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Abstract: Halide clusters of Group 5-7 metals develop catalytic activity above 150-250 <C,
and the activity is retained up to 350-450 <C by taking advantage of their thermal stability,
low vapor pressure, and high melting point. Two types of active site function: the solid
Brensted acid site and a coordinatively unsaturated site that catalyzes like the platinum
metals do. Various types of catalytic reactions including new reactions and concerted
catalyses have been observed over the clusters: hydrogenation, dehydrogenation,
hydrogenolysis, isomerization of alkene and alkyne, and alkylation of toluene, amine,
phenol, and thiol. Ring-closure reactions to afford quinoline, benzofuran, indene, and
heterocyclic common rings are also catalyzed. Beckmann rearrangement, S-acylation of
thiol, and dehydrohalogenation are also catalyzed. Although the majority of the reactions
proceed over conventional catalysts, closer inspection shows some conspicuous features,
particularly in terms of selectivity. Halide cluster catalysts are characterized by some
aspects: cluster counter anion is too large to abstract counter cation from the protonated
reactants, cluster catalyst is not poisoned by halogen and sulfur atoms. Among others,
cluster catalysts are stable at high temperatures up to 350450 <C. At high temperatures,
apparent activation energy decreases, and hence weak acid can be a catalyst without
decomposing reactants.
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1. Introduction

One of the most challenging subjects in catalysis is to develop new reactions over new catalysts.
We have chosen halide clusters as new catalysts; however, the catalytic nature of the halide clusters
was unknown at the beginning of the investigation. One possibility for understanding this catalytic
nature is provided by a physicochemical investigation of activated halide clusters. Another possibility
is to apply the catalyst to many compounds and to search for reactions catalyzed by halide clusters;
a comprehensive view of the catalyst can be obtained by comparison with other catalysts. In other
words, the nature of the active site was determined by the inductive method. The reactions proceeded
over halide cluster catalysts are listed in Table 1. The retention of the cluster framework and the active
sites developed on the clusters by heat treatment are described in a previous paper [1], which can be
summarized as follows. When molecular halide clusters of niobium, tantalum, molybdenum, and
tungsten possessing a hexanuclear octahedral metal framework were treated with progressively
increasing temperatures in a hydrogen or helium stream, they lost crystallization water at 100-200 <C.
Above 150-200 <C, apical halogen ligands were lost as hydrogen halide by reaction with the
coordinated water to yield hydroxo ligands, which exhibited as Brensted acid site. In the case of the
molybdenum and tungsten clusters, aqua ligands were removed to yield coordinatively unsaturated
sites (Lewis acid sites). The cluster framework as well as the active sites were retained up to
350-450 <C. In the case of the rhenium chloride cluster, the cluster framework is stable up to 300 <C
under inert atmosphere; however, it was reduced to metallic rhenium above 250 <C under hydrogen.
The retention of the cluster frameworks were confirmed by X-ray diffraction analyses (XRD), Raman
spectrometry, and extended X-ray absorption fine structure analysis (EXAFS). The appearance of the
active sites was confirmed by thermogravimetry—differential thermal analysis (TG-DTA), infrared
spectrometry (IR), infrared spectrum of adsorbed pyridine, adsorption of carbon monoxide, acid
titration with Hammett indicators, and elemental analyses.

Table 1. Reactions catalyzed by halide cluster.
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2. Catalysis Involving Hydrogen
2.1. Reaction of Ethylbenzene (Equation (1)) [2]
2.1.1. Reaction under Helium

The reactivity of ethylbenzene has been extensively studied, since the manufacture of styrene by
dehydrogenation is an industrially important process. Commercially, iron oxide with potassium
hydroxide in a steam is used to catalyze this reaction [3]. Metals acting as catalysts are also known:
unsupported nickel [4,5] and supported platinum metals [6,7] in both oxygen and nitrogen streams.
Thus, metal oxide catalysts have been used in a steam or oxygen stream, whereas nickel and platinum
metals have been used in an oxygen or nitrogen stream. On the other hand, when nickel and platinum
metals are applied in a hydrogen stream, they act as reductive dealkylation catalysts to yield toluene
and benzene [8,9]. Hence, the selectivity of nickel and platinum metals depends on the atmosphere.

To assign the catalytic activity of the halide cluster complexes, they were not supported on
inorganic materials but employed in the form of crushed crystals, which compromised their catalytic
efficiency. The specific surface area of the crushed and screened (166-200 mesh) crystals of the
molecular halide clusters was 4-7 m%/g.

The general procedure for the catalytic reaction is described. A conventional vertical glass
fixed-bed microreactor with a continuous gas-flow system was operated at atmospheric pressure [2]. In
each experiment, a weighed supported or non-supported sample of cluster complex (10-200 mg) was
packed in a borosilicate glass tube (3—9 mm i.d.) with the aid of quartz glass and placed in the center of
an electric furnace. The cluster sample was initially heated from room temperature to a fixed temperature
between 50 and 600 <C in 15 min in a helium or hydrogen gas stream (0.3-2.4 L/h), and then it was
held at that temperature for 45 min for activation of the cluster. Then, the reaction was initiated by
feeding a reactant into the gas stream by micro feeder with or without changing the temperature. The
reaction was monitored every 15-30 min by sampling the reaction gas (1 mL) with a six-way valve
kept at 150 <C followed by analysis using an online gas—liquid chromatograph (GLC). The reactor
effluent was collected in a trap for subsequent analyses by GLC and gas chromatography—mass
spectrometry (GC-MS). Products were identified by comparison with commercial products,
chromatographic isolation, or independent syntheses.

In this experiment, molybdenum cluster (H30);[(M0ogClg)Clg] 6H,O was packed into a glass
reaction tube and activated at 450 <C for 1 h in a stream of helium. Reaction was initiated by
introducing ethylbenzene into the stream of helium at the same temperature. A typical reaction profile
is plotted in Figure 1. Although catalytic activity decreased with time, the selectivities leveled off
after 2 h. The molybdenum cluster catalyzed dehydrogenation of ethylbenzene to afford styrene in
around 90% selectivity (Equation (22)), and slightly catalyzed dealkylation in the side chain to provide
toluene (Equation (23)) and dealkylation of the side chain to yield benzene (Equation (24)). However,
neither alkyl chain isomerization to form xylene (Equation (25)) nor intermolecular transalkylation to
produce benzene and diethylbenzene (Equation (26)) was observed at all. Dealkylation of the side
chain and intermolecular transalkylation are mainly catalyzed by solid acids such as mordenite and
ZSM-5 both in helium [10-12] and hydrogen streams [13,14]. It is well known that high-temperature
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processes for the catalytic conversion of hydrocarbons are often accompanied by deposition of
hydrogen-deficient coke, and that the deposition of these products causes a decrease in catalytic
activity [15,16]. For example, a decrease in catalytic activity is reported for ethylbenzene dehydrogenation,
in which carbonaceous products are formed from the ethylene by-product as shown in Equation (24) [11].

Dehydrogenation: 22)
Ce¢Hs—CH,CH3 — C¢Hs—CH=CH, + H,

Dealkylation in the side chain (C—C cleavage in the side chain): 23)
CeHs5—CH,CH3 — CeHs—CH3 + (CHz)

Dealkylation of the side chain (elimination of the ring attached alkyl): (24)
CeHs—CH,CH3; — CgHg + CH,=CH,

Alkyl chain isomerization (isomerization of the side chain): 25
C5H5—CH2CH3 — C6H4(CH3)2 ( )
Intermolecular transalkylation (disproportionation): (26)

ZCGH5—CH2CH3 — CeHe + C6H4(CH2CH3)2

Figure 1. Typical reaction profile of ethylbenzene dehydrogenation catalyzed by
(H30)2[(MosClg)Clg] 6H20. Following activation of the cluster (200 mg, 0.163 mmol) in
a helium stream (600 mL/h) at 450 < for 1 h, reaction was initiated by introduction
of ethylbenzene (50 uL/h, 0.4 mmol/h) to the helium stream without changing the
temperature. Conversion = products/(products + recovered material) < 100 (%) based on
aromatic compounds.
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The effect of reaction temperature is presented in Figure 2. No catalytic activity was observed
below 250 <C. The activity developed slightly at 300 <C, and increased with increasing temperature.
The selectivities for both dehydrogenation and dealkylations remained constant up to 450 <C. Above
this temperature, the selectivity for dealkylation to yield benzene increased with increasing temperature.

Table 2 lists the catalytic activity of various clusters and related compounds treated at 450 <C. This
table shows that molybdenum metal had no catalytic activity under the same reaction conditions
(entry 7). Molybdenum pentachloride cannot be used as a catalyst under the same reaction conditions,
as it boils at 268 <T. From these results we can conclude that the halide cluster developed catalytic
activity by taking advantage of its low vapor pressure and high melting point, enabling application
at high temperatures in an open reaction system. The chloride clusters of niobium and tungsten, with
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an octahedrally arranged Mg metal core, and of rhenium, with a triangular metal core, also catalyzed
the dehydrogenation under helium (entries 1, 5, and 6).

Figure 2. Effect of temperature on reactivity and selectivity in dehydrogenation of
ethylbenzene over (H30)2[(M0gClg)Clg] 6H20 in a helium stream (600 mL/h) at 3 h after
the start of the reaction. Other conditions are the same as in Figure 1.
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Table 2. Dehydrogenation and reductive dealkylation of ethylbenzene over halide clusters 2,

Selectivity (%)

. . b
Entry Catalyst Carriergas  Conversion (%) Styrene Toluene Benzene
1 [(NbsCly,)Cly(H20)4] 4H,0 He 7.8 85.5 2.9 11.6
3 [(MogBrg)(OH)4(H20),] He 1.0 86.5 5.0 8.5
4 [(TagCly2)Clx(H20)4] 4H,0 He 1.2 0.0 16.2 83.3
5 (H30)2[(WClg)Clg] 6H,0 He 28.7 733 5.4 213
6 ResClg He 2.5 76.3 4.0 19.7
7 Mo metal ° He 0.0 - - -
8 Raney Ni © He 9.5 98.0 0.3 1.7
9 pt/C ' He 16.1 96.9 18 1.3

10 no catalyst He 0.0 - - -
11 (H50),[(M06Clg)Clg] 6H,0 N, 1.4 85.0 2.8 12.2
12 (H30),[(MosClg)Clg] 6H,0 Ar 1.2 86.3 3.3 104
13 [(NbgCly1,)Clo(H,0)4] 4H,0 H, 0.0 - - -
14 (H50),[(M0gClg)Clg] 6H,0 H, 10.0 7.0 62.7 30.3
15 [(T36C|12)C|2(H20)4] 4H,0 H, 0.0 - - -
16 (H30)2[(WeClg)Cle] 6H,0 H, 47.8 1.1 48 94.1
17 RE3C|9 H, 579 0.0 0.0 0.0
18 Mo metal ¢ H, 0.0 - - -
19 Raney Ni h H, 20.9 1.9 61.1 37.0
20 Pt/C' H, 2.8 18.8 65.1 16.1
21 no catalyst H, 0.0 - - -

& After activation of catalyst (200 mg) in a stream of carrier gas (600 mL/h) at 450 <C for 1 h, reaction was
started by introduction of ethylbenzene (50 uL/h, 0.4 mmol/h) to the stream without changing the temperature;
b Conversion = products/(products + recovered ethylbenzene) < 100 (%) at 3 h after reaction started;
¢ Selectivity = product/(total amount of products) x 100 (%) at 3 h after reaction started; ® Mo metal
(150200 mesh) 200 mg; ¢ Raney Ni 20 mg; " Pt on charcoal (50 wt%, 30 mesh) 500 mg; ¢ Ring opening
degradation to yield gaseous products; " Raney Ni (2 mg) diluted with quartz sand (198 mg); ' Pt on charcoal
(50 wt%, 30 mesh) 50 mg.
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2.1.2. Reaction under Hydrogen

Figure 3 presents the catalytic activity of the molybdenum cluster in a stream of hydrogen at
various temperatures. The product selectivity changed. Reductive dealkylations to yield toluene and
benzene (Equations (27) and (28) proceeded exclusively above 450 <C, which shows that hydrogen
was used in the reaction. For the reaction in a hydrogen stream, no decrease of the catalytic activity
was observed even at high temperatures. This accorded with the fact that no unsaturated hydrocarbons
were produced, as indicated in Equations (27) and (28).

Reductive dealkylation in the side chain (hydrogenolysis in the side chain):

27
CeHs—CH,CH3 + H, — CgHs—CH3 + CH4 ( )

Reductive dealkylation of the side chain (hydrogenolysis of the ring-attached alkyl): (28)
CeHs—CH,CH3z + H, — CgHg+CH3CH3

Figure 3. Effect of temperature on reactivity and selectivity in reductive dealkylation of
ethylbenzene over (H30),[(MosClg)Clg] 6H,0 in a hydrogen stream (600 mL/h) at 3 h after
the start of the reaction. Other conditions are the same as in Figure 1.
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Table 2 summarizes the catalytic activities of the clusters treated in a hydrogen stream. Clusters of
Group 5 metals showed no catalytic activity under hydrogen (entries 13 and 15). On the other hand,
reductive dealkylations selectively proceeded on Group 6 metal clusters yielding toluene and benzene
(entries 14 and 16). Table 2 also lists the selectivity values on nickel and platinum catalysts under
identical conditions. Under a helium stream, dehydrogenation proceeded selectively (entries 8 and 9)
and under a hydrogen stream, reductive dealkylations progressed selectively (entries 19 and 20), which
is the same as on the halide clusters of Group 6 metals.

When Re;Clg was applied to the reaction in a hydrogen stream at 450 <C, it catalyzed ring-opening
degradation to yield only gaseous hydrocarbons in 5.7% conversion (entry 17). Under these conditions,
ResCly is reduced to metallic Re by hydrogen [1]. The same degradation has been reported over Pt, Ni,
and Rh metal on SiO, and Al,O3 under hydrogen streams. Rhenium is located in the neighboring
position to the platinum metals in the periodic table, and shares some properties with these metals.

When ethylbenzene was allowed to react in the presence of typical solid acid catalysts, such
as mordenite and ZSM-5, in both helium [10-12] and hydrogen streams [13,14], intermolecular
transalkylation and dealkylation of the side chain proceeded. Another typical class of acid catalyst,
heteropoly oxometalates, catalyzed dealkylation under a helium stream [17]. However, halide clusters
of Group 5-7 metals under a helium stream catalyzed dehydrogenation, which is conventionally
catalyzed by nickel [4,5] and platinum metals [6,7] in a nitrogen stream. When ethylbenzene was
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treated in the same way in a hydrogen stream, Group 5 metal clusters exhibited no catalytic activity but
Group 6 metal clusters catalyzed reductive dealkylation. Nickel and platinum metals under a hydrogen
stream also catalyzed this reaction [8,9]. Consequently, the halide clusters of Group 6 metals, Mo
and W, exhibited similar catalysis to the platinum metals showing variable selectivity in helium and
hydrogen streams. This catalytic behavior of Group 6 metal clusters is interpreted in terms of the
isoelectronic state with the platinum group metals [1].

2.2. Reaction of Cyclohexanone (Equation (2)) [18]
2.2.1. Reaction under Helium

Cyclohexanone is sometimes used for test reaction in catalysis, because it is susceptible to
various reactions. Then it was subjected to catalytic reaction. To increase the catalytic efficiency of
heterogeneous molecular cluster catalysts, molybdenum cluster was supported on silica gel (Nippon
Aerosil, Tokyo, Japan; Aerosil 380 m%/g) in 5.0% by weight followed by screening to 150—200 mesh.
The supported molybdenum clusters, (H3z0);[(M0ogClg)Clg] 6H,0/SiO,, were packed in a glass
reaction tube and activated in a helium stream for 1 h. The reaction was commenced immediately by
introduction of cyclohexanone into the helium stream without changing the temperature. The effect of
the reaction temperature is presented in Figure 4. The catalytic activity developed above 300 <C, and
increased with increasing temperature. The selectivity for hydrodehydration to yield cyclohexene
increased with increasing temperature. The product selectivity for cyclohexanone and related
compounds over the supported cluster (H30)2[(MosClg)Clg] 6H,O/SiO, at 400 <T under helium is
illustrated in Figure 5. The cluster catalyzed the hydrodehydration of cyclohexanone to produce
cyclohexene and its dehydrogenation products, 1,3-cyclohexadiene and benzene, with a total
selectivity of 57%. Dehydrogenation (to yield 2-cyclohexen-1-one and phenol) and condensation
(to yield cyclohexylbenzene and cyclohex-1-enylbenzene) proceeded concomitantly with around 20%
selectivity. A characteristic feature of the reaction of cyclohexanone is a harmonious hydrogen balance:
the total amount of hydrogen liberated by dehydrogenation to yield 2-cyclohexen-1-one, phenol,
benzene, and cyclohex-1-enylbenzene is equal to that used for the hydrodehydration that generates
cyclohexene, provided that the oxygen is removed as H,O. Therefore, the overall reaction of
cyclohexanone under helium can be viewed as disproportionation. Catalytic disproportionation of
cyclohexanone has been reported over solid acids such as alumina [19-23]; however, successive
dehydration to 1,3-cyclohexadiene and benzene did not proceed. On the other hand, the aromatization
of cyclohexanone to phenol has been reported over Group 8-10 metals: Ni, Pd, Pt, and Cu [24-26].
Accordingly, the molybdenum cluster exhibited both acid—base and platinum-like metallic characters
in catalysis.

As shown in Figure 5b, 2-cyclohexen-1-one disproportionated similarly to yield cyclohexanone and
phenol as the main products. Disproportionation of olefin occurs readily in incipient aromatic systems
with or without hydrogen in the presence of the platinum metals [27]. As Figure 5¢ shows, cyclohexene
was dehydrogenated almost exclusively to yield benzene. Thus, the molybdenum cluster exhibited
platinum-like metallic characters in these reactions.
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Figure 4. Effect of temperature on reactivity and selectivity in catalysis of cyclohexanone
over (H30)2[(MosClg)Clg] 6H,0/SiO,. Following the activation of the supported cluster
(30 mg, 1.23 umol) in a helium stream (600 mL/h) for 1 h, reaction was initiated by
introduction of cyclohexanone (50 puL/h, 0.48 mmol/h) to the helium stream without changing
the temperature. Conversion of cyclohexanone (e); selectivity for hydrodehydration (o);

selectivity for condensation (A); and selectivity for dehydrogenation (o); at 4-5 h after
the start of the reaction.
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Figure 5. Reaction scheme of (a) cyclohexanone; (b) 2-cyclohexen-1-one, and
(c) cyclohexene over (H30),[(MogClg)Clg] 6H,0O/SiO; in a helium stream at 400 <T at
4-5 h after the start of the reaction. Other conditions are the same as in Figure 4.
Conversion of each starting material is shown in brackets. The selectivity for each product
is shown as a numerical value (%), and the thickness of the arrow from the starting material
is proportional to the corresponding selectivity value for the reaction. A leftward shift
corresponds to hydrogen consumption, and a rightward shift corresponds to hydrogen release.
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Figure 5. Cont.
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Table 3 lists the catalytic activity of some Group 5 and 6 metal clusters and related compounds.
Although the catalytic activity of crushed crystals of the molybdenum cluster was low because of the
low surface area (3.95 m?/g), the selectivity over (Hz0)-[(M0sClg)Cls] 6H,0 was virtually the same as
that over (H30)2[(MosClg)Clg] 6H20/SiO,. The chloride clusters of niobium, tantalum, and tungsten of
the same metal framework also developed catalytic activity, and the condensation proceeded almost
exclusively. The acidic character of these cluster catalysts predominated in the reaction, since the
condensation is reported to proceed on solid acid catalysts such as Fe,O3 and Al,O3 [28].

2.2.2. Reaction under Hydrogen

Figure 6 presents the effect of reaction temperature in a stream of hydrogen over
(H30)2[(MosClg)Clg] 6H20/SiO,. The activity developed above 300 <C and increased with increasing
temperature. The reaction progressed almost quantitatively over 450 <C. Figure 7 illustrates the
product selectivities under hydrogen at 400 <C, starting from cyclohexanone and related compounds.
The main reaction of cyclohexanone is hydrodehydration leading to the formation of cyclohexene,
which requires one equivalent of hydrogen molecules. Although one and two equivalents of hydrogen
molecules can be liberated when benzene and phenol are produced, respectively, the total amount of
released hydrogen is insufficient to generate cyclohexene with 66% selectivity. Atmospheric hydrogen
was utilized for hydrodehydration. The molybdenum cluster apparently catalyzed the hydrogenolysis
of the C-O bond, utilizing atmospheric hydrogen like the platinum metals do.

