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ABSTRACT

Au nanoparticles supported on manganese oxide octahedral molecular sieve (OMS-2) can
efficiently catalyze a,p-dehydrogenation of B-N-substituted saturated ketones using O as the
terminal oxidant. However, despite the utility of this reaction, the active sites and the reaction
mechanism remain unclear. Here, the reaction mechanism for the Au/OMS-2-catalyzed aerobic
a,pB-dehydrogenation of 1-methyl-4-piperidone was investigated mainly by using density
functional theory (DFT) calculations. From control experiments under various reaction conditions,
we found that O, plays an important role in the a,p-dehydrogenation over Au nanoparticles. Thus,
we attempted to clarify the mechanism for the a,-dehydrogenation of 1-methyl-4-piperidone on
Au nanoparticle catalysts by DFT calculations using Au cluster models. The reaction was found
to cleave the C—-H® and C—HP bonds in that order. An O, molecule adsorbed on the negatively
charged Au cluster caused by charge transfer from OMS-2 was found to be sufficiently activated
to abstract the H* atom in the 1-methyl-4-piperidone substrate. This indirect H* abstraction by the
activated O2 was energetically more favorable than direct H* abstraction by the Au cluster. The
subsequent HP abstraction was found to be promoted by adsorbed oxygen species (i.e., HOO, OH,
and O) formed after the H* abstraction. The reaction mechanism proposed in this study provides

general insight into the aerobic C—H bond activation by supported Au catalysts.



1. Introduction

Enaminones, p-N-substituted o,B-unsaturated ketones, are very important synthetic
intermediates for fine chemical and pharmaceutical production.* Selective a,p-dehydrogenation
of B-N-substituted saturated ketones is one of the most effective reactions for synthesizing
enaminones, and several efficient homogeneous catalysts have been developed for this reaction
using various oxidants.> ® However, to achieve more environmentally friendly dehydrogenation,
heterogeneous catalytic systems using O as the terminal oxidant should be developed. With regard
to heterogeneous systems, supported Pd-based nanoparticles have been reported to show high
catalytic performance for the aerobic dehydrogenation of cyclohexanone derivatives to the
corresponding cyclohexenones or phenols.”® Recently, our research group discovered the specific
dehydrogenation ability of Au nanoparticle catalysts and achieved, for the first time, the widely
applicable dehydrogenation of B-heteroatom-substituted saturated ketones to the corresponding
unsaturated ketones, including enaminones, using O, as the terminal oxidant.® For example, in
the presence of Au nanoparticles supported on manganese oxide octahedral molecular sieve OMS-
2 (hereafter denoted Au/OMS-2), the a,B-dehydrogenation of 1-methyl-4-piperidone efficiently
proceeded under mild conditions (50 °C under an air atmosphere), selectively affording the desired

enaminone in an almost quantitative yield (Scheme 1).1°



Scheme 1. Reaction scheme of a,B-dehydrogenation of 1-methyl-4-piperidone by the Au/OMS-2

catalyst.*®
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Because both O2 and the OMS-2 support are potential oxidants, two reaction mechanisms are
expected: a reaction at the Au surface with O, as an oxidant (mechanism I in Scheme 1) and that
at the perimeter region between Au and the lattice oxygen (mechanism Il in Scheme 1). Indeed,
the o,B-dehydrogenation of 1-methyl-4-piperidone using Au/OMS-2 even proceeded under an Ar
atmosphere (i.e., without Oy). Further, X-ray diffraction (XRD) analysis revealed that the OMS-2
support is completely reduced to Mn3sOs after the reaction under an Ar atmosphere.!® This result
suggests a reaction mechanism occurring in the perimeter region that proceeds with lattice oxygen
consumption (mechanism Il in Scheme 1). On the other hand, in the case of carbon-supported Au
nanoparticle catalysts (Au/C) that have no lattice oxygen, the a,B-dehydrogenation also proceeded
efficiently under an O, atmosphere but does not proceed at all under an Ar atmosphere (see Section
3.1 and S8 in the Electronic Supplementary Information (ESI)). This result suggests that not only
mechanism 11 but also the mechanism at the Au surface using O2 (mechanism I in Scheme 1) could
co-occur during Au/OMS-2-catalyzed dehydrogenation. However, the details of these reaction

mechanisms remain largely unexplored. In particular, even the role of Oz is unknown with respect



to mechanism I. Additionally, information about mechanism | would give general insights into the
aerobic C—H bond activation mechanism that is independent of the support material and, thus,
would open a way for the design of high-performance catalysts. Therefore, we focus here on the
a,B-dehydrogenation mechanism of 1-methyl-4-piperidone at the Au surface using O2 (mechanism
I in Scheme 1).

Because it is very difficult to elucidate the origin of specific catalytic effects and determine the
reaction mechanisms of supported Au catalysts experimentally, a theoretical approach is essential.
To date, several theoretical studies to elucidate the mechanism of Au-catalyzed C-H bond
activation for several reactions (e.g., alcohol oxidation) using Au cluster models have been
reported, and two types of reaction mechanisms have been proposed: (i) direct C-H bond
activation by Au and (ii) indirect C—H activation by O or O atoms adsorbed on the Au surface.'!-
15 Additionally, it should be noted that the charge state of the Au clusters can be controlled by the
choice of the support material or polymer ligands, and this is an important factor affecting the
catalytic activity.**?® In particular, the relationship between O; activation and the charge state of
Au clusters has been reported in previous theoretical studies,?*” and this would affect indirect C—
H bond activation by O>. Thus, to elucidate the C—H bond activation mechanism of supported Au
catalysts, the effect of the charge state of Au clusters should be investigated. However, there is
still no detailed (plausible or theoretical) explanation for the aforementioned relationship.

