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ABSTRACT: Two-dimensional (2D) bimetallic Ni,Mn,_.(OH), layered NijsMn,(OH),

double hydroxide (LDH) nanostructures were synthesized and optlmlzed as a Layered

remarkably active catalytic platform for low-temperature aerobic C—H bond HDg”b"Z = =2

activation in alkylarenes and partial oxidation of alcohols using a wide substrate y(l_g’,ﬂ) © TYVYYNAG BANEE

(e, reactant) and diverse solvent scope. The Ni,Mn,_,(OH), structure consists ~2D-Nanoplatelet Cg 6 % f o\ po
of nonprecious and earth-abundant metals that can effectively operate at low QQ;Q i =

catalyst loadings, requiring only molecular oxygen as the stoichiometric oxidant.
Structurally diverse alkylarenes as well as primary and secondary alcohols were
shown to be competent substrates where oxidation products were obtained in
excellent yields (93—99%). Comprehensive catalyst structural characterization
via XRD, ATR-IR, TEM, EDX, XPS, BET, and TGA indicated that the
ultimately optimized NiyMn, 4(OH) -9S catalyst possessed not only particular rotational faults in its S-Nij¢Mn,, 4(OH) domains
but also distinct @/f-Nijy¢Mn,, 4(OH) interstratification disorders, in addition to a relatively high specific surface area of 125 m*/g, a
2D platelet morphology, and an average Mn oxidation state of +3.5, suggesting the presence of both Mn** and Mn*" species in its
structure working in a synergistic fashion with the Ni**/** cations (the latter is justified by the lack of catalytic activity in the
monometallic LDH catalysts Ni(OH), and Mn(OH),). Kinetic isotope effect studies carried out in the fluorene oxidation reaction
(ku/kp = 5.7) revealed that the rate-determining step of the catalytic oxidation reaction directly involved the scission of a C—H
bond. Moreover, the optimized catalyst was demonstrated to be reusable through the application of a regeneration protocol, which
can redeem the full initial activity of the carbon-poisoned spent catalyst in the fluorene oxidation reaction.

KEYWORDS: alcohol oxidation, C—H oxidation, layered double hydroxide, heterogeneous catalysis, alkylarene C—H activation

20,21

1. INTRODUCTION counterparts in terms of reactivity and selectivity.” "~ In this
respect, development of reusable heterogeneous oxidation
catalysts composed of nonprecious metals that operate under
mild reaction conditions, with low catalyst loading, and with
the use of molecular oxygen as the terminal oxidant is highly
desired.””

In heterogeneous catalysis, metal on metal oxide systems
(eg, Pt/ALO;),”> metal oxide on metal oxide or activated
carbon-based support materials (e.g.,, VO,/TiO,, PdO,/carbon
nanotubes),”*** or metal-incorporated zeolite systems (e.g,
Rh-ZSM-5)*° are among the ubiquitous architectures used in
catalytic oxidation reactions. Although many of these catalysts
are efficient in high-temperature reactions, they often suffer

Organic synthesis has traditionally been established on
functional group interconversions where a pre-existing func-
tional group is transformed into another using catalytic or
noncatalytic methods. However, since the mid-1990s, the field
has witnessed the entrance of the functionalization of
unactivated C—H bonds to the organic synthesis toolbox
with remarkable advances in catalytic C—H activation
reactions.'~” These advances not only extended our synthetic
capabilities but also changed drastically our approach to
retrosynthetic analysis.” For instance, recent developments in
the area of late-stage functionalization had a huge impact on
medicinal chemistry and drug discovery.”~"' One important
branch of such C—H activation reactions is the catalytic C—H -,
oxidation reactions. In this reaction type, synthetically useful Received:  October 24, 2022
oxygenated products such as alcohols, ketones, aldehydes, or Accepted: November 21, 2022
carboxylic acids can be accessed via catalytic oxidation of C—H Published: December 8, 2022
bonds."”™"” On the other hand, catalysis of C—H bond

oxidation reactions by heterogeneous catalytic systems is rather

limited and underdeveloped compared to their homogeneous
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from low-temperature catalytic activity,””** which is crucial for

decreasing process costs and enhancing sustainability. For
instance, in the case of aerobic catalytic oxidation of alcohols,
relatively few heterogeneous catalytic systems have been
reported to have significant low-temperature activity such as
Ru/ALO;,*” Au/TiO,,” Pd/charcoal,®’ CaLaScRuOQg,s** and
RuO,—FAU (faujasite zeolite),” most of which were
composed of platinum group metals (PGMs), leading to
high catalyst costs. As a part of our ongoing efforts toward the
development of effective heterogeneous catalysts for alcohol
and C—H bond oxidation reactions that work under aerobic
conditions, we recently reported the utilization of LaMnOj; as a
perovskite-based catalyst for alkylarene oxidation and oxidative
dimerization of 2-naphthol.** It should be noted that several
other perovskite- and metal-oxide-based materials have been
shown to be effective catalysts for C—H oxidation
reactions.”” "

In our quest to develop heterogeneous oxidation catalysts
with higher activity and selectivity, we next turned our focus to
nonprecious metal hydroxide-containing catalytic systems,
which can be exploited in low-temperature catalytic processes
as promising alternatives to the existing conventional PGM-
based oxidation catalysts.”> PGM-free metal hydroxide nano-
material architectures constitute a versatile catalytic platform
because they can be synthetically fine-tuned to exhibit unique
2D structures, morphology, and electronic and magnetic
properties that can be optimized for a wide range of different
low-temperature reactions.”” Moreover, metal hydroxides and
mixed metal hydroxides have been utilized in a variety of
advanced applications such as battery technologies, electro-
synthesis, supercapacitors, electrochromic devices, and electro-
chemical sensors.”” In this respect, whereas Ni(OH), has
recently been successfully employed as a catalyst or cocatalyst
in various transformations including hydrogen production,*"**
water oxidation,®® and benzylic C—H borylation reactions,™*
the utilization of nickel-based mixed metal hydroxide systems
in heterogeneous catalysis has been extremely limited.

Along these lines, in the current work, we demonstrate that
PGM-free 2D mixed metal hydroxide systems with optimized
nanostructures can serve as exceptionally active and selective
catalysts in low-temperature C—H activation reactions
involving the partial oxidation of a variety of alkylarenes and
alcohols that can surpass PGM-containing conventional
catalysts. Strikingly, these structurally versatile PGM-free
layered double hydroxide (LDH) catalysts can also outperform
the conventional PGM-containing catalysts in the literature
without the need for any additives, promoters, or performance
boosters. Our detailed catalyst characterization studies indicate
that 2D mixed metal LDH systems offer a variety of tunable
structural parameters such as (i) crystallographic phases of the
LDH domains, (ii) types and extents of stacking faults between
the LDH layers, (iii) intercalation of different crystallographic
domains, (iv) interlayer water content, (v) interlayer spacing,
(vi) relative cation ratio (i.e., Ni/Mn), (vii) oxidation state of
the transition metal centers, and (viii) specific surface area
(SSA), which can be readily altered to modify the catalytic
functionality of these systems for different catalytic applica-
tions.

2. EXPERIMENTAL SECTION

2.1. Catalyst Optimization Parameters. During the catalyst
synthesis and optimization studies, the influence of five different
factors on the catalyst structure and/or performance was investigated:

(a) metal hydroxide synthesis method (i.., solvothermal vs chemical
precipitation methods), (b) nominal metal cation ratio (i.e, Ni/Mn),
(c) NaOH concentration used in the chemical precipitation method,
(d) extent of the residual Na* and CI~ ions present on the catalyst
surface, and (e) type of the solvent used in the catalytic performance
tests.

