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Three [FeFe|-hydrogenase model complexes [(pn-dmedt)-
{Fe(CO)3},] [1; dmedt = SCH(CH3)CH(CHj;)S], [(pn-dmedt)-
{Fe(CO)3}{Fe  (CO),PPhj}] (1-PPh3), and [(p-dmest)-
{Fe(CO)3},] [1-O; dmest = SCH(CH3)CH(CHj3)S(O)], 1-O
were synthesized and characterized. These model com-
plexes, which are generally used as the functional biomimics
of the hydrogen-producing dinuclear active site in [FeFe]-
hydrogenase, were used as efficient catalysts for the selec-
tive hydroxylation of aromatic compounds to phenols under
mild conditions. Because both the dithiolato-sulfur site and

the Fe-Fe bond in the model complexes were possible active
oxidation sites, DFT calculations were used to investigate the
oxygenated products, that is, the S-oxygenated products or
the Fe-oxygenated forms of the model complexes, which may
be involved in the catalytic cycle. The experimental and
computational results indicate that the thermodynamically
favored Fe-oxygenated intermediates dominate the hydrox-
ylation of the aromatic compounds. A possible mechanism
for the hydroxylation is also proposed.

Introduction

The direct catalytic hydroxylation of aromatic com-
pounds to phenols under mild conditions remains a major
challenge in industrial and synthetic chemistry!!=>! and has
attracted considerable interest, the ultimate goal of which
is to find a substitute for the multistep and environmentally
hazardous process used today.’! Among various catalysts
for the selective hydroxylation of aromatic compounds,
iron-based catalysts have been an active research area for
many years,”"1% because they catalyze a number of chemi-
cally challenging oxidative processes with high selectivity
and reaction rates,'""'?l and because iron is geologically
abundant. Especially, iron-based biomimetic catalysts with
accessible redox states for selective oxygen binding and acti-
vation are studied to mimic the monoiron or diiron sites of
the natural oxygenase enzymes (cytochrome P450, methane
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monooxygenases, etc.) and were used as efficient catalysts
for selective hydrocarbon oxidation.['3-15] The catalytic ac-
tivities of these iron-based biomimetic catalysts have been
investigated,[''”) and some mechanistic guidelines for the
understanding of the iron-centered aromatic hydroxylation
have been summarized.?2!1 Environmentally friendly oxi-
dants, such as H,O,??>>% and 0,,>27 are usually used in
the selective hydroxylation of inert aromatic compounds.
Recently, research on the [FeFe]-hydrogenases and their
model complexes, which are much more efficient in the H,
production compared to other types of hydrogenases, has
attracted much attention.?®>33 However, the well-known
oxygen sensitivity of the hydrogenases and their active-site
biomimetics poses a problem for their development as alter-
natives to platinum in fuel cell applications. As reported,
the oxygenation of the diiron (Fe'-Fe!, Fel-Fe!!, and Fe''-
Fe'') organometallics that model the diiron subsite in the
active site of [FeFe]-hydrogenase enzymes would occur at
the dithiolato-sulfur site or at the Fe-Fe bond.[3*3%! This
would lead to either the S-oxygenated products, in which
the oxygen atom is relatively stable, or the Fe-oxygenated
products (Fe"-p-O-Fe' oxidative addition products),
which are thermodynamically favored but not detected in
the oxygenation reaction. According to the theoretical cal-
culations, the diiron Fel-Fe! subsite is thermodynamically
favored to be oxidized to the Fe''-u-O-Fe!! species. Because
the highly active (n-oxido)diiron derivatives are accepted as
the crucial intermediates that transfer oxygen in the biomi-
metic hydrocarbon hydroxylation,331 we propose that the
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active Fe''-u-O-Fe!! species formed by the oxidation of the
[FeFe]-hydrogenase model complex may be a potential oxy-
gen-transfer intermediate in the presence of an oxygen-
atom moderator such as the aromatic compound.

In this study, three [FeFe]-hydrogenase model complexes
were synthesized (Figure 1) and applied in the catalytic
oxidation of aromatic hydrocarbons with high selectivity.
The catalytic activity of these model complexes and DFT
calculations provided effective verification that the Fe-oxy-
genated forms of the diiron complexes were responsible for
the hydroxylation.
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Figure 1. Structures of the [FeFe]-hydrogenase model complexes,
and hydroxylation of aromatic compounds.