Thus, in this study, the mechanism of the a,B-dehydrogenation of 1-methyl-4-piperidone over
supported Au nanoparticle catalysts was examined mainly by density functional theory (DFT)
calculations using Au cluster models. The aim of these calculations was to understand the general
aerobic Au-catalyzed C-H bond activation mechanism. Additionally, we investigated the

relationship between the C—H bond activation mechanism and the charge state of the Au cluster



affected by the support or H20 (solvent). In this paper, we first explain the results of several control
experiments for the Au-catalyzed a,p-dehydrogenation of 1-methyl-4-piperidone (Section 3.1).
After a discussion of the electronic structure of the Au cluster on the OMS-2 support and adsorbed
O2 (Section 3.2), the reaction mechanism of the first C-H* bond cleavage step is proposed, and the
key role of the charge state of the Au cluster is also illustrated (Section 3.3). Then, the origin of
the activity of the adsorbed O is clarified in relation to the charge state of the Au cluster (Section
3.4), and the reaction mechanism for the second C-HP bond cleavage step (Section 3.5) and the
total catalytic cycle are also discussed (Section 3.6). Concluding remarks are given in the last

section.

2. Computational Details

2.1 Au10/OMS-2 Model

To investigate the electronic structure of the Au cluster on the OMS-2 support, an Auio cluster on
a surface slab model of OMS-2 (Au10/OMS-2 model: Figure 1a) was constructed with periodic

boundary conditions.



Figure 1. (@) Auio/OMS-2 model. (b) Aux model. Red: oxygen, green: manganese, purple:

potassium, yellow: gold.

Tompsett and Islam et al. reported that the (100) surface is the most stable surface of a-MnO>
(i.e., OMS-2 without K atoms) in their previous theoretical calculations.?® Our calculations also
showed that the surface energy of the (100) surface of OMS-2 is more stable than that of the (110)
surface (the next stable surface of 0-MnQ2)?® by 0.07 J/m?. Therefore, the (100) surface was
adopted for the computational model of the OMS-2 surface in this study. The (100) surface of
OMS-2 was modeled using a (4 x 2) unit cell with 25-layers (KaoMn12802s6: Figure S1 in the ESI).
The lattice constant of this slab was settoa=11.5A,b=c=19.6 A and « = =y =90 °, which
were determined by cell optimization of the bulk structure of OMS-2. The calculated lattice
constants of bulk OMS-2 was in good agreement with the experimental value (a=11.4A, b=c=
19.6 A (these are the multiplied values for (4 x 2) super cell)).?® Each slab was separated by a 25-

A vacuum layer perpendicular to the (100) surface.



K atoms are located at the hollow sites of the (100) surface if the (100) surface is simply cut
from the bulk structure, as shown in Figure S1a (8-hollow structure). However, once half of the K
atoms are moved to the terrace sites from the hollow sites, the surface structure (4-hollow_4-
terrace structure, Figure S1b) is more stable than the original structure by 47.1 kcal/mol.
Additionally, the 4-hollow_4-terrace structure is more stable than other surface structures (more
details are given in Section S1 in the ESI). Therefore, the 4-hollow_4-terrace structure was adopted
in the present study. Furthermore, the Auio model could be adsorbed only on the terrace site of the
OMS-2 surface because other adsorption sites were occupied by K atoms in the 4-hollow_4-teracce
structure. According to these procedures, the Aui0/OMS-2 model (Figure 1a) was constructed to
investigate the electronic structure of the Au cluster on the OMS-2 surface.

Calculations using the Aui0/OMS-2 model were carried out using spin-polarized DFT
calculations with the FHI-aims code (version: 171221).%° The Perdew—Burke—Ermzerhof (PBE)
functional® was used as the exchange—correlation functional. The numerical atom-centered orbital
(NAO) basis set® with the default “light” settings were used for geometry optimization, and single-
point energy calculations of optimized structures were performed with the default “tight” settings
(although the confinement radius for K atoms was changed to 4.0 A). In addition, atomic-scaled
zeroth-order regular approximation (Atomic ZORA)*® was adopted to incorporate the relativistic
effects. A T"-centered grid of 18 x 6 x 6 k-points was used for the cell optimization of the bulk
OMS-2 structure, and a I'-centered grid of 5 x 3 x 1 k-points were used for the slab models. The
bottom 11 layers of OMS-2 were fixed to the bulk structure during geometry optimization. The
initial spin state of OMS-2 was obtained from previous theoretical calculations by Cockayne and

co-workers.3?



The Au10/OMS-2 model was compared with the Aus/OMS-2 model, and the two models gave
similar results for the electronic structures of the Au cluster and the adsorbed O (see more details

in Section S10 in ESI). The model dependence is expected to be not so significant.

2.2 Auzo Model

In the present study, we focused on the a,B-dehydrogenation mechanism of 1-methyl-4-
piperidone at the Au surface, in which the lattice oxygen of the OMS-2 support is not directly
involved. Thus, the Auxo model (cluster model, Figure 1b) was adopted to investigate the reaction
mechanism of the Au-catalyzed aerobic a,B-dehydrogenation of 1-methyl-4-piperidone. Because
a previous study®3 showed that the tetrahedral pyramidal structure is the most stable conformation
of Auzo, we also adopted pyramidal structures in the present study. The total charge of the Auzo
model was changed to incorporate the effect from the support material or H2O (see Section 3.3),
and three types of Auz models were constructed: Auzo®, Auzo’”, and Auz? .

The Auzo models were compared with Auio models for the Oz adsorption and C—H activation.
As shown in Section S10 in ESI, the two models gave similar results for the calculated charges,
O—-0O distance, adsorption energy, and reaction energy for the C—H cleavage. The model
dependence is expected to be not so significant.

