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ABSTRACT: We report the transformation of Cs" ions with an C.HCN Toluene*fgz’fNHs
. . . . c ° ) s*
inactive noble gas electronic structure to active Cs' single sites Benzonitrile }v‘ﬁxﬁ o
chemically confined in Y zeolite pores (Cs*/Y), which provides an %‘ {v&‘ﬁa
unprecedented catalysis for oxidative cyanation (ammoxidation) of m .Cs smgle site catalysis in Y

ith lth s 1 alkali N T o ¥ ek 1Y Co CgHs-CH,O0H
Csp3_H bonds wit 02 and NH3) alt ough 1n general, alkali and CgHs-CH= NOOH % w| BenzonltnleSelectlvnty /C \ on Cs*
alkaline earth metal ions without a moderate redox property cannot on Cs* . § el Toluene /
activate C,,3—H bonds. The Cs*/Y catalyst was proved to be highly . @g‘k et °°""j7’“’ \
efficient in the synthesis of aromatic nitriles with yields >90% in the . {‘m : e £ {m
selective ammoxidation of toluene and its derivatives as test CaHs-CH=NH(00) oo ""':m "'_‘;,, m"‘“ Ty CeHs- Cg(?H)z
reactions. The mechanisms for the genesis of active Cs" single sites onCs* o 11 CH=NH(O, {}V« CaHe g:(NZZ)(OH)
and the ammoxidation pathway of C,;—H bonds were rationalized o os* - ; onCs
by density functional theory (DFTS simulations. The chemical oty GHENH on 0o &:ﬂf} ‘gib :

confinement of large-sized Cs" ions with the pore architecture of a Y

zeolite supercage rendered the highest occupied molecular orbital (HOMO)—lowest unoccupied molecular orbital (LUMO) gap
reduction, HOMO component change, and preferable coordination arrangement for the selective reaction promotion, which
provides a trimolecular assembly platform to enable the coordination-promoted concerted ammoxidation pathway working closely
on each Cs" single site. The new reaction pathway without involvement of O,-dissociated O atom and lattice oxygen differs from the
traditional redox catalysis mechanisms for the selective ammoxidation.

KEYWORDS: catalytic C,;—H activation, confined Cs* single site in Y zeolite pore, ammoxidation of toluene and its derivatives,
selective nitrile synthesis, catalysis mechanism

1. INTRODUCTION surfaces, making Cs—O bonds and reactive coordination.
Ammoxidation of methyl C
+ NHj is an avenue for the synthesis of organic nitriles, which

Alkali metal ions with inactive noble gas electronic structures 3~ H bonds of aromatics with O,

have been conceived as inactive species for selective

functionalization of Cy,—H and C;—H bonds to useful have been commercially used as common building blocks for
chemicals in industry. Recently, we found a single alkali metal high-performance rubbers, polymers, and molecular electronics
ion site platform in a f§ zeolite pore that selectively promoted and also as integral parts for producing pharmaceuticals,
benzene Cg,,—H activation toward phenol sy'nthesis.l’2 The agrochemicals, and fine chemicals, such as vitamins, hetero-
catalytic performance of alkali metal ion sites incorporated in cycles, and various carboxylic acid derivatives.” > Generally,
zeolite pores depended strongly on the kind of zeolites, and organic nitriles were synthesized by cyanation of aldehydes

ZSM-5, mordenite, and Y zeolites were almost inactive as
supports. No C,;—H activation catalysis of alkali metal ions
and oxides has been achieved to date, although a variety of
effects of alkali metal additives on metal oxide catalysis are
known.” Here, we report the first example of the catalytic Rec‘eived: Febf‘uary 28, 2021
selective activation of CSP3 —H bonds to produce C—N bonds Re‘"?ed: April 26, 2021

on Cs* single ion sites in Y zeolite pores (Cs*/Y) due to Published: May 24, 2021
transformation of inactive Cs* ions with a noble gas electronic

structure to active Cs* sites with HOMO(O 2p)—LUMO(Cs

6s) by chemical confinement of Cs* ions at Y zeolite pore

using toxic hydrogen cyanide and metal cyanides, which caused
environmental disasters.”®”’ Industrially, the vapor-phase
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Table 1. Catalytic Performances of Various Alkali and Alkaline Earth Metal Ion Single Sites in Different Zeolite Pores and
Hydrotalcite Interlayers and on a $i0,*Al,O; Surface for the Toluene Ammoxidation to Benzonitrile (PhCN) at 623 K*"

entry catalyst toluene conv./%

1 Y zeolite 0

2 Mg* (2 wt %)/Y 22
3 Ca® (2 wt %)/Y 5.1
4 S (2 wt %)/Y 9.0
S Ba?*(2 wt %)/Y 11.2
6 Na*(2 wt %)/Y 4.9
7 K2 wt %)/Y 17.6
8 Rb*(2 wt %)/Y 47.1
9 Cs*(2 wt %)/Y 77.1
10 Cs*(2 wt %)/p 313
11 Cs*(2 wt %)/ZSM-5 1.0
12 Cs*(2 wt %)/Mor 1.0
13 Cs*(2 wt %)/Hydr 0.2
14 Cs*(2 wt %)/SiAlO, 0.03
15 Cs*(2 wt %)/Y° 34.8
16 Cs*(2 wt %) /Y 93.7
17 Cs*(2 wt %)/Y° 94.6
18 Cs*(2 wt %)/Y" 0
19 Cs*(2 wt %)/Y2 0
20 Cs™(2 wt %)/Y" o’

PhCN selec./% PhCN syn. rate/umol s™* g7' NH;/PhCN
0
97.8 0.017 18.1
97.5 0.04 19.4
97.0 0.08 10.0
97.5 0.09 14.6
98.9 0.04 2.8
98.5 0.14 2.1
98.1 0.40 1.2
98.5 0.60 1.0
97.3 0.23 2.1
79.3 0.006 173
86.1 0.006 411
0 0
0 0
98.9 0.27 2.0
96.6 0.71 5.0
98.0 0.36 13
0
0

“Y =Y zeolite with SiO,/Al,O; molar ratio of 30, purchased from Zeolyst Co. Conv. = conversion; selec. = selectivity; NH;/PhCN = molar ratios
of consumed NHj to synthesized PhCN; zeolites = Y, 8, ZSM-5, and mordenite (Mor); Hydr = hydrotalcite; SiAlO, = SlO2 -Al,O; with the same
Si0,/AL, 05 molar ratio (30) as the Y zeolite. Performance values were averaged during 30—240 m1n time-on-stream. "Reaction conditions:

toluene/O,/NH;/He = 020/1 0/1.8/5.0 (mL min™'); cat.

