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ABSTRACT: In this article, we describe the development of a new o
aerobic C—H oxidation methodology catalyzed by a precious metal-free E’
LaMnOj; perovskite catalyst. Molecular oxygen is used as the sole oxidant
in this approach, obviating the need for other expensive and/or
environmentally hazardous stoichiometric oxidants. The electronic and
structural properties of the LaMnO; catalysts were systematically
optimized, and a reductive pretreatment protocol was proved to be
essential for acquiring the observed high catalytic activities. It is
demonstrated that this newly developed method was extremely effective
for the oxidation of alkylarenes to ketones as well as for the oxidative ' =
dimerization of 2-naphthol to 1,1-binaphthyl-2,2-diol (BINOL), a ) -

. . o . . @ Oxygen Q Manganese
particularly important scaffold for asymmetric catalysis. Detailed g . naum o oxygenvacaney O‘O
spectroscopic and mechanistic studies provided valuable insights into
the structural aspects of the active catalyst and the reaction mechanism.

KEYWORDS: alkylarenes, C—H oxidation, heterogeneous catalysis, perovskites, surface chemistry

B INTRODUCTION have been frequently utilized in heterogeneous catalytic organic
In the past two decades, catalytic functionalization of reactions as fine-tunable and versatile catalytic materials.'”**>°
)

unactivated C—H bonds has attracted broad attention across Perovskites have also been demonstrated by the Hara and

various fields of chemistry as it presents a profound potential to Kamata groups to be effective heterogeneous catalysts in a
change the way we think about chemical synthesis.'~ In this variety of oxidation reactions.”*™*’ In recent years, lead-halide
respect, C—H oxidation reactions constitute an important perovskites have also been reported to be promising photo-
subclass of such C—H functionalization reactions where catalysts for various organic reactions involving C—C, C—N, and
unactivated CH,, groups are generally oxidized to value-added C—O bond formation.””*" While thermal catalytic (i.e.,
alcohols or carbonyl-containing functional groups.*”"" Among nonphotocatalytic) aerobic oxidation of alcohols has been
the various catalytic processes developed for C—H oxidation frequently studied in the literature,”” there exist only a few
reactions, those that involve nonprecious, earth-abundant studies investigating aerobic oxidation of alkylarenes.”> This
transition-metal salts or complexes as catalysts and molecular may be partly because of the more challenging nature of the
oxygen as the. stoichiometric oxidant are particu1a.r1y attractive alkylarenes associated with their higher homolytic C—H bond
2'01’1';,31’_1178 nvironmental as well as an economical perspec- dissociation energies as compared to those of alcohols.” Thus,
ive.

. L1 . . . in the current work, we demonstrate how precious metal-free
Since their discovery by German mineralogist Gustav Rose in

18 . 4 )
183?’ per OV.SklteS with a‘gen‘eral formyla unit of AB.O3 1223 efficiently catalyze not only the aerobic oxidation of alkylarenes
received significant attention in chemistry and physics.
Particularly, by virtue of their structural tunability allowing
modification of their A-site and B-site cations, oxygen vacancy Received: November 17, 2020
contents, crystal defect types, and defect densities, perovskites Accepted:  January 11, 2021
have proven to demonstrate unique magnetic, electronic, and Published: January 25, 2021
catalytic functionalities."*>*

In the quest to minimize the use of precious platinum group
metal (PGM, e.g., Pt, Pd, Rh, Ir, etc.)-based catalysts, perovskites

perovskites (e.g, LaMnO;) can be structurally optimized to

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsami.0c20490
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Figure 1. (a) XRD profiles of (i) LMO (PDF Card No. 04-013-9804), (ii) LMO-673K (PDF Card No. 04-006-9580), (iii) LMO-773K (PDF Card
No. 04-006-9581), (iv) LMO-873K (PDF Card No. 04-006-9581), (v) LMO-973K (MnO PDF Card No. 04-002-5617 and La, O, PDF Card No. 04-
008-7342), and (vi) LMO-1073K (MnO PDF Card No. 04-002-5617 and La,0; PDF Card No. 04-008-7342). Diffractograms given below the
experimental data are the corresponding reference XRD data. (b) Detailed views of the XRD patterns for 28° < 26 < 34°. (c) Brunauer—Emmett—
Teller (BET) specific surface area (SSA) values of fresh and reduced LMO catalysts.

to ketones but also aerobic oxidative dimerization of naphthols
to obtain 1,1’-binaphthyl-2,2’-diol (BINOL) derivatives.

B RESULTS AND DISCUSSION

Catalyst Characterization. The LaMnO; (LMO)-based
perovskite catalyst was synthesized as described in Experimental
Section. Next, the electronic and structural properties of the
fresh perovskite were gradually modified in a controlled manner
via a reduction protocol carried out within 673—1073 K.
Modified catalysts were named LMO-X, where X stands for the
particular temperature used in the reduction protocol.

X-ray diffraction (XRD) patterns of the unreduced and
reduced LMO catalysts are shown in Figure la. Well-defined
XRD signals of the unreduced LMO catalyst indicate that LMO
has a characteristic cubic perovskite structure with a relatively
smaller lattice parameter evident by the major diffraction signal
located at a large 26 value of 32.7°. Structural properties of the
unreduced LMO catalyst were also investigated in detail via X-
ray absorption near-edge spectroscopy (XANES) as well as
extended X-ray absorption fine structure (EXAFS) techniques
(See Supporting Information, SI Section S1). Current EXAFS
results (Figure Sla,b) are also in particularly good agreement
with the presence of a cubic perovskite crystal structure for the
LMO catalyst. Furthermore, associated XANES (Figure Slc)
data also reveal that the average bulk oxidation state of the
catalytically active® >’ B-site cations (i.e., Mn**) is greater than
+3 (i.e, +3 < x < +4). In other words, prominent bulk oxidation
states of the catalytically active B-site cations in the LMO
structure are likely to be Mn*" and Mn**, where the presence of
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minority Mn?* species cannot be ruled out. These observations
are in line with the former studies, suggesting that LMO typically
exhibits an oxygen-surplus bulk stoichiometry in the form of
LaMnOs,;°%*” Thus, starting with this oxygen-surplus bulk
stoichiometry, reduced LMO structures with various amounts of
oxygen vacancies can be readily prepared.

