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ABSTRACT:In this article, we describe the development of a new: i
aerobic CH oxidation methodology catalyzed by a precious meta :9
LaMnQ; perovskite catalyst. Molecular oxygen is used as the sole oxiddht /7 o~
in this approach, obviating the need for other expensive and/or . . ¢
environmentally hazardous stoichiometric oxidants. The electronic aqd 1)
structural properties of the LaMn@atalysts were systematically ) o
optimized, and a reductive pretreatment protocol was proved to be
essential for acquiring the observed high catalytic activities. It
demonstrated that this newly developed method was extrarutle e ° K j

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 ) ;
particularly important saad for asymmetric catalysis. Detail€f mr. oo
spectroscopic and mechanistic studies provided valuable insights into ’
the structural aspects of the active catalyst and the reaction mechanism.

KEYWORDS:alkylarenes, €& oxidation, heterogeneous catalysis, perovskites, surface chemistry

INTRODUCTION have been frequently utilized in heterogeneous catalytic organic
In the past two decades, catalytic functionalization Jfactions ase-tunable and versatile catalytic materafs.

unactivated CH bonds has attracted broad attention acros¢ €rovskites have also been demonstrated by the Hara and
various elds of chemistry as it presents a profound potential tamata groups to beeetive heterogeneous catalysts in a
change the way we think about chemical syritHelsighis ~ variety of oxidation reacticfis>® In recent years, lead-halide
respect, CH oxidation reactions constitute an important perovskites have also been reported to be promising photo-
subclass of such @& functionalizabn reactions where catalysts for various organic reactions involviag@ N, and
unactivated CHgroups are generally oxidized to value-adde€ O bond formation®** While thermal catalytic (i.e.,
alcohols or carbonyl-containing functional gfolib&mong nonphotocatalytic) aerobic oxidation of alcohols has been
the various catalytic processes developed Fbrogidation  frequently studied in the literatiitehere exist only a few
reactions, those that involve nonprecious, earth-abundafitidies investigating aerobic oxidation of alkylateHes.
transition-metal salts or complexes as catalysts and moleci{al, pe partly because of the more challenging nature of the

oxygen as the stoichiometric oxidant are particularly attraCti?iﬁ(yIarenes associated with their higher homolyiid6nd

from an_environmental as well as an economical perspegzsociation energies as compared to those of aléhais,

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

1839' perovskites with a general formula unit of ABQe perovskitesetg LaMnQ) can be structurally optimized to
recei\’/ed sigriant attention in chemistry and phy&icé e ciently catalyze not only the aerobic oxidation of alkylarenes

Particularly, by virtue of their structural tunability allowing
modi cation of their A-site and B-site cations, oxygen vacangyzceived: November 17, 2020
contents, crystal defect types, and defect densities, perovski@ggpted: January 11, 2021
have proven to demonstrate unique magnetic, electronic, aRgP!ished: January 25, 2021
catalytic functionalitié®.?®

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

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsami.0c20490
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Figure 1(a) XRD proles 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. 04-002-560¢ BBdFlGard No. 04-
008-7342), and (vi) LMO-1073K (MnO PDF Card No. 04-002-5617 a@d PBF Card No. 04-008-7342). Bictograms given below the
experimental data are the corresponding reference XRD data. (b) Detailed views of the XRD pat#e2ns f8428) BrunauerEmmett

Teller (BET) spect surface area (SSA) values of fresh and reduced LMO catalysts.

to ketones but also aerobic oxidative dimerization of naphthatsnority Mrf* species cannot be ruled out. These observations
to obtain 1,tbinaphthyl-2,2diol (BINOL) derivatives. are in line with the former studies, suggesting that LMO typically
exhibits an oxygen-surplus bulk stoichiometry in the form of
RESULTS AND DISCUSSION LaMnQ,, 239 Thus, starting with this oxygen-surplus bulk
Catalyst Characterization. The LaMnQ (LMO)-based stoichiometry, reduced LMO structures with various amounts of
perovskite catalyst was synthesized as described in Experimé)r%e[;] &’Zfaanfgig&n dﬁgﬁf?ggﬁg?ﬁ& as a result of
Section. Next, the electronic and structural properties of thr%duction w?thin 673873 K and associated structural
fresh perovskite were gradually neatiin a controlled manner o ; L :
via a reduction protocol carried out within 6X373 K. modi cation, major perovskltgm_ctlo_n feature of LMO s_h|fts
Modi ed catalysts were named LMQvhereX stands for the to a lower 2 value (i.., 3Z.p indicating an expansion in the
particular temperature used in the ’reduction protocol unit cell size. This behavior can be attributed to the reduction of

X-ray diraction (XRD) patterns of the unreduced and the B-site Mn cations, formation of oxygen vacancies, and the

reduced LMO catalysts are showAiiure a. Well-dened change in the ionic radius of the B-site cation, as will be
XRD signals of the unreduced LMO catalyst indicate that LM@iSCussed inmore depth in the forthcoming seétigns: a,b

has a characteristic cubic perovskite structure with a relativél§O reveals that increasing reduction temperature alters the
smaller lattice parameter evident by the majacton signal ~ Crystal structure of the perovskite domains from a cubic (300
located at a large 2alue of 3277 Structural properties of the 673 K) to an orthorhombic (773 K) polymorph. Furthermore,
unreduced LMO catalyst were also investigated irvideXail ~ €xtreme reduction & 973 K leads to additional profound

ray absorption near-edge spectroscopy (XANES) as well Cd@nges, resulting in Fhe loss of the structural integrity of the
extended X-ray absorptiare structure (EXAFS) techniques Perovskite and formation of separaj®jand MnO phases.