=02g “Reaction conditions: 603 K. “Reaction conditions: 673 K. “Reaction

conditions: 0.4 g, 623 K. /Reaction conditions: toluene + O,; toluene/O,/He = 0.20/1.0/5.0 (mL min™"). Reaction conditions: toluene + NH;;
toluene/NH,/He = 0.20/1.8/5.0 (mL min™"). "Reaction conditions: O, + NH;; O,/NH,/He = 1.0/1.8/5.0 (mL min~"). ‘NH, conversion/%.

ammoxidation of toluene to benzonitrile has been extensively
studied with metal and metal oxide catalysts of V, Cr, Mo,

10—25
etc.,

whose catalysts possess moderate redox potentials
and sufficient M—O bond strengths to provide active lattice
oxygen and oxygen atoms at the catalyst surfaces for the redox
catalysis. The Cs*/Y catalyst without a beneficial redox
property showed a high benzonitrile yield (92.7% vyield;
94.6% conversion and 98.0% selectivity at 623 K) and a high
NH, utilization efficiency (almost no extra consumption) in
toluene ammoxidation employed as a test reaction; to the best
of our knowledge, this is the highest yield without NHj loss for
the benzonitrile synthesis from toluene with O, + NH; in a
single-step gas-phase reaction. There is always a competition
between the ammoxidation to benzonitrile and undesirable
NH, oxidation to N, and NO, on catalyst surfaces,' >""**
whereas the Cs*/Y was found to catalyze no NH; + O,
reaction when toluene was not present (Table 1). The simple
ion-exchange method for the chemically confined Cs*/Y
catalyst fabrication in this study is also advantageous in
industrial usage. The Cs*/Y catalyst was also effective in the
synthesis of other organic nitriles, thereby proving its
versatility. The genesis and mechanism of the unprecedented
catalysis by the Cs* single ion site/Y, which differs from the
traditional redox catalysis mechanisms, has been characterized
by X-ray photoelectron spectroscopy (XPS), scanning trans-
mission electron microscopy—energy-dispersive X-ray spec-
troscopy (STEM-EDS), X-ray diffraction (XRD), temperature-
programmed desorption (TPD), in situ X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS), and DFT calculations.
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2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. Zeolite Y-supported alkali metal
ion and alkaline earth metal ion catalysts were prepared by a
reliable ion-exchange method,"” followed by a controlled
treatment at 573 K, using the corresponding metal nitrates as
precursors. A typical Cs*(2 wt %)/Y sample was synthesized as
follows. CsNO; (0.88 g) (Kanto Chemical Co.) was dissolved
in 10 mL of deionized water in a 50 mL Erlenmeyer flask, to
which 2.91 g of NH,—Y with SiO,/ALO; = 30 (purchased
from Zeolyst Co.) was added with stirring. For the ion-
exchange of NH," ions with Cs" ions, the solution was heated
from room temperature to 353 K and maintained at 353 K for
12 h with stirring, followed by washing with deionized water,
centrifuging, and finally drying at 353 K for 8 h. Other zeolite
Y-supported alkali and alkaline earth metal ion catalysts were
prepared similarly. Cs*(2 wt %)/Y samples with different
Si0,/ALO; ratios (5.2, 5.6, 12, and 115) were also prepared in
a similar way. Furthermore, other supports for Cs* (5, ZSM-5,
mordenite (Mor), hydrotalcite (Hydr), and silica—alumina
(Si0,-AL,0;)) were also used to prepare different supported
Cs" catalysts for comparison.

2.2. Catalytic Reactions and Product Analysis. Vapor-
phase ammoxidation of toluene was carried out at atmospheric
pressure using a fixed-bed flow reactor (Pyrex glass tube) with
an inner diameter of 6 mm and externally heated by electric
resistances. The reaction temperature was measured inside the
catalyst bed by a thermocouple, whose tip was placed inside
the upper side of the catalyst bed. Catalyst powders were
pressed to pellets, crushed, and sieved (typically, 0.2 g, sieved
into S00—850 pm particles), and the sieved samples were
packed between quartz wool in the flow reactor. Toluene was
fed continuously into the gas stream by using a syringe pump.

https://doi.org/10.1021/acscatal.1c00946
ACS Catal. 2021, 11, 6698—6708
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The reactor was fed with a toluene/NH;/O,/He mixture in
the molar ratio of 0.20/1.8/1.0/5.0 mL min~" typically. The
flow ratio of NH; to toluene was deliberately kept ~9 times
larger in order to increase the nitrile selectivity because the
formation of CO, decreases considerably with increasing
amounts of NHj in the feed. The conversion and selectivity in
the current system were calculated by using NH; as an internal
standard, taking into account the calibration factors for NHj; in
the flame ionization detector (FID) and thermal conductivity
detector (TCD) GCs in a similar way to that in our previous
reports, assuming no loss of nitrogen in the material balance
during the catalytic reactions." The outlet stream was sampled
with six-way sampling valves heated at 463 K using an online
Shimadzu GC-2014 with a FID using a ZB-WAX plus capillary
column (30 m, Phenomenex CA) for NH,, toluene and
benzonitrile and a Shimadzu GC-2014 with a TCD using a
WG-100 column (GL Science Japan) for O,, N,, CO, CO,,
NH;, and H,0. Helium was used as the carrier gas. The
column temperature for TCD was 323 K. The column
temperature for FID was held at 413 K for the first 2 min and
then increased to 473 K at a heating rate of 298 K min™". For
the ammoxidation of toluene in the present system, the
nitrogen-containing products were N, and benzonitrile
(PhCN) with a negligible amount of PACONH,. GC-TCD
analysis showed no formation of N,O. The values of the
elemental carbon and nitrogen mass balances were estimated
to be between 97% and 100% in most of the experimental runs.