XRD data presented in Figure 1b shows that as a result of
reduction within 673—873 K and associated structural
modification, major perovskite diffraction feature of LMO shifts
to a lower 26 value (i.e.,, 32.2°), indicating an expansion in the
unit cell size. This behavior can be attributed to the reduction of
the B-site Mn cations, formation of oxygen vacancies, and the
change in the ionic radius of the B-site cation, as will be
discussed in more depth in the forthcoming sections. Figure 1a,b
also reveals that increasing reduction temperature alters the
crystal structure of the perovskite domains from a cubic (300—
673 K) to an orthorhombic (773 K) polymorph. Furthermore,
extreme reduction at T > 973 K leads to additional profound
changes, resulting in the loss of the structural integrity of the
perovskite and formation of separate La,O; and MnO phases.
On the other hand, the presence of a small but detectable
diffraction feature at 32.3° for the LMO-973K sample suggests
that LaMnO; domains still exist as minority species after
reduction at 973 K. XRD data given in Figure 1a,b demonstrate
that the bulk crystal structure of the currently synthesized
LaMnOj catalysts can be modified in a controlled manner via
reduction at elevated temperatures. It is important to emphasize
that the catalyst with the highest catalytic performance
investigated in the current study is LMO-873K, which reveals
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Figure 3. (a) Surface atomic composition percentiles and (b) La/Mn surface atom ratio for the LMO catalyst and its reduced forms at various
temperatures (i.e,, 673—1073 K) as well as for the spent LMO-873K catalyst that was obtained after xanthene oxidation via XPS (see the text for
details).
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Figure 4. (a) Mn 3s and (b) O 1s XPS spectra, (c) binding energy splitting values of the Mn 3s signals (AMn 3s), and (d) average oxidation state of
surface Mn species of the LMO catalyst and its reduced forms at various temperatures (i.e., 673—1073 K) as well as for the spent LMO-873K catalyst
that was obtained after xanthene oxidation (see the text for details).
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a unique orthorhombic crystal structure, exhibiting additional
characteristic morphological, electronic, and stoichiometric
properties, which will be discussed below.

Figure 1c shows that the specific surface area (SSA) values of
the modified LMO catalysts also change as a result of the
reduction protocol, in good agreement with the corresponding
crystallographic changes suggested by the current XRD data
(Figure 1a,b). It is apparent that while SSA values remain rather
invariant within 300—773 K, a significant fall in SSA is observed
after reduction at 873 K, possibly due to sintering of the
perovskite crystallites and ordering of the orthorhombic lattice
structure (Figure 1lc). Furthermore, transformation of the
perovskite structure into two separate phases (i.e,, La,O5 and
MnO) at T > 973 K leads to an additional significant drop in
SSA. Along these lines, the best performing catalyst (LMO-
873K) possesses a moderate SSA value of 14 m*/g, which lies
between that of the unreduced LMO catalyst (19 m*/g) and the
severely reduced LMO-1073K catalyst (10 m*/g).

Low-magnification transmission electron microscopy (TEM)
image of the unreduced LMO catalyst given in Figure 2a shows
perovskite crystallites with diameters ranging within 20—40 nm,
while the higher-magnification TEM images shown in Figure
2b—d clearly confirm the crystallinity and the high structural
order of the unreduced LMO sample, in good accordance with
the corresponding well-defined XRD signals observed in Figure
la,b. Interestingly, TEM images (Figure 2e—g) of the best
performing perovskite (i.e, LMO-873K) reveal significant
morphological differences as compared to those of the
unreduced LMO catalyst. As can be seen in Figure 2f,g, upon
reduction, the LMO-873K catalyst shows a relatively less
uniform structure and exhibits new domains with a typical
diameter of ca. 2—3 nm heterogeneously dispersed over the
LMO-873K catalyst.

In an attempt to examine the variations in the surface
elemental composition of the LMO catalysts as a function of
reduction temperature, we performed X-ray photoelectron
spectroscopy (XPS) experiments. Figure 3a,b shows the
corresponding surface atomic composition % values derived
from the current XPS data given in Figures 4 and S2. It is
important to note that as an implication of the citrate method
utilized in catalyst synthesis, significant amounts of residual C
and O were observed to be present on all catalyst surfaces
(Figure 3a), rendering the surface C/O elemental analysis rather
complicated. Thus, here, we avoid detailed quantitative analysis
of the surface C and O atom contents of the catalysts. In spite of
this constraint, valuable semiquantitative insight can be still
obtained from the results presented in Figure 3a,b. First, for the
unreduced LMO catalyst, surface atomic contents of La and Mn
are observed to be rather comparable, which is in accordance
with the general ABO; perovskite stoichiometry, suggesting
similar A-site (La) and B-site (Mn) cation contents.
Accordingly, surface oxygen concentrations of the catalysts are
typically greater than their corresponding La and Mn
concentrations by a factor of ca. 4—5, which is also fairly
consistent with a perovskite structure. Note that residual —CO,,
—OH, and —C,H,0O, surface species also possibly have a
contribution to the measured surface O atom content of the
catalysts. Second, when the La/Mn surface atomic concen-
tration ratio is investigated as a function of the increasing extent
of reduction (Figure 3b), it is seen that the LMO surface
composition constantly changes and the catalyst surfaces are
monotonically enriched with La with increasing reduction
temperatures up to 973 K. Particularly, La enrichment exhibits a
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drastic boost at 973 K, which is in line with the XRD data given
in Figure 1a,b indicating the destruction of the perovskite lattice
and formation of a predominant La,O; phase with intense XRD
signals. It is apparent that after reduction at 973 K, the La, O,
phase reveals higher dispersion on the surface in contrast to the
MnO phase, where the latter phase suffers from agglomeration
or is partially covered with La,0O;, leading to lower Mn XPS
signal intensities. These results point out to the fact that in
addition to the bulk crystallographic changes evident by the
current XRD results (Figure 1a,b) as well as the morphological
changes observed in TEM images (Figure 2a—g), the reduction
protocol also induces significant surface compositional mod-
ifications in the reduced LMO catalysts (Figure 3a,b).