Figure 6. Effect of temperature on reactivity and selectivity in the catalysis of
cyclohexanone over (H30);[(MogClg)Clg] 6H,0/SiO, in a hydrogen stream (600 mL/h).
Other conditions are the same as in Figure 4. Conversion of cyclohexanone (e);

selectivity for hydrodehydration (o); selectivity for condensation (A); and selectivity for
dehydrogenation (o).
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Table 3. Hydrodehydration, dehydrogenation, and condensation of cyclohexanone over halide clusters ®.

Selectivity (%) ©

Hydrodehydration Dehydrogenation Condensation
Catalyst Conversion (%) °  Cyclohexene 1,3-Cyclohexadiene Benzene 2-Cyclohexen-1-one Phenol Product
[(NbgCly2)Cly(H,0)4] 4H,0/SiO, 87.0 51 3.6 1.1 0.0 1.2 88.9
(H30),[(MogClg)Clg] 6H,0/SiO; 15.3 40.1 8.3 8.7 8.9 115 22.5
[(TasCly2)Clx(H,0)4] 4H,0/SIO, 94.3 6.1 4.2 1.3 0.0 1.1 87.4
(H30)2[(WeClg)Clg] 6H,0/SiO, 70.0 4.6 4.8 2.2 0.0 0.6 87.7
(H30),[(M0gClg)Clg] 6H,0 ° 55 34.6 7.3 4.1 7.9 20.8 255
(H30)2[(MoeCls)Cls] 6H,0/SiO, | 83.2 66.2 2.5 15.7 0.0 5.5 10.2
Mo metal ¢ 0.0
SiO; 0.0

& After activation of supported cluster (5 wt% on silica gel, 30 mg) in a helium stream (600 mL/h) at 400 <C for 1 h, reaction was started by introduction of cyclohexanone
(50 uL/h, 0.48 mmol/h) to the stream without changing the temperature; ° Conversion = products/(products + recovered cyclohexanone) > 100 (%) at
4-5 h after reaction started; © Selectivity = product/(total amount of products) <100 (%) at 4-5 h after reaction started; ¢ Cyclohexylbenzene and cyclohex-1-enylbenzene
with a small amount of trimers; ® Unsupported crushed crystalline cluster (150—200 mesh, 30 mg); * In a stream of hydrogen; ¢ Mo metal (150200 mesh) 30 mg.
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Figure 7. Reaction scheme of (a) cyclohexanone; (b) 2-cyclohexen-1-one; and (c) cyclohexene
over (H30)2[(MosClg)Clg] 6H.0/SiO, in a hydrogen stream at 400 <C at 4-5 h after the
start of the reaction. Other conditions are the same as in Figure 6. Conversion of each
starting material is shown in brackets. The selectivity for each product is shown as a numerical
value (%), and the thickness of the arrow from the starting material is proportional to
the corresponding selectivity value for the reaction. A leftward shift corresponds to
hydrogen consumption, and a rightward shift corresponds to hydrogen release.
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As Figure 7b shows, 2-cyclohexen-1-one was hydrogenated to cyclohexanone with 64% selectivity.
In this reaction, the amount of hydrogen that is liberated from the dehydrogenation of 2-cyclohexen-1-one
to phenol is insufficient for the production of cyclohexanone. Atmospheric hydrogen was incorporated
into cyclohexanone.

Over evaporated film of molybdenum metal, the hydrogenation of ethylene has been reported, but
the activity was quite low compared with that on the platinum metals [29,30]. Propylene was not
hydrogenated over the molybdenum metal. Reduced Mo(0)/Al,O3 [31,32] or Mo (<VI)/Al,03 [32] has
been reported as a hydrogenation catalyst for propylene. However, its application to other olefins has
not been reported; nor has its application to oxygen-containing olefins been reported.

The product selectivity from cyclohexene under hydrogen is practically the same as that under
helium, with benzene being produced with ~83% selectivity (Figures 5¢ and 7c¢). Accordingly, the



Metals 2014, 4 247

molybdenum cluster catalyzed the dehydrogenation of cyclohexene irrespective of the atmosphere.
Oxidative dehydrogenation of cyclohexene to benzene has been reported over several metal oxide
catalysts, but dehydrogenation without oxidizing agents is catalyzed by the platinum metals [33-36].

Consequently, the molybdenum cluster catalyzed hydrodehydration and hydrogenation using
atmospheric hydrogen, and catalyzed dehydrogenation like the platinum metals do. These similar
reactivities of Mo atom in the halide cluster (H30),[(MogClg)Clg] 6H,0 to those of the platinum
metals can be interpreted in terms of the isoelectronic status of the Mo atom in the cluster and
the platinum metals [1].

3. Simple Acid Catalysis
3.1. Decomposition of Phenyl Acetate (Equation (3)) [37]

Aromatic acylation is an important process in the fine chemical industries and has been intensively
investigated. The reaction of phenyl acetate to o- and p-hydroxyacetophenone is well known as
the Fries rearrangement [38], and usually Lewis acids such as AlCls;, BF3, FeCls, and TiCl, are used
stoichiometrically. Because the carbonyl oxygen strongly coordinates to the Lewis acid center [39],
hydrolysis of the Lewis acid is necessary for the isolation of the products. In order to overcome
this disadvantage, solid Brensted acids such as H-Beta zeolite [40-43], H-Y zeolite [42,44,45],
H-ZSM-5 [40-42,44-47], HF/AI,O3 [44], and Nafion-H [48], a resin containing the —CF,CF,SO3H
group, are used as the catalyst. However, the selectivity for o- and p-hydroxyacetophenone is not high,
and in almost all cases the main product is the decomposition product, phenol. Application of the
halide cluster catalyst to the Fries rearrangement was unsuccessful; however, decomposition of phenyl
acetate to phenol and ketene unexpectedly proceeded exclusively at as low as 150 <C, and no other
catalysts for the selective decomposition at lower temperature have been reported.

3.1.1. Development of Catalytic Activity

Crushed and screened (150-200 mesh) crystal powder of niobium halide cluster
[(NbsCl12)Cl2(H20)4] 4H,O was initially activated in a helium stream for 1 h at an elevated
temperature, and then reaction was commenced by introducing phenyl acetate into the gas flow
without changing the temperature. The reaction profiles at various temperatures are plotted in Figure 8.
No catalytic activity was observed below 100 <C, and slight activity was evident at 150 <C. Activation
above 200 <T resulted in substantial catalytic activity and the activity increased with increasing
temperature, reaching a maximum at 300 <C. The products were solely phenol and ketene, and no
by-products such as o- and p-hydroxyacetophenone were detected throughout the reactions.

As can be seen from Figure 8, the catalytic activity decreased very rapidly during the first 2 h of the
reaction and leveled off after 3 h of the reaction. This is probably because of fouling by carbonaceous
compounds or coke on the catalyst [15,16]. The deactivation was increased by an increase in the
reaction temperature.
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Figure 8. Typical reaction profiles of decomposition of phenyl acetate to phenol and
ketene catalyzed by [(NbgCli2)Cl(H20)4] 4H,O at different temperatures. Following
activation of the cluster (30 mg, 25 umol) in a helium stream (2.4 L/h) for 1 h, reaction
was initiated by introduction of phenyl acetate (0.1 mL/h, 0.79 mmol/h) to the helium
stream without changing the temperature. Decomposition proceeded exclusively.
Conversion = phenol/(phenyl acetate + phenol) <100 (%).
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The effect of the preliminary activation temperature on the cluster and successive reaction
temperature was examined, and the results are summarized in Figure 9. When both temperatures were
changed concomitantly, the maximum activity appeared at 300 <C. On the other hand, when the
subsequent reactions were performed at 150 <C, the maximum activity appeared at around 250 <C.
Hence, preliminary activation at 250 <C induced the highest catalytic activity for the niobium cluster.

Figure 9. Effect of preliminary activation temperature and reaction temperature on
catalytic activity of [(NbgCl12)Cl2(H20)4] 4H,0 at 3 h after the start of the reaction. After
activation of the cluster in a helium stream at a different temperature for 1 h, reaction was
initiated by introduction of phenyl acetate to the helium stream at the activation
temperature (e); or at 150 <C (o). Other conditions are the same as in Figure 8.
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The catalytic activities of various halide clusters and the related compound are tested. Crushed
and screened crystals of bromide cluster of niobium, [(NbgBr1,)Br,(H,0)4] 4H,0, and chloride clusters
of molybdenum, tantalum, and tungsten also exhibited similar catalytic activities. Under a hydrogen
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stream, the clusters of niobium and molybdenum catalyzed the decomposition of phenyl acetate
similarly. However, hydrogenolysis to benzene proceeded in around 20% selectivity, which could be
attributable to the platinum-like property of the cluster catalysts [1].

Figure 10 shows the catalytic activity of crushed and screened (150-200 mesh) crystal powder
of (H30),[(MogClg)Clg] 6H,0, which underwent preliminary activation at various temperatures in
a helium stream for 1 h and was then reacted at 150 <C. The activity emerged with activation
above 200 <C and reached a maximum with activation at 400 <C. The temperature which resulted in the
maximum activity for (H30),[(MogClg)Clg] 6H,0 differed from that for [(NbsCl;2)Cl>(H20)4] 4H,0.

Figure 10. Effect of preliminary activation temperature on catalytic activity of
(H30)2[(MosClg)Clg] 6H-0 at 3 h after the start of the reaction. Following the activation of
the cluster (30 mg, 25 umol) in a helium stream (2.4 L/h) for 1 h, reaction was initiated by
introduction of phenyl acetate (0.1 mL/h, 0.79 mmol/h) to the stream at 150 <C. Other
conditions are the same as in Figure 8.
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3.1.2. Reaction Mechanism

A mechanism for phenyl acetate transformation over solid Brensted acids has been proposed [42,45,49].
Phenyl acetate is adsorbed on the protic center and then either rearranges into o-hydroxyacetophenone
(intramolecular Fries rearrangement) or desorbs as phenol. In the latter case, the residual acetyl cation
on the Brensted base can react with the produced phenol to form o- and p-hydroxyacetophenone
(intermolecular Fries rearrangement), or afford ketene (decomposition) regenerating the Brensted
acid site. The stability of the adsorbed species would determine the selectivity for the products.
Consequently, a high-performance catalyst for the Fries rearrangement is expected to have a stabilizing
capacity for the cations. Liquid phase reaction exhibited better selectivity for the Fries rearrangement
compared with the gas phase reaction [41], in which no solvation for the cations is present. Oxide
catalysts generally have both acidic and basic characters. Alumina has been classified as a solid acid;
however, it has both acidic and basic sites, namely: incompletely coordinated aluminum ions (strong
Lewis acids) and oxide ions (weak Lewis bases) [50-53]. Both of the sites are small and have
high charge densities for participation in reactions. Over conventional solid Brensted acids
such as H-Beta, H-Y, H-ZSM-5, and HF/AI,O3, the Fries rearrangement proceeds to some extent, as
mentioned above. In contrast, halide clusters are characterized by very weak basicity, great softness,
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and a large polyhedral anion structure, and hence have very low charge densities on their surface. The
anion would not participate in the reactions nor stabilize the counter cation. Thus, protonated phenyl
acetate and acetyl cation, which are not stabilized by the large cluster counter anion, would rapidly
disproportionate into phenol, ketene, and proton exclusively.

3.2. Isomerization of Olefin (Equation (4)) [54]

Platinum group metals and Ni are used practically for the isomerization and hydrogenation of
olefins in heterogeneous systems [27,55,56]. Both acids and bases also catalyze the isomerization of
olefins. No metal halides, except TiCls [57], have been reported as isomerization catalysts of olefins in
heterogeneous systems, although metal sulfides and oxides of Group 5 and 6 metal compounds have
been reported to catalyze the reaction. Halide clusters were applied as catalysts for the isomerization
of olefin.

3.2.1. Catalysis over [(NbsCl12)Cl(H,0)4] 4H,0

Pulverized and screened (150-200 mesh) crystals of [(NbgCli2)Cl2(H20)4] 4H2O were thermally
activated in a stream of hydrogen for 1 h. Reaction was initiated by introduction of 1-hexene into
the stream of hydrogen. A typical reaction profile at 350 <C is plotted in Figure 11. The niobium
cluster catalyzed isomerization and slightly catalyzed hydrogenation of the olefinic bond to yield
cis- and trans-2-hexene and hexane. Although the catalytic activity decreased with time, the cis/trans
selectivity of the isomerized product 2-hexene remained constant. The effect of the temperature is
shown in Figure 12. When both the preliminary-activation and following reaction temperatures were
changed concurrently, the catalytic activity developed slightly at 150 <C. The activity increased with
increasing temperature with a local maximum at 300 <C. Then, the effect of the preliminary-activation
temperature on the catalytic activity was examined. The cluster samples were given a preliminary
activation by changing the temperature for 1 h, followed by reaction with 1-hexene at 150 <C.
As Figure 12 shows, preliminary activation at around 200 <C gave the maximum activity.

Figure 11. Typical reaction profile of 1-hexene under hydrogen over [(NbsCl12)Clo(H20)4] 4H,0.
Following activation of the cluster (30 mg, 25 pumol) in a hydrogen stream (2.4 L/h) at
350 <C for 1 h, reaction was initiated by introduction of 1-hexene (0.8 mL/h, 7.1 mmol/h)
to the hydrogen stream without changing the temperature.
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Figure 12. Effect of preliminary activation temperature on catalytic activity of
[(NbsCl12)Clo(H20)4] 4H,0. Following the activation of the cluster in a hydrogen stream at a
different temperature for 1 h, reaction was initiated by introduction of 1-hexene to the
stream at the activation temperature (o); or 150 <C (e). Other conditions are the same as in
Figure 11. Conversion = (2-hexene + hexane)/(1-hexene + 2-hexene + hexane) =100 (%)
at 4 h after the starat of the reaction.
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Table 4 lists the catalytic activity of various halide clusters and related compounds treated at
250 <C. This table shows that the niobium cluster activated in a stream of helium exhibited almost the
same activity as that treated in a stream of hydrogen. The cluster bromide of niobium and chlorides of
molybdenum, tantalum, and tungsten also showed catalytic activity for the isomerization of olefin.
Although rhenium metal [58] and rhenium sulfides [59] have been reported to be hydrogenation
catalysts, a rhenium cluster, ResClg, had no catalytic activity under the same reaction conditions.
The catalytic activity varied with the cluster catalyst employed; however, the cis/trans selectivities of
2-hexene remained in a relatively narrow range and the ratios are approximately in accord with that of
thermal equilibrium (0.77 at 250 <C). Isomerization of 1-butene to cis- and trans-2-butenes has been
extensively studied over many heterogeneous basic and acidic catalysts. High cis/trans ratios have
been observed over basic catalysts [60] such as MgO (3.2-7.0), ZrO, (7.3), and ThO; (3.1-3.4), and
low ratios over acidic catalysts such as Nb,Os nH,0 (2) [61], WO, (1.4) [62], and WO; (1.4) [62].
The corresponding cis/trans ratio of 2-hexene has not been reported on basic catalysts; however,
on acidic catalysts the values reported are low: 0.83 on HY zeolite [63] and 0.5 on H-ZSM-5 [64].
Thus, the halide clusters should be classified as acidic catalysts.

3.2.2. Catalysis over (H30),[(WsClg)Clg] 6H.0

Figure 13 presents the catalytic activities of the pluverized and screened (150-200 mesh) crystals of
tungsten cluster, (H3z0),[(WsCls)Clg] 6H,0, after preliminary activation at varying temperatures for
1 h, followed by reaction without changing the temperature. The activity commenced when the reaction
were carried out at 300 <C, and the activity markedly increased with increasing temperature. On the
other hand, while the samples activated at various temperatures react at 150 <C and 250 <C, the maximum
activities appeared around 450 <C and 480 <C, respectively. Mononuclear and dinuclear tungsten
chlorides—WCl,, (WCls),, and WClg—cannot be used as catalysts under the reaction conditions, as
they decompose or boil below 347 <C. High thermal stability, high melting point, high boiling point,
and low vapor pressure of the cluster permitted the utilization for a solid catalyst at high temperatures.
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Table 4. Isomerization of 1-hexene over halide clusters 2.

Conversion/%

Catalyst Isomerization ® (cis/trans) Hydrogenation °
[(NbsCl12)Cly(H20)4] 4H,0 31.3 (0.47) 0.3
[(NbsCl1,)Clo(H,0),] 4H,0 ° 25.5 (0.60) 0.0
[(NbgBr12)Bra(H,0),] 4H,0 0.75 (0.47) 0.0
[(NbgBr13)Bra(H;0),] 4H,0 ° 35.9 (0.45) 0.4
(H30)3[(M0o6Clg)Clg] 6H,0 1.8 (0.78) 0.1
[(TasCl12)Cly(H20)4] 4H,0 1.4 (0.45) 0.1
(H30),[(WClg)Clg] 6H,0 1.8 (0.62) 0.1
ResClg 0.0 - 0.0
Pt metal ' 2.3 (0.75) 4.8
Pd metal * 5.4 (0.56) 1.1
Nb metal 0.0 - 0.0

& After activation of catalyst (30 mg) in a hydrogen stream (2.4 L/h) at 250 <C for 1 h, reaction was started by
introduction of 1-hexene (0.8 mL/h, 7.1 mmol/h) to the stream without changing the temperature. At 4 h after
the start of the reaction; ° Isomerization = 2-hexene/(1-hexene + 2-hexene + hexane) x 100 (%) at 4 h;
¢ Hydrogenation = hexane/(1-hexene + 2-hexene + hexane) < 100 (%) at 4 h;  Helium (2.4 L/h) was used;
® Catalyst activation and reaction was performed at 350 mm; " Unsupported metal black powder.

Figure 13. Effect of preliminary activation temperature on catalytic activity of
(H30)2[(WsClg)Clg] 6H20. Following the activation of the cluster (30 mg, 17 umol) in
a hydrogen stream at a different temperature for 1 h, reaction was initiated by introduction
of 1-hexene to the stream at the activation temperature (o); at 150 <C (e); or at 250 <C (o).
Other conditions are the same as in Figures 11 and 12.
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Thus, when molecular halide clusters of Group 5 and 6 metals were activated at 150-250 <C,

catalytic activity for double bond isomerization of the olefin developed. In the case of tungsten cluster,
the catalytic activity was enhanced with increasing temperature up to the decay at around 450 <C.

3.3. Reaction of Alcohol (Equation (5)) [65]

Dehydration of alcohols is a well-known simple reaction, and hence, various types of catalysts have
been applied to it [66]. Liquid acids, such as sulfuric acid and p-toluenesulfonic acid, are known to
catalyze this reaction. Solid acids, such as alumina [66,67] and Nafion-H [68], also catalyze this
reaction. Heteropoly acids are also used to carry out this reaction [68-71], and occasionally these are
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used as supported catalysts. On the other hand, thorium oxide, a solid base, also catalyzes the reaction.
Halide clusters were applied to this reaction.

Pulverized and screened (150-200 mesh) crystals of [(NbgCli2)Cly(H20)4] 4H,O  or
(H30)2[(WsClg)Clg] 6H.0 were activated at an elevated temperature in flowing helium gas for 1 h.
The reaction was initiated by introducing ethanol into the helium without changing the temperature.
Figure 14 shows the effect of the temperature. The catalytic activity appeared in a narrow temperature
range of 225-350 <C, with the activity increasing with increasing temperature, and the maximum
activity occurring at a temperature of 300-330 <C. Both clusters catalyzed the dehydration of ethanol
to yield ethylene as a major product. The selectivity for ethyl ether decreased with increasing
temperature. The cluster bromide of niobium [(NbsBri2)Br.(H20)4] 4H,O and chlorides of tantalum
and tungsten also showed the catalytic activity, and ethylene was the major product at 300 <C.

