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Abstract

A molybdenum halide cluster, (H3O)2[(Mo6Cl8)Cl6] ·6H2O, with an octahedral metal framework was used as a catalyst in a gas-flow
tor under hydrogen or helium. Diethylamine started to react above 300◦C, and dehydrogenation toN -ethylideneethylamine proceeded sel
tively above 350◦C. Dibutylamine yielded the corresponding dehydrogenation product, and pyrrolidine and piperidine were dehydro
to 1-pyrroline and 2,3,4,5-tetrahydropyridine. Dehydrogenation of primary amines yielded the corresponding nitriles and the con
productN -alkylidenealkylamine. Tripropylamine and tributylamine were dehydrogenated to yield, for the most part,N -vinyldialkylamines.
In contrast, triethylamine was dealkylated to diethylamine. Thus, the halide cluster exhibited a characteristic catalysis for aliphati
nitrogen-bonded hydrogens were removed completely to yield nitrile or imine, and when there was no such hydrogen, a neighbor
gen or the nitrogen-bonded alkyl group was removed. Niobium, tantalum, and tungsten chloride clusters of the same metal frame
also active catalysts for dealkylation and dehydrogenation of diethylamine.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Halide clusters, which have a highly symmetrical a
aesthetically pleasing molecular structure[1], have been at
tractive catalyst candidates for more than 140 years[2]. One
possibility for understanding the nature of the catalytic ac
ity of halide clusters is provided by a physicochemical inv
tigation of activated halide clusters. Another possibility is
apply the catalyst to many compounds and to search for
reactions catalyzed by halide clusters; a comprehensive
of the catalyst can be obtained by comparison with o
catalysts. Some reactions that are catalyzed by halide

* Corresponding author. Fax: +81 48 462 4631.
E-mail address: chihara@riken.jp(T. Chihara).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.034
-

ters are known to proceed over conventional acid catal
the isomerization of olefins[3], the dehydrohalogenation o
halogenated alkanes[4], the isomerization of diethylben
zenes[5], the dehydration of alcohols[6], and the decom
position of phenyl acetate to phenol and ketene[7]. When
ethylbenzene reacted in the presence of a halide cluste
drogenolysis proceeded under hydrogen to yield toluene
benzene. Under helium, dehydrogenation occurred, yiel
styrene. This variable selectivity is the same as that
the platinum-group metal catalysts[8]. Selective dehydro
genation and dealkylation of aliphatic amines, another n
feature of cluster catalysis, is the subject of this report.

Catalytic dehydrogenation of amines has been in
tigated extensively, and the dehydrogenation of prim
amines usually gives the corresponding nitriles. Most

http://www.elsevier.com/locate/jcat
mailto:chihara@riken.jp
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ported reactions are oxidative dehydrogenations: an [Os(2
O4]2− catalyst combined with ferric ion as an oxidizin
reagent[9], Rh-porphyrine with dioxygen[10], [Ru(OH)2
O3]2− with the oxidizing reagent [S2O8]2− [11], and NiSO4
with [S2O8]2− [12]. Strong oxidation conditions occasio
ally lead to further oxidation: butylamine is oxidized
butylamide by RuCl3 in the presence of dioxygen[13] or
to butyric acid by RuO4 in the presence of [S2O8]2− [14].
A Schiff base can be obtained by dehydrogenation of a
mary amine to the imine followed by condensation with
amine: benzylamine is converted toN -benzylidenebenzyl
amine over Mo–V-heteropoly acid in the presence of O2 [15].
On the other hand, catalytic dehydrogenation without
idizing reagents is rare: molten Zn or Ga metal[16] and
Ga–MFI zeolite[17] have been used as catalysts in g
phase reactions. In toluene solution, RhH(PPh3)3 reversibly
catalyzes dehydrogenation[18].

There are several reports on the catalytic and stoic
metric dehydrogenation of activated secondary amines,
CH2–NH–R (Ar = aryl, R = alkyl or aryl) or R–CH2–
NH–Ar (R = alkyl, Ar = aryl). The dehydrogenation prod
uct is unique, and, hence, selective reaction can be r
ily achieved as long as C–N bond cleavage does not
cur [19]. In contrast, reports on aliphatic secondary ami
are few. Catalytic dehydrogenation of diethylamine toN -
ethylideneethylamine has been reported only for a dihy
doiridium complex IrH2(η3-2,6-(t-Bu2PCH2)2C6H3) [20]
and Mo-heteropoly acid[21].

There are a limited number of examples of dehydroge
tion of aliphatic tertiary amines. Triethylamine is cataly
cally dehydrogenated toN -vinyldiethylamine by the dihy-
dridoiridium complex in the presence of a hydrogen acce
such as 3,3-dimethyl-1-butene[22]. However, a solid acid–
base hybrid catalyst, ZrO2 or silica-alumina/MgO, convert
triethylamine to acetonitrile and forms ethylene[23]. Thus,
catalytic dehydrogenation of aliphatic amines is rare, pa
ularly in the gas phase. Furthermore, there are no repor
halogen compounds being used as the catalyst.

