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ABSTRACT: The catalytic dehydrogenation of substituted alkenones on noble metal catalysts supported on carbon (Pt/C, Pd/C,
Rh/C, and Ru/C) was investigated in an organic phase under inert conditions. The dehydrogenation and semihydrogenation of the
enone starting materials resulted in aromatic compounds (primary products), saturated cyclic ketones (secondary products), and
cyclic alcohols (minor products). Pd/C exhibits the highest catalytic activity, followed by Pt/C and Rh/C. Aromatic compounds
remain the primary products, even in the presence of hydrogen donors. Joint experimental and theoretical analyses showed that the
four catalytic materials stabilize a common dienol intermediate on the metal surfaces, formed by keto—enol tautomerization. This
intermediate subsequently forms aromatic products upon dehydrogenation. The binding orientation of the enone reactants on the
catalytic surface is strongly metal-dependent, as the M—O bond distance changes substantially according to the metal. The longer
M-O bonds (Pt: 2.84 A > Pd: 2.23 A > Rh: 2.17 A > Ru: 2.07 A) correlate with faster reaction rates and more favorable keto—enol
tautomerization, as shorter distances correspond to a more stabilized starting material. Tautomerization is shown to occur via a
stepwise surface-assisted pathway. Overall, each of the studied metals exhibits a distinct balance of enthalpy and entropy of activation
(AH®, AS°%), offering unique possibilities in the realm of enone dehydrogenation reactions that can be achieved by suitable
selection of catalytic materials.
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1. INTRODUCTION Conversion of cyclohexenones and cyclohexanones to the
corresponding phenols and phenolic derivatives by dehydro-
genative aromatization is an elegant pathway to tackle this
synthetic/catalytic challenge."> Cyclohexenones and cyclo-

Aromatic compounds are one of the most important classes of
molecules since they make up the fundamental building blocks
of many organic solvents, dyes, polymers, and precursor
materials." For example, phenols are central to a wide range of
applications in pharmaceutical and polymeric materials,
herbicides, and electronic materials.” Chiral phenols (e.g., the
antioxidant catechin) are ubiquitous in natural products and
bioactive substances’ with important roles in biological
activities.” Classical (Hock process,” electrophilic substitution,’

hexanones represent a family of relatively inexpensive
substrates that serve as the starting materials of many
important chemicals.'> Dehydrogenative aromatization can
be carried out by hetero- and homogeneous catalysts.
Palladium (Pd) and platinum (Pt) are the most common

Dow process’) and modern (hydroxylation of aryl halides,” Received: October 11, 2023
anodic oxidation,” hydroxylation of arenes'®) methods are Revised:  January 13, 2024
known for the synthesis and structural modification of the Accepted:  January 24, 2024
phenol framework. An outstanding challenge is the develop- Published: February 9, 2024

ment of unconventional methods for the forthright synthesis of

structurally diverse phenols.""'
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metals used for these catalytic processes.””'” Reactions under
oxidative and reductive conditions have been extensively
discussed in the literature, including systematic studies of the
kinetics and mechanism of dehydrogenation of cyclohexanones
and cyclohexenones with Pd- based catalysts in the presence of
oxygen.'* Xue and co-workers'® have reported highly efficient
and robust heterogeneous oxidation of cyclohexanone to
phenol in studies of aerobic dehydrogenation using molecular
ligand modulation of Pd nanocatalysts. Stable and highly active
Pd nanoparticles were prepared by using f-hydroxybutyric acid
(secondary binding site) as a molecular ligand. The particles
were robust under aerobic conditions and were able to
maintain high catalytic activity without significant metal
leaching or particle damage.'> Additionally, dehydrogenation
of substituted cyclohexanones and cyclohexenones to the
corresponding phenols on Pd supported on carbon was
investigated in the presence of hydrogen mixed with nitrogen
(H,/N, = 0.3/0.7 to 0.2/0.8 bar) in N,N-dimethylacetamide
(DMA) solvent. The reactions were carried out without
hydrogen acceptors, having H, as the only byproduct, using
K,CO; as an additive to increase the aromatic product
selectivity.'®

Here, we investigate the dehydrogenation reaction of
cyclohexenones on commercially available noble metals,
including Pt, Pd, Rh, and Ru supported on activated carbon
under inert conditions. We analyze whether the oxophilicities'’
of the metals are important for selectivity, and how the metal-
dependent catalytic activities are determined by the activation
energy (E,) due to the balance of enthalpy and entropy of
activation (AH*, AS°*). Our kinetic analysis shows significant
differences in the reaction rates when comparing different
noble metals, which can be attributed to the different H-
abstraction capabilities of the various catalysts. To elucidate
the reaction mechanisms, we used 3-methyl-2-cyclohexen-1-
one as a model substrate for theoretical studies. We find that
the surface-assisted keto—enol tautomerization pathway is
favored, consistent with a step-by-step dehydrogenation route.
Our theoretical analysis is in good agreement with our
experimental findings, suggesting that the interplay between
the metal-dependent binding strengths of the alkenones and
the stabilization of the dienol intermediate dictates the
selectivity of the reaction toward the formation of aromatic
products, which is controlled by molecular-level interactions
between the corresponding metals and the reactants.

2. RESULTS AND DISCUSSION

We studied the conversion of cyclic alkenones/alkanones to
aromatics (Scheme 1), focusing on the substrates 3-methyl-2-
cyclohexen-1-one (1), 3-methylcyclohexan-1-one (2), 3,5-
dimethyl-2-cyclohexen-1-one (3), 2-cyclohexen-1-one (4), 3-
amino-2-cyclohexen-1-one (§), and 3-ethoxy-2-cyclohexen-1-
one (6).

For our subsequent kinetic studies and mechanistic
investigations, we selected compounds 1 and 2 (Scheme 1)
as model substrates. We focused on the performance of noble
metal catalysts supported on carbon, including Pt/C (10 wt
%), Pd/C (10 wt %), Rh/C (5 wt %), and Ru/C (S wt %;
Table 1). All metals were preactivated under the same
reduction conditions using a standardized procedure (see the
Supporting Information (SI)). The catalyst samples were
stored under inert conditions to prevent deactivation. Kinetic
experiments were carried out separately, and no in situ
sampling was employed.
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Scheme 1. Substrate Scope of the Dehydrogenation
Reaction with Alkenones in the Presence of Carbon-

Supported Noble Metals”
(o)
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“(Note that 1a and 2 are the same compound, 2 refers to the state as
the substrate, while la refers to the state as the intermediate/
corresponding product. Similarly: 1b = 2b and 1c = 2c. For substrate
4: product 4a = 6d and 4c = 6e, 4a and 4c are the corresponding
products of 4, while 6d and 6e are formed as side products in the
reactions of substrate 6.)

[M]/C, 140°C
p-xylene, 8h

[M]--H(n)

[M)/C = PdIC, Pt/C, Rh/C, Ru/C
n = amount of abstracted hydrogen

Originally, our objective was to investigate the potential for
selective hydrogen transfer reactions of alkenones using
carbon-supported noble metal catalysts. Building on our
success with internal alkenes'® and internal/external alkynes,"
we aimed to explore the feasibility of extending the substrate
scope to include cyclic unsaturated ketones. However, to our
surprise, instead of observing the desired saturation reaction in
the presence of a previously successful H-donor molecule,
('Pr),NEt (diisopropylethylamine), (Table 2, entries 1—4,
entries 10—13), we detected the formation of aromatic
components. This unexpected phenomenon led us to shift
our focus toward the kinetic and mechanistic analysis of the
dehydrogenation reaction.

The characterization of the metals used in our study (Table
1) revealed a range of metal particle diameters ranging from
2.3 to 7.1 nm. In our analysis of the Brunauer—Emmett—Teller
(BET) surface area (total), we found that Ru and Rh exhibited
the lower surface areas (933 and 944 m> g_l; Table 1), while
Pt displayed the highest surface (1532 m* g™''%; Table 1).

We conducted experiments using selected substrates
(Scheme 1, substrates 1—6), and some of which were
substituted at the third and/or fifth position of the cyclo-
hexanone ring. Substrates 1 and 2 were selected for further in-
depth kinetic and mechanistic investigations in the presence of
four supported noble metals (Figures 1 and 2 and Table 2).
Interestingly, even under reductive conditions in the presence
of a hydrogen donor molecule, the reaction showed a clear
preference for hydrogen elimination rather than hydrogen
addition (Table 2, entries 1—4).

The reaction profiles of Pt, Pd, and Rh exhibited relatively
similar trends, while Ru displayed a much slower rate
compared to the other three metals (Figure 1). Within 1
min of the reaction at 140 °C, the conversion reached
approximately 84% on Pt and on Pd. However, on Rh, the
increase in conversion was more gradual compared to the
sharp increase observed on Pt and Pd (Figure 1).

https://doi.org/10.1021/acscatal.3c04849
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Table 1. Characterization of Noble Metals Supported on Carbon

catalyst
characterization type Pt/C" (10 wt %)“ Pd/C" (10 wt %)“ Rh/C (5 wt %) Ru/C (S wt %)
metal loading (wt %) 10.1 10.0 S.1 4.5
metal dispersion (%)° 28.9 16.3 46.5 22.9
metal particle diameter (nm)” 3.5 6.8 2.3 39
metal particle diameter (nm)“ 3.8 7.1 2.8 3.8
BET surface area/total (m? g™") 1532 1012 944 933
BET surface area/mesopore (m* g™') 540 319 249 259
BET surface area/micropore (m* g™*) 991 693 695 674
pore volume/total (cm® g™") 1.24 0.67 0.86 0.79
pore volume/mesopore (cm® g™') 0.71 0.36 0.56 0.50
pore volume/micropore (cm® g™?) 0.53 031 0.30 0.29

“Metal content was determined with atomic absorption spectroscopy (AAS). “Determined by H, chemisorption. “Particle size was measured by
TEM (see the SI and Figure S1). “The same catalyst batch was used as in our previous study: Pt/C and Pd/C had been characterized previously."

