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N-Bridged Diiron Phthalocyanine Catalyzes Oxidation of Benzene with H,0,
via Benzene Oxide with NIH Shift Evidenced by Using 1,3,5-[D;]Benzene

as a Probe**

Evgeny V. Kudrik!" and Alexander B. Sorokin*!*!

The ability of cytochromes P-450 and methane monooxy-
genases (MMO) to catalyse difficult oxidations of hydrocar-
bons have inspired numerous biomimetic studies. The prog-
ress in this challenging field deals with the development of
metalloporphyrin-based systems!'! as well as mononuclear’”
and binuclear® iron non-heme complexes. Cytochrome P-
450 chemistry involves mononuclear porphyrin complexes,
while MMO chemistry is based on binuclear iron non-heme
complexes. It should be noted that mimicking of the struc-
tural organisation and spectroscopic features of MMO has
been achieved using diiron non-heme complexes, but no
functional models able to oxidize methane have been pub-
lished.® One interesting possibility is to explore binuclear
macrocyclic porphyrin-like complexes as oxidation catalysts.
However, this approach has not yet been developed.

Our ongoing research is focused on developing clean oxi-
dation processes using phthalocyanine complexes,**! which
are structurally relevant to porphyrins, but cheap and readi-
ly accessible on a large scale. Inspired by the observation
that iron phthalocyanine supported in p-oxo dimeric form
(Fe-O-Fe motif) showed superior catalytic properties in the
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selective oxidation than monomeric FePc,” we have investi-
gated catalytic properties of diiron phthalocyanines. N-
Bridged binuclear complexes (metal-N-metal motif) consti-
tute another family of dimers. Several p-nitrido dimeric
complexes with different ligands have previously been de-
scribed.” To the best of our knowledge, these unusual com-
plexes with interesting properties have never been used as
oxidation catalysts. In particular, the unsubstituted (FePc),N
dimer, insoluble in organic solvents, contains Fe'-N=Fe'"
fragment with one unpaired electron delocalized between
two equivalent Fe sites with formal +3.5 state as was de-
duced from Mossbauer data (0=0.06 mms™', AE,=
1.76 mms™! at 77 K).[™

We have recently prepared an N-bridged diiron tetra-tert-
butylphthalocyanine complex ((FePctBu,),N, Scheme 1),
which exhibits a good solubility in organic solvents and is
more suitable for catalytic studies. This binuclear porphyrin-
like complex with Fe-N-Fe structural unit interacts with
H,0,, as shown by UV/Vis and EPR spectroscopies, sug-
gesting a possible activation of H,O, to form oxidizing spe-
cies. Indeed, we have recently shown that the active species
derived from (FePctBu,),N and H,0, is able to perform an
efficient oxidation of methane in water at ambient tempera-
tures.’! The (FePctBu,),N, characterized by different spec-
troscopic methods, retains its dimeric structure in the pres-
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Scheme 1. p-Nitrido-bridged iron tetra-fert-butylphthalocyanine, (FePc-
Buy),N, R=C(CH,);.
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ence of H,0,[" ESI-MS experiments using H," 0O, and
H,"%0, indicated the formation of a high valent diiron oxo
complex Fe'YNFeY=0, which was proposed to be an active
species responsible for oxidation of methane.”’ The mecha-
nistic features of this binuclear complex are therefore of
much interest.

To check the scope of this catalyst and to gain more infor-
mation about catalytic properties of this unusual species, we
have studied the oxidation of benzene, which is both indus-
trially and biologically related process. Several enzymes, for
example, cytochromes P-450, non-heme iron mono- and di-
oxygenases perform hydroxylation of aromatic com-
pounds.'>) High valent iron oxo species were proposed to
be involved in this demanding oxidation and arene oxide to
be an obligatory intermediate in this reaction, although al-
ternative pathways have also been proposed.'”’ The main
mechanistic hypotheses for benzene hydroxylation by cyto-
chrome P-450 enzymes were carefully discussed by de
Visser and Shaik."? Along with arene oxide, which could be
formed from the tetrahedral intermediate oxo-iron—-arene o-
complex, a characteristic feature of arene hydroxylation is
the migration of the substituent from the hydroxylation site
to the adjacent carbon position (NIH shift)."” The mecha-
nistic features of aromatic oxidation mediated by non-heme
enzymes, in particular by toluene 4-monooxygenase, ¥ are
quite similar to those of cytochrome P-450.1% It is worth
noting that the oxidation of benzene is less investigated in
chemistry as compared to the oxidation of alkanes or ole-
fins. Selective oxidation of benzene to phenol by N,O was
obtained over FeZSM-5 zeolite at 375°C.["¥ Titanium silica-
lite mediated the oxidation of PhH with H,0,.Y) FeAIPO
catalysts were active in the oxidation of PhH by N,O at
380°C."! Low temperature oxidation of benzene usually as-
sociated with bio-inspired approach is, however, much less
explored. Suicidal oxidation of the aromatic part of non-
heme complexes was demonstrated,® but examples of oxi-
dation of benzene are still rare. Non-heme iron polyazaden-
tate complexes in combination with H,0, and reducing
agent oxidized benzene with TON ~8.17]