DFT calculations were performed for the Auzo model using Gaussian 09.3* The M06 functional®®
was used for the exchange—correlation functional. The Stuttgart/Dresden basis set with effective
core potential®® was employed for Au, and the 6-31G(d, p) basis sets®” were used for the other
elements. The ultrafine grid (99 590 grid) was used for the integration grid of numerical integration.
All reactants, products, and transition state structures were connected by intrinsic reaction

coordinate (IRC) calculations. Additionally, normal mode analysis was performed, and we



confirmed that each of the equilibrium and transition states contained zero and one imaginary
frequency, respectively.

The result by the M06 functional with Gaussian 09 code was compared with that obtained by
the PBE functional with the FHI-aims code. With the Aux®, Auz'", and Aux? models, the
structures and charges on the adsorbed O. were compared because these values are related to the
O> activation. As the result given in Section S5 of ESI, the structures and charges obtained with

the two computational settings are similar to each other.

3. Results and Discussion

3.1 Dehydrogenation of 1-Methyl-4-piperidone under Various Conditions

As mentioned in the introduction, the reaction mechanism at the Au surface (mechanism I in
Scheme 1) and that involving the lattice oxygen in the perimeter region (mechanism II in Scheme
1) could both occur during Au/OMS-2-catalyzed o,3-dehydrogenation under an air atmosphere.
To investigate these reaction mechanisms, the initial reaction rates of the a,B-dehydrogenation of
1-methyl-4-piperidone were measured in the presence of Au/Al,O3 or Au/OMS-2 at different
partial pressures of O2. As shown in Figures S8 and S9, the initial reaction rate of the Au/Al2Os-
catalyzed reaction was dependent on the partial pressure of Oz, and the reaction hardly proceeded
in the absence of O (i.e., an Ar atmosphere). On the other hand, when Au/OMS-2 was used, the
reaction proceeded even under an Ar atmosphere, suggesting that OMS-2 itself acted as the
terminal oxidant (see Figure S8). Moreover, the initial reaction rate of the Au/OMS-2-catalyzed

reaction was also dependent on the partial pressure of O, similar to that of the Au/Al,Oz-catalyzed
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reaction (see Figure S9). Thus, this O pressure dependence indicates the presence of a catalytic

process on the Au surface with Oz consumption in which OMS-2 is not directly involved.

We investigated more details of the reaction mechanism without the involvement of the lattice
oxygen of the metal oxide supports using an Au/C catalyst. The o,3-dehydrogenation of 1-methyl-
4-piperidone by the Au/C catalyst proceeded only in the presence of Oz (see entries 1 and 2 in
Table S4). These results indicate that the reaction can proceed only on the Au surface by utilizing

02 and that the lattice oxygen of metal oxides is not necessarily required for a,B-dehydrogenation.

3.2 Electronic Structures of the Au Cluster and Adsorbed Oz Species on Au/OMS-2

In this section, the electronic structure of the Au cluster on OMS-2 is discussed based on the
results of DFT calculations using the Au10/OMS-2 model (Figure 1a). Additionally, the adsorption
structures of O2 on the Au1o/OMS-2 model are also discussed. As shown below, the Au cluster on
the OMS-2 support is negatively charged as a result of charge transfer from OMS-2. Furthermore,
the adsorbed O is activated to form a superoxide state by charge transfer from the Au cluster on

OMS-2.
3.2.1 Electronic Structure of the Au Cluster on the OMS-2 Support

Hirshfeld charge analysis®® was performed for the Au10/OMS-2 model to analyze the atomic
charges of each Au atom. As shown in Table 1, the total charge of the Auio cluster in the
Au10/OMS-2 model was calculated to be —0.42. The negative charges are distributed over the Au

atoms in the second and third layers (i.e., AuP-Au’ except for Auf).
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Table 1. Hirshfeld charge of each Au atom.?

Layer Hirshfeld Charge
Aup AuB Auc
0.00 0.13 0.02
AuP AUE AuF Au®

2
—0.06 0.01 —0.06 —0.13
3 AuM AU AU’
—0.09 —0.09 —0.15
Total Allzo
—-0.42

4Indexes of Au atoms correspond to those in Figure 1a.

To investigate the reorganization of the electronic structure, the electron density difference,
Ap(Au10/OMS-2), was calculated using eq (1). This reorganization is induced by the interaction

between the Auio cluster and the OMS-2 support.

Ap(AU10/OMS-2) = p(Au10/OMS-2) — p(Auio) — p(OMS-2) (1)

Here, p(model name) is the total electron density of each model. p(Auig) and p(OMS-2) were
independently obtained by single-point calculations. The atomic coordinates were taken from
those of the Au1o/OMS-2 model. As shown in Figure 2, the electron density increases in the Auig
region. In particular, the electron density increases around the Au—Mn bonds and Au atoms in the
second and third layers of the Auio cluster. This result is consistent with the result of the Hirshfeld
charge analysis (cf. Table 1). On the other hand, the electron density decreases around the Mn and
O atoms of the OMS-2 surface. These results indicate the formation of Au—-Mn bonds and charge
transfer from OMS-2 to the Au cluster. On the other hand, the changes in the electron density
around the K atoms on the surface can be interpreted as the polarization of the charge density. The
Hirshfeld charges of K atoms did not show any meaningful change after the Auio cluster was

attached to the OMS-2 model.
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Figure 2. Electron density difference in the Aui/OMS-2 model. The dark yellow isosurface
indicates electron accumulation and the blue isosurface indicates electron depletion. Isosurface

value is 0.01 A3, Red: oxygen, green: manganese, purple: potassium, yellow: gold.