2.1.1. Catalyst Synthesis for the Comparison between
Solvothermal vs Chemical Precipitation Methods. NiCl,-6H,0
(>98% purity, Merck), MnCL-2H,0 (>99% purity, Merck), and
NaOH (>98% purity, Merck) were used in the catalyst synthesis as
received. The nominal stoichiometric concentration of NaOH(aq)
required for the synthesis of the currently investigated mixed metal
hydroxides (i.e, Ni,Mn,_,(OH),) assuming the presence of divalent
metal cations was 2.06 M. Hereafter, this stoichiometric concentration
will be denoted as “S”, and the catalysts will be named as
Ni,Mn,_,(OH),-nS, where nS indicates the NaOH (aq) concentration
used in the catalyst synthesis. For the comparison of the two different
metal hydroxide synthesis methods (ie., solvothermal vs chemical
precipitation methods), the NiOASMnO‘S(OH)},—V’»S catalyst was chosen
because a NaOH(aq) concentration of 3S is expected to provide
sufficient hydroxylation for this bimetallic composition. This Ni/Mn
cation ratio of 1:1 (by mol) was selected because NiOASMnOAS(OH)yGS
showed 99% conversion of 9H-xanthene (xanthene, 1a) to 9H-
xanthen-9-one (xanthone, 1b), corresponding to more than three
times higher catalytic activity compared to that of Ni(OH),-3S and
Mn(OH),-3S (24 and 28%, respectively) with the use of the same
catalyst amount of 100 mg. It must be noted that these three catalysts
used in this pilot test were synthesized by the solvothermal method at
403 K

In both of the utilized synthetic methods (i.e., solvothermal or
chemical precipitation), calculated amounts of NiCl,.-6H,0 and
MnCl,-2H,0 (Table S1) were dissolved in 20 mL of deionized water.
In addition, the calculated amount of NaOH( was dissolved
separately in 20 mL of deionized water. These two solutions were
stirred at 600 and 400 rpm, respectively, for a period of 30 min. Prior
to mixing, the stirring speed of the NaOH(aq) solution was increased
to 1500 rpm. Then, Ni—Mn solution was added to the NaOH(aq)
solution. The resulting mixture was stirred at 1500 rpm for 1 min
followed by stirring at a lower speed of 600 rpm for 1 h. Then, the
mixture was immediately transferred into a Teflon line. The Teflon
line was then inserted into an autoclave and heated in a drying oven
either at 403 K for 12 h or at 343 K for 72 h. Next, the sample was
removed from the autoclave and washed six times with deionized
water. After that, the sample was divided into four identical portions
and centrifuged at a rate of 6000 rpm for 3 min. This was followed by
drying the obtained suspensions in a 400 mL beaker at 333 K for 24 h.
Note that in the chemical precipitation method, the autoclave-heating
step was omitted, whereas the remaining aforementioned steps were
carried out as described above.

2.1.2. Nominal Metal Cation Ratio Optimization in the Chemical
Precipitation Method. Initial catalytic performance tests on the
aerobic oxidation of 9H-xanthene (xanthene, 1a) to 9H-xanthen-9-
one (xanthone, 1b) showed that the chemical precipitation synthesis
method outperformed the solvothermal synthesis method. Thus, to
find the optimized nickel-manganese hydroxide catalyst to be
synthesized by the chemical precipitation method, the nominal Ni/
Mn ratio was varied while keeping the NaOH(aq) concentration
constant at 6S (see Table S1 for the exact precursor amounts). This
6S NaOH concentration was chosen for the nominal metal cation
ratio optimization because in a pilot test, we discovered that the
Ni, ;Mn,;(OH),-6S catalyst outperformed Nij ;Mn, ;(OH),-3S (both
of which were synthesized by the chemical precipitation method) in
the aerobic oxidation of xanthene (1a) to xanthone (1b) (i.., using
the same catalyst amount (S mg), Niy,Mny3;(OH),-6S and
Ni0A7MnO.3(OH)y-3S resulted in 67 and 28% conversion, respectively).
Also, the NaOH(aq) concentration of 6S was employed at this stage
to ensure the complete hydroxylation of the catalysts with different Ni
or Mn cation valencies.

2.1.3. NaOH Concentration Optimization in the Chemical
Precipitation Method. Experiments on the optimization of metal

https://doi.org/10.1021/acsanm.2c04634
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Figure 1. Aerobic oxidation of xanthene (1a) to xanthone (1b). Catalytic activity data for (a) 10 mg of NiysMn,, S(OH) -3S catalysts prepared via
the solvothermal method at 343 or 403 K and the chemical precipitation method at 293 K (catalysts were washed six times after the synthesis); (b)
5 mg of Ni,Mn,_,(OH),-6S catalysts synthesized with different nominal Ni/Mn cation ratios via the chemical precipitation method at 293 K
(catalysts were washed six times after the synthesis); (c) S mg of Niy¢Mn,, 4(OH) catalysts prepared with different NaOH(aq) concentrations via
the chemical precipitation method at 293 K (catalysts were washed six times after the synthesis); and (d) 5 mg of Nij¢Mn,,(OH),-9S catalysts
synthesized with the chemical precipitation method at 293 K washed once, thrice, or six times in the aerobic oxidation of xanthene (1a) to
xanthone (1b) under the conditions described in the uppermost section of the figure. S stands for a NaOH(aq) concentration of 2.06 M.

cation stoichiometric ratio revealed that Nij,Mn,, 4(OH) exhibited
the best performance in the aerobic oxidation of xanthene (1a) to
xanthone (1b). Using this particular metal cation stoichiometric ratio,
the concentration of NaOH(aq) was systematically varied to further
optimize the catalyst structure and performance. Accordingly,
preparation of the NiOAGMnM(OH)y catalyst was carried out using
NaOH(aq) concentrations of 1S, 3S, 6S, 9S, 128, and 1SS. Note that
15S is a concentration value that is close to the saturation
concentration of NaOH(aq) in pure water at 293 K (i, 1.26 g of
NaOH in 1 mL of H,0 at 293 K).*

2.2. Catalytic Performance Tests. Liquid-phase catalytic activity
tests were carried out in a custom-design catalytic reactor described in
Figure S1. In a typical catalytic performance test, proper amounts of
catalysts, which are specified in the further sections, and 2.0 mL of n-
heptane (solvent) were loaded into an oven-dried 25 mL Schlenk
flask. Next, the flask was filled with 1 bar of O, (g) and sealed with a
stopcock. In the control experiments carried out under anaerobic
conditions, the solvent was deoxygenated via the freeze—pump—thaw
technique, and N,(g) was used as the inert atmosphere medium. The
reaction mixture was stirred at 400 rpm in an oil bath at various
temperatures and for different durations as described in detail in the
forthcoming sections. At the end of a typical catalytic performance
test reaction, the mixture was cooled to room temperature, diluted
with ethyl acetate (EtOAc) or dichloromethane (DCM), and passed
through Celite. Conversion values for the catalytic oxidation reactions
were determined by 'H NMR spectroscopic analysis. Flash column
chromatography was utilized as the purification method with the use
of Silicycle 40—63 pm (230—400 mesh) flash silica gel as the
stationary phase.

2.3. Catalyst Characterization. A Bruker Alpha Platinum
Fourier transform infrared (FTIR) spectrometer equipped with an
attenuated total reflectance (ATR) diamond crystal module and a

18857

deuterated triglycine sulfate (DTGS) mid-IR detector was used to
acquire ATR-IR spectra. ATR-IR data were registered with a
resolution of 2 cm™ and 128 scans per spectrum. X-ray diffraction
(XRD) experiments were carried out with a PANalytical (X'Pert
PRO) Multi-Purpose X-Ray diffractometer equipped with a Cu Ka
(1.5405 A) X-Ray source operated at 45 kV/40 mA. During the XRD
experiments, powder catalyst samples were analyzed within a 26 range
of 10—80° using a scan step size of 0.01° and a time per step of 35 s.
Brunauer, Emmett, and Teller (BET) specific surface area (SSA)
measurements were executed with a Micromeritics Tristar 3000
surface area and pore size analyzer via a five-point method. An FEI
Technai G2F30 transmission electron microscope (TEM) was used to
carry out TEM and energy dispersive X-ray (EDX) measurements.
During the TEM sample preparation, powdered catalysts were
dispersed in ethanol by sonication followed by drop casting the
mixture on a lacey carbon-coated copper grid. TEM imaging was
performed under bright-field conditions. A Thermo Scientific K-Alpha
X-ray photoelectron spectrometer (ESCALAB 250) was utilized to
acquire the XPS spectra. Monochromatic Al Ka radiation (1486.6 V)
was exploited to stimulate photoemission. A pass energy of 200 eV
was chosen for the XPS survey spectra (3 scans/spectrum), whereas
high-resolution XPS spectra were acquired with a 30 eV pass energy
(200 scans/spectrum for Mn3s and SO scans/spectrum for other
elements). A Cls binding energy (B.E.) of 284.8 eV corresponding to
the adventitious carbon species was utilized in the calibration of the
B.E. values. XPS data analysis was carried out via the CasaXPS
software, and background subtraction was performed by using a
Shirley background. Thermal gravimetric analysis (TGA) experiments
were executed with a TA Instruments TGA QS00 instrument where
8.5 mg of the catalyst was heated under 60 mL/min N,(g) flow from
303 to 1223 K with a linear temperature ramp of 10 K/min. '"H NMR
spectra at 400 MHz and *C NMR spectra at 100 MHz were recorded
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with a Bruker DPX 400 NMR spectrometer. Calibration of the NMR
data was carried out with an internal standard (tetramethylsilane,
TMS, 0 ppm) or residual solvent signal (chloroform; 7.26 ppm for 'H
NMR spectra and 77.16 ppm for *C NMR spectra).