Here we report on the mild oxidation of benzene and pro-
vide evidence that this oxidation occurs via formation of
benzene oxide and involves the NIH shift thus resembling
the biological aromatic oxidation. We have shown that 1,3,5-
[Ds;]benzene is a novel convenient probe for the detection
of NIH shift.

(FePctBu,),N exhibited a high catalytic activity in oxida-
tion of PhH by H,0, even at 20°C (Table 1). Phenol, the

Table 1. Oxidation of PhH by H,0, catalyzed by (FePctBu,),N.k

[PhH]/m TI°C t/h Conversion/% TONpon
0.1 20 48 14 11
0.1 40 20 20 12
1 40 20 n.d.l 28
5.57 60 24 n.d. 66
11.14 60 4 n.d. 32

[a] Conditions: [(FePctBu,),N]=2.4x10"*m, [H,0,]=022m in 2mL
MeCN. [b] n.d.: not determined. [c] Neat PhH.
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main oxidation product, was obtained with TON=11. The
efficiency of oxidation was increased at higher temperatures
and higher concentration of PhH attaining TONp;oy=66.
Three minor products were detected by GS-MS analysis. p-
Benzoquinone was formed in minor quantity at 60°C. Mass
spectrum of second product (retention time =4.0 min) corre-
sponds to that published for benzene oxide (BO).*'® Mass
spectra of this product derived from C.H, (94 [M]™, 78
[M-0O]", 66 [M—CO]*) and CiDs (100 [M]*, 84 [M—O]™,
72 [M—CO]") differed on m/z 6 indicating the presence of
all six H/D atoms on benzene core. The authentic benzene
oxide was prepared according to published protocols.”! The
retention time and mass spectrum of the authentic BO and
the product obtained in PhH oxidation were identical,”®! thus
unambiguously proving the formation of benzene oxide in
the course of PhH oxidation. Notably, when mononuclear
FePctBu, or p-oxo dimer (FePctBu,),O were used as cata-
lysts at the same reaction conditions, the complete bleaching
of the catalysts occurred within several minutes after H,O,
addition and no benzene oxide was detected in the reaction
mixture.

The mass spectra of the other minor product (retention
time =9.25 min.)"® with two oxygen atoms added to benzene
core which were obtained from CH, (110 [M]*, 81
[M—CHO]*, 53 [M—CHO-CO]*) and C¢D¢ (116 [M]™*, 86
[M-CDO]*, 58 [M—CDO-CO]*) matched to mass spec-
trum of sym-oxepin oxide.'™ Molecular peaks of isotopom-
ers of this product differ in m/z 6 indicating the presence of
all H (D) atoms that is compatible with proposed oxepin
oxide structure.

When 2% solution of H,"®O, (Icon, >90% isotopic en-
richment) in H,'®O was used for oxidation in the presence
of %0, phenol contained 93% of Ph'®OH, thus indicating
that product oxygen was originated from H,'®O,. This find-
ing strongly suggests that phenyl radical can not be an inter-
mediate in this oxidation which would be trapped by '°O,
leading to '°O incorporation into phenol.

Intermolecular kinetic isotope effects (KIE) on phenol
formation were determined using 1:1 C;Hy/C;D4 mixture. At
25°C and 60°C KIEs were 1.21+£0.04 and 1.16+0.02, re-
spectively. Intramolecular KIE measured using 1,3,5-
[D;]benzene was 1.29£0.03 at 25°C. These KIE values are
not compatible with the formation of o-complex since in this
case inverse KIE (<1) should be observed.P&!%!a12l The
origin of the inverse KIE is a change in hybridization of hy-
droxylated carbon atom from sp® to sp® in the course of oxi-
dation. According to the careful analysis of KIE associated
with aromatic oxidation, ky/kp ~1.2 is compatible with re-
versible opening of the epoxide ring.!"%

In addition to KIE determination, 1,3,5-[D;]benzene is
also a useful mechanistic probe to detect NIH shift. NIH
shift is a migration of the substituent from the site of hy-
droxylation to adjacent carbon atom and usually associated
with bio-oxidation.'*'? The use of 1,3,5-[D;]benzene as a
NIH shift probe is based on the analysis of 1,4-benzoqui-
none (BQ) as indicated in Scheme 2. When no NIH shift
occurs, BQ should contain only [D,]BQ. BQ obtained from
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Scheme 2. Proposed mechanism of oxidation of benzene by (FePc-
tBu,),N-H,0, system involving NIH shift.