(See Supporting Information,iction 91 Current EXAFS ~ On the other hand, the presence of a small but detectable
results Figure Sl1a)tare also in particularly good agreementdi raction feature at 32.®r the LMO-973K sample suggests
with the presence of a cubic perovskite crystal structure for th@t LaMnQ domains still exist as minority species after
LMO catalyst. Furthermore, associated XARESré Sic reduction at 973 K. XRD data giveRigure &,b demonstrate

data also reveal that the average bulk oxidation state of @t the bulk crystal structure of the currently synthesized
catalytically acti¥e ®’ B-site cations (i.e., Mis greater than ~ LaMnQ,; catalysts can be meelil in a controlled mannéa

+3 (i.e., +3 «x < +4). In other words, prominent bulk oxidation reduction at elevated temperatures. It is important to emphasize
states of the catalytically active B-site cations in the LM@at the catalyst with the highest catalytic performance
structure are likely to be M@and Mrt*, where the presence of investigated in the current study is LMO-873K, which reveals
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Figure 2.(a d) TEM images of unreduced LMO catalystgg&EM images of the reduced LMO-873K catalyst.
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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., 678073 K) as well as for the spent LMO-873K catalyst that was obtained after xanthenei@aXiB&tisee the text for
details).

a Mn 3s . AMn 3s ! S b
3 M 3
3 1 > LMO-873K
= : : LMO-873K A Spent
w _Spent » -
b s LMO-1073K
) LMO-1073K >
S o LMO-973K
(&) LMO-973K )
s S LMO-873K
N LMO-873K N
= = LMO-773K
© @
E LMO-773K E | MO-673K
2 LMO-673K =
, , , LMO : | LMO
95 90 85 80 535 530
Binding EnergyleV Binding EnergyleV
c d =
©
> 60 57 o 40 36
(o]
— 5.2 5.2 54 54 s 31 3.2 3.1
%]
P 5.0 5.4 < 3.0 25 2.8 2.8
< 4.7 =
2 (0]
P o 20 o + «
e - RS T S S RN
S O R < SR S I R
o A 9 o » > > N K PP
¥ ¢ ¢ &L ° & 2 vy S Y @ 4‘_?)
A% NV WV & @O' O/‘l‘/ ~ WV N >
WV \,q,)\‘b < @

Figure 4.(a) Mn 3s and (b) O 1s XPS spectra, (c) binding energy splitting values of the Mn 3sBigi&s) and (d) average oxidation state of
surface Mn species of the LMO catalyst and its reduced forms at various temperaturd9{ZKpa8well 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 additionalrastic boost at 973 K, which is in line with the XRD data given
characteristic morphological, electronic, and stoichiometiic Figure &,b indicating the destruction of the perovskite lattice
properties, which will be discussed below. and formation of a predominanj@Qaphase with intense XRD
Figure & shows that the specsurface area (SSA) values of signals. It is apparent that after reduction at 973 K,,(bg La
the modied LMO catalysts also change as a result of thphase reveals higher dispersion on the surface in contrast to the
reduction protocol, in good agreement with the correspondingnO phase, where the latter phasersurom agglomeration
crystallographic changes suggested by the current XRD datds partially covered with,0g, leading to lower Mn XPS
(Figure &,b). Itis apparent that while SSA values remain rathgfgnal intensities. These results point out to the fact that in
invariant within 300773 K, a signcant fallin SSA is observed addition to the bulk crystallographic changes evident by the
after reduction at 873 K, possibly due to sintering of theurrent XRD result§igure ,b) as well as the morphological
perovskite crystallites and ordering of the orthorhombic lattigthanges observed in TEM imagésufe 2 g), the reduction
structure Eigure €). Furthermore, transformation of the protocol also induces sigrnt surface compositional mod-
perovskite structure into two separate phases g3 abd | cations in the reduced LMO catalystgire a,b).
MnO) atT 973 K leads to an additional sigant drop in Further insight into the electronic structural changes
SSA. Along these lines, the best performing catalyst (LM@ccurring on the LMO catalyst surfaces upon reduction can
873K) possesses a moderate SSA value éiglavhich lies  5iso be attainadaa detailed analysis of the XPS déitaies 4
between that of the unreduced LMO catalyst {i and the  ands). Figure &,b presents the Mn 3s and O 1s XP spectra of
severely reduced LMO-1073K catalyst €i§)m the LMO catalyst as well as its reduced and spent forms. In
_ Low-magnication transmission electron microscopy (TEM) aqdition Figure ¢,d illustrates the B.E. splitting values of the
image of the unreduced LMO catalyst givBiyire 2 shows 1y 35 signals and the average oxidation state of the surface Mn
perovskite crystallites with diameters ranging withd®20n,  gpecies, respectively. It is well known that although the most
while the higher-magoation TEM images shownHigure  jyiense XPS signature of Mn is the Mn 3p signali(zee Sp
2b d clearly comm the crystallinity and the high structural v, signal is not swiently sensitive to the oxidation state
order of the unreduced LMO sample, in good accordance Wil anges due to its convoluted nature. In contrast, despite its
the corresponding well-ded XRD signals observedigure -\ aarer XPS intensity, the Mn 3s signal can be much more
la,b. Interestingly, TEM imagésg@re 2 g) of the best j ,mative about the surface oxidation stateredices,

