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Abstract

A molybdenum halide cluster, @),[(MogClg)Clg] - 6H20, with an octahedral metal framework was used as a catalyst in a gas-flow reac-
tor under hydrogen or helium. Diethylamine started to react abové@0&nd dehydrogenation 1¢-ethylideneethylamine proceeded selec-
tively above 350 C. Dibutylamine yielded the corresponding dehydrogenation product, and pyrrolidine and piperidine were dehydrogenated
to 1-pyrroline and 2,3,4,5-tetrahydropyridine. Dehydrogenation of primary amines yielded the corresponding nitriles and the condensation
productN -alkylidenealkylamine. Tripropylamine and tributylamine were dehydrogenated to yield, for the mo% pan/ldialkylamines.
In contrast, triethylamine was dealkylated to diethylamine. Thus, the halide cluster exhibited a characteristic catalysis for aliphatic amines:
nitrogen-bonded hydrogens were removed completely to yield nitrile or imine, and when there was no such hydrogen, a neighboring hydro-
gen or the nitrogen-bonded alkyl group was removed. Niobium, tantalum, and tungsten chloride clusters of the same metal framework weré
also active catalysts for dealkylation and dehydrogenation of diethylamine.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ters are known to proceed over conventional acid catalysts:
the isomerization of olefing8], the dehydrohalogenation of
Halide clusters, which have a highly symmetrical and halogenated alkangd], the isomerization of diethylben-
aesthetically pleasing molecular struct{tg have been at-  zeneg[5], the dehydration of alcohol§], and the decom-
tractive catalyst candidates for more than 140 ygfr<One position of phenyl acetate to phenol and ket¢rje When
possibility for understanding the nature of the catalytic activ- ethylbenzene reacted in the presence of a halide cluster, hy-
ity of halide clusters is provided by a physicochemical inves- drogenolysis proceeded under hydrogen to yield toluene and
tigation of activated halide clusters. Another possibility isto penzene. Under helium, dehydrogenation occurred, yielding
apply the catalyst to many compounds and to search for newstyrene. This variable selectivity is the same as that over
reactions catalyzed by halide clusters; a comprehensive viewthe platinum-group metal catalysi8]. Selective dehydro-
of the catalyst can be obtained by comparison with other genation and dealkylation of aliphatic amines, another novel
catalysts. Some reactions that are catalyzed by halide clusteature of cluster catalysis, is the subject of this report.
Catalytic dehydrogenation of amines has been inves-
" Corresponding author. Fax: +81 48 462 4631. tigated extensively, and the dehydrogenation of primary
E-mail address: chihara@riken.j{{T. Chihara). amines usually gives the corresponding nitriles. Most re-
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ported reactions are oxidative dehydrogenations: an [Os{OH)out further purification. The crystals were crushed until

04]% catalyst combined with ferric ion as an oxidizing
reagent[9], Rh-porphyrine with dioxygefl0], [Ru(OH)
03]%~ with the oxidizing reagent [8g]?~ [11], and NiSQ
with [S,0g]?~ [12]. Strong oxidation conditions occasion-
ally lead to further oxidation: butylamine is oxidized to
butylamide by Rud in the presence of dioxygel3] or
to butyric acid by Ru@ in the presence of [$g]?~ [14].
A Schiff base can be obtained by dehydrogenation of a pri-
mary amine to the imine followed by condensation with the
amine: benzylamine is converted M-benzylidenebenzyl-
amine over Mo—V-heteropoly acid in the presence pf13].
On the other hand, catalytic dehydrogenation without ox-
idizing reagents is rare: molten Zn or Ga mefgb] and
Ga—MFI zeolite[17] have been used as catalysts in gas-
phase reactions. In toluene solution, RhH(BRheversibly
catalyzes dehydrogenatit8].

There are several reports on the catalytic and stoichio-

metric dehydrogenation of activated secondary amines, Ar—

CH,—NH-R (Ar = aryl, R = alkyl or aryl) or R—-CH—
NH-Ar (R = alkyl, Ar = aryl). The dehydrogenation prod-

they could be passed through a 150-mesh screen but not
a 200-mesh screen. Ethylamine was used as a THF solu-
tion (2.0 moyI; Aldrich). The other organic substrates were
commercial products{ 99%) and were used as purchased.

Mo K-edge EXAFS spectra were recorded in transmis-
sion mode at BL-10B of KEK-PF with a Si(311) channel-cut
crystal monochromator and ionization chambers. The en-
ergy of the X-ray was calibrated with the use of an Mo
foil. EXAFS data were analyzed with the UWXAFS pack-
age[30]. After background subtraction with AUTOBE1],
k3-weighted EXAFS functions were Fourier-transformed
into R-space and fitted iR-space. Thé& and R ranges for
Fourier transformation and curve fitting were 30-160Am
and 0.1-0.4 nm, respectively. The backscattering amplitude
and phase-shift functions of Mo—Mo were calculated from
1 with the FEFF8.0 code; curve fitting was done with the
FEFFIT codd32].

Raman spectra of the cluster samples in glass reaction
tubes were recorded in situ on a Kaiser Optical Systems
HoloLab 5000 Spectrometer with the use of a Nd-YAG laser

uct is unique, and, hence, selective reaction can be read-operating at. = 532 nm with a 7.6-mm focusing lens. The

ily achieved as long as C-N bond cleavage does not oc-data counts were accumulated 30 times over 1-s intervals.
cur[19]. In contrast, reports on aliphatic secondary amines Then the cluster samples were transferred to an airtight sam-
are few. Catalytic dehydrogenation of diethylamineNe ple holder in a glove box, and powder X-ray diffraction

ethylideneethylamine has been reported only for a dihydri- (XRD) was performed on 30-mg samples with a MacScience

doiridium complex Irk(n3-2,6-(¢-BuPCH,)2CsH3) [20]
and Mo-heteropoly acifP1].