2. Experimental

2.1. Materials and characterization

The cluster complexes [(Nb6Cl12)Cl2(H2O)4] · 4H2O
[24], (H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) [25], [(Mo6Br8)
(OH)4(H2O)2] [26], [(Ta6Cl12)Cl2(H2O)4] · 4H2O [24], and
(H3O)2[(W6Cl8)Cl6] · 6H2O [27] were prepared accordin
to published procedures, followed by repeated recrystal
tion to yield well-formed single crystals. By heating1 at a
rate of 100◦C/h to 200◦C followed by holding at 200◦C
for 6 h under vacuum, we obtained the solid-state clu
[Mo6Cl8]Cl2Cl4/2 (Mo6Cl12, 2) [24], where Cl8 denotes
eight face-capping ligands, Cl2 denotes two terminal lig
ands, and Cl4/2 denotes four intercluster-bridging ligan
[28,29]. Commercial crystalline, Re3Cl9, was used with-
-

f

out further purification. The crystals were crushed u
they could be passed through a 150-mesh screen bu
a 200-mesh screen. Ethylamine was used as a THF
tion (2.0 mol/l; Aldrich). The other organic substrates we
commercial products (> 99%) and were used as purchase

Mo K-edge EXAFS spectra were recorded in transm
sion mode at BL-10B of KEK-PF with a Si(311) channel-c
crystal monochromator and ionization chambers. The
ergy of the X-ray was calibrated with the use of an M
foil. EXAFS data were analyzed with the UWXAFS pac
age[30]. After background subtraction with AUTOBK[31],
k3-weighted EXAFS functions were Fourier-transform
into R-space and fitted inR-space. Thek andR ranges for
Fourier transformation and curve fitting were 30–160 nm−1

and 0.1–0.4 nm, respectively. The backscattering ampli
and phase-shift functions of Mo–Mo were calculated fr
1 with the FEFF8.0 code; curve fitting was done with t
FEFFIT code[32].

Raman spectra of the cluster samples in glass rea
tubes were recorded in situ on a Kaiser Optical Syst
HoloLab 5000 Spectrometer with the use of a Nd-YAG la
operating atλ = 532 nm with a 7.6-mm focusing lens. Th
data counts were accumulated 30 times over 1-s inter
Then the cluster samples were transferred to an airtight s
ple holder in a glove box, and powder X-ray diffractio
(XRD) was performed on 30-mg samples with a MacScie
MXP21TA-PO X-ray diffractometer and Cu-Kα radiation at
a scan rate of 2◦ min−1.

The trapped reaction products were analyzed wit
Hewlett–Packard 5890 Series II gas chromatograph cou
with a Jeol Automass System II analyzer with a DB-1 ca
lary column (GC/MS). Most of the products were identifi
by comparing them with commercial samples with the
of a GL Science 353B gas chromatograph (GLC) fitted w
a flame ionization detector with DB-1 and DB-WAX ca
illary columns. The other products were isolated with
use of a GLC fitted with a thermal conductivity detector a
determined by NMR and mass spectrometry.

The catalytic activities were evaluated with an on-l
Shimadzu 14B GLC. This was fitted with a flame ionizati
detector, an Amipack 141 packed column (1.5 m× 3 mm)
to study the reactions of tripropylamine and tributylami
and a Unicarbon B-2000 packed column (5 m× 3 mm) for
the other reactions. The gaseous products were identifie
on-line GLC with a Unipak-S packed column (3 m×3 mm).

2.2. Apparatus and procedures

The gas flow reactions were carried out in a conv
tional apparatus[3]. The gas flow rate was controlled b
a flow regulator at ambient pressure, and the gas wa
troduced into a temperature-controlled stainless-steel
(length= 3 m, i.d.= 2 mm), which was used to heat the c
rier gas to the same temperature as the reactor. The ge
procedure consisted of packing a known mass of the clu
complex into an electrically heated vertical tubular boros



206 S. Kamiguchi et al. / Journal of Catalysis 230 (2005) 204–213

s
ent
the
tro-
nge
tor

to a
to a
d
n a

ed

of
e
per
ple

-
gen
he
ction

en
ucts
and
o-

ase
as

ere
and
tiv-
ion
t of
car-
than
i-
flow

tiv-
ere
she

The

ream
by

em-
d-

.
2 h
tion
he

zed
-

sed
na-
tial
ms,

-
ve
s-
has
ster
at-

ady
with

r the
was
ame
, the
eth-
and

the
er-
cate glass reactor (i.d.= 3 mm) with the aid of quartz glas
wool. Immediately before the reaction, catalyst pretreatm
was performed in situ in a stream of the gas for 1 h at
operating temperature. Then the liquid reactant was in
duced at a controlled rate with a motor-driven glass syri
pump through a T-joint attached to the front of the reac
vessel. The products were introduced every 30 min in
temperature-controlled gas sampler (1 ml) connected
six-way valve, which was kept at 120◦C, and were analyze
with the on-line GLC. The reactor effluent was frozen i
dry-ice trap for subsequent analysis, which was perform
with a capillary column GLC.