The density of states (DOS) of the Au1o/OMS-2 model was also calculated (Figure 3). We
focused on the DOS projected onto all Au atoms and three Mn atoms bonded to the Au cluster (i.e.,
Mn”, Mn8, and MnC in Figure 1a) because the electron density difference analysis (cf. Figure 2)
suggested that the interaction between Mn and Au is important for charge transfer. The results of
DOS analysis for the Auio/OMS-2 model are shown in Figure 3b. Around the valence and near the
Fermi level, the energy levels of Au and Mn overlapped well (indicated by red arrows in Figure
3b), indicating the formation of Au—Mn bonds. The same DOS analysis was performed for an
isolated OMS-2 model (OMS-2 without Auio) and an isolated Auio model (Augo without OMS-2)
(see Figures 3a and 3c, respectively). In the isolated Auio model, unfilled bands were observed
above the Fermi level (indicated by red arrows in Figure 3c). In contrast, they were shifted below
the Fermi level in the Auio/OMS-2 model (indicated by red arrows in Figure 3b), which is likely

due to the interaction between Au and Mn. The valence band of the Mn atoms of the isolated OMS-
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2 model (indicated by the red arrow in Figure 3a) is also shifted to the lower energy region in the
Au10/OMS-2 model (indicated by red arrows in Figure 3b). These results also suggested that

valence electrons around the OMS-2 surface were transferred to the Au cluster to form Au—-Mn

bonds.
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3.2.2 Electronic Structure of Adsorbed O2 on the Au1o/OMS-2 Model
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As mentioned in Section 3.1, when using Au/C, the a,p-dehydrogenation of 1-methyl-4-
piperidone hardly proceeded in the absence of Oz (see Table S4). Additionally, the rate of reaction
on the Au surface without the involvement of lattice oxygen of OMS-2 showed a roughly first-
order dependence on the O partial pressure in Au/OMS-2 (cf. Figure S9). Therefore, O is an
essential factor for the catalytic cycle at the Au surface. Thus, the adsorption structures and
electronic states of Oz on the Au1o/OMS-2 model were investigated.

In the Auio cluster, the most negatively charged adsorption site (Ads-site I) was the bridge site
between Au' and Au’ (cf. Figure 1a and Table 1). In contrast, one of the most positively charged
adsorption site (Ads-site 11) was a bridge site between Au® and AuF (cf. Figure 1a and Table 1).
These two sites having opposite characteristics were selected to evaluate the O, adsorption
capability. Although the bridge site between Au® and Au® was more positively charged than Ads-
site 11, that site was ruled out because there is not sufficient space for Oz adsorption. The perimeter
region between Au and OMS-2 was not investigated because we focused on the catalysis at the Au
surface in which the lattice oxygen or its vacancy of the OMS-2 support are not directly involved
(Mechanism I in Scheme 1). However, in other supported Au catalysts (e.g., Au/TiO; catalyst>*-
43), the perimeter site plays a key role in O activation.

The adsorption structures of Oz on the two adsorption sites are shown in Figure 4. In the case of
Ads-site 11, a large structural change in the Auio cluster occurred during geometry optimization.
As a result, the OB atom changed its binding site from Auf to Au'. In this discussion, the bridge
site between AuB and Au' is called Ads-site IT* (Figure 4b). The adsorption energies for Ads-sites
I and IT* were calculated to be —33.6 and —4.8 kcal/mol, respectively. The results indicate that O
could be adsorbed on both Ads-site I and II* but is preferentially adsorbed on the more negatively

charged sites. As shown in Figure 4, the O—O bond distances of adsorbed O are 1.43 and 1.41 A
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on Ads-site I and Ads-site II*, respectively, which are longer than that in gas phase (1.22 A). In
addition, the adsorbed O> is negatively charged by more than —0.40 (Table 2). These results
suggest that adsorbed O is in a superoxide state and is activated because of charge transfer from
the negatively charged Au cluster to the n* orbital of O,. As discussed in the next section, the C—

H® bond of 1-methyl-4-piperidone is cleaved by activated O, with a reasonable activation energy.

Figure 4. Adsorption structures of Oz on (a) Ads-site I and (b) Ads-site II*. Red: oxygen, green:

manganese, purple: potassium, yellow: gold.
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Table 2. Hirshfeld charge of Au atoms and adsorbed O5.?

Ads-site I  Ads-site II*

o” -0.23 -0.18
0B -0.23 -0.22
AUA -0.02 0.03
AuB 0.07 0.15
Auc -0.02 0.01
AuP -0.06 -0.04
AuE -0.08 -0.03
AUF -0.08 -0.05
AuC -0.06 -0.15
AuH 0.01 -0.07
Al 0.00 0.00
Au’ 0.00 -0.18
Aug + O2 -0.70 -0.73

& For the indexes of the O and Au atoms, see Figure 4.

3.3 First C-H Bond Cleavage Step

In this section, the first C—H bond cleavage step of 1-methyl-4-piperidone is described using the
Auz model (Figure 1b). As mentioned above, our calculations showed that OMS-2 can donate
electrons to Au and that O can be activated on the negatively charged Au. In addition, we also
obtained several experimental results suggesting that electron donation to Au is important even
when electron-donating OMS-2 supports are not used. For example, we found that the Au/C-

catalyzed aerobic dehydrogenation of 1-methyl-4-piperidone hardly proceeds when using toluene
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as the solvent but efficiently proceeds in H2O (Table S4, entries 1 and 3). A previous theoretical
study showed that a negatively charged Au cluster is formed by charge transfer from adsorbed
H20.* Our calculations also show that the charge transfer from adsorbed H,0 to the Auzo model
occurs by —0.09 per H2O molecule. Therefore, it can be considered that the Au/C-catalyzed
reaction proceeds in H20 because the adsorbed H2O causes Au to become negatively charged.
From the above-mentioned calculations and experimental results, we focused on the relationship
between the catalytic activity for C—H bond activation and the negative charge state of the Au
cluster. Thus, the positively charged Au cluster model was ruled out, and we constructed three
Auz models having negative charge states (0, —1, and —2) for detailed investigation: Auz™,

Auo'", and Auzg®".