There are a limited number of examples of dehydrogena-
tion of aliphatic tertiary amines. Triethylamine is catalyti-
cally dehydrogenated t&/-vinyldiethylamine by the dihy-
dridoiridium complex in the presence of a hydrogen acceptor
such as 3,3-dimethyl-1-butefi2?]. However, a solid acid—
base hybrid catalyst, Zror silica-alumina/MgO, converts
triethylamine to acetonitrile and forms ethylef@3]. Thus,
catalytic dehydrogenation of aliphatic amines is rare, partic-

MXP21TA-PO X-ray diffractometer and Cugkradiation at
a scan rate of 2min=1.

The trapped reaction products were analyzed with a
Hewlett—Packard 5890 Series Il gas chromatograph coupled
with a Jeol Automass System Il analyzer with a DB-1 capil-
lary column (GC/MS). Most of the products were identified
by comparing them with commercial samples with the use
of a GL Science 353B gas chromatograph (GLC) fitted with
a flame ionization detector with DB-1 and DB-WAX cap-
illary columns. The other products were isolated with the

ularly in the gas phase. Furthermore, there are no reports ofuse of a GLC fitted with a thermal conductivity detector and

halogen compounds being used as the catalyst.

2. Experimental
2.1. Materials and characterization

The cluster complexes [(NEl12)Clo(H20)4] - 4H20O
[24], (H30)2[(MoeClg)Cle] - 6H0 (1) [25], [(MogBrs)
(OH)4(H20)2] [26], [(TasCl12)Cl2(H20)4] - 4H20 [24], and
(H30)2[(WClg)Clg] - 6H20 [27] were prepared according
to published procedures, followed by repeated recrystalliza-
tion to yield well-formed single crystals. By heatidgat a
rate of 100C/h to 200°C followed by holding at 200C

determined by NMR and mass spectrometry.

The catalytic activities were evaluated with an on-line
Shimadzu 14B GLC. This was fitted with a flame ionization
detector, an Amipack 141 packed column5(in x 3 mm)
to study the reactions of tripropylamine and tributylamine,
and a Unicarbon B-2000 packed column (503 mm) for
the other reactions. The gaseous products were identified by
on-line GLC with a Unipak-S packed column (3x8 mm).

2.2. Apparatus and procedures
The gas flow reactions were carried out in a conven-

tional apparatug3]. The gas flow rate was controlled by
a flow regulator at ambient pressure, and the gas was in-

for 6 h under vacuum, we obtained the solid-state cluster troduced into a temperature-controlled stainless-steel tube
[MogCIg]CI>Cls/2 (MogClip, 2) [24], where C denotes (length=3 m, i.d.= 2 mm), which was used to heat the car-
eight face-capping ligands, £denotes two terminal lig-  rier gas to the same temperature as the reactor. The general
ands, and G, denotes four intercluster-bridging ligands procedure consisted of packing a known mass of the cluster
[28,29] Commercial crystalline, R€lg, was used with- complex into an electrically heated vertical tubular borosili-
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cate glass reactor (i.= 3 mm) with the aid of quartz glass
wool. Immediately before the reaction, catalyst pretreatment
was performed in situ in a stream of the gas for 1 h atthe 39
operating temperature. Then the liquid reactant was intro-
duced at a controlled rate with a motor-driven glass syringe
pump through a T-joint attached to the front of the reactor
vessel. The products were introduced every 30 min into a
temperature-controlled gas sampler (1 ml) connected to a
six-way valve, which was kept at 12C, and were analyzed © 10
with the on-line GLC. The reactor effluent was frozen in a
dry-ice trap for subsequent analysis, which was performed
with a capillary column GLC.

In a typical experiment, a weighed cluster sample of
(H30)2[(MogClg)Clg] - 6H20 (1) (30 mg) was placed in the 40
glass reaction tube surrounded by a closely fitting copper
tube in the center of an electric furnace. The catalyst sample
was heated from room temperature to 4@0and was main- 30
tained at that temperature for 1 h in a stream of hydrogen
(600 ml/h) before kinetic measurement. After 15 min, the
temperature reached the set point. We initiated the reaction'® 20
by feeding undiluted diethylamine (0.20 sl 1.9 mmo}h)
into the stream of hydrogen. The relative ratio of hydrogen
to diethylamine was 13. Analyses of the trapped products
showed that the material balance was 90.8% (3—4 h) and
that 0.33% of the diethylamine was dealkylated to ammo-
nia. The conversions and selectivities reported here are based o \1 2 3 4 5 6 7
on the data from the on-line GLC analysis. Ethylene was r
ignored; only nitrogen-containing organic compounds were
taken into account. In the experiment with diethylamine and Fig. 1. Typical reaction profile of diethylamine dehydrogenation catalyzed
the catalystl, the conversion was 20.5% and the selectiv- PY (HsO)k[(MoeClg)Clg] - 6H20 (1) in a (@) Fb and (b) He stream. Follow-
iy for ethyideneethylamine 72.0% 3 h atter the reaction "2 oL GO e g o C00MBLIOT e e
started. The conversion was proportional to the amount of 5 the same temperature. Conversiemproducts(products+ recovered
catalyst but independent of the flow rates of hydrogen car- diethylamine)x 100 (mol%). Selectivity= producy (total amount of prod-
rier gas and diethylamine as long as the latter was lower thanucts)x 100 (mol%).

