature was lower, acetophenone was also obtained from
styrene. Epoxide yields were less than 0.5% and the ep-
oxides were hardly reduced to the corresponding alcohols
under our reaction conditions. These results indicated
that the alcohols were formed for ketones, not through
epoxides.

The following two considerations suggested that an
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Chart 1. Cyt. P-450 Type N, S, and O Oxidations
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metal (M) yield?
O-( Fe 88 %
OH Fe 11 %

(without Me4N-OH)

/\/\/\/ Fe 66 %
O—N—CHg Fe 27 %
H Fe 0.3 %
(without Me4N-OH)
Mn 40 %
Co 2.0%
(o)
O_'s’@ Fe 30 %
Mn 32 %
Co trace
@—CHZ-OH Fe 17%
Fe?” 50%

MTPP: metal-tetraphenylporphyrin. a) Yields were based on substrate concentration. b) Tetrakis-(o-difluoroporphenyl)porphyrinatoiron was used as a catalyst.

TaBLE I. Relative Reactivities of p-Substituted Styrenes

Relative reactivity

p-Substituent

~OCH, -CH, -H -Cl

Fe**TPPCI/NaBH, 0.68 0.94 1.0 1.4

Reaction conditions are given in Experimental.

electrophilic iron-oxenoid was not an active species in this
olefin oxygenation. First, epoxides were not main products
and yields were low in the NaBH, reaction, whereas ep-
oxides were the main products with Fe**TPPCl/iodo-
sylbenzene, whose active oxidant was proposed to be an
iron-oxenoid,'*'® and with which the alcohols or ketones
were not detected. Second, the reactive species had a

nucleophilic character in the NaBH, system (Table I) and.

an electrophilic character in the iodosylbenzene reaction,'®

i.e., an electron-withdrawing group at the para position of
styrene enhanced the reactivity in the NaBH, system and
decreased it in the iodosylbenzene reaction.

To detect the reactive intermediate, the spectrum of
Fe3*TPPCl was taken with NaBH,, Me,N-OH and
olefins under anaerobic conditions (Fig. 1). Fe**TPPCI,
NaBH,, and Me¢,N-OH mixture under an Ar atmosphere
exhibited the absorption spectrum of Fe?"TPP (spectrum
A in Fig. 1).9 Addition of styrene and l-octene to the
Fe?"TPP and NaBH, solution changed the spectrum to
B and C in Fig. 1, respectively. These were identified as
being due to Fe?* TPP-g-alkyl complexes (Fe?*-R), i.e.,
Fe?+TPP-CH(CH,)Ph (B) and Fe2*TPP-CH(CH3)C4H, 5
(C).'Y Both olefin and NaBH, were essential for the
formation of Fe?*—R from Fe?*TPP. Saveant ef al. have
reported that the spectrum of Fe?*-R produced from
Fe*TPP and alkyl halides was practically the same what-
ever the nature of R, but, for Fe?*—benzyl, the only change
was a shift of the absorption band from 710 to 757 nm.*V
The spectra B and C in Fig. 1 exhibited absorption maxima
at 757 and 710nm, respectively, which strongly indicate
that these spectra are due to Fe?*TPP-CH(CH,)Ph and

200

400 500 600 700 800

nm

Fig. 1.

UV-Visible Absorption Spectra of the Reaction Mixture

A mixture of Fe** TPPCl (15mm), Me,N-OH (37mm), benzene (1.5ml), and
methanol (1.5ml) was prepared under an Ar atmosphere. NaBH, (530mm final
concentration) was introduced anaerobically, then spectrum A was taken. Spectra
B and C were taken at Smin after the anaerobic addition of styrene and 1-octene,
respectively, to the above mixture.

Fe?*TPP-CH(CH,)CcH,5, respectively. Setsune et al.
have reported that the Fe3*—g-alkyl(Fe3*—R) complex
was obtained from the Fe3* TPPCl/NaBH,/olefin reaction
and identified by 'H-NMR.® We would like to propose
that the Fe?*-R is also formed in this reaction under
anaerobic conditions, and then Fe?*—-R reacts with O, to
give Fe**-R.

