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The transition-metal-catalyzed activation of aryl carbon-
oxygen bonds is a challenging task for organic chemists
because of the relatively high bond energies.!! Although
various effective catalysts have been developed for activating
aryl C—O bonds to form carbon—carbon and carbon-heter-
oatom bonds? the development of a non-toxic and inex-
pensive iron catalyst for this transformation remains a desir-
able, but challenging research goal from environmental and
economic perspectives.?*l Tron catalysts are effective for the
activation of aryl carbon-oxygen bonds of aryl tosylates,"!
triflates,! carboxylates,® sulfamates,***! and carbamates;
however, to the best of our knowledge, the iron-catalyzed
activation of aryl carbon—oxygen bonds of aryl ethers has not
been reported. Thus, the objective of this work was to develop
an iron catalyst that enables the selective reductive cleavage
of aryl carbon—-oxygen bonds in aryl ethers. Such a reductive
cleavage might become an important process for the selective
fragmentation of lignin into smaller molecules, which can be
further transformed into fuels or high-value chemicals.!
Furthermore, this process might be valuable for organic
synthesis, because it can expand the utility of alkoxy,!”!
pivalate,® and aryl O-carbamate!® substituents as removable
directing groups, as these are frequently used to overcome the
drawbacks of unselective arene functionalization.

The reductive cleavage of C—O bonds in aryl ethers often
requires high temperatures, and occurs with poor selectiv-
ity.'”! Several highly selective homogeneous catalyst systems
that are based on nickel compounds have been reported for
the reductive cleavage of aryl C—O bonds."!!l These results
have sparked growing research interest in this area over the
past few years.®*!?l Hartwig and co-workers reported an
effective heterogeneous catalyst system that was formed
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insitu from [Ni(cod),] or [Ni(CH,TMS),(TMEDA)] (cod =
1,5-cyclooctadiene, TMEDA = N,N,N',N'-tetramethyl-
ethylenediamine, TMS = trimethylsilyl)."") Zhao, Lercher,
and He reported another heterogeneous catalyst system
(57 wt% Ni/Si0O,) that was obtained from Ni(NO;),"6 H,O,
SiO,, and HNO,."¥ During the preparation of this manu-
script, a method with an expensive Rh catalyst was also
described.'”) Herein, we report a highly selective iron-based
catalytic system for the reductive cleavage of aryl C—O bonds
that employs iron(IIl) acetylacetonate ([Fe(acac);]) as the
catalyst precursor and LiAlH, as the reducing agent. The
present catalyst system was further shown to be effective for
the selective cleavage of the $-O-4 linkage of lignin model
compounds under a hydrogen atmosphere in the absence of
LiAIH,."*! Moreover, through the cleavage of inert aryl C—O
bonds by the iron catalyst, a strategy has been developed for
the synthesis of regioisomeric products that are unattainable
through conventional functionalization of substituted ben-
zene derivatives.”!")

The reductive cleavage of diphenyl ether was chosen as
the model reaction to investigate the efficiency of various iron
catalyst precursors. A reaction using FeCl; gave only small
amounts of phenol and benzene as the products (see the
Supporting Information, Table S2). A combination of FeCl,
and a ligand, such as N,N'-dimethylethylenediamine, 2,2'-
bipyridine, or triphenylphosphine, did not improve the
reaction results (Table S2, entries 3-5), which suggests that
bonded ligands are not advantageous. The use of other iron
salts, including ferric citrate, ferrocene, and y-Fe,O;, also led
to only a small amount of conversion (Table S2, entries 6-8).
Ferric acetylacetonate, however, was an efficient catalyst
precursor for our reaction. As described below, when this
catalyst is employed for such a reductive cleavage, the desired
phenol and benzene products are obtained in high yields
(Table 1, entry 1). After a suitable catalyst system had been
identified, other critical reaction parameters, such as the use
of additives, the catalyst amount, temperature, and tolerance
to moisture, were optimized. Sodium tert-butoxide was found
to be indispensable as an additive, because product formation
was not observed in its absence. When the catalyst loading
was reduced to 5 mol %, the product yield dropped signifi-
cantly, even with a prolonged reaction time of 40 h. The
reaction could proceed smoothly at temperatures of 100°C
and 120°C, but the experimental results were not always
reproducible. Therefore, we chose a reaction temperature of
140°C. Furthermore, the transformation must be performed
under an inert atmosphere, because some of the reagents,
including LiAlH, and /BuONa, were sensitive to moisture.