Results and Discussion

Characteristics of the Diiron Complexes

The IR spectroscopic data in the CO-stretching-vibration
region of the complexes were recorded with hexane solu-
tions of the complexes, as shown in Figure2. The IR
pattern of 1 is similar to that of the typical diiron complex
[(u-pdt){Fe(CO)s},]. However, because of the different elec-
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Figure 2. The ¥(CO) region of IR spectra of complexes 1, 1-PPhs,
and 1-O (observed in hexane solution).
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tronic and steric effects of the S-S linker, the ¥ (CO) bands
of 1 appear at slightly higher wavenumbers.™%! In compari-
son to 1, the complex 1-PPh; exhibits ¥(CO) bands at lower
wavenumbers, and the positions of the bands depend on the
donor abilities of the ligand PPhs. The #(CO) bands of 1-
O are at higher wavenumbers because of the electron-with-
drawing oxygen atom attached to one sulfur atom.

The molecular structures of the complexes are shown in
Figure 3. Selected bond lengths and bond angles are listed
in Table 1, and the crystallographic data are listed in
Table S1. The central 2Fe2S cores of the complexes are all
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Figure 3. Crystal structures of the complexes (ellipsoids are drawn
at the 30% probability level). Hydrogen atoms are omitted for clar-

ity.
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in the butterfly conformation similar to the previously re-
ported models,*'~#31 and the iron atom is coordinated in a
pseudo-square-pyramidal geometry. The substitution of CO
by one PPhj; ligand only has a small effect on the Fe-Fe
distance, and the PPh; ligand is coordinated to an apical
site on Fe(1), and it is positioned roughly zrans to the Fe—Fe
bond. The coordinative configuration of 1-O is essentially
identical to that of 1. As a result of the oxygenation of one
dithiolato sulfur atom, a shorter Fe-S bond and a longer
Fe-Fe bond are observed in 1-O.

Table 1. Selected bond lengths [A] and bond angles [°] of 1, 1-PPhs,
and 1-O.

1 1-PPh;, 1-0
Fe(1)-Fe(2) 2.5091(8) 2.5149(7) 2.5356(10)
Fe(1)-S(1) 2.2522(6) 2.2464(8) 2.1763(11)
Fe(1)-S(2) 2.2398(7) 2.2589(11) 2.2456(14)
Fe(2)-S(1) 2.2507(7) 2.2637(8) 2.1774(13)
Fe(2)-S(2) 2.2468(6) 2.2510(8) 2.2457(13)
Fe(1)-P(1) - 2.2535(8) -
S(2)-0(7) - - 1.474(3)
S(1)-Fe(1)-Fe(2)  56.109(14) 56.44(2) 55.40(4)
S(1)-Fe(2)-Fe(l)  56.16(2) 55.78(2) 54.36(3)
S(2)-Fe(1)-Fe(2)  56.13(2) 55.96(3) 55.63(4)
S(2)-Fe(2)-Fe(l)  55.86(2) 56.23(3) 55.63(4)
P(1) Fe(1)-Fe(2) - 156.80(2) -
O(7)-S(2)-Fe?) - - 109.20(17)

Electrochemistry

The redox properties of 1, 1-PPh;, and 1-O were studied
by cyclic voltammetry (Figure 4). The electrochemical data
are given in Table 2. On the basis of previous reports on
[(n-pdt){Fe(CO)s},], the cyclic voltammogram (CV) of 1
displays a quasi-reversible reduction event at E,. = -1.72'V,
an irreversible reduction process at E,. = —2.21 V, and an
irreversible oxidation process at E,, = +0.98 V. The first
reduction event can be assigned to the Fe'Fe!/Fe'Fe? re-
duction, the second reduction event can be assigned to the
Fe'Fe/FeFe® reduction, and the oxidation process can be
assigned to the Fe'Fel/Fel'Fe! oxidation.[*+431 The CV of
the PPhs-substituted complex 1-PPh; in CH3CN displays
one irreversible reduction event (Fe'Fe!/Fe'Fe®) at E,. =
—1.91V, a quasi-reversible reduction event (Fe'Fe®/Fe’Fe®)
at E,. = —2.22'V and two irreversible oxidation events at
E,, = +0.51 and +1.02 V. The second irreversible oxidation
event of 1-PPh; at approximately +1.02 V is tentatively as-
signed to the Fe'Fel/Fe"Fe!! oxidation. The electrochemi-
cal data for 1-PPhs show cathodic shifts of approximately
190 mV for the Fe'Fe!/Fe!Fe® reduction, as compared to the
all-CO complex 1, and this is consistent with the fact that
CO has been exchanged for a more electron-donating li-
gand. For 1-PPh;, the event presumed to be a Fe'Fel/
Fel'Fe! oxidation becomes more accessible by approxi-
mately 470 mV, as compared to 1. According to the related
literature, these redox events are all one-electron pro-
cesses.[*¢#7] In addition to the quasi-reversible reduction
event at E,. = —1.57V, complex 1-O displays a second
irreversible reduction event at £, = —2.35 V. For the S-oxy-