3. RESULTS AND DISCUSSION

3.1. Catalytic Performance Tests for the Oxidation of
Xanthene to Xanthone. Results of the catalytic performance
tests for the aerobic oxidation of xanthene (1a) to xanthone
(1b) on monometallic and bimetallic hydroxide catalysts
prepared by varying four different synthesis parameters are
presented in Figure 1.

3.1.1. Influence of the Catalyst Synthesis Method. Figure
la compares the influence of the catalyst preparation method
in the aerobic oxidation of 0.5 mmol of xanthene (1a) that was
carried out using 10 mg of the NiO.SMnO_s(OH)y-SS catalyst
prepared with two different synthesis methods. As can be seen
in Figure la, the catalyst prepared via the chemical
precipitation method at 293 K yields the oxidation product
xanthone (1b) with almost full conversion (99%) and
significantly outperforms the catalysts synthesized with the
solvothermal method at 343 or 403 K. The solvothermal
method is typically carried out at temperatures less than 473
K.** Thus, two different temperatures (343 and 403 K) were
chosen to examine the effect of the solvothermal synthesis
temperature on the xanthene (la) oxidation (Figure la).
Solvothermal synthesis at a lower temperature of 343 K yielded
not only a higher xanthene (1a) conversion (Figure 1la) but
also a smaller average catalyst particle size of ca. 8 nm
estimated via XRD analysis using the Scherrer equation (data
not shown) as compared to the solvothermal synthesis at 403
K leading to a lower xanthene (la) conversion and a larger
average catalyst particle size of ca. 16 nm. Along these lines, we
utilized an even lower synthesis temperature of 293 K for the
chemical precipitation method that resulted in higher xanthene
(1a) conversion (Figure la) and smaller average catalyst
particle size (ca. 2 nm) than the solvothermal synthesis
method. Thus, in the rest of the catalyst optimization studies,
chemical precipitation at 293 K was chosen as the primary
method of synthesis.

3.1.2. Effect of the Nominal Ni/Mn Metal Cation Ratio.
Next, the effect of the Ni/Mn nominal metal cation ratio on
the catalytic performance was investigated via the use of 5 mg
of catalyst per 0.5 mmol of substrate, where the catalyst
synthesis was carried out with a NaOH(aq) concentration of
6S. Figure 1b clearly demonstrates that monometallic
hydroxides (ie, Mn(OH),-6S and Ni(OH),-6S) exhibit the
lowest catalytic activities for xanthene (lag oxidation with
conversion values of 4 and 7%, respectively. Interestingly, in
the case of NiolgsMnOIOS(OH)y—6S involving the incorporation
of only 5% Mn to the monometallic Ni(OH), structure, a
drastic (ca. S-fold) boost in catalytic activity was observed,
yielding a xanthene (1a) conversion of 38%. This important
observation points to a synergistic interaction between Ni and
Mn sites in the bimetallic NianI_x(OH)y—(?S hydroxide
system, suggesting that the catalytic properties of these
nanomaterials can be fine-tuned by controlling the relative
compositions of different metal cations. Figure 1b also exhibits
a typical volcano-type plot revealing the optimum relative
metal cation stoichiometric ratio, where the maximum catalytic
activity for aerobic xanthene (la) oxidation is observed for
Ni ¢Mng ,(OH),-6S. Indeed, the oxidation product xanthone

(1b) was observed to form with 78% conversion via the use of
only 5 mg of the Niy(Mng,(OH),-6S catalyst.

3.1.3. Impact of the NaOH(aqg) Concentration. After the
identification of the optimal Ni/Mn nominal cation ratio in the
catalyst structure, we proceeded with the investigation of the
effect of NaOH(aq) concentration used in the catalyst
preparation on the catalytic activity. As can be seen in Figure
Lc, extremely low or extremely high NaOH(aq) concentrations
lead to limited catalytic activities (16, 42, and 54% conversion
values for 1S, 3S, and 1S5S of NaOH(aq) concentrations,
respectively), whereas the catalytic performance was observed
to reach a maximum value (86% conversion) for the
Ni ¢Mng ,(OH),-9S catalyst.

3.1.4. Influence of Residual Na* and Cl~ Species on the
Catalyst Surface. We also investigated the effect of the
presence of residual Na" and CI” ions originating from the
basic medium used in the synthesis and the metal precursors,
respectively, on the catalytic aerobic oxidation of xanthene
(1a) (Figure 1d). To this end, the optimized catalyst (i,
Niy ¢Mng,(OH),-9S) was washed with one, three, or six
subsequent cycles of deionized water before the final drying
stage. Surface elemental composition analysis carried out by
XPS for these samples given in Table S2 suggested that
although the catalyst surface revealed significant amounts of
Na (23%) and Cl (1%) after a single wash, washing three times
with deionized water led to a decrease in the Na content to 3%,
whereas Cl content did not change significantly. On the other
hand, applying six consecutive washing cycles resulted in the
almost complete removal of Na* and Cl~ species from the
catalyst surface, and their concentrations fell below the
analytical detection limit of XPS. Furthermore, Table S2
indicates that increasing the number of washing cycles also
monotonically increases the detected surface concentrations of
Ni and Mn species on the catalyst surface as well as the
corresponding catalytic conversion values (Figure 1d) as a
result of the removal of surface Na* and Cl” species and
uncovering of the catalytically active transition metal sites. It is
interesting to note that although the surface elemental
compositions of the catalysts after three and six washing
cycles are rather similar in terms of their relative Ni and Mn
surface concentrations, their catalytic conversion values differ
by ca. 300%, respectively. This stark variation in catalytic
activity can be ascribed to the presence of minute amounts of
Na* and Cl” species on the catalyst surface in the former case
acting as strong catalytic inhibitors.

3.1.5. Effect of the Solvent Type Used in the Catalytic
Aerobic Xanthene Oxidation Tests. The catalyst optimization
studies summarized in Figure 1 led to the identification of the
Nio'sMn0.4(OH)y—9S bimetallic hydroxide that is washed with
deionized water for six successive cycles as the optimal catalyst
for the oxidation of xanthene (la) to xanthone (1b) in n-
heptane. Thus, a brief solvent screening study was also
employed in an attempt to investigate the compatibility of the
Nio_éMn0.4(OH)y—9S catalyst to xanthene (1la) oxidation in
different solvents. As discussed earlier, utilization of 5 mg of
the Nio'6Mn0.4(OH)y—9S catalyst with 0.5 mmol of xanthene
(1a) in n-heptane yielded a xanthone (1b) conversion of 86%
(Figure 1c). To amplify the variation of the catalytic
performance as a function of solvent type, in the solvent
scope experiments, we used 7 mg of NiysMn,,(OH),-9S
(Table S3), which yielded full conversion (>99%) in n-
heptane. It should be noted that, in this experiment, oxidation
product 1b was isolated in 96% yield after purification by
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Figure 2. Graphical compilation of the literature data given in Table S4 for the comparison of the catalytic activity performances of various
heterogeneous catalytic systems in the literature and the currently synthesized Nio‘éMn0A4(OH)y-9S catalyst in the aerobic oxidation of xanthene to
xanthone. Note that the catalyst amounts were normalized to 0.5 mmol of the substrate (i.e., xanthene). Chemicals with (*) correspond to external
additives included in the reaction mixture to boost the catalytic performance. Conversion values are given in square brackets, and isolated yields are
presented in parentheses. NHPI: N-hydroxyphthalimide. Corresponding references, reaction conditions, and further details are provided in Table

S$4.

column chromatography. In addition to n-heptane, we also
examined toluene and benzotrifluoride (a,a,a-trifluoroto-
luene)*® as aromatic nonpolar and polar solvents, respectively.
Pleasingly, both of these latter solvents were found to be
compatible media for the catalytic oxidation reaction,
providing xanthone product 1b with high conversion values
(93 and 92%, respectively; Table S3). In other words, these
solvents do not influence the reaction mechanism at the solid—
liquid interface by neither competing for active sites with the
reactants nor co-catalyzing the reaction.”’ However, consider-
ing the solvent Kamlet—Taft dipolarity/polarizability values
(7*)*®* of the three solvents (Table S3), it can be argued that
whereas n-heptane is not expected to reveal significant
solvating effects on the reactive species, toluene and
benzotrifluoride may exhibit significant solvating effects by
influencing the reaction mechanism®’ and xanthene con-
versions (Table S3). Although current results indicate that all
these three solvents can be used effectively, n-heptane was
typically selected as the reaction medium for most of the
remaining studies reported in the current work owing to the
highest catalytic performance observed in this solvent. As a
slightly longer straight chain alkane, n-octane was also used as a
solvent in some of the currently investigated reactions
requiring higher temperatures. Note that for substrates having
low solubility in n-heptane or n-octane, benzotrifluoride can be
considered as a suitable alternative medium due to its more
polar nature.