0.8 ml/h (7.6 mmofh); the reaction showed first-order ki-

netics. Subsequent experiments were performed in this flowother hand, the reactivity in a stream of helium decreased

region. with time; selectivity also changed, with the dehydrogena-
tion product showing more than 60% selectivity at the initial
stage of the reaction. In both hydrogen and helium streams,

onversion / %
S
Selectivity / %

Conversion / %
Selectivity / %

_
o

AN t/h

3. Resultsand discussion some dealkylation occurred, yielding ethylamine.
Fig. 2 shows catalytic activities df at various tempera-
3.1. Activation of the halide cluster tures. Treatment above 25Q in a hydrogen stream or above

300°C in a helium stream resulted in catalytic activity. Clus-
So that we would be able to ascribe the catalytic activ- ter 1 is a coordinatively saturated stable compound and has
ity and selectivity to the halide cluster, the clusters were no metal-metal multiple bonds, and hence the intact cluster
not supported on solid adsorbents but were used as crusheds not catalytically active. Thermal treatment resulted in cat-
crystals, albeit at the expense of catalytic efficiency. The alytic activity. The activity under hydrogen reached steady
powdered crystals of ($D)2[(MogClg)Clg] - 6H20 (1) were state after 3 h, whereas that under helium decreased with
packed into a glass reaction tube and heated in a streantime. The higher the reaction temperature, the greater the
of hydrogen or helium for 1 h. We started the reaction by decrease in activity. The activity in a hydrogen stream was
introducing diethylamine into the stream at the same tem- about twice as high as that in a helium stream at the same
perature Fig. 1 shows a typical reaction profile with prod- temperature. Three hours after the start of the reactions, the
uct distribution at 400C in a hydrogen or helium stream. product contained, respectively, about 1.8 and 3.3 mol% eth-
In the hydrogen stream, the reactivity leveled off after 2 h ylene, based on reacted diethylamine in the hydrogen and
and selectivity hardly changed, with the dehydrogenation helium streams. Formation of coke would slow down the
productN-ethylideneethylamine in 72% selectivity. On the reaction, particularly in a helium stream at higher temper-
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Fig. 2. Catalytic activity of (HO)2[(MogClg)Clg] - 6H20 (1) for diethyl-

: ; : Fig. 3. Temperature effect on reactivity and selectivity of diethylamine over
amine at various temperatures in a (@)ahd (b) He stream. After treatment 9 P Y Y Y

d(Hg,O)z[(MOGCIS)CIG] -6H20 (1) in a (a) B and (b) He stream 3 h after

. . ) _reaction started. Other reaction conditions are the same as givégsinl

at the same temperatures. Other reaction conditions are the same as given in - . »

Fig. 1 C ) ducts/(product d diethylamine) 100 and 2 Conversion= productg (products+ recovered diethylamine} 100

(rlr?d(y) onversion= producty (products+ recovered diethylamin (mol%). Selectivity= producy (total amount of products} 100 (mol%).
0).

atures. It is well known that high-temperature processes for . , . .
the catalytic conversion of hydrocarbons are often accom- l€mperature. A similar change in product selectivity with
panied by deposition of hydrogen-deficient cdB&], and temperature was observed in the reactiop-afiethylbenze-
that the deposition of these products causes a decrease ifi€ OVerl: p-diethylbenzene was dehydrogenategethyl-
catalytic activity[34]. For example, a decrease in catalytic Styrene below 300C and isomerized selectively to-dieth-
activity is reported for ethylbenzene dehydrogenation, in Ylbenzene above 40C [5]. The structure of the active sites
which carbonaceous products are formed from the ethyleneMay change.
by-product33]. Table 1lists the catalytic activity of various halide clus-
The effect of the reaction temperature on reactivity and ters for diethylamine. All of the group 5 and group 6 metal
product selectivity is presented Fig. 3. Under hydrogen,  clusters became catalytically active in both the hydrogen
the reactivity increased with increasing temperature and theand helium streams. The selectivities of the group 5 metal
selectivity varied with the temperature. At lower temper- clusters differed from those of the group 6 metal clusters.
atures, disproportionation yielding ethylamine and triethy- The former preferentially dealkylated diethylamine to yield
lamine was predominant; at higher temperatures dehydro-€thylamine and its dehydrogenation product acetonitrile in
genation providingV-ethylideneethylamine was the main conjunction with the transalkylation product triethylamine
reaction. Dehydrogenation of the produced ethylamine to with more than 12% selectivity, whereas the latter dehydro-
acetonitrile was also obvious at higher temperatures. Undergenated to producé/-ethylideneethylamine with 61-72%
helium the catalytic activity was about half that under hydro- selectivity. Aliphatic amines usually afford diverse products
gen at temperatures lower than 425 Dealkylation yield- in catalysis; hence, there are few reports on selective re-
ing ethylamine was noticeable at lower temperatures, andactions (vide infra). The activity of the clusters under hy-
maximum selectivity (69%) forN-ethylideneethylamine  drogen was again higher than the corresponding activity
was reached at 42%. The selectivity thus changed with under helium. The selectivities for dehydrogenation yield-
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Table 1

Dehydrogenation and disproportionation of diethylamine over various halide cfisters

Halide cluster Carriergas  ConversioR Selectivity* (%)