2.3. Temperature-Programmed Desorption. All tem-
perature-programmed desorption (TPD) experiments were
carried out in a flow reaction system in a flow of helium carrier
gas (50 mL min~"). For each experiment in a fixed-bed reactor
(6 mm id.), 0.2 g of catalysts with similar grain sizes (0.2—0.4
mm) were used. The catalysts were heated under He flow (4
mL min™!) at 573 K for 30 min and cooled down to
adsorption temperature (300 K). Respective flows of CO, and
CH,CN were turned on at $ mL min~" and kept for 15 min to
complete their adsorption. The samples after the adsorption
were flushed with helium (40 mL min™") for 15 min and then
heated at a ramping rate of 28.3 K min~". The analysis of
reactor effluents (CO, and CH;CN) was performed on gas
chromatographs with a thermal conductivity detector (TCD)
and a flame ionization detector (FID), respectively, calibrated
by the peak area of known pulses of the respective chemicals.
NH, TPD experiments on Cs"(2 wt %)/Y and Cs*(2 wt %)/f3
at 353—923 K were also conducted in a similar way to the
earlier TPD experiments to examine the adsorption behavior
and strength of NH; in relation to the ammoxidation catalysis
mechanism.

2.4. In Situ X-ray Absorption Fine Structure Measure-
ments and Data Analysis. In situ X-ray absorption fine
structure (XAFS) spectra at the Cs Lj-edge for the as-
synthesized Cs*(2 wt %)/Y sample and after the pretreatment
and catalysis of the sample without exposure to air were
measured at 15 K in a fluorescence mode at a BL36XU station
in SPring-8. XANES and EXAFS spectra were analyzed in a
similar way to that in previous reports,l’26 using the Larch code
containin% the IFEFFIT Package ver. 2 (Athena and
Artemis).”” Background subtraction in the EXAFS analysis
was performed using Autobk.”® The Victoreen function was
employed for the background subtraction, and the spline
smoothing method with Cook and Sayers criteria was used as
the 4y method. The extracted k*-weighted EXAFS oscillations

were Fourier-transformed to R-space over k = 25—80 nm ™,
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and the curve fittings were performed in the R-space (0.18—
0.32 nm). The fitting parameters for each shell were
coordination number (CN), interatomic distance (R),
Debye—Waller factor (6?), and correction-of-edge energy
(AE,). The phase shifts and amplitude functions for Cs—O
and Cs—Cs were calculated from the FEFF 8.4 code.” Error
ranges of the curve-fitting analysis of EXAFS Fourier
transforms were based on the definition of the Larch code.”’

2.5. DFT Calculations. All calculations were conducted
with Dmol3 ver. 2018 (Biovia) on Materials Studio 2018.°%*'
A numerical basis set with polarization function (DNP), of
which quality is comparable to 6-31G*, was adopted. All
electrons were explicitly included. All possible multiplicities of
electronic states were compared in the calculations, and
optimized multiplicity was determined in each system. The
Perdew—Wang 91 functional (PW91)** was used in all of the
calculations. Transition states were searched by Dmol3 with
the complete quadratic synchronous transit (QST)/linear
synchronous transit (LST) option, where the LST max-
imization was performed for the coordinates interpolated
between a reactant and a product, followed by repeated
conjugated gradient minimizations and the QST max-
imizations until a transition state was located.”**

To include the HY (Faujasite: FAU) zeolite framework, a
cluster containing a 6-membered ring with 12 neighboring 4-
membered rings was taken from the crystal structure of the
FAU zeolite with hydrogen atom termination (Si—H). One Si
atom in the 6-memebered ring was replaced by an Al atom by
adding a H atom on the neighboring oxygen atom. Positions of
the Al atom, the added H atom, and neighboring oxygen atoms
were relaxed in the structural optimization. Then the H atom
was replaced by a Cs atom, and the positions of the Cs atom,
the Al atom, and neighboring O atoms were relaxed. The
model (Cs;Siy;Al;05,H,;) obtained in this way was used to
examine the adsorption of toluene, O,, NHj, and subsequent
intermediates and transition states. Plots for densities of state
were drawn with respect to the Fermi level corresponding to
the midpoint between HOMO and LUMO as the origin.

3. RESULTS AND DISCUSSION

3.1. Catalytic Performances of Cs*/Y and Other
Supported Alkali and Alkaline Earth Metal lons. We
have examined catalytic performances of alkali and alkaline
earth metal ions, which were chemically confined in various
zeolite pores and hydrotalcite interlayers and supported on a
Si0,-ALO; surface, in gas-phase ammoxidation (oxidative
cyanation) of toluene with O, and NH; on 0.2 g of catalysts at
623 K as a test reaction. The results are shown in Table 1.
Alkaline earth metal ions (Mg**, Ca*, Sr**, Ba**)/Y samples
(Y zeolite: SiO,/Al,0; molar ratio = 30) were incapable of
activating C,;—H bonds as expected, and alkali metal ions
(Na* and K*)/Y samples also showed insufficient activity for
benzonitrile (PhCN) synthesis, whereas Rb*/Y and partic-
ularly Cs*/Y possessed great potential to functionalize a
toluene Cy,;—H bond toward PhCN. The toluene conversions
were 47.1% and 73.0%, respectively, and the PhCN selectivities
were as high as 98.1% and 98.5%, respectively; the only
byproduct was CO,, and no other liquid byproducts were
observed. It is noteworthy that the Rb*/Y and Cs*/Y catalysis
showed a remarkable suppression of undesirable NH;
oxidation to N, and NO,; the ratios of NH;(consumed)/
PhCN(synthesized) were 1.2 and 1.0, respectively, which are

https://doi.org/10.1021/acscatal.1c00946
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Figure 1. Catalytic activity of Cs*/Y vs Cs loading (0.2 g of cat) (A) and catalyst weight (B).