C;D;H; contained 75 % of [D,]BQ, 19% of [D;]BQ and 6%
of [D,]BQ, thus strongly suggesting NIH shift. A mechanism
based on KIE and isotope labelling data is proposed in
Scheme 2. BO formed in the first step undergoes to hydride
(deuteride) shift to produce two 2,4-cyclohexadien-1-ones
isotopomers K; and K,, which enolize to phenols [D,]P,
[D;s]P and [D,]P’, [Ds]P’, respectively, inducing NIH shift.
These phenols can be oxidized to produce quinones [D;]BQ,
[D,]BQ and [D;]BQ. Importantly, [D;]BQ and [D;]BQ can
be obtained only if NIH shift occurs in the course of oxida-
tion. Thus, the analysis of isotopic composition of BQ can
evidence NIH shift. BQ shows the clean molecular peak
without M—1 and M—2 fragmentation and its isotopic com-
position can be calculated from mass spectrum.®! The detec-
tion of [D;]BQ and [D;]BQ thus indicates the occurrence of
NIH shift during oxidation of PhH by (FePctBu,),N-H,0,
system.

The NIH shift and the formation of benzene oxide are
usually associated with bio-oxidation mediated by cyto-
chrome P-450 and toluene monooxygenases. In our previous
paper describing the mild oxidation of methane,”! we have
proposed the formation of a high valent oxo-(FePctBu,),N
complex with two redox equivalents above Fe"'NFe'v state
(Scheme 3). This proposal was based on the results obtained
by UV/Vis, EPR, ESI-MS methods as well as in '*O label-
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ling experiments.”) The proposed high valent Fe'V-N-Fe'=0
species should be a very strong oxidant and thus be compe-
tent for the oxidation of such difficult-to-oxidize substrates
as methane and benzene. The observation of the formation
of benzene oxide and NIH shift in this work, which are char-
acteristics of high valent iron oxo enzyme systems, is in
agreement with proposed Fe™-N-FeV=O structure of active
species. Fe™-N-Fe¥=0 can be obtained via heterolytic cleav-
age of O—O bond in the putative Fe™"-N-Fe"™-OOH hydro-
peroxo complex formed from (FePc/Bu,),N and H,0,
(Scheme 3).

er b _db
ébé

Scheme 3. Proposed mechanism of the formation of high valent diiron
oxo species in (FePcrBu,),N-H,0, system.

In sum, (FePcrBu,),N in combination with green and bio-
logically relevant H,O, shows a high activity in the mild oxi-
dation of PhH. Turnover number based oh PhOH attains 66
cycles. Fe-N-Fe structural unit of p-nitrido diiron complex is
essential for this catalytic activity. Mononuclear FePctBu,
and p-oxo (FePctBu,),0 complex (Fe-O-Fe fragment) were
rapidly destroyed and didn’t show the formation of benzene
oxide during oxidation of benzene. Mechanistic features of
benzene oxidation by (FePctBu,),N-H,O, system (formation
of benzene oxide, NIH shift) are not compatible with free
radical oxidation and resemble those of the biological oxida-
tion, thus suggesting the involvement of high valent iron
oxo species. NIH shift was evidenced using a novel mecha-
nistic probe, 1,3,5-[D;]benzene. To our knowledge, the for-
mation of benzene oxide in course of the bio-inspired oxida-
tion of benzene has been observed for the first time. The
formation of benzene oxide is the two electron process typi-
cal for high valent oxo species.!! O labelling studies also
suggest a possible involvement of a high valent oxo species.
N-Bridged diiron phthalocyanine complexes show a new un-
expected reactivity and provide a novel promising approach
in the bio-inspired oxidation field.

Experimental Section

A 1:1 mixture of C,Dys and C¢Hg, 1,3,5-[Ds]benzene (98 %, Aldrich) and
2% H,"0, in H,O (90 atom %, Icon Isotopes) were used for the isotope
labelling experiments. General procedure for catalytic oxidations: 40 pL
of 35% H,0, was added to 2.4x10~*m (FePcBu,),N in 2 mL of benzene
solution in MeCN. The reaction mixture was stirred at desired tempera-
ture. The conversion of benzene and yield of phenol were determined by
GC using external standard. The isotopic compositions of oxidation prod-
ucts were determined by GC-MS. Full details of the experimental proce-
dures and instrumentation are given in the Supporting Information.
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