Eur. J. Inorg. Chem. 0000, 0-0

genated complex 1-O, the irreversible oxidation event pre-
sumed to be a Fe'Fel/Fe"Fe! process has become more an-
odic by approximately 190 mV, as compared to 1, which is
consistent with the electron-withdrawing ability of the oxy-
gen atom attached to the dithiolato sulfur atom. For 1-O,
the reduction potential at —1.72 V is identical to that of the
Fe'Fel/Fe'Fe® couple of complex 1, which implied that some
deoxygenation process of 1-O produced the precursor di-
thiolate 1 as demonstrated in a previous report for [(u-
pdt) {Fe(CO)s},].P4
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Figure 4. Cyclic voltammograms of the diiron complexes (2.0 mm)
in CH;CN solution (0.1 m nBuyNPF; scan rate 50 mV/s): (a) 1-O,
(b) 1-PPh;s, and (c) 1.

Table 2. Redox potentials of the complexes.
Epc [V] vs. Fc/Fc*
E,: Fe'Fe! - FelFe?

Epa [V] vs. Fc/Fc*

Fe'Fe! — FellFe!

E,: Fe'Fe®— Fe'Fe FellFe! — FellFe!!
1 -1.72 0.98
-2.21 -
1-PPh; -1.91 0.51
-2.22 1.02
1-O0 -1.57 1.17
-2.35 -

Hydroxylation of Aromatic Compounds

As diiron complexes are well known for catalyzing hydro-
carbon oxidation and the [FeFe]-hydrogenase model com-
plexes are typical diiron carbonyl complexes, the model
complex 1 was applied as a catalyst for the direct hydroxyla-
tion of benzene to phenol, to investigate whether the model
complexes are capable of transferring oxygen. A blank con-
trol experiment (without catalyst) was conducted, and no
phenol was detected.

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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0,, H,0,, iodosobenzene (PhIO), and m-chloroper-
oxybenzoic acid (m-CPBA) were used (Table 3) as oxidants
in the hydroxylation catalysis. A higher phenol yield was
observed with H,O, than with m-CPBA under otherwise
identical conditions. However, O, and PhIO were not able
to oxidize benzene to phenol in the presence of the model
complex under the given experimental conditions (see foot-
note in Table 3). Thus, H>O, was used as the oxidant in the
following hydroxylation experiments.

Table 3. Catalytic hydroxylation of benzene to phenol with different
oxidants.®

Entry Oxidant Yield [%] Selectivity™ [%0]
1 m-CPBA 34 93.2

2 0, 0 0

3 H,0, 7.5 92.5

4 PhIO 0 0

[a] 1, 0.05 mmol; 60 °C; benzene, 0.1 mL; CH;CN, 2.0 mL; oxi-
dants, 5.0 mmol; reaction time, 3 h. [b] Selectivity: yield of phenol/
benzene conversion.

Some parameters that affected the catalytic activity of
the catalyst, such as the amount of H,O,, the temperature,
and the reaction time, were also investigated. The phenol
yield is greatly influenced by the amount of H,O, (Table 4).
Initially, it increases with added increments of H,O,, and it
then decreases as a result of overoxidation of phenol to
other by-products (dihydroxybenzenes, benzoquinone) with
excess H>O». The phenol yield and selectivity are plotted as
a function of temperature in Figure 5. No product is de-
tected below 40 °C, because a longer induction period at
low temperatures prevents the formation of phenol. The
selectivity decreases with an increase of temperature, and
this is attributed to the accelerated overoxidation of phenol.
As illustrated in Figure 6, the phenol yield reaches a maxi-
mum after 3 h. Decreased selectivity as a result of phenol
overoxidation is also observed upon prolonging the reaction
time. Under the optimized experimental conditions (1,
0.05 mmol; 60 °C; benzene, 0.1 mL; CH;CN, 2.0mL;
H,0,, 5.0 mmol; reaction time, 3 h), the phenol yield is
7.5% with 92.5% selectivity.