nearly stoichiometric in the ammoxidation reaction equation,
CH,CH, + 3/20, + NH; — C{H,CN (PhCN) + 3H,0.

To examine the influence of zeolite compositions (SiO,/
Al,O; molar ratios) on the Cs*/Y catalysis, toluene
ammoxidation on Cs*(2 wt %)/Y samples with different Si/
Al ratios was performed. The results are shown in Table S1
(Supporting Information). It was observed that the Cs*(2 wt
%)/Y with SiO,/Al,05 = 12 showed a similar selectivity of
94.8—98.0% for the Cs*(2 wt %)/Y with SiO,/Al,O; = 30
while keeping a high toluene conversion (98.5%), but
undesired extra NH; oxidation to N, became about double
under the reaction conditions in Table S1. By decreasing the
Si0,/Al,O; ratio to 5.2—35.6, the selectivity toward benzonitrile
decreased to 80.0—81.3% at 97.2—93.1% conversion, which
indicates that strong Brensted acidic sites in the Y zeolite
promote the formation of undesired products (mainly CO,)
and undesired NH; oxidation. When the SiO,/Al,O; ratio was
as high as 115, the toluene conversion abruptly decreased to
14.2% (Table S1), indicating the necessity of sufficient proton
sites for ion-exchange with Cs* ions favorably near surface
layers of zeolite particles. Among the samples examined in this
study, Cs*(2 wt %)/Y with SiO,/Al,0; molar ratio = 30
proved to be superior.

The performance (PhCN yield) of Cs*/f was 40% of that of
Cs*/Y, as shown in Table 1. Other zeolites such as ZSM-S and
mordenite (Mor) were not effective as support for Cs* (0.79%
and 0.86% vyields, respectively; Table 1). Cs*/hydrotalcite
(Hydr), where Cs* ions are located in the interlayers of
hydrotalcite, showed no activity for the ammoxidation. Cs*/
Si0,-Al,0; with the same SiO,/Al,O; molar ratio (30) as the
Y zeolite, where Cs* ions were supported on the SiO,-Al,0;
surface, was inactive (Table 1). These results suggest the
importance of the pore architecture of the Y zeolite to confine
Cs* chemically at the pore surface; thereby inactive Cs* ions
with a noble gas electronic structure were transformed to active
Cs" ion sites. The effect of Cs loading in 0.2 g of Cs*/Y on the
catalytic performance at 623 K was examined in the Cs loading
range of 0.5—10.0 wt % as shown in Figure 1 and Table S2.
The activity of the Cs" ions varied with the amount of Cs* ions
in the Y zeolite. The conversion and selectivity gradually
decreased to a saturated level after a maximum at 2.0 wt % Cs
loading. The decrement of the catalytic activity of Cs*/Y
catalysts with increasing Cs loadings above 2.0 wt % may be
attributed to the decreasing accessibility of Cs* sites at deeper
layers of zeolite particles. At the moment we cannot discuss in
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more detail on the influence of Cs loadings on the structure of
confined Cs* sites and the kinetic regime of ammoxidation
over different Cs*/zeolites under the reaction conditions used
in this study. Instead, we have provided Figures S1 and S2
(Supporting Information), which display the influence of Cs
loadings (1, 2, 3, S, and 10 wt %) on the steady-state time-on-
stream for the toluene ammoxidation, where all the Cs*/Y
catalysts showed stable performances under the present
conditions. The Cs*/Y catalyst with 2.0 wt % Cs loading was
the superior one. The conversion and yield increased with an
increase of the catalyst weight up to 0.4 g (for example, the
conversion increased from 73.0% to 94.6% with a catalyst
increase from 0.2 to 0.4 g, respectively, while keeping a high
selectivity of 98.0% (Table 1, Table S3, and Figure 1)), and
then the value was saturated, where most of the fed toluene
molecules were transformed to benzonitrile (94.6% con-
version), thereby bringing almost no supply to the remaining
catalyst layer located close to the reactor exit (e.g,, 0.1 gin 0.5
g of catalyst) (Figure 1 and Table S3). When the catalyst
increased above 0.4 g, the undesirable extra NH; oxidation
(consumed NH,/synthesized PhCN) increased (Table S3).

Neither bicomponent reactions of toluene + O, (without
NH;) (eq 1), toluene + NH; (without O,) (eq 2), nor NH; +
O, (without toluene) (eq 3) on the Cs*/Y proceeded as shown
in Table 1 as follows.