In a typical experiment, a weighed cluster sample
(H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) (30 mg) was placed in th
glass reaction tube surrounded by a closely fitting cop
tube in the center of an electric furnace. The catalyst sam
was heated from room temperature to 400◦C and was main
tained at that temperature for 1 h in a stream of hydro
(600 ml/h) before kinetic measurement. After 15 min, t
temperature reached the set point. We initiated the rea
by feeding undiluted diethylamine (0.20 ml/h, 1.9 mmol/h)
into the stream of hydrogen. The relative ratio of hydrog
to diethylamine was 13. Analyses of the trapped prod
showed that the material balance was 90.8% (3–4 h)
that 0.33% of the diethylamine was dealkylated to amm
nia. The conversions and selectivities reported here are b
on the data from the on-line GLC analysis. Ethylene w
ignored; only nitrogen-containing organic compounds w
taken into account. In the experiment with diethylamine
the catalyst1, the conversion was 20.5% and the selec
ity for ethylideneethylamine 72.0% 3 h after the react
started. The conversion was proportional to the amoun
catalyst but independent of the flow rates of hydrogen
rier gas and diethylamine as long as the latter was lower
0.8 ml/h (7.6 mmol/h); the reaction showed first-order k
netics. Subsequent experiments were performed in this
region.

3. Results and discussion

3.1. Activation of the halide cluster

So that we would be able to ascribe the catalytic ac
ity and selectivity to the halide cluster, the clusters w
not supported on solid adsorbents but were used as cru
crystals, albeit at the expense of catalytic efficiency.
powdered crystals of (H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) were
packed into a glass reaction tube and heated in a st
of hydrogen or helium for 1 h. We started the reaction
introducing diethylamine into the stream at the same t
perature.Fig. 1 shows a typical reaction profile with pro
uct distribution at 400◦C in a hydrogen or helium stream
In the hydrogen stream, the reactivity leveled off after
and selectivity hardly changed, with the dehydrogena
productN -ethylideneethylamine in 72% selectivity. On t
d

d

Fig. 1. Typical reaction profile of diethylamine dehydrogenation cataly
by (H3O)2[(Mo6Cl8)Cl6] ·6H2O (1) in a (a) H2 and (b) He stream. Follow
ing treatment of1 (30 mg) in the gas stream (600 ml/h) at 400◦C for 1 h, re-
action was started by introduction of diethylamine (0.20 ml/h) to the stream
at the same temperature. Conversion= products/(products+ recovered
diethylamine)× 100 (mol%). Selectivity= product/(total amount of prod-
ucts)× 100 (mol%).

other hand, the reactivity in a stream of helium decrea
with time; selectivity also changed, with the dehydroge
tion product showing more than 60% selectivity at the ini
stage of the reaction. In both hydrogen and helium strea
some dealkylation occurred, yielding ethylamine.

Fig. 2 shows catalytic activities of1 at various tempera
tures. Treatment above 250◦C in a hydrogen stream or abo
300◦C in a helium stream resulted in catalytic activity. Clu
ter 1 is a coordinatively saturated stable compound and
no metal–metal multiple bonds, and hence the intact clu
is not catalytically active. Thermal treatment resulted in c
alytic activity. The activity under hydrogen reached ste
state after 3 h, whereas that under helium decreased
time. The higher the reaction temperature, the greate
decrease in activity. The activity in a hydrogen stream
about twice as high as that in a helium stream at the s
temperature. Three hours after the start of the reactions
product contained, respectively, about 1.8 and 3.3 mol%
ylene, based on reacted diethylamine in the hydrogen
helium streams. Formation of coke would slow down
reaction, particularly in a helium stream at higher temp
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Fig. 2. Catalytic activity of (H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) for diethyl-
amine at various temperatures in a (a) H2 and (b) He stream. After treatme
of 1 at various temperatures for 1 h in the gas stream, reactions were s
at the same temperatures. Other reaction conditions are the same as g
Fig. 1. Conversion= products/(products+ recovered diethylamine)× 100
(mol%).

atures. It is well known that high-temperature processes
the catalytic conversion of hydrocarbons are often acc
panied by deposition of hydrogen-deficient coke[33], and
that the deposition of these products causes a decrea
catalytic activity[34]. For example, a decrease in cataly
activity is reported for ethylbenzene dehydrogenation
which carbonaceous products are formed from the ethy
by-product[33].