Table 2. Dehydrogenation of Substrates 1—6, Catalytic Activity Yields for a—e in the Table are Labeled Based on the Lettering
of the Products Described in Scheme 1

yield (%)
substrate entry catalyst additive conversion (%) a b c d e
1 1 Pt (Pr),NEt 100 17 12 71
2 Pd 100 47 0 53
3 Rh 100 24 6 70
4 Ru 63 40 8 15
S Pd K,CO,4 100 48 1 S1
6 Pt none 100 34 8 S8
7 Pd 100 46 0 54
8 Rh 100 41 4 55
9 Ru 10 3 0 7
2 10 Pt (Pr),NEt 21 - 12 9
11 Pd 18 0 18
12 Rh 16 12 4
13 Ru 43 39 4
14 Pd K,CO; 27 - 14 13
15 Pt none 62 - 38 24
16 Pd 3 0 3
17 Rh 27 17 10
18 Ru 0 0 0
3 19 Pt none 100 30 S 65
20 Pd 100 46 0 54
21 Rh 100 44 2 54
22 Ru 1 0 0 1
4 23 Pt none 100 41 0 59
24 Pd 100 42 58
25 Rh 100 43 57
26 Ru 55 27 28
S 27 Pt none 2 0 0 2
28 Pd 4 4
29 Rh 0 0
30 Ru 0 0
6 31 Pt none 100 0 0 0 35 65
32 Pd 100 57 32 11
33 Rh 100 84 10 6
34 Ru 69 69 0 0

“Reaction conditions: (if added: 2.2 mmol of additive), substrates 1—6 (1.0 mmol), catalysts Pd/C, Pt/C (10 wt %, 0.1 mmol of metal), Rh/C,
Ru/C (5 wt %, 0.1 mmol of metal), p-xylene (1.5 mL), 140 °C, 8 h reaction time was used for all substrates for comparable conversions/yields,
under Ar, atmospheric pressure (for stirring speed independence see the SI, Figure S2). Product distribution was determined by GC(-MS) analysis
with the internal standard and reference materials (see the SI and Figure S3).

Previously, it had been reported that the use of K,CO; with selectivity toward aromatics.'® However, under our reaction
Pd/C (using DMA as the solvent) could enhance the conditions with p-xylene as the solvent, we have not observed
2885 https://doi.org/10.1021/acscatal.3c04849
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Figure 1. Reaction profiles of substrate 1 on Pt/C (A), Pd/C (B), Rh/C (C) and Ru/C (D) at 140 °C in p-xylene at given reaction times (the

dashed lines serve as a guide to the eye).

A 200

In(TOF [s1])

In(TOF [s™])

-4.00

-6.00
-8.00
-10.00 1
-12.00
-14.00

-16.00

0.0022

-2.00
-4.00

-6.00

-8.00

-10.00

-12.00

-14.00

0.0022

| . (1to 1a)

0.0026 0.0028

T (K"

0.0024

1 Rh . [

| .
] (1to 1c)

0.0026  0.0028
T (K7)

0.0024

Figure 2. Arrhenius plots of Pd/C, Pt/C, Rh/C, and Ru/C for
conversion of substrate 1 to la (A) and to 1c (B). The overall
temperature regime was 140—70 °C (see the SI).

this beneficial effect of K,CO; (Table 2, entries 5 and 14).
Using Pd/C in the presence of (‘Pr),NEt, we observed an

0.003

0.003
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equal distribution of 3-methylcyclohexan-1-one (1a) and m-
cresol (1c) as products (Table 2, entry 2). However, on Ru/C,
a higher yield of 1la was obtained (Table 2, entry 4). In
contrast, when using Pt/C and Rh/C in the presence of
(‘Pr),NEt, a clear dominance of 1c was observed (Table 2,
entries 1 and 3).

In the absence of the amine, the dominance of 1c was
measured on all of the tested metals. However, the selectivity
was more balanced toward product 1a (Table 2, entries 6—9),
particularly for Pd/C and Rh/C (Table 2, entries 7 and 8).

From a mechanistic perspective, substrate 2 (identical to
product 1a) plays a crucial role. Previous studies have shown
that this cyclohexanone compound undergoes step-by-step
dehydrogenation,'* leading to the corresponding aromatic
species. Since compound 1la, which is a product from the
reaction of substrate 1, could also act as a substrate (2), it was
important to investigate its potential to generate compound 1lc.
However, in the presence or absence of an amine on all metals,
we observed relatively low conversion of 2 (Table 2, entries
10—18) and very low yield to 2c (up to 24%, Table 2, entries
13 and 15). (This suggests that when la is present in the
reaction mixture, it is resistant to conversion into 1c).
Additionally, the product distribution shifted, with the fully
hydrogenated 2b species becoming the dominant product on
all tested metals (Table 2, entries 10—18).

Substrates 3 and 4 exhibited a similar distribution of
products a/b/c as substrate 1 in the absence of the amine
(Table 2, entries 19—22 for 3, and entries 23—26 for 4). Due
to solubility issues, substrate S displayed limited activity, with
detectable conversion only observed on Pt/C and Pd/C
(Table 2, entries 27 and 28). Substrate 6 was successfully

https://doi.org/10.1021/acscatal.3c04849
ACS Catal. 2024, 14, 2883-2896
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Table 3. Measured Activation Parameters, Overall Rates, Formation Rates, and TOF Values of Substrate 1 (Overall
Conversion and Conversion to 1a and to 1c) on Pd/C, Pt/C, Rh/C, and Ru/C in p-Xylene Solvent

reaction® catalyst”  E, (k] mol™) AH* (kJ mol ™)
overall conversion of 1° Pd 72 (£2) 69 (+2)
Pt 74 (+1) 71 (1)
Rh 63 (£3) 60 (£3)
Ru 75 (£2) 72 (£2)
1to 1d (hydrogenation) Pd 82 (+2) 79 (£2)
Pt 73 (£2) 70 (£2)
Rh 66 (£1) 63 (+1)
Ru 94 (+1) 91 (£1)
1to 1c (dehydrogenation) Pd 68 (£3) 65 (+3)
Pt 75 (£1) 72 (1)
Rh 67 (£3) 64 (+3)
Ru 77 (£3) 73 (£3)

AS%¥ (J mol™' K1)

rate (mol g, ™' s7') at 90 °C°

TOF (s7') at 90 °C*

—95 (+6) 1.6 X 1076 1.0 X 1072
-93 (+2) 1.1x 107 7.3 % 1073
—133 (£6) 47 x 1077 2.0 %1073
—145 (+4) 9.1 x 107 89 x 107°
—73 (+6) 7.4 % 1077 48 x 1073
—101 (+6) 5.0 x 1077 34 x 1073
—131 (+1) 22 x 1077 9.7 x 107
—114 (x1) 8.3 x 107! 8.1 x 1077
—109 (+8) 8.8 x 1077 57 x 1073
—97 (+1) 52 x 1077 3.5x 1073
—129 (+6) 2.5 x 1077 1.1 X 1073
—143 (+7) 7.4 % 10710 7.3 % 107¢

“Reaction conditions: 90/80/70 °C Pd/C (10 wt %, 0.1 mmol of Pd), 110/90/70 °C Pt/C (10 wt %, 0.1 mmol of Pt), 140/110/90 °C Rh/C (5
wt %, 0.1 mmol of Rh), 140/110/90 °C Ru/C (5 wt %, 0.1 mmol of Ru), substrate 1 (1.0 mmol), p-xylene (1.5 mL), under Ar and atmospheric
pressure (see the SI, Tables S1—S13). “Enthalpy and entropy values were determined from measured TOF values based on the Eyring equation
(see the SI, Tables S14—S16). Error bars were calculated by the LINEST method (linear least-squares method). “Site density is based on H,
chemisorption (see the SI). 9TOF values were determined from rates normalized to accessible metal sites and calculated in the unit of (mol
mol ¢ meta_l)_l s7') and shortened as (s™'). “Overall rates."Formation rates. (It is important to note that the supported metal catalysts were always
used in their freshly reduced form, any delay in their use could cause inconsistencies in the kinetic data set.)

converted to the corresponding aromatic component, 3-
ethoxy-phenol (6c), with the highest yield of 84% on Rh/C
(Table 2, entry 33). However, due to the high hydrogenation
and deprotection ability of the supported catalyst, side
products, such as cyclohexanone (6d) and phenol (6e), were
formed (Table 2, entries 31—34). Notably, on Pt/C, 6e
became the main product instead of 6c, dominating the
product distribution with a yield of 65% (Table 2, entry 31).