(%) EtNH, MeCN MeCH=NEt EtN=CHPr EgN Others

[(NbgCl12)Cla(Hp0)4] - 4H,0 Hy 429 442 39 263 47 120 89
(H30)2[(MogClg)Clg] - 6H20 (1) Ho 205 131 19 720 95 22 12
[(MogBrg)(OH)4(H20)5] H, 27.1 17.8 49 695 58 08 12
[(TagCl12)Cla(H20)4] - 4H, 0O Ho 306 333 108 306 41 140 7.3
(H30)2[(WgClg)Clg] - 6H,0 Hy 62.4 213 75 624 56 26 0.8
Mo metal H 4.0 335 51 455 138 21 0.0
- Ho 1.3 398 10 250 297 45 0.0
[(NbgCl12)Cla(H20)4] - 4H2O He 367 590 04 130 85 125 6.6
(H30)2[(M0ogClg)Clg] - 6Ho0 (1) He 137 284 10 606 7.7 14 0.8
[(MogBrg)(OH)a(H20)5] He 116 17.7 43 632 116 0.8 25
[(TagCl12)Cla(H20)4] - 4H,0 He 102 556 07 199 6.5 156 17
(H30)2[(WgClg)Clg] - 6H2O He 40 367 13 386 146 43 45
[ResCl3]Cl3Clg)2 He 32 541 13 266 6.9 7.8 33
Mo metal He 24 296 82 366 110 38 108
- He 12 418 15 339 105 7.6 4.6
(H30)2[(MogClg)Clg] - 6H20 (1) N2 26.0 189 37 67.8 7.8 0.9 0.9

& After treatment of the cluster (30 mg) in a stream of carrier gas (60wt 400°C for 1 h, reaction was started by introduction of diethylamine
(0.20 ml/h, 1.9 mmo}h) at the same temperature.

b Conversion= productg (products+ recovered diethylamine) 100 (mol%) 3 h after reaction started.

C Selectivity= producy (total amount of productsy 100 (mol%) 3 h after reaction started.

Table 2
Dehydrogenation of cyclic amines over{8),[(MogClg)Clg] - 6Ho0 (1)2
Substrate Carrier gas Conversiof Selectivity® (%)
(%) 1-Pyrroline Pyrrole 2,3,4,5-Tetrahydropyridine Pyridine Others

Pyrrolidine H 210 831 131 38

He 136 778 188 34
Piperidine H 8.0 910 40 5.0

He 62 808 6.2 130

2 Reactions were performed using 1.9 mptiosubstrate at 400C. The other conditions are the same as givefaible 1
b Conversion= productg (products+ recovered aminey 100 (mol%) 3 h after reaction started.
¢ Selectivity= producf (total amount of productsy 100 (mol%) 3 h after reaction started.

ing N -ethylideneethylamine and acetonitrile were somewhat ever, in the latter case, when the highest yield of 1-pyrroline

higher in hydrogen than in helium, as in the casé.of (24% yield) was attained at 40C, pyrrole formation (53%
yield) dominated36]. There are many reports on and patents
3.2. Reactivity of cyclic amines for the platinum-group metal catalysts, on which complete
dehydrogenation yields pyrrole or pyridine. For example,
Table 2lists the catalytic activity and selectivity dffor Rh/AI,03 selectively converts pyrrolidine to pyrro[87].

cyclic amines. Pyrrolidine was dehydrogenated to the corre- Solid acids have also been used in these reactions. Appli-
sponding imine, 1-pyrroline, with more than 78% selectiv- cation of AbOs to piperidine yields pyridine with an ap-
ity. Similarly, piperidine was dehydrogenated to the corre- preciable amount of deaminatedghydrocarbor{38]. An-
sponding imine, 2,3,4,5-tetrahydropyridine, with selectivity other report on Si@-Al,O3 and AbOg3 catalysts describes
not lower than 81%. In both cases the selectivities for the the nonselective formation of various products, including
exhaustive dehydrogenation products, pyrrole and pyridine, pyridine [39]. Denitrogenation catalysts in a hydrogen at-
were low. Thus, clustet selectively monodehydrogenated mosphere have been applied to cyclic amines as models of
the cyclic amines to the corresponding imines. Several stoi- nitrogen-containing compounds; for the most part both deni-
chiometric monodehydrogenations but only a few successful trogenation and complete dehydrogenation occurred. Piperi-
catalytic methods have been reported: dioxygen oxidation dine is selectively converted t&-pentylpiperidine by an

of pyrrolidine to 1-pyrroline, catalyzed by a binuclear cop- Sn2-type reaction of two piperidine molecules over CoO—
per(ll) complex in a DMF solution at ambient temperature MoOz/Al>O3 [40]. The conversion of piperidine to pyri-
with a turnover number of 3.185], and vapor phase de- dine (48%) over Ni/NiCrO has been reportgtll]. In a
hydrogenation of pyrrolidine at 20@ over Pd/C to give hydrogen stream containing2B, NiMo/Al,O3 catalyzes
1-pyrroline with 8% vyield without yielding pyrrole. How-  dehydrogenation of 2-methylpiperidine to 2-methyl-3,4,5,6-
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Table 3
Reaction of primary and secondary amines ovej@h[(MogClg)Clg] - 6Hp0O (1)2
Substrate Carrier ConversioRl  Selectivityf (%) Deaminatiofl
gas (%) EtNH, MeCN BuNH, PrCN MeCH=NEt PrCH=NBu EtN=CHPr EgN Others (%)
Ethylamine H 11.0 - 503 469 28 2.5°
He 47 - 308 641 51 3.4¢
Butylamine 347 - 906 52 42 a1f
He 156 - 798 129 7.3 30f
Diethylamine H 20.5 131 19 720 95 22 12 18
He 137 284 10 606 7.7 14 08 33¢
Dibutylamine H 49.6 299 36 652 13 2.1f
He 133 526 29 400 45 6.4f
@ Reactions were performed using 1.9 mytiobubstrate at 400C. The other conditions are the same as giveTaible 1
b Conversion= productg (products+ recovered amine) 3 h after reaction started.
C Selectivity= producf (total amount of productsy 100 (mol%) 3 h after reaction started.
d Mole ratio of hydrocarbons to reacted amine (mol%) 3 h after reaction started.
€ Ethylene with small amounts of methane and ethane was formed.
f