performing perovskite (i.e., LMO-873K) reveal sgni allowing more precise estimation of the Mn surface oxidation

morphological derences as compared to those of thestateém Particularl o .
. . y, the binding energyedénce between the
unreduced LMO catalyst. As can be seByine £g, upon Mn 3s signal and its satellite (i.évin 3s) can be exploited to

reo_luct|on, the LMO-873K'c.ataIyst ShOWS. a rglatlvely .Ieilfxsstimate the average oxidation state (AOS) of surface Mn
uniform structure and exhibits new domains with a typ'c%pecies using the following equation: AOS = BE5( Mn
Sﬁrgest%lgf ca.IZB nm heterogeneously dispersed over theas)“q41 Figure 4 shows that the AOS of surface Mn species on
- catalyst. : . S
: . . e unreduced LMO catalystis +3.6. Thisis in perfect agreement
In an attempt to examine the variations in the surfacIihith the current XANES gaﬂéjgure SJL which glso sugggests

I | iti f the LM I f [ e . L 2EY
elementa| composition of the LMO catalysts as a uncUonﬁlat the average bulk oxidation state &f Bhsite cations is +3

reduction temperature, we performed X-ray photoelectr . .

spectroscopy (XPS) experimerftigure &b shows the <X<+4. _The inuence of the reduc_tlon protocol on_the sgrface

corresponding surface atomic composition % values derid@ SPecies on the LMO catalysts is also clearly visilgjena

from the current XPS data giverFigures 4and S2 It is d, where a gradual decrease in the surface Mn oxidation state
i.e., from +3.6 to +2.8) is discernible as aresult of an increase in

important to note that as an implication of the citrate metho .
utiﬁzed in catalyst synthesis s'czmt amounts of residual C  the reduction temperature to 1073 K. It should be noted that the

and O were observed to be present on all catalyst surfadgst performing LMO-873K catalyst reveals a distinct surface
(Figure @), rendering the surface C/O elemental analysis rathéfin AOS of +3.1. . . . .
complicated. Thus, here, we avoid detailed quantitative analysi® 1S XPS data presentedrigure & is also particularly in

of the surface C and O atom contents of the catalysts. In spite330d accordance with the current XRiByre a,b) and Mn 3s

this constraint, valuable semiquantitative insight can be stf°S €igure 4,c,d) data, revealing the gradual deformation of
obtained from the results presentddguare ,b. First, for the the perovskite structure and its eveptual transformathn to
unreduced LMO catalyst, surface atomic contents of La and @Os and MnO as a function of increasing reduction

are observed to be rather comparable, which is in accordaf@@peraturezigure & shows that the unreduced LMO catalyst
with the genera| A%@erovskite Stoichiometry' suggesting has two major O 1sfeatureslocated at 529.0 and 531.3 eV, which

similar A-site (La) and B-site (Mn) cation contents.can be attributed to the perovskite structure and the residual
Accordingly, surface oxygen concentrations of the catalysts @itface oxygenates (such &9, and CH,0,), respec-
typically greater than their corresponding La and Mrively!®*?Itis apparent that increasing reduction temperatures
concentrations by a factor of ca54which is also fairly leads to broadening of the O 1s signals and the formation of a
consistent with a perovskite structure. Note thatres@@@gl ~ new high B.E. feature at ca. 531.7 eV due to decomposition of
OH, and CH,0O, surface species also possibly have #&e perovskite structure intg@gand MnO phases. Currently
contribution to the measured surface O atom content of thebtained La 3d XPS dakadqure S2as also consistent with the
catalysts. Second, when the La/Mn surface atomic concdarmer studies in the literature on LaMr&)stems and
tration ratio is investigated as a function of the increasing exténdicates the presence of'lsurface statésin line with the
of reduction Figure B), it is seen that the LMO surface XPS data given Figure 4, reduction of the LMO at elevated
composition constantly changes and the catalyst surfaces taraperatures also results in the broadening and deformation of
monotonically enriched with La with increasing reductionhe La 3d signals, suggesting drastic changes in the chemical
temperatures up to 973 K. Particularly, La enrichment exhibitgavironment of the B&ions.
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Figure 5.In situFTIR spectra for low-temperature (150 KgPadsorption on reduced forms of LMO catalysts.

While the XPS technique is quite useful to elucidate theMO-873K surface. As will be demonstrated in the next section,
variations in the surface atomic composition and the oxidatidie ability to meticulously control the electronic, morphological,
states of surface species, it cannot provide unambiguargl surface chemical properties of Lajrgpe perovskites
information about the relative concentration of oxygemllowed us to obtain novel heterogeneous catalytic architectures
vacancies that play a very samit role in the catalytic activity with unusually high catalytic performance iH @ctivation
of perovskite catalysts. Therefore, to shed light on the oxygesactions involving alkylarene partial oxidation and naphthol
vacancy formation on the LMO catalyst and its reduced formdimerization.
we performeih situransmission Fourier transform infraired ( Catalytic Performance Tests. We commenced our
situ FTIR) spectroscopy experiments. Along these lines, veatalytic activity studies by examining the aerobic oxidation of
utilized Q as a probe molecule in the curiensituFTIR 9H-xanthene (xantherig to 9H-xanthen-9-one (xanthofg,
spectroscopic studies, where we investigated low-temperat{fseheme )1 Initially, the reactions were run with a catalyst
(150 K) Oxg) adsorption on the perovskite catalysts. It is
known that low-temperature adsorption ofo® reducible =~ Scheme 1. Aerobic oxidation of xanthene (1) to xanthone (2)
metal oxides may resultin a unique vibrational signature around
1150 cm?, which is due to the formation of metastable
superoxide (©(ads)) surface speci@sTherefore, relative
intensities of the O(ads) vibrational features generated upon
low-temperature Ladsorption can be exploited to compare
relative surface oxygen vacancy concentrationseoendi
reducible oxides. In light of this valuable informaticaitu
FTIR spectra shown igure Slearly suggest that increasing