Overall, in terms of reaction selectivity, with some
exceptional cases (Table 2, entries 1, 3, 6, 19, 23, 33, and
34), an average ratio of ~40/~60% yield of a/c products could
be reached without the presence of any additive or hydrogen
acceptor material. The corresponding aromatic species
dominated the dehydrogenation reaction, while the semi-
hydrogenated a products were present as secondary species. As
minor side products, the fully hydrogenated b components
were always detectable (Table 2).

Using substrate 1 as the model compound, we determined
the overall rates, rates of formation, turnover frequencies
(TOFs), and activation parameters on Pt, Pd, Rh, and Ry,
(Table 3, see SI, Tables S1—S13).

The highest formation rate for 1c was observed on Pd (8.8 X
1077 mol g, s7"), followed by Pt, Rh, and Ru (Table 3).
Notably, when examining the activation parameters deter-
mined by the Arrhenius plot and the Eyring equation, an
interesting trend emerged: the values for activation energy (E,)
and entropy of activation (AS°*) were highly comparable
across all cases (Table 3 and see the SI, Tables S14—S16). For
the formation of Ic, the highest activation energy barrier was
observed for Ru (77 (£3) kJ mol™"), while the lowest was on
Rh (67 (£3) kJ mol™) and Pd (68 (+3) kJ mol™") (Table 3).
Similarly, the enthalpy trend exhibited a minor increase from
Rh to Ru with values differing only slightly from each other:
Rh (64 (+3) k] mol™) < Pd (65 (£3) kJ] mol™) < Pt (72
(£1) k] mol™) < Ru (73 (£3) kJ mol™}; Table 3).

The analysis of the entropy of activation consistently
revealed highly negative values across all studied metals
(Table 3). This suggests that the corresponding transition
states on all of these metals are highly ordered and constrained.
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In particular, we observed a significant degree of restriction in
the transition state on Ru, as indicated by the most negative
entropy of activation (—143 (£7) J mol™ K™') (Table 3, 1 to
1c). Conversely, the transition state on Pt is the least
constrained, with a calculated entropy of activation of —97
(£1) J mol™ K™! (Table 3, 1 to 1c).

Opverall, the activation parameters for the conversions of 1 to
la and 1 to 1c are highly comparable (Table 3), with the
exception of two notable differences on Ru. First, the activation
enthalpy for 1c is ~20 kJ mol™" lower than that for 1a, and this
is accompanied by the most negative entropy of activation
(=143 (+7) J mol™! K™"). Second, the activation entropy for
la (=114 (+1) J mol™ K™') is ~30 J mol™ K™! lower than
that for 1c (=143 (+7) J mol™ K™'), which indicates that the
transition state for formation of lc involves a greater loss of
entropy (Table 3) on Ru.

The observed catalytic activity is linked to the specific
properties of the studied metals. In particular, we found an
inverse connection between the oxophilicity and catalytic
activity of the studied systems (Figure 3). The oxophilicity
(©)" rank of the four noble metals (calculated based on bond
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Figure 3. Correlation between AH, AS°%, and the oxophilicity of
the metals for the conversion of substrates 1 to la and to 1c (the
dashed arrows indicate the observed trend).
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dissociation enthalpies)'” shows the following increasing
trend: Pd (©/0.0) < Pt (©/0.1) < Rh (6/0.3) < Ru ©/
(0.4)."” However, the catalytic activity trend (Table 3) is
exactly the opposite, with Pd as the fastest metal followed by Pt
and Rh, while the lowest rate was measured on Ru. This
suggests that the multistep reaction route leading to aromatic
molecules may be dominated by the initial regime and may
relate to the specific adsorption properties of the substrates
and the corresponding intermediate materials.

3-Methylcyclohexan-1-one (substrate 2) has special rele-
vance to mechanistic investigations. The presence of this
component was detected as a product (1a) in the reaction
mixture with substrate 1 as the starting material (Table 2,
entries 1—9), and it was demonstrated that it has poor
conversion to aromatics when used as a substrate (Table 2,
entries 10—18). Previous studies of the same reaction
conducted on homogeneous catalysts under aerobic conditions
by Stahl and co-workers'* clearly demonstrated that cyclo-
hexanone converts first to cyclohexenone via reversible
coordination to Pd", followed by a turnover limiting a—C-H
activation, fast f-H elimination, and finally to the correspond-
ing aromatic species."* Thus, monitoring the conversion of 2
can help to identify whether our heterogeneous systems follow
a similar mechanism.

The presence of compound 1 in the reaction with substrate
2 as the starting material would indicate that the first step of
the reaction sequence is dehydrogenation to a cyclic hexenone,
following the coordination of the cyclic hexanone to the metal
(analogous to the homogeneous mechanism). In order to
examine this possibility, we monitored the reaction in the time
frame of 8 h (Figure 4) on Pt/C since the highest yield toward
2c was identified previously on this catalyst (Table 2, entry
15). Based on the product distribution analysis, the presence of
compound 1 was not detectable at any time during the
reaction. Only 2b and 2¢ were present as the main components
(Figure 4,A1 and A2).

If initial dehydrogenation would have taken place, then the
reaction outline should have shown a very different picture,
including the appearance of alkenone species 1. Interestingly, if
we compare the reaction profiles under the same initial
conditions for substrates 1 and 2 on Pt/C (Figures 1 and
4,A2), a drastic conversion increase can be seen for 1 after 2
min (94%) while a much slower increase was observed for 2
after the same reaction time (1.2%). For the conversion of 2,
only the aromatic product 2c¢ is present in the initial regime
(Figure 4,A2) and a much slower formation rate is measured
(for comparison: 1/110 °C/1.9 X 107 mol g, " s7'; 2/140
°C/5.8 X 107 mol g, ' s7") (see the SI, Tables SS and S9).

From these results, we propose a slightly different
mechanism to those published previously for homogeneous
and heterogeneous catalysts under aerobic conditions'”'* and
heterogeneous catalysts under reductive conditions.'® We
hypothesize that keto—enol tautomerization takes place after
the coordination of the substrate to the noble metal catalysts in
the initial regime of the reaction (Figure 2). The reaction order
of compound 1 was measured using overall conversion at 140
°C on Rh/C to be slightly fractional, 0.3; we considered this
value as zero for our calculations on Rh/C, and for all of the
other metals as well (see SI, Figure S4 and Table S17).

Based on our experimental findings and literature data, we
propose the following mechanism (Scheme 2, cycle I): after
the coordination of the substrate and the insertion of the metal
into the C—H bond (a), tautomerization (b) takes place,
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Figure 4. Full reaction curve of 3-methylcyclohexan-1-one on Pt/C at
140 °C in p-xylene solvent (A1), and the initial regime of the reaction

followed by hydrogen abstraction (dehydrogenation) (c and
d) leading to a dienol species, which undergoes further
dehydrogenation (g and h) to its corresponding aromatic form.
Formation of a dienone (e) as an intermediate species might
also occur before aromatization. We propose an analogous
mechanism for alkenones (Scheme 2, cycle II): after substrate
coordination and the insertion of the metal into the C—H
bond (A), tautomerization of the alkenone to dienol takes
place (B), followed by dehydrogenation steps (E and F) to
form the aromatic product. Density functional theory (DFT)
calculations discussed later reveal that step B actually occurs
through two substeps, with the surface assisting the
tautomerization of the starting material (Scheme 2). The
dienol could also undergo dehydrogenation (C) to form the
dienone before keto to enol tautomerization (D) leading to
aromatics, but this pathway is not favored by DFT calculations.

The appearance of the aromatic product 2c (=1c) at first in
the initial regime of Pt/C (Figure 4,A1 and A2), and the highly
negative entropy of activation (Table 3) suggests that the key
transition state leads to a reactive surface species (alkenol/
dienol species Scheme 2). In this reaction, the starting material
functions in a double role as the substrate and reactant (H-
donor and acceptor), fulfills the role of a kinetic and surface
controlling agent (dictating the initial formation rate), and
consequently directs the selectivity pattern of the reaction
(“whiplash effect”).

Selectivity toward the aromatic products can be shifted by
introducing sacrificial hydrogen acceptors to the system, which
would then inhibit the hydrogenation of the C=C double
bond and only yield the aromatics. Such treatment can be
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Scheme 2. Proposed Mechanism of Tautomerization-Coupled Dehydrogenation on Carbon-Supported Noble Metals of
Alkanones to Aromatics (I) and Alkenones to Aromatics (II)”

preferred steps
by calculations

[M] = Pd, Pt, Rh, Ru
n = amount of abstracted hydrogen

a/ insertion of the metal into the C-H bond
b / tautomerization

d / "pre-aromatic" dienol formation
e / dienone formation via dehydrogenation
f / tautomerization to the enol form

h / direct dehydrogenation of the dienol

(R'/R? = HICH,)

c / insertion of the metal into the C-H bond (hydrogen abstraction)

g / insertion of the metal into the C-H bond (hydrogen abstraction)

A/ insertion of the metal into the C-H bond Il

B / tautomerization, "pre-aromatic” dienol formation

C / dienone formation via dehydrogenation

D / tautomerization to the enol form

E / insertion of the metal into the C-H bond (hydrogen
abstraction)

F / direct dehydrogenation of the dienol

‘ (R'/R? = HICH3, H/H, CH3/CH3, H/INH,, H/OEt)

“The mechanistic pathway for II starting with tautomerization highlighted in green (A - B — E — F) is consistent with DFT calculations.