The effect of the reaction temperature on reactivity a
product selectivity is presented inFig. 3. Under hydrogen
the reactivity increased with increasing temperature and
selectivity varied with the temperature. At lower temp
atures, disproportionation yielding ethylamine and triet
lamine was predominant; at higher temperatures dehy
genation providingN -ethylideneethylamine was the ma
reaction. Dehydrogenation of the produced ethylamine
acetonitrile was also obvious at higher temperatures. U
helium the catalytic activity was about half that under hyd
gen at temperatures lower than 425◦C. Dealkylation yield-
ing ethylamine was noticeable at lower temperatures,
maximum selectivity (69%) forN -ethylideneethylamine
was reached at 425◦C. The selectivity thus changed wi
in

n

Fig. 3. Temperature effect on reactivity and selectivity of diethylamine o
(H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) in a (a) H2 and (b) He stream 3 h afte
reaction started. Other reaction conditions are the same as given inFigs. 1
and 2. Conversion= products/(products+ recovered diethylamine)× 100
(mol%). Selectivity= product/(total amount of products)× 100 (mol%).

temperature. A similar change in product selectivity w
temperature was observed in the reaction ofp-diethylbenze-
ne over1: p-diethylbenzene was dehydrogenated top-ethyl-
styrene below 300◦C and isomerized selectively tom-dieth-
ylbenzene above 400◦C [5]. The structure of the active site
may change.

Table 1lists the catalytic activity of various halide clu
ters for diethylamine. All of the group 5 and group 6 me
clusters became catalytically active in both the hydro
and helium streams. The selectivities of the group 5 m
clusters differed from those of the group 6 metal clust
The former preferentially dealkylated diethylamine to yie
ethylamine and its dehydrogenation product acetonitrile
conjunction with the transalkylation product triethylami
with more than 12% selectivity, whereas the latter dehyd
genated to produceN -ethylideneethylamine with 61–72%
selectivity. Aliphatic amines usually afford diverse produ
in catalysis; hence, there are few reports on selective
actions (vide infra). The activity of the clusters under h
drogen was again higher than the corresponding act
under helium. The selectivities for dehydrogenation yie
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Table 1
Dehydrogenation and disproportionation of diethylamine over various halide clustersa

Halide cluster Carrier gas Conversionb

(%)
Selectivityc (%)

EtNH2 MeCN MeCH=NEt EtN=CHPr Et3N Others

[(Nb6Cl12)Cl2(H2O)4] · 4H2O H2 42.9 44.2 3.9 26.3 4.7 12.0 8.9
(H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) H2 20.5 13.1 1.9 72.0 9.5 2.2 1.2
[(Mo6Br8)(OH)4(H2O)2] H2 27.1 17.8 4.9 69.5 5.8 0.8 1.2
[(Ta6Cl12)Cl2(H2O)4] · 4H2O H2 30.6 33.3 10.8 30.6 4.1 14.0 7.3
(H3O)2[(W6Cl8)Cl6] · 6H2O H2 62.4 21.3 7.5 62.4 5.6 2.6 0.8
Mo metal H2 4.0 33.5 5.1 45.5 13.8 2.1 0.0
– H2 1.3 39.8 1.0 25.0 29.7 4.5 0.0
[(Nb6Cl12)Cl2(H2O)4] · 4H2O He 36.7 59.0 0.4 13.0 8.5 12.5 6.6
(H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) He 13.7 28.4 1.0 60.6 7.7 1.4 0.8
[(Mo6Br8)(OH)4(H2O)2] He 11.6 17.7 4.3 63.2 11.6 0.8 2.5
[(Ta6Cl12)Cl2(H2O)4] · 4H2O He 10.2 55.6 0.7 19.9 6.5 15.6 1.7
(H3O)2[(W6Cl8)Cl6] · 6H2O He 4.0 36.7 1.3 38.6 14.6 4.3 4.5
[Re3Cl3]Cl3Cl6/2 He 3.2 54.1 1.3 26.6 6.9 7.8 3.3
Mo metal He 2.4 29.6 8.2 36.6 11.0 3.8 10.8
– He 1.2 41.8 1.5 33.9 10.5 7.6 4.6
(H3O)2[(Mo6Cl8)Cl6] · 6H2O (1) N2 26.0 18.9 3.7 67.8 7.8 0.9 0.9

a After treatment of the cluster (30 mg) in a stream of carrier gas (600 ml/h) at 400◦C for 1 h, reaction was started by introduction of diethylam
(0.20 ml/h, 1.9 mmol/h) at the same temperature.

b Conversion= products/(products+ recovered diethylamine)× 100 (mol%) 3 h after reaction started.
c Selectivity= product/(total amount of products)× 100 (mol%) 3 h after reaction started.