reduction temperature within 683 K monotonically Modi cati f1h Ki |
increases the formation of surface oxygen vacancies on RECIrOScopy-(gure §. Modi cation of the perovskite catalyst

reduced LMO surfaces. However, upon extreme reduction with 4% H(g) in Ar(g) at elevated temperatures was discovered

973 and 1073 K, decomposition of the perovskite structuf@ have a profound ect on the catalytic activity. Indeed, LMO
results in the formation of Gy and MnO phases with a lower

loading of 100 mg per 0.50 mmol substrate at 353 K in heptane.
For the unreduced LMO catalyst, xanth@w#s observed to
form with 77% conversion, as determinedHoyNMR

total surface oxygen vacancy concentration than that of LMO- 50 mg gc:ta'y“ o 99' 100 mg Catalyst
873K. This important experiment points to the fact that surface 7
oxygen defect density of the LaMn@pe perovskites can be 100 91

ne-tuned by carefully chosen reduction protocols and the best 7 77 77

performing LMO-873K catalyst has the highest relative surfaceso
oxygen vacancy concentration. <

Comprehensive characterization results presented aboyeso 50
unequivocally suggest that kretul utilizing currently %
presented synthetic protocols, one can modify the bulk crys&lao
structure, spedi surface area, surface atomic composition, and
surface oxidation states of the catalytically active B-site cations a&
well as the surface concentration of oxygen vacancies on
LaMnG;, -type perovskites with high precision. Inlight of these ¢
results, it is clear that the best performing catalyst (LMO-873K) © o o o o

; : ; : ; © A ) 9

has unique properties such a relatively disordered orthorhombic ] o
bulk crystal structure with multiple/heterogeneous surface
domains, moderate SSA (14gp a high La/Mn surface
atom ratio of 1.5, an average surface Mn oxidation state of +3ibjure 6 Catalytic activity of unreduced LMO catalyst and its reduced
and the greatest capacity to generate adsorbed superoXes at 6731073 K in aerobic oxidation of xanthene to xanthone
species, which can be linked to the presence of a larffeaction condition®,, = 1 bar, 0.50 mmol of xanthene at 353 K in
concentration of reactive surface oxygen vacancies on tieptane).
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Table 1. Catalytic Aerobic Oxidation of Alkylarenes to Kettnes

Conversion C-H BDE™
Entry Substrate Product (%) (kcal/mol)
99
1@ 80.7
97y
99
2! 82.0
(96)
3[a] 17 84.5

30.50 mmol of substrate and 100 mg of catalyst werBous@anmol of substrate and 150 mg of catalyst wer8smlated product yield after
puri cation by column chromatography is given in parenffiésemlytic bond dissociation (BDE) energies for the oxidizkidoonds.

catalysts, which were subjected to the reductive pretreatmaniidy, xanthone producR)(was obtained with >99%
procedure at 673, 773, and 873 K, alided xanthone2) conversion and 92% isolated yield through the use of a
product with almost full conversion (98%uire § within the Ru(OH),/Al,O5 catalyst (2 mol %) and molecular oxygen at
rst 24 h of the reaction. Whereas pretreatment at 973 K st873 K in 2 K

provided an active catalyst (97% conversion), pretreatment atfter the successful completion of optimization studies, the
1073 K gave a sigoantly inferior result (59%). It should be utility of the catalytic CH oxidation reaction was examined
noted that xanthone product was obtained in 97% yield whewith other related substratéslfle ). As aforementioned,

the reaction mixture, where LMO-873K was used as the catalystnthone %) was obtained with almost full conversion (99%)
was puried by column chromatography. This result points to avith the use of molecular oxygeg € 1 bar) and LMO-873K

particularly good agreement betwee.n the isolated product yi@lgta|yst (entry 1). Gratifyingl{4-9uorene 8) was observed to
(97%) and conversion value determinétdyMR spectros-  pe a competent substrate under these oxidative conditions, and
copy (99%). The conversion values for this reaction wemH- yoren-9-one (orenone,4) was formed with 99%
determined after 3, 6, 9, and 24 h, and the results are summariggdversion (entry 2). When the product waseuiby column

in Figure S3lt is clearly seen from these data that the reactioghromatographyuorenone 4) was isolated in 96% vield in a
reaches 95% conversion at the end of 9 h. With these promis'mqe form. Finally, 1;inethylenedibenzene (diphenylmethane,
results in hand, we next examined thet®f catalyst amount  5) proved to be a less reactive substrate in this catalytic oxidation
on the reaction outcome. The results obtained with a cataly@totocm as diphenylmethanone (benzophepnas formed
loading of 50 mg per 0.50 mmol substrate are also shownjith only 17% conversion (entry 3). Overall, the reactivities of
Figure 6To our delight, the LaMn@atalyst pretreated at 873 these three substrat&sy ands) were observed to be inversely
Kretained almost all its catalytic activity at this catalyst loadingroportional to the strengths of the corresponditgjt®nds