tetrahydropyridine with 64% selectivity. The reactivity of
piperidine, however, is very loy¢2]. Thus, selective mono-
dehydrogenation of cyclic amines is catalytically difficult
and is not achieved over these catalysts. Clusteowever,

1-Butene andis- andtrans-2-butene were formed in almost equal amounts.

H-MFI and Ga—MFI zeolites catalyze transalkylation of
propylamine to provide dipropylamine. In—MFI further
catalyzes dehydrogenation to give dipropylamine ahd

propylidenepropylamine. Cu—MFI catalyzes C-C coupling

proved to be a unique selective dehydrogenation catalystof the alkyl substituents of propylamine and dehydrogena-

in the reaction. Both the reactivities and selectivities were
higher in a hydrogen stream than in a helium stream.

3.3. Reactivity of aliphatic amines

Table 3lists the catalytic activity ofl for some amines.
Ethylamine was exclusively converted to acetonitrile and
N-ethylideneethylamine. The latter, a Schiff base, would
be produced by condensation of ethylamine with ethylide-
neamine, which is a dehydrogenation intermediate to ace
tonitrile [Eq. (1)] [43] but was not observed in the system.

EtNH, + MeCH=NH — MeCH=NEt + NH3 (1)

Butylamine gave the dehydrogenation product butyroni-
trile with more than 80% selectivity and with a small amount
of the condensation produd{-butylidenebutylamine. De-
amination of ethylamine and butylamine to yield ethylene
and 1-butene was negligible, with maximum contributions
of the reacted amines of 4%dble 3. Thus, clusted selec-
tively 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, ZsGand MgO, selectively

dehydrogenate primary amines to yield the correspond-

ing nitriles [44]. Solid acids exhibit various activities:

Al,O3 catalyzes transalkylation, dehydrogenation, conden-
sation, and deamination of butylamine to give, nonselec-

tively, dibutylamine, butyronitrileN -butylidenebutylamine,
and butenes[45,46] Another report states that AD3

deaminates ethylamini@7] and various aliphatic primary
amines[43] to give olefins with ammonia. In addition,

tion to yield 2-methylpentanenitrile and propiononitrile as
the major product$17,48] These cation-exchanged MFI
zeolites have Lewis acid sites. The first step on the halide
cluster catalystl for primary amines is dehydrogenation,
which is similar to that on the basic metal oxides. How-
ever, clusterl catalyzed successive condensation to give
N-alkylidenealkylamine.

The secondary amines, diethylamine and dibutylamine,
selectively gave dehydrogenation products (imines) in a hy-
-drogen stream ovet, although dealkylation proceeded in
a helium streamTable 3. Several catalytic reactions of
aliphatic secondary amines have been reported. Dibuty-
lamine is dehydrogenated tg-butylidenebutylamine with
72% yield by the dihydridoiridium complex Irn3-2,6-
(t-Bu,PCH,)2CsH3), in the presence of 3,3-dimethyl-1-
butene as a hydrogen acceptor in toluene, at°Z0@or
72 h with a turnover number of $20]. Diethylamine
is dehydrogenated tav-ethylideneethylamine with 53—
76% selectivity at 350C in a nitrogen stream over Mo-
heteropoly acid21]. Only these two catalysts selectively
produce the corresponding imines. Solid acig@d non-
selectively catalyzes dealkylation and dehydrogenation of
dibutylamine, yielding butylamine, butene, butyronitrile,
and N-butylidenebutylaming45]. In the case of diethy-
lamine, disproportionation and dealkylation proceed over
Al>03 to give triethylamine, ethylamine, and ethadé].
In another report, AlO3 catalyzes the elimination of di-
isopropylamine to give propylene and isopropylanid@].
W-heteropoly acid with a strong Brgnsted acid site nonselec-
tively catalyzes dealkylation and dehydrogenation of diethy-
lamine to yield ethylamine, ethylene, aidethylideneethyl-
amine [21]. Another report mentions that silica—alumina
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dealkylates diethylamine to ethylamine and ethylene and spondingN-vinylamines as the main products in a hydro-
that acid—base bifunctional catalysts, such as;SKD,Os/ gen streamTable 4. The elimination of a8-hydrogen is
MgO and ZrQ, selectively transform diethylamine into ace- common in the formation oN-butylideneethylamine from
tonitrile [44]. Alicyclic amines, such as pyrrolidine and diethylamine. There are only a few examples of the cat-
piperidine, are completely dehydrogenated over platinum- alytic dealkylation or dehydrogenation of aliphatic tertiary
group metal catalysts, as mentioned above. However, toamines. Only the dihydridoiridium complex has been re-
the best of our knowledge, the successful application of ported to convert triethylamine int@/-vinyldiethylamine
these metal catalysts to give normal dialkylimines has not (65% yield) by hydrogen transfer to 3,3-dimethyl-1-butene
been reported. It is assumed that selective dehydrogenatiorin p-xylene solution at 99C for 24 h with a turnover num-
was unsuccessful on these catalysts. Thus, dehydrogenaber of 6.5[22]. When the acid catalyst SpOAI»O3 is ap-
tion selectivity of the cluster catalyst for secondary aliphatic plied to triethylamine, dealkylation proceeds nonselectively,
amines, yielding the corresponding imine, differs from that yielding diethylamine, ethylamine, and finally ethgdd].
of conventional acid or base catalysts but is similar to that Another report describes the formation of diethylamine with
of the Mo-heteropoly acid, which is characterized by very ethylene over AlOs [49]; however, the selectivity for the
weak basicity, great softness, and a large polyhedral anionproduct is unclear. The base catalyst MgO dealkylates and
structure[50]. dehydrogenates triethylamine to nonselectively give diethy-
Figs. 1 and 3andTables 1 and 3how that the reaction  lamine, ethylamine, and acetonitrile, whereas the acid—base
products of diethylamine always showed around 10% se- bifunctional catalyst silica—alumina/MgO selectively con-
lectivity for N-butylideneethylamine, the butylidene group verts triethylamine to acetonitrild4]. Consequently, selec-
of which can be produced by C-C coupling of the ethyl tive dealkylation of trialkylamine to dialkylamine has not yet
substituents. The formation of butyronitrile from diethy- been achieved. Furthermore, the formation of even a trace
lamine over Pt—C and Pd-C catalysts has been reportedamount of N-vinyldialkylamine over solid catalysts has not
in which the formation of a five-membered cyclic amine, been reported.
pyrrolidine, followed by hydrogenolysis to butylamine and