Figure 14. Effect of temperature on the dehydration of ethanol over (a)
[(NbeCl12)Cl2(H20)4] 4H20; and (b) (H30)2[(WesCls)Clg] 6H20. Following the activation
of the cluster (30 mg; 25 umol and 17.1 umol, respectively) in a helium stream (1.2 L/h)
for

1 h, reaction was initiated by introduction of ethanol (0.24 mL/h, 4.2 mmol/h) to the
helium stream without changing the temperature. Conversion of ethanol (e); selectivity for
ethylene (o); selectivity for ethyl ether (A); and selectivity for 1,1-diethoxyethane (o); at 5 h
after the start of the reaction.
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Table 5 summarizes the catalytic activity for C3—Cs alcohols at 300 <C. All the alcohols tested
yielded the corresponding olefins almost exclusively, and no ethers were afforded. In the case of
primary alcohols, the selectivity for ether has been reported to decrease with increasing length of the
carbon chain in the alcohol [72]. Secondary and tertiary alcohols are reported to yield the olefins, but
no ethers [66]. The activity of the primary alcohols decreased as the length of the carbon chain
increased, and the secondary alcohol exhibited higher activity than the corresponding primary alcohol
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over each catalyst. The same order of reactivity of alcohols has been reported over heteropoly acid [71],
metal sulfates [73], and La;O3 [74]. This order of reactivity is interpreted in terms of the relative ease
of formation of the carbenium ion by rupturing of the C—O bond [71]. As Table 5 shows, when
2-butanol was applied to the reaction, the selectivity for 2-butene (inner olefin) was higher than that
for 1-butene (outer olefin), and the selectivity for cis-2-butene was higher than that for trans-2-butene
over both niobium and tungsten clusters. The same product selectivities have been reported over solid
acid catalysts, such as Al,Os, SiO,, and ZnS, where 2-olefins were the major products rich in the
cis-isomers when 2-hydroxyalkanes were dehydrated [75]. In contrast, solid base catalysts, such as
ThO,, Lay03, and CeO,, mainly afford 1-olefins and 2-olefins are the by-products rich in the
trans-isomer [76]. Consequently, the halide clusters showed the same product selectivity as the solid
acid catalysts rather than the solid base catalysts.

Table 5. Dehydration of alcohols over halide clusters ®.

Conversion Selectivity (%) ©
Alcohol Catalyst b ) ) ) : ]
(%) 1-Olefin  cis-2-Olefin  trans-2-Olefin  Others
1-Propanol  [(NbsCl1,)Cly(H,0).].4H,0 61.3 977 - - 2.3
(H30),[(MogClg)Clg].6H,0 2.3 94.0 - - 6.0
[(TagCly2)Cly(H,0),].4H,0 9.0 98.9 - - 11
(H30),[(WeClg)Clg].6H,0 9.7 98.6 - - 1.4
1-Butanol  [(NbeCly2)Cly(H,0),].4H,0 27.6 562  26.1 14.6 3.1
(H30),[(WeClg)Clg].6H,0 2.7 41.6 321 25.4 0.9
1-Pentanol  [(NbgCly,)Cly(H,0)4].4H,0 4.8 530  26.2 17.4 34
(H30),[(WeClg)Clg].6H,0 2.3 321 28.9 17.1 21.9
2-Propanol [(NbgCl1,)Cly(H,0),].4H,0 100.0 99.9 0.0 0.0 0.1
(H30),[(MogClg)Clg].6H,0 81.2 99.6 0.0 0.0 0.4
[(TaeCly2)Cly(H,0),).4H,0 16.2 99.7 0.0 0.0 0.3
(H30),[(WeClg)Clg].6H,0 87.1 99.8 0.0 0.0 0.2
2-Butanol [(NbeCly,)Cly(H20)4].4H,0° 73.6 25.5 40.2 34.2 0.1
(H30),[(WeClg)Clg].6H,0 29.5 24.8 429 31.9 0.4

& After activation of cluster (30 mg) in a helium stream (1.2 L/h) at 300 <C for 1 h, reaction was started by
introduction of alcohol (4.2 mmol/h) to the stream without changing the temperature;
b Conversion = products/(products + recovered alcohol) = 100 (%) at 5 h after the start of the reaction;
¢ Scelectivity = product/combined products <100 (%) at 5 h after the start of the reaction; ¢ Ether and acetal
were not formed; ¢ Catalyst = 10 mg.

As Figure 14 shows, 1,1-diethoxyethane was produced with a selectivity of 12%. Direct formation
of 1,1-diethoxyethane from ethanol alone over some catalysts has been reported, in which a
dehydrogenating agent, such as dioxygen, hydrogen peroxide, or t-butyl hydroperoxide, was used to
produce acetaldehyde as an intermediate. Nevertheless, there have been no reports on the formation
of 1,1-diethoxyethane from ethanol alone without using such oxidizing agents. The selectivity for
1,1-diethoxyethane increased to 19%-25% when the niobium or tungsten clusters were used in flowing
hydrogen gas. A notable feature of halide clusters is that the clusters catalyze the hydrogenation and
dehydrogenation of olefins, as the platinum metals do (Section 2), and accordingly, the dehydrogenation
to acetaldehyde was enhanced by the activation of the clusters under hydrogen. Condensation of
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acetaldehyde with ethanol is catalyzed by acid catalysts. Thus, the halide clusters exhibited a unique
bifunctional catalyst functionality: dehydrogenation and acid catalysis.

4. Alkylation
4.1. Methylation of Toluene (Equation (6)) [77]

Alkylation of the aromatic ring has been widely studied using ether, olefin, halogenated hydrocarbon,
or alcohol as an alkylating reagent, and inter alia methylation of toluene with methanol has been
studied extensively owing to the commercial demand for p-xylene. Friedel-Crafts catalysts such as
AICI; [78] and BF; [79] are employed for the reaction using alcohol, however they serve as stoichiometric
reagents. Solid acids such as Aljs—pillared montmorillonite [80], AIPOs,—Al,O3, [81,82], TiO4/and
MoOs/silica—alumina [83], and Nafion—H [84] have been utilized for the reaction as catalysts. Detailed
research has been focused particularly on zeolite catalysts such as ZSM-5 and mordenite with
micro-pore structures [85,86]. For toluene methylation with methanol over zeolite, the commonly
accepted reaction scheme suggests that an activated form of methanol, the methyl cation, reacts with
weakly adsorbed toluene [87,88]. In the cluster catalysis, this intermediate was expected by replacing
the silica-alumina catalyst with the cluster moiety. The fundamental reactivity of methylbenzenes over
cluster with or without methanol was studied.

In order to enhance catalyst efficiency, halide clusters were supported on silica gel (Aerosil,
380 m?/g) in 5.0 wt-% followed by screening to 150-200 mesh. The supported clusters of tungsten,
(H30)2[(WsClg)Clg] 6H,0/SiO,, were initially activated in a hydrogen stream for 1 h at an elevated
temperature, and then reaction was commenced by introducing a mixture of toluene and methanol
into the gas flow without changing the temperature. The reaction profiles at various temperatures
are plotted in Figure 15. Activation above 300 <C resulted in substantial catalytic activity and
the activity increased with increasing temperature, reaching a maximum at 450 <C. Above 475 <C,
the decomposition of methanol was too high, and accordingly it was not utilized effectively for
the methylation. At 450 <C the cluster catalyzed methylation of toluene to yield xylenes in higher
than 80% selectivity, and successively, trimethylbenzenes with 13% selectivity, as listed in Table 6.
On the other hand, the selectivity for side chain alkylation to produce ethylbenzene was as low as
0.8%. Demethylation proceeded to a small extent, producing benzene in 3% selectivity.

Table 6 summarizes the catalytic activity of various clusters of Group 5-7 metals and related
compounds. This table shows that the chloride clusters of niobium, molybdenum, and tantalum also
catalyzed the reaction. Unsupported crushed crystals of tungsten cluster also catalyzed the reaction
regardless of the low activity. The rhenium chloride cluster catalyzed methylation and demethylation
under helium; however, the metallic rhenium that resulted from the rhenium chloride cluster by
hydrogen reduction under the reaction conditions [1] had no catalytic activity.
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Table 6. Methylation of toluene with methanol over halide clusters ®.

Selectivity (%0)

Catalyst Conversion (%) Benzene o-Xylene m-Xylene p-Xylene 1,2,3-MesCgHs  1,2,4-MesCe¢Hs  1,3,5-MesCgHs  Ethylbenzene
[(NbgCl1,)Cl,(H,0),4] 4H,0/SiO, 3.0 3.9 45.7 20.5 23.7 1.9 2.7 0.0 1.7
(H30),[(MogClg)Clg] 6H,0/Si0O, 1.8 33.8 16.7 19.1 17.4 0.0 0.0 0.0 12.9
[(TasCly2)Cly(H20),] 4H,0/SiO, 2.2 2.8 44.5 20.5 26.5 1.3 2.4 0.0 2.1
(Hz0),[(W¢Clg)Clg] 6H,0/SiO, 10.5 3.2 37.7 21.4 24.2 5.0 7.3 0.4 0.8

(H30),[(W¢Clg)Clg] 6H,0 ° 1.0 50.9 14.9 134 10.6 3.6 14 2.1 3.2
(H30),[(WsClg)Clg] 6H,0/Si0, 4.2 6.9 41.1 21.0 235 2.3 3.6 0.0 1.6
(H30)2[(W¢Clg)Clg] 6H,0/Si0, ° 7.2 0.0 435 20.9 24.2 3.9 6.5 0.0 1.0

Re;Cly/SiO, 0.0
Re;Cly/SiO, © 1.7 79.5 2.2 6.0 4.0 0.0 0.0 0.0 8.3
SiO, 0.0

& After activation of supported cluster (5 wt% on silica gel, 200 mg) in a hydrogen stream (120 mL/h) at 450 <C for 1 h, reaction was started by introduction of toluene
(10.6 mL/h, 0.1 mmol/h) and methanol (27.5 mL/h, 0.68 mmol/h) to the stream, without changing the temperature. At 4 h after the start of reaction; ® Unsupported crushed
crystalline cluster (150-200 mesh, 200 mg); ¢ Under helium; ¢ Under nitrogen.
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Figure 15. Effect of temperature on the reaction of toluene with methanol over
(H30),2[(WsClg)Clg] 6H.0/SiO,. Following the activation of the supported cluster (200 mg,
5.7 umol) in a hydrogen stream (120 mL/h) for 1 h, reaction was initiated by introduction
of toluene (10.6 mL/h, 0.1 mmol/h) and methanol (27.5 mL/h, 0.68 mmol/h) to the stream
without changing the temperature. Conversion = products/(products + recovered toluene) =
100 (%), selectivity = product/total amount of products><100 (%) based on aromatic
compounds at 4 h after the start of the reaction.
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It is generally accepted that the alkylation of toluene with methanol proceeds via electrophilic
substitution [85], and that a Brensted acid site on zeolite catalysts is the active center and is covered
with methanol [89]. The strongly adsorbed methanol [90] is activated to a carbenium ion, which reacts
with weakly adsorbed toluene [91]. In contrast, side chain alkylation to yield ethylbenzene is generally
accepted over base catalysts such as basic Y-zeolite [92], potassium-cation-exchanged zeolite [93],
Cs-exchanged zeolite, alkali-impregnated carbon [94], and magnesia [95]. Thus, clusters exhibited
acidic character in the catalysis.

Methylations of methyl-substituted benzenes were tested over (H3O),[(WsClg)Clg] 6H,0O/SiOs.
Unsubstituted benzene did not react under the conditions; however, methylation of methylbenzenes
other than hexamethylbenzene proceeded. The increasing reactivity order of toluene, xylenes and
trimethylbenzenes accords with the increasing proton affinity order of polymethyl-substituted
benzenes [96]. The same reactivity order is reported on Nafion-H catalyst [84]. In methylation of
xylenes over the tungsten cluster, trimethylbenzenes were obtained with 58%-63% selectivity with
isomerization and demethylation products in 10%-20% and 4%-9% selectivity, respectively.
Methylation of pentamethylbenzene was difficult and demethylation proceeded almost exclusively,
even in the presence of methanol. Demethylation of hexamethylbenzene also proceeded under
hydrogen, both in the presence and absence of methanol. The same catalytic activities, methylation
and demethylation, have been reported on an acidic large-pore zeolite. H-Beta catalyzed methylation
of toluene with methanol [97,98] and demethylation of hexamethylbenzene under nitrogen [99] or
polymethylbenzenes under helium [100]. Reaction of hexamethylbenzene with benzene over
the tungsten cluster in the absence of methanol yielded toluene with 9% selectivity; indicating
intermolecular transfer of the methyl substituents. Superimposition of these reactions complicated
the methylation.
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4.2. N-Alkylation of Amine (Equation (7)) [101]

N-Methylation of Amine: Alkylation of ammonia and amines has been studied for the production
of a variety of amines. The methylation of amines has been extensively studied using various
methylating reagents: methyl carbonates, formaldehyde, diazomethane, dimethyl ether, carbon
monoxide/hydrogen, or methanol. In particular, methanol has been widely used because of its ready
availability and ease of handling. Conventional liquid acids such as sulfuric, hydrochloric,
hydrobromic, and hydroiodic acids have been reported to catalyze the methylation of amines [102].
On the other hand, solid acids such as alumina [103-106], silica—alumina [107], faujasite [108],
beta zeolite, EMT zeolites [109], AIPO,4-5 [110,111], and niobic acid [112] have been used as catalysts
in the gas-phase flow system, which requires no solvent, circumvents tedious separation procedures,
and recycles the catalyst. These catalysts are chiefly used for the alkylation of aniline, because this
reaction proceeds smoothly. There are fewer examples of the alkylation of aliphatic amines with
alcohols [106]; Y zeolite, beta zeolite, [113], and alumina [114] have been used in the gas-flow
system. Over halide cluster catalysts, methyl cation was produced from methanol as an intermediate
for the methylation of toluene, as described above. Then attempts were made for the methylation of
amines with alcohols over halide cluster catalysts.

Supported clusters (H3O),[(WeClg)Clg] 6H,O/SiO, were activated in a hydrogen stream for 1 h.
The reaction was commenced immediately by introduction of an equimolar mixture of piperidine
and methanol into the hydrogen stream without changing the temperature. Figure 16 shows the effect
of the reaction temperature. Practically catalytic activity developed above 200 <C. The activity
was enhanced with increasing temperature. Over the temperature range 250-350 <C, the cluster
catalyzed the methylation of piperidine to yield N-methylpiperidine in more than 89% selectivity.
A significant side reaction was dehydrogenation, yielding 2,3,4,5-tetrahydropyridine with a selectivity
as low as 4.6%. Above 400 <C, selectivity for dehydrogenation to yield 2,3,4,5-tetrahydropyridine and
pyridine was conspicuous and increased with increasing temperature. Above 450 <C, the decomposition
of methanol was too high to utilize effectively for the methylation. Thus, the selectivity strongly
depends on the reaction temperature.

Various clusters of Group 5-7 metals and related compounds were tested for this reaction at
300 <C. Supported chloride clusters of niobium, molybdenum, and tantalum also catalyzed the reaction
in 4%-15% conversion. The selectivities over these cluster catalysts were similar: N-methylpiperidine
was the main product in above 95% selectivity with 2,3,4,5-tetrahydropyridine resulting from
dehydrogenation in 4% selectivity. Unsupported crushed crystals of (H30)2[(WsCls)Clg] 6H20
(150-200 mesh) exhibited a slight lower selectivity (86% selectivity for N-methylpiperidine), although
the reactivity was low (2.4% conversion) because of its low surface area. Thus, Group 5 and 6
metal halide clusters exhibited good catalytic properties for the N-methylation of piperidine with
methanol. Over rhenium chloride cluster the selectivity for N-methylpiperidine was low (19% selectivity).
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Figure 16. Effect of temperature on the reaction of piperidine with methanol over
(H30),2[(WsClg)Clg] 6H.0/SiO,. Following the activation of the supported cluster (30 mg,
0.86 umol) in a hydrogen stream (600 mL/h) for 1 h, reaction was initiated by introduction
of piperidine (99 pL/h, 1.0 mmol/h) and methanol (41 puL/h, 1.0 mmol/h) to the stream
without changing the temperature. Conversion and selectivities are based on piperidine at
3 h after the start of the reaction. Conversion of piperidine (e); selectivity for
N-methylpiperidine (o); selectivity for 2,3,4,5-tetrahydropyridine (A); selectivity for
pyridine (V); and selectivity for the other nitrogen containing products (o).
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Silica—alumina and H-beta exhibited high activities (19 and 29% conversion, respectively) and high
selectivities for N-methylation (95%, each), comparable to those over a halide cluster, which accords
with the reported results [107,113]. On the other hand, H-mordenite and H-ZSM-5 exhibited quite low
activities (4 and 1.6% conversion, respectively) and low selectivities (46 and 35%, respectively) for
this reaction. The catalytic activities of the latter zeolites have not been reported for this reaction.
Reports on the application of solid acids to this reaction are few [106].

N-Alkylation of Amine: Over (H30),[(WeClg)Clg] 6H,0/SiO,, selective N-alkylation of piperidine
with primary alcohols (methanol, ethanol, and propanol) proceeded; the longer the alkyl chain,
the lower the reactivity. However, alkylation with secondary and tertiary alcohols (2-propanol and
2-methyl-2-propanol) did not proceed. Although many examples of the alkylation with primary
alcohols have been reported, examples of the alkylation with secondary alcohols are sparse owing to
steric effects: 2-propanol over alumina [106] and 2-butanol over ruthenium trichloride [115] give rise
to poor conversions compared with the primary alcohols. In the latter case, dehydrogenation of
alcohol followed by attack of amine is suggested. Alkylation with tertiary alcohol has not been
reported, as far as we know.

Five- to seven-membered alicyclic amines (pyrrolidine, piperidine, and azepane) were exclusively
N-methylated with methanol. They exhibited equal reactivity. Butylamine, a primary amine, was
N-methylated with higher reactivity. Diethylamine was also N-methylated. Consequently, a halide
cluster is an effective catalyst for the N-alkylation of aliphatic amines. N-Methylation of an aromatic
amine, aniline, with methanol proceeded over tungsten cluster. Although N-methylation is not
selective, producing both N-methyl- and N,N-dimethylanilines, C-methylation of the aromatic ring
did not proceed at all. Oxide catalysts such as V,0s, Cr,03 [116], and Fe,O3 [117] have been reported
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to afford C-methylation products, 2-methyl- and 2,6-dimethylanilines, exclusively in the methylation
of aniline with methanol. Zeolites X and Y exchanged with Li and Na cations give rise to
C-methylation products in this reaction [108]. ZSM-5 catalyzes both C- and N-methylation of
aniline [118]. Thus, a halide cluster proved to be a selective catalyst for the N-methylation of
an aromatic amine with methanol.

4.3. Alkylation of Pyridine (Equation (8)) [119]

To utilize the methyl cation intermediate over halide cluster catalysts and, furthermore, to expand
the scope for the application of halide cluster catalysis, alkylations of other compounds with alcohols
were attempted. Methylation of pyridine has been extensively studied, and conventional liquid acids
such as hydrochloric acid [120], metal exchanged zeolites [121], and metallic nickel [122] are reported
to catalyze the reaction. Methanol is predominantly used in these methylations, and in many cases, the
formation of a methyl cation is suggested as an intermediate in the presence of acid catalysts.

After (H30)2[(WsClg)Clg] 6H,0/SiO, was activated under hydrogen stream at an elevated
temperature for 1 h, a mixture of pyridine and methanol was introduced to the stream without changing
the temperature. The effect of the reaction temperature is presented in Figure 17. Catalytic activity
developed above 200 <C and increased with increasing temperature, having a local maximum at
400 <T. At 400 <C, the cluster catalyzed a-methylation of pyridine to yield 2-methylpyridine with 61%
selectivity. A significant side reaction was methylation yielding 3- and 4-methylpyridines with 9
and 21% selectivity, respectively. Total selectivity for monomethylpyridines was 92%. Above 450 <C
the decomposition of methanol was too high. Similar temperature effect has been reported for this
reaction: the maximum activity was attained at 400 <C over H-X and H-Y zeolites [121], and
at 400440 <C over H-Y and H-ZSM-5 zeolites [123]. As basic pyridine would be strongly adsorbed
on the acid site of the catalyst, considerably higher temperatures were required for the reaction over
acidic catalysts.

Over the low temperature range 200-300 <C, selectivities for 3- and 4-methylpyridines were high
(totally 81%-68%), whereas the main product was 2-methylpyridine above 350 <C. The equilibrium
distribution for methylpyridine isomers has been reported at 400 <C: 71% 2-methylpyridine, 16%
3-methylpyridine, and 13% 4-methylpyridine. This distribution roughly accords with the selectivity
for methylpyridines as shown in Figure 17.