20,21 2

or ethylene® as a
hydrogen sponge. Interestingly, dramatic conversion loss was
observed in the presence of 2-norbornene as a H-acceptor with
substrate 1 as the starting material (140 °C, 1.5 mL of p-
xylene, under Ar, 8 h, substrate 1/2-norbornene ratio of 1:2).
No conversion was observed on Pt/C, Rh/C, and Ru/C, while
a very poor but selective conversion (14%) to 1c was observed
on Pd/C. Even though a low yield of m-cresol was detected,
the corresponding ketone (1a) did not appear in the reaction
mixture. Most probably, 2-norbornene competitively adsorbed
on the catalyst surface and blocked the active centers resulting
in a poisoning effect and hindering the substeps of the
dehydrogenation process.

Atomic absorption spectroscopy (AAS) measurements
showed negligible amount of Pd (<0.00S mg L7'), Pt
(<0.001 mg L"), Rh (<0.001 mg L"), and Ru less than the
detection limit (<0.5 ppm) after the reaction, indicating the
stability of the catalysts during the reaction.

Experimental studies were combined with theoretical
calculations to understand the tautomerization mechanism at

carried out using 2-norbornene
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the molecular level, as determined by the binding affinities and
energetics of substrate 1 and its intermediates on Pd, Pt, Rh,
and Ru. As discussed in the next section, our calculations based
on density functional theory (DFT) allow for rigorous
interpretation of experimental observations as well as for a
direct comparison of various competing reaction pathways on
the four catalytic surfaces.

DFT calculations were performed to investigate the
mechanism of dehydrogenation on noble metal surfaces,
using model slabs with periodic boundary conditions in the
Vienna Ab initio Simulation Program (VASP) 5.4.>° All atoms
were treated with the standard VASP projector-augmented
wave (PAW) potentials24 with the Perdew—Burke—Ernzerhof
(PBE) exchange—correlation functional”® and Grimme’s D3
dispersion correction with Becke-Johnson damping”® and a 3 x
3 X 1 Monkhorst—Pack k-point grid.”” The surfaces were
generated using four-layer slabs with the bottom two layers
constrained in their bulk positions. The three fcc (face-
centered cubic) metal surfaces (Pt, Pd, and Rh) were modeled
with the (111) facet, while Ru was modeled using the (0001)

https://doi.org/10.1021/acscatal.3c04849
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facet of the hep (hexagonal close-packed) structure. Substrate
1 (3-methyl-2-cyclohexen-1-one) and its corresponding
reaction intermediates were the focus of our simulations (see
the SI for computational details).

The DFT results show that all four of the metal surfaces
facilitate the tautomerization of 1 to the corresponding dienol
(5-methylcyclohexa-1,5-dien-1-0l) (Table 4). The dienol is

Table 4. DFT-Computed Electronic Energy Changes for
Tautomerization of 1 to Dienol Form in Gas Phase and on
Noble Metal Surfaces

surface Egienol = Eenone (KJ mol™)
Pt(111) —48.1
Pd(111) —-23.6
Rh(111) -17.0
Ru(0001) +0.7
none +53.9

highly unfavorable in the gas phase (+53.9 kJ mol™"), but it
becomes energetically favored over the cyclohexenone on Pt,
Pd, and Rh while it is essentially isoenergetic with it on Ru.
There is a wide range in the energies of tautomerization, and
the trend in favorability is close to the trend in the observed
reaction rates (Ru - Rh — Pd — Pt), with increasing
favorability of the enol corresponding to faster reaction rates.
In particular, Ru is the only metal for which the enol is not
substantially favored and also exhibits the slowest reaction rate.
This trend suggests that the first step of the reaction is likely a
keto—enol tautomerization, which differs from the first step of

the proposed mechanism in the homogeneous phase, which
involves dehydrogenation of the ring.'*

The stabilization of the enol species on metal surfaces is a
heterogeneous effect that occurs due to the strong interactions
between the enol and the metal atoms (Figure 5,1B—4B). The
enol molecules closely approach the surface, allowing the 7z
electrons of the diene to interact with the metal atoms. In the
case of Pt, a 2.15 A bond forms between a single C atom and a
Pt atom, leading to strong binding interactions (Figure S,1B).
On the other metals, the diene lies parallel to the surface, so
the entire conjugated system interacts with the surface metal
atoms (Figure 5,2B—4B). This stabilization of the 7 system by
the metal surface also contributes to the further reactivity of 1
toward aromatic product lc.

This mechanism of promoting keto—enol tautomerization is
unique to heterogeneous systems, as it is enabled by the enol
interacting with several surface metal sites. On all studied
metals, the O atom of the dienol does not interact strongly
with the surface, in contrast with the O of 1, its enone
counterpart. Therefore, trends in the oxophilicities of the
metals should primarily affect the stability of starting material 1
rather than that of the enol intermediate.

The binding orientation of the cyclohexanone reactant 1 is
strongly metal-dependent (Figure 5,1A—4A). In particular, the
M-—0 bond distance changes substantially based on the metal,
with shorter distances corresponding to a more stabilized
starting material. Thus, longer M—O bond lengths (Pt: 2.84 A
> Pd: 2.23 A > Rh: 2.17 A > Ru: 2.07 A) correlate with faster
reaction rates and more favorable keto—enol tautomerization.
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Figure 5. Binding geometries of 3-methyl-2-cyclohexen-1-one (left, A) and its dienol form (right, B) on Pt (1), Pd (2), Rh (3), and Ru (4). Key
distances between the adsorbate and metal surface are labeled. The binding site of the enone/enol ring is highlighted in orange to guide the eye.

2890

https://doi.org/10.1021/acscatal.3c04849
ACS Catal. 2024, 14, 2883-2896


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04849/suppl_file/cs3c04849_si_002.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04849?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04849?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04849?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04849?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 5. DFT-Computed Binding Energies of Relevant Species on Noble Metal Surfaces

AEbinding (eV)

adsorbate Pt(111)
3-methyl-2-cyclohexen-1-one (1) —1.298
S-methylcyclohexa-1,5-dien-1-o0l -2.356
3-methylcyclohexan-1-one (1a) -1.117
S-methyl-1-cyclohexen-1-ol —1.862
3-methylcyclohexan-1-ol (1b) —-1.356
m-cresol (1c) —2.242

Pd(111) Rh(111) Ru(0001)
—1.643 —1.437 -2.183
—2.448 —2.172 —2.736
—1.286 —0.831 —1.249
—1.826 —-1.562 —1.980
—1.482 —1.024 —1.401
—2.495 -2.385 —2.810

Stronger M—O interactions are harder to break during
tautomerization, hindering the proposed initial reaction step.
As a result, more oxophilic metals slow down the reaction by
stabilizing the enone, as seen in the experimental results in
(Figure 3). Note that these differences in M—O distance are
larger than the differences in atomic radii between the metals
(Pt: 1.35 A, Pd: 1.40 A, Rh: 1.35 A, Ru: 1.30 A).

In addition to the energy of the tautomerization of 1, the
binding energies of individual species offer insight into the
reactivity differences between the four metals (Table S). In
particular, starting material 1 binds much more strongly on Ru
than on any other metal. This can be attributed to the higher
oxophilicity of Ru, which creates the strongest interaction with
the O of 1. This additional stabilization of the starting material
hinders tautomerization on Ru. It is important to note that Ru
still binds the dienol strongly, with the most favorable absolute
binding energy of the four metals. However, the smaller
difference in the relative binding affinities of the cyclohexenone
(1) and dienol on Ru causes tautomerization to be less
favorable despite strong interactions with both individual
species. Importantly, the dienol intermediate and m-cresol (1c)
product both bind more strongly than saturated molecules on
all four metals. This reflects the strong interactions between
the metal surfaces and conjugated species and offers insight
into why 1 undergoes dehydrogenation even in the presence of
H-donors (Table 1, entries 1—4 and 10—13). As a result of
these stabilizing interactions with the 7 systems of the
adsorbates, the surface promotes keto—enol tautomerization
and aromatization reactions.

The proposed tautomerization step to start the dehydrogen-
ation mechanism can be compared to other possible steps,
including dehydrogenation and hydrogenation of the C—C
double bond. On Pt, all of these processes are found to be
energetically favorable, indicating that the enone is not a
particularly stable species on the surface. However, the most
energetically preferred initial step is the tautomerization of 1 to
form the dienol (Figure 6). In the absence of a hydrogen
donor, the first step must be either tautomerization or
dehydrogenation since the starting material 1 is the only
available source of hydrogen. Once the aromatic m-cresol
product (1c) has been formed and hydrogen has been
deposited on the surface, the surface-bound hydrogen can
react with another 1 molecule to form the saturated 3-
methylcyclohexan-1-one product (1a).