Further insight into the electronic structural changes
occurring on the LMO catalyst surfaces upon reduction can
also be attained via a detailed analysis of the XPS data (Figures 4
and S2). Figure 4a,b presents the Mn 3s and O 1s XP spectra of
the LMO catalyst as well as its reduced and spent forms. In
addition, Figure 4c,d illustrates the B.E. splitting values of the
Mn 3s signals and the average oxidation state of the surface Mn
species, respectively. It is well known that although the most
intense XPS signature of Mn is the Mn 3p signal (see Figure S2),
this signal is not sufficiently sensitive to the oxidation state
changes due to its convoluted nature. In contrast, despite its
weaker XPS intensity, the Mn 3s signal can be much more
informative about the surface oxidation state differences,
allowin(g more precise estimation of the Mn surface oxidation
states.”” Particularly, the binding energy difference between the
Mn 3s signal and its satellite (i.e., AMn 3s) can be exploited to
estimate the average oxidation state (AOS) of surface Mn
species using the following equation: AOS = 8.95—1.13 (AMn
3s).*>*! Figure 4d shows that the AOS of surface Mn species on
the unreduced LMO catalyst is +3.6. This is in perfect agreement
with the current XANES data (Figure S1), which also suggests
that the average bulk oxidation state of Mn** B-site cations is +3
< x < +4. The influence of the reduction protocol on the surface
Mn species on the LMO catalysts is also clearly visible in Figure
4d, where a gradual decrease in the surface Mn oxidation state
(i.e., from +3.6 to +2.8) is discernible as a result of an increase in
the reduction temperature to 1073 K. It should be noted that the
best performing LMO-873K catalyst reveals a distinct surface
Mn AOS of +3.1.

O 1s XPS data presented in Figure 4b is also particularly in
good accordance with the current XRD (Figure 1a,b) and Mn 3s
XPS (Figure 4a,c,d) data, revealing the gradual deformation of
the perovskite structure and its eventual transformation to
La,O; and MnO as a function of increasing reduction
temperature. Figure 4b shows that the unreduced LMO catalyst
has two major O 1s features located at 529.0 and 531.3 eV, which
can be attributed to the perovskite structure and the residual
surface oxygenates (such as —CO, and —CxHyOZ), respec-
tively.*>*” It is apparent that increasing reduction temperatures
leads to broadening of the O 1s signals and the formation of a
new high B.E. feature at ca. 531.7 eV due to decomposition of
the perovskite structure into La,O5 and MnO phases. Currently
obtained La 3d XPS data (Figure S2a) is also consistent with the
former studies in the literature on LaMnO; systems and
indicates the presence of La>* surface states.*” In line with the
XPS data given in Figure 4b, reduction of the LMO at elevated
temperatures also results in the broadening and deformation of
the La 3d signals, suggesting drastic changes in the chemical
environment of the La** ions.

https://dx.doi.org/10.1021/acsami.0c20490
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Figure S. In situ FTIR spectra for low-temperature (150 K) O,(g) adsorption on reduced forms of LMO catalysts.

While the XPS technique is quite useful to elucidate the
variations in the surface atomic composition and the oxidation
states of surface species, it cannot provide unambiguous
information about the relative concentration of oxygen
vacancies that play a very significant role in the catalytic activity
of perovskite catalysts. Therefore, to shed light on the oxygen
vacancy formation on the LMO catalyst and its reduced forms,
we performed in situ transmission Fourier transform infrared (in
situ FTIR) spectroscopy experiments. Along these lines, we
utilized O, as a probe molecule in the current in situ FTIR
spectroscopic studies, where we investigated low-temperature
(150 K) O,(g) adsorption on the perovskite catalysts. It is
known that low-temperature adsorption of O, on reducible
metal oxides may result in a unique vibrational signature around
1150 cm™!, which is due to the formation of metastable
superoxide (O, (ads)) surface species.”® Therefore, relative
intensities of the O, (ads) vibrational features generated upon
low-temperature O, adsorption can be exploited to compare
relative surface oxygen vacancy concentrations on different
reducible oxides. In light of this valuable information, in situ
FTIR spectra shown in Figure 5 clearly suggest that increasing
reduction temperature within 673—873 K monotonically
increases the formation of surface oxygen vacancies on the
reduced LMO surfaces. However, upon extreme reduction at
973 and 1073 K, decomposition of the perovskite structure
results in the formation of La,O; and MnO phases with a lower
total surface oxygen vacancy concentration than that of LMO-
873K. This important experiment points to the fact that surface
oxygen defect density of the LaMnOyj, s type perovskites can be
fine-tuned by carefully chosen reduction protocols and the best
performing LMO-873K catalyst has the highest relative surface
OXygen vacancy concentration.