Table 2
Dehydrogenation of cyclic amines over (H3O)2[(Mo6Cl8)Cl6] · 6H2O (1)a

Substrate Carrier gas Conversionb

(%)
Selectivityc (%)

1-Pyrroline Pyrrole 2,3,4,5-Tetrahydropyridine Pyridine Oth

Pyrrolidine H2 21.0 83.1 13.1 3.8
He 13.6 77.8 18.8 3.4

Piperidine H2 8.0 91.0 4.0 5.0
He 6.2 80.8 6.2 13.0

a Reactions were performed using 1.9 mmol/h substrate at 400◦C. The other conditions are the same as given inTable 1.
b Conversion= products/(products+ recovered amine)× 100 (mol%) 3 h after reaction started.
c Selectivity= product/(total amount of products)× 100 (mol%) 3 h after reaction started.
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ing N -ethylideneethylamine and acetonitrile were somew
higher in hydrogen than in helium, as in the case of1.

3.2. Reactivity of cyclic amines

Table 2lists the catalytic activity and selectivity of1 for
cyclic amines. Pyrrolidine was dehydrogenated to the co
sponding imine, 1-pyrroline, with more than 78% selec
ity. Similarly, piperidine was dehydrogenated to the co
sponding imine, 2,3,4,5-tetrahydropyridine, with selectiv
not lower than 81%. In both cases the selectivities for
exhaustive dehydrogenation products, pyrrole and pyrid
were low. Thus, cluster1 selectively monodehydrogenat
the cyclic amines to the corresponding imines. Several
chiometric monodehydrogenations but only a few succes
catalytic methods have been reported: dioxygen oxida
of pyrrolidine to 1-pyrroline, catalyzed by a binuclear co
per(II) complex in a DMF solution at ambient temperat
with a turnover number of 3.12[35], and vapor phase de
hydrogenation of pyrrolidine at 200◦C over Pd/C to give
1-pyrroline with 8% yield without yielding pyrrole. How
ever, in the latter case, when the highest yield of 1-pyrro
(24% yield) was attained at 400◦C, pyrrole formation (53%
yield) dominated[36]. There are many reports on and pate
for the platinum-group metal catalysts, on which comp
dehydrogenation yields pyrrole or pyridine. For examp
Rh/Al2O3 selectively converts pyrrolidine to pyrrole[37].
Solid acids have also been used in these reactions. A
cation of Al2O3 to piperidine yields pyridine with an ap
preciable amount of deaminated C10 hydrocarbon[38]. An-
other report on SiO2–Al2O3 and Al2O3 catalysts describe
the nonselective formation of various products, includ
pyridine [39]. Denitrogenation catalysts in a hydrogen
mosphere have been applied to cyclic amines as mode
nitrogen-containing compounds; for the most part both d
trogenation and complete dehydrogenation occurred. Pi
dine is selectively converted toN -pentylpiperidine by an
SN2-type reaction of two piperidine molecules over Co
MoO3/Al2O3 [40]. The conversion of piperidine to pyr
dine (48%) over Ni/NiCrO has been reported[41]. In a
hydrogen stream containing H2S, NiMo/Al2O3 catalyzes
dehydrogenation of 2-methylpiperidine to 2-methyl-3,4,5
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Table 3
Reaction of primary and secondary amines over (H3O)2[(Mo6Cl8)Cl6] · 6H2O (1)a

Substrate Carrier
gas

Conversionb

(%)
Selectivityc (%) Deaminationd

(%)EtNH2 MeCN BuNH2 PrCN MeCH=NEt PrCH=NBu EtN=CHPr Et3N Others

Ethylamine H2 11.0 – 50.3 46.9 2.8 2.5e

He 4.7 – 30.8 64.1 5.1 3.4e

Butylamine H2 34.7 – 90.6 5.2 4.2 4.1f

He 15.6 – 79.8 12.9 7.3 3.0f

Diethylamine H2 20.5 13.1 1.9 72.0 9.5 2.2 1.2 1.8e

He 13.7 28.4 1.0 60.6 7.7 1.4 0.8 3.3e

Dibutylamine H2 49.6 29.9 3.6 65.2 1.3 2.1f

He 13.3 52.6 2.9 40.0 4.5 6.4f

a Reactions were performed using 1.9 mmol/h substrate at 400◦C. The other conditions are the same as given inTable 1.
b Conversion= products/(products+ recovered amine) 3 h after reaction started.
c Selectivity= product/(total amount of products)× 100 (mol%) 3 h after reaction started.
d Mole ratio of hydrocarbons to reacted amine (mol%) 3 h after reaction started.
e Ethylene with small amounts of methane and ethane was formed.
f 1-Butene andcis- andtrans-2-butene were formed in almost equal amounts.
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tetrahydropyridine with 64% selectivity. The reactivity
piperidine, however, is very low[42]. Thus, selective mono
dehydrogenation of cyclic amines is catalytically diffic
and is not achieved over these catalysts. Cluster1, however,
proved to be a unique selective dehydrogenation cata
in the reaction. Both the reactivities and selectivities w
higher in a hydrogen stream than in a helium stream.