C¢H;CH, + O, — no oxidation products (1)
C4¢H,CH, + NH; — no amination products (2)
NH, + O, — no oxidation products 3)
CH,CH; + 3/20, + NH,

— C¢H,CN + 3H,0 with good yield (4)

The toluene ammoxidation (benzonitrile synthesis) pro-
ceeded only in the tricomponents reaction (toluene + O, +
NH,;) (eq 4), indicating the contribution of NHj; to activation
of both toluene Cy,;;—H and O, and no contribution of lattice
oxygen atoms of the catalyst to the ammoxidation. Thus, the
Cs*/Y catalyst possesses a unique property: toluene oxidation
can be promoted only under the NH; coexistence, no toluene
amination proceeds, and undesirable NH; oxidation with O, is
suppressed. The activation of both toluene Cy,;—H and O, by
coadsorbed NH; and the whole ammoxidation pathway on the

https://doi.org/10.1021/acscatal.1c00946
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Cs*/Y will be discussed in the Coordination-Promoted
Concerted Ammoxidation Pathway section. The catalytic
performance of Cs*(2 wt %)/Y did not change during 240
min time-on-stream (Figure S2), and the pore volume (0.990
cm® g7') of the Cs*(2 wt %)/Y remained unchanged after 240
min of reaction. After 300 min the catalytic conversion at 623
K began to decrease gradually, probably due to coking.*
However, the pore volume did not reduce significantly. The
performance almost recovered by treatment of the 300-min
spent catalyst at 673 K in air.

Figure 2 shows the plots of the toluene single-path
conversion (%) and benzonitrile selectivity (%) on 0.2 g of

100 & {

Mg2* Ca2+ Na* STZ, Baz+‘ K* Rb* Cs*'/

R

> 80| Benzonitrile Selectivity / Cs*

2 /O

k1]

5 60|

7] Toluene

o3 Conversion O

* 40

c

2

® Cs'lp

g 2 N Sre e} Cs*/Hyd
Mg2* Caz Na* A Cs*/Mor s*Hydr

8 0 o1 W | B T pu | CSTSIOAALO,

0.06 0.08 010 0.2 0.14 0.16 0.18

lonic radii/ nm

Figure 2. Relation between the catalytic performances (toluene one-
path conversion and benzonitrile selectivity) on 0.2 g of the alkali (red
mark) and alkaline earth (blue mark) metal ions (2 wt %)/Y catalysts
and the ionic radii of alkali and alkaline earth metal ions. The
conversion values for Cs*/f, Cs*/mordenite (Mor), Cs*/hydrotalcite
(Hydr), and Cs*/Si0,-Al,0; are also plotted for comparison. For
reaction conditions, see Table 1.

the alkali (red mark) and alkaline earth (blue mark) metal ion
(2 wt %)/Y catalysts versus the ionic radii of alkali and alkaline
earth metal ions to reveal a factor to generate the catalytic
performance. In Figure 2 the conversion values for Cs*/f, Cs*/
Mor, Cs*/Hydr, and Cs'/SiO,-Al,O; are also plotted for

comparison. The conversion increased with an increase of
alkali and alkaline earth metal ion radii up to ~0.14 nm, but
the performances of their alkali and alkaline earth metal ions/Y
samples were as low as 2.2—17.6% conversions. The Rb*/Y
and Cs"/Y samples with ion radii larger than ~0.14 nm,
particularly Cs*/Y (Cs* ion diameter = 0.334 nm), showed
remarkable conversions with high selectivities (98.1—98.5%).
The single Cs” sites cannot activate toluene, O,, and NH,
when they get adsorbed independently and also in the case of
their bicomponents such as toluene + O,, toluene + NH;, and
NH; + O, (Table 1). However, when the three reactants
(toluene, O,, and NH;) coadsorbed together, the trimolecular
concerted reaction working closely on the Cs" single metal ion
site proceeded efficiently, causing toluene C,;—H activation
toward benzonitrile synthesis.

To gain further insight into the nature of accessible sites in
the Cs*/Y catalyst, the ammoxidation of toluene derivatives
with increasing bulkiness was compared with the toluene
ammoxidation (Table 2). The Cs*/Y catalyst showed good
performances in achieving the ammoxidation of o-, m-, and p-
xylene (81.5—88.8% conversion; 98.0—99.0% selectivity),
mesitylene (76.2% conversion; 99.8% selectivity), and o-, m-,
and p-chlorotoluene (77.6—91.6% conversion; 94.3—94.6%
selectivity). With two bulky alkyl benzene molecules, 1,3,5-tri-
t-butylbenzene and 1,3,5-tris(2,4,6-trimethylphenyl)benzene,
no reactions occurred due to the bulkier sizes than the
accessible aperture (0.74 nm) of the Y zeolite with a 3-
dimensional network of the open aperture and supercage (1.2
nm),*° in which Cs* ions are confined and bound chemically
to the pore surface lattice oxygen atoms (as discussed
hereinafter).

3.2. Characterization of Cs*(2 wt %)/Y by XRD, STEM-
EDS, and XAFS. To get an insight into the superiority of
Cs*(2 wt %)/Y, we integrated in situ and ex situ character-
ization of the Cs*(2 wt %)/Y catalysts by XRD (Figure S3),
STEM-EDS (Figure S4), XPS (Figure 3A), in situ XANES
(Figure 3B), in situ EXAFS (Figure 3C), DFT simulations
(Figures 4, SS, and S6), and TPD (Figure S7). XRD patterns

Table 2. Catalytic Performances of Cs*(2 wt %)/Y for Selective Ammoxidation of Substituted Toluenes at 623 K*

entry reactant reactant conv./%

1 o-xylene 854
2 m-xylene 81.5
3 p-xylene 88.8
4 mesitylene 76.2
S o-chlorotoluene 81.7
6 m-chlorotoluene 77.6
7 p-chlorotoluene 91.6
8 o-nitrotoluene 42.0
9 m-nitrotoluene 38.0
10 p-nitrotoluene 3.5
11 1,3,5-tri-tert-butylbenzene 0

12 1,3,5-Tris(2-methylphenyl)benzene 0

nitrile selec./% nitrile syn. rate/pmol st g_lm NH,/nitrile
98.5" 0.294 1.0
(86.6)
98.0° 0.275 1.1
(78.8)
99.0° 0.300 0.91
(92.8)
99.8" 0.228 1.1
(52.5)
94.5 0.288 0.93
94.3 0.274 0.98
94.6 0.322 0.83
96.0 0.148 1.8
98.0 0.134 1.9
99.0 0.012 22
0
0