Comprehensive characterization results presented above
unequivocally suggest that by careful utilizing currently
presented synthetic protocols, one can modify the bulk crystal
structure, specific surface area, surface atomic composition, and
surface oxidation states of the catalytically active B-site cations as
well as the surface concentration of oxygen vacancies on
LaMnOj, s-type perovskites with high precision. In light of these
results, it is clear that the best performing catalyst (LMO-873K)
has unique properties such a relatively disordered orthorhombic
bulk crystal structure with multiple/heterogeneous surface
domains, moderate SSA (14 m?/g), a high La/Mn surface
atom ratio of 1.5, an average surface Mn oxidation state of +3.1,
and the greatest capacity to generate adsorbed superoxide
species, which can be linked to the presence of a large
concentration of reactive surface oxygen vacancies on the
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LMO-873K surface. As will be demonstrated in the next section,
the ability to meticulously control the electronic, morphological,
and surface chemical properties of LaMnOj, s-type perovskites
allowed us to obtain novel heterogeneous catalytic architectures
with unusually high catalytic performance in C—H activation
reactions involving alkylarene partial oxidation and naphthol
dimerization.

Catalytic Performance Tests. We commenced our
catalytic activity studies by examining the aerobic oxidation of
9H-xanthene (xanthene, 1) to 9H-xanthen-9-one (xanthone, 2)
(Scheme 1). Initially, the reactions were run with a catalyst

Scheme 1. Aerobic oxidation of xanthene (1) to xanthone (2)

Catalyst (0]
- O
(o) heptane O o O
353K, 24 h
1 2

loading of 100 mg per 0.50 mmol substrate at 353 K in heptane.
For the unreduced LMO catalyst, xanthone (2) was observed to
form with 77% conversion, as determined by 'H NMR
spectroscopy (Figure 6). Modification of the perovskite catalyst
with 4% H,(g) in Ar(g) at elevated temperatures was discovered
to have a profound effect on the catalytic activity. Indeed, LMO
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Figure 6. Catalytic activity of unreduced LMO catalyst and its reduced
forms at 673—1073 K in aerobic oxidation of xanthene to xanthone
(reaction conditions: P, = 1 bar, 0.50 mmol of xanthene at 353 K in

heptane).
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Table 1. Catalytic Aerobic Oxidation of Alkylarenes to Ketones™

LMO-873K o
O, (1 bar), heptane )J\
Ar A Ar Ar
353K,24 h
Conversion C-H BDE™
Entry Substrate Product %) (kcal/mol)
O
99
1E 80.7
o o @)
1 2
(0]
99
20 ' 82.0
(96)4
3 4
o)
3 17 84.5
5 6

#0.50 mmol of substrate and 100 mg of catalyst were used. £0.50 mmol of substrate and 150 mg of catalyst were used. “Isolated product yield after
purification by column chromatography is given in parentheses. “Homolytic bond dissociation (BDE) energies for the oxidized C—H bonds.

catalysts, which were subjected to the reductive pretreatment
procedure at 673, 773, and 873 K, all afforded xanthone (2)
product with almost full conversion (99%, Figure 6) within the
first 24 h of the reaction. Whereas pretreatment at 973 K still
provided an active catalyst (97% conversion), pretreatment at
1073 K gave a significantly inferior result (59%). It should be
noted that xanthone product was obtained in 97% yield when
the reaction mixture, where LMO-873K was used as the catalyst,
was purified by column chromatography. This result points to a
particularly good agreement between the isolated product yield
(97%) and conversion value determined by 'H NMR spectros-
copy (99%). The conversion values for this reaction were
determined after 3, 6,9, and 24 h, and the results are summarized
in Figure S3. It is clearly seen from these data that the reaction
reaches 95% conversion at the end of 9 h. With these promising
results in hand, we next examined the effect of catalyst amount
on the reaction outcome. The results obtained with a catalyst
loading of 50 mg per 0.50 mmol substrate are also shown in
Figure 6. To our delight, the LaMnOj catalyst pretreated at 873
K retained almost all its catalytic activity at this catalyst loading,
and xanthone (2) product was observed to form with 91%
conversion within the first 24 h of the reaction. It should be
noted that StMnO; was used by Hara and co-workers in 2017 as
a perovskite catalyst for aerobic oxidation reactions including
the transformation of xanthene (1) to xanthone (2).”” In this
reaction, oxidation product 2 was obtained in 82% yield with the
use of 100 mg of SrMnOj catalyst per 0.50 mmol substrate and 1
atm of O, at 353 Kin 12 h. In addition, precious metal-catalyzed
processes that have been reported in the literature for this
oxidation reaction are known to operate under comparable
reaction conditions with those reported in the current work. For
instance, the use of Ir/TiO, catalyst (S wt %) and molecular
oxygen as the oxidant was reported to be effective for the
catalytic oxidation of xanthene (1) to xanthone (2) with >99%
conversion at 423 K with a reaction time of 12 h.** In another
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study, xanthone product (2) was obtained with >99%
conversion and 92% isolated yield through the use of a
Ru(OH),/Al,O5 catalyst (2 mol %) and molecular oxygen at
373 Kin 2 h*™

After the successful completion of optimization studies, the
utility of the catalytic C—H oxidation reaction was examined
with other related substrates (Table 1). As aforementioned,
xanthone (2) was obtained with almost full conversion (99%)
with the use of molecular oxygen (Pg, = 1 bar) and LMO-873K

catalyst (entry 1). Gratifyingly, 9H-fluorene (3) was observed to
be a competent substrate under these oxidative conditions, and
9H-fluoren-9-one (fluorenone, 4) was formed with 99%
conversion (entry 2). When the product was purified by column
chromatography, fluorenone (4) was isolated in 96% yield in a
pure form. Finally, 1,1’-methylenedibenzene (diphenylmethane,
5) proved to be a less reactive substrate in this catalytic oxidation
protocol as diphenylmethanone (benzophenone, 6) was formed
with only 17% conversion (entry 3). Overall, the reactivities of
these three substrates (1, 3, and 5) were observed to be inversely
proportional to the strengths of the corresponding C—H bonds
as can be seen from their homolytic bond dissociation energies
(Table 1).3+%6748