The reaction of Fe?*—-R produced from alkyl halide/
Fe*-porphyrin or Grignard reagent/Fe>*-porphyrin with
O, has been discussed by Saveant et al.'V) and Balch et al.*?
Fe?*-R is immediately oxidized by O, to Fe**—R, which
further reacts with O, and produces Fe**—0O-O-R (Chart
2). Fe**—-0-O-R decomposes mainly to Fe**—OH~ and
carbonyl compound (Chart 2).2+1?

In the case of olefin, for example, styrene (R=C4Hj),
the reaction proceeded in almost the same way after the
formation of Fe?*-CH(CH;)Ph. Acetophenone was a
primary product, which was reduced by NaBH, to give
a-phenethyl alcohol (Chart 2).
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H
. NaBH, ) NaBH,4 0, Y 0, R)_CHS . RYCH;;
Fe>*TPPCI — Fe“'TPP CHy —= CHy— ° —  Fe”'TPPOH + o
R. .H Fe2*TPP Fe**TPP 0
= Fe¥*TPP l NaBH,
H H
H
R—*—CHg
OH
Chart 2
R
R
~-R 20, OH
NaBH, Fe*TPP _'h;;;: Fo¥ PP ks RR'N-CHj Fe>*TPP + RR'NH + HCHO
\ NaBH, o-alkyl complex ks’ RR'S Fe**TPP + RR'SO
Fe*TPP ——& Fe®*TPP
\ Fe*TPPO, —-" _+ iron-oxenoid ke NaBH. Fe*TPP + H,0
-OH [FeO]
ks olefin Fe**TPP + epoxide
Chart 3
In the Cyt. P-450 catalysis of olefin oxidation, the X < - NCHy)y —— X~ Y~ N-cH,
xronva alkyl complex has not been identified. But, recently H
Fe’*-R type complexes have been proposed as inter- 10
mediates of the following Cyt. P-450 reactions: an anaero- X=CHj
bic benzyl chloride reduction,’® a porphyrin ring alkyla-
tion by mono-substituted hydrazine,'® and reductive =
metabolism of the anesthetic halothane.'> In addition, a E 051
non-heme iron—g-alkyl intermediate was proposed in a 8
lipoxygenase reaction.'® : X=F
Demethylation of /N, N-Dimethylaniline, Oxidation of é e
Diphenylsulfide, and Ether Bond Cleavage of Benzyl Methyl 2 o0 -
Ether Demethylation of N,N-dimethylaniline, oxidation §
of diphenylsulfide, and ether bond cleavage of benzyl =
methyl ether were also catalyzed by Fe**TPPCI, NaBH,,
and O,. As with the olefin oxygenation, Fe’*TPPCI, 05 ‘ X=Br
NaBH,, and O, were essential for these reactions, and the " 0.4 0.2 0.0 0.2
yield was decreased when Me,N-OH was absent (Chart 1). .
When Fe?*TPPCl was replaced by Mn®*TPPCI, similar Hammett o,
results were obtained in these reactions, but Co?*TPP Fig. 2. Relative Reactivities of p-Substituted N,N-Dimethylanilines

did not act as a good catalyst for the N-demethylation or
the S-oxidation (Chart 1).

Relative reactivities of p-substituted N,N-dimethylani-
lines were estimated by a competition method in the
Fe**TPPCI, NaBH,, Me,N-OH, and O, reaction (Fig. 2).
An electron-donating substituent, the CH, group, enhanc-
ed the demethylation, whereas it decreased the reactivity in
styrene oxygenation. This result clearly showed that the
key intermediates of the dealkylation and the olefin oxy-
genation were different, despite the use of the same rea-
gents. Relative reactivities of p-substituted N,N-dimethyl-
anilines were also studied with the Fe®*TPPCl/iodo-
sylbenzene system, whose ultimate oxidant was reported
to be an iron-oxenoid,’'? in the presence or absence of
Me,N-OH. In both the NaBH, and the iodosylbenzene re-
actions, the reactivities correlated well with the Hammett
o, values, and in all reactions the p values were almost the
same. These results indicated that first, the demethylation
proceeded via one-electron abstraction in all the reactions,
and second, the reactive species of all the reactions are