The energetics (AE (k] mol™)) of each possible initial
reaction step were computed for all four metal surfaces (Table
6) resulting in seven possible intermediates (Figure 6a—g and
Table 6). On Pt and Pd, the most energetically favorable initial
step is tautomerization, whereas dehydrogenation is more
favorable on Rh and Ru. However, keto—enol tautomerization
was the only initial step for which the trend in energetics
matched the experimental trend in the reaction rate. The
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Figure 6. DFT-calculated energetics of most favorable initial reaction
steps on Pt (tautomerization is found to be more favorable than
dehydrogenation or hydrogenation). Energetics of other metals are
given in Table 6.

favorability of tautomerization followed the trend Pt > Pd > Rh
> Ru, mostly in accordance with the experimental trend of
reaction rates (Table 3). In contrast, the favorability of
dehydrogenation followed the trend Ru > Rh > Pt > Pd, which
is inversely correlated with the experimental ordering.
Although either tautomerization or dehydrogenation may be
a viable first step, the M—O bond must eventually be broken to
form the OH bond in the aromatic product. This makes the
tautomerization energy a useful proxy for the overall effect of
the metal, as it consists of breaking a C—H bond to form an
O—H bond. The Ru catalyst shows substantially lower
conversion and slower reaction rates than the others due to
the difficulty of breaking the M—O interaction, which is
reflected in its higher tautomerization energy.

As 1 serves as both a H-donor and H-acceptor during this
catalytic process (“whiplash effect”), it is important that both
dehydrogenation and hydrogenation reactions can occur on
the surface. If dehydrogenation is substantially favored over
hydrogenation, it is possible that surface poisoning could occur
and slow the reaction. Thus, we investigated both pathways on
each of the metal surfaces.

Figure 7A shows the proposed steps for converting 1 to the
aromatic 1c product via the tautomerization pathway (matches
the outer cycle in Scheme 2). After the tautomerization (step
B), the enol can be formed either via stepwise dehydrogen-
ation of the para carbon (step E) followed by the meta carbon
(step F) or via concerted dehydrogenation of both carbons, as
the intermediate formed by single dehydrogenation of the meta
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Table 6. Total Electronic Energy Changes for Each of the Possible Initial Reaction Steps (Tautomerization, Dehydrogenation,
and Hydrogenation) on All Metals (Intermediate Labels are Shown in Figure 6)“

AE (k] mol™")
initial reaction steps intermediate Pt(111) Pd(111) Rh(111) Ru(0001)
tautomerization a —48.1 —23.6 —-17.0 +0.7
dehydrogenation b -31.7 -21.0 —-27.7 —23.8
c —30.0 -23.0 —56.2 =724
d -2.7 -18 +5.0 +5.2
hydrogenation e -18.9 +18.7 -0.9 +12.6
g -139 -102 —47 +42.2
“Intermediate f is not included because it was too unstable to optimize on any of the surfaces.

A OH OH
B E+F
1 a
- 1c
E
F
H
h
G H

&
e H

Figure 7. (A) Proposed pathway for tautomerization of the enone
followed by dehydrogenation of the enol to form the aromatic
product 1c. The labels of the reaction steps match those in Scheme 2.
(B) Two-step hydrogenation pathway to form saturated product la.
The energetics of each of the steps in this diagram are provided in
Table 7.

&\
1a

carbon is found to immediately dissociate to form the product
1c. An alternative reaction pathway starting with dehydrogen-
ation of the ring is described in Figure SS5. Figure 7B shows the
two steps involved with hydrogenating 1 to form ketone 1a.
The first hydrogenation step must occur at the methyl-
substituted carbon (step G), as hydrogenation of the other
carbon leads to a species (f in Figure 6) that immediately
dissociates back to reactant 1. Step G is followed by a second
hydrogenation (step H) to form the la product.

Table 7 shows the energetics of each of the proposed
reaction steps to form la and lc. It is important to note that
the combined dehydrogenation—hydrogenation process is
driven by the favorability of converting 1 to the aromatic
product 1lc.

We find that the overall process of hydrogenation of 1 to 1a
is energetically unfavorable in all cases, but this reaction needs
to occur for the catalytic cycle to continue. In particular, the
second hydrogenation (step H) is unfavorable, as saturation of
the carbon ring eliminates the favorable interaction between
the sp® carbon and the surface. However, dehydrogenation of 1
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Table 7. Total Electronic Energy Changes Associated with
Each of the Reaction Steps on the Proposed Pathways for
Conversion of 1 to 1c (Figure 7A) and 1a (Figure 7B)

AE (k] mol™")

reaction step Pt(111) Pd(111) Rh(111) Ru(0001)

ltolc B —481 236 —170 +07
E -37.1 —45.0 —68.1 -79.8
F —401  —902  —685 —66.1
E+F —772  —1352  —1366  —1459
total reaction —125.4 —158.9 —145.2 —145.2

1to la G —18.9 +15.7 -0.9 +12.6
H +23.1 +39.0 +61.3 +101.1
total reaction +4.2 +54.7 +60.4 +113.7

to 1c leads to the deposition of two equiv of hydrogen on the
metal surface. Without the corresponding hydrogenation
process (1 to 1a), the surface would quickly become occupied
with H, leading to poor conversion. Thus, as was observed
experimentally, 1 must also act as a hydrogen acceptor (i.e.,
conversion to lc is always accompanied by conversion to 1a).
As shown in Table 7, conversion of 1 to 1a is dramatically less
favorable on Ru (+113.7 k] mol™) in comparison to that for
the other metals. This poor hydrogenation ability relative to
dehydrogenation may contribute to the low conversion and
slow reaction rates on Ru despite the favorability of forming
aromatic product lc.

The alternative dehydrogenation pathway involving stepwise
dissociation of the ring followed by H transfer from the surface
to O to form 1c is assessed in Figure SS and Tables S18—S20.
Nearly, all of the dehydrogenation steps are favorable for all
four metals. One key observation from this alternative pathway
is that the final step of H transfer to the O (step x in Figure SS)
is favorable on Pt (—35.7 k] mol™") and Pd (=7.7 k] mol™"),
slightly unfavorable on Rh (+9.9 kJ mol™'), and quite
unfavorable on Ru (+61.8 kJ mol™"). Conversely, this result
indicates that dissociation of the OH bond of product 1c
(reverse of step x in Figure SS) is strongly favored on Ru and
slightly favored on Rh. This may contribute to the slower
reaction rates on these metals, as the strong M—O interactions
with the phenolate intermediate would inhibit dissociation of
the 1c product to enable further adsorption of 1 (i.e., surface
poisoning).

Transition state calculations were performed to analyze the
free energy barriers that dictate the kinetics and mechanism of
the aromatization reaction using Gaussian 16 rev. C.01 (Figure
8).”® For these calculations, we have modeled the Pt and Pd
catalysts as 32-atom metal clusters extracted from optimiza-
tions of slabs with periodic boundaries, keeping the bottom
layer and edge atoms constrained to match the optimized
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Figure 8. (A) Mechanism for stepwise keto—enol tautomerization
proposed by DFT calculations. H* is transferred from the enone to the
metal surface in step bl (the rate-determining step), followed by H
transfer from the surface to the enol product. Gibbs free energy
diagrams for stepwise tautomerization on (B) Pt and (C) Pd (in kJ
mol ™).

lattice structure (Figure S6). The cluster size was chosen to
ensure that the model was sufficiently large such that none of
the intermediate structures or transition states established
interactions with the metal atoms at the edge of the model
clusters. All calculations were performed with the B3LYP
functional®” with dispersion interactions described using the
D3 correction with Becke-Johnson damping.26 The DEF2SVP
basis set and pseudopotentials® were used on the metal atoms
and the 6-31G(d,p) basis set’’ was used on nonmetals. All
transition states were optimized, and their identities were
confirmed by using frequency calculations and intrinsic
reaction coordinate analysis. We focused our transition state
studies on Pt and Pd because they were the most active
catalysts in the experimental studies.

The periodic DFT calculations showed that the enol is a
highly reactive species that readily converts to the aromatic
product; therefore, the primary process of interest for
transition state calculations was the conversion of the enone
to the enol. Prior to optimizing the transition states, various
reaction pathways were explored using relaxed potential energy
scans, in which one bond length was changed while the rest of
the system was optimized. These scans were first used to
investigate the possibility of direct tautomerization of 1
through the transfer of H from C to O. The scans ruled out
direct tautomerization since the energy maxima were all >250
kJ mol™’, ie., completely out of the range of experimentally
measured activation parameters (see the SI, Figure S7). Thus,
we investigated the second possibility of tautomerization
assisted by H transfer from 1 to the metal surfaces (Figure 8A).
This pathway breaks step B of cycle II into two reaction
substeps: bl consisting of transfer of a H atom from the enone
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to the metal surface and b2 involving the transfer of that H to
O to form the enol. This two-step tautomerization pathway
was evaluated by optimizing the relevant transition states and
computing the Gibbs free energy profiles on Pt and Pd (Figure
8B,C).