and xanthone2j product was observed to form with 91% as can be seen from their homolytic bond dissociation energies
conversion within therst 24 h of the reaction. It should be (Table ).344¢ 48

noted that SrMn@was used by Hara and co-workers in 2017 as We next opted to test theativeness of the LMO-catalyzed

a perovskite catalyst for aerobic oxidation reactions includiagrobic oxidation process in mechanisticadigedt oxidation

the transformation of xantheng to xanthone %).%’ In this reactions. Oxidative dimerization of 2-naphthols gives rise to the
reaction, oxidation prodiotvas obtained in 82% yield with the formation of 1,ibinaphthyl-2,iol (BINOL) derivatives,

use of 100 mg of SrMg@atalyst per 0.50 mmol substrate and 1which are privileged ligands in enantioselective catalysis due to
atm of Qat 353 Kin 12 h. In addition, precious metal-catalyzetheir axially chiral natu%"‘e?l Moreover, BINOLs have gained
processes that have been reported in the literature for thisnsiderable importance in the past two decades for being
oxidation reaction are known to operate under comparabpgecursors of chiral phosphoric acid-type Brgnsted acid
reaction conditions with those reported in the current work. Faratalysts® > Whereas oxidative dimerization of 2-naphthol
instance, the use of Ir/Tj@atalyst (5 wt %) and molecular (7) to BINOL (8) is well knowri’the utilization of perovskites
oxygen as the oxidant was reported to betiee for the  as heterogeneous catalysts in this process, to the best of our
catalytic oxidation of xanthedgtp xanthone Z) with >99% knowledge, has yet to be reported. Pleasingly, this trans-
conversion at 423 K with a reaction time of ‘farhanother formation was observed to proceedeantly when 2-naphthol
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(7) was oxidized in the presence pieptane at 333 Kwith  Scheme 3. Eects of (a) Q and (b) Catalyst on the Reaction
the LMO-873K catalyst. Under these conditions, BISDL ( Outcome

was produced withiel NMR yield of 72%, determineidthe

use of 1,3,5-trimethoxybenzene as an internal sté&udemché

2a). Purication of the product by column chromatography

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

did not proceed under these conditions, and the formation of
xanthone produ@was not observed.

In light of our mechanistic and spectroscopic studies as well as
the literature precedents, we propose the following mechanism
a orded BINOL 8) in 66% isolated product yield. Afterward, for the LaMnQ-catalyzed CH oxidation reactior={gure 7J.
oxidation of azines to azM@xides, which are highly versatile The activation of molecular oxygen on the surface of L&VInO
building blocks in heterocyclic chemistry, was tatGetedr proposed to produce surface-bound superoxide émisifis.
this purpose, we attempted the catalytic oxidation of ZTIR spectroscopic studies presented in the previous section
methylquinoline (quinalding), to 2-methylquinolindl-oxide not only support this step but also provide a correlation with the
(quinaldineN-oxide,10) (Scheme ).°° This latter trans-  observed catalytic activity. Hydrogen atom abstraction from the
formation does not involve a B bond-breaking step and is benzylic position of xanthedgwith a superoxide anion would
expected to procesdha direct oxygen atom transfer process.produce the radical intermedigenhich is relatively stabilized
Unfortunately, the formation of the targbtexkide productO at the doubly benzylic position. When the Lajatalyzed
was not observed under the newly developed catalytixidation reactions of xanthenB, ( uorene 8), and
conditions. diphenylmethane) are compared, it can be concluded that

Mechanistic Studies. To shed light on the mechanism of the reactivity in the overall process increases with a decrease in
the LMO-catalyzed @1 oxidation reaction, we performed the homolytic bond dissociation energy (BDE) of the
control experiments. First, the@ of the presence of oxygen corresponding CH bond (Table ). The rebound of the
was investigated. For this purpose, the oxidation of xafjhene ¢adical intermediat@with a hydroperoxide (HOPspecies is
was tested under the optimized reaction conditions in thexpected to result in the formation of intermed&tdhis
absence of OIn these experiments, the reaction mixtures wermtermediate can transform to xanth@peither directlyiaa
deoxygenatedathe freezepump thaw technique under an dehydration reaction (path A) or through the intermediacy of
inert atmosphere of nitrogen. When a mixture of xanthene attie secondary alcohol intermedibde(path B). Finally, it
LMO-873K in heptane was heated in the absengat3%3 K should be noted that, in the absence,ofa@ical intermediate
for 24 h, xanthone prodoivas observed to form with only 7% 12 undergoes a radical homocoupling reaction to give 9,9
conversion along with 90% unreacted xanthehedddition, bixanthenel(1) as a side product.
the reaction gave rise to dimerization side 6[)Jroduet 9,9 Studies on Catalyst Deactivation, Regeneration, and
bixanthene 1(1) with 3% conversionStheme &°° ° It Reusability. After the completion of structural character-
should be noted that this dimerization proddctvas not ization, catalytic performance, and mechanistic studies, we
observed in catalytic oxidation reactions described in tl@nducted reusability tests on the LMO-873K catalyst using the
previous section. When LMO was used under the sanaerobic oxidation of xanthene to xanthone as the model reaction.
conditions, xanthon&)(and dimerl1 were observed to form  This catalyst performed poorly (with 5% conversion of xanthene
in 10 and 7% conversions, respectively, along with 83% tof xanthone) after it was centrifuged three times with ethyl
unreacted xantheng)( These results underscore the critical acetate anchally taken with methanol into an evaporating dish
role of molecular oxygen in the oxidation reaction as the actif@ drying at 403 K prior to its second catalytic cycle.
oxidant. Moreover, formation of side prodiicgives an  Fortunately, LMO-873K showed better catalytic activity with
important clue regarding the reaction mechanism, as th8% conversion when it was subjected to regenesiation
product would formvia the dimerization of the radical reduction at 873 K for 3 h under 100 sccm 4% &rgon in a
intermediatd 2, which is expected to form by hydrogen atom ow furnace. This regeneration procedure proved to be the best,
abstraction from xantherig.(n a separate control experiment, among others. A similar regeneration method was applied by
the oxidation of xanthen®) vas tested under the optimized extending the reduction time from 3 to 6 h, but in this case, only
reaction conditions but in the absence of a LgMatalyst 16% conversion was achieved. In erafit approach, after
(Schemel®. In accordance with our expectations, the reactiogalcination 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 tr
conversion of intermedidi&to xanthone.