Following the optimization of the catalyst and the
associated reaction conditions, we evaluated the scope of
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this method for a large number of compounds. In some cases,
the yields of isolated products were significantly lower than
those obtained from gas-chromatographic analysis of the
reaction mixture; this might be due to the loss of volatile
products during purification by column chromatography.
When diaryl ethers were employed as the substrates, only
aryl C—O bonds were cleaved, and hydrogenation of the aryl
rings hardly occurred (Table 1, entries 1-7). This complete
selectivity for the cleavage of the C—O bonds over the
hydrogenation of aryl m-bonds is in clear contrast to the
hydrogenation of aryl ethers with heterogeneous catalysts,"*!
which typically leads to a mixture of arenes, cycloalkanes,
phenols, and cycloalkanols. Furthermore, we found that aryl
hydroxy groups were tolerated (Table 1, entries 13 and 16),
whereas aryl carbon—fluorine and carbon-chlorine bonds
were cleaved under our reaction conditions (Table 1, entries 9
and 11). The desired products were not observed when diaryl
ether substrates that bear carboxyl, nitryl, or ester groups
were employed (data not shown).

The substrate that bears an electron-withdrawing fluorine
substituent was less reactive than substrates bearing electron-
donating alkyl or methoxy moieties. For example, the
reductive cleavage of 4-fluorodiphenyl ether required a high
temperature (180°C) to ensure the reaction to proceed
smoothly (Table 1, entries8 and 9). The bond-cleavage
reaction did not occur with diaryl ethers bearing two fluorine
substituents. Steric hindrance had a crucial effect on the
reaction, and the cleavage of 2,6-dimethyldiphenyl ether
hardly occurred at the sterically more-hindered C—O bond
(Table 1, entry 7).

In the presence of both aryl and alkyl C—O bonds,
reductive cleavage selectively occurred at the aryl C-O
bonds, and only trace amounts of the products of alkyl C—O
bond cleavage were observed (Table 1, entries 4, 10, 14-21).
Phenyl methyl ether without any further substituents showed
poor reactivity (Table 1, entry 14), whereas the cleavage of
naphthalene derivatives always resulted in high product yields
(Table 1, entries 19 and 21). However, in contrast to the
results of previously reported reactions using nickel catalyst
systems,” ¥ the introduction of methoxy or phenyl groups
onto the aryl rings increased the reactivity of the aryl methyl
ether (Table 1, entries 15-18). Our results therefore suggest
that the iron-based catalyst developed in this work has
additional unique features over the reported nickel-based
catalysts."14]

Having identified a catalyst for the reductive cleavage of
simple aryl ethers, we tested the ability of this system to
catalyze the cleavage of the $-O-4 linkage of lignin model
compounds, which is the most abundant linkage in lignin./*>'°!
A dimeric lignin model compound that contained a [-O-4
linkage was smoothly converted into the desired products
with high selectivity and without saturation of the aromatic
rings (Table 1, entry 25). The reductive cleavage selectively
occurred at the alkyl C—O bond. Considering that the use of
LiAlH, would severely limit the application of this trans-
formation to real-world biomass processing, we chose to
replace LiAlH, with hydrogen gas as the hydrogen source.
The experimental results suggest that aryl ethers were almost
inactive under the conditions using H, as the reductant
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(Table 1, entries 2, 5, 20, and 23), whereas the $-O-4 linkage
of a series of lignin model compounds was smoothly cleaved
to give phenols in high yields (Table 2) and acetophenone
derivatives in low yields (Table S4). In fact, the acetophenone
product could be further converted into organic products
under the reaction conditions (see Scheme S1), which might
explain why a high yield of acetophenone could not be
obtained. Some unknown organic products were also
observed, but our attempts to identify these products were
not successful. In line with previous work related to the
cleavage of lignin-related p-O-4 linkages,"®! a small amount
of 2-phenoxyacetophenone, which is an intermediate of the
dehydrogenation of the benzylic alcohol moiety of the
substrate, was also detected (Scheme S2); this intermediate
could then undergo cleavage of the ether bond to yield
acetophenone and phenol (Scheme S3). However, we are not
sure whether the primary mechanistic pathway involves the
formation of 2-phenoxyacetophenone followed by hydro-
genative cleavage of the ether bond,'* because the C—O
cleavage reaction possibly occurs under experimental con-
ditions where the hydroxy group in the substrate was replaced
by a methoxy group to block the formation of 2-phenoxy-
acetophenone as an intermediate. Although the cleavage of
the ether bond also occurred in the absence of hydrogen gas,
the desired product was obtained in a lower yield (Table 2,
entry 2), which prompted us to perform the cleavage reac-
tions under hydrogen atmosphere. As shown in Table 2,
several functional groups, including methoxy, fluoro, bromo,
nitryl, and amido groups, were tolerated (Table 2, entries 5—
9), whereas the presence of aryl hydroxy groups significantly
hindered the reaction (Table 2, entry 10).