The computed free energy barrier is lightly smaller on Pd
(63.2 kJ mol™") than on Pt (67.3 k] mol™"), in good agreement
with the metal dependence observed in experiments. On both
Pt and Pd, the rate-determining step was bl: H transfer from
the enone to the metal surface. Although step b2 was not rate-
determining in either case, it is interesting to note that the b2
barrier was more sensitive to the choice of metal (23.4 kJ
mol™" for Pt, 38.2 k] mol™" for Pd). Step b2 involves breaking
of an M—O interaction to form the OH of the enol, so the
stronger the M—O interaction on Pd may contribute to a larger
barrier. The strong qualitative agreement with the experimental
E, values gives confidence that tautomerization occurs through
this stepwise pathway. Analysis of the b1 TS structures reveals
that the TS is later on Pd than on Pt: the C—H bond length is
0.10 A longer on Pd (Figure 9). Interestingly, M—O

1A 1B J
1.40M ik 1.2911,*%

2A 2B .;
1.50 A%zom 1.40AW

00000 00000O0
0000 0O 00O

Figure 9. Transition state structures for steps bl (A) and b2 (B) on
(1) Pt and (2) Pd. The C—H (black) and M—O (red) distances are
indicated for the bl TS structures, and the O—H distances (black) are
indicated for the b2 TS structures.

interactions play an unexpected role in the bl TS because
the enone must approach the surface very closely for the
dehydrogenation to proceed. These short M—O distances
(211 A on Pt and 2.06 A on Pd) may relate to the
experimentally observed dependence on oxophilicity (Table
3). For step b2, the TS is earlier on Pd than on Pt as indicated
by the longer O—H distance, and the ring takes on a different
conformation in the minimum energy pathway. The additional
distortion of the ring may contribute to the larger b2 barrier on
Pd.

In addition to the tautomerization pathway, we have
investigated the barrier for the alternative process of
dehydrogenation of the meta carbon of the enone (b in Figure
6, TS structures in Figure S8), which would lead to a
consecutive dehydrogenation pathway instead of tautomeriza-
tion. This process can be completely ruled out on Pt, as the
lowest computed free energy barrier is 133.8 kJ mol ™!, which is
completely outside the range of experimental activation
energies. On the other hand, this pathway may play a role
on Pd, as the barrier of 64.9 kJ mol ™" is only slightly larger than
that of the stepwise tautomerization pathway. However, either
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pathway would be rate limited by a dehydrogenation step and
would ultimately lead to the aromatic 1c product.

Overall, the DFT calculations demonstrate significant
stabilization of the enol tautomer on noble metal surfaces
and support a reaction pathway beginning with keto—enol
tautomerization. The enol is most stable on Pt and Pd,
consistent with the experimental demonstration that these two
metals are the best catalysts for the aromatization reaction.
Transition state calculations reveal that tautomerization cannot
occur directly but proceeds through a stepwise surface-assisted
pathway. The strong stabilization of the enol and aromatic
products drives the conversion of 1 to lc. For the catalytic
cycle to continue, 1 must also act as a H-acceptor resulting in
the saturated 1a product. This leads to the full conversion of 1
observed experimentally on Pt, Pd, and Rh. On Ry,
hydrogenation is significantly disfavored compared to dehy-
drogenation and M—O interactions are particularly strong,
leading to poor conversion and potentially catalyst deactivation
due to surface poisoning by the product.

3. CONCLUSIONS

We have investigated the dehydrogenation reaction of
differently substituted cyclohexenones on carbon-supported
noble metals (Pt, Pd, Rh, and Ru) under inert conditions in
the liquid phase. We used 3-methyl-2-cyclohexene-1-one and
3-methylcyclohexan-1-one as models for detailed kinetic and
mechanistic analysis.

Our results showed that the dehydrogenation rates were
faster for Pd and Pt, followed by Rh, and slowest for Ru. The
correlation of the activation parameters, including the enthalpy
and entropy of activation (AH®¥, AS°%), with the oxophilicity
of the metals showed an inverse relationship. This shows that
the lower rates were coupled with higher oxophilicity values
and with the most negative entropy of activation. The
calculated highly negative entropies indicated the presence of
a strict transition state and a highly occupied metal surface.

During our kinetic analysis, we observed major rate
differences between the metals. We attributed these differences
to the different binding strengths of the starting material, the
stability of the dienol intermediate, and the H-abstraction
properties of the noble metals.

Our DFT calculations showed good agreement with the
experimental results, further strengthening our hypothesis that
the key initial steps of the reaction proceed via a
tautomerization-coupled dehydrogenation pathway. The tau-
tomerization process was shown to be stepwise and surface-
assisted. The low activity of Ru was attributed to its poor
hydrogenation ability and high oxophilicity. Aromatic products
dominated the selectivity pattern of the reaction, while the
alkenones functioned as starting materials and a H source for
the selective saturation of C=C and C=O double bonds.
Even under reductive conditions (in the presence of a H-
donating tertiary alkyl amine), the H elimination reaction was
the dominant transformation. Balancing the H-abstracting/H-
donating ability of the studied metals has the capability of

opening new strategies for selective synthesis routes.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3c04849.

DFT coordinates (ZIP)

2894

Detailed experimental procedures and characterization
data; kinetic data collection; computational details, and
computational analysis (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Victor S. Batista — Department of Chemistry, Yale University,
New Haven, Connecticut 06520, United States; © orcid.org/
0000-0002-3262-1237; Email: victor.batista@yale.edu

Eszter Barath — Department of Chemistry and Catalysis
Research Center, Technische Universitit Miinchen, Garching
bei Miinchen D-85748, Germany; Leibniz-Institut fiir
Katalyse (e.V. LIKAT), Rostock D-18059, Germany;

orcid.org/0000-0001-8494-3388; Email: eszter.barath@

catalysis.de

Authors

Katja Li — Department of Chemistry and Catalysis Research
Center, Technische Universitit Minchen, Garching bei
Miinchen D-85748, Germany

H. Ray Kelly — Department of Chemistry, Yale University,
New Haven, Connecticut 06520, United States; © orcid.org/
0000-0003-3811-0662

Ana Franco — Leibniz-Institut fiir Katalyse (e.V. LIKAT),
Rostock D-18059, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3c04849

Author Contributions

IKL. and HRK. contributed equally to this work. This
manuscript was written through contributions of all authors.
All authors have given approval to the final version of the
manuscript.

Funding

The authors acknowledge support from the Office of Basic
Energy Sciences, United States Department of Energy, under
contract no. DESC0001423 (V.S.B.). They thank the National
Energy Research Scientific Computing Center and the Yale
Center for Research Computing for computing time.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

E.B. thanks to J. A. Lercher to provide the necessary facilities in
order to carry out the experiments and to H. Shi and G. L.
Haller for extensive discussions. A.F. gratefully acknowledges
Alexander von Humboldt foundation for its support by
awarding a postdoctoral fellowship. V.S.B. acknowledges
generous high-performance computing allocations from
NERSC and the Yale Center for Research Computing.

B REFERENCES

(1) Liu, X; Chen, J; Ma, T. Catalytic dehydrogenative
aromatization of cyclohexanones and cyclohexenones. Org. Biomol.
Chem. 2018, 16, 8662—8676.

(2) (a) Shen, G; Blagg, B. S. Radester, a Novel Inhibitor of the
Hsp90 Protein Folding Machinery. Org. Lett. 2005, 7, 2157—2160.
(b) Khatib, S.; Nerya, O.; Musa, R; Tamir, S.; Peter, T.; Vaya, J.
Enhanced Substituted Resorcinol Hydrophobicity Augments Tyrosi-
nase Inhibition Potency. J. Med. Chem. 2007, 50, 2676—2681.
(c) Getahun, Z.; Jurd, L.; Chu, P. S; Lin, C. M.; Hamel, E. Synthesis
of Alkoxy-Substituted Diaryl Compounds and Correlation of Ring
Separation with Inhibition of Tubulin Polymerization: Differential

https://doi.org/10.1021/acscatal.3c04849
ACS Catal. 2024, 14, 2883-2896


https://pubs.acs.org/doi/10.1021/acscatal.3c04849?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04849/suppl_file/cs3c04849_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04849/suppl_file/cs3c04849_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+S.+Batista"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3262-1237
https://orcid.org/0000-0002-3262-1237
mailto:victor.batista@yale.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eszter+Bara%CC%81th"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8494-3388
https://orcid.org/0000-0001-8494-3388
mailto:eszter.barath@catalysis.de
mailto:eszter.barath@catalysis.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katja+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Ray+Kelly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3811-0662
https://orcid.org/0000-0003-3811-0662
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Franco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04849?ref=pdf
https://doi.org/10.1039/C8OB02351D
https://doi.org/10.1039/C8OB02351D
https://doi.org/10.1021/ol050580a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol050580a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm061361d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm061361d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00084a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00084a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00084a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Enhancement of Inhibitory Effects under Suboptimal Polymerization
Reaction Conditions. J. Med. Chem. 1992, 35, 1058—1067.

(3) (a) Hedberg, C.; Andersson, P. G. Catalytic Asymmetric Total
Synthesis of the Muscarinic Receptor Antagonist (R)-Tolterodine.
Adv. Synth. Catal. 2005, 347, 662—666. (b) Sorgel, S.; Tokunaga, N.;
Sasaki, K; Okamoto, K,; Hayashi, T. Rhodium/Chiral Diene-
Catalyzed Asymmetric 1,4-Addition of Arylboronic Acids to Aryl-
methylene Cyanoacetates. Org. Lett. 2008, 10, 589—592. (c) Rawat,
P.; Kumar, M.; Rahuja, N.; Srivastava, D. S. L.; Srivastava, A. K;
Maurya, R. Synthesis and antihyperglycemic activity of phenolic C-
glycosides. Bioorg. Med. Chem. Lett. 2011, 21, 228—233. (d) Arnau-
dinaud, V.; Nay, B.; Verg¢, S.; Nuhrich, A,; Deffieux, G.; Mérillon, J.
M.; Monti, J. P.; Vercauteren, J. Total synthesis of isotopically labelled
flavonoids. Part 5: Gram-scale production of '*C-labelled (—)-pro-
cyanidin B3. Tetrahedron Lett. 2001, 42, 5669—5671. (e) Sawadjoon,
S.; Kittakoop, P.; Kirtikara, K.,; Vichai, V.; Tanticharoen, M.;
Thebtaranonth, Y. Atropisomeric Myristinins: Selective COX-2
Inhibitors and Antifungal Agents from Myristica cinnamomea. J. Org.
Chem. 2002, 67, 5470—5475.