dehydrogenation to butyronitrile, is assun{&d]. Produc- 3.4. Characterization of the activated cluster
tion of pyrrolidine and pyrrole from diethylamine is con-
firmed on a Zn-Cr-Al catalyg52]. Similarly, generation The XRD pattern ofl treated at various temperatures

of 2-methylpentanenitrile from dipropylamine or propy- in a helium stream for 1 h and that af subjected to a
lamine over cation-containing MFI| zeolites has been re- 3-h reaction at 400C were measured, with that of the
ported. Its maximum selectivity is 50% at the initial stage [MogClg]Cl2Cla/2 (M0gCli2, 2) sample being synthesized
of the reactior{17,48] Formation of a six-membered cyclic  independently. The samples treated at room temperature and
amine, 2-methylpiperidine, as an intermediate would re- 100°C were assigned to [(M&Ig)Cls(H20)2] - 6H,0 (3)
sult in the production of the nitrile. Formation of a small [53] and [(MasClg)Cls(H20)y] (4) [54,55] respectively. The
amount of butyronitrile from triethylamine over Si©  cluster changed frort via 3 and4 to the extended Mo—Cl—
Al;03/MgO has also been reportdd4]. Taking into ac-  Mo-bonded solid state clust@rwhen heated to a tempera-
count such a five-membered cyclic amine as an intermediatetyre above 250C:

species from diethylamine to butylamine, we can see that

N-butylideneethylamine would be produced by condensa- (H30)2[(MoeClg)Cls] - 6H20 (1) 3)

tion of butylideneamine with ethylamine: rt [(M06C|8)C|4(H20)2] - 6H,O (3) + 2HCl + 2H,O:

HNEt —%2 HN(CHyp)4 2 HoNBU 32 HN=CHPr

EtNH,, —NH3

MogClg)Cls(H20)2 | - 6H20 (3 4
2 NHs N CHPYE @ [(MoeClg)Cla(H20)2] - 6H20 (3) 4)

100°C
In the case of triethylamine, the reactivity was lower than - [(MOGC|8)CI4(HZO)2] (4) +6H20;
that of the corresponding secondary amine, diethylamine,
presumably because of the steric hindrance and the absenc&MoGClS)CM(HZO)Z] “ ()

of a nitrogen-bonded hydrogegd9] (Table 4. Dealkyla- 250°C

tion and successive dehydrogenation yielded diethylamine = [MeClg|CloCla2 (2) +2H20.

and N -ethylideneethylamine as the major products; 54% se- The same trends were shown by Raman spectrometry.
lectivity for the former was achieved under hydrogen. This Four assigned Raman peak$:§ Mo—Cl, T4 Mo—Cl, Eq4
value may not be high; however, the combined selectivity Mo—Cl, and7T>q Mo—-Mo) [56] were retained up to 10TC.

for monodealkylation and the following dehydrogenation Above 250°C, the Raman peak originally at 321 cfand
amount to 68% in a hydrogen stream and 55% in a he- ascribed to the triply bridged Mo—Cl bending modé; §

lium stream. Dehydrogenation occurred in the alkyl chain, Mo—-Cl) was replaced by two peaks, suggesting a change in
yielding N-vinyldiethylamine with 21-26% selectivity. Fur-  the coordination mode; a new peak appeared at 278'cm
thermore, tripropylamine and tributylamine gave the corre- At this temperature the catalyst was active. On the other
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Table 4
Reaction of tertiary amines over §),[(MogClg)Clg] - 6H,0 (1)2
Substrate Carrier ConversioR Selectivity (%)

gas (%) RNH, R'CN RoNH RN=CHR RNCH=CHR’ Others
Triethylamine H 119 7.0 2.6 538 142 209 15

He 28 155 0.6 195 351 260 33
Tripropylamine H 165 6.0 38 237 115 516 34

He 20 40 20 208 360 308 6.4
Tributylamine H 388 56 35 231 175 450 53

He 138 94 2.3 290 429 164 0.0

@ Reactions were performed using 1.9 mytiobubstrate at 400C. The other conditions are the same as giveTaible 1

b Conversion= productg (products+ recovered amine) 3 h after reaction started.