Various clusters of Group 5-7 metals were used as catalysts at 400 <C. Unsupported
(H30)2[(WsClg)Clg] 6H20 exhibited a similar product selectivity (82% for combined methylpyridines)
to that of (H30),[(WeClg)Clg] 6H,0/SiO,, and the lower activity of the unsupported cluster (8.1%
conversion with 200 mg of crushed crystals of the cluster) is attributable to its low surface area.
The supported clusters of niobium, molybdenum, and tantalum with an octahedrally arranged Mg
metal core also catalyzed the methylation, and the combined selectivities for methylpyridines were
78%-92%.
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Figure 17. Effect of temperature on the reaction of pyridine with methanol over
(H30),[(WsClg)Clg] 6H.0/SiO,. Following the activation of the supported cluster (200 mg,
5.7 umol) in a hydrogen stream (300 mL/h) for 1 h, reaction was initiated by introduction
of pyridine (20 pL/h, 0.25 mmol/h) and methanol (203 pL/h, 5.0 mmol/h) to the stream
without changing the temperature. Conversion and selectivities are based on pyridine at 3 h
after the start of the reaction. Conversion of pyridine (e); selectivity for 2-methylpyridine (o);
selectivity for 3-methylpyridine (m); selectivity for 4-methylpyridine (o); selectivity for
dimethylpyridines (A); and selectivity for ethylpyridines (A).
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In the same reactions at 400 <C, the main product has been reported to be 3-methylpyridine
over H-Y and H-X [121], and 2-methylpyridine over H-Y and 3-methylpyridine over H-Y, H-X
and H-ZSM-5 [123]. In these reactions combined selectivities for methylpyridines were 63%-100%.
Over these Brensted acids, the main reaction was methylation of the pyridine ring, but the selectivity
differed. Consequently, proton determined the reaction pathway, and the conjugate bases played
an important role for the determination of the selectivity. Basic supports such as MgO and ZnO were
used as the support of (Hz0),[(WsClg)Clg] 6H,0, but the reactivity for the methylation significantly
decreased (3.4 and 1.9% conversion, respectively). The Brensted acid site developed on the cluster
can react with the basic supports. Ethanol was an effective reagent for the alkylation of pyridine

affording ethylpyridines with 98% selectivity, but the other alcohols tested did not afford the
alkylation products.

4.4. Alkylation of Phenol (Equation (9)) [119]

Methylation of phenols has been widely investigated, and Brensted acids such as Nafion—H [124],
metal oxides such as CeO,—MgO [125], and KF-zeolite [126] are reported to catalyze the reaction.
Methanol is predominantly used in these methylations, and in many cases, the formation of a methyl
cation is suggested as an intermediate in the presence of acid catalysts.

The methylation of phenol with methanol was examined over (H30).[(MosClg)Cls] 6H,0/SiO..
Figure 18 presents the effect of temperature. Catalytic activity developed above 150 <C and increased
with increasing temperature with a local maximum at 300 <C. The supported cluster catalyzed
C-methylation of phenol to yield o-cresol with 67% selectivity. Side reactions were methylation
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yielding m- and p-cresols, anisole, dimethylphenols, and ethylphenols, with 5, 7, 8, and 4% selectivity,
respectively. Total selectivity for cresols was 73%. Similar temperature effect has been reported for
this reaction: maximum activities were observed at 300 <C over Al,O3; [127] and at 280-330 <C
over Al,O3 [128]. At temperatures to 200 <C, the main reaction is O-methylation yielding anisole.
Similar results of O-methylation at relatively low temperatures have been reported for many acid and
base catalysts: H-Y zeolite [129], ZSM-5 [130], Al,O3, SiO,—Al,03 [127], AIPO,4, AIPO4,-TiO, [131],
basic X zeolites [132], Nafion—H [124], phosphoric acid/Kieselguhr [127], and tungstophosphoric
acid/SiO, [133], the last three of which are typical Brensted acids without a Lewis acid site. When
anisole was allowed to react alone at 300 <C, the conversion was 13%, and phenol was obtained with
48% selectivity with o-, m- and p-cresols with 18% selectivity, indicating that O-methylation is
reversible. Cresols are formed by direct C-alkylation of phenol or by conversion of anisole
intermediate on acid catalysts [134]. The same elimination and migration of the methyl group has
been reported over AIPO,—Al,O5 at 250-400 <C [135] and Al,O3 at 200-300 <T [127]. Anisole is
thermodynamically far less stable than o-cresol below 500 <C.

Figure 18. Effect of temperature on the methylation of phenol with methanol over
(H30)2[(MosClg)Clg] 6H0/SiO,. Following the activation of the supported cluster
(200 mg, 8.2 umol) in a hydrogen stream (300 mL/h) for 1 h, reaction was initiated by
introduction of phenol (17.8 puL/h, 0.20 mmol/h) and methanol (82.2 uL/h, 2.0 mmol/h) to
the stream without changing the temperature. Conversion and selectivities are based on
phenol. Conversion of phenol (e); selectivity for o-cresol (o); selectivity for m- and
p-cresols (o); selectivity for anisole (m); selectivity for dimethylphenols (A); and selectivity
for ethylphenols (A); at 3 h after the start of the reaction. Decomposition products are
omitted for clarity.
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Niobium, tantalum, and tungsten chloride clusters also catalyzed the C-methylation of phenol
predominantly (44%-53% selectivity). Selective C-alkylation of phenol with ethanol and 1-propanol
proceeded (62 and 53% selectivity, respectively). Although many examples of alkylation with
methanol have been reported, examples of alkylation with other alcohols are sparse, probably because
dehydration of the alcohol to olefin or ether proceeds faster over conventional strong solid acids.
Thus, halide clusters exhibited C-methylation of phenol as Brensted acid catalyst.
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4.5. Alkylation of Benzenethiol (Equation (10)) [136]

Alkyl phenyl sulfides are useful synthetic intermediates for medicines, pesticides and agricultural
chemicals, and are used as solvents. Many synthetic methods have been reported. In the case of
S-alkylation of benzenethiol, several alkylating reagents have been reported: alcohols, ethers, alkyl
carbonates, alkyl halides, olefins and, in rare cases, alkyl carboxylates. Alumina, NaX zeolite and
NaY zeolite were used with methanol at 270 <C [137]. Alumina, silica—alumina and activated
charcoal have been reported for the alkylation with alcohols and ethers at 250-400 <C [138].
The phase-transfer catalyst, K,COs/poly(ethylene glycol), has been reported for the alkylation with
dialkyl carbonates [139]. With alkyl halides, NaX zeolite was used at 220 <C [140], and hydrotalcite
was used as a basic catalyst at 80 <C for the alkylation [141]. A zeolite of hydrogen-type faujasite
catalyzed the S-alkylation with 1-decene at 182 <C [142]. Methyl esters are also used under
continuous-flow conditions in the presence of base/phase-transfer catalysts such as AcONa/BusP"Br~
and K,COs/poly(ethylene glycol) at 180 <C [143]. As has been shown above, halide clusters
served as alkylation catalysts for some functional groups. Attempts to use halide cluster as the
alkylation catalyst for benzenethiol proved that all of those alkylating reagents are applicable to
the S-alkylation.

Alkylation with alcohol: After activation of supported niobium cluster, [(NbeCly2)Cly(H20)4] 4H.0/SiO,,
at various temperatures in a stream of hydrogen for 1 h, reaction was initiated by introduction of
a mixture of benzenethiol and methanol into the hydrogen stream without changing the temperature.
The effect of the reaction temperature is presented in Figure 19. Practically no catalytic activity for
the methylation was observed below 200 <C, although there was considerable coupling of benzenethiol
by spontaneous reaction. Catalytic activity for the methylation developed above 250 <C and increased
with increasing temperature, having a local maximum at 400 <C. At 400 <C, the cluster catalyzed
S-methylation of benzenethiol to yield methyl phenyl sulfide almost exclusively. Side reactions were
the coupling of benzenethiol yielding diphenyl sulfide and diphenyl disulfide with 0.2% and 1.8%
selectivity, respectively. Above 450 <C, the decomposition of methanol was too high, and hence it was
not utilized effectively for the methylation. The turnover frequency per cluster during a period of 2—4 h
at 400 T was 95.6 h™!, assuming that all of the cluster molecules were active. The supported clusters
of molybdenum, tantalum and tungsten also selectively catalyzed the methylation exclusively.

Alcohols with C,—Cg alkyls were applied to the reaction at 400 <C. S-Alkylation of benzenethiol
with primary alcohols proceeded; the longer the alkyl chain, the lower the reactivity and selectivity
for the alkyl phenyl sulfide. Practically no branched alkyl sulfides were formed, when 1-propanol
and higher primary alcohols were used. Alkyl cations seem not to be produced as intermediates.
The reactivity of a secondary alcohol was low, and a tertiary alcohol did not react. Although several
examples of alkylation with methanol have been reported, examples with longer chain alcohols [144]
or secondary alcohols [145] are rare, probably because of steric effects. Acidic catalysts, namely
activated alumina [144], silica—alumina and cation-exchanged sulfonic acid resin [145], were used for
the reaction. Protonation of the hydroxy group of the alcohol would facilitate nucleophilic attack of
benzenethiol to yield alkyl phenyl sulfide.
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Figure 19. Effect of temperature on the S-methylation of benzenethiol with methanol over
[(NbsCl12)Cl,(H20)4] 4H,0/Si0,. Following the activation of the supported cluster (10 mg,
0.42 umol) in a hydrogen stream (300 mL/h) for 1 h, reaction was initiated by introduction
of benzenethiol (22 pL/h, 0.20 mmol/h) and methanol (64 pL/h, 2.0 mmol/h) to the stream
without changing the temperature. Conversion and selectivities are based on benzenethiol.
Conversion of benzenethiol (e); selectivity for methyl phenyl sulfide (o); selectivity for
diphenyl sulfide (A); and selectivity for diphenyl disulfide (o); at 3 h after the start of
the reaction.
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Alkylation with ether: Some ethers with C,—C, alkyls were applied to the alkylation over
[(NbeCl12)Cl2(H20)4] 4H,0/SiO;, at 400 <C; ethers acted as S-alkylating reagents for benzenethiol.
Shorter alkyl chains exhibited higher selectivity for the alkyl phenyl sulfide. Unsymmetrical ether
afforded two corresponding alkyl phenyl sulfides, preferentially yielding the shorter alkyl phenyl
sulfide. The reactivities of the ethers were higher than the alcohols of the same alkyl groups.
Activated alumina and silica—alumina have been reported to catalyze the S-alkylation with ethers as
well as alcohols in the vapor phase at 200-450 <C [138].

Alkylation with carbonate and orthoester: Methyl and ethyl carbonates also provided the
corresponding alkyl phenyl sulfides over [(NbeCl12)Cl2(H20)4] 4H.0/SiO; at 400 <T. The reactivities
of the carbonates were much higher than the reactivities of the alcohols or ethers bearing the same
alkyl groups, and the selectivities for alkyl phenyl sulfide were high. In the case of the unsymmetrical
carbonate, the two expected alkyl phenyl sulfides were obtained, with the shorter alkyl phenyl sulfide
predominating. The phase-transfer catalyst, K,COs/poly(ethylene glycol), has been reported for
the S-alkylation with dimethyl carbonate as an inexpensive reagent [143].

When methyl and ethyl orthoesters were employed at 400 <C over the niobium cluster,
the productivities of the alkyl phenyl sulfides were quite high: the conversions were higher than 93%
and the selectivities were higher than 94%. Except for methyl orthoformate (trimethoxymethane), there
are no precedents for the use of orthoesters for the S-alkylation. Protonation of the alkoxy group in
ethers or orthoesters and protonation of the carbonyl group in carbonates would lead to the
nucleophilic attack of benzenethiol to yield the sulfides. The higher reactivity of the orthoesters with
higher selectivity for the S-alkylation is ascribable to the electron-withdrawing effect of the other two
or three alkoxy groups.
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Alkylation with halogenated alkane: Some 1-halogenated alkanes with C4—Cg alkyls were applied to
the S-acetylation of benzenethiol over [(NbsCl;2)Cl>(H20)4] 4H,0/SiO, at 400 <T. When the reaction
temperature of 1-chlorobutane with benzenethiol was raised to 300 <C, butyl phenyl sulfide was
obtained with 58% selectivity. The longer the alkyl chain of the chloroalkane, the lower both the
conversion and the selectivity for the alkylation. Bromoalkanes were also effective reagents for the
S-alkylation. Few or no secondary alkyl phenyl sulfides were formed on either cluster catalyst.
Protonation or interaction of a proton with an electronegative halogen atom should facilitate the
nucleophilic attack of the sulfur atom to yield the sulfide. NaX zeolite is reported to catalyze
S-alkylation of benzenethiol with C,—Cs alkyl bromides with maximum activity at 220 <C [140]. The
reactivity of the bromide decreased similarly with increasing alkyl chain length.

Alkylation with olefin: Olefins were applied to the alkylation of benzenethiol. Figure 20 shows the
temperature effect of the alkylation with 1-hexene. Below 150 <C, the reactions proceeded similarly in
both the presence and the absence of [(NbgCli2)Cly(H20)4] 4H,0/SiO; to yield mainly diphenyl
disulfide, suggesting that the cluster did not operate as a catalyst. Above 200 <C, the reactivity of
1-hexene increased, in both the presence and the absence of the catalyst, and the main reaction
changed to the S-alkylation, yielding n-hexyl phenyl sulfide. About half of the n-hexyl phenyl
sulfide was produced by spontaneous reaction in the presence of [(NbgCl;2)Cl,(H20)4] 4H,0/SiO,, as
Figure 20 shows. Thus, S-alkylation with olefin at temperatures above 200 <C proceeds even in
the absence of any catalysts; nevertheless, [(NbgCl12)Cl(H20)4] 4H,0/SiO, was an effective catalyst
for the alkylation at higher temperatures. In these reactions, the formation of branched alkyl phenyl
sulfide was not detected.

There are few reports of the use of an olefin as the reagent: propene, 2-methylpropene and
cyclohexene are reported to add benzenethiol to yield phenyl 2-propyl sulfide, t-butyl phenyl sulfide
and cyclohexyl phenyl sulfide, respectively, according to Markovnikov’s rule by a carbenium-ion
mechanism over cation-exchange sulfonated resin at 135-160 <C [145]. 1-Decene is reported to add
benzenethiol to yield decyl phenyl sulfide with 92% selectivity in the presence of HY zeolite at
182 <C. In this reaction, sec-decyl phenyl sulfide was the main product, probably by a free-radical
mechanism [142]. Both reactions were performed in batch reactors over periods of more than 2 h,
which afforded thermodynamically stable secondary alkyl products. In contrast, Lewis acids such as
boron trifluoride and aluminum trichloride promoted Friedel-Crafts-type aromatic alkylation of
benzenethiol with propene or 2-methylpropene [146,147].
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Figure 20. Effect of temperature on the S-alkylation of benzenethiol with 1-hexene in
the presence and absence of [(NbsCl12)Cl2(H20)4] 4H,O/SiO,. Following the activation of
the supported cluster (10 mg, 0.42 umol) in a hydrogen stream (300 mL/h) for 1 h, reaction
was initiated by introduction of benzenethiol (22 pL/h, 0.20 mmol/h) and 1-hexene
(250 pL/h, 2.0 mmol/h) to the stream without changing the temperature. Other conditions
are the same as in Figure 19. Yield of n-hexyl phenyl sulfide = conversion x (selectivity
for n-hexyl phenyl sulfide)/100 (mol%) based on benzenethiol. Conversion of benzenethiol
in the presence (e); and absence of the supported cluster (m); and yield of n-hexyl phenyl
sulfide in the presence (o); and absence of the supported cluster (o); at 3 h after the start of
the reaction.
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Alkylation with ester: Some acetates were applied to the reaction at 400 <C. Over
[(NbgCl12)Cl2(H20)4] 4H,0/SiO,, the main reaction was S-acetylation: methyl, ethyl and propyl
acetate provided S-phenyl thioacetate with 50%-75% selectivity. The acylation of thiols will be
discussed in Section 6.4. On the other hand, over (H30)2[(Mo0gClg)Clg] €H,O/SiO,, the main reaction
was S-alkylation to afford methyl, ethyl and propyl phenyl sulfide almost exclusively. The tantalum
and tungsten halide clusters supported on SiO, also selectively catalyzed the S-alkylation. The
S-alkylation of thiol with esters is quite rare: when methyl formate, methyl acetate or methyl propionate
were reacted with benzenethiol in the presence of CH3;CO,Na/BusPBr under continuous-flow
phase-transfer catalytic conditions at 180 <C, only methyl phenyl sulfide was obtained [139]. Thus,
halide clusters exhibited S-alkylation catalysis of benzenethiol for a wide variety of alkylating
reagents: alcohols, ethers, dialkyl carbonates, orthoseters, alkyl halides, olefins, halogenated alkanes,
and alkyl acetates.

5. Ring Closure Reaction
5.1. Quinoline Synthesis (Equation (11)) [148]

Various types of quinolines have been synthesized for application to pharmaceuticals, dyes, and
feed additives. The Skraup synthesis is of great general utility and has been applied to many aromatic
amines combined with glycerol or acrolein [149], because the route is straightforward, readily available



Metals 2014, 4 267

starting material are used, and the procedure is simple. Reaction of aniline with acetone to yield
1,2-dihydro-2,2,4-trimethylquinoline is a modification of the Skraup synthesis, in which strong acids
(pKa < 2) or halogens are used as the catalyst. Volatile catalysts, such as hydrogen chloride [150-155],
bromine [150], and iodine [150,153,154] are used near the boiling point of aniline (184 <C) or lower
temperature at around 100 <. Nonvolatile homogeneous acids, such as p-aminobenzenesulfonic
acid [150], benzenesulfonic acid [152,155], and p-toluenesulfonic acid [151-153,156-158] have also
been used in liquid phase batch reaction systems. These liquid-phase systems have some disadvantages,
and removal of the homogeneous catalysts after the reaction is a crucial problem. Vapor-phase reaction
utilizing a solid acid catalyst would circumvent these issues. However, there has been only one report
on the reaction: solid acid catalysts, such as silica—alumina and zeolite were used for a modified
quinoline synthesis in which o-toluidine with excess amounts of acetaldehyde and formaldehyde in
methanol/water solution was used [159]. Catalytic synthesis of quinolines over halide clusters which
have no micropore structure has been developed.

Unsupported powdered crystals of [(NbgCl;2)Cl2(H20)4] 4H,0 (150-200 mesh) were activated in
a hydrogen stream at an elevated temperature for 1 h, and then the reaction was commenced by
introduction of aniline and acetone in the 1:2 reaction stoichiometry into the hydrogen stream without
changing the temperature. The effect of the reaction temperature is presented in Figure 21. Practically
no catalytic activity was observed below 200 <C; the formation of N-isopropylideneaniline, a Schiff
base, is a non catalytic reaction (Equation (29)).

CeHs—NH, + Me—CO—Me — C¢Hs—N=CMe, + H,0 (29)

Figure 21. Effect of temperature on quinoline synthesis catalyzed by
[(NbgCl32)Cl2(H20)4] 4H20. Following activation of the supported cluster (30 mg,
25 umol) in a hydrogen stream (120 mL/h) for 1 h, reaction was commenced by
feeding aniline (0.091 mL/h, 1.0 mmol/h) and acetone (0.147 mL/h, 2.0 mmol/h) to the
hydrogen stream. Both activation and reaction temperatures were altered concomitantly.
Conversion and selectivities are based on aniline at 3 h after reaction started. Conversion
of aniline (e); selectivity for 1,2-dihydro-2,2,4-trimethylquinoline (o); selectivity for
1,2,3,4-tetrahydro-2,2,4-trimethylquinoline (A); and selectivity for N-isopropylideneaniline (o).
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The catalytic activity for the formation of 1,2-dihydro-2,2,4-trimethylquinoline developed when the
activation as well as the reaction was performed above 200 <C. Both the activity and the selectivity for
the quinoline increased with increasing temperature, having a local maximum at around 300 <C with
72% selectivity.

The catalytic activity of some clusters and solid acid compounds were performed at 300 <C.
A bromide cluster of niobium and chloride clusters of tantalum and rhenium exhibited moderate
selectivities (30%—-60%) for the quinoline. On the other hand, clusters of Group 6 metals, molybdenum
and tungsten, produced only a small amount of the quinoline. Conventional solid acid catalysts such as
NH,—Y and H-mordenite exhibited low selectivities for the quinoline (23 and 17% selectivity,
respectively), and silica—alumina and H-ZSM-5 had practically no selectivities for the quinoline
synthesis under identical conditions.

Three toluidine isomers were reacted with acetone over [(NbsCly2)Clo(H20)4] 4H,0 at 300 <T.
All of the toluidines produced the corresponding quinolines. Both the reactivities of m- and
p-toluidines (35 and 48 conversion, respectively) and the selectivities for the methyl substituted
quinolines (67% and 63% selectivity, respectively) were high, and were practically the same as for the
corresponding unsubstituted aniline. In contrast, the reactivity o-toluidine (22% conversion) and its
selectivity for the methyl-substituted quinoline (29% selectivity) were not high. The methyl group of
o-toluidine should hinder the reaction.