“Conv. = conversion; selec. = selectivity. NH;/nitrile = molar ratios of consumed NHj to synthesized nitriles. Performance values were averaged
during 30—240 min time-on-stream. Reaction conditions: toluene/O,/NH,/He = 0.20/1.0/1.8/4.0 (mL min™"); catal. = 0.4 g; reaction temp =
623 K. "Sum of the selectivity (%) of the corresponding mononitrile and dinitrile produced in each entry. The values in the parentheses are the

selectivity (%) of the corresponding mononitriles.
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Figure 3. (A) Ex situ XPS Cs 3d;,, peaks and binding energies for as-synthesized (fresh) Cs*(2 wt %)/Y (a; red), spent Cs*(2 wt %)/Y (b; blue),
and CsNO; (commercial Cs* ion salt) (c; black). (B) In situ Cs Ly-edge XANES spectra for as-synthesized (fresh) Cs*(2 wt %)/Y (1; red), spent
Cs*(2 wt %)/Y (2; blue), and Cs*(2 wt %)/f (3; green), and ex situ XANES spectrum for CsCl as reference (4; black). (C) In situ Cs L;-edge
EXAFS data and analysis for as-synthesized (fresh) Cs*(2 wt %)/Y; (C-1) EXAFS oscillation (black, obs; red, fitting); (C-2) EXAFS Fourier
transform associated with (C-1) (black, obs; red, fitting; gray, imaginary part; orange, fitting); (C-3) structural parameters for the pretreated Cs/f}
determined by EXAFS curve-fitting analysis. The EXAFS data were noisy, but the fitting analysis was sufficient for a structural argument.
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Figure 4. Changes of the energy levels of HOMO and LUMO and the HOMO—-LUMO gap by chemical confinement of Cs" in Y zeolite pore
making Cs—O bonds with pore surface lattice oxygen atoms. Ball—stick model figures for the HOMO and LUMO of Cs* single site/Y are also

shown.

for the Cs*/Y samples with 2, 3, 5, and 10 wt % Cs loadings
exhibited only typical XRD peaks associated with Y zeolite, and
no Cs oxide peaks were observed up to 10 wt % Cs loadings
(Figure S3). Bright-field STEM images and element (Si, O,
and Cs) EDS maps for Cs*(2 wt %)/Y revealed no feature
except for the Y zeolite lattice (Figure S4). Hence, we
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measured in situ EXAFS data to obtain information on a local
coordination structure around the Cs site. The observed
EXAFS data for Cs*(2.0 wt %)/Y (Figure 3C-1 and C-2) were
noisy, but we could do a sufficient fitting analysis of the EXAFS
data for a structural argument of single Cs* sites. The EXAFS
analysis at the Cs L-edge for the Cs*(2 wt %)/Y catalyst in
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Figure 3C revealed only Cs—O bonds at 0.303 (+0.010) nm
with an approximate coordination number of 2.6, and no Cs—
Cs bonds were observed, which indicates isolated Cs single
sites that are chemically bound to three lattice O atoms of the
zeolite pore surface. The experimental results were essentially
consistent with the theoretically simulated structure around the
Cs" ion in the pore (Cs—O = 0.315, 0.316, and 0.366 nm), as
shown in Figure SS, considering that the local structure
determined by EXAFS is an averaged coordination structure at
every Cs site involved in the catalyst. The coordination
structure of Cs sites in Y zeolite pores (Y zeolite component:
Si0,/AlL, 05 = 30) resembles that of Cs* single sites in /3 zeolite
pores (/3 zeolite component: SiO,/Al,05 = 30), while the Cs—
O interatomic distances are shorter than 0.335, 0.356, and
0.386 nm, respectively, for Cs*/f.' The Mulliken charges on
Cs" in Y and S pores were estimated as +0.773 and +0.327,
respectively, by DFT, which is due to the shorter and stronger
Cs—O bonds in the Cs*/Y than in the Cs*/f. It is suggested
that the difference in the local structures, Mulliken charges,
and pore sizes caused the increased activity of Cs*/Y compared
to Cs*/f in the catalytic ammoxidation (Table 1). As to the
very poor activity of Cs"/ZSM-5 and Cs*/MOR, proper local
structures around the Cs* sites may be obtained for the
systems without adsorbed molecules before the ammoxidation
catalysis; however, the narrower pores and channel structures
(pore diameter of 0.54 X 0.56 nm for ZSM-S and one-
dimensional pore of 0.67 X 0.70 nm in diameter for
mordenite), compared to pore diameters of 0.55 X 0.55 nm
and 0.76 X 0.64 nm for # and a supercage diameter of 1.2 nm
and an open aperture of 0.74 nm for Y, may exert steric
constraints for a trimolecular concerted pathway involving
large-sized reaction intermediates and transition states
(discussed later), resulting in almost no progress of the
ammoxidation reaction on Cs*/ZSM-5 and Cs*/Mor (Table
1).