Table 4. Effects of the H,O, amount on the phenol yield in the
hydroxylation of benzene.™!

Entry H,0, [mmol] Yield [%)] Selectivity [%0]
1 1.0 2.7 96.4
2 3.0 4.9 93.1
3 5.0 7.5 92.5
4 8.0 5.4 87.2

[a] 1, 0.05 mmol; 60 °C; benzene, 0.1 mL; CH;CN, 2.0 mL; H,O»;
reaction time, 3 h.

Additionally, 1 can catalyze the hydroxylation of a series
of aromatic compounds to the corresponding phenols with
high selectivity as well, which reveals the good substrate
adaptability (Table 5) of the catalytic system.

According to previous results, the diiron model com-
plexes could undergo a nucleophilic attack at both the
metal center and the bridging thiolate sulfur atom.[*$3% Liu
et al.’4 investigated whether the O-atom addition to [(u-

Eur. J. Inorg. Chem. 0000, 0-0
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Figure 5. Effects of the reaction temperature on the phenol yield
in the hydroxylation of benzene (1, 0.05 mmol; benzene, 0.1 mL;
CH;CN, 2.0 mL; H>O,, 5.0 mmol; reaction time, 3 h).
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Figure 6. Effects of the reaction time on the phenol yield in the
hydroxylation of benzene (1, 0.05 mmol; 60 °C; benzene, 0.1 mL;
CH;CN, 2.0 mL; H,0,, 5.0 mmol).

Table 5. Hydroxylation of different substrates catalyzed by 1.1
Product (yield [%])

Entry Substrate Selectivity [%0]

1 phenol hydroquinone (17.4) 86.7
2 p-xylene 2,5-xylenol (14.5) 90.5
3 naphthalene 1-naphthol (9.2) 92.4
4 chlorobenzene p-chlorophenol (1.5) 95.2

[a] 1, 0.05 mmol; 60 °C; molar ratio of substrate to H,O, is 1:5;
CH;CN, 2.0 mL; reaction time, 3 h.

pdt){Fe(CO),L},] might provide examples of both S-site
and metal-site reactivity. Treatment of [(p-pdt){Fe(CO),-
P(Me)s},] with m-CPBA led to decomposition and the for-
mation of a mononuclear iron(IT) complex, which pointed
to a Fe-based oxidation. They also observed that the
[FeFe]-hydrogenase model complexes could perform sulfur-
based oxygenation, which is consistent with earlier litera-
ture reports.’'=31 Thus, oxygenation of the [FeFe]-
hydrogenase model complex may occur at the dithiolato
sulfur site or the Fe-Fe site. Because the catalysts should
first be oxidized by the oxidants before they enter the cata-
Iytic cycle, both the S-oxygenated products and Fe-oxygen-

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Job/Unit: 142918

Eur|IC

/KAP1 Date: 13-01-15 19:15:41

www.eurjic.org

Pages: 10

FULL PAPER

of vgorse Cremisty
ated forms of the model complexes may have the potential
to transfer oxygen atoms in the hydroxylation.

When 1-O was used as the catalyst, phenol was detected
(Table 6). In this case, the oxidant H,O, could only attack
the Fe-Fe bond, because the S(O) site in 1-O is relatively
stable and not able to release the oxygen atom. Thus, we
speculated that the oxygenation of the Fe-Fe bond might
be part of the hydroxylation cycle. Furthermore, the com-
plexes 1, 1-O, and 1-PPhj; could all catalyze the hydroxyla-
tion of benzene, and their activity decreases in the order 1-
PPh; > 1 > 1-O under identical conditions (Table 6). The
different activities of 1, 1-PPh;_and 1-O originate from the
different Fe—Fe electron densities of these model complexes.
The Fe-Fe bond in the complex with the electron-donating
PPh; ligand could be oxidized more easily by H,O, to form
the oxygen-transfer intermediate, whereas the less electron-
rich complexes tended to be less reactive with this oxidant.