3.1.6. Comparison of the Catalytic Performance of
Bimetallic Hydroxides with the Existing Catalysts in the
Literature for Aerobic Xanthene Oxidation. Table S4 lists the
detailed reaction parameters and performance results of the
currently reported Nio_éMn0‘4(OH)y—9S bimetallic hydroxide
catalyst as well as other heterogeneous catalysts reported in the
literature for the catalytic aerobic oxidation of xanthene (1a) to
xanthone (1b). Figure 2 also illustrates a graphical compilation
of the data given in Table S4, where the results were
normalized to 0.5 mmol of xanthene (la) (as the starting
material) for easy comparison. Figure 2 clearly indicates that
the Nig sMn, 4(OH),-9S catalyst developed in the current work
outperforms all of the PGM-containing and PGM-free catalysts
in the literature by affording xanthone (1b) with >99%
conversion and 96% isolated product yield using the lowest
catalyst amount (i.e, 7 mg) at the lowest O, pressure (ie., 1
bar) and at one of the lowest reaction temperatures (i.e, 353
K). Furthermore, unlike some of the high-performing catalysts
given in Figure 2, which require inclusion of various additives,
promoters, or performance boosters (labeled with “*” in Figure
2), the Nip Mn, 4(OH),-9S catalyst does not require the use of
any additives, rendering it economically and ergonomically the
most preferable catalyst. In some other cases, high performance
was obtained by refluxing of the solvent, which is also not
required for Ni; ¢Mn, 4(OH),-9S.

3.1.7. Time-Dependent Aerobic Xanthene Oxidation with
NigsMn, 4(OH),-9S in n-Heptane. In the next stage of our
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Table 1. Scope of the C—H Oxidation and Alcohol Oxidation Reactions Catalyzed by Ni,sMn,,(OH),-95"
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“Reaction conditions: 0.50 mmol of substrate, 1 bar O,, 24 h. bn—Heptane (2 mL) and 353 K. “n-Octane (2 mL) and 383 K. Isolated product yields

refer to yields obtained after purification by column chromatography.

studies, we examined the kinetic behavior of the xanthene
oxidation catalyzed by Ni;¢Mng,(OH),-9S to investigate the
time dependence of the conversion values. In separate identical
reactor vessels, the catalytic mixture containing 7 mg of the
Nio.éMn0.4(OH)y—9S catalyst, xanthene (la), and n-heptane
was heated at 353 K, and conversion values were determined at
6,12, 18, and 24 h. It was found out that the reaction proceeds
in a very fast manner with more than 80% conversion in the
first 6 h of the reaction, whereas it reaches almost full
conversion (96%) at the end of 12 h (Figure S2).

3.2. Aerobic Oxidation of Other Alkylarenes and
Alcohols Catalyzed by NiggMng,(OH),-9S. To demon-
strate that the remarkably high activity of the Nio_ﬁMnOA(OH)y-
9S catalyst developed in this work was not limited only to the
oxidation of xanthene (1a), we tested its performance in the
aerobic oxidation of other alkylarenes and alcohols. Initially,
C—H oxidation of 9H-fluorene (2a) was achieved by using 20
mg of catalyst per 0.50 mmol of substrate at 353 K, and the
oxidation product 9H-fluoren-9-one (fluorenone, 2b) was
observed to form with >99% conversion (Table 1, entry 2).
Isolation of the product by flash column chromatography gave
pure product 2b in 99% yield, demonstrating an excellent
agreement between isolated product yield and conversion

18860

value determined by '"H NMR spectroscopy. These results
underscore the high catalytic performance of the optimized
Nio_éMnol4(OH)y-9S catalyst compared to the activity of a
recently reported NiMn LDH catalyst that requires 100 mg of
catalyst per 0.5 mmol of substrate at a higher reaction
temperature (i.e, 393 K) in similar C—H oxidation reactions
(Figure 2 and Table S4).°° When a relatively less reactive
substrate, diphenylmethane (3a), was used along with the
same catalyst loading at a slightly higher temperature (383 K),
the oxidation product benzophenone (3b) was obtained with
92% conversion and an isolated product yield of 94% (Table 1,
entry 3). After the successful demonstration of the newly
developed catalytic protocol for the oxidation of doubly
benzylic C—H bonds, we next turned our attention to the
oxidation of isochroman (4a), which possesses two different
types of benzylic C—H bonds. As a result of the oxidation of
isochroman derivatives, isochromanones can be obtained.
These latter chemicals are significant scaffolds in a variety of
natural products with important biological activities.”' Gratify-
ingly, the optimized conditions were also observed to be
effective for the oxidation of isochroman (4a), and the
formation of isochromanone (4b) was attained with high
conversion (96%) and high yield (96%) by using a catalyst
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loading of 20 mg and 0.5 mmol of substrate at 383 K (Table 1,
entry 4). This result also underscores that the newly developed
catalytic method can be applied to the C—H oxidation of
heterocyclic compounds as well. Additionally, the formation of
compound 4b with complete selectivity shows that this
catalytic protocol can be employed for the synthesis of
lactones by oxidative functionalization at the a-C—H bonds of
cyclic ethers. Of particular note is the complete lack of catalytic
activity of the previously reported NiMn LDH catalyst in the
oxidation of isochroman (4a) even after 48 h.*’

With the successful demonstration of catalytic C—H
oxidation reactions, we next investigated the effectiveness of
the NigsMn,,(OH),-9S catalyst on the oxidation of primary
and secondary alcohols. When diphenylmethanol (3c) was
tested as a benzylic alcohol substrate, oxidation product
benzophenone (3b) was obtained with an excellent yield
(99%) by using 10 mg of the catalyst at 353 K (Table 1, entry
5). The reaction of DL-sec-phenethyl alcohol (Sa) with 30 mg
of the catalyst at 353 K afforded acetophenone (Sb) in
excellent conversion (>99%) and high yield (93%; Table 1,
entry 6). We next focused on the catalytic oxidation of a
benzylic primary alcohol. For this purpose, 4-methylbenzyl
alcohol (6a) was oxidized in the presence of 30 mg of the
Nio'ﬁMn0'4(OH)y—9S catalyst and 1 bar O,(g) at 383 K, and p-
toluic acid (4-methylbenzoic acid, 6b) was obtained with
>99% conversion and 96% yield (Table 1, entry 7). It should
be noted that oxidation of this substrate occurred selectively on
the primary alcohol part rather than the benzylic —CHj; group.

3.3. Mechanistic Studies. To shed light on the details of
the mechanism of the NiO'éMn0‘4(OH)y—9S catalyzed oxidation
reactions, several control experiments were performed. First,
the oxidation of fluorene (2a) was tested under the same
reaction conditions but in the absence of any catalysts to justify
that the presence of the catalyst is crucial for the activation of
molecular oxygen and/or the reactant. In agreement with our
expectations, the conversion of fluorene (2a) to fluorenone
(2b) under these conditions was less than <1%, demonstrating
the requisite role of the catalyst for the oxidation reaction
(Scheme 1a). In a second set of control experiments, the
oxidation of fluorene (2a, 0.50 mmol) was run under an inert
atmosphere of N, using 20 mg of the Niy¢Mny,(OH),-9S
catalyst at 353 K for 24 h. The solvent was deoxygenated by
the freeze—pump—thaw technique to minimize the amount of
molecular oxygen in the reaction medium. This experiment
was run in duplicate and resulted in an average of 11%
conversion to the ketone product 2b and 3% conversion to the
dimerization product 7, whereas 87% of the reactant fluorene
(2a) remained intact, demonstrating the significance of
molecular oxygen for the oxidation process (Scheme 1b).
The small amount of ketone formation may be due to the
incomplete deoxygenation of the solvent or the penetration of
adventitious oxygen to the reaction mixture.

Observation of the formation of the dimerization product 7
is important and reveals valuable insights on the reaction
mechanism. This is because the dimerization product 7 can
only be obtained by the homocoupling of the radical
intermediate 8 in which this radical is formed by a hydrogen
atom abstraction from the starting material at the beginning of
the reaction. Then, intermediate 8 may react with the activated
molecular oxygen to form the corresponding oxidation
product, whereas in the absence of oxygen, it has to react
with itself to construct 9H,9’H-9,9’-bifluorene (7). It should
also be emphasized that the formation of the dimer 7 was not
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Scheme 1. Effect of (a) the NijsMn,,(OH),-9S Catalyst and
(b) Oxygen on the Reaction Outcome
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seen in any of the previous experiments involving molecular
oxygen as the sole oxidant, in agreement with one of our recent
studies where we utilized LaMnO; (ie, perovskite-type)
catalysts for the aerobic oxidation reactions.

Note that additional control experiments were also carried
out in the absence of a catalyst by using xanthene (1a),
fluorene (2a), and diphenylmethane (3a) as substrates and
NaOH or KOH as Brensted basic catalysts (Table SS). As
expected, these control experiments lacking any bimetallic
hydroxide catalysts also did not reveal any significant extent of
products.