(4) (a) Tournaire, C.; Croux, S.; Maurette, M.-T.; Beck, L;
Hocquaux, M.; Braun, A. M,; Oliveros, E. Antioxidant activity of
flavonoids: efficiency of singlet oxygen ( 1Ag) quenching. J. Photochem.
Photobiol, B 1993, 19, 205—215. (b) Nakai, S.; Inoue, Y.; Hosomi,
M.; Murakami, A. Myriophyllum spicatum-released allelopathic
polyphenols inhibiting growth of blue-green algae Microcystis
aeruginosa. Water Res. 2000, 34, 3026—3032.

(5) Hock, H.; Lang, S. Autoxydation von Kohlenwasserstoffen, IX.
Mitteil.: Uber Peroxyde von Benzol-Derivaten. Ber. Dtsch. Chem. Ges.
(A B Ser.) 1944, 77, 257—264.

(6) (a) Olah, G. A. Aromatic substitution. XXVIII. Mechanism of
electrophilic aromatic substitutions. Acc. Chem. Res. 1971, 4, 240—
248. (b) Ciana, C.; Phipps, R. J.; Brandt, J. R.; Meyer, F.-M.; Gaunt,
M. J. A Highly Para-Selective Copper(II)-Catalyzed Direct Arylation
of Aniline and Phenol Derivatives. Angew. Chem., Int. Ed. 2011, 50,
458—462.

(7) (a) Buijs, W. The mechanism of phenol formation in the Dow
Phenol Process. J. Mol. Catal. A: Chem. 1999, 146, 237-246.
(b) Buijs, W.; Comba, P.; Corneli, D.; Mengerink, Y.; Peters, R. The
Role of the Apical Donor in the Decomposition of Copper(Il)
Benzoate under DOW-Phenol Conditions. Eur. J. Inorg. Chem. 2001,
12, 3143—-3149.

(8) (a) Beletskaya, I. P.; Cheprakov, A. V. Copper in cross-coupling
reactions: The post-Ullmann chemistry. Coord. Chem. Rev. 2004, 248,
2337—2364. (b) Evano, G.; Blanchard, N,; Toumi, M. Copper-
Mediated Coupling Reactions and Their Applications in Natural
Products and Designed Biomolecules Synthesis. Chem. Rev. 2008,
108, 3054—3131. (c) Xiao, Y,; Xu, Y. N.; Cheon, H. S.; Chae, ]J.
Copper(II)-Catalyzed Hydroxylation of Aryl Halides Using Glycolic
Acid as a Ligand. J. Org. Chem. 2013, 78, 5804—5809. (d) Anderson,
K. W.; Tkawa, T.; Tundel, R. E.;; Buchwald, S. L. The Selective
Reaction of Aryl Halides with KOH: Synthesis of Phenols, Aromatic
Ethers, and Benzofurans. J. Am. Chem. Soc. 2006, 128, 10694—10695.
(e) Sergeev, A. G.; Schulz, T.; Torborg, C.; Spannenberg, A;
Neumann, H.; Beller, M. Palladium-Catalyzed Hydroxylation of Aryl
Halides under Ambient Conditions. Angew. Chem., Int. Ed. 2009, 48,
7595-7599.

(9) Fujimoto, K.; Tokuda, Y.; Maekawa, H.; Matsubara, Y.; Mizuno,
T.; Nishiguchi, I. Selective and one-pot formation of phenols by
anodic oxidation. Tetrahedron 1996, 52, 3889—3896.

(10) (a) Maleczka, R. E.; Shi, F.; Holmes, D.; Smith, M. R. C—H
Activation/Borylation/Oxidation: A One-Pot Unified Route to Meta-
Substituted Phenols Bearing Ortho-/Para-Directing Groups. J. Am.
Chem. Soc. 2003, 125, 7792—7793. (b) Chen, X,; Hao, X. S;
Goodhue, C. E;; Yy, J. Q. Cu(II)-Catalyzed Functionalizations of Aryl
C—H Bonds Using O2 as an Oxidant. J. Am. Chem. Soc. 2006, 128,
6790—6791. (c) Zhang, Y. H.; Yu, J. Q Pd(II)-Catalyzed
Hydroxylation of Arenes with 1 atm of O, or Air. J. Am. Chem. Soc.
2009, 131, 14654—14655.

2895

(11) (a) Guo, Z. H,; Schultz, A. G. Preparation and Photochemical
Rearrangements of 2-Phenyl-2,5-Cyclohexadien-1-Ones. An Efficient
Route to Highly Substituted Phenols. Org. Lett. 2001, 3, 1177—1180.
(b) Serra, S.; Fuganti C; Moro, A. Regiospecific Synthesis of
Heterosubstituted Phenols from 3-Alkoxycarbonyl-3,5-Dienoic Acids
via Benzannulation Reaction. J. Org. Chem. 2001, 66, 7883—7888.
(c) Yoshida, K; Imamoto, T. A. New Synthetic Approach to Phenol
Derivatives: Use of Ring-Closing Olefin Metathesis. J. Am. Chem. Soc.
2008, 127, 10470—10471. (d) Huang, C; Kuo, C.; Kavala, V.; Yao,
C.-F. Syntheses of 2-Benzylbenzofuran Derivatives and 2-Aryl-
NitroChroman Derivatives from NitroAlkene Precursors. Eur. J.
Org. Chem. 2016, 2016, 2720—2734. (e) Yoshida, K.; Toyoshima, T;
Imamoto, T. Efficient synthetic routes to aromatic compounds using
ring-closing olefin metathesis followed by dehydration, oxidation, and
tautomerization. Chem. Commun. 2007, 3774—3776.

(12) (a) Bamfield, P.; Gordon, P. F. Aromatic benzene compounds
from acyclic precursors. Chem. Soc. Rev. 1984, 13, 441—488. (b) Liu,
H. Z,; Jiang, T.; Han, B. X,; Liang, S. G.; Zhou, Y. X. Selective Phenol
Hydrogenation to Cyclohexanone Over a Dual Supported Pd—Lewis
Acid Catalyst. Science 2009, 326, 1250—1252. (c) Hayashi, M.
Oxidation using activated carbon and molecular oxygen system. Chem.
Rec. 2008, 8, 252—267. (d) Girard, S. A; Huang, H. W.; Zhou, F;
Deng, G. J; Li, C. J. Catalytic dehydrogenative aromatization: An
alternative route to functionalized arenes. Org. Chem. Front. 2015, 2,
279-287.

(13) (a) Muzart, J. One-Pot Syntheses of a,f-Unsaturated Carbonyl
Compounds through Palladium-Mediated Dehydrogenation of
Ketones, Aldehydes, Esters, Lactones and Amides. Eur. J. Org
Chem. 2010, 2010, 3779—3790. (b) Choi, J.; MacArthur, A. H. R;
Brookhart, M.; Goldman, A. S. Dehydrogenation and Related
Reactions Catalyzed by Iridium Pincer Complexes. Chem. Rev.
2011, 111, 1761-1779. (c) Liang, Y. F; Li, X. Y; Wang, X. Y,
Zou, M. C; Tang, Z. H.; Liang, Y. J.; Song, S.; Jiao, N. Conversion of
Simple Cyclohexanones into Catechols. . Am. Chem. Soc. 2016, 138,
12271-12277.

(14) (a) Diao, T.; Stahl, S. S. Synthesis of Cyclic Enones via Direct
Palladium-Catalyzed Aerobic Dehydrogenation of Ketones. ]. Am.
Chem. Soc. 2011, 133, 14566—14569. (b) Pun, D.; Diao, T.; Stahl, S.
S. Aerobic Dehydrogenation of Cyclohexanone to Phenol Catalyzed
by Pd(TFA),/2-Dimethylaminopyridine: Evidence for the Role of Pd
Nanoparticles. J. Am. Chem. Soc. 2013, 135, 8213—8221. (c) Diao, T,;
Pun, D; Stahl, S. S. Aerobic Dehydrogenation of Cyclohexanone to
Cyclohexenone Catalyzed by Pd(DMSO),(TFA),: Evidence for
Ligand-Controlled Chemoselectivity. J. Am. Chem. Soc. 2013, 13§,
8205—8212. (d) Izawa, Y.; Pun, D.; Stahl, S. S. Palladium-Catalyzed
Aerobic Dehydrogenation of Substituted Cyclohexanones to Phenols.
Science 2011, 333, 209—213.

(15) Xue, T.; Lin, Z.; Chiu, C.-Y.; Li, Y.; Ruan, L.; Wang, G.; Zhao,
Z.; Lee, C; Duan, X,; Huang, Y. Molecular ligand modulation of
palladium nanocatalysts for highly efficient and robust heterogeneous
oxidation of cyclohexenone to phenol. Sci. Adv. 2017, 3,
No. e1600615.