Table 6. Effects of different catalysts on the phenol yield in the
hydroxylation of benzene.[l

Entry Catalyst Yield [%0] Selectivity [%0]
1 1 7.5 92.5
2 1-PPh; 9.6 93.3
3 1-0 3.7 95.6

[a] Catalyst, 0.05 mmol; 60 °C; benzene, 0.1 mL; CH;CN, 2.0 mL;
H,0,, 5.0 mmol; reaction time, 3 h.

As seen from the IR spectra (Figure 7), the wavenumbers
of the CO-stretching bands of complex 1 had not changed
after the hydroxylation, except for slightly decreased inten-
sities. This indicates the structural preservation of the cata-
lyst. The characteristic CO-stretching bands of complex 1-
O were not detected under the experimental conditions ap-
plied during catalysis. This implicates that complex 1 was
not oxidized to 1-O, in which only the Fe-Fe bond was
reactive towards oxygenation. We thus conclude that the
catalytic activity of the model complex derives from the Fe—
Fe bond. Some decomposition of complex 1 can be deduced
from the decreased intensities of the CO-stretching bands.
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Figure 7. The ¥(CO) region of IR spectra of (a) complex 1 and
(b) complex 1 after benzene hydroxylation (recorded in CH;CN
solution).
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Accordingly, Fe-based oxygenation dominates the
hydroxylation cycle as concluded from the above experi-
ments. However, which kind of Fe-oxygenated product is
responsible for the catalytic activity is not evident from the
catalytic hydroxylation experiments.

Theoretical Details

DFT calculations suggest that the Fe-Fe bond in [(p-
pdt){Fe(CO);},] or its derivatives is thermodynamically fa-
vored to be oxidized to the p-oxido product Fe!'-p-O-Fell,
On the basis of these results and the above-mentioned con-
clusion that the hydroxylation reactivity of the diiron com-
plexes stems from the oxygenation of the Fe-Fe bond, we
assumed that the Fe''-u-O-Fe!! species is the potential oxy-
gen-transfer species in the hydroxylation of aromatic com-
pounds. Theoretical calculations similar to literature
reportsi®*¥ were carried out to compare metal-based and
sulfur-based oxygenation of the active-site paradigm of [(u-
dmedt){Fe(CO)s},] (1), that is, to compare 1-u-O (Fe-based
oxygenation product of 1) and 1-O (S-oxygenated product
of 1) with respect to the thermodynamic possibility of their
formation.

To support our choice for the function and the basis set,
the DFT calculations were performed for isolated com-
plexes 1, 1-PPhs, and 1-O first, for which the experimental
geometrical parameters are available in this article. The op-
timized geometrical parameters (Figures S1-S3, Tables S2—
S7) are in good agreement with the experimental data ob-
tained by X-ray diffraction analyses (deviations <5%),
which confirms the reliability of the calculation method
used for describing the present system.

As illustrated in Scheme 1, the difference of the total free
energy (AG) between 1-O and 1-u-O (Figure S4, Tables S8—
S9) is 30.61 kcal/mol. Similarly, for all the model complexes,
the p-O isomeric form is calculated to be more thermody-
namically favored for complexes 1-PPh;-p-O-apical than for
1-PPh;-O-apicial, for 1-PPh;-pu-O-basal than for 1-PPh;-O-
basal, and for 1-O-p-O than for 1-O-O (Figures S5-S10,
Tables S10-S21). The p-O isomers are thermodynamically
favored, as was reported for similar complexes [(p-
pdt){Fe(CO),L} {Fe(CO),L’}. In other words, the Fe-Fe
bond in the diiron subsite is more susceptible to oxidation.
The positional isomers of the S-oxygenated products and
the p-O complexes of 1-PPhj, that is, species that feature
PPh; in apical or basal positions, have different AG values
(AG,, or AG,y, respectively).

As illustrated in Figure 8, the HOMO of 1, which is char-
acterized by a large contribution of the Fe-Fe bond, also
suggests that the Fe-Fe bond is active towards oxidation.
In addition to the fact that the oxygen atom attached to the
sulfur atom in the S-oxygenated product is relatively stable,
one could speculate that the Fe''-p-O-Fe™ active intermedi-
ate is capable of transferring the oxygen atom to the aro-
matic substrates in the hydroxylation reaction.