3.3. Reactivity of aliphatic amines

Table 3lists the catalytic activity of1 for some amines
Ethylamine was exclusively converted to acetonitrile a
N -ethylideneethylamine. The latter, a Schiff base, wo
be produced by condensation of ethylamine with ethyli
neamine, which is a dehydrogenation intermediate to
tonitrile [Eq.(1)] [43] but was not observed in the system

EtNH2 + MeCH=NH → MeCH=NEt + NH3 (1)

Butylamine gave the dehydrogenation product butyro
trile with more than 80% selectivity and with a small amou
of the condensation productN -butylidenebutylamine. De
amination of ethylamine and butylamine to yield ethyle
and 1-butene was negligible, with maximum contributio
of the reacted amines of 4% (Table 3). Thus, cluster1 selec-
tively catalyzed dehydrogenation of primary amines to g
the corresponding nitriles with their condensation produ
Schiff bases.

Many catalysts have been applied to aliphatic prim
amines. Basic metal oxides, ZrO2 and MgO, selectively
dehydrogenate primary amines to yield the correspo
ing nitriles [44]. Solid acids exhibit various activities
Al2O3 catalyzes transalkylation, dehydrogenation, cond
sation, and deamination of butylamine to give, nonse
tively, dibutylamine, butyronitrile,N -butylidenebutylamine
and butenes[45,46]. Another report states that Al2O3
deaminates ethylamine[47] and various aliphatic primar
amines [43] to give olefins with ammonia. In addition
H–MFI and Ga–MFI zeolites catalyze transalkylation
propylamine to provide dipropylamine. In–MFI furth
catalyzes dehydrogenation to give dipropylamine andN -
propylidenepropylamine. Cu–MFI catalyzes C–C coupl
of the alkyl substituents of propylamine and dehydroge
tion to yield 2-methylpentanenitrile and propiononitrile
the major products[17,48]. These cation-exchanged MF
zeolites have Lewis acid sites. The first step on the ha
cluster catalyst1 for primary amines is dehydrogenatio
which is similar to that on the basic metal oxides. Ho
ever, cluster1 catalyzed successive condensation to g
N -alkylidenealkylamine.

The secondary amines, diethylamine and dibutylam
selectively gave dehydrogenation products (imines) in a
drogen stream over1, although dealkylation proceeded
a helium stream (Table 3). Several catalytic reactions o
aliphatic secondary amines have been reported. Dib
lamine is dehydrogenated toN -butylidenebutylamine with
72% yield by the dihydridoiridium complex IrH2(η3-2,6-
(t-Bu2PCH2)2C6H3), in the presence of 3,3-dimethyl-1
butene as a hydrogen acceptor in toluene, at 200◦C for
72 h with a turnover number of 5[20]. Diethylamine
is dehydrogenated toN -ethylideneethylamine with 53
76% selectivity at 350◦C in a nitrogen stream over Mo
heteropoly acid[21]. Only these two catalysts selective
produce the corresponding imines. Solid acid Al2O3 non-
selectively catalyzes dealkylation and dehydrogenation
dibutylamine, yielding butylamine, butene, butyronitri
and N -butylidenebutylamine[45]. In the case of diethy
lamine, disproportionation and dealkylation proceed o
Al2O3 to give triethylamine, ethylamine, and ethane[47].
In another report, Al2O3 catalyzes the elimination of d
isopropylamine to give propylene and isopropylamine[49].
W-heteropoly acid with a strong Brønsted acid site nonse
tively catalyzes dealkylation and dehydrogenation of diet
lamine to yield ethylamine, ethylene, andN -ethylideneethyl-
amine [21]. Another report mentions that silica–alumi
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dealkylates diethylamine to ethylamine and ethylene
that acid–base bifunctional catalysts, such as SiO2–Al2O3/
MgO and ZrO2, selectively transform diethylamine into ac
tonitrile [44]. Alicyclic amines, such as pyrrolidine an
piperidine, are completely dehydrogenated over platin
group metal catalysts, as mentioned above. Howeve
the best of our knowledge, the successful application
these metal catalysts to give normal dialkylimines has
been reported. It is assumed that selective dehydrogen
was unsuccessful on these catalysts. Thus, dehydrog
tion selectivity of the cluster catalyst for secondary aliph
amines, yielding the corresponding imine, differs from t
of conventional acid or base catalysts but is similar to
of the Mo-heteropoly acid, which is characterized by v
weak basicity, great softness, and a large polyhedral a
structure[50].