Conversely, the Cs'/f was active for benzene Cg,—H
functionalization toward phenol, but the Cs*/Y was inactive for
the phenol synthesis.' It is to be noted that the activation of
C—H bonds by alkali metal ion single sites is very sensitive to
the local structure around the alkali metal ion. Further, the
valency of Cs was proved by XPS 3d spectra and in situ
XANES (Figure 3A and B). The XPS 3ds/, binding energies
for the fresh and spent Cs*/Y catalysts were 724.7 and 724.6
eV, respectively, which are situated in the values for Cs*
monocations; 724.3 eV for CsNO;; 724.5 eV for CsOH; and
724.8 eV for Cs,CO; on Ag. The white line peak intensity in
the in situ Cs L;-edge XANES spectra for the fresh and spent
Cs"/Y catalysts was much larger than the ex situ XANES
spectrum for CsCl with a formal valency of Cs*. The white line
peak intensity in the XANES spectra at the Cs L;-edge reflects
the multielectron photoexcitation feature involving electrons
from outer subshells 6s to 4p, and it is also related to Cs
valency, which resembles the large white line intensity for Cs*/
B with direct Cs—O bonds." Cs* ions with a noble gas
electronic structure Coulombically supported on SiO, and
Si0,-AlL,O; surfaces were inactive for toluene ammoxidation
(Table 1). Inactive Cs* ions were transformed to remarkable
Cs" single sites confined in Y zeolite pores making direct Cs—
O bonds with the Y pore surface lattice oxygen atoms (Table 1,
Figure 3C, and Figure S5). The density of states (HOMO and
LUMO) for Cs*/Y by DFT calculations using the optimized
structural model of Cs* single site/Y (Figure SS) is shown in
Figure 4 and Figure S6. HOMO and LUMO for free Cs" ion
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are composed of Cs Sp and 6s states, respectively. For the Cs"
single site chemically confined in the Y zeolite making Cs—O
bonds, HOMO and LUMO are composed of O 2p state
bonding with the Al atom at the Y pore surface and Cs 6s state
on Cs', respectively, as shown in Figure 4, where the HOMO—
LUMO gap decreased drastically to 4.7115 eV by increasing
the HOMO energy and the decreasing LUMO energy (Figure
4 and Figure S6). The LUMO for Cs*/f with much less
activity than Cs*/Y constitutes O 2p around the Si atom at the
 pore surface, and the HOMO—LUMO gap (5.1059 eV) was
larger than that for the Cs*/Y (Figure S6). The energy gap and
nature of HOMO and LUMO states are expected to affect the
catalytic performance of the Cs" single sites for C,,;—H bond
activation. This discussion is not limited to the alkali metal ion
single sites in Y zeolite pores. For example, Rh/ZSM-5, in
which Rh single atoms were attached on ZSM-$ pore surfaces,
has been reported to show unique, efficient CH, activation
toward HCOOH and CH;COOH at 50 bar, although the
origin of the unique catalysis of Rh single atom sites/ZSM-5
has not been investigated in detail.””

3.3. Coordination-Promoted Concerted Ammoxida-
tion Pathway. Alkali metal ions do not have the moderate
redox property that brings about selective oxidation and
ammoxidation, which is suggested by the unchanged XPS and
XANES spectra in Figure 3. To estimate the basic and acidic
strengths of the Cs* single sites/Y catalyst, we conducted
temperature-programmed desorption (TPD) of CH;CN and
CO, on Cs*(2 wt %)/Y (Figure S7). The TPD peak for
CH;CN on the Cs'/Y catalyst was observed at a low
temperature around 440 K, and the desorbed CH;CN amount
per Cs* after subtracting the amount desorbed from the bare Y
zeolite was 66.4% of the Cs* quantity. These results indicate a
weak Lewis acidity of the Cs* single sites in Y zeolite pores,
which is a little stronger than the Lewis acidity of the Cs" sites
in §§ pores (TPD peak around 360 K). In the TPD of CO, on
Cs*(2 wt %)/Y to estimate the basic strength, most of the
adsorbed CO, desorbed below 323 K and the desorbed
amount was negligible (0.1% of Cs*), indicating a negligible
basicity of the Cs* single sites in Y pores. Thus, no significant
acidity—basicity contribution to the toluene Cy,;—H ammox-
idation catalysis of Cs*(2 wt %)/Y is needed in the current
study.

Although it is generally agreed that activation of the methyl
group is the rate-determining step during the toluene
ammoxidation,”***” the nature of activated species and
intermediates is still under debate. We examined the effect of
electron-donating and -withdrawing side groups on the
aromatic ring (Table 2). The nitrile yields in the ammoxidation
of xylene and chlorotoluene varied in the order p- > o- > m-
substituents, unlike that reported previously,”” which might be
due to a heterolytic C—H rupture mechanism forming a
carbocationic intermediate*' and involving electronic effects.*’
In the case of nitrotoluene, p-nitrotoluene was not converted
significantly to p-nitrobenzonitrile, whereas o-nitrotoluene was
transformed to the corresponding nitrile with a similar yield to
that for m-nitrotoluene (Table 2). Further, the carbocationic
intermediate should be accompanied by hydride ion formation,
thereby reducing Cs* sites partially or fully, which is
inconsistent with the in situ Cs L;-edge XANES spectra that
were unchanged during the catalysis (Figure 3B). Hence, the
association of the superior catalytic property of Cs" single sites
to other factors such as the largest size of Cs* ion (0.334 nm)
among the alkali metal ions and the unaffected Sanderson
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electropositivity of the Cs* ion is envisioned."* This
hypothesis is supported by the trend of the ion-size effect in
the catalytic performance, as shown in Figure 2, and by the
methyl cyanation experiment of 3-methylpyridine, where
neither aldehyde nor cyanide products were produced because
perhaps the electropositivity of Cs* was quenched by the lone-
pair electrons of 3-methylpyridine. The larger electropositivity
and size of the Cs* ions stem from the lower polarizabilty or
higher softness of the Cs" ions, which are further ensconced by
their confinement within the zeolite pores.** The polarizabilty
shuffles with the high electropositivity in the Cs*/Y, which, in
turn, efficiently copes with the energy penalty to overcome the
ammoxidation reaction barriers. There was no change in the
Cs* oxidation state during the catalysis, and thus, the
mechanism differs from the traditional redox catalysis (e.g.,
Mars—van Krevelen mechanism)* and also acid—base
catalysis involving clearly defined interaction modes.