The previous DFT results suggested that the Fe-based
oxygenation of [(u-pdt){Fe(CO),L}{Fe(CO),L’}] com-

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Comparison of the total free energies [kcal/mol] of
metal-oxygenated species and corresponding sulfur-oxygenated iso-
mers. The values were obtained from computations with function-
als and basis sets of B3LYP/D95 and LANL2DZ.
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Figure 8. HOMO (isovalue: 0.02) of complex 1.

plexes, which leads to Fe"-u-O—Fe'! species, was more ther-
modynamically favored than the S-based oxygenation. This
implicates the possibility that the p-O complex forms
through Fe-Fe bond oxygenation in the [FeFe]-hydrogenase
model complex. Unexpectedly, in previous reports, the ther-
modynamically favored Fe-oxygenated products were not
observed when the model complexes were treated with oxi-
dants.

Eur. J. Inorg. Chem. 0000, 0-0

To get the Fe-oxygenated product, that is, the complex
1-p-O, 1 was treated with different oxidants, such as m-
CPBA, PhIO, O,, and H,0,, in CH;CN at room tempera-
ture, —10 °C, or -20 °C, and the reaction was monitored by
IR spectroscopy. However, no obvious change of the CO-
stretching-band wavenumbers was observed. The p-O com-
plex was not detected under the experimental conditions in
the presence of the oxidants mentioned above. This may be
attributed to the high activity of the transient iron—oxido
species. Nevertheless, whether the p-O complex was formed
in the above reaction or not could not be determined. The
hydroxylation of the aromatic compounds to the corre-
sponding phenols catalyzed by the [FeFe]-hydrogenase
model complexes offers an indirect evidence for the pres-
ence of a highly active Fe-oxygenated intermediate.

Proposed Mechanism of Hydroxylation

On the basis of the theoretical and experimental results,
we propose a possible mechanism for the hydroxylation of
the aromatic compounds (typically for the benzene hydrox-
ylation). The nature of the phenol products resulting from
the hydroxylation of different substrates catalyzed by the
[FeFe]-hydrogenase model complex suggests that the reac-
tion involves an electrophilic addition process, as illustrated
in Scheme 2. Combined with the electrophilic addition pro-
cess, a hydrogen-atom shift occurs.’¥ In the last step, the
oxygen atom is transferred to the substrates.

O =

‘(\'101 / g / \ \ H
Fe! ( \\// 4 o "

\\/ N
= P G

migration
\\/

H H 'Fe I

OH o \\/

Scheme 2. Proposed mechanism for benzene hydroxylation.

Conclusions

In summary, we have synthesized and characterized three
[FeFe]-hydrogenase model complexes and tested them as
homogeneous catalysts for the hydroxylation of various aro-
matic compounds to phenols, a process that concerns the
activation of an inert C-H bond. Given the reactivity and
broad substrate scope demonstrated herein, we anticipate
that this study provide a new way for the direct hydroxyl-
ation of aromatic compounds. Although the Fe-Fe-bond-
based oxygenation product, namely, the p-O complex,
which is postulated as the active intermediate for the
hydroxylation, could not be obtained by the reaction of the
[FeFe]-hydrogenase model complex with different oxidants,
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DEFT calculations and the catalytic activity towards hydrox-
ylation suggest that it is capable of transferring an oxygen
atom to the aromatic substrates. This study presents the
catalytic application of these typical diiron carbonyl com-
plexes. Although the yields of various phenols are not ideal,
the selectivity is high. The diiron model complex with a
more electron-donating ligand showed increased catalytic
activity; on the basis of this insight, the design and develop-
ment of diiron catalysts with higher catalytic activity and
better substrate adaptability are ongoing in our laboratory.

Experimental Section

Materials and Methods: The syntheses of the model complexes and
all other operations were carried out with a double-manifold
Schlenk vacuum line under a N, atmosphere. Hexane, CH,Cl,, tol-
uene, and CH;CN were stored over molecular sieves under a N,
atmosphere for 24 h prior to further purification. Hexane, CH,Cl,,
and toluene were distilled under a N, atmosphere from sodium/
benzophenone. CH;CN was first stirred with anhydrous sodium
sulfate at room temperature for 24 h and then distilled from NaH.
The collected solvents were stored over molecular sieves under N,
before use.