Using these three models, two types of C—H bond activation pathways (Scheme 2) were
investigated. In the direct C—H bond activation pathway (Scheme 2a), the C—H bond of 1-methyl-
4-piperidone is directly activated by Au. In the indirect C—H bond activation pathway (Scheme
2b), an adsorbed O, molecule is involved in hydrogen abstraction from 1-methyl-4-piperidone.
We note that the calculated activation energies for Oz dissociation were more than 40 kcal/mol in
all Auzo models. On the basis of this result, the atomic O species from adsorbed O can be
eliminated as possible active species for the first indirect C—H activation. As discussed below, the
indirect pathway is energetically favorable and is the main reaction pathway of the first C—H bond

cleavage step.
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Scheme 2. (a) Direct and (b) indirect pathways for the first C—H bond cleavage step.
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3.3.1 Direct C—H Bond Activation Pathway

First, the direct C-H bond activation pathway was investigated using the Auzo models. To obtain
the structure of the reactant state, several adsorption sites of 1-methyl-4-piperidone were
investigated for each charge state of the Au cluster. Of these, the most stable adsorption structure
of the reactant molecule was selected (more details are given in Section S2 in the ESI). From these
reactant states, all possible direct C—H bond activation pathways were investigated. Below, we
discuss the reaction pathways having the lowest activation energies of the possible pathways.
Additionally, both C-H* and C-HP bonds (cf. Scheme 1) were tested for the first C—H bond

cleavage step.

Potential energy diagrams of the direct C—H" bond activation pathways for each model are
shown as broken lines in Figure 5. The optimized structures along the reaction pathways are also

shown in Figure 6. As shown in Figure 5, the activation energies of the direct pathways were more
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than 40 kcal/mol in all models (Eaa1 = 54.2 kcal/mol for the Auz®* model, Esg1 = 44.8 kcal/mol
for the Auzo'™ model, and Eac1 = 44.7 kcal/mol for the Auzo?~ model). Furthermore, regardless of
the charge state, these elementary processes were calculated to be endothermic. The product states
(A2, B2, and C2 in Figures 5 and 6) are more unstable than the reactant states (A1, B1, and C1 in

Figure 5 and 6) by 44.2, 41.9, and 18.7 kcal/mol, respectively.

The direct C-HP bond activation pathways were also investigated (see more details in Section
S4 in the ESI). As shown in Figure S3, the direct C—HP activation pathways were also endothermic
reactions, having large activation energies (> 40 kcal/mol). In summary, direct C—H bond
activation is not kinetically or thermodynamically favorable, and the charge state of the Au cluster

does not change the endothermicity or reduce the high activation barrier of this pathway.
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Figure 5. Potential energy diagram of the C—H® bond activation at the first C—H bond cleavage
step. Broken lines are direct C—-H" bond activation pathways, and solid lines are indirect C—H®
bond activation pathways. Energies of AO, B0, and CO states are defined as the sum of the energies
of the isolated species: Aux®, Oz, and 1-methyl-4-piperidone for AQ; Aux®™, Oz, and 1-methyl-4-

piperidone for BO and Auze?", Oz, and 1-methyl-4-piperidone for CO.
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Figure 6. Optimized structures of the reactant, product and transition states of direct C-H" bond

activation on the (a) Auz™, (b) Auz®", and (c) Auz®” models. Red: oxygen, blue: nitrogen, gray:

carbon, white: hydrogen, yellow: gold.

3.3.2 Indirect C-H Bond Activation Pathway

In this pathway, the adsorbed O first abstracts the H* or HP atom of 1-methyl-4-piperidone

(Scheme 2b). To begin with, the adsorption structures of Oz on the Auzo model were investigated
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following the method of a previous study for the Aux®™ cluster.!’ In the present study, O
adsorption on the Auz®* and Auz?  models was also considered. For the spin multiplicity, the

I~ model with

Auz™ and Auz?” models with O, were calculated as the singlet state, and the Auzo
O was calculated as the doublet state (see more details in Section S3 in the ESI). The BR1 site
(see the adsorption site of Oz of B3 and C3 in Figure 7) is the most stable adsorption site in both
the Auzo®~ and Auz?” models, and the calculated adsorption energies are —21.1 and —12.5 kcal/mol
in the Auzo'™ and Auz?  models, respectively. On the other hand, O, adsorption on the Auz®
model was calculated to be endothermic (cf. Eags in Table S2), indicating that no stable O2
adsorption was expected in the Aux® model. From these results, the indirect C—H activation
pathway was investigated using the Auz®~ and Auz?  models. This choice is also supported by

the results obtained using the Aui0/OMS-2 model, in which the Au cluster plus O is negatively

charged, as discussed in Section 3.2.