3.4. Elucidating the Rate-Determining Step in
Fluorene Oxidation via Kinetic Isotope Effect Experi-
ments. In an attempt to gain insight on the rate-determining
step of the catalytic C—H oxidation reaction, kinetic isotope
effect experiments were carried out.’> First, commercial
fluorene (2a) was isotopically labeled with deuterium at the
9-position by treatment with NaH in DMSO-dg followed by
quenching with D,0.> Following this protocol, fluorene-d,
(9) was obtained with 98% deuterium incorporation and in
92% vyield after purification. Then, a 1:1 mixture of fluorene
(2a) and fluorene-d, (9) was subjected to the optimized
reaction conditions as a set of two runs using 20 mg of the
Niy ¢Mng,(OH),-9S catalyst (Scheme 2). This provided an

Scheme 2. Kinetic Isotope Effect Experiments in Aerobic
Fluorene Oxidation

H _H
.
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environment in which C—H and C—D bond functionalization
occurred under identical conditions to give more reliable
results. The reactions were quenched after 10 min at ca. 30%
conversion to stay in the kinetic region. The % consumption
values of fluorene (2a) and fluorene-d, (9) were determined
by a careful "H NMR spectroscopic analysis. The average value
of the ratio of the nondeuterated to deuterated reaction rate
constants (i.e., ky/kp) was found to be 5.7, which was clearly
indicative of the presence of a primary kinetic isotope effect
(1° KIE) in the reaction.’® Therefore, it can be interpreted that
the rate-determining step or the product-determining step of
the catalytic oxidation reaction directly involved the scission of
a C—H bond. The average '"H NMR yield for fluorenone (2b)
was determined as 33% when 1,3,5-trimethoxybenzene was
used as an internal standard under these conditions.

3.5. Structural Characterization of the Bimetallic
Hydroxide Catalysts. Two different polymorphs (ie, a-
and f-layered double hydroxide, LDH crystallographic phases)
of Ni(OH), have been reported in the literature (Figure
3a,b).*” ATR-IR spectroscopic investigation of the —OH
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Figure 3. Crystal structures of (a) pure f-Ni(OH), and (b) pure a-
Ni(OH), layered double hydroxide (LDH) phases and (c) illustration
of the possible variations in the interlayer spacings and a/f-
interstratification in the Ni,,Mny(OH)y-nS catalysts containing both
a- and f-LDH phases.*

vibrational features observed within 3000—4000 cm™ can be
useful to distinguish between these different Ni(OH),
polymorphs. This is mostly due to the fact that the a-
Ni(OH), phase reveals an LDH structure (Figure 3b), where
water molecules are incorporated in between the adjacent
nickel hydroxide layers that are separated by a wide distance
(note that the separation between the Ni** cation layers in the
a-Ni(OH), lattice structure is ca. 8.0 A)*’ and can undergo H-
bonding that results in a broad and a convoluted vibrational
spectroscopic signature within 3000—3600 cm™'.>° In the a-
Ni(OH), structure, water molecules between the layers are not
located at fixed sites and may rotate and/or translate in the ab-
crystallographic plane. Thus, the a-Ni(OH), structure is
known to reveal a turbostratic nature, where relative
orientations of the layers are random along the ab-crystallo-
graphic plane.*

In contrast, the f-Ni(OH), phase (Figure 3a) lacks any
interlayer water molecules in its lattice system and possesses an
LDH structure with a narrower separation of 4.6 A* between
the Ni** cation layers, revealing isolated hydroxide sites that
cannot engage in H-bonding. As a result, the f-Ni(OH), phase
exhibits sharp and blue-shifted vibrational spectroscopic
features located within 3200—-3600 cm™.° Obviously, Ni-

(OH), structures containing both @- and f-phases (Figure 3c)
yield a combination of these aforementioned —OH vibrational
spectroscopic signatures.

Figure 4a,b presents the ATR-IR spectra corresponding to
the Ni,Mn,_,(OH),-6S catalysts given in Figure 1b that were
used in the optimization of the nominal Ni/Mn cation ratio in
the catalyst formulation. It can be inferred from Figure 4a that
Ni,Mn,_,(OH),-6S catalysts with x < 0.7 predominantly
exhibit a bimetallic @-LDH phase. On the other hand, a higher
Ni content, i, 0.8 < x < 0.95, leads to the presence of both
bimetallic @- and f-LDH phases, whereas the monometallic
Ni(OH),-6S catalyst synthesized in the current work mostly
reveals the monometallic f-LDH phase. Vibrational features
observed in Figure 4 are consistent with the characteristic
vibrational signatures of metal hydroxides. Namely, the lowest
frequency peaks at 437 and 473 cm™' in Figure 4b can be
attributed to typical “Al, + acoustic mode” combination
signals, whereas the next set of slightly higher frequency
features present in Figure 4b,d at 504, 525, and 596 cm™" can
be assigned to E, + A,, (TO) or E, + E, (TO) combination
modes.>® Bands at 947 and 1067 cm ™! are ascribed to E, (LO)
O—H bending modes, and the vibrational signatures at 1358
and 1450 cm™! are due to E; + Ay, (TO) combination bands.*
The weak feature at 836 cm™' is tentatively assigned to
MnO(OH) minority species.’® Finally, the peak at 1630 cm™
is associated with adsorbed water molecules on the surface of
the metal hydroxide catalysts.>> In addition, current XRD
analysis suggests that in the absence of Ni, Mn;O, phases are
also formed. Thus, in the absence of Ni (Figure 4a,b),
contribution from Mn;0, phases to the ATR-IR spectra is also
likely.

Figure 4c,d depicts the ATR-IR spectra for
NigMng 4(OH),-nS catalysts prepared via the chemical
precipitation method using various NaOH(aq) concentrations
that were used in the catalyst optimization series given in
Figure lc. It can be inferred from Figure 4c that
Ni; ¢Mng ,(OH), synthesized with NaOH(aq) concentrations
of 1S, 3S, and 6S predominantly exhibit a bimetallic a-LDH
phase. On the other hand, higher concentrations of NaOH(aq)
lead to the presence of both bimetallic a- and $-LDH phases.

ATR-IR data shown in Figure 4 are quite informative as they
clearly indicate that by carefully controlling the nominal Ni/
Mn cation ratio and the NaOH(aq) concentration used in the
synthesis, one can readily fine-tune the (a) relative extents of
a- and B-LDH phases, (b) interlayer separations in the LDH
structure, (c) presence/absence of interlayer water molecules,
and (d) nature of the hydrogen bonding interactions in the
interlayer region. These important structural factors may have
a direct impact on the coordination/oxidation state of the
transition metal active sites; adsorption/desorption strengths
of reactants, intermediates, and products; as well as their
corresponding kinetics associated with adsorption, desorption,
and transport. This critical structural versatility can presumably
be an efficient strategy to customize 2-D mixed metal double
hydroxide systems to target particular reactants in a variety of
other catalytic reactions. In this respect, we propose that
intercalation of the a-LDH layers with molecules possessing
relatively flat geometries may play a role in the success of our
newly developed catalytic oxidation method. Indeed, inter-
calation of r-proline as an organocatalyst”” and titanium
tartrate as a metal complex catalyst™® in LDH hosts has been
utilized successfully by others as a catalyst immobilization
strategy.”” Moreover, 9-methylanthracene, another flat mole-
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Figure 4. ATR-IR spectra for (a, b) Nianl,x(OH)y-6S catalysts (0 < x < 1) and (¢, d) NiO.6MnO‘4(OH)y catalysts prepared with NaOH(aq)
concentrations of nS (1 < n < 15). Catalysts were washed six times after the synthesis.

cule with an aromatic backbone, was shown by single-crystal X-
ray crystallography to be incorporated into a cleft formed by
two aromatic groups of a supramolecular host with a separation
of ca. 7 A® Therefore, an NiovéMn0.4(OH)y-9S interlayer
distance of ca. 9 A that can be estimated using the LDH XRD
signal at 20 = 19.2° observed in Figure S is expected to be
geometrically suitable for the entrance of the aromatic
reactants to the interlayer space. As can be seen in Table S6,
the average pore diameter of the currently optimized
Nig ¢Mn4(OH),-9S catalyst is ca. SO A, which is also
sufficiently large to accommodate the relevant reactants.
Thus, from a strictly geometric point of view, currently studied
substrates may be accommodated on the external surface, in
the pores, as well as the in the interlayer spacings of the LDH
structure. Although we do not have a particular experimental
method in our repertoire that can conclusively yield the precise
location of the catalytic active sites, on the basis of the unique
rotational faults in its f3-Niy¢Mny,(OH), domains and its
distinct @/f-NigsMn,,(OH), interstratification disorders, it is
likely that interlayer spacings could be contributing to the
reactivity, in addition to the other conventional catalytic active
sites existing on the external surface of the Nio_éMn0'4(OH)y—9S
nanoparticles. Accordingly, it is apparent that the ultimately
optimized catalyst for the xanthene (la) oxidation in the
current work (NigsMny4(OH),-9S) contains a unique
combination of a predominantly bimetallic a-LDH phase
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with a minor but detectable contribution from a bimetallic j-
LDH phase.