The following materials were of reagent grade and directly used as
purchased from Guangfu Chemical Co.: H,O, (30%), MesNO,
PPh;, AcOH, m-CPBA, benzene, and AgNOj;. 2,3-Butanedithiol,
Fe(CO)s, nBuyNPFg, and PhIO were purchased from Sigma-Ald-
rich.

Solution IR spectra were recorded with a Shimadzu NICOLET
380 spectrophotometer by using 0.1 mm KBr sealed cells. '"H NMR
spectra were recorded with a Bruker AVANCE III 400M spectrom-
eter by using TMS as the internal standard in chloroform-d (deu-
terium content of 99.8 atom-%, contains 0.03% v/v TMS). Elemen-
tal analyses was carried out with a Heraecus CHN-O-Rapid fully
automatic elemental analyzer with thermal-conductivity detection
(TMT CHN-O).

For 1 and 1-PPhs;, single-crystal X-ray diffraction data were re-
corded with a Rigaku MM-007 (rotating anode) diffractometer
equipped with a Saturn 70CCD. Data were collected at 113 K by
using a confocal monochromator with Mo-K, radiation (4 =
0.71073 A) in the w—¢ scanning mode. Data collection, reduction,
and absorption correction were performed with the CRYS-
TALCLEAR program. The structures were solved by using direct
methods and refined with the full-matrix least-squares technique by
using the SHELXS-9705 and SHELXL-975% programs. Hydrogen
atoms were located by using the geometric method.

Data collection for 1-O was performed at 298 K with a Rigaku-
18 KW R-AXIS RAPID IP area detector by using graphite mono-
chromated Mo-K,, radiation (1 = 0.71073 A) in the oscillation scan-
ning mode. For 1-O, all calculations were performed with the
SHELXTL-97 program package, and the structure was solved by
using direct methods and refined by using full-matrix least-squares
techniques against /2. Data collection, reduction, and absorption
correction were performed with the ABSCOR program.

CCD(C-982213 (for 1), -982214 (for 1-PPhs), and -982215 (for 1-O)
contain the supplementary crystallographic data for this paper,
which can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemical measurements were carried out in CH;CN solu-
tions (ca. 2 mmol/L) with a CHI660B electrochemical workstation

Eur. J. Inorg. Chem. 0000, 0-0

by using a three-electrode setup. Prior to use, the glassy-carbon
(surface of 0.071 cm?) working electrode was polished with an a-
alumina polishing suspension and rinsed with CH3;CN. The
counter electrode was a platinum wire. All potentials were recorded
with respect to the Ag/Ag™ reference electrode (0.01 m AgNO; and
0.1 mm nBuyNPFg in CH;CN), and the reported values are refer-
enced against Fc/Fc* as a standard (Ej, = 0.00 V vs. Ag/Ag* in
CH;CN).

The phenol yield in the catalytic experiments was determined by
using an external-standard method and was carried out with an
Agilent 6890N gas chromatograph equipped with a capillary col-
umn (30 m X 0.25 mm X 0.25 pm) and a flame ionization detector.

DFT calculations were performed by using a hybrid functional [the
three-parameter exchange functional of Becke (B3)P7! and the cor-
relation functional of Lee, Yang, and Parr (LYP)®! (B3LYP) as
implemented in Gaussian 09].5%1 The effective core potentials and
the associated basis set of Hay and Wadt (LANL2DZ)%-61 were
used for the iron, sulfur, and phosphorus atoms. For iron atoms,
the two outermost p functions were replaced by the re-optimized
4p functions as suggest by Couty and Hall.[°” For sulfur and phos-
phorus atoms, the basis set was augmented by the d polarization
function of Hollwarth et al.l®3l All carbon, oxygen, and hydrogen
atoms were represented by using the double-valence &-basis (D95)
of Dunning.[®yl The geometries of all oxygenated isomers and non-
oxygenated precursors were fully optimized and confirmed as min-
ima by analytical frequency calculations at the same levels.