For subsequent calculations, the BR1 site was selected as the O adsorption site in the reactant
state, and 1-methyl-4-piperidone was co-adsorbed on the neighboring adsorption sites of the BR1
site. Using these structures, all possible indirect C-H* and C-HP? activation pathways were
investigated. The potential energy diagrams of the indirect C—H® bond activation pathways for
each model are shown as solid lines in Figure 5. The reaction pathways having the lowest
activation energies are shown in this diagram. The optimized structures along the indirect reaction
pathways are also shown in Figure 7. As shown in Figure 5, the activation energies of this reaction
pathway are less than 30 kcal/mol in both models (Eag2 = 29.8 kcal/mol with the Auze*™ model and
Eac2 = 11.8 kcal/mol with the Auzo?>” model). These values are smaller than those of the direct C—
H bond activation pathway by more than 15 kcal/mol. Furthermore, the product state is

considerably stabilized. In the Auz!™ model, reaction energy E; (energy difference between
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reactant state (E[R]) and product state (E[P]): Er = E[P] — E[R]) of the indirect pathway is only
+5.8 kcal/mol, indicating the large endothermicity in the direct pathway (Er = +41.9 kcal/mol) was
significantly reduced. In particular, the indirect pathway in the Auz? model turned to an
exothermic reaction (Er = —5.5 kcal/mol), although the direct pathway is endothermic (Er = +18.7

kcal/mol).

Additionally, indirect C-HP bond activation pathway was also investigated. As shown in Figure
S3, the calculated activation energies of indirect C-HP? bond cleavage are higher than those of
indirect C-H® bond cleavage by 5.8 kcal/mol in the Auz!™ model and 15.1 kcal/mol in the Auze?
model. The difference in the activation barrier between the C—-H* and C—HP cases can be explained
by the stability of the intermediate. After H abstraction, the substrate becomes negatively charged,
and the intermediate formed by a-deprotonation of 1-methyl-4-piperidone is 36.1 kcal/mol more
stable than that formed in the case of -deprotonation in the gas phase because the acidity of H* is
greater than that of HP. These results suggest that indirect C—H* bond activation by adsorbed O
on the negatively charged Au clusters is an energetically favorable pathway. Additionally, the

activation energy is reduced when the Au cluster is more negatively charged.
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Figure 7. Optimized structures of the reactant, product, and transition states for indirect C-H*
bond activation on the (a) Auz'™ and (b) Auz? models. Red: oxygen, blue: nitrogen, gray: carbon,

white: hydrogen, yellow: gold.

3.4 Electronic Structure of O2 on the Au Cluster

O> activation by the Au cluster is key to the indirect C-H* bond activation mechanism. To
understand the relationship between the charge state of the Au cluster and O activation, the
electronic structure of the adsorbed O, was analyzed for each Auzo charge state. As discussed
below, O, becomes a superoxide and is well activated for hydrogen abstraction because of the

charge transfer from the Au cluster.

The highest occupied molecular orbitals (HOMOSs) of the most stable adsorption structures of

02 on each Auzo model (cf. Section S3) are shown in Figure 8. The HOMO is delocalized over
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both the Auyo clusters and O, moieties in the Auz® and Auz'™ models, and the HOMO involves

the 7* orbital of the O> molecule. In the Auxp?®”

model, the HOMO is localized on the O, moiety,
and the ©* character becomes clearer. As shown in Figure 8 and Table 3, the O-O bond distance
increased and the negative charge on O increased when a more negatively charged model was

used. These results indicate that O is in a superoxide state and is well activated on the negatively

charged Augo cluster models owing to the charge transfer from the Au cluster to the 7" orbital of

O..
Charge = =0
Singlet
Au-0: 2.33 A L
Charge = -1
Doublet
HOMO (a)
Au-0: 211 A —— 0-0: 1.40 A
Clisige = =2 " Au-0: 2.12 A
Singlet %
&> TC—'J'\ 1'-""— -
HOMO

Figure 8. HOMO of the adsorbed Oz on Auzo models. Isosurface value is 0.02 A3, Red: oxygen,

yellow: gold.
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Table 3. Charge of O, adsorbed on the Auxg models.

AU10/OMS-2 Model
AUzoOJ‘r Model AUzol_ Model AUzoz_ Model
(Ads-site I)

NPA Charge of O, -0.27 -0.54 -0.95 -

Hirshfeld Charge of O, -0.31 -0.50 -0.78 -0.46

Furthermore, the electronic structure of adsorbed O on the Auxo model was compared with that
on the Au10/OMS-2 model. Although the computational code and DFT functional are different,
common trends were observed in these two models (for more details, see Section S5 in the ESI).
The sum of the Hirshfeld charge of the Auio cluster plus O2 was calculated to be —0.70 when O>
was adsorbed on Ads-site I of the Auio/OMS-2 model (cf. Table 2), and the charge on O> was
—0.46. In the Aux'™ model, the natural population analysis (NPA) and Hirshfeld charges of the
adsorbed O; are —0.54 and —0.50, respectively (Table 3). Additionally, the O-O and Au-O bond

distances of O, on Ads-site I are similar to those in the Auzo?

~ model (cf. Figures 4a and 8). In
particular, the O—O bond lengths in the Aui1o/OMS-2 model and that in the Auz?>” model are 1.43
and 1.40 A, respectively. From these results, both the charge state and structure of Oz on the
negatively charged Auzo models are similar to those on the Au10/OMS-2 model.

Next, the isolated Auzo and isolated O, were compared. The energy levels of the HOMO, the
singly occupied molecular orbital (SOMO), and the lowest unoccupied molecular orbital (LUMO)
are shown in Figure 9. The HOMO and SOMO levels of the isolated Auzo models increase as the
total charge becomes more negative. The HOMO level of the Aux®™ model is lower than the

LUMO level of O,. On the other hand, the HOMO levels of the Aux!™ and Aux? models are

higher than the LUMO level of the isolated O,. These results indicate that electron transfer from
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Au to O2 can occur more easily in the more negatively charged Auxo cluster. This is one possible
reason why O; is well activated in the negatively charged Auzo models. However, the HOMO level
of the Aux? model is positive, which means that the —2 charge state results in an unstable
electronic structure. Thus, the Auz?>” model may not exist in reality. In contrast, the Fermi energy
of the Au10/OMS-2 model was calculated to be —4.71 eV, indicating that the negatively charged

Au cluster in the Au10/OMS-2 model is stable.
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Figure 9. Orbital energy diagram of isolated Auzo models and Os.