We next opted to test the effectiveness of the LMO-catalyzed
aerobic oxidation process in mechanistically different oxidation
reactions. Oxidative dimerization of 2-naphthols gives rise to the
formation of 1,1’-binaphthyl-2,2’-diol (BINOL) derivatives,
which are privileged ligands in enantioselective catalysis due to
their axially chiral nature.”” ™' Moreover, BINOLSs have gained
considerable importance in the past two decades for being
precursors of chiral phosphoric acid-type Breonsted acid
catalysts.”>™>> Whereas oxidative dimerization of 2-naphthol
(7) to BINOL (8) is well known,® the utilization of perovskites
as heterogeneous catalysts in this process, to the best of our
knowledge, has yet to be reported. Pleasingly, this trans-
formation was observed to proceed efficiently when 2-naphthol
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(7) was oxidized in the presence of O, in heptane at 333 K with
the LMO-873K catalyst. Under these conditions, BINOL (8)
was produced with a '"H NMR vyield of 72%, determined via the
use of 1,3,5-trimethoxybenzene as an internal standard (Scheme
2a). Purification of the product by column chromatography

Scheme 2. Studies on the Catalytic Oxidative Dimerization of
2-Naphthol (7) and Oxidation of 2-Methylquinoline (9)

a.
LMO-873K (50 mg) OO
OH O3 (1 bar), heptane OH
333K, 24 h OO OH
7

(0.25 mmol)

8
NMR yield: 72%
isolated product yield: 66%

LMO
O, (1 bar), toluene B

I+/

N

o-

10
not observed

A
L
N™ “CHs 353K, 24 h CHs

afforded BINOL (8) in 66% isolated product yield. Afterward,
oxidation of azines to azine N-oxides, which are highly versatile
building blocks in heterocyclic chemistry, was targeted.””** For
this purpose, we attempted the catalytic oxidation of 2-
methylquinoline (quinaldine, 9) to 2-meth371quinoline N-oxide
(quinaldine N-oxide, 10) (Scheme 2b).”” This latter trans-
formation does not involve a C—H bond-breaking step and is
expected to proceed via a direct oxygen atom transfer process.
Unfortunately, the formation of the targeted N-oxide product 10
was not observed under the newly developed catalytic
conditions.

Mechanistic Studies. To shed light on the mechanism of
the LMO-catalyzed C—H oxidation reaction, we performed
control experiments. First, the effect of the presence of oxygen
was investigated. For this purpose, the oxidation of xanthene (1)
was tested under the optimized reaction conditions in the
absence of O,. In these experiments, the reaction mixtures were
deoxygenated via the freeze—pump—thaw technique under an
inert atmosphere of nitrogen. When a mixture of xanthene and
LMO-873K in heptane was heated in the absence of O, at 353 K
for 24 h, xanthone product 2 was observed to form with only 7%
conversion along with 90% unreacted xanthene (1). In addition,
the reaction gave rise to dimerization side product 9,9’
bixanthene (11) with 3% conversion (Scheme 3a).%°7%* It
should be noted that this dimerization product 11 was not
observed in catalytic oxidation reactions described in the
previous section. When LMO was used under the same
conditions, xanthone (2) and dimer 11 were observed to form
in 10 and 7% conversions, respectively, along with 83% of
unreacted xanthene (1). These results underscore the critical
role of molecular oxygen in the oxidation reaction as the active
oxidant. Moreover, formation of side product 11 gives an
important clue regarding the reaction mechanism, as this
product would form via the dimerization of the radical
intermediate 12, which is expected to form by hydrogen atom
abstraction from xanthene (1). In a separate control experiment,
the oxidation of xanthene (1) was tested under the optimized
reaction conditions but in the absence of a LaMnOj catalyst
(Scheme 3b). In accordance with our expectations, the reaction
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Scheme 3. Effects of (a) O, and (b) Catalyst on the Reaction

Outcome
a. (0]
LaMnO; o
N, heptane
SOk
o 353K, 24 h o O O
1 2 1 (¢)
. Y Catalyst 2:11: unreacted 1
LMO-873K 0.07:0.03:0.90
12 LMO 0.10:0.07:0.83
b. O, (1 bar) (o]
‘\/\/‘ no catalyst | JI |
g (o) ‘ heptane O o O
353K,24 h
1 2

<1% conversion

did not proceed under these conditions, and the formation of
xanthone product 2 was not observed.

In light of our mechanistic and spectroscopic studies as well as
the literature precedents, we propose the following mechanism
for the LaMnO;-catalyzed C—H oxidation reaction (Figure 7).
The activation of molecular oxygen on the surface of LaMnOj is
proposed to produce surface-bound superoxide anions. In situ
FTIR spectroscopic studies presented in the previous section
not only support this step but also provide a correlation with the
observed catalytic activity. Hydrogen atom abstraction from the
benzylic position of xanthene (1) with a superoxide anion would
produce the radical intermediate 12, which is relatively stabilized
at the doubly benzylic position. When the LaMnOQ;-catalyzed
oxidation reactions of xanthene (1), fluorene (3), and
diphenylmethane (S) are compared, it can be concluded that
the reactivity in the overall process increases with a decrease in
the homolytic bond dissociation energy (BDE) of the
corresponding C—H bond (Table 1). The rebound of the
radical intermediate 12 with a hydroperoxide (HOO®) species is
expected to result in the formation of intermediate 13. This
intermediate can transform to xanthone (2) either directly via a
dehydration reaction (path A) or through the intermediacy of
the secondary alcohol intermediate 14 (path B). Finally, it
should be noted that, in the absence of O,, radical intermediate
12 undergoes a radical homocoupling reaction to give 9,9'-
bixanthene (11) as a side product.