O, Fe** TPP, NaBH,, O,, and Me,N-OH system; A, Fe®* TPP, iodosylbenzene,
and Me,N-OH system; @, Fe** TPP and iodosylbenzene system.

similar, i.e., the iron-oxenoid seems to be the ultimate
oxidant of the demethylation by Fe®*TPPCl/NaBH,
reaction. Furthermore, the Fe-complex and Mn-complex
gave similar results in the N and S oxidations (Chart 1),
which also supported the production of iron-oxenoid in the
iron-porphyrin and NaBH, reaction, because the oxidant
of the Mn-complex/NaBH, reaction has been elucidated
as the oxenoid species. However, insufficient evidence is
available as regards the iron-oxenoid formation, and
further study may be required to clarify this point.

These conclusions seem to be inconsistent with the olefin
oxygenation, since it proceeded via the g-alkyl complex,
and the iron-oxenoid did not act as an oxidant. The
apparent inconsistency can be explained in terms of either
or both of possibilities A and B. A: The Fe**TPPCY/
NaBH, reaction produces the iron-oxenoid only in the
absence of olefin (k, >k, in Chart 3). B: the iron-oxenoid
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is produced even in the presence of olefin (k, ~k,, k, <k,
in Chart 3), but NaBH, reduces the iron-oxenoid before
olefin reacts with it (k,>ks). This pathway is a non-
productive consumption of iron-oxenoid. In this case,
N,N-dimethylaniline and diphenylsulfide are thought to
react with the iron-oxenoid before NaBH, quenches it
(k3(k)>k, or ki(k%)=~k,). The validity of explanations
A and B is under investigation. '

In conclusion, the Fe** TPPCI, NaBH,, Me,N-OH, and
O, system produced two completely different types of
reactive species depending on the substrate. In the olefin
oxygenation, the reaction proceeded via the o-alkyl
complex, whereas the iron-oxenoid may be the ultimate
oxidant in Cyt. P-450 type N, S, and O oxidations.

Experimental

Preparation of Fe**TPPCl meso-TPP was prepared from propionic
acid and benzaldehyde,'” then TPP was reacted with FeCl,-nH,O to
give Fe**TPPCL.1®

General Procedure of Fe**TPPCl, NaBH,, O,, and Me,N-OH Reac-
tion® NaBH, (5.3mmol) was added to a mixture of Fe**TPPCl (5.0
umol), Me,N-OH (0.87 mmol), substrate (3.0mmol), benzene (4.0 ml),
and methanol (4.0 ml), and the solution was stirred vigorously under air
for Sh at 20 °C. All products listed in Chart 1 were isolated and identified
by examination of the NMR, IR, and mass spectra. The yields were
determined by GLC (column: 10% polyethyleneglycol 6000, for 1-phenyl-
1-ethanol, 2-octanol, and benzyl alcohol) or HPLC (column: Lichrosorb
RP-18, for N-methylaniline and diphenylsulfoxide).

General Procedure of Fe®*TPPCl/lodosylbenzene Reaction Iodo-
sylbenzene (1 mmol) was added to a mixture of Fe**TPPCI (5.0 umol),
Me,N-OH (0.87 or 0 mmol), substrate (1.0 mmol), benzene (2.0 ml), and
methanol (2.7 ml), and the solution was stirred vigorously for 5 h at 20 °C.

Determination of the Relative Reactivities of p-Substituted Styrenes and
N,N-Dimethylanilines Reaction conditions were the same as described
above, but two kinds of p-substituted styrenes or N,N-dimethylanilines
in equal amount were added. The relative reactivities were estimated from
the ratio of the corresponding a-phenethyl alcohols or N-methylanilines.

Measurement of Visible Spectra A mixture of Fe3*TPPCl (15 pum),
Me,N-OH (37mm), benzene (1.5 ml), and methanol (1.5 ml) was prepared
under an Ar atmosphere. NaBH, (530mM final concentration) was
introduced anaerobically, then spectrum A in Fig. 1 was taken. Spectra
B and C in Fig. 1 were taken at Smin after the anaerobic addition of
olefins to the above mixture.
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