C Selectivity= producy (total amount of products) 100 (mol%) 3 h after reaction started =REt, R = Me, R’ = H for EigN; R=Pr,R = Et, R’ =Me
for PN; R=Bu, R = Pr, R’ = Et for BuigN.

after reaction T 20 stream were washed with methanol, containing the recov-
at 400 °C eredl, as [(MasClg)Cls(OCHs)2]2 (5) [57]. Determination

I AVAVA VAVAVAVAVAV ST of the solutions by UV spectrometry (307 nm,3550 in

methanol) revealed thdtwas recovered asin a 92% and

400 °C
e VAVAVAVAVAVAVAVAVALSEY 87% vield, respectively. Acidification of the solutions with

untreated 1 hydrochloric acid gave crystalling in 89% and 86% iso-
B e VAVAVAVAVAVAVAVAVANS L lated yields. We synthesized [Brg]BroBra > (MogBri2)
: : s s : by heating? in the presence of an excess of LiBr at 650—
0 4 8 12 16 20 700°C under vacuum for 1.5[25]. Treatment of an alkaline
k/10-1 nm solution of 2 with concentrated hydrobromic acid at room

Fig. 4. K3-Weighted EXAFS oscilationt® (6 of (HaO)[(MosCla) temperature gives (#0)2[(MogClg)Brg] - 6H20 [25]. Thus,
1g. 4. k~-Vvelghte osciliation X 0 30)2|1(M0gClg 44 : H _
Clg] - 6H20 (1) treated at 400C with He for 1 h. The EXAFS functions the {M06C|8} core is much more thermOdynamlcaHy sta

of 1 subjected to 3 heaction with diethylamine at 40T is also shown. ble than the Mo—Cl bond of the terminal ligand.
The Raman spectrum and EXAFS oscillatioripfreated

hand, the other peaks were retained above’@ U here was above 250C, were almost the same as the corresponding
spectra of the solid-state cluster However, closer exam-

no appreciable change in the XRD patterns and the Raman>" ", .
spectra after a 3-h reaction with diethylamine at the same 'Nation of the XRD patterns revealed that the crystallinity

temperature, indicating that the structure of the cluster did ©f 1» treated above 25, was low. Elemental analyses of
not change during the reaction. Similar XRD patterns and 1 tréated at 400C in helium showed a residue (1.9 wt%)
Raman spectra were obtained after treatmert iof a hy- originating frpm the coo_rdlnated water, as ment|0ned_ above.
drogen strearfb). The synthesis a2 from 1 is performed by grqdual heqtlng to
Fig. 4 shows thek3-weighted EXAFS oscillations of 200°C (> 2 h) followed by prolonged heatlng at this tem-
treated at 400C and that subjected to a 3-h reaction. These Perature £ 6 h) under vacuum. The coordinated water is
oscillations are very similar, and there were practically no "émoved by this treatment and is replaced by intercluster-
changes after the catalytic reaction. The distance and the coPridging Cl ligands. Rapid heating to higher temperatures
ordination number (CN) for Mo—Mo were 261+ 0.002 nm would give rise to the formation of imperfect crystals con-
and 42 + 0.4, respectively, after the reaction. This CN of taining defective [MgClg]Cl>Cls/> moieties.
the Mo—Mo bond, corresponding to the octahedral metal ~ When the clusters were heated in a helium or hydrogen
framework, indicates the retention of the cluster framework Stream, evolution of HCI gas commenced; however, evolu-
through the reaction. The analyses of the sample treated ation of Cl> gas was not detected during the treatment. In the
400°C in a helium stream revealed that it consisted of Mo case ofL, evolution of HCI gas continued above 230, con-
(57.6 wt%) and CI (40.5 wt%); the rest was only 1.9 wt%. trary to Eq.(5). The IR analyses of adsorbed pyridine on the
Assuming the remainder was oxygen, the empirical formula activated (HO)2[(WeClg)Clg] - 6H20/SiO; shows the pres-
is MogCl11.401 2; hence, the oxygen content was ignored for ence of a Bransted acid site but not of a Lewis acid[5i83.
EXAFS analysis. The CN of the Mo—Cl bond of this sam- Based on these findings and considering the electronegativ-
ple was 44 + 0.6; hence, the Mo—Cl bond was also retained ity of the metals, we deduced that the terminal halogen lig-
throughout the treatment. These results clearly show the re-and of4 reacted with the coordinated water, eliminating HCI
tention of the Mo cluster framework and face capping Cl to give hydroxo species such as [(bg)Clz(OH)(H20)]
ligands during the treatment and the catalytic reaction. when the cluster was treated above 26QEq.(6)). The de-
The dark brown sample df, treated at 400C, and that hydrogenation and dealkylation would be catalyzed by this
obtained after a 3-h reaction with diethylamine in a hydrogen acidic species (E(7)). Thus, small amounts of the foreign

K3y (k)
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hydroxo cluster, which releases its proton, were kept in the to that of the halide cluster catalysts. A heteropoly acid

crystal lattice of {{MasClg]Cl2Cls/2},, above 250C. has several types of protons, one of which originates from
coordinated watef60,61], as in the halide cluster. The ap-

[(MosCle)Cla(H20)2] (4) pearance of a Brensted acid site in 12-molybdophosphoric

— [(MosClg)Cls(OH)(H20)] + HCl, (6) acid above 130C has been reported, but a Lewis acid site