[(n-dmedt){Fe(CO)3},] (1): A solution of 2,3-butanedithiol (typi-
cally, 4.0 mL, 32 mmol) and Fe(CO)s (typically, 8.6 mL, 64 mmol)
in toluene (50 mL) was heated at reflux under a N, atmosphere
until a color change from green to red-brown was observed. After
removal of the solvent by distillation, the products were purified
by chromatography on successive silica columns with hexane as the
eluent (4.2 g, 32.8%). Single crystals suitable for X-ray crystallo-
graphic analysis were obtained by slow diffusion of hexane into
CH,Cl, solution of 1. FTIR (in hexane): ¥(CO) = 2075, 2035, 2006,
1990, 1981 cm™!. '"H NMR (400 MHz, CDCl;): 6 = 2.21 (m, 2 H,
SCH), 1.33 (d, 3Jyu = 6.4Hz, 6 H, CH;C) ppm. C;oHgFe;O4S,
(399.99): caled. C 30.03, H 2.02, O 24.00; found C 30.10, H 2.05,
0O 23.94.

[(n-dmedt){Fe(CO);}{Fe(CO),PPh;}] (1-PPh;): To a solution of 1
(0.20 g, 0.50 mmol) in CH3CN (20 mL) under a N, atmosphere was
added Me;NO (1 equiv., 38 mg, 0.50 mmol) in CH3CN (5 mL) to
produce (p-dmedt)[Fe(CO);s] [Fe(CO)>,NMes] suggested by the IR
monitor. To this solution, PPh; (1 equiv., 131 mg, 0.50 mmol) in
CH;CN (10 mL) was then added and subsequently heated at 80 °C
for 5 h. After removal of CH3CN in a vacuum, the products were
purified by chromatography on successive silica columns monitored
by IR spectroscopy. First, hexane was used as the eluent to remove
1. Then, a mixture of hexane and CH,Cl, (V/V = 1:1) was used as
the eluent to collect 1-PPh; (0.19 g, 60% yield). Crystals suitable
for X-ray crystallographic analysis were obtained by slow diffusion
of hexane into a CH,Cl, solution of 1-PPh;. FTIR (in hexane):
V(CO) = 2049, 1988, 1967, 1945cm™'. 'H NMR (400 MHz,
CDCl3): 0 = 7.62 (br., 9 H, Ph), 7.42 (br., 6 H, Ph), 1.95 (m, 2 H,
SCH), 0.86 (d, 3Jy 11 = 6.8 Hz, 6 H, CH3C) ppm. C»7H,3Fe,05PS,
(634.26): caled. C 51.13, H 3.66, O 12.61; found C 51.20, H 3.62,
0 12.52.

[(n-dmest){Fe(CO);},] (1-0): To a solution of 1 (0.20 g, 0.50 mmol)
in toluene (10 mL) was dropwise added under a N, atmosphere m-
CPBA (1.5 equiv. in 10 mL of toluene). The mixture was stirred for
0.5h at 20 °C and monitored by IR spectroscopy. Subsequently,
gaseous ammonia was bubbled through the reaction mixture for
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30 min to remove excess m-CPBA, and the m-chlorobenzoic acid
by-product. After filtration and removal of the solvent, the re-
sulting crude product (0.14 g, 67% yield) was dissolved in a mini-
mal amount of MeOH and recrystallized at —30 °C to give the ana-
lytically pure product. Crystals suitable for X-ray analysis were
grown from a CH,Cl, solution layered with hexane. FTIR (in hex-
ane): V(CO): 2082, 2043, 2020, 1997, 1988 cm™'. 'H NMR
(400 MHz, CDCl3): 6 = 3.20 (m, 1 H, SCH), 2.10 (m, 1 H, SCH),
1.61 (d, 3Jy = 6.4 Hz, 3 H, CH5C), 1.39 (d, *Jyy iy = 6.4 Hz, 3 H,
CH;C) ppm. C,oHgFe,0,S, (415.99): caled. C 28.87, H 1.94, O
26.92; found C 28.79, H 2.02, O 26.83.

Hydroxylation of benzene and other aromatic substrates with H,O,
was carried out in a 25 mL round-bottomed flask equipped with a
reflux condenser and a magnetic stirrer. In a typical reaction, the
model complex 1 was dissolved in CH3CN. After the mixture was
heated to the desired temperature, benzene or other substrates were
added to the mixture. Finally, a certain amount of H,O, was added
to initiate the hydroxylation, and the mixture was stirred for several
hours. All the experiments were carried out at ambient pressure.
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