The above-mentioned electronic structure also affects the hydrogen affinity of adsorbed O>
(HAoz2), as shown by Eq. (2).

HAo2 = [E(AUHOO) — (E(AuO2) + E(H))] )
Here, E(AUHOO) and E(AuOy) are the potential energies of the adsorbed states of HOO and O>
on the Auzo model, respectively, and E(H) is the potential energy of an isolated hydrogen atom.
HAo, was calculated using the Aux®™ and Auz® models. The initial structures for geometry

optimization of each structure were taken from the product states of the indirect C—H® activation
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1 2

pathway. HAo2 of the Auxo™ and Auxo~ models were calculated to be —75.3 and —86.9 kcal/mol,
respectively, indicating that the interaction between hydrogen atom and adsorbed Oz is stronger in
the more negatively charged system. This result can be explained by the degree of O, activation,
as discussed above, and this is one possible reason why the —2 charge state results in the lowest
activation energy for the indirect pathway. Additionally, the hydrogen affinity of the isolated O2™
anion was calculated to be —61.0 kcal/mol. This value is smaller than those of the adsorbed cases,

which suggests that the interaction with Au enhances the hydrogen abstraction capability of the

adsorbed O».

3.5 Second C-H Bond Cleavage Step for Enaminone Formation

After the first C-H® bond cleavage by the adsorbed O, there are five possible C—HP bond
activation pathways to generate the corresponding enaminone, as shown in Scheme 3. Specifically,
these are the (a) direct pathway, in which the C—HP bond is directly activated by Au, (b) HOOH
generation pathway, in which the C—HP bond is activated by adsorbed HOO species generated by
the indirect C—H® bond activation, (c) H20O generation pathway, in which the HP is abstracted by
the OH species generated by O—O bond cleavage of the HOO species, (d) OH generation pathway,
in which HP is abstracted by the O species generated by O—O bond cleavage of the HOO species,
and (e) HOO generation pathway, in which the C—HP bond is activated by the adsorbed O.. Because
the total charge of the Au cluster plus adsorbed O is close to —1.0 in the Au10/OMS-2 model (cf.
Table 2), we focus on the reaction mechanism with the Auze*™ model in this section. As shown
below, the (b) HOOH generation pathway, (c) H2O generation pathway, and (d) OH generation

pathway are plausible routes for the C—HP bond cleavage step.
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Scheme 3. Five possible reaction pathways in the second C—HP bond cleavage step.
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Potential energy diagrams of the C—HP activation pathways with the Auzo'™ model are shown in
Figure 10, and the optimized structures along the reaction pathways are shown in Figure 11. In the
direct and HOOH generation pathways, the conformations of the adsorbed species changed from
those in B4 (product state of the C—H* activation step) to reactive conformations (Figure 11: B7
and B9, respectively) before C—HP bond activation. Although these conformational changes are
necessary for the H? atom to interact with Au atoms or HOO species, the resulting conformations
are more unstable than B4 by 10.7 and 7.2 kcal/mol, respectively. In this model, we could find no
other stable conformations that are connected to low-lying transition states than those shown in
Figure 11. The transition states of the direct and HOOH generation pathways are 23.6 and

14.3 kcal/mol above B7 and B9, respectively.
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Figure 10. Potential energy diagram of the second C—HP bond cleavage step with the Auzo
(@) direct pathway (red line), (b) HOOH generation pathway (orange line), (c) H.O generation
pathway (blue line), (d) OH generation pathway (green line), and (e) HOO generation pathway
(purple line). In this figure, the potential energies are relative to the sum of the energies of the

isolated species, i.e., Auzx!", Oz, 1-methyl-4-piperidone, and adsorbed state of Oz on the Auz®~

model (for more details, see Section S6 in the ESI).
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Figure 11. Optimized structures of the reactant, product, and transition states of the second C-H
bond cleavage pathway using the Auz!™ model. Red: oxygen, blue: nitrogen, gray: carbon, white:

hydrogen, yellow: gold.
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In the H20 and OH generation pathways, the conformation of the B4 state became more stable
(Figure 11: B11 and B14, respectively) before the O—O bond cleavage of the HOO species. These
conformations are more stable than B4 by 3.2 and 3.0 kcal/mol, respectively. The activation
energies for the O—0 bond cleavage from these states were calculated to be 16.7 and 15.6 kcal/mol,
respectively. In the OH generation pathway, the conformation of the intermediate state (B15)
became more stable (B16) before C—HP bond activation. The activation energies for the C—HP bond
cleavage step were calculated to be 24.9 kcal/mol in the H>O generation pathway and 11.8 kcal/mol
in the OH generation pathway. Thus, the C—HP cleavage step is the rate-determining step of the
H>0O generation pathway, whereas the O—O bond cleavage step is the rate-determining step of the

OH generation pathway.

In the HOO generation pathway, O is adsorbed on the BR1b site in the reactant state (B18 in
Figure 11), although the BR1 site is the most stable adsorption site (cf. Section S3 in the ESI).
However, we could not find a transition state that connects to the reactant state with O> on the BR1
site. B18 is unstable compared to B4 by 10.9 kcal/mol, and the transition state for C-HP bond

cleavage is 23.6 kcal/mol higher in energy than B18.