[(MogClg)Cl3(OH)(H20)] was not observefb2]. The heteropoly anions are large and,
— H* + [(MosClg)Cl3(0)(H20)]| ~ 7 hence, have very low charge densities on their surfé8k
as in the case of the large cluster anion (Ef). The an-

3.5. Comparison with other catalysts ions would not participate in the reaction in either case.

Consequently, the reaction proceeded by way of the pro-

Although a number of reports have been published on tonated amines without interaction with the counter-anions.
the catalysis and the stoichiometry of the dehydrogena- On the other hand, alumina has been classified as a solid
tion of activated amines, examples of catalytic dehydro- acid. However, it has both acidic and basic sites: incom-
genation of aliphatic amines are scarce. A survey of the pletely coordinated aluminum ions (strong Lewis acids) and
reports suggests that the catalysts are classified into sevoxide ions (weak Lewis base[§4,65] Similarly, solid bases
eral groups. Solid acid-base catalysts such a®©Aland such as Mg(d66] and hematited-Fe,O3) [67] have both
SiO,—Al,O3 nonselectively catalyze transalkylation, dehy- basic sites as oxide ions and acidic surface sites & Mg
drogenation, condensation, and deamination of primary, sec-F€**, and Fe—OH. Al of these sites are small and have high
ondary, and tertiary aming89,43,46,47,49]Similarly, the charge densities with participation in the reactions.
Lewis acids, Ga—, In—, and Cu-MFlI, catalyze these reac- Some papers describe the effect of the hydrogen at-
tions for primary and secondary amines without selectiv- mosphere. The absence of hydrogen increases the deni-
ity [17]. H-MFI, a Brgnsted acid, catalyzes transalkylation trogenation rate but decreases the dehydrogenation rate of
and deamination of propylamine but not dehydrogenation piperidines over aluminf88]. The effect of hydrogen pres-
[17,48] MgO, a typical solid base, selectively catalyzes de- sure has been reported for the reaction of piperidine over an
hydrogenation of primary amines to give the corresponding MoOzs/Al O3 catalyst: cracking dominates at low hydrogen
nitrile; however, the product selectivity of secondary and pressure, and hydrocracking at high hydrogen preqd0ie

tertiary amines is low, yielding various produgf9]. Conse- In a hydrogen atmosphere, the Cu ion in MFI zeolite is re-
guently, the selectivity of these conventional solid acid—base duced from Cu{) to Cu(0), and the product distribution of
catalysts differs from that of the halide cluster catalysts. 1-propylamine changdd7]. In addition, gas-phase hydro-

One of the proposed mechanisms for the development ofgen inhibits the dehydrogenation of propylamine and pre-
an active site on the clusters is that halogen or aqua lig- vents the formation of a carbonaceous residue on the MFI
ands of the halide cluster complexes are removed to givezeolite [48]. In this study, the activity of the halide clus-
coordinatively unsaturated or, more likely, hydrido ligand- ters in a hydrogen stream was higher than that in a helium
coordinated Mo or W metal atoms, which behave like the stream at the same temperature; the conspicuous deactiva-
platinum group metals by accepting two or more electrons tion of 1 in a helium stream at a temperature higher than
from the ligands[5,8]. There are many reports on group 450°C did not occur in a hydrogen streafFid. 2). Tables 1,
8-10 transition metals for the exhaustive dehydrogenation 3, and 4show that dealkylation or disproportionation of the
of alicyclic amineq36,37,41] However, no reports of suc-  alkyl group predominated in a helium stream. Accordingly,
cess withn-alkyl amines have been published, presumably hydrogen would prevent dealkylation and the deposition of
because of their high activity, leading to polyunsaturated coke on the active sites. Hence, the activity and selectivity
alkyl chains or their random cleavage. In contrast, the halide of the active sites remained high. Gaseous hydrogen is in-
cluster catalysts exhibited selective monodehydrogenationvolved in the hydrogenolysis of ethylbenzene of the group 6
of both alicyclic andn-alkyl amines. Hence, these charac- metal halide clusteri8].
teristic features of the halide clusters cannot be attributed to  Thus, the halide cluster exhibited unprecedented selectiv-
their similarity to the platinum group metals. ity for dehydrogenation and dealkylation of amines: primary

Molten Zn metal selectively dehydrogenates butylamine amine to the corresponding nitrile, secondary amine to the
to butyronitrile, and molten Ga catalyzes the dehydro- imine, and tertiary amine, which has no hydrogen bonded to
genation followed by condensation and hydrogenation, the nitrogen, to the corresponding secondary amine or to the
yielding butyronitrile, butylidenebutylamine, and dibuty- N-vinyldialkylamine.
lamine [16]; however, no other data on secondary or ter-
tiary amines are available for comparison. There are fewer
cases of dehydrogenation of amines over heteropoly acids:4. Conclusions
12-tungstophosphoric acid catalyzes the dealkylation of
diethylamine to ethylamine, but 12-molybdophosphoric ~ Whenthe Mo halide cluster @D)2[(MogClg)Clg] - 6H.O
acid catalyzes the selective dehydrogenation to yigld (1) with an octahedral metal framework was treated above
ethylideneethylaming1]. The latter’s selectivity is similar ~ 300°C in a hydrogen or helium stream, the catalytic activ-
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ity for dehydrogenation of aliphatic amines was observed.

Primary amines were dehydrogenated to the corresponding

nitriles, some of which condensed to the alkylidenealkyl-

amines. Secondary aliphatic amines were dehydrogenate
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high temperature without interaction with the counter-anion
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there is no such hydrogen, either a neighboring hydrogen or
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