Furthermore, catalytic inhibition/poisoning of the currently
investigated bimetallic hydroxide catalysts can also be (at least
in part) explained in light of their layered double hydroxide
interlayer structure. For instance, poisoning of the
Nlo sMny 4(OH) -9S catalyst due to the presence of residual

a" and CI™ ions (Table S2) can be associated with the
disruption of the interlayer spacings due to the ion exchange
between the LDH cations/anions and Na'/Cl™ ions. For
instance, substitution of OH™ ions having an ionic radius of
1.37 A% with CI~ ions possessing a larger ionic radius of 1.81
A% s likely to cause structural alterations in the interlayer
spacings and a/f-interstratification.

XRD data of the LDH systems can provide valuable insights
on the different types of structural disorders existing in the
crystal structure. Strong intralayer interactions between cations
and anions within the LDH sheets along with the relatively
weaker interlayer interactions between these layers result in
well-known structural disorders.*” Stacking fault disorders in
the /-LDH phase such as rotations of the layers about the
crystallographic ¢ axis or translation of these layers within the
ab-crystallographic plane (note that rotational/translational
stacking faults are not relevant for a-LDH phases as these
phases are already turbostratic in nature with randomly
oriented layers) as well as a/f-interstratifications were
reported to have different characteristic effects on the
measured XRD signals of metal hydroxides.*” Accordingly,
rotational stacking faults between the B-LDH phase layers
result in selective line broadening in XRD peaks without a peak
shift, as they occur along the direction of the crystallographic ¢
axis.”” Broadening due to the stacking faults is typically
observed for the (001), (101), and (111) XRD signals of f-
Ni(OH), located at ca. 20 = 19.3, 38.6, and 62.8°,
respectively.” However, in the case of a/f-interstratifications,
relevant XRD signals undergo both peak shifts and peak
broadenmg

Figure Sa,b shows the effect of the nominal Ni/Mn metal
cation ratio on the crystal structure of the Nian(l_x)(OH)y—6S
catalysts whose catalytic performance results are presented in
Figure 1b. On the basis of the XRD data presented in Figure
Sa,b, it can be stated that for x = 1, the Ni(OH),-6S catalyst
exhibits a monometallic f-LDH phase (ICDD PDF Card No.
04-016-0358), whereas with the decreasing Ni loading in the
bimetallic hydroxide structure (i.e., for 0.8 < x < 0.95), both
bimetallic a-LDH" and bimetallic f-LDH phases start to
appear. This is evident by the observation of peak shifts in the

XRD signals of Ni,Mn,_ x)(OH) -6S for 0.8 < x < 0.95 toward
higher 20 values (Figure Sb) as compared to those of f-
Ni(OH),-6S, indicating the formation of a/f-interstratifica-
tions in Nian(l_x)(OH)y—6S (0.8 < x £ 0.95). Furthermore,
the additional broadening of the XRD signals and the
decreasing XRD signal intensities for 0.8 < x < 1 (Figure
Sa.b) are also consistent with the increase in the extent of the
turbostratic (and thus relatively disordered) blmetalhc a-LDH
phase present in the Ni,Mn,_,)(OH),-6S structure.”

On the other hand, a further decrease in the Ni loading (i.e.,
within 0.6 < x < 0.7) results in the observation of a mostly
bimetallic @-LDH phase with only minor contributions from a
bimetallic f-LDH phase. It is worth mentioning that for x = 0.5
(Nig sMng s(OH),-6S), in addition to a- and f-
Nip sMn, s(OH), phases, the presence of a monometallic
MnO(OH) phase (ICDD PDF Card No. 00-018-0804) is also
likely. Finally, in the case where Ni is completely removed
from the LDH structure, the catalyst denoted as Mn(OH),-6S
(or x = 0) reveals Mn;O, (ICDD PDF Card No. 04-005-9818)
and MnO(OH) phases. It should be noted that XRD data
described above are also in good agreement with the current
ATR-IR data (Figure 4a).

Figure Sc,d shows that Nig¢Mng,(OH), synthesized with
NaOH(aq) concentrations of 1S—15S "exhibit a mostly
bimetallic a/f-LDH phase (evident by the characteristically
broad diffraction features with low intensities due to the
disordered turbostratic structure of bimetallic a-LDH phase),
as well as a minor contribution from monometallic /-
Mn(OH),. On the other hand, in the case of 9S, 12S, and
15S, the sharpening and growth of the XRD signals suggest
enhanced crystallographic ordering and a greater contribution
from the bimetallic #-LDH phase in addition to bimetallic a-
LDH and monometallic -Mn(OH), phases. Hence, it is
apparent that the ultimately optimized Nio'6Mn0.4(OH)y—9S
catalyst possesses a layered double hydroxide structure
containing not only particular rotational faults in its p-
Niy ¢Mny. 4(OH) domains but also distinct a/f-
Ni, ¢Mn,, 4(OH) 1nterstrat1ﬁcat10n disorders in addition to a
smaller contrlbutlon from f-Mn(OH),.

Figure 6a shows the BET SSA measurements for
Ni,Mn,_,(OH),-6S catalysts synthesized with various nominal
Ni/Mn cation ratios whose catalytic performance results are
presented in Figure 1b. Figure 6a suggests that Mn(OH),-6S
possesses the lowest SSA value of 24 m*/g, whereas Nl(OH)2
6S has the highest BET SSA value of 179 m 2/ g, suggesting that
increasing the Ni content in the mixed metal hydroxide
structure typically increases the SSA value. For a NaOH(aq)
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Figure 7. TEM images of (a) Ni(OH),-3S synthesized by the solvothermal method and (b, c) NiovéMno'4(OH)y-9S catalysts prepared via the
chemical precipitation method. (d) TEM image; (e—h) EDX elemental mapping for O, Ni, Mn, and Cl; and (i) EDX atomic percentages. XPS
surface atomic composition values for (j) Nianl_x(OH)y—(SS catalysts (0 < x < 1) and (k) Nio,éMn(M(OH)y—nS catalysts (1 < n < 15). Catalysts

were washed six times during synthesis.

concentration of 6, the catalyst showing the highest xanthene
(1a) oxidation activity (Figure 1b) is NipsMny4(OH),, which
exhibits an SSA of 120 m?/g (Figure 6a). Data given in Figure
6a point to the fact that SSA is not the foremost structural
property governing the ultimate catalytic reactivity because the
catalyst with the highest SSA of 179 m*/g (i.e, Ni(OH),-6S)
has a lower activity than that of NiysMn,,(OH),-6S.

Figure 6b presents the BET SSA values for the catalyst
optimization series given in Figure lc. As can be seen in Figure
6b, Nio,éMnOA(OH)y-lS has the highest SSA value (129 m?/g),
which is consistent with the extremely broad XRD peaks
observed for this catalyst (Figure 5d) indicating poor structural
order and a large number of structural imperfections/defects. It
is apparent that a NaOH(aq) concentration of 1S is not
sufficient for the establishment of sufficiently organized
bimetallic a- or f-LDH phases, limiting the corresponding
catalytic reactivity despite a very high SSA. It can be realized
that for higher NaOH(aq) concentrations than 1S,
Ni; ¢Mng,(OH), catalysts show a volcano-type plot, where
the SSA maximizes at 9S. Thus, it can be argued that for
NaOH(aq) concentration >1S, bimetallic &/f-LDH domains
can be constructed in an effective manner, and increasing the
base concentration up to 9S leads to the efficient hydroxylation
of the metal hydroxide layers and possibly exfoliation of the 2D
metal hydroxide layers resulting in increasing SSA. For
excessive NaOH(aq) concentrations greater than 9, the
strongly basic medium starts to influence the catalyst structure
in a detrimental manner by altering the different phases/
domains as shown in the current XRD (Figure Sc,d) and ATR-
IR (Figure 4c,d) results. In addition, excessive hydroxylation of
the catalyst surface at NaOH(aq) concentrations >9S can also
lead to the poisoning of the active metal cations on the surface
by blocking these sites via —OH adsorption.

Figure 7a shows the highly ordered two-dimensional (2D)
nanoplatelets of Ni(OH),-3S prepared via the solvothermal
method exhibiting a well-defined hexagonal structure. TEM
images of the optimized NiygMng4(OH),-9S catalyst illus-
trated in Figure 7b,c reveal a unique morphology where a
layered and 2D structure is also visible. On the other hand, 2D-
Nio‘éMn0,4(OH)y-9S nanoparticles show a poorly defined and
rather disordered hexagonal/polyhedral geometry with diam-
eters typically ranging between ca. S and 80 nm. Structural
information deduced from TEM images (Figure 7b,c) is also
consistent with the corresponding XRD data (Figure Sc,d)
suggesting the presence of an LDH crystal structure possessing
multiple crystallographic phases with various types of structural
defects.