Studies on Catalyst Deactivation, Regeneration, and
Reusability. After the completion of structural character-
ization, catalytic performance, and mechanistic studies, we
conducted reusability tests on the LMO-873K catalyst using the
aerobic oxidation of xanthene to xanthone as the model reaction.
This catalyst performed poorly (with $% conversion of xanthene
to xanthone) after it was centrifuged three times with ethyl
acetate and finally taken with methanol into an evaporating dish
for drying at 403 K prior to its second catalytic cycle.
Fortunately, LMO-873K showed better catalytic activity with
63% conversion when it was subjected to regeneration via
reduction at 873 K for 3 h under 100 sccm 4% H, in argon in a
flow furnace. This regeneration procedure proved to be the best,
among others. A similar regeneration method was applied by
extending the reduction time from 3 to 6 h, but in this case, only
16% conversion was achieved. In a different approach, after
calcination at 973 K, the catalyst was subjected to reduction at
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Figure 7. (a) Proposed mechanism for the aerobic oxidation of xanthene to xanthone catalyzed by LMO-873K. (b) Possible reaction pathways for the

conversion of intermediate 13 to xanthone.

873 K for 3 h under 100 sccm 4% H, in argon in the flow furnace
but yielded 18% conversion. The final regeneration method
attempted included the introduction of the spent catalyst to
ozone for 2 h at room temperature before reduction at 873 K for
3 h under 100 sccm 4% H, in argon in the flow furnace.
Disappointingly, this method resulted in a low conversion of 7%.
The details of the methods used for catalyst regeneration and the
results obtained for each method are provided in Table S2
(Section S4 of the SI).

Currently performed detailed characterization experiments
provide valuable information regarding the nature of the spent
catalyst (i.e,, LMO-873K_Spent) and the molecular level origins
of its catalytic deactivation routes. XPS surface elemental
composition data given in Figure 3a clearly shows a significant
amount of C accumulation and depletion of the O 1s signal on
the LMO-873K catalyst surface after a typical reaction run (i.e.,
LMO-873K_Spent catalyst in Figure 3a). Furthermore, Figure
3b indicates that the La/Mn surface atomic ratio of the LMO-
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873K _Spent catalyst is also lower than that of its fresh
counterpart (ie, LMO-873K). These observations suggest
that the LMO-873K_Spent catalyst surface is poisoned with
reactants, products, or reaction intermediates. Also, surface
compositional changes (i.e., excessive enrichment of the spent
catalyst surface with La) could be another likely cause of
catalytic deactivation. Note that the decrease in the surface O 1s
signal in the spent catalyst as opposed to its fresh counterpart
(Figure 3a) cannot be unambiguously associated with the
changes in the surface oxygen vacancy content of the catalyst
due to the presence of large amounts of —OH, —CO,, and
—C,H,0, species on the catalyst surface. Furthermore, Mn 3s
XPS data given in Figure 4d also point out to the fact that the
average Mn surface oxidation state also changes from Mn**!
(LMO-873K) to Mn**® (LMO-873K_Spent) after the reaction,
emphasizing alterations in the electronic structure of the
catalytically active B-site cations upon deactivation. Similarly,
significant broadening and changes in the spectral line shape of
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Figure 8. ATR-FTIR spectra of LMO, LMO-873K, LMO-873K-Spent, and LMO-873K_Spent (regenerated) catalysts.

the O 1s XPS signal (Figure 4b) of LMO-873K after the catalytic
reaction (LMO-873K Spent) are also consistent with the
modification of the surface chemistry of the catalyst upon
deactivation.

We also carried out detailed attenuated total reflection
infrared (ATR-IR) spectroscopic analysis on the unreduced
(LMO), reduced (i.e., LMO-873K), spent (LMO-
873K_Spent), and the regenerated form of LMO-873K to
follow the functional group changes occurring on these surfaces
(Figure 8a,b). Vibrational spectra in Figure 8 can be analyzed
using conventional IR signatures of common organic functional
groups.®>®* 1t is apparent that the unreduced LMO catalyst
(black spectra in Figure 8) reveals strong vibrational features
within 1300—1550 cm™, which can be attributed to the
presence of surface carbonate species, in addition to weak
features at 1062, 1642, and 2850—2960 cm™!, which can be
assigned to C(sp®)—O stretchings, adsorbed water (and/or
—C=C- stretch) stretchings, and aliphatic —CH,, stretchings,
respectively. The broad vibrational band centered at 3418 cm™
can be assigned to H-bonded —OH groups. Reduction of LMO
at 873 K (LMO-873K, red spectra in Figure 8) leads to the
formation of isolated —OH surface functionalities, as evident by
the sharp IR signal at 3609 cm™".

After the catalytic reaction, the LMO-873K_Spent catalyst
(blue spectra in Figure 2) revealed additional vibrational
teatures, indicating the adsorption of various reactants, products,
intermediates, and the solvent. As a result, multiple convoluted
IR bands in the corresponding spectra within 1000—1300 cm ™
can be ascribed to —C(sp*)—O (1000—1100 cm™') and
—C(sp?)—O (1200—1300 cm™') stretchings. On the spent
catalyst, while the 1300—1550 cm ™ features can be attributed to
the carbonate features, the remaining feature at 1456 cm™~! can
be assigned to —CH or —CH, bending modes. Furthermore, the
intensities of the aliphatic —CH, stretchings within 2850—2960
cm™! and the isolated —OH stretchings at 3609 cm ™" were found
to increase noticeably on the LMO-873K_Spent catalyst.