Figs. 1 and 3andTables 1 and 3show that the reactio
products of diethylamine always showed around 10%
lectivity for N -butylideneethylamine, the butylidene gro
of which can be produced by C–C coupling of the et
substituents. The formation of butyronitrile from dieth
lamine over Pt–C and Pd–C catalysts has been repo
in which the formation of a five-membered cyclic amin
pyrrolidine, followed by hydrogenolysis to butylamine a
dehydrogenation to butyronitrile, is assumed[51]. Produc-
tion of pyrrolidine and pyrrole from diethylamine is co
firmed on a Zn–Cr–Al catalyst[52]. Similarly, generation
of 2-methylpentanenitrile from dipropylamine or prop
lamine over cation-containing MFI zeolites has been
ported. Its maximum selectivity is 50% at the initial sta
of the reaction[17,48]. Formation of a six-membered cycl
amine, 2-methylpiperidine, as an intermediate would
sult in the production of the nitrile. Formation of a sm
amount of butyronitrile from triethylamine over SiO2–
Al2O3/MgO has also been reported[44]. Taking into ac-
count such a five-membered cyclic amine as an interme
species from diethylamine to butylamine, we can see
N -butylideneethylamine would be produced by conden
tion of butylideneamine with ethylamine:

HNEt2
−H2→ HN(CH2)4

H2→H2NBu
−H2→ HN=CHPr

(2)
EtNH2,−NH3→ EtN=CHPr.

In the case of triethylamine, the reactivity was lower th
that of the corresponding secondary amine, diethylam
presumably because of the steric hindrance and the ab
of a nitrogen-bonded hydrogen[49] (Table 4). Dealkyla-
tion and successive dehydrogenation yielded diethylam
andN -ethylideneethylamine as the major products; 54%
lectivity for the former was achieved under hydrogen. T
value may not be high; however, the combined selecti
for monodealkylation and the following dehydrogenat
amount to 68% in a hydrogen stream and 55% in a
lium stream. Dehydrogenation occurred in the alkyl ch
yieldingN -vinyldiethylamine with 21–26% selectivity. Fu
thermore, tripropylamine and tributylamine gave the co
n
-

,

e

spondingN -vinylamines as the main products in a hyd
gen stream (Table 4). The elimination of aβ-hydrogen is
common in the formation ofN -butylideneethylamine from
diethylamine. There are only a few examples of the
alytic dealkylation or dehydrogenation of aliphatic tertia
amines. Only the dihydridoiridium complex has been
ported to convert triethylamine intoN -vinyldiethylamine
(65% yield) by hydrogen transfer to 3,3-dimethyl-1-bute
in p-xylene solution at 90◦C for 24 h with a turnover num
ber of 6.5[22]. When the acid catalyst SiO2–Al2O3 is ap-
plied to triethylamine, dealkylation proceeds nonselectiv
yielding diethylamine, ethylamine, and finally ethane[44].
Another report describes the formation of diethylamine w
ethylene over Al2O3 [49]; however, the selectivity for th
product is unclear. The base catalyst MgO dealkylates
dehydrogenates triethylamine to nonselectively give die
lamine, ethylamine, and acetonitrile, whereas the acid–
bifunctional catalyst silica–alumina/MgO selectively co
verts triethylamine to acetonitrile[44]. Consequently, selec
tive dealkylation of trialkylamine to dialkylamine has not y
been achieved. Furthermore, the formation of even a t
amount ofN -vinyldialkylamine over solid catalysts has n
been reported.

3.4. Characterization of the activated cluster

The XRD pattern of1 treated at various temperatur
in a helium stream for 1 h and that of1 subjected to a
3-h reaction at 400◦C were measured, with that of th
[Mo6Cl8]Cl2Cl4/2 (Mo6Cl12, 2) sample being synthesize
independently. The samples treated at room temperatur
100◦C were assigned to [(Mo6Cl8)Cl4(H2O)2] · 6H2O (3)
[53] and [(Mo6Cl8)Cl4(H2O)2] (4) [54,55], respectively. The
cluster changed from1 via 3 and4 to the extended Mo–Cl
Mo-bonded solid state cluster2 when heated to a temper
ture above 250◦C:

(3)(H3O)2
[
(Mo6Cl8)Cl6

] · 6H2O (1)

r.t.→ [
(Mo6Cl8)Cl4(H2O)2

] · 6H2O (3) + 2HCl+ 2H2O;

(4)
[
(Mo6Cl8)Cl4(H2O)2

] · 6H2O (3)

100◦C→ [
(Mo6Cl8)Cl4(H2O)2

]
(4) + 6H2O;

(5)
[
(Mo6Cl8)Cl4(H2O)2

]
(4)

250◦C→ [Mo6Cl8]Cl2Cl4/2 (2) + 2H2O.