TEM/EDX analysis of the optimized Niy¢Mng,(OH),-9S
catalyst (Figure 7d—i) verifies the presence of both Ni and Mn
in the catalyst composition, where the atomic concentration
ratio of Ni/Mn was found to be 20.8:12.4, which corresponds
to a stoichiometry of Ni0.63Mn0.37(OH)y, in excellent agree-
ment with the nominal metal precursor loading used in the
synthesis (i.e, NijgMng,(OH),). EDX data also clearly
indicate that the chloride ions of the metal precursors are
almost entirely eliminated from the catalyst structure, whereas
Ni and Mn species are distributed rather uniformly on the 2D
nanoplatelets.

Detailed surface atomic compositions of the synthesized
mixed metal hydroxide samples were also investigated via XPS
(Figure 7j,k). Figure 7j presents the surface atomic
compositions for the catalyst optimization series given in
Figure 1b and reveals that with the increasing nominal Ni
precursor concentration used in the synthesis, surface
concentrations of Ni and O atoms monotonically increase
whereas Mn surface concentration typically decreases.
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Furthermore, Figure 7k shows that varying NaOH(aq)
concentrations used in the synthesis does not yield a clear
trend in the surface atomic composition of the elements
present on the catalysts. However, NaOH(aq) concentrations
of 1S, 3S, and 68 are apparently not sufficient to remove all of
the chloride ions originating from the metal precursors, and
the complete chloride removal is observed for NaOH(aq)
concentrations >9S.

Comprehensive XPS measurements were carried out to
investigate the electronic structural changes for the catalysts
used in the catalytic performance optimization series given in
Figure 1b,c, and these XPS data are presented in Figure S3a—c
and d—f, respectively. The complex nature of the Ni2p XPS
spectra of oxidized and hydroxylated Ni systems has been
discussed in detail in the literature by Biesinger et al.®" In this
former report, it was reported that because of the (a) spin—
orbit splitting, (b) asymmetric nature of the Ni2p;/, and
Ni2p,,, features, (c) presence of additional satellite and
multiplet splitting features, (d) need for complex Shirley
background offsets, and (e) possible existence of a large
number of different Ni species (e.g, Ni, NiO, a/#-Ni(OH),, v/
S-NiOOH, etc.), making precise assignments regarding the
chemical environment of Ni species can be often challenging.
Thus, rather than attempting a full spectroscopic analysis, in
the current work, we will only provide tentative assignments
regarding the Ni 2p XPS data. Figure S3a shows that general
aspects of the Ni2p spectra belonging to the Nian1—x(OH)g'
6S catalysts (0 < x < 1) agree with an LDH structure.”’
Whereas the Ni2p,/, feature of the Ni(OH), (ie, x = 1)
catalyst at 855.0 eV can be predominantly attributed to a f-
Ni(OH), structure (which is also supported by the current
ATR-IR and XRD results given in Figures 4 and 5,
respectively), the presence of a minor amount of NiOOH
along with an even smaller extent of NiO cannot be ruled out.
As can be seen in Figure S3a, incorporation of Mn to the
Ni(OH), LDH structure results in ca. +0.3 eV shift in the
Ni2p;;, signal, which may presumably suggest either an
increase in the relative extent of the LDH domains (ie, a
decrease in the extents of metal oxide and metal oxyhydroxide
domains) or an increase in the oxidation state of Ni species.
Figure S3a clearly illustrates that Mn incorporation leads to
alterations in the chemical environment of Ni species and the
associated electronic structure of the Ni sites.

Corresponding Mn2p XPS spectra of the Ni,Mn,_,(OH),-
6S (0 < «x < 1) catalysts are presented in Figure S3b. Some of
the aforementioned complications regarding the interpretation
of the Ni2p XPS spectra discussed above are also partly valid
for the Mn2p XPS spectra. In accordance with previous
studies®” on Mn-doped Ni(OH), nanostructures, Figure S3b
depicts that small loadings of Mn (i.e., x = 0.95—0.90) result in
an extremely broad and convoluted Mn2p envelope that may
be attributed to the presence of Mn*', Mn*, and Mn**
species.63_66 Increasing Mn loading within 0.5 < x < 0.85
leads to a convoluted Mn2p feature centered at ca. 642.3 eV
that can be attributed to the presence of mostly Mn*" with a
small extent of Mn>* sg)ecies and a much smaller contribution
from Mn?* species.””~°® Furthermore, in the absence of any Ni
(i.e., for x = 0 or Mn(OH),), the Mn2p XPS spectrum reveals
features that can be ascribed to mostly Mn** and Mn®*
species.”” " This is also in agreement with the observation
of Mn;0, and MnO(OH) phases for this sample in the current
ATR-IR and XRD measurements as shown in Figures 4 and 5.
It is worth mentioning that the Mn3s XPS spectrum can also

provide further ins (g7ht regarding the average oxidation state
(AOS) of Mn sites.”” It is well known that Mn3s signals have
two distinct multiplet split components due to coupling of the
nonionized 3s electron with 3d valence-band electrons
resulting in peak splitting values (i.e, A) varying in correlation
with the Mn oxidation state (e.g, A = 6.0, 5.3, and 4.7 €V for
MnO/Mn**, Mn,0;/Mn*, and MnO,/Mn*, respectively).
Accordingly, AOS of the Mn species can be estimated using
the Mn3s splitting energies using the following equation: AOS
= 895 — 1.13A.” Because of the weaker XPS cross section of
the Mn3s features as compared to that of Mn2p features,
utilizing Mn3s signals for the catalysts with relatively low Mn
loadings is difficult. Thus, we estimated the Mn AOS values for
the catalyst where we can detect Mn3s features with high
analytical confidence such as NioléMn0_4(OH)y—9S (Figure
S4a,b). These results indicate that the AOS of Mn species
for the Niy¢Mng,(OH),-9S catalyst is +3.4, which is in very
good agreement with the general interpretation of the
corresponding Mn2p XPS signals suggesting the presence of
mostly Mn** and Mn** species and a smaller contribution from
Mn** species.

Ols XPS data for the Nianl_x(OH)y—6S (0<x<1)
catalysts depicted in Figure S3c indicate that Ni(OH), (i.e., for
x = 1) reveals a broad and convoluted Ols peak centered at
530.2 that can be associated with predominantly S-Ni(OH),
and, to a lesser extent, NiOOH and NiO domains.
Incorporation of Mn to the LDH structure (0.85 < x <
0.95) yields a Ols B.E. shift of +0.5 eV, which is consistent
with the coexistence of bimetallic a/f-LDH phases with
different —OH functionalities and dissimilar hydrogen bonding
structure as suggested by the current ATR-IR and XRD results
presented in Figures 4 and 5, respectively. Finally, for
Mn(OH), (ie, x = 0) containing Mn;O, and MnO(OH)
phases, the O1s XPS spectrum displays two features composed
of a major signal at 529.9 eV and a minor feature of 531.3 eV
that can be associated with —OH/O?" species coordinated to
Mn* and Mn?* centers,”*~®® respectively.

XPS data for the catalytic performance optimization series
shown in Figure Ic for the Nio'éMnM(OH)y-nS (1<n<15)
catalysts are given in Figure S3d—f. Ni2p XPS data presented
in Figure S3d suggest that increasing the NaOH(aq)
concentration in the synthesis protocol from 1S to 9S has a
limited influence on Ni2p B.E. However, a further increase in
the NaOH(aq) concentration to 12S and 1S5S results in a Ni2p
B.E. shift of —0.3 eV (i, from 855.4 to 855.1 eV) that is
consistent with the formation of NiO domains,®* indicating the
partial destruction of the bimetallic LDH structure. An
analogous behavior is also observed for the Mn2p XPS spectra
of these catalysts (Figure S3e) illustrating the formation of
shoulder features at 638.4 and 647.6 eV that can be attributed
to Mn2p;,, and its satellite signals originating from MnO
species.”~%° Corresponding Ols XPS spectra (Figure S3f)
also exhibit a consistent trend demonstrating the formation of
a low B.E. Ols shoulder signal (529.4 eV) at elevated
NaOH(aq) concentrations that can be attributed to the partial
transformation of hydroxide surface functionalities (531.0 eV)
into oxide functionalities. Hence, catalytic activity loss
observed in Figure lc for extremely high NaOH(aq)
concentrations can also be linked to the partial transformation
of the bimetallic LDH structure into separate NiO and MnO
surface domains. Mn AOS values that can be extracted from
the corresponding Mn3s XPS spectra for the NiyMn 4(OH),-
nS (1 < n < 1S) catalysts (Figure S4) indicate that for the
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extremely low NaOH(aq) concentration of 1S, the Mn AOS
value is obtained as +3.3, whereas this value increases to +3.4
for the optimum NaOH(aq) concentration of 9S and then
reaches +3.6 for an extreme NaOH(aq) concentration of 15S.
These results illustrate that an average Mn oxidation state of
+3.4 leads to the optimum catalytic performance in the aerobic
oxidation of xanthene (la) to xanthone (1b) on
Ni, ¢Mng ,(OH),-nS (Figure lc).