As mentioned above, the currently used regeneration protocol
did not allow us to fully recover the initial activity and enabled
only partial regeneration of the spent catalyst. This behavior was
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also consistent with the corresponding ATR-IR spectrum of the
regenerated catalyst. ATR-IR spectra of the regenerated LMO-
873K_Spent catalyst (purple spectra in Figure 8) show that
vibrational signatures within 1300—1550 cm™ are mostly
recovered with an increase in the —C(sp*)—O (1000—1100
cm™') and aliphatic —CH, (2850—2960 cm™') stretchings,
where the latter features also reveal a blue shift in frequency.
Also, after the regeneration, isolated —OH features at 3609 cm™!
completely vanished and a different weak —OH stretching signal

became apparent at 3674 cm™".

B CONCLUSIONS

In summary, we have developed a highly effective method for
C—H oxidation reactions catalyzed by a LaMnOj;-based
perovskite catalyst. This method does not involve the use of
precious transition metals and utilizes molecular oxygen as the
stoichiometric oxidant. Careful optimization of the catalyst
revealed that a reductive pretreatment by 4% H, in argon at 873
K afforded the LaMnOj catalyst with the highest catalytic
activity. The structural and electronic changes that arise as a
result of this pretreatment protocol have been investigated in
detail via a series of spectroscopic, microscopic, and diffraction
studies. Alkylarene substrates xanthene and fluorene were
shown to be oxidized to their corresponding ketone products
xanthone and fluorenone in high yields (97 and 96%,
respectively) with the use of the LMO-873K perovskite catalyst
and molecular oxygen at 1 bar. In light of our detailed
spectroscopic and mechanistic studies, a mechanism that
involves the formation of a superoxide (O,”) species on the
catalyst surface and subsequent H-atom abstraction from the
C—H group was proposed for the alkylarene oxidation.
Moreover, the current catalytic method proved to be effective
for the synthesis of 1,1’-binaphthyl-2,2"-diol (BINOL) via the
oxidative aerobic dimerization of 2-naphthol. Catalytic perform-
ance and the spectroscopic experiments revealed that, upon
extensive use, catalysts were deactivated due to the adsorption of
reactants/products/intermediates as well as surface chemical
alterations on the catalyst. It was demonstrated that deactivated
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perovskite catalysts can be reactivated to a certain extent using a
variety of regeneration protocols.

B EXPERIMENTAL SECTION

Chemicals and Catalyst Preparation. La(NO;),;-6H,0, Mn-
(NO;)3, and citric acid were purchased from Millipore Sigma and used
as received. The citrate method was employed in the synthesis of
LaMnO;.% La(NO;);-6H,0 (5.372 g), Mn(NO;); (3.114 g), and
citric acid (5.735 g) were dissolved in 250 mL of deionized water and
stirred at room temperature for 1 h. Then, the mixture was heated at
353 K until the formation of a viscous gel concomitant with the
evolution of a brown gas (i.e., NO,). The obtained gel was dried in an
oven at 383 K for 24 h. The dried sample was ground to its powdered
form and calcined at 973 K for 5 h. The LMO acronym used in the text
corresponds to this particular state of the LaMnOj catalyst. Reduced
LMO catalysts were prepared via reducing LMO catalyst under 100
scem 4% H, in Ar for 3 h at 673, 773, 873, 973, and 1073 K in a flow
furnace.

Instrumentation. A Rigaku diffractometer, equipped with a
Miniflex goniometer and an X-ray source with Cu Ka radiation at 4 =
1.5418 A, 30 kV, and 15 mA, was used to record the powder X-ray
diffraction (XRD) patterns at a scan rate of 0.02° s™" in the 10—80° 20
range. Diffraction patterns were assigned using PDF cards from the
International Centre for Diffraction Database (ICDD).

A Micromeritics Tristar 3000 surface area and pore size analyzer was
used to measure the BET specific surface area values by low-
temperature isothermal adsorption—desorption of N,. All samples
were initially outgassed at 573 K for 2 h in vacuum prior to BET
measurements.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using a SPECS XPS system equipped with an X-ray source
(Al/Ag dual anode), an ellipsoidal crystal Al Ka X-ray monochromator,
a FOCUS-500 excitation source (15 kV, 400 W), and a PHOIBOS 150
hemispherical electron energy analyzer. Binding energy values of the XP
spectra were calibrated using the adventitious carbon (C 1s) signal
located at 284.5 eV.

In situ transmission Fourier transform infrared (FTIR) spectroscopic
measurements were carried out in a batch-type catalytic reactor coupled
to an FTIR spectrometer (Bruker Tensor 27) equipped with a Hg—
Cd—Te (MCT) detector. About 25 mg of finely ground LMO was
pressed onto a high transmittance, lithographically etched fine-tungsten
grid, which was mounted on a copper sample holder assembly. Prior to
data acquisition, the in situ reactor chamber was evacuated to 5 X 107°
Torr. Next, 5 Torr 5% H,/Ar was dosed over the sample at room
temperature (RT), then heated to 673 K, and held for 10 min in the
presence of the H,/Ar gas mixture. After the reduction protocol, the
sample was cooled to RT, where the gas mixture was evacuated to 5 X
107° Torr. At this stage, the sample was cooled to 142 K by recirculating
liquid nitrogen around the sample holder. After having taken a
background FTIR spectrum at 142 K in vacuum, 1 Torr O, was dosed
over the sample for 1 min followed by subsequent evacuation for 1 min
and sample spectrum acquisition. After the sample spectrum
acquisition, the sample was brought back to RT. Then, by utilizing
the same background spectrum, the steps described above were
repeated by altering the reduction temperature to 773, 873, 973, and
1073 K. In situ FTIR spectra were recorded with a resolution of 2 cm™
and by averaging 64 scans per spectrum.