The [Fe(acac);] catalyst precursor was further used to
address another challenge in organic synthesis; in this case,
a methoxy group was employed as a removable directing
group to synthesize rare regioisomeric products that are
difficult to obtain from the direct functionalization of
substituted benzene derivatives.”'’ As shown in Scheme 1,

Me

e

Crom — : -
: 63%
L -OMe —————>

Scheme 1. Synthesis of the regioisomeric products that are unattain-
able from conventional toluene functionalization (for the reaction
conditions, see the Supporting Information, Scheme S4).

the meta-substituted products are often unattainable from
a reaction of toluene, because the methyl group is an ortho/
para-directing substituent. However, when applying our
strategy, the meta-substituted products prevail, and two
meta-substituted toluene derivatives were obtained from 3-
methylanisole in moderate yield (Scheme 1). Although our
method has obvious limitations, the previously unattainable
regioisomeric products can be synthesized from the function-
alization of substituted benzenes with this strategy.>17
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Table 1: Arene products of the iron-catalyzed reductive cleavage of C—O bonds.F!
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[a] Reaction conditions: substrate (0.2 mmol), LiAIH, (0.5 mmol), [Fe(acac);] (0.04 mmol), toluene (1.5 mL), tBuONa (0.5 mmol), 140°C, 24 h.
[b] Yields of isolated products, as averages of three experiments conducted in parallel. [c] H, atmosphere (5 MPa), no LiAlH,. [d] 180°C. [e] Substrate
(0.1 mmol).

The catalytically active species may consist of heteroge- reduced to lower oxidation states by the reducing agents
neous iron clusters or particles from the reduction of the employed.” Indeed, a certain amount of dark clusters or
[Fe(acac);] catalyst precursor, because metal catalysts can be  particles was observed in the reaction system (Supporting
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Table 2: Phenolic products of the bond cleavage of the 3-O-4 linkage of
lignin model compounds.”!

o
I

OH without LiAlH, o
o N H, (1 atm), [Fe(acac)s] (20 mol%) HO | N .
\GRZ 1BuONa, toluene, 140 °C, 24 h P
R! Ri
Entry Substrate Product Yield Yield (GC)
[%]" [%]
1 OH HO 76 81
o
2l ©/\/ \© \© — 69
OH
o HO
3 65 72
MeO MeO MeO
OH
o HO.
‘ ICR® - e
MeO’
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o HO
5 \©\ 64 73
MeO OMe OMe
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6 j@\ - 74
. F
OH
o HO
7 j@\ - 71
Br Br
OH
o HO
8 Q 59 -
NO, NC;
OH
o HO
9 O - 67
NH, NH;
OH
o HO
10 @\ - 6
OH

[a] Reaction conditions: substrate (0.2 mmol), [Fe(acac);] (0.04 mmol),
toluene (2 mL), tBuONa (0.5 mmol), 140°C, 24 h, H, (1 atm). [b] Yields
of isolated products, as averages of three experiments conducted in
parallel. [c] Without hydrogen gas.

Information, Figures S1 and S2). TEM analysis of an aliquot
of a reaction mixture revealed the presence of heterogeneous
clusters (Figure S3 and S4). Composition analysis of these
clusters indicated that they contain iron (Figure S5).

To gain preliminary insights into the composition of the
active Fe catalyst, we conducted the reactions in the presence
of mercury. Mercury is a poison for heterogeneous cata-
lysts,'*11-1% but typically has only little effect on the activity of
homogeneous catalysts. As expected, the presence of an
excess amount of mercury had a significant effect on the
activity of the iron catalyst (Scheme S5), which suggests that
a heterogeneous species possibly serves as the active catalyst.
This hypothesis was further confirmed by additional exper-
imental results: After a heterogeneous species was removed
from a reaction that had proceeded for 20 min or 1h by
filtration, the homogeneous system obtained displayed no
catalytic activity (Scheme S6). The structure and composition
of this uniquely effective iron catalyst and the mechanism
induced by such catalyst for the target reaction are subjects of
our ongoing research.

In conclusion, we have reported an iron-based catalytic
system for the selective reductive cleavage of aryl C—O bonds
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with iron (III) acetylacetonate as the catalyst precursor.
Unlike the previously reported nickel catalyst systems,"'*! the
present iron catalyst is inexpensive and unique in its high
effectiveness for the cleavage of aryl C—O bonds of aryl
methyl ethers. The iron-catalyzed cleavage reactions de-
scribed herein must be performed under an inert atmosphere,
because some of the reagents used, namely LiAlH, and
tBuONa, were sensitive to moisture. Preliminary mechanistic
investigations suggest that a heterogeneous species possibly
serves as the active catalyst. The present method for the
cleavage of aryl C—O bonds is applicable to the synthesis of
several rare regioisomeric products that are unattainable
from the conventional functionalization of substituted ben-
zenes. This method was also effective for the selective
cleavage of the -O-4 linkage of lignin model compounds
under an atmosphere of hydrogen (1 atm) in the absence of
LiAlH,. Therefore, this process might become suitable for the
selective conversion of lignin into small molecules that can be
further upgraded into fuels or high-value chemicals.” Further
mechanistic studies are underway in our laboratory.
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