When 3-buten-2-one or 4-Methyl-3-penten-2-one was reacted combined with aniline, the
corresponding aniline was produced with 49 or 25% selectivity, respectively. Thus, halide clusters
demonstrated efficient heterogeneous catalysis for the quinoline syntheses based on their Brensted
acidity, high thermal stability, and non micropore structure.

5.2. Benzofuran Synthesis (Equation (12)) [160]

Benzofurans including 3-methylbenzofuran are used as raw materials for pharmaceuticals, fluorescent
dyes, and photoreceptors. Although more than 1100 reports on syntheses of benzofurans were
published prior to 1973 [161], there have been no precedents for the direct synthesis of benzofurans
from phenols and ketones. Halide clusters catalyzed the novel direct synthesis of 3-methylbenzofuran
from phenol and acetone (Equation (12)), in which Brensted acidity and platinum-like metallic
behavior operated concurrently.

Supported tantalum cluster, [(TasCl12)Cl2(H20)4] 4H,O/SiO,, was activated at various temperatures
in a helium stream for 1 h, and the reaction was initiated by introduction of a mixture of phenol
with acetone into the helium stream without changing the temperature. The effect of the temperature is
shown in Figure 22. The catalytic activity developed above 150 <C, and increased with increasing
temperature, having a maximum around 300 <C. Over the temperature range 150-300 <C, condensation
yielding 2-isopropenylphenol selectively proceeded. The condensation activity can be attributed to
the weak Brensted acidity of the hydroxo ligand [1]. Above 350 <C, subsequent cyclodehydrogenation
of 2-isopropenylphenol proceeded to yield 3-methylbenzofuran as the main product. According to
Le Chatelier’s principle, a reaction that increases the number of product molecules is thermodynamically
favorable at higher temperatures under constant pressure. Thus, the higher reaction temperatures
promoted the cyclodehydrogenation of 2-isopropenylphenol to 3-methylbenzofuran. Above 350 <C,
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the selectivity for 3-methylbenzofuran decreased, and the selectivity for decomposition products such
as cresol and ethylphenol increased.

Figure 22. Effect of temperature on the reaction of phenol with acetone over
[(TagCli2)Cl2(H20)4] 4H,0/SIO,.  After activation of the supported cluster (100 mg,
2.9 umol) in a helium stream (600 mL/h) for 1 h, reaction was commenced by feeding
a mixture of phenol (10 mg/h, 0.11 mmol/h) and acetone (40 uL/h, 0.55 mmol/h) into
the helium stream without changing the temperature. Conversion of phenol (e);
selectivity for 3-methylbenzofuran (o); selectivity for 2-isopropenylphenol (o); and
selectivity for the other aromatic products such as cresol and ethylphenol (A) at 3 h after
the reaction started.
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As listed in Table 7, supported chloride clusters of niobium, molybdenum and tungsten, and
bromide cluster of tantalum, [(TasBri2)Br2(H20).] 4H,O/SiO,, also catalyzed the reaction selectively
(entries 1,2,5,6). In contrast, no catalytic activity was observed over Re3Cly/SiO,, which has no
coordinated water to produce hydroxo ligands (entry 7). When p-cresol was used in place of phenol
over [(TasCli2)Cly(H,0)4] 4H,0/Si0O,, the corresponding benzofuran, 3,5-dimethylbenzofuran, was
obtained with 64% selectivity (entry 4).

Bisphenol A, 2,2-bis(4-hydroxyphenyl)propane, is commercially produced from phenol and acetone
in the presence of HCI [162] or ion exchange resins [163] at around 70 <T (Scheme 1). SiO,—Al,0s3,
H-beta, H-mordenite, and H3PW1,04 are also reported to catalyze the reaction in the temperature
range 90-180 <T. At 250 <C, bisphenol A is reported to be decomposed to phenol and
p-isopropenylphenol in the presence of HCI [164]. These catalysts are strong acids with a Hammett
acidity function (Ho) less than —8 [165,166], in contrast to the weak acidity of the halide clusters
(Ho = +1.3) [1]. As Table 7 shows, formation of 3-methylbenzofuran scarcely proceeded over the
conventional solid acids under identical conditions (entries 8-11), and there have been no reports on
cyclodehydrogenation of alkenylphenols to benzofurans over solid acid catalysts. On the other hand,
the platinum group metal catalysts such as Pd metal [167] and RuCl; [168] are reported to catalyze
cyclodehydrogenation of 2-allylphenol to yield 2-methylbenzofuran. Similar cyclodehydrogenation is
reported for Pd/C, PdCl,, and Pd(OAc), [169]. The cyclodehydrogenation would be promoted by the
coordinatively unsaturated platinum-like metal atom of the cluster [1]. Thus, the halide clusters acted
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as acidic and metallic bifunctional catalysts, leading to direct synthesis of benzofurans from phenols
and acetone.

Table 7. Synthesis of 3-methylbenzofuran over halide clusters °.

Selectivity (%)

Entry Catalyst Conversion (%) b
2-1sopropenylphenol  3-Methylbenzofuran ~ Others
1 [(NbsCl1,)Cl,(H,0),] 4H,0/Si0, 20.4 19.7 275 52.7
2 (H30),[(M0gClg)Clg] 6H,0/SiO, 4.4 30.4 56.8 12.9
3 [(TaCly,)Cly(H;0)4] 4H,0/Si0, 10.9 34.1 60.4 5.5
4 [(TasCl12)Cly(H,0)4] 4H,0/SiO; © 36 11.2¢ 64.1° 24.7
5 [(TagBr1)Bry(H;0)4] 4H,0/Si0, 13.1 40.4 475 12.1
6 (H30),[(WClg)Clg] 6H,0/SiO, 7.2 47.9 42.0 10.1
7 Re;Cly/SiO, 0.0
8 Si0,—Al,05 (high alumina) * 25.9 9.2 7.8 83.0
9 H-beta | 8.6 1.1 1.4 975
10 H-ZSM-5-25H 7.0 15 0.9 97.6
11 H-mordenite | 2.3 25 2.1 95.4

& After activation of catalyst (100 mg) in a helium stream (600 mL/h) at 350 <C for 1 h, reaction was started
by introduction of phenol (10 mg/h, 0.11 mmol/h) and acetone (40 pL/h, 0.55 mmol/h) to the stream
without changing the temperature. At 3 h after the start of the reaction. Other conditions are the same as in
Figure 22; ° Cresol, ethylphenol, etc.; ¢ p-Cresol (12 mg/h, 0.11 mmol/h) was used in place of phenol;
¢ 2-1sopropenyl-4-methylphenol; ¢ 3,5-Dimethylbenzofuran; © Reference catalyst, The Catalysis Society
of Japan.

Scheme 1. Bisphenol A, 2,2-bis(4-hydroxyphenyl)propane, is commercially produced at
around 70 <C.

OH 0] - H,O
@+ L —— o OFOo
5.3. Aldol Condensation to Yield Indene (Equation (13)) [170]

The aldol condensation is well investigated and is catalyzed by acids and bases, the latter being
more frequently employed [171]. Sulfuric acid, Nafion-H, Amberlite IR-120, and RuCl; have been
used as acid catalysts, and NaOH, Ba(OH),, choline hydroxide/MgO, hydrotalcite, guanidine, and
the basic sites of alumina have been used as base catalysts. When halide clusters were applied to
the aldol condensation of benzaldehyde with aliphatic ketones above 350 <C, successive cyclization
reactions proceeded to create indenes by taking advantage of the thermal stability.

Supported tantalum cluster, [(TasCli2)Cl2(H20)4] 4H,0O/SiO,, was initially activated at elevated
temperatures for 1 h in a helium stream, and then reaction was commenced by introduction of
an equimolar mixture of benzaldehyde and acetone without changing the temperature. The effect of
the reaction temperature is presented in Figure 23. The catalytic activity developed slightly when
the reaction was performed at 200 <C, and increased with increasing temperature. The activity had
a maximum at around 425 <C. At 400 <C, the cluster catalyzed the cross aldol condensation to yield
E-4-phenyl-3-buten-2-one with around 75% selectivity (Equation (30)), with some decomposition to
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benzene, toluene, and styrene. No Z isomer of the condensation product was detected as reported in
other cases of the aldol condensation [171]. Even more remarkable is the formation of indenes,
1-methyleneindene and 3-methylindene with 6% selectivity (Equation (13)). Above 400 <C, the selectivity
for decomposition to principally benzene increased with increasing temperature.

Figure 23. Effect of temperature on the reaction of benzaldehyde with acetone over
[(TagCl12)Cl2(H20)4] 4H,0/SiO; in a helium stream. Following activation of the supported
cluster (100 mg, 2.9 umol) in a helium stream (300 mL/h) for 1 h, reaction was started by
introduction of a mixture of benzaldehyde (58 uL/h, 0.57 mmol/h) and acetone (42 ulL/h,
0.57 mmol/h) to the stream without changing the temperature. Conversion and selectivities
are based on aromatic compounds. Conversion of benzaldehyde (e); selectivity for aldol
condensation to E-4-phenyl-3-buten-2-one (o); selectivity for hydrogenolysis to benzene,
toluene, and styrene (A); and selectivity for indenes (o); at 3 h after the reaction started.
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Ce¢HsCHO + CH3COCH3 — CgH5—CH=CH-CO—-CH3 + H,0O (30)

The catalytic activity of various clusters of Group 5-7 metals and related compounds were
examined at 400 <C. Supported tantalum bromide cluster exhibited considerably higher activity
(12% conversion) and selectivity (62% selectivity) for the aldol condensation. Supported niobium and
tungsten chloride clusters also demonstrated moderate selectivities (48 and 47% selectivity, respectively).
These clusters afforded the indenes with 3%-9% selectivity. However, the trinuclear rhenium chloride
cluster catalyzed hydrogenolysis to yield benzene preferentially.

Some acyclic ketones were subjected to reaction with benzaldehyde in the presence of
[(TasCl12)Cl2(H20)4] 4H,0/SiO,, and the results are summarized in Table 8. 3,3-Dimethyl-2-butanone,
which has no a-hydrogen at one side, was effectively converted to the cross aldol condensation product,
E-4,4-dimethyl-1-phenyl-1-penten-3-one. In contrast, 3-pentanone that has hydrogens at the a- and
a’-positions afforded substituted indenes (1) with as high as 78% selectivity (Scheme 2). Similarly,
butanone and 2-pentanone provided the corresponding indenes (2b and 2c) (Scheme 3). When
E-4-Phenyl-3-buten-2-one (3a), the aldol condensation product of benzaldehyde with acetone, was
subjected to the reaction under identical conditions, the corresponding indenes (2a) were obtained with
36% selectivity, which is much higher than that starting from acetone with benzaldehyde (Table 8).
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Table 8. Reaction of ketones with benzaldehyde over [(TagCli2)Cla(H20)4] 4H,0/SiO; 2.

. Selectivity (%0)
Ketone Conversion (%)
E-C¢HsCHCR;COR, Indenes  C¢HsR (R=H, CH3;, CHCH)) Others

Acetone 23.3 72.3 (R;=H, R,;=CHj) 6.4° 16.3 5.0

Butanone 8.4 9.6 (R;=H, R,=C;,Hs) 23.4° 479 19.1
2-Pentanone 13.8 17.9 (R;=H, R;=C3H,) 31.4°¢ 15.7 16.0
3-Pentanone 29.7 0.0 (R1=CHjs, R,=C;Hs) 78.4°¢ 10.2 11.4
3,3-Dimethyl-2-butanone (6) 20.0 81.1 (Ry=H, R,=t-Bu) 0.0 8.1 10.8
E-4-Phenyl-3-buten-2-one (3a) ' 21.6 — 35.8¢ 13.9 50.31

 After activation of cluster (100 mg, 2.9 umol) in a helium stream (300 mL/h) at 400 °C for 1 h, reaction was started by introduction of ketone (0.57 mmol/h)
and benzaldehyde (58 L/h, 0.57 mmol/h) to the stream without changing the temperature. At 3 h after the start of the reaction. Other conditions are the same as in
Figure 23.; ® 1-Methyleneindene (2.2%) and 3-methylindene (4.2%); ¢ 2-Methyl-1-methyleneindene (4.5%) and 2,3-dimethylindene (18.9%); ¢ 2-Ethyl-1-methyleneindene
(13.6%) and 2-ethyl-3-methylindene (17.8%).; ® Z-1-Ethylidene-2-methylindene (45.9%), E-1-ethylidene-2-methylindene (14.7%), 2-methyl-3-vinylindene (6.1%),
and 3-ethyl-2-methylindene (11.7%).; " Butyl ether solution (15%) in the absence of benzaldehyde; ° 1-Methyleneindene (3.5%) and 3-methylindene (32.3%).;

" 4-Phenyl-2-butanone, 1-phenyl-1-butene, naphthalene, etc.

Scheme 2. Formation of indenes from benzaldehyde and 3-pentanone.
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Scheme 3. Different regioselectivities for the aldol condensation of unsymmetrical
aliphatic ketones over acid and base catalysts.
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The aldol condensation is catalyzed by acids and bases. Different regioselectivities for
the aldol condensation of unsymmetrical aliphatic ketones such as butanone and 2-pentanone
have been well established: the acid-catalyzed reaction of butanone with benzaldehyde affords
E-3-methyl-4-phenyl-3-buten-2-one (3b) by activation of the methylene group, while the
base-catalyzed reaction yields E-1-phenyl-1-penten-3-one (4b) by activation of the methyl
group [171-173] (Scheme 3). The methylene group of acyclic non-methyl ketones is hardly activated
by base catalysts [171,174].

The Bronsted acid site on the cluster catalyzed the aldol condensation to afford a,B-unsaturated
carbonyl compound 5 (Scheme 2). Halide clusters can isomerize olefins (Section 3.2) and abstract
ortho-hydrogen of aromatic rings (Section 5.1 and 5.2). Then the carbonyl group is accessible to the
ortho-hydrogen, leading to cyclodehydration to yield indenes. In the case of 3,3-dimethyl-2-butanone
(6), there is no o’-hydrogen in the t-butyl group for dehydration, and hence indene was not formed
(Table 8). Thus, carbonyl compound which has no a-hydrogen at one side was effectively converted to
the corresponding cross aldol condensation product, and carbonyl compound which has hydrogens
at the a- and o’-positions afforded substituted indenes above 350 <C. There have been no precedents
for the one-step synthesis of indenes from an acyclic ketone and benzaldehyde, although more
than 2300 reports on the aldol condensation were published prior to 1968 [171]. The aldol condensation
is usually accomplished at room temperature and excessively high temperatures are generally
unnecessary, since the rates are sufficiently rapid at room temperature [171]. Application of high
temperatures, which is one of the advantages of halide cluster catalyses, caused the cyclodehydration
to indenes, as the equilibrium shifts to yield cyclodehydration with increased temperature.

5.4. Heterocyclic Rings Containing Oxygen, Sulfur and Nitrogen (Equation (14)) [175]

Organic compounds that contain rings composed of carbon and other atoms including O, S or N are
termed heterocyclic compounds. The synthesis of heterocyclic compounds has a long and extensive
history, but a broadly applicable catalytic method for the synthesis of simple, commonly occurring
heterocyclic rings has not been developed. Halide cluster catalyzed some cyclization reactions, as has



Metals 2014, 4 274

been described above. We have attempted to expand the scope of halide cluster catalysis, and
1,2-disubstituted benzenes containing —OH, —SH, or —NH, groups were employed as reactants
(Equation (14)).

Supported niobium cluster, [(NbgCl;2)Cl2(H20)4] 4H,0/SiO,, was initially activated at an elevated
temperature for 1 h in a helium stream, and then reaction was commenced by introduction of
1,2-benzenedimethanol into the stream without changing the temperature. The effect of the reaction
temperature is presented in Figure 24. Substantial catalytic activity developed above 200 <C.
Cyclization was the main reaction at all of the temperatures tested. At 350 <C, cyclization yielding
1,3-dihydroisobenzofuran proceeded with a selectivity of 92% at 31% conversion. Assuming that
all of the cluster molecules were active, the turnover frequency per Nbg-cluster molecule was 0.10 s %,
which is a very large value for a molecular catalyst. In these eliminative ring-closure reactions,
the number of product molecules increases, which is thermodynamically favorable at higher
temperatures under constant pressure, according to Le Chatelier’s principle.

Figure 24. Effect of temperature on the cyclization of 1,2-benzenedimethanol in a helium
stream over [(NbsCli2)Cl>(H20)4] 4H,0O/SiO,. Following the activation of the supported
cluster (10 mg, 0.42 pumol) in a helium stream (600 mL/h) for 1 h, reaction was started by
introduction of 1,2-benzenedimethanol (10% aqueous solution, 0.69 mL/h, 0.50 mmol/h) to
the helium stream without changing the temperature. Conversion of 1,2-benzenedimethanol (e);
selectivity for 1,3-dihydroisobenzofuran (o); selectivity for 2-methylbenzyl alcohol (o);
selectivity for 2-methylbenzaldehyde (A); and selectivity for combined amount of o-xylene
and toluene (0) at 67 h after the start of the reaction.
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Some halide clusters and related compounds were applied to this reaction at 350 <C. Supported
niobium, tantalum, and tungsten halide clusters catalyzed the cyclization at 15-21 conversion with
a selectivity of 81%-90%. Unsupported crystalline niobium clusters also catalyzed the reaction with
69% selectivity, regardless of the low activity (3.3% conversion). In contrast, the selectivity was not
so high over a supported molybdenum cluster (12% conversion with 51% selectivity), which has
platinum-like character to activate hydrogen, to yield the hydrogenolysis product 2-methylbenzylalcohol
with 36% selectivity.

Some a,d-disubstituted compounds were allowed to react, and the results are listed in Table 9.
cis-1,2-Cyclohexanedimethanol, 1,4-butanediol, and 2-hydroxyphenethyl alcohol afforded the corresponding
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cyclization products selectively, although they have a-hydrogens to yield olefins. On the other hand,
cis-2-butene-1,4-diol scarcely afforded the corresponding cyclization product. Halide cluster catalyzes
isomerization of olefins (Section 3.2), and hence most of the reactant would be changed to
4-hydroxybutylaldehyde followed by decomposition at high temperature. As Table 9 shows,
2-aminophenethyl alcohol exclusively produced 2,3-dihydroindole. In N-alkylation of amines with
alcohols over halide-cluster catalysts, the C-O bonds of the alcohols were cleaved (Section 4.2).
Not the C—N but the C-O bond of 2-aminophenethyl alcohol was cleaved in this case as well.
Formation of a new stable O—H bond, with resulting evolution of H,O, is driving force for the
formation of cyclic amines.

Table 9. Intramolecular cyclization over [(NbgCli2)Cla(H20),] 4H,0/SiO, &,

Reactant Conversion (%) Product Selectivity (%)

O 26.3 CLp 91.0
Ch 100.0 CICp 98.9
C
C

OH
g 99.7 [p 11
o 99.9 (o 99.9

OH o}
QL ., 9.7 @O 73.0 (1.7)
NH2 NH
QL ., 100.0 oL 96.9 (2.3)
i 99.6 O 94.3 (4.5)

QL
@@ 56.8 @8 61.8 (10.9)

& After activation of cluster (10 mg, 0.42 pmol) in a helium stream (600 mL/h) at 350 °C for 1 h, reaction was
started by introduction of the reactant (0.50 mmol/h) to the helium stream without changing the temperature.
Solvents such as water and tetrahydrofuran are used appropriately to introduce the reactants.
At 6-7 h after the start of the reaction. Values shown in parentheses are the corresponding dehydrogenation
products: benzofuran, indole, isoindole, and 2-benzothiophene, respectively.

When 1,2-benzenedimethaneamine was applied to the reaction, cyclization proceeded to yield
isoindoline with 94% selectivity. 1,2-Benzenedimethanethiol afforded the cyclization product
1,2-dihydrothiophene with 62% selectivity. There have been many reports on the catalytic cyclization
of 1,2-benzenedimethanol; however, as far as we know, there is no report on the catalytic cyclization
of 1,2-benzenedimethaneamine or 1,2-benzenedimethanethiol. Thus, halide clusters exhibit unique
functional group-insensitive and reactant structure-sensitive catalysts for intramolecular condensation
to yield heterocyclic compounds.