ATR-FTIR spectra were acquired by using a Bruker Alpha Platinum
FTIR spectrometer equipped with a diamond ATR crystal module and
a deuterated triglycine sulfate (DTGS) mid-IR detector. ATR-FTIR
spectra were recorded at a resolution of 2 cm™' and 128 scans per
spectrum.

TEM measurements were performed in bright-field mode using an
FEI Tecnai G2 F30 microscope with a specified point resolution of 0.17
nm and a Gatan slow-scan CCD camera. The operating voltage of the
microscope was 300 keV during TEM imaging.

Reactions were monitored by thin-layer chromatography (TLC)
using aluminum-backed plates precoated with SiO, (Silicycle, F254).
UV light (254 nm) was used for TLC visualization. Flash column
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chromatography was performed using Silicycle 40—63 um (230—400
mesh) flash silica gel. NMR spectra were recorded on a Bruker
spectrometer at 400 MHz for "H NMR spectra and 100 MHz for *C
NMR spectra. They were calibrated via an internal standard (TMS, 0
ppm) or residual solvent signal (chloroform; at 7.26 ppm for "H NMR
spectra and at 77.16 ppm for *C NMR spectra). High-resolution mass
spectrometry (HRMS) analyses were performed at UNAM—National
Nanotechnology Research Center and Institute of Materials Science
and Nanotechnology, Bilkent University.

9H-Xanthen-9-one (2). A 25 mL Schlenk flask was charged with
LaMnO; (100 mg, pretreated at 873 K), xanthene (1) (90.4 mg, 0.50
mmol), and 2.0 mL of heptane. The flask was filled with O, gas (1 bar)
and sealed. The reaction mixture was stirred at 353 K in an oil bath for
24 h. It was then cooled to ambient temperature, diluted with EtOAc,
and passed through Celite. Purification by flash column chromatog-
raphy (SiO,, EtOAc/hexane = 1:3) gave pure xanthone (2) (95.1 mg,
97% yield) as a white solid. '"H NMR (400 MHz, CDCl,) 6 8.35 (2H,
dd,J=7.8,1.5Hz),7.73 (2H,ddd, ] =8.8,7.1,1.7Hz), 7.50 (2H, dd, ] =
8.5,0.7 Hz), 7.38 (2H, ddd, ] = 8.1, 7.1, 1.0 Hz). *C NMR (100 MHz,
CDCl,) §177.4,156.3,135.0, 126.9, 124.1, 122.0, 118.1. HRMS (APCI
+) caled for (C3Hy0,)" (M + H)™: 197.0598, found: 197.0607. The
spectral data are in agreement with the reported values in the
literature.®®

9H-Fluoren-9-one (4). A 25 mL Schlenk flask was charged with
LaMnO; (150 mg, pretreated at 873 K), fluorene (3) (83.1 mg, 0.50
mmol), and 2.0 mL of heptane. The flask was filled with O, gas (1 bar)
and sealed. The reaction mixture was stirred at 353 K in an oil bath for
24 h. It was then cooled to ambient temperature, diluted with EtOAc,
and passed through Celite. Purification by flash column chromatog-
raphy (SiO,, gradual increase of polarity from hexane to 30% EtOAc in
hexane) gave pure fluorenone (4) (86.9 mg, 96% yield) as a yellow
solid. 'H NMR (400 MHz, CDCL,) 6 7.66 (2H, d, ] = 7.6 Hz), 7.53
(2H, d, ] = 7.3 Hz), 7.49 (2H, dt, ] = 7.4, 1.2 Hz), 7.30 (2H, dt, ] = 7.3,
1.2 Hz). '*C NMR (100 MHz, CDCL;) & 194.0, 144.6, 134.8, 134.3,
129.2, 124.4, 120.4. HRMS (APCI+) calcd for (C13H,0)* (M + H)™:
181.0648, found: 181.0657. The spectral data are in agreement with the
reported values in the literature.’”

1,1"-Binaphthyl-2,2'-diol (BINOL) (8). A 25 mL Schlenk flask was
charged with LaMnOj; (50 mg, pretreated at 873 K), 2-naphthol (7)
(36.0 mg, 0.25 mmol), and 1.0 mL of heptane. The flask was filled with
O, gas (1 bar) and sealed. The reaction mixture was stirred at 333 K in
an oil bath for 24 h. It was then cooled to ambient temperature, diluted
with EtOAc, and passed through Celite. Purification by flash column
chromatography (SiO,, first chromatography with EtOAc/hexane =
1:9; second chromatography with EtOAc/hexane = 1:4) gave pure
BINOL (8) (23.6 mg, 66% yield) as a red solid. '"H NMR (400 MHz,
CDCly) §7.97 (2H, d, J = 8.9 Hz), 7.89 (2H, d, ] = 8.0 Hz), 7.39—7.37
(4H,m), 7.30 (2H,t,J=7.6 Hz), 7.15 (2H, d, ] = 8.4 Hz), 5.05 (2H, 5).
3C NMR (100 MHz, CDCL;) § 152.9, 133.6, 131.6, 129.6, 128.6,
127.6, 124.4, 124.2, 117.9, 111.0. HRMS (APCI-) calcd for
(CyH;30,)” (M — H)™: 285.0921, found: 285.0929. The spectral
data are in agreement with the reported values in the literature.”®

9,9'-Bixanthene (11). "H NMR (400 MHz, CDCl,) § 7.20 (4H, dt,
=8.2,1.6 Hz), 6.93 (4H, dt, ] = 7.5, 1.1 Hz), 6.87 (2H, dd, ] = 8.1, 0.9
Hz), 6.66 (4H, dd, J = 7.6, 1.5 Hz), 4.20 (2H, s). *C NMR (100 MHz,
CDCl,) 5 153.2, 129.3, 128.3, 122.8, 122.0, 116.0, 49.7. The spectral
data are in agreement with the reported values in the literature.'
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