In summary, the apparent activation energies (Eapp) Of each pathway were calculated. In the OH
generation pathway, the rate-determining step is the O—O bond cleavage step. Thus, Eapp Was
calculated from the B14 state, and the barrier was found to be 15.6 kcal/mol (Eapp_on in Figure 10).
In the H2O generation pathway, the C—HP bond cleavage step is the rate-determining step. Thus,
Eapp Was calculated from the B12 state, and the barrier was 24.9 kcal/mol (Eapp_+20 in Figure 10).
In the other pathways, the C—HP activation proceeds through reactive conformations (i.e., B7, B9,
and B18), and these states are more unstable than the B4 state, as discussed above. Thus, the

apparent activation energies of these pathways should be calculated from the B4 state. The
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calculated Eapp values are 34.3 kcal/mol in the direct pathway (Eapp_direct in Figure 10), 21.5
kcal/mol in the HOOH generation pathway (Eapp_Hoow in Figure 10), and 34.5 kcal/mol in the HOO
generation pathway (Eapp_Hoo in Figure 10). These results indicate that the OH generation pathway
is the most Kinetically plausible pathway because it proceeds with the lowest activation barrier
(Eapp_on = 15.6 kcal/mol) of the five pathways. Additionally, the Eapp values of the HOOH
generation pathway and H>O generation pathway are also lower than that of the C-H* cleavage
step (Eas2 = 29.8 kcal/mol in Figure 5). Thus, these three pathways are plausible routes for the

second C—HP bond cleavage step.

3.6 Total Catalytic Cycle

Because the OH or O species remain on the Au surface after C-HP bond cleavage via the OH
generation pathway and H>O generation pathway, the total catalytic cycle is not complete. Thus,
C-H® bond cleavage by the remaining O or OH species was also investigated using the Auzo™
model (optimized structures along these pathways are shown in Figure S7). The activation energies
of these pathways were both calculated to be 17.7 kcal/mol. The reaction energies of C-H* bond
cleavage by the O species and that by the OH species were calculated to be —13.2 and —3.9 kcal/mol,
respectively, and both pathways are, thus, exothermic. The total catalytic cycle of the a,p-
dehydrogenation of 1-methyl-4-piperidone is summarized in Scheme 4. Because the first C-H"
bond cleavage by the adsorbed O requires the largest activation energy (29.8 kcal/mol) among

each reaction step, this step is suggested to be the turnover-limiting step of the total catalytic cycle.

33



Scheme 4. Total catalytic cycle of the a,p-dehydrogenation of 1-methyl-4-piperidone using the

Auz'™ model.?
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R and P represent 1-methy-4-piperidone (reactant) and the corresponding enaminone (product),

respectively.

4. Conclusions

The Au/OMS-2 catalyst is a highly efficient heterogeneous catalyst for the o,3-dehydrogenation
of B-N-substituted saturated ketones. In this study, the reaction mechanism for the o,p-
dehydrogenation of 1-methyl-4-piperidone was investigated mainly by using DFT calculations.
The experimental results obtained using Au/OMS-2 suggest that the reaction mechanism at the
perimeter region and that at the Au surface co-occur in the Au/OMS-2 catalyst. In a complementary
experiment, an Au/C catalyst (Au catalyst without the effect of lattice oxygen of the OMS-2
support) also showed catalytic activity, although only in the presence of gas-phase O, indicating

the presence of dehydrogenation that occurs only on the Au surface. In the present study, we
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focused on the reaction mechanism involving Oz on the Au surface because the results would be
very useful for understanding the general aerobic C—H bond activation mechanism of supported
Au catalysts.

In the first C—H bond cleavage step, the H* of 1-methyl-4-piperidone is abstracted by adsorbed
O2 on the Au cluster. Our DFT calculations suggest that this reaction pathway is more favorable
than direct C—H bond activation by Au. Our calculations also suggest that the Au cluster on the
OMS-2 support is negatively charged because of charge transfer from the OMS-2 support to the
Au cluster. Additionally, adsorbed O on the negatively charged Au cluster is well activated for
hydrogen abstraction, which is one of the reasons why the indirect C-H* bond activation by the
adsorbed Oy is the favorable reaction mechanism. In particular, the degree of O activation
increases in more negatively charged Au clusters. According to this trend, the activation barrier
for C-H" bond cleavage by adsorbed O is lower in the more negatively charged Au clusters. This
result suggests that the catalytic activity for C—H bond activation could be improved by designing
a more negatively charged Au cluster catalyst.

In the second C—-H bond cleavage step, the remaining C—HP bond is activated by adsorbed
oxygen species (HOO, OH, and O) generated after C-H* cleavage by the adsorbed O. The
activation barrier for the C-HP cleavage step was lower than that for C—-H* bond cleavage by the
adsorbed O». Considering that the adsorbed O and OH species can more easily abstract the H* of
another 1-methyl-4-piperidone molecule for subsequent a,B-dehydrogenation reactions, our DFT
calculations suggest that the turnover-limiting step of the o,B-dehydrogenation of 1-methyl-4-

piperidone is the first C-H* bond activation by the adsorbed O».
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FOOT NOTES

TElectronic Supplementary Information.

The following resources are available in the Electronic Supplementary Information: surface
structure of OMS-2, adsorption structures of 1-methyl-4-piperidone and O2 on the Auz models,
C-HP bond activation of 1-methyl-4-piperidone in the first C—H bond cleavage step, comparison
of calculation settings, definition of the relative potential energies for the second C-H bond
cleavage pathways, optimized structures for C—H® bond activation by the adsorbed O and OH
species, Cartesian coordinates of optimized structures throughout the catalytic cycle, and results
of control experiments for the a,B-dehydrogenation of 1-methyl-4-piperidone by the Au/OMS-2,

Au/Al>O3, and Au/C catalysts.
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