(16) Zhang, J.; Jiang, Q; Yang, D.; Zhao, X;; Dong, Y.; Liu, R.
Reaction-activated palladium catalyst for dehydrogenation of
substituted cyclohexanones to phenols and H, without oxidants and
hydrogen acceptors. Chem. Sci. 2015, 6, 4674—4680.

(17) (a) Kepp, K. P. A Quantitative Scale of Oxophilicity and
Thiophilicity. Inorg. Chem. 2016, 55, 9461—9470. (b) Moltved, K. A;
Kepp, K. P. The Chemical Bond between Transition Metals and
Oxygen: Electronegativity, d-Orbital Effects, and Oxophilicity as
Descriptors of Metal—Oxygen Interactions. J. Phys. Chem. C 2019,
123, 18432—18444.

(18) Yang, G.; Bauer, T. J.; Haller, G. L.; Barath, E. H-Transfer
reactions of internal alkenes with tertiary amines as H-donors on
carbon supported noble metals. Org. Biomol. Chem. 2018, 16, 1172—
1177.

(19) Roeder, G.J; Kelly, H. R;; Yang, G.; Bauer, T. J.; Haller, G. L;
Batista, V. S.; Barath, E. Selective Heterogeneous Transfer Hydro-

https://doi.org/10.1021/acscatal.3c04849
ACS Catal. 2024, 14, 2883-2896


https://doi.org/10.1021/jm00084a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00084a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200404234
https://doi.org/10.1002/adsc.200404234
https://doi.org/10.1021/ol702879u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol702879u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol702879u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2010.11.031
https://doi.org/10.1016/j.bmcl.2010.11.031
https://doi.org/10.1016/S0040-4039(01)01057-7
https://doi.org/10.1016/S0040-4039(01)01057-7
https://doi.org/10.1016/S0040-4039(01)01057-7
https://doi.org/10.1021/jo020045d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo020045d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/1011-1344(93)87086-3
https://doi.org/10.1016/1011-1344(93)87086-3
https://doi.org/10.1016/S0043-1354(00)00039-7
https://doi.org/10.1016/S0043-1354(00)00039-7
https://doi.org/10.1016/S0043-1354(00)00039-7
https://doi.org/10.1002/cber.19440770321
https://doi.org/10.1002/cber.19440770321
https://doi.org/10.1021/ar50043a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar50043a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201004703
https://doi.org/10.1002/anie.201004703
https://doi.org/10.1016/S1381-1169(99)00236-8
https://doi.org/10.1016/S1381-1169(99)00236-8
https://doi.org/10.1002/1099-0682(200112)2001:123.0.co;2-u
https://doi.org/10.1002/1099-0682(200112)2001:123.0.co;2-u
https://doi.org/10.1002/1099-0682(200112)2001:123.0.co;2-u
https://doi.org/10.1016/j.ccr.2004.09.014
https://doi.org/10.1016/j.ccr.2004.09.014
https://doi.org/10.1021/cr8002505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr8002505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr8002505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo400702z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo400702z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0639719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0639719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0639719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200902148
https://doi.org/10.1002/anie.200902148
https://doi.org/10.1016/S0040-4020(96)00056-7
https://doi.org/10.1016/S0040-4020(96)00056-7
https://doi.org/10.1021/ja0349857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0349857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0349857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061715q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja061715q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja907198n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja907198n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol015637h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol015637h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol015637h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010552f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010552f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010552f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja050853x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja050853x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201600314
https://doi.org/10.1002/ejoc.201600314
https://doi.org/10.1039/b705581a
https://doi.org/10.1039/b705581a
https://doi.org/10.1039/b705581a
https://doi.org/10.1039/cs9841300441
https://doi.org/10.1039/cs9841300441
https://doi.org/10.1126/science.1179713
https://doi.org/10.1126/science.1179713
https://doi.org/10.1126/science.1179713
https://doi.org/10.1002/tcr.20152
https://doi.org/10.1039/C4QO00358F
https://doi.org/10.1039/C4QO00358F
https://doi.org/10.1002/ejoc.201000278
https://doi.org/10.1002/ejoc.201000278
https://doi.org/10.1002/ejoc.201000278
https://doi.org/10.1021/cr1003503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr1003503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja206575j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja206575j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja403165u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja403165u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja403165u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4031648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4031648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4031648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1204183
https://doi.org/10.1126/science.1204183
https://doi.org/10.1126/sciadv.1600615
https://doi.org/10.1126/sciadv.1600615
https://doi.org/10.1126/sciadv.1600615
https://doi.org/10.1039/C5SC01044F
https://doi.org/10.1039/C5SC01044F
https://doi.org/10.1039/C5SC01044F
https://doi.org/10.1021/acs.inorgchem.6b01702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b04317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b04317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b04317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7OB02614E
https://doi.org/10.1039/C7OB02614E
https://doi.org/10.1039/C7OB02614E
https://doi.org/10.1021/acscatal.0c05186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis pubs.acs.org/acscatalysis Research Article

genation from Tertiary Amines to Alkynes. ACS Catal. 2021, 11, molecular orbital hydrogenation energies. Theor. Chim. Acta 1973, 28,
5405—5415. 213-222.

(20) Ahuja, R.; Punji, B.; Findlater, M.; Supplee, C.; Schinski, W.;
Brookhart, M.; Goldman, A. S. Catalytic dehydroaromatization of n-
alkanes by pincer-ligated iridium complexes. Nat. Chem. 2011, 3,
167—-171.

(21) Zhang, X; Wang, D. Y; Emge, T. J; Goldman, A. S.
Dehydrogenation of ketones by pincer-ligated iridium: Formation and
reactivity of novel enone complexes. Inorg. Chim. Acta 2011, 369,
253-259.

(22) El-Deeb, L. Y.; Funakoshi, T.; Shimomoto, Y.; Matsubara, R.;
Hayashi, M. Dehydrogenative Formation of Resorcinol Derivatives
Using Pd/C—Ethylene Catalytic System. J. Org. Chem. 2017, 82,
2630—2640.

(23) (a) Kresse, G.; Hafner, J. Ab initio molecular dynamics for
liquid metals. Phys. Rev. B 1993, 47, 558—561. (b) Kresse, G.; Hafner,
J. Ab initio molecular-dynamics simulation of the liquid-metal—
amorphous-semiconductor transition in germanium. Phys. Rev. B
1994, 49, 14251—14269. (c) Kresse, G.; Furthmiiller, J. Efficiency of
ab-initio total energy calculations for metals and semiconductors using
a plane-wave basis set. Comput. Mater. Sci. 1996, 6, 15—50. (d) Kresse,
G.; Furthmiiller, J. Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 1996, 54,
11169—11186.

(24) (a) Bléchl, P. E. Projector augmented-wave method. Phys. Rev.
B 1994, 50, 17953—17979. (b) Kresse, G.; Joubert, D. From ultrasoft
pseudopotentials to the projector augmented-wave method. Phys. Rev.
B 1999, 59, 1758—1775.

(25) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(26) (a) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent
and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, No. 154104. (b) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the
Damping Function in Dispersion Corrected Density Functional
Theory. J. Comput. Chem. 2011, 32, 1456—1465.

(27) Monkhorst, H. J.; Burke, K.; Ernzerhof, M. Special points for
Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188—5192.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E,;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A; Nakatsuji, H.; Li, X; Caricato, M.; Marenich, A.; Bloino, J;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, ].
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F,;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G ;
Liang, W.; Hada, M.; Ehara, M.,; Toyota, K.; Fukuda, R.; Hasegawa, ] ;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T;
Throssell, K;; Montgomery, J. A, Jr; Peralta, ]J. E; Ogliaro, F;
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V.
N.; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell,
A.; Burant, J. C; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M,;
Klene, M.; Adamo, C.; Cammi, R;; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16,
Rev. C.01; Gaussian Inc: Wallingford, CT, 2016.

(29) (a) Becke, A. D. Density-functional thermochemistry. III. The
role of exact exchange. J. Chem. Phys. 1993, 98, 5648—5652. (b) Lee,
C; Yang, W, Parr, R. G. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density.
Phys. Rev. B 1988, 37, 785—789.

(30) Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8, 1057—106S.

(31) (a) Ditchfield, R;; Hehre, W. J.; Pople, J. A. Self-Consistent
Molecular-Orbital Methods. IX. An Extended Gaussian-Type Basis for
Molecular-Orbital Studies of Organic Molecules. J. Chem. Phys. 1971,
54, 724—728. (b) Hehre, W. J; Ditchfield, R;; Pople, J. A. Self—
Consistent Molecular Orbital Methods. XII. Further Extensions of
Gaussian—Type Basis Sets for Use in Molecular Orbital Studies of
Organic Molecules. J. Chem. Phys. 1972, 56, 2257—2261. (c) Har-
iharan, P. C.; Pople, J. A. The influence of polarization functions on

2896 https://doi.org/10.1021/acscatal.3c04849
ACS Catal. 2024, 14, 2883-2896


https://doi.org/10.1021/acscatal.0c05186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.946
https://doi.org/10.1038/nchem.946
https://doi.org/10.1016/j.ica.2010.11.016
https://doi.org/10.1016/j.ica.2010.11.016
https://doi.org/10.1021/acs.joc.6b03037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b03037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1039/b515623h
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.1674902
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1007/BF00533485
https://doi.org/10.1007/BF00533485
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