To shed light on the origin of the selective Cy;—H
cyanation performance of the Cs* single site/Y catalyst and to
understand the ammoxidation mechanism at the molecular
level, we performed periodic self-consistent DFT calculations
for the reaction pathway. The reaction mechanism, coordina-
tion arrangements, and energy profiles involving reaction
intermediates and transition states for the toluene ammox-
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idation on the Cs* single site in the Y zeolite pore are shown in
Figure S (catalytic cycle outline), Figure S8 (reaction
pathway), and Figure S9 (detailed mechanism and energy
profiles). The significantly large diameter of the Cs ion
enables all three reactant molecules (C4H;CH;, O, and NH;)
to get adsorbed on a Cs* single site. It was found that an NH,
molecule adsorbed/coordinated on a Cs* site promotes the
toluene C,;—H activation and O, activation accompanied by
the C—O bonding on the Cs* site to produce hydroperoxy
intermediate (Intl = C{qH;CH,OOH) via transition state TS1,
followed by the formation of gem-diol intermediate (Int2 =
C¢H;CH(OH),), gaining a bond-rearrangement energy of
233.5 kJ mol™" (Figure S9). NHj plays an important role in the
coadsorption of toluene and O, on the Cs" single site, where
donation from NH; to Cs* is essential for the interaction
between the toluene methyl group and the O, molecule on a
Cs" single site. The adsorption behavior and strength of NH;
were examined by NH; TPD (Figure S10). The NH;
adsorption behavior at the Cs® single sites in the zeolite
pores cannot be evidenced from the NH; TPD curves, but the
NH,; TPD data are compatible with the trend of Mulliken
charges for Cs*/Y and Cs*/f by DFT and the fact that NH;
promotes the toluene ammoxidation more with Cs*/Y than
Cs*/p. Then, Int2 was transformed to the aminohydroxyto-
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luene intermediate (Int3 = C;H;CH(NH,)(OH)) with a C—
N bond via a benzaldehyde-type transition state (TS3) that
interacts with the coadsorbed NH; and H,O. The hydrogen
atom of the C—OH end of Int2 shifts to the other O—H group
to form TS3, which consists of distorted benzaldehyde, H,O,
and NH;. In TS3, the benzaldehyde molecule exhibits a
nonplanar conformation, where the plane of the phenyl group
and the plane of the carbonyl group form an angle of 41.3°. It
is noted that the stable planar benzaldehyde molecule does not
appear in the whole reaction pathways. Int3 was dehydrated by
the interligand bond rearrangement involving N—H bond
scission to form an imine intermediate (Int4 = C;H,CH=
NH) via the C—O breaking transition state (TS4), which is
stabilized on the Cs* single site. The imine N atom interacts
with the Cs 6s LUMO as an electron acceptor,® resulting in
the promotion of the reaction with the second adsorbed O, at
the N position (IntS = C(H;CH=NH(O,) and Int6
C¢H;CH=NH(0O0)), and the interligand rearrangements
occur between the two imine H atoms and oxygen successively
to produce the C;H,CH=NOOH intermediate (Int7) via
transition state TSS and benzonitrile CqH.C=N (F) via
transition state TS6 accompanied by H,0, (readily decom-
posed to H,O at 623 K). These interligand bond rearrange-
ments are possible with the large-sized (0.334 nm) Cs* ion.
Finally, the adsorbed benzonitrile (F) desorbs to the gas phase
with a desorption energy of 71.0 k] mol™' in a gas-phase,
single-path flow reaction. The rate-determining steps in the
whole reaction pathway constitute three C—H and N—H
bond-dissociation steps (Intl — Int2, Int3 — Int4, and Int7 —
F) after the first dissociation of toluene C,,;—H bonds (Figure
$9). In the catalysis mechanism the Cs® single-ion sites
confined in the Y zeolite pores provide a trimolecular assembly
platform to enable the coordination-promoted concerted
ammoxidation pathway without involvements of O,-dissoci-
ated O atom and lattice oxygen.

4. CONCLUSIONS

Industrial vapor-phase ammoxidation reactions have been
extensively studied over mixed transition metal oxide catalysts
with moderate redox potentials and sufficient M—O bond
strengths that bring about active lattice oxygen and oxygen
atoms at the catalyst surfaces to promote redox catalysis.
However, alkali and alkaline earth metal ions with noble gas
electronic structures have been thought to be inactive for
selective oxidation processes before our recent report on
benzene Cy,—H hydroxylation with N,O or O, toward
phenol." The Cs* single-ion site/Y catalyst without a beneficial
redox property, which was inactive for benzene hydroxylation,
showed unprecedented catalysis with high eficiencies toward
catalytic cyanation (ammoxidation) of Cy3—H bonds of
toluene and its derivatives with NH; as test reactions. The
molar ratios of [NH; consumed]/[nitriles synthesized] were
nearly stoichiometric, minimizing undesired extra oxidation of
NH;, which is advantageous industrially. DFT calculations
indicated the reduction of the HOMO—-LUMO gap and the
variation of the HOMO component by the chemical
confinement of the Cs* single-ion sites in the Y zeolite
pores, making Cs—O(lattice) bonds that provided a new
trimolecular assembly platform to enable the coordination-
promoted concerted pathway that worked closely on the large-
sized Cs"* single site without any significant change of the Cs*
charge, which is different from the traditional redox catalysis
mechanisms (e.g, the Mars—van Krevelen mechanism). At the
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initial stage of the reaction, NH; plays an important role in the
coadsorption of toluene and O, on Cs* single sites, where
donation from NH; to Cs* is essential for the interaction
between the toluene methyl group and the O, molecule to
form a C—O bond on a Cs" single site according to the DFT
calculations. Then, the neighboring NH; molecule joins the
ammoxidation reaction, which proceeds successively via several
reaction intermediates and transition states with C—N bond,
C=N bond, and finally C=N bond on a large-sized Cs" single
site confined in the Y zeolite pore. Our synthetic strategy
potentially increases the scope of on-demand organic nitrile
synthesis by rationally incorporating Cs* ions in Y zeolite pores
simply by an industrially advantageous facile ion-exchange
process.
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