873 K for 3 hunder 100 sccm 4% targon intheow furnace  873K_Spent catalyst is also lower than that of its fresh
but yielded 18% conversion. Thal regeneration method counterpart (i.e., LMO-873K). These observations suggest
attempted included the introduction of the spent catalyst tthat the LMO-873K_Spent catalyst surface is poisoned with
ozone for 2 h at room temperature before reduction at 873 K foeactants, products, or reaction intermediates. Also, surface
3 h under 100 sccm 4% kh argon in the ow furnace. = compositional changes (i.e., excessive enrichment of the spent
Disappointingly, this method resulted in a low conversion of 7%atalyst surface with La) could be another likely cause of
The details of the methods used for catalyst regeneration and tiaalytic deactivation. Note that the decrease in the surface O 1s
results obtained for each method are providéadbie S2 signal in the spent catalyst as opposed to its fresh counterpart
(Section Séf the SI). (Figure &) cannot be unambiguously associated with the
Currently performed detailed characterization experimenthanges in the surface oxygen vacancy content of the catalyst
provide valuable information regarding the nature of the spediie to the presence of large amountsQii, CO,, and
catalyst (i.e., LMO-873K_Spent) and the molecular level originsC,H,0O, species on the catalyst surface. Furthermore, Mn 3s
of its catalytic deactivation routes. XPS surface elemenk®S data given figure 4 also point out to the fact that the
composition data givenkigure & clearly shows a sigrant average Mn surface oxidation state also changes ffoin Mn
amount of C accumulation and depletion of the O 1s signal qihMO-873K) to Mri28(LMO-873K_Spent) after the reaction,
the LMO-873K catalyst surface after a typical reaction run (i.emphasizing alterations in the electronic structure of the
LMO-873K_Spent catalysthigure a). Furthermoresigure catalytically active B-site cations upon deactivation. Similarly,
3b indicates that the La/Mn surface atomic ratio of the LMO-signi cant 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 sign#liure #) of LMO-873K after the catalytic also consistent with the corresponding ATR-IR spectrum of the
reaction (LMO-873K_Spent) are also consistent with theegenerated catalyst. ATR-IR spectra of the regenerated LMO-
modi cation of the surface chemistry of the catalyst upoB873K_Spent catalyst (purple spectriigure § show that
deactivation. vibrational signatures within 130850 cm® are mostly
We also carried out detailed attenuated totalctien recovered with an increase in thi@&sp) O (1000 1100
infrared (ATR-IR) spectroscopic analysis on the unreducesin 1) and aliphatic CH, (2850 2960 cm?) stretchings,
(LMO), reduced (i.e., LMO-873K), spent (LMO- where the latter features also reveal a blue shift in frequency.
873K_Spent), and the regenerated form of LMO-873K t\lso, after the regeneration, isolat@H features at 3609 cin
follow the functional group changes occurring on these surfacegnpletely vanished and adént weak OH stretching signall
(Figure 8,b). Vibrational spectrakigure 8can be analyzed became apparent at 3674 tm
using conventional IR signatures of common organic functional
groups>°* It is apparent that the unreduced LMO catalyst  ~oncLUSIONS
(black spectra iRigure 3 reveals strong vibrational features ) )
within 1300 1550 cm?, which can be attributed to the [N summary, we have developed a higklgtiee method for
presence of surface carbonate species, in addition to wéakH oOxidation reactions catalyzed by a LapbeSed
features at 1062, 1642, and 2g8G0 cm!, which can be perovskite catalyst. This method does not involve the use of
assigned to C(3p O stretchings, adsorbed water (and/or Precious transition metals and utilizes molecular oxygen as the
C C stretch) stretchings, and aliphat@H, stretchings, stoichiometric OX|dan.t. Careful optimization of the catalyst
respectively. The broad vibrational band centered at 3418 cnievealed that a reductive pretreatment by Af@kfjon at 873
can be assigned to H-bondé@H groups. Reduction of LMO K a orded the LaMn@catalyst with the highest catalytic
at 873 K (LMO-873K, red spectrafimure $ leads to the  activity. The structural and electronic changes that arise as a
formation of isolatedOH surface functionalities, as evident by result of this pretreatment protocol have been investigated in
the sharp IR signal at 3609 &m detailviaa series of spectroscopic, microscopic, aadtain
After the catalytic reaction, the LMO-873K_Spent catalysitudies. Alkylarene substrates xanthene umréne were
(blue spectra irFigure ) revealed additional vibrational shown to be oxidized to their corresponding ketone products
features, indicating the adsorption of various reactants, produg&jthone and uorenone in high yields (97 and 96%,
intermediates, and the solvent. As a result, multiple convoluti&spectively) with the use of the LMO-873K perovskite catalyst
IR bands in the corresponding spectra within IGIO cm?* and molecular oxygen at 1 bar. In light of our detailed
can be ascribed toC(sp) O (1000 1100 cm') and spectroscopic and mechanistic studies, a mechanism that
C(sp) O (1200 1300 cm?) stretchings. On the spent involves the formation of a superoxidg )Gpecies on the
catalyst, while the 1300650 cm' features can be attributed to  catalyst surface and subsequent H-atom abstraction from the
the carbonate features, the remaining feature at 145Gwom C H group was proposed for the alkylarene oxidation.
be assigned taCH or CH, bending modes. Furthermore, the Moreover, the current catalytic method proved todmtive
intensities of the aliphati€H, stretchings within 2852960 for the synthesis of 1-fdinaphthyl-2,diol (BINOL) viathe
cm andthe isolatedOH stretchings at 3609 chwere found ~ oxidative aerobic dimerization of 2-naphthol. Catalytic perform-
to increase noticeably on the LMO-873K_Spent catalyst. ance and the spectroscopic experiments revealed that, upon
As mentioned above, the currently used regeneration protoenitensive use, catalysts were deactivated due to the adsorption of
did not allow us to fully recover the initial activity and enabledeactants/products/intermediates as well as surface chemical
only partial regeneration of the spent catalyst. This behavior vederations on the catalyst. It was demonstrated that deactivated
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perovskite catalysts can be reactivated to a certain extent usingramatography was performed using Silicyd3 4t (230 400