We have attempted to expand the scope of this catalysis using simple a,®-disubstituted aliphatic
compounds containing —OH, —SH, or —NH, groups as reactants (Scheme 4). The cyclization of
HR(CH2),\RH (R = O, S or NH; n = 4-6) to (CH),R, with the elimination of H,R, proceeded
selectively over halide cluster catalysts at >200 <C [176].
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Scheme 4. Ring closure reactions to yield heterocyclic compounds.
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6. Various Reactions
6.1. Isomerization of Diethylbenzene (Equation (15)) [177]

Much literature has appeared on the catalytic ring-attachment isomerization of o- and m-xylenes
and the catalytic intermolecular transalkylation (disproportionation) of toluene to produce
p-xylene [90,178,179], which is used in its oxidation to form terephthalic acid. Mordenite and ZSM-5
are currently the best catalysts for those catalytic reactions [180-182]. On the other hand, very little
has been reported on the reactions of diethylbenzenes, even though p-diethylbenzene is an industrial
source of p-divinylbenzene. Diethylbenzenes disproportionated over solid catalysts, similarly.
When Y-zeolite mixed with SiO,—Al,O3 was employed as a catalyst in a neat liquid of o-, m-,
or p-diethylbenzene at 170 <C, disproportionation occurred, affording ethylbenzene and
1,2,4-triethylbenzene. Although small yields of o-, m-, and p-diethylbenzenes were formed, they were
the secondary disproportionation products from ethylbenzene and 1,2,4-triethylbenzene [183].
Disproportionation of ethylbenzene to afford benzene and m- and p-diethylbenzenes was reported over
a ZSM-5 catalyst without yielding o-diethylbenzene [184].

Generally, in large-pore zeolites, such as Y-zeolites and mordenite, side chains disproportionate
by way of bimolecular transalkylation. Conversely, in medium pore zeolites, such as ZSM-5,
disproportionation proceeds by way of successive dealkylation and realkylation [185]. Thus,
ring-attached ethyl groups do not migrate around the aromatic ring by an intramolecular 1,2-shift
mechanism over conventional heterogeneous solid acid catalysts.

When crushed crystals of (H30)2[(MosClg)Clg] 6H.O (150-200 mesh) were activated in a stream
of hydrogen for 1 h, and then allowed to react with p-diethylbenzene, a catalytic reaction proceeded.
The effect of temperature is shown in Figure 25. Reactions above 200 <C showed substantial
catalytic activity. At 300 <C, the main reaction occurring was dehydrogenation (Equation (31)) to yield
p-ethylstyrene in 90% selectivity. However, at 400-475 <C this changed to ring-attachment
isomerization (Equation (32)) to afford m-diethylbenzene. At 400 <C, m-diethylbenzene was formed
with 74% selectivity, with a smaller yield of o-diethylbenzene in 8% selectivity. Dealkylation of the
side chains (Equation (33)) to yield ethylbenzene and benzene and dehydrogenation (Equation (31)) to
yield p-ethylstyrene proceeded to a small extent. However, no disproportionation (Equation (34)) to
yield triethylbenzenes was observed. At higher temperatures, near 500 <C, dealkylation of the side
chain (Equation (33)) proceeded more to completion with increasing temperature, yielding ethylbenzene
and benzene. Thus, selectivity depended strongly on temperature.

Dehydrogenation:

(31)
Et—CsHs—Et — Et—CgH4—CH=CH, + H,
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Ring-attachment isomerization:

(32)
p-Et—CgHs—Et — 0-Et—CgH,—Et+ m-Et—CsH,—Et
Dealkylation of the side chain (dealkylation of the ring attached alkyl): 33
Et—C¢Hs—Et — Et—CgH5 + CoHy — CgHg + 2 CoHy ( )
Intermolecular transalkylation (disproportionation): 34
2 Et—CgH,—Et — Et—CgH5 + CsH3Et; ( )
Reductive dealkylation (hydrogenolysis ): 35)

Et—Ce¢H,—Et + H, — Et—C¢Hs—Me + CgHs—Et + CeHs—Me + CgHg + CH4 + CoHg

Figure 25. Effect of temperature on the reactivity of p-diethylbenzene and product distribution
over (H30),[(MogClg)Clg] 6H,0. After activation of the cluster (200 mg, 163 umol) in a
stream of hydrogen (300 mL/h) for 1 h, the reaction was initiated by introducing
p-diethylbenzene (0.62 uL/h, 0.40 mmol/h) to the stream without changing the temperature.
Conversion of p-diethylbenzene (e); selectivity for m-diethylbenzene (m); selectivity for
o-diethylbenzene (A); selectivity for p-ethylstyrene (o); selectivity for benzene (A);
and selectivity for ethylbenzene (o); at 4 h after the start of the reaction.
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The effect of the activation and reaction temperature was examined. When a 400 <C activation of
(H30)2[(MosClg)Clg] 6H20 was applied to the reaction at 300 <C, the selectivity was the same as that
of (H30)2[(MoeClg)Clg] 6H,0 treated at 300 <T throughout (Figure 25). Hence, selectivity does not
depend on activation temperature, but on reaction temperature. When the reaction gas was changed
from hydrogen to helium under identical conditions, catalytic activity decreased noticeably, and its
selectivity changed. Dehydrogenation yielding p-ethylstyrene (59% selectivity) replaced isomerization
to yield m-diethylbenzene (77% selectivity) as the main reaction, indicating that hydrogen plays
an important role in the reaction.

A halide cluster of tungsten, (H30)2[(WsClg)Clgs] 6H,0, exhibited almost the same catalytic activity
and selectivity with (H30);[(M0ogClg)Clg] 6H,0. On the other hand, a halide cluster of tantalum,
[(TagCl12)Clx(H20)4] 4H,0, selectively catalyzed the dehydrogenation to yield p-ethylstyrene and
a small quantity of p-divinylbenzene. A cluster of niobium, [(NbsCli2)Cly(H20)4] 4H,0, showed
intermediate selectivity with respect to the above clusters, forming both m-dimethylbenzene and
p-ethylstyrene in significant quantities.
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Some p-substituted benzenes such as p-xylene, p-ethyltoluene, and p-propyltoluene were reacted
over (Hs30)2[(MogClg)Clg] 6H,O under hydrogen at 400 <C. All substrates tested yielded the
corresponding m-isomer as the main product by ring-attachment isomerization. Three diethylbenzene
isomers were reacted over (H30)2[(MosClg)Clg] 6H,0 at 400 <T to achieve similar conversions, with
the main reaction being ring-attachment isomerization, although the selectivity for the isomerization
decreased in the order p- > m- > o-isomer. Even traces of triethylbenzenes (Equation (34)) were not
detected in all the reactions. The selectivities for mutual interconversion of the three isomers are
illustrated in Figure 26. One of the most striking features of the reactions is that o-diethylbenzene
afforded the m-isomer in a selectivity that was three times that of the p-isomer, even though from
a thermodynamical point of view, the p-isomer is more stable than the m-isomer. p-Diethylbenzene
yielded predominantly its m-isomer, which was only twice as abundant as the equilibrium composition,
compared with the o-isomer. On the other hand, the m-isomer afforded the sterically hindered o-isomer
more abundantly than expected from the equilibrium composition, when compared with the formation
of the p-isomer. Consequently, the ethyl group preferentially migrated to the neighboring position of
the aromatic ring, irrespective of the equilibrium distribution.

Figure 26. Isomerization of diethylbenzenes over (H30);[(MosClg)Cls] 6H20, showing
the selectivity values (in %) at 400 <C, 4 h after the reaction was initiated. The other
conditions are the same as those described in the caption to Figure 25. The thickness of
each arrow is proportional to the corresponding selectivity. The equilibrium compositions of
diethylbenzenes in the vapor phase at 400 <C are shown in brackets.
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When a mixture of p-xylene and p-diethylbenzene was applied to the reaction, ring-attachment
isomerization occurred to yield the corresponding o- and m-isomers. However, the formation of o- and
m-ethyltoluenes, which would be expected from intermolecular alkyl transfer, was not detected.
Furthermore, triethylbenzenes were not detected in any of the reactions. These results clearly
demonstrate that the isomerization proceeded by way of an intramolecular 1,2-shift of the ethyl
group around the aromatic ring. They are distinct from conventional strong acids. The catalytic
disproportionation of ethylbenzene in the presence of AICl; yielded benzene, m- and p-diethylbenzenes,
and 1,2,4-triethylbenzene [186]. In an AICIs—HCI catalytic system, the disproportionation of m-
and p-diethylbenzenes proceeded to yield ethylbenzene and 1,2,4-triethylbenzene [187]. A protic
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acid, CF;COOH, also catalyzed the disproportionation of m-diethylbenzene to yield ethylbenzene and
1,2,4-triethylbenzene by an ethylcarbenium rearrangement [188]. All of these catalytic reactions were
disproportionations. The disproportionation of trimethylbenzenes and toluene has been reported to
occur on stronger acid sites, while the isomerization of trimethylbenzenes and xylenes have been
reported to predominate on weaker acid sites [189]. In the case of the cluster catalysis, it would be
difficult to abstract the ethyl substituent as an ethyl cation intermediate, because the charge density of
the counter cluster anion is too low to stabilize the ethyl cation [1]. The isomerizations over cluster
catalysts were always accompanied by an appreciable yield of dealkylation products, particularly
over Group 6 metal clusters (Figure 26). Atmospheric hydrogen, as well as alkyl hydrogen, was
activated over these cluster catalysts (Section 2.1 and 2.2), and used to carry out hydrogenolyses
(Equation (35)), which have been reported over platinum group metal catalysts.

Conclusively, the halide clusters developed catalytic activity above 200 <T for p-diethylbenzene.
The activity depended on reaction temperature, with dehydrogenation, ring-attachment isomerization,
and dealkylation increasing with increasing temperature. At 400-475 <C, halide clusters exhibited
a characteristic selective ring-attachment isomerization of diethylbenzenes by the intramolecular
1,2-shift mechanism without yielding disproportionation products. They are distinct from conventional
strong acids, isomerization of which is based on a disproportionation mechanism. Another characteristic
feature of halide cluster catalysis is that the halide clusters have no micropore structures and,
hence, they can be used to catalyze o-diethylbenzene, which is too large to enter the pores of zeolite Y
and ZSM-5.

6.2. Reaction of Aliphatic Amine (Equation (16)) [190]

Catalytic dehydrogenation of amines has been investigated extensively, and the dehydrogenation
of primary amines usually gives the corresponding nitriles. Sometimes, an N-substituted Schiff
base can be obtained by dehydrogenation followed by condensation with the amine: benzylamine is
converted to N-benzylidenebenzylamine over Mo—V-heteropoly acid in the presence of dioxygen [191].
On the other hand, catalytic dehydrogenation without oxidizing reagents is rare: molten Zn or Ga
metal [192] and Ga—MFI zeolite [193] have been used as catalysts in gas-phase reactions. There are
several reports on the catalytic and stoichiometric dehydrogenation of activated secondary amines,
Ar—CH,—NH-R (Ar = aryl, R = alkyl or aryl). In this case the dehydrogenation product is unique,
and hence, selective reaction can be readily achieved as long as C—N bond cleavage does not occur.
In contrast, reports on aliphatic secondary and tertiary amines are few, particularly in the gas phase.

The powdered crystals of (H30),[(MogClg)Clg] 6H,O were activated in a stream of hydrogen or
helium for 1 h. The reaction was started by introducing diethylamine into the stream without changing
the temperature. The effect of the reaction temperature is presented in Figure 27. Under hydrogen, the
reactivity increased with increasing temperature. At lower temperatures below 300 <C, disproportionation
yielding ethylamine and triethylamine was predominant; at higher temperatures at 400-450 <C
dehydrogenation providing N-ethylideneethylamine was the main reaction (72% selectivity at 400 <C).
Under helium the catalytic activity was about half that under hydrogen. Hydrogen would prevent
dealkylation and the deposition of coke on the active sites [15,16]. Under helium, dealkylation yielding
ethylamine was noticeable at lower temperatures below 300 <C, and at higher temperatures above
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350 <C, dehydrogenation yielding N-ethylideneethylamine was predominant with a maximum 69%
selectivity at 425 <C. Tungsten cluster similarly dehydrogenated to produce N-ethylideneethylamine
with 62% selectivity at 400 <T under hydrogen.

Figure 27. Effect of temperature on reactivity and product selectivity of diethylamine over
(H30)2[(MosClg)Clg] 6H20 in a (a) hydrogen; and (b) helium stream. Following activation
of the cluster (30 mg, 25 umol) in the gas stream (600 mL/h) for 1 h, reaction was started
by introduction of diethylamine (0.20 mL/h, 1.9 mmol/h) to the stream without changing
the temperature. Conversion and selectivities are based on diethylamine at 3 h after
reaction started.
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The Group 5 metal clusters preferentially dealkylated diethylamine to yield ethylamine and
its dehydrogenation product acetonitrile (44%-59% selectivity under both hydrogen and helium) in
conjunction with the transalkylation product triethylamine with more than 12% selectivity. Aliphatic
amines usually afford diverse products in catalysis; hence, there are few reports on selective reactions.

The catalytic activity of (H30),[(MogClg)Clg] 6H,O for some primary amines was examined at
400 <C. Ethylamine was exclusively dehydrogenated to acetonitrile and N-ethylideneethylamine.
The latter, a Schiff base, would be produced by condensation of ethylamine with ethylideneamine,
which is a dehydrogenation intermediate to acetonitrile (Equation (36)) [194].

EtNH, + MeCH=NH — MeCH=NEt + NH; (36)

Butylamine gave the dehydrogenation product butyronitrile with more than 80% selectivity
and with a small amount of the condensation product N-butylidenebutylamine. Thus, the cluster
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selectively catalyzed dehydrogenation of primary amines to give the corresponding nitriles with
their condensation products, Schiff bases. Many catalysts have been applied to aliphatic primary
amines. Basic metal oxides, ZrO, and MgO, selectively dehydrogenate primary amines to yield the
corresponding nitriles [195]. Solid acids exhibit various activities: Al,O3 catalyzes transalkylation,
dehydrogenation, condensation, and deamination nonselectively [196,197]. Another report states that
Al,O3; deaminates ethylamine [198] and various aliphatic primary amines [194] to give olefins with
ammonia. H-MFI and Ga—MFI zeolites catalyze transalkylation of propylamine to provide dipropylamine.
In-MFI further catalyzes dehydrogenation to give dipropylamine and N-propylidenepropylamine.
Cu-MFI catalyzes C—C coupling of the alkyl substituents of propylamine and dehydrogenation to
yield 2-methylpentanenitrile and propiononitrile as the major products [193,199].

The secondary amines, diethylamine and dibutylamine, selectively gave dehydrogenation products
(imines) in a hydrogen stream over (H30);[(MogClg)Clg] 6H,0, although dealkylation proceeded in
a helium stream at 400 <C. Several catalytic reactions of aliphatic secondary amines have been
reported. Diethylamine is dehydrogenated to N-ethylideneethylamine at 350 <C over Mo-heteropoly
acid [197]. Solid acid Al,O5 [196] and W-heteropoly acid [200] nonselectively catalyzes dealkylation,
dehydrogenation, and disproportionation. Another report mentions that SiO,—Al,O3 dealkylates and
that acid-base bifunctional catalysts, such as SiO,-Al,03/MgO and ZrO,, selectively transform
diethylamine into acetonitrile [195]. To the best of our knowledge, the successful application of
the platinum metal catalysts to give normal alkylimines has not been reported. Thus, dehydrogenation
selectivity of the cluster catalyst for secondary aliphatic amines differs from that of conventional acid
or base catalysts but is similar to that of the Mo-heteropoly acid, which is characterized by very weak
basicity, great softness, and a large polyhedral anion structure [201].

Tertiary amines were allowed to react over (H30);[(M0ogClg)Clg] 6H,O at 400 <T. In the
case of triethylamine, dealkylation and successive dehydrogenation yielded diethylamine and
N-ethylideneethylamine as the major products. The combined selectivity for the monodealkylation
and the following dehydrogenation amount to 68% in a hydrogen stream and 55% in a helium
stream. Dehydrogenation of trietylamine occurred also in the alkyl chain, yielding N-vinyldiethylamine
with 21%-26% selectivity. Furthermore, tripropylamine and tributylamine gave the corresponding
N-vinylamines as the main products in a hydrogen stream with 52 and 45% selectivity, respectively.
There are only a few examples of the catalytic dealkylation or dehydrogenation of tertiary amines. When
the acid catalyst SiO,—Al,O3 is applied to triethylamine, dealkylation proceeds nonselectively [195].
The base catalyst MgO dealkylates and dehydrogenates triethylamine to nonselectively give
diethylamine, ethylamine, and acetonitrile, whereas the acid—base bifunctional catalyst SiO,—Al,03/MgO
selectively converts triethylamine to acetonitrile [195]. Consequently, selective dealkylation of
trialkylamine to dialkylamine has not yet been achieved. Furthermore, the formation of even a trace
amount of N-vinyldialkylamine over solid catalysts has not been reported.

One of the active sites on the molybdenum and tungsten clusters is coordinatively unsaturated or,
more likely, hydrido ligand coordinated Mo and W atoms, which behave like the platinum group
metals [1]. There are many reports on Group 8-10 transition metals for the exhaustive dehydrogenation
of alicyclic amines. However, no reports of success with n-alkyl amines have been published,
presumably because of their high activity, leading to polyunsaturated alkyl chains or their random
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cleavage. Hence, the characteristic features of the halide clusters to amines cannot be attributed to their
similarity to the platinum group metals.

There are fewer cases of dehydrogenation of amines over heteropoly acid, one of which,
12-molybdophosphoric acid, catalyzed the selective dehydrogenation to yield N-ethylideneethylamine [200].
The selectivity is similar to that of the halide cluster catalysts. A heteropoly acid has several types of
protons, one of which originates from coordinated water [202,203]. It has a Brensted acid site, but no
Lewis acid site [204]. The heteropoly anions are large and hence, have very low charge densities on
their surface [205], as in the case of the large halide cluster anion.

The large anions would not participate in the reaction in either case. Consequently, the reaction
proceeded by way of the protonated amines without interaction with the large counter-anions.
On the other hand, alumina has been classified as a solid acid. However, it has both acidic and basic
sites: incompletely coordinated aluminum ions (strong Lewis acids) and oxide ions (weak Lewis
bases) [49-53]. Similarly, solid bases such as MgO [206] and hematite (a-Fe,O3) [207] have both
basic sites as oxide ions and acidic surface sites as Mg®*, Fe**, and Fe—OH. All of these sites are small
and have high charge densities with participation in the reactions.

In summary, when the halide clusters were treated above 300 <C, the catalytic activity for
dehydrogenation of aliphatic amines developed. Primary amines were dehydrogenated to the
corresponding nitriles, some of which condensed to the alkylidenealkylamines. Secondary aliphatic
amines were dehydrogenated to the corresponding imines. Tertiary amines were dealkylated to
dialkylamines, which was followed by dehydrogenation to N-alkylidenealkylamines, or directly
dehydrogenated to N-vinyldialkylamines. These selectivities were different from conventional
catalysts, such as solid acid-base catalysts or the Group 8-10 transition metals. Spontaneous
degradation of the protonated amine at high temperature without interaction with the large cluster
counter-anion would be the driving force for these reactions. The initial step of the reactions is simple:
from protonated amine, nitrogen-bonded hydrogens are removed completely to yield nitrile or imine;
when there is no such hydrogen, either a neighboring hydrogen or the nitrogen-bonded alkyl group is
removed to yield vinylamine or alkylideneamine.

6.3. Beckmann Rearrangement (Equation (17)) [208]

The Beckmann rearrangement is used for the industrial synthesis of azepan-2-one (e-caprolactam),
which is the starting material for nylon 6. The rearrangement is performed in the liquid phase by using
an excess amount of fuming sulfuric acid as a promoter, followed by neutralization of the acid with
ammonia [209]. This process has serious disadvantages such as corrosion of equipment by the strong
acid and by-production of a large amount of ammonium sulfate. To circumvent these issues,
alternative catalytic vapor-phase Beckmann rearrangements have been developed by using solid acids
such as silica—alumina [210], boria [211], and Ta,0s/SiO, [212]. Various zeolites such as HNaY [213],
H-USY [214], H-beta [215], H-MCM-41, H-FSM-16 [216], and MFI [214,215] have also been
applied to the reaction, and the weak acidity of these catalysts is reported to be favorable for the
reaction [215,216]. Then, application of halide cluster catalysts to the Beckmann rearrangement
was made.
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The supported tungsten cluster, (H30);[(WsClg)Clg] 6H,0/SiO,, was activated at an elevated
temperature in a helium stream for 1 h. The reaction was initiated by introduction of a methanol
solution of cyclohexanone oxime into the helium stream without changing the temperature. The
effect of the reaction temperature on activity and selectivity is shown in Figure 28. The catalytic
activity significantly developed above 250 <C. At 300 <C, the conversion was 91% and the selectivity
for e-caprolactam was as high as 93%. Cyclohexanone, 2-cyclohexen-1-one, hexanenitrile, and
hex-5-enenitrile were formed as by-products, and these by-products are also formed in the Beckmann
rearrangement over acidic zeolites [214-219]. Assuming that all the cluster molecules were active, the
turnover frequency per cluster unit at 300 <C during a period of 2—4 h was 0.85 s™*, which is a very
large value for a molecular catalyst. Above 400 <C, selectivity for e-caprolactam decreased (<22%),
and decomposition products such as the nitriles were increased (>60%). A similar increase in the
decomposition above 400 T has been observed in the rearrangement over HY [220] and B-MFI [218].
When the supported cluster was activated at 400 <C and the reaction was performed at 300 <C, the
selectivity for e-caprolactam was 93%, indicating the dependence of the reaction temperature.