3.6. Catalyst Reusability and Regeneration Studies.
In an attempt to test the stability of the optimized catalyst in
alkylarene oxidation reactions, catalytic reusability and
regeneration experiments were conducted on the optimized
Ni ¢Mng 4(OH),-9S catalyst (Figure SSa,b).

Catalytic reusability experiments were carried out in the
oxidation of fluorene (2a) by running the catalyst in
consecutive catalytic cycles without regeneration. Whereas a
high degree of conversion (>99%) to fluorenone (2b) was
obtained in the first catalytic cycle, the catalytic activity
dropped significantly in the second and third consecutive
cycles (61 and 19% conversion, respectively, Figure SSa).
These results led us to carry out a regeneration protocol to
attain high catalytic performance in the subsequent cycles.

Thermal regeneration of the used catalyst in an inert
atmosphere can be utilized to eliminate the adsorbates and
catalytic poisons that may reside on the catalyst surface after a
catalytic run. TGA analysis can be quite informative to avoid
any losses in the structural integrity of the catalyst during the
thermal regeneration protocol. Weight loss events observed in
the TGA experiment presented in Figure S6 can be divided
into four stages. In the first stage, a weight loss of 5.2% was
detected at 375 K. The second stage led to a 11.4% weight loss
at 573 K. The third and fourth stages corresponded 1.7 and
2.1% weight losses at 686 and 897 K, respectively. These four
different stages of weight loss can be explained using the
former literature studies.”” The first stage can be attributed to
the removal of chemisorbed water from the surface, whereas
the second stage can be linked to the desorption of some of the
interlayer water molecules. The third stage is associated to the
dehydroxylation process, followed by the fourth stage where
the metal hydroxide phase is completely dehydroxylated and
probably transformed into various oxide phases. With this in
mind, we decided to choose 573 K (i.e., a temperature between
the second and third weight loss stages in the TGA data) as the
regeneration temperature in an attempt to preserve the
structural integrity of the material while thermally removing
unwanted species from the catalyst surface for the rejuvenation
of the material. As shown in the ATR-IR spectroscopic data
presented in Figure S7a, although this regeneration procedure
leads to some loss in the interlayer water molecules, it does not
result in the complete dehydration of the interlayer water, as
evidenced by the presence of a broad —OH vibrational
signature within 3000—3500 cm™" after regeneration.

The regeneration protocol was composed of annealing the
spent catalyst at 573 K for 6 h (before the second cycle) and
for 15 h (before the third cycle) both under 100 sccm 99.999%
Ar(g) flow in a tube furnace. Figure SSb clearly shows that the
currently utilized regeneration protocol allows complete
recovery of the initial catalytic activity after the three
consecutive catalytic runs.

To understand the effect of the regeneration protocol on the
spent catalyst, ATR-IR spectroscopic studies were conducted
on the fresh, spent, and regenerated NijsMng4(OH),-9S
catalyst with the aim of investigating the functional group

changes occurring on the catalyst surfaces after reaction and
subsequent regeneration steps (Figure S7a).

Assignment of the vibrational features in the ATR-IR spectra
given in Figure S7a can be made by using the conventional
infrared signatures of common organic functional groups.”®®’
Spectral features at 1045 and 1100 cm™' can be assigned to
—C(sp*)-O stretching, whereas the IR signals at 1148 and
1230 cm™ can be attributed to —C(sp*)-O stretching.
Carbonate features were also observed at 1449 and 1545
cm™!. On the other hand, the feature seen at 1703 cm™! can be
assigned to —CH or —CH, bending modes. Spectral features
within 2845—3053 cm™ can be attributed to aliphatic —CH,
stretching. Figure S7a suggests that after the utilization of the
catalyst, various organic residues are deposited on the spent
catalyst surface, blocking and poisoning the catalytic active
sites. With the help of the control ATR-IR spectroscopic
experiments (Figure S8), where we obtained the IR spectra of
fluorene, heptane, acetone, and fluorenone and compared
them with the IR spectrum of the spent catalyst, it can be
realized that the spent catalyst contained adsorbed fluorene
(reactant), n-heptane (solvent), and fluorenone (product). On
the other hand, most of these poisoning species can be
eliminated after the regeneration protocol.

In addition to ATR-IR studies, XPS studies were also carried
out (Figure S7b—d and Figure S9) to investigate the oxidation
state changes occurring on the surface atoms of the
Nio'éMno_4(OH)},—9S catalyst after the reaction and after
undergoing regeneration protocols. Note that XRD analysis
of fresh and spent NigsMn,,(OH),-9S catalysts (Figure S10)
revealed no significant changes in the bulk crystallographic
structure of the catalyst. Figure S7d shows that the average Mn
oxidation state of the pristine catalyst decreases from +3.4 to
+3.1 after each catalytic run (i, spent catalyst) and then
increases to +3.5 when it is consecutively regenerated. This
indicates that with regeneration, the average oxidation state of
surface Mn species on the catalyst can be restored to its initial
state. Additional XPS data regarding the changes in the Ni2p,
Ols, and Cls spectra obtained at various stages of the
regeneration experiments can be found in Figure S9. It is likely
that the relatively high average oxidation state of Mn cations
(e, +3.5) and the persistence of the associated Mn*"/*
species under reaction conditions could be linked to the high
reactivity and reusability of the bimetallic Nio'6Mn0‘4(OH)y-9S
catalyst in the alkylarene and alcohol oxidation. Presumably,
Ni**/** cations work in a synergistic manner with Mn sites in
the Nig¢Mn4(OH),-9S catalyst structure to stabilize Mn?*/*+
species where the lack of Ni**/** cations leads to a drastic
decrease in reactivity due to the reduction of the Mn>*/#* sites.
This is also in accordance with the current catalytic
performance data corresponding to the aerobic oxidation of
xanthene in Figure 1b for Mn(OH),, where the presence of a
low nominal Mn oxidation state of +2 and the lack of
cooperative Ni**/** cations lead to an extremely limited
reactivity, and the former Mn-containing catalysts studied in
the literature with reasonable catalytic performances, where the
nominal Mn oxidation states were typically high (e.g, >+3,
Figure 2 and Table S4).

4. CONCLUSIONS

In summary, a highly effective catalytic method for the benzylic
C—H and alcohol oxidation reactions has been developed with
the use of NijsMny,(OH),-9S, a novel precious metal-free
mixed metal hydroxide catalyst with a layered double
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hydroxide structure. The catalyst was systematically optimized
with respect to the catalyst synthesis method, Ni/Mn metal
cation ratio, concentration of NaOH(aq) used for catalyst
synthesis, and reaction solvent. The method requires the use of
molecular oxygen as the sole stoichiometric oxidant and works
successfully with a low catalyst loading on a variety of
alkylarenes and alcohols affording oxidation products in
excellent yields (93—99%). Compared to the existing catalysts
in the literature, the Nij¢Mng,(OH),-9S catalyst revealed the
best catalytic performance per gram of catalyst in the catalytic
aerobic oxidation of xanthene to xanthone. Careful mechanistic
studies point to the formation of a radical intermediate during
the reaction possibly through a hydrogen atom abstraction
mechanism, whereas kinetic isotope effect experiments
indicated that the C—H bond activation is the rate-determining
step. Finally, a novel catalyst regeneration protocol was
developed to fully retain the initial activity of the catalyst
after three cycles in the fluorene oxidation reaction. The
optimized Niy ¢Mng,(OH),-9S catalyst was found to reveal (i)
rotational faults in its $-NigsMn,,(OH), domains, (i) a/p-
Nio.éMnM(OH)y interstratification disorders, (iii) a relatively
high specific surface area of 125 m’/g, (iv) a 2D-platelet
morphology with a typical diameter of 50—80 nm, and (v) the
presence of Mn*" and Mn** species leading to an average Mn
oxidation state of +3.4 operating in a synergistic fashion with
the Ni**/** cations. Overall, the current results clearly
demonstrate that chemically fine-tuned mixed metal hydroxide
systems can provide promising catalytic alternatives in low-
temperature liquid-phase organic reactions. Further catalytic
applications of mixed metal hydroxides are currently under way
in our laboratories.
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