variety of regeneration protocols. mesh) ash silica gel. NMR spectra were recorded on a Bruker

spectrometer at 400 MHz fét NMR spectra and 100 MHz f6€

NMR spectra. They were calibratecn internal standard (TMS, 0
EXPERIMENTAL SECTION ppm) or residual solvent signal (chloroform; at 7.26 pgkh KiviR

Chemicals and Catalyst Preparation. La(NOs)36H,0, Mn- spectra and at 77.16 ppm*f@ NMR spectra). High-resolution mass

(NO3)3, and citric acid were purchased from Millipore Sigma and usegpectrometry (HRMS) analyses were performed at UNvslilonal

as received. The citrate method was employed in the synthesisNgfnotechnology Research Center and Institute of Materials Science

LaMnG,%° La(NOy) 36H,0 (5.372 g), Mn(NQ); (3.114 g), and and Nanotechnology, Bilkent University.

citric acid (5.735 g) were dissolved in 250 mL of deionized water and 9H-Xanthen-9-one (2). A 25 mL Schlenkask was charged with

stirred at room temperature for 1 h. Then, the mixture was heated ladMnO; (100 mg, pretreated at 873 K), xanthdh¢90.4 mg, 0.50

353 K until the formation of a viscous gel concomitant with thenmol), and 2.0 mL of heptane. Thsk waslled with Q gas (1 bar)

evolution of a brown gas (i.e., )l\'he obtained gel was dried in an and sealed. The reaction mixture was stirred at 353 K in an oil bath for

oven at 383 K for 24 h. The dried sample was ground to its powder@d h. It was then cooled to ambient temperature, diluted with EtOAc,

form and calcined at 973 K for 5 h. The LMO acronym used in the texind passed through Celite. Ruafion by ash column chromatog-

corresponds to this particular state of the LaMatlyst. Reduced raphy (SiQ, EtOAc/hexane = 1:3) gave pure xanth@né6.1 mg,

LMO catalysts were prepaseéareducing LMO catalyst under 100 97% yield) as a white sofid.NMR (400 MHz, CDG)) 8.35 (2H,

sccm 4% Hin Ar for 3 h at 673, 773, 873, 973, and 1073 Kdwa dd,J=7.8,1.5Hz),7.73 (2H, dd% 8.8, 7.1,1.7 Hz), 7.50 (2H, dd,

furnace. 8.5,0.7 Hz), 7.38 (2H, ddik 8.1, 7.1, 1.0 HZ’C NMR (100 MHz,
Instrumentation. A Rigaku diractometer, equipped with a CDCl) 177.4,156.3,135.0,126.9,124.1,122.0,118.1. HRMS (APCI

Mini ex goniometer and an X-ray source with Cta#liation at = +) caled for (GHgO,) " (M + H)*: 197.0598, found: 197.0607. The

1.5418 A, 30 kv, and 15 mA, was used to record the powder X-rgjectral data are in agreement with the reported values in the

di raction (XRD) patterns at a scan rate oP&062n the 10 8¢ 2 literaturé®

range. Diraction patterns were assigned using PDF cards from the gH-Flyoren-9-one (4). A 25 mL Schlenkask was charged with

International Centre for Diaction Database (ICDD). LaMnQ; (150 mg, pretreated at 873 Kiiorene 8) (83.1 mg, 0.50

A Micromeritics Tristar 3000 surface area and pore size analyzer Wol), and 2.0 mL of heptane. Thsk waslled with G gas (1 bar)
used to measure the BET spediurface area values by low- gnq sealed. The reaction mixture was stirred at 353 K in an oil bath for
temperature isothermal adsorptitesorption of N All samples 24 .|t was then cooled to ambient temperature, diluted with EtOAc,
were initially outgassed at 573 K for 2 h in vacuum prior to BETq passed through Celite. Ruation by ash column chromatog-

measurements. raphy (SiQ, gradual increase of polarity from hexane to 30% EtOAc in