Figure 28. Effect of temperature on the reaction of cyclohexanone oxime over
(H30)2[(WsClg)Clg] 6H20/SiO; in a helium stream. Supported cluster (10 mg, 0.29 umol)
were activated in a helium stream (1.2 L/h) for 1 h, and a methanol solution of
cyclohexanone oxime (17 mol%, 200 pL/h, 0.65 mmol/h) was introduced into the helium
stream without changing the temperature. Conversion of cyclohexanone oxime (e); selectivity
for e-caprolactam (o); selectivity for cyclohexanone and 2-cyclohexen-1-one (A); and
selectivity for decomposition products including hexanenitrile and hex-5-enenitrile
(o); at 3 h after the start of the reaction.
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Supported clusters of niobium and tantalum were also active catalysts for the reaction. When
acetone oxime was allowed to react over (H30)2[(WsClg)Clg] €H,O/SiO, at 300 T, N-methylacetamide
was obtained with 76% selectivity. Cyclopentanone oxime was also converted to piperidin-2-one
(6-valerolactam) with 81% selectivity. Thus, the halide clusters were effective catalysts for the
Beckmann rearrangement of various oximes.

The acid strength of (H30),[(WsCls)Clg] 6H.0/SiO, that was activated at 300 <C for 1 h was
determined using the butylamine titration method with various Hammett indicators. The cluster
exhibited an equimolar amount of acid sites at Ho ~ 1.3 with an additional equimolar amount of acid
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sites at Hp =~ 4.0-2.0. The weak Brensted acidity (Ho = +1.3) of the hydroxo ligand, which is
developed on the activated cluster [1], would be favorable for the rearrangement, since weak acids
such as H-beta [215], H-MCM-41, and H-FSM-16 are reported to be effective catalysts for the
Beckmann rearrangement [216]. On the other hand, HY and H-mordenite, having strong acid sites,
exhibit low activity and low selectivity for the reaction [221]. Weak acid sites on Ta,Os/SiO, and
H-USY effectively catalyze the rearrangement, whereas strong acid sites on the catalysts accelerate
formation of by-products [212,214]. The rearrangement over HNaY is catalyzed by weak acid sites
with a pK, less than 1.5, whereas the strong acid sites with a pK, less than —3.0 are not active for
the reaction [213]. Over high-silica MFlI, the catalytically active sites are ascribed to nest silanols with
very weak acidity, which is undetectable by the temperature-programmed desorption of ammonia
(NHs-TPD) [217]. Thus, the weak acid sites of the hydroxo ligand on the halide clusters are favorable
for the selective vapor-phase Beckmann rearrangement.

6.4. Acylation of Thiol (Equation (18)) [222]

Acylation of alcohols, phenols, amines, and thiols is a frequently used transformation in organic
synthesis, and it provides an efficient and inexpensive means of protecting the groups in a multistep
synthetic process. Acylation is mostly carried out by use of acid anhydrides or acyl chlorides in the
presence of acid catalysts or basic reagents such as 4-(dimethylamino)pyridine, 4-pyrrolidinopyridine,
pyridine, or tertiary amines [223]. Direct acylation with carboxylic acids in the absence of any reagents
is the best method for performing the acylation reaction, as the atomic economy is high and only water
is produced as a by-product. Another advantage is the relatively cheaper route for industrial purposes
when compared with the use of acid anhydrides or acid chlorides. Although many catalytic acylations
of alcohols, phenols, and amines with carboxylic acids have been reported, acylation of thiols with
carboxylic acids is quite rare. The reactivity of thiol is very much lower than that of an alcohol or
amine [224]. Although, acetyl chloride or acetic anhydride spontaneously reacts with benzenethiol to
afford S-acetylation product at room temperature, acetic acid and methyl acetate did not afford even
a trace amount of the thioacetate even in the presence of any catalyst. The single example reported is
S-acetylation of benzenethiol with acetic acid: in a batch reaction system a mixture of benzenethiol and
acetic acid at 110 <C for 8 h under neat conditions in the presence of 20 wt% of yttria—zirconia-based
Lewis acid catalyst to yield S-phenyl thioacetate in 94% vyield [225]. S-Acylation with carboxylic ester
has not been reported.

As mentioned in Section 4.5, when alkyl acetates were applied to benzenethiol, selective
S-alkylation or S-acetylation proceeded depending on the kind of the cluster catalyst (Equation (37)).
Further investigation revealed a universally applicable simple and practical method for the acylation
of both aliphatic and aromatic thiols with carboxylic acids or their esters over various solid acid
catalysts that are stable above 200 <C (Equation (38)).

CeHsSH + CH3COOR — CgHsSR + C¢HsSCOCH; (R = CH3, CzHs, CsHy) (37)

Ri1SH + R;,COOR3 — R1SCOR; + HOR3

38
(R1 = C5—Cg aIkyI, C6H5; R, = Cl—C4 aIkyI, C5H5; Rs=H, Cl—Cg aIkyI) ( )
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After activation of (H30);[(MogClg)Clg] 6H,0/SiO, at various temperatures in a hydrogen
stream for 1 h, reactions were started by introduction of a mixture of benzenethiol with acetic acid
without changing the temperature. The effect of the temperature is presented in Figure 29. Practically
no catalytic activity for the S-acetylation was observed below 150 <C, although there was considerable
spontaneous oxidative coupling of benzenethiol to yield diphenyl disulfide. Catalytic activity for
the S-acetylation of benzenethiol to yield S-phenyl thioacetate developed above 200 <C and increased
with increasing temperature. Over the temperature range 200-450 <C, selectivity for S-phenyl
thioacetate was more than 94%. Side reactions were the coupling of benzenethiol yielding diphenyl
sulfide and diphenyl disulfide. The turnover frequency per Mog cluster unit during a period of 2—4 h
was 150 h™*, assuming that all of the cluster molecules were active.

Figure 29. Effect of temperature on the S-acetylation of benzenethiol with acetic acid
over (H30);[(MogClg)Clg] 6H,0/SiO,. Following the activation of the supported cluster
(30 mg, 1.23 umol) in a hydrogen stream (300 mL/h) for 1 h, reaction was initiated by
introduction of a mixture of benzenethiol (102 uL/h, 1.0 mmol/h) and acetic acid
(114 pL/h, 2.0 mmol/h) to the hydrogen stream without changing the temperature.
Conversion of benzenethiol (e); selectivity for S-phenyl thioacetate (o); selectivity for
diphenyl sulfide (A); and selectivity for diphenyldisulfide (o); at 3 h after the start of
the reaction.
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Various halide clusters were applied to S-acetylation of benzenethiol with acetic acid at 300 <C,
and the results are summarized in Table 10. The supported clusters of niobium, tantalum, and tungsten
also selectively catalyzed the S-acetylation. Brensted acid sites developed on the halide cluster seemed
to be active sites, and hence various solid acids were applied to the reaction. Table 10 also lists the
catalytic activities of silica—alumina, zeolites, and heteropoly acids; their acidity is stable above
200 <C. All these acids selectively catalyzed S-acetylation of benzenethiol, as expected. On the other
hand, alumina (a Lewis acid) exhibited essentially no catalytic activity for the acetylation. Thus,
protonation of the carbonyl group of the acetic acid would facilitate nucleophilic attack of benzenethiol
to yield S-phenyl thioacetate (Scheme 5). Stability above 200 <C is a requisite of the catalyst for the
reaction. Phosphoric acid polymerizes to diphosphoric acid or polyphosphoric acid above 200 <C, and
Nafion-H is not stable above 200 <C.
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Table 10. S-Acetylation of benzenethiol with acetic acid over various catalysts °.

Conversion Selectivity (%)
Catalyst - - - - —
(%) S-Phenyl thioacetate  Diphenyl sulfide  Diphenyl disulfide

[(NbeCl1,)Cl(H20)4] 4H,0/SiO, 18.5 96.9 0.4 2.7
(H30),[(MogClg)Clg] 6H,0/SiO; 18.7 98.2 1.2 0.6
[(TaCly2)Clo(H,0),] 4H,0/Si0, 11.9 96.1 1.7 2.3
(H30),[(WeClg)Clg] 6H,0/SiO, 17.6 97.8 0.2 2.0
SiO,~Al,O; (high alumina) ° 15.7 93.6 5.3 1.1
H-Y zeolite ® 14.5 96.4 2.3 1.3
H-beta ” 14.2 94.3 3.4 2.3
H-mordenite ° 6.4 925 1.7 5.8
H3[PM01,040] 30H,0 ° 2.5 88.5 3.7 7.8
Ha[PW1,040] 30H,0 ° 23.3 92.0 5.8 2.2
H3[SiW1,040] 24H,0 © 11.4 88.1 1.8 10.1
Al,O; 0.9 41.6 0.0 58.4

& After activation of catalyst (30.0 mg) in hydrogen stream (300 mL/h) at 300 <C for 1 h, reaction was started
by introduction of benzenethiol (102 puL/h, 1.0 mmol/h) and acetic acid (114 pL/h, 2.0 mmol/h) to the stream
without changing the temperature. At 3 h after the start of the reaction; ® Reference catalyst, The Catalysis
Society of Japan; © Crushed and screened (166-200 mesh) crystals (Nippon Inorganic Colour and Chemical
Co., Ltd., Tokyo, Japan).

Scheme 5. S-Acetylation mechanism with acetic acid over a simple Brensted acid site.
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Several aliphatic and aromatic carboxylic acids were applied to the S-acylation of benzenethiol
over (H3;0)2[(MogClg)Clg] 6H,0/SiO, at 300 <T. S-Acylation with all the saturated aliphatic C,—Cs
carboxylic acids proceeded; the longer and bulkier the alkyl chain, the lower the reactivity and
selectivity. The selectivities for S-acylation were more than 91% when carboxylic acids bearing
a-hydrogen were used. Even carboxylic acids having no a-hydrogen, pivalic acid and benzoic acid,
afforded the S-acylation products with selectivities of more than 77%. S-Formylation of benzenethiol
was unsuccessful under these reaction conditions, probably because of the thermolability of the product.

Esters, which have higher solubilities and lower melting points compared with the corresponding
acids, are occasionally used for acylation of alcohols and amines. Catalytic S-acylation with esters
has not been reported. Methyl acetate was applied to S-acetylation of benzenethiol in the presence of
the [(NbgCly2)Cl2(H20)4] 4H,0 at various temperatures, and the results are shown in Figure 30.
Catalytic activity developed above 200 <C and increased with increasing temperature. Over the temperature
range 300-400 <C, selective S-methylation proceeded to yield methyl phenyl sulfide, and at around
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450 <C, S-acetylation was replaced to yield S-phenyl thioacetate preferentially. Then, methyl acetate
was applied to the reaction at 450 <C over various catalysts, and the data are listed in Table 11.
Supported clusters of niobium and tantalum catalyzed S-acetylation selectively to provide S-phenyl
thioacetate. Silica-alumina, H-Y zeolite, H-beta, H-mordenite, and phosphotungstic acid were also
effective catalysts for the reaction. The progress of S-acetylation with methyl acetate can be explained

as simple Brensted acid catalysis: the carbonyl group of the ester activated by a proton is attacked by
benzenethiol to afford S-phenyl thioacetate (Scheme 6).

Figure 30. Effect of temperature on the reaction of benzenethiol with methyl acetate in the
presence of [(NbgCli)Cl2(H20)4] 4H,0/SiO;. A mixture of benzenethiol (102 plL/h,
1.0 mmol/h) and methyl acetate (795 pL/h, 10.0 mmol/h) was reacted. Other conditions
are the same as in Figure 29. Conversion of benzenethiol (e); selectivity for S-phenyl
thioacetate (o); selectivity for methyl phenyl sulfide (0); selectivity for diphenyl sulfide (A);
and selectivity for diphenyl disulfide (o); at 3 h after the start of the reaction.
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Scheme 6. S-Acetylation mechanism with methyl acetate over a simple Brensted acid site.

? 4+ (?_H H—§ —CsHs
CH3—C—0—CHs CH3—C—0—CHs

+

¢H ? H
CH3—C <0O—CHs CH3—C + O-CHs

| |
S —CsHs S —CsHs




Metals 2014, 4 288

Table 11. S-Acetylation and S-methylation of benzenethiol with methyl acetate over various catalysts .

Selectivity (%6)

Catalyst disulfide Conversion (%) S-Phenyl thioacetate ~ Methyl phenyl sulfide  Diphenyl sulfide  Diphenyl
[(NbsCl;2)Cl>(H,0).] 4H,0/Si0O, 46.8 86.9 12.0 0.6 0.5
(H30)2[(MosClg)Clg] 6H,0/SiO; 84.7 4.1 94.7 1.0 0.2
[(TasCl1,)Clx(H20)4] 4H,0/SIO; 35.8 80.6 14.8 4.1 0.6
(H30)2[(W,Clg)Clg] 6H,0/SiO, 44.1 58.1 39.9 1.1 0.9

SiO,—~Al,05 (high alumina) 44.5 68.3 30.2 0.7 0.8
H-Y zeolite ® 44.6 88.3 9.3 1.6 0.9

H-beta ° 37.7 70.8 26.9 0.7 1.6
H-mordenite ° 31.1 82.0 12.9 4.0 1.1
Hs[PM01,040] 30H,0 ° 28.6 19.9 74.4 48 0.9
H3[PM01,040] 30H,0 5.8 14.7 9.0 13.0 63.3
Ha[PW;1,04] 30H,0 ° 13.6 57.4 14.7 18.8 9.1
H3[SiW1,040] 24H,0 ° 4.5 28.0 17.1 31.4 23.5

& After activation of catalyst (30 mg) in a hydrogen stream (300 mL/h) at 450 <C for 1 h, reaction was started by introduction of benzenethiol (102 uL/h, 1.0 mmol/h) and
methyl acetate (795 pL/h, 10.0 mmol/h) to the hydrogen stream without changing the temperature. At 3 h after the start of the reaction. Other conditions are
the same as in Table 10; ® Reference catalyst, The Catalysis Society of Japan; ¢ Crushed and screened (166—200 mesh) crystals (Nippon Inorganic Colour and Chemical
Co., Ltd., Tokyo, Japan); ¢ In a helium stream (300 mL/h).
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As Table 11 lists, supported cluster of molybdenum catalyzed S-methylation to afford methyl
phenyl sulfide almost exclusively. Tungsten halide clusters also catalyzed S-methylation, though
less selectively. With heteropoly acids, phosphomolybdic acid catalyzed S-methylation preferentially.
Over molybdenum and tungsten halide clusters, coordinatively unsaturated sites were formed by
thermal activation [1]. With niobium and tantalum clusters, formation of coordinatively unsaturated
sites is difficult because of the high bond energy of Nb—O (771.5 kJ mol™*) and Ta—O (799.1 kJ mol ™).
Under hydrogen, MoOs is reported to be reduced to a suboxide of chemical composition between
Mo,0 and MoO at 300 <C and to molybdenum metal at 600 <C [226]. Consequently, coordinatively
unsaturated sites should appear in part on phosphomolybdic acid under the reaction conditions. As
Table 11 shows, S-methylation over phosphomolybdic acid was obviously depressed under a helium
stream. S-Methylation over molybdenum cluster and phosphomolybdic acid under hydrogen can be
explained on the basis of a Brensted acid site in concert with the coordinatively unsaturated site.
The carbonyl group of methyl acetate is activated by protonation, and the oxygen atom of the methoxy
group coordinates to the molybdenum atom. Then, the electron-deficient methyl group is attacked by
benzenethiol to afford the S-methyl sulfide (Scheme 7).

Scheme 7. S-Methylation mechanism with methyl acetate over a combined Brensted acid
site and coordinatively unsaturated site.

9 o 9 H-E-coHs
CH3—C—0—CHa CH3—CLQ*CHs ————
Mo | _H
Mo

(l)—H
CH3—C=0 + CH3—S—CsHs

Several carboxylic esters were reacted with benzenethiol over [(NbgCly2)Clo(H20)4] 4H,0/SiO;
at 450 <C, and the data are listed in Table 12. Acetyl esters provided S-acetate almost exclusively.
On the other hand, methyl esters of butyric, valeric, and benzoic acids afforded S-methyl sulfide
preferentially. Methyl propionate showed an intermediate selectivity to afford both S-acyl and S-alkyl
products. Accordingly, a relatively smaller acyl or alkyl moiety of the ester was incorporated into the thiol.

It is known that aliphatic thiols bearing a p-hydrogen atom are susceptible to decomposing to
olefins by eliminating hydrogen sulfide at elevated temperatures, particularly in the presence of acid
catalysts [227,228], as in the case of alcohols decomposing to olefins. When 1-hexanethiol was reacted
alone at 300 T over [(NbgCl12)Clz(H20)4] 4H,0/SiO,, the conversion was 36% and decomposition to
1-hexene proceeded with 74% selectivity. However, when 1-hexanethiol was reacted in the presence
of acetic acid under identical conditions, the conversion increased to 43% and acetylation to S-hexyl
thioacetate proceeded with 87% selectivity. Halide clusters except molybdenum cluster, acid catalysts
such as silica-alumina, H-Y zeolite, and phosphotungstic acid were effective catalysts for the S-acetylation
of 1-hexanethiol. Then, several Cs—Cg aliphatic thiols were reacted with aromatic and C,—Cs aliphatic
carboxylic acids over [(NbsCli2)Cl2(H20)4] 4H,0/SiO, at 300 <T. All in all, the combination of
aliphatic thiol and carboxylic acid afforded the corresponding S-alkyl carbothioate selectively.
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Table 12. S-Acylation and S-alkylation of benzenethiol with esters over
[(NbeCl12)Cly(H20)4] 4H,0/Si0; .

Conversion  Selectivity (%)

Reagent (%) S-Phenyl Carbothioate ~ Alkyl Phenyl Sulfide  Diphenyl Sulfide  Diphenyl Disulfide
Methyl acetate 46.8 86.9 12.0 0.6 0.5
Ethyl acetate 45.0 88.7 9.7 0.4 1.2
n-Propyl acetate 48.0 98.3 0.8 0.7 0.3
Methyl propionate  36.9 69.0 30.6 0.0 0.4
Methyl butyrate 40.4 29.5 62.2 8.0 0.3
Methyl valerate 44.8 27.9 62.1 8.5 1.5
Methyl benzoate 14.7 33.2 58.8 2.2 5.8

& After activation of cluster (30 mg, 25 pmol) in a hydrogen stream (300 mL/h) at 450 °C for 1 h, reaction was started by
introduction of a mixture of benzenethiol (102 pL/h, 1.0 mmol/h) and acetate (10.0 mmol/h) to the hydrogen stream without

changing the temperature. At 3 h after the start of the reaction. Other conditions are the same as in Table 10.

Thus, S-acylation of thiols with carboxylic acids or their esters has been difficult even in the
presence of catalysts, and there has been only one report of such an acylation by heating the neat
mixture at 110 <C for 8 h in the presence of an acid catalyst [225]. However, halide clusters catalyze
S-acylation of both aliphatic and aromatic thiols with aliphatic and aromatic carboxylic acids or their
esters, when the reaction is conducted above 200 <C. Harsh reaction conditions are required for
the reaction. The Brensted acid site developed on the clusters was the active site of the catalyst,
and accordingly Brensted acids such as silica—alumina, zeolites, or heteropoly acids that are stable
above 200 <C have also been proved to catalyze the reaction.

6.5. Isomerization and Hydrogenation of Alkyne (Equation (19)) [229]
6.5.1. Isomerization of Alkyne under Inert Gas

Isomerization of alkynes to conjugated dienes and allenes has been reported over several base catalysts:
NaOBuU', KOBU', KOH, alkaline earth metal oxides, and basic zeolites [230,231]. Base-modified SiO,
Al,O3 and SiO,-Al,O3 have also been used [232]. Acid catalysts, such as SiO,, Al,O; [231],
Si0,—-Al,03 [232], and Cr,03/Al,03 [233] have also been applied to the reaction. However, other types
of catalyst have not been reported as being used in this reaction. Then, halide clusters were applied to
the reaction of alkynes.