X-ray photoelectron spectroscopy (XPS) measurements WEkExane) gave pureorenone 4) (86.9 mg, 96% yield) as a yellow
performed using a SPECS XPS system equipped with an X-ray sowgey 11 NMR (400 MHz, CDG)  7.66 (2H, dJ= 7.6 Hz), 7.53
(Al/Ag dual anode), an ellipsoidal crystal AKkkay monochromator, H, d,J= 7.3 Hz), 7.49 (éH di=7.4. 1.2 Hz), 7.30 (2H d=73
a FOCUS-500 excitation source (15 kV, 400 W), and a PHOIBOS 180, 117 130 IR (100 MHz, CDG)  194.0, 144.6, 134.8, 134.3
hemispherical electron energy analyzer. Binding energy values of thg 2. 1'24_4, 120.4. HRMS’(APCI+) calcd f’%_(@)l M + |_’|)+: -

spectra were calibrated using the adventitious carbon (C 1s) sigy; 1.0648, found: 181.0657. The spectral data are in agreement with the

Iocatgd at 284'.5 e.V' . . _reported values in the literatffre.
In situransmission Fourier transform infrared (FTIR) spectroscopic 1.1 -Binaphthyl-2,2 -diol (BINOL) (8). A 25 mL Schlenkask was

measurements were carried out in a batch-type catalytic reactor cou%lﬁg '
c ; rged with LaMn@50 mg, pretreated at 873 K), 2-naphtfpl
to an FTIR spectrometer (Bruker Tensor 27) equipped with a Hg (36.(?mg 0.25 mm%% andgl.(')JmL of heptane.ﬁkz.'waslle?j WI?;] (
Cd Te (MCT) detector. About 25 mg ofiely ground LMO was 0O, gas (1 bar) and sealed. The reaction mixture was stirred at 333 K in

pressed onto a high transmittance, lithographically etekhetigsten . . .
: : . oil bath for 24 h. It was then cooled to ambient temperature, diluted
grid, which was mounted on a copper sample holder assembly. Pm\?\/ﬁhﬁ EtOAc, and passed through Celite. ation by ash column

data acquisition, ttesitureactor chamber was evacuateckta®® ; .
Torr. Ngxt, 5 Torr 5% HAr was dosed over the sample at room Shromatography (SO rst chromatography with EtOAc/hexane =

P :9; second chromatography with EtOAc/hexane = 1:4) gave pure

temperaturc? (RT), then hegited to 673 K, and helc_j for 10 min in th%INOL (8) (23.6 mg. 66% yield) as a red sGHINMR (400 Mz,

presence of the JAr gas mixture. After the reduction protocol, the - -

sample was cooled to RT, where the gas mixture was evacuated toBPCh)  7.97 (2H, df‘ 8.9 Hz), 7.89 (2H, E’" 8.0Hz),7.397.37

10 ®Torr. At this stage, the sample was cooled to 142 K by recirculatirﬁg'j' m), 7.30 (2H, J=7.6 Hz), 7.15 (2H, d= 8.4 Hz), 5.05 (2H, s).

liquid nitrogen around the sample holder. After having taken a NMR (100 MHz, CDG) 152.9, 133.6, 131.6, 129.6, 128.6,

background FTIR spectrum at 142 K in vacuum, 1 Jova®©dosed ~ 127.6, 124.4, 124.2, 117.9, 111.0. HRMS (APCdlcd for

over the sample for 1 min followed by subsequent evacuation for 1 nffredH150,) (M H) : 285.0921, found: 285.0929. The spectral

and Samp|e spectrum acquisition_ After the samp|e Spectrl_ﬂﬁlta are in agreement with the reported values in the Iltféc‘rature.

acquisition, the sample was brought back to RT. Then, by utilizing 9.9 -Bixanthene (11). '"H NMR (400 MHz, CDGJ))  7.20 (4H, dt)

the same background spectrum, the steps described above wefe2, 1.6 Hz), 6.93 (4H, dt= 7.5, 1.1 Hz), 6.87 (2H, di- 8.1, 0.9

repeated by altering the reduction temperature to 773, 873, 973, ard), 6.66 (4H, dd)=7.6, 1.5 Hz), 4.20 (2H, $JC NMR (100 MHz,

1073 Kln situF TIR spectra were recorded with a resolution of2 cm CDCk) 153.2, 129.3, 128.3, 122.8, 122.0, 116.0, 49.7. The spectral

and by averaging 64 scans per spectrum. data are in agreement with the reported values in the litErature.
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 ASSOCIATED CONTENT

spectra were recorded at a resolution of 2 @ndl 128 scans per * Supporting Information

spectrum. The Supporting Information is available free of charge at

TEM measurements were performed in bragtitmode using an . ; :
FEI Tecnai G2 F30 microscope with a spegoint resolution of 0.17 hitps://pubs.acs.org/doi/10.1021/acsami.0c20490

nm and a Gatan slow-scan CCD camera. The operating voltage of the  Details of EXAFS and XANES experiments, additional

microscope was 300 keV during TEM imaging. XPS data, conversion data aemint reaction times,
Reactions were monitored by thin-layer chromatography (TLC)  yetails of studies on catalyst regeneratiot amdi*C

using aluminum-backed plates precoated witl{SSii®ycle, F254). NMR tra®D !

UV light (254 nm) was used for TLC visualization. Flash column spectrak DR
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