After the activation of crushed (150-200 mesh) crystals of [(TasCl;2)Cl,(H.0)4] 4H20 at elevated
temperatures in a nitrogen stream for 1 h, reactions were initiated by introduction of 2-pentyne to the
stream without changing the temperature. The effect of the reaction temperature is shown in Figure 31.
The catalytic activity appeared above 300 <C, and enhanced with increasing temperature. The tantalum
cluster catalyzed the isomerization of 2-pentyne yielding 1,3-pentadiene with a selectivity of 58% at
450 <C.

The catalytic activities of various halide clusters of Group 5-7 metals were examined at 400 <C.
When the reaction was performed under helium or argon stream over [(TagCli2)Cla(H20)4] 4H20, the
selectivity was virtually the same as that under nitrogen, indicating that these gases did not participate
in the reaction. The niobium and tungsten chloride clusters also catalyzed isomerization to yield
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1,3-pentadiene preferentially under nitrogen. However, the catalytic activity of the molybdenum chloride
cluster was low, and no catalytic activity was observed over the rhenium chloride cluster under nitrogen.

Figure 31. Effect of temperature on the reaction of 2-pentyne over [(TasCl;2)Cl>(H,0)4] 4H.0
under flowing nitrogen. Following activation of the cluster (80 mg, 46 umol) in a nitrogen
stream (1.8 L/h) for 1 h, the reaction was initiated by introduction of 2-pentyne (52 uL/h,
0.50 mmol/h) into the nitrogen stream without changing the temperature. Conversion of
2-pentyne (e); selectivity for 1,3-pentadiene (o); selectivity for 1,2- and 2,3-pentadienes
(o); and selectivity for 1- and 2-pentenes (A) at 3 h after the start of the reaction.
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The reactivity of some alkynes were tested over [(TasCli2)Cl(H20)4] 4H20 under nitrogen. In
almost cases, the main products were conjugated dienes: 1,3-pentadiene from 1- and 2-pentyne and
2,4-hexadiene from 1-, 2-, and 3-hexyne. The reactivity order of the pentynes was 2-pentyne > 1-pentyne,
and that of the hexynes was 3- hexyne > 2-hexyne > 1-hexyne, indicating that the inner alkynes have
a higher reactivity than the corresponding terminal alkynes. This order of reactivity is the reverse of
that reported for base catalysts such as NaOBu' and KOBu' [234], whereas no data on the reactivity
order has been reported in the case of acid catalysts. Isomerization of alkynes is initiated by
protonation at the triple bond [232]. The electron density of the triple bond is higher for more
substituted alkynes. Consequently, inner alkynes would be expected to have a higher reactivity for
isomerization over Brensted acid catalysts, which is the case for halide cluster.

6.5.2. Hydrogenation of Alkyne under Hydrogen

The hydrogenation of alkynes proceeds over the platinum group metals [27,56]. In particular,
metallic palladium, such as Pd/CaCO3; or Pd/BaSQ,, partially hydrogenates alkynes to alkenes in
a selective manner owing to the strong adsorption of the alkyne on the catalyst. Then, halide clusters
were applied to the reaction of alkynes.

In a hydrogen stream, 2-pentyne was allowed to react over the tantalum halide cluster at 400 <C.
The activity and product selectivity over [(TasCli2)Clo(H20)4] 4H,O under hydrogen was virtually
the same as that under nitrogen, and the selectivity was similar to those under helium and argon.
The Raman spectrum and XRD pattern of [(TasCli2)Cl2(H20).] 4H.O activated under hydrogen
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at each temperature were identical to those under nitrogen, and hence atmospheric hydrogen participated
in neither the activation of [(TagCl12)Cl2(H20)4] 4H,0 nor the reaction with 2-pentyne.

In the case of the niobium, molybdenum, and tungsten clusters, the catalytic activity increased
noticeably under hydrogen, and the main reaction changed to hydrogenation, yielding 2-pentene with
a selectivity of 42%-69% at 400 <C. When pyridine equimolar to 2-pentyne was added to the
hydrogen stream over the niobium cluster, conversion for isomerization was reduced to about
one-third, but that for hydrogenation was virtually unchanged, indicating that the active site for
hydrogenation was independent of the Brensted acid site.

When 1-pentene was allowed to react over the niobium cluster in hydrogen under identical
conditions, the conversion of the olefinic bond was 67%, and the selectivity for isomerization to
2-pentene was as high as 87%, resulting in an approximate equilibrium composition of 1- and
2-pentenes. In contrast, the selectivity for hydrogenation to pentane was as low as 2%. Consequently,
the halide clusters catalyzed partial hydrogenation of alkynes to alkenes selectively. Hydrogenation of
alkynes is exclusively catalyzed by the platinum group metals [27,56]. Metallic palladium catalyzes
partial hydrogenation of alkynes to alkenes selectively, as long as the alkynes are present, and it
catalyzes alkene isomerization at a faster rate than alkene hydrogenation under ambient hydrogen
pressure [27,55,56]. Thus, the halide clusters exhibited a similar catalytic behavior to that of metallic
palladium, which is ascribed to the metal atom that accepts electrons from the halogen ligands leading
to isoelectronic with the platinum group metals [1].

Under hydrogen, the rhenium cluster catalyzed the partial hydrogenation of 2-pentyne to yield
2-pentene with a selectivity of 58% under hydrogen along with hydrogenolyses to methane, ethane,
and ethylene, etc. with 19% selectivity. This cluster has been reported to change to metallic rhenium
on treatment with hydrogen at temperatures above 250 <C, and this was confirmed in our reaction
system [1]. The catalytic species for hydrogenation is ascribed to metallic rhenium, since Re/MgO has
also been reported to catalyze the reaction [235].

6.6. Addition of Water to Alkyne (Equation (20)) [236]

Hydration of alkynes is one of the simplest and convenient ways to obtain carbonyl compounds.
This reaction has long been catalyzed by mercury(ll) sulfate in aqueous sulfuric acid solution,
in which the mercury(ll) ion acts as a Lewis acid [237]. To avoid use of toxicity of mercury ion and
strong acidic conditions, various alternative Lewis acids have been applied to the reaction [238,239].
Chlorides of iron, ruthenium, rhodium, platinum, and gold are reported to catalyze the reaction.
CdO-Ca0-P,05 [240] and zeolites such as CuX, ZnX, and CdX [241] are used in the vapor
phase reaction. Several Brensted acids have also been applied to the reaction: HY zeolite [242],
heteropoly acids [243], p-toluenesulfonic acid [244], trifluoromethanesulfonic acid, and
trifluoromethanesulfonimide [245]. Halide cluster was applied to this reaction.

The supported tungsten cluster, (H3O)2[(WsClg)Clg] 6H,0/SiO,, was initially activated at
an elevated temperature for 1 h in a nitrogen stream, and then reaction was initiated by introduction of
an equimolar amount of 1-hexyne and water without changing the temperature. The effect of
the reaction temperature on activity and selectivity is presented in Figure 32. Catalytic activity
developed above 200 <C. The selectivity for the hydration yielding 2-hexanone was as high as 70%



Metals 2014, 4 293

at temperatures ranging from 200 to 400 <C along with 1,2-hexadiene (allene) with about 20%
selectivity. Above 450 <C, decomposition to gaseous products increased. Increase in water ratio to
alkyne increased the selectivity for the hydration. The hydration similarly proceeded under hydrogen
and helium streams.

The catalytic activity of clusters of Group 5 and 6 metals was examined at 400 <C. The catalytic
activity for hydration of the niobium, molybdenum, and tantalum clusters (3%-14% conversion) was
lower than that of the tungsten cluster. The selectivity for hydration over those clusters was lower
(24%—28% selectivity) than over tungsten cluster. On those clusters, isomerization to 1,2-hexadiene
proceeded with moderate selectivities (28%-45%). The isomerization does not involve participation of
water molecule. Increase in the electronegativity of a metal atom bound to a hydroxo ligand increases
its Brensted acid strength by reducing electron density of the oxygen, and hence facilitating the release
of the hydrogen as a proton [246]. The higher catalytic activity of the tungsten cluster is attributable to
the higher electronegativity of tungsten atom than the other metal atoms.

Figure 32. Effect of temperature on the reaction of 1-hexyne with water over
(H30)2[(WsClg)Clg] 6H20/SiO; in a nitrogen stream. Following activation of the supported
cluster (40 mg, 23 umol) in a nitrogen stream (600 mL/h) for 1 h, reaction was initiated by
introduction of 1-hexyne (115 uL/h, 1.0 mmol/h) and water (18 uL/h, 1.0 mmol/h) to
the nitrogen stream. Conversion of 1-hexyne (e); selectivity for 2-hexanone (o); selectivity
for 1,2-hexadiene (A); selectivity for 2-hexyne (o); and selectivity for decomposition
products such as ethylene, propene, 1-butene, and 1-pentyne (0); at 3 h after the start of
the reaction.
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Some alkynes (1-, 2- and 3- hexyne, 1-heptyne, 1-octyne, 1-nonyne, phenylacetylene) were subjected
to the reaction over (Hz0),[(WsClg)Clg] 6H,0/SiO,. Both aliphatic and aromatic terminal alkynes
were efficiently hydrated to the corresponding 2-ketones (61%-99% selectivity). 2-Hexyne produced
2- and 3-hexanones in equal amounts.

6.7. Dehydrohalogenation of Alkyl Halide (Equation (21)) [247]

Various types of compounds have been reported as catalysts for the dehydrohalogenation of
halogenated hydrocarbons. In most cases, a gas-phase reaction system is used for the reaction on
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solid catalysts. Metal (Ni) [248,249], metal oxide (MgO), metal oxychloride, metal sulfate,
aluminosilicates [250], and solid acid and base [251] have been employed as the catalyst. Metal
halides such as MgCl,, KBr, NaCl, and ZnCl, are also the catalysts, and the last one is used as
a molten salt. Metal halides used are normal salts that comprise ionic metals and ionic halogens.
Halide cluster, in which metal atoms are not ionic but are coordinated with non-ionic halogen ligands,
was applied to this reaction.

Powdered crystals of [(NbeCl12)Cl2(H20)4] 4H,0 were activated in a stream of helium for 1 h, and
the reaction was commenced by introduction of 1-chloropentane into the stream without changing
the temperature. As Figure 33 shows, activation above 200 <C brought about the catalytic activity,
and the activity increased with increasing temperature up to 300 <C. Blank experiment showed that
1-chloropentane spontaneously decomposed above 325 <C, yielding a variety of products including
pentenes as minor products. The selectivity for dehydrohalogenation to yield 1-pentene and cis- and
trans-2-pentenes was 99% at 300 <C. Hydrodehalogenation (dehalogenation or hydrogenolysis) to
yield pentane was not observed at all temperatures tested. As mentioned in Section 3.2, the halide
clusters catalyze isomerization of olefins. Then isomerization in the presence of halogenated hydrocarbon
was examined. When 1-hexene in the presence of an equimolar amount of 1-chloropentane was
subjected to the reaction over the niobium cluster at 300 <C, no isomerization of 1-hexene to 2-hexenes
was observed and only dehydrohalogenation yielding pentenes occurred. Consequently, successive
isomerization of the olefin produced by dehydrohalogenation can be ruled out under these
reaction conditions.

Figure 33. Effect of temperature on reactivity and selectivity for dehydrohalogenation of
1-chloropentane over [(NbgCl;2)Cl2(H20)4] 4H,0 at 5 h after the start of the reaction. After
activation of the cluster (30 mg, 17 umol) under helium (1.2 L/h) for 1 h, reaction was
commenced by introduction of 1-chloropentane (0.20 mL/h, 1.66 mmol) without changing
the temperature.
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Catalytic activities of bromide cluster of niobium, [(NbgBri2)Brz(H20)4] 4H,0, and chloride
clusters of molybdenum, tantalum, and tungsten were tested for the reaction of 1-chloropentane.
All clusters, except tungsten chloride cluster under hydrogen, developed catalytic activity for
dehydrohalogenation both under helium and hydrogen streams. Group 5 metal clusters exhibited
practically the same catalytic activity and selectivity under helium and hydrogen streams. The
selectivities of molybdenum and tungsten of Group 6 metal clusters under helium were similar.

The catalytic activity and selectivity of [(NbsCl:2)Cl,(H20)4] 4H,0 for 1-fluoro, 1-chloro-, 1-bromo-,
and 1-iodopentanes were investigated in helium and hydrogen streams at 300 <C. The niobium cluster
dehydrohalogenated all the halogen compounds to 1-pentene, cis- and trans-2-pentenes exclusively
irrespective of the gas stream. The reactivity order of the halogen substituents was F >> Cl > Br > |,
which is the reverse of that observed in catalytic hydrogenolysis over platinum group metals [27,56].
Only partial data can be seen: Br-C,Hs > I-C,Hs over rare-earth-exchanged 13 zeolite to yield
ethylene [250], and generally Cl = Br over solid acids, and Cl < Br over solid bases [252]. Over
[(NbsCl1,)Cl2(H20)4] 4H,0, 2-chloropentane was dehydrogenated to yield cis- and trans-2-pentenes
selectively, and the higher reactivity of 2-chloropentane compared with 1-chloropentane matches
the well-known increasing activity order of primary, secondary, and tertiary carbon atoms in
dehydrohalogenation [253].

The reactivity of 1-chloropentane was examined using the rhenium cluster, ResCly, in a stream of
helium at different temperatures; the results are shown in Figure 34. The activity appeared by
activation at 175 <C, which is a little lower than the corresponding temperature for the niobium
cluster. The selectivities remained almost unchanged. The cis/trans (0.62) and 1-pentene/2-pentene
rations (0.28) are roughly in accord with those of thermal equilibrium (0.61 and 0.13 at 300 <C,
respectively), which suggests that the precursors of the products are in equilibrium.

Figure 34. Effect of temperature on reactivity and selectivity for dehydrohalogenation of
1-chloropentane (0.20 mL/h, 1.66 mmol) over Re3Clg (30 mg, 34 umol) in helium at 5 h
after the start of the reaction. Other conditions are the same as in Figure 33.
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The effects of the carrier gases, helium and hydrogen, on ResCly at 300 T are shown in Figure 35a,b.
The activities decreased with time but the selectivities remained substantially constant from the initial
stage of the reactions. A remarkable feature of Res;Cly is that hydrogenolysis also occurred in the
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hydrogen stream to yield pentane in 38% selectivity, in contrast to the reaction in the stream of
helium in which only dehydrohalogenation to yield pentenes occurred. Complex ResClg changed to
metallic rhenium by treatment with hydrogen [1]. In this case, hydrogen participated chemically both
as a reagent for the reduction of Re''sCly and as a reagent for hydrogenolysis of 1-chloropentane to
pentane. Rhenium is located in a neighboring position to the platinum group metals in the periodic
table, and is similar to them in some properties. Rhenium metal, as well as its oxide, sulfide, and

selenide, is a catalyst for hydrogenation of organic compounds [90,254]; however, it has not been
reported to catalyze the hydrogenolysis [255].

Figure 35. Catalytic activity and selectivity of ResCly (30 mg, 34 umol) in
dehydrohalogenation and hydrogenolysis of 1-chloropentane (0.20 mL/h, 1.66 mmol)
in a stream of (a) helium; and (b) hydrogen at 300 <C. Other conditions are the same as

in Figure 33.
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Various types of halogenated pentanes were allowed to react over ResClg in helium and hydrogen
streams at 300 <C, and the results are summarized in Table 13. Under helium, in which the cluster
framework was retained, dehydrohalogenation to yield pentenes proceeded except for iodide, and the
reactivity order was F > CI > Br as in the case of niobium cluster. Under hydrogen, in which the
cluster was reduced to metallic rhenium, both dehydrohalogenation to pentenes and hydrogenolysis to
pentane for all 1-halogenated pentanes proceeded with almost equal reactivity. Even the C—F bond was
hydrogenolyzed by this catalyst. It has been reported in the hydrogenolysis of halogen substituents,
RX to RH, that the reactivity order is RI > RBr > RCI and that RF cannot be converted to RH by

catalytic means [27,56]. However, rhenium metal obtained from reduction of cluster Re;Clg has caused
the hydrogenolysis of the C—F bond.
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Table 13. Dehydrohalogenation and hydrodehalogenation of halogenated pentanes
over Re3Clg °.

X-CsHy;  Carrier . Selectivity/%
Conversion/% -

X = gas Pentane 1-Pentene cis-2-Pentene trans-2-Pentene 2-Methyl-2-butene
F He 143 0.0 30.1 30.1 39.8 0.0
1-Cl He 7.1 0.0 21.6 29.0 46.8 2.6
2-Cl He 29.7 0.0 17.6 35.1 47.3 0.0
1-Br He 5.7 0.0 22.9 28.2 45.0 3.9
1-1 He 0.0

1-F H, 5.6 14.0 141 24.0 47.9 0.0
1-Cl H, 5.1 38.4 52.3 4.7 34 1.2
2-Cl H, 91.6 2.2 20.2 34.3 43.3 0.0
1-Br H, 4.7 40.9 37.2 7.6 12.7 1.6
1-1 H, 4.9 37.9 435 9.9 8.7 0.0

& After activation of cluster (30 mg, 34 umol) in the stream of carrier gas (1.2 L/h) at 300 <C for 1 h, reaction
was started by introduction of halogenated pentane (1.66 mmol/h) to the stream without changing the
temperature. At 5 h after the start of the reaction. Other conditions are the same as in Figure 33.

7. Conclusions

Halide clusters of Group 5-7 metals developed catalytic activity above 150-250 <C, and the activity
was retained up to 350-450 <C by taking advantage of their thermal stability and low vapor pressure,
as well as their high melting point. Now, two types of active site have been established: the solid
Brensted acid site and a coordinatively unsaturated site that catalyzes like the platinum metals do.
Various types of catalytic reactions including new reactions and concerted catalyses were observed
over the cluster catalysts. Reactions catalyzed by halide cluster are shown in Figure 36.

Figure 36. Reactions catalyzed by halide clusters.
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Although the majority of the reactions proceed over conventional acid catalysts or platinum-type
metal catalysts, closer inspection showed some conspicuous features, particularly in terms of
selectivity. Halide cluster catalysts are characterized by some aspects. Cluster counter anion is too
large to abstract a counter cation from the protonated reactant. The cluster catalyst is not poisoned by
halogen or sulfur atoms. Among other things, cluster catalysts are stable at high temperatures up to
350-450 <C. At high temperatures, apparent activation energy decreases, and hence weak acid can be
a catalyst without decomposing reactants, including basic compounds such as amine. Strong acid is
less favorable as it sometimes decomposes a reactant at high temperatures. A comparison with other
types of Brensted acids that are stable at high temperatures is illustrated in Figure 37.

Figure 37. Thermally stable solid Brensted acid catalysts. Solid acid is the mainstream of
an industrial catalyst compared with liquid acid such as sulfuric acid or hydrochloric acid,
since the separation of the solid acid is easy and solid acid does not corrode a container.
A halide cluster has hydrogenation and dehydrogenation activity like the platinum group
metals, zeolite has shape selectivity, and heteropoly acid has oxidizing power. They are
stable up to 400 <T or more. Nafion-H, a resin containing the —CF,CF,SO3H group, is
stable up to about 200 <C.

/I—Iydrogenation activity \ K Shape selectivity\

\_ Halide cluster / ~\_  Zeolte )
Solid acid
o CF2 CF2 SO3H
N/ N/ N/
CF2 CF2 CF2
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The catalytic nature of niobium and tantalum of Group 5 metal clusters were similar, and those of
molybdenum and tungsten of Group 6 metal clusters were similar. Replacement of the chlorido
ligands to bromido ligands had little effect on the catalytic behavior. However, the fundamental
differences between the niobium cluster and tantalum cluster are not clear, and neither are those of
the molybdenum cluster and tungsten cluster. The cluster framework of the rhenium cluster ResClg
([ResCI'5]CI%CIP %) was thermally less stable and was retained up to 300 <C under inert gas.
Substitution of the weak halide bridges CI* %, could induce new catalytic activities. A zirconium
chloride cluster, K[ZrsCl'12]CI* %, has a ZrCl, moiety, and hence it catalyzed Ziegler-Natta type
polymerization of olefins combined with triethylaluminum [256]. Molybdenum [257] and rhenium
sulfide clusters [258-260] also exhibited catalytic activities when activated at high temperatures.
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Although these reports are not reviewed, inorganic cluster catalysis will open a new area of
high-temperature catalysis.
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