The same trends were shown by Raman spectrom
Four assigned Raman peaks (A1g Mo–Cl, T2g Mo–Cl, Eg
Mo–Cl, andT2g Mo–Mo) [56] were retained up to 100◦C.
Above 250◦C, the Raman peak originally at 321 cm−1 and
ascribed to the triply bridged Mo–Cl bending mode (A1g
Mo–Cl) was replaced by two peaks, suggesting a chang
the coordination mode; a new peak appeared at 278 c−1.
At this temperature the catalyst was active. On the o
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Table 4
Reaction of tertiary amines over (H3O)2[(Mo6Cl8)Cl6] · 6H2O (1)a

Substrate Carrier
gas

Conversionb

(%)
Selectivityc (%)

RNH2 R′CN R2NH RN=CHR R2NCH=CHR′′ Others

Triethylamine H2 11.9 7.0 2.6 53.8 14.2 20.9 1.5
He 2.8 15.5 0.6 19.5 35.1 26.0 3.3

Tripropylamine H2 16.5 6.0 3.8 23.7 11.5 51.6 3.4
He 2.0 4.0 2.0 20.8 36.0 30.8 6.4

Tributylamine H2 38.8 5.6 3.5 23.1 17.5 45.0 5.3
He 13.8 9.4 2.3 29.0 42.9 16.4 0.0

a Reactions were performed using 1.9 mmol/h substrate at 400◦C. The other conditions are the same as given inTable 1.
b Conversion= products/(products+ recovered amine) 3 h after reaction started.
c Selectivity= product/(total amount of products)× 100 (mol%) 3 h after reaction started. R= Et, R′ = Me, R′′ = H for Et3N; R = Pr, R′ = Et, R′′ = Me

for Pr3N; R = Bu, R′ = Pr, R′′ = Et for Bu3N.
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Fig. 4. k3-Weighted EXAFS oscillations(k3χ(k)) of (H3O)2[(Mo6Cl8)
Cl6] · 6H2O (1) treated at 400◦C with He for 1 h. The EXAFS functions
of 1 subjected to 3 h reaction with diethylamine at 400◦C is also shown.

hand, the other peaks were retained above 400◦C. There was
no appreciable change in the XRD patterns and the Ra
spectra after a 3-h reaction with diethylamine at the sa
temperature, indicating that the structure of the cluster
not change during the reaction. Similar XRD patterns
Raman spectra were obtained after treatment of1 in a hy-
drogen stream[5].

Fig. 4 shows thek3-weighted EXAFS oscillations of1
treated at 400◦C and that subjected to a 3-h reaction. Th
oscillations are very similar, and there were practically
changes after the catalytic reaction. The distance and th
ordination number (CN) for Mo–Mo were 0.261±0.002 nm
and 4.2 ± 0.4, respectively, after the reaction. This CN
the Mo–Mo bond, corresponding to the octahedral m
framework, indicates the retention of the cluster framew
through the reaction. The analyses of the sample treate
400◦C in a helium stream revealed that it consisted of
(57.6 wt%) and Cl (40.5 wt%); the rest was only 1.9 wt
Assuming the remainder was oxygen, the empirical form
is Mo6Cl11.4O1.2; hence, the oxygen content was ignored
EXAFS analysis. The CN of the Mo–Cl bond of this sa
ple was 4.4± 0.6; hence, the Mo–Cl bond was also retain
throughout the treatment. These results clearly show th
tention of the Mo cluster framework and face capping
ligands during the treatment and the catalytic reaction.

The dark brown sample of1, treated at 400◦C, and that
obtained after a 3-h reaction with diethylamine in a hydro
-

t

stream were washed with methanol, containing the rec
ered1, as [(Mo6Cl8)Cl4(OCH3)2]2+ (5) [57]. Determination
of the solutions by UV spectrometry (307 nm,ε 3550 in
methanol) revealed that1 was recovered as5 in a 92% and
87% yield, respectively. Acidification of the solutions wi
hydrochloric acid gave crystalline1 in 89% and 86% iso
lated yields. We synthesized [Mo6Br8]Br2Br4/2 (Mo6Br12)
by heating2 in the presence of an excess of LiBr at 65
700◦C under vacuum for 1.5 h[25]. Treatment of an alkaline
solution of 2 with concentrated hydrobromic acid at roo
temperature gives (H3O)2[(Mo6Cl8)Br6] · 6H2O [25]. Thus,
the {Mo6Cl8} 4+ core is much more thermodynamically s
ble than the Mo–Cl bond of the terminal ligand.

The Raman spectrum and EXAFS oscillation of1, treated
above 250◦C, were almost the same as the correspond
spectra of the solid-state cluster2. However, closer exam
ination of the XRD patterns revealed that the crystallin
of 1, treated above 250◦C, was low. Elemental analyses
1 treated at 400◦C in helium showed a residue (1.9 wt%
originating from the coordinated water, as mentioned ab
The synthesis of2 from 1 is performed by gradual heating
200◦C (> 2 h) followed by prolonged heating at this tem
perature (> 6 h) under vacuum. The coordinated water
removed by this treatment and is replaced by interclus
bridging Cl ligands. Rapid heating to higher temperatu
would give rise to the formation of imperfect crystals co
taining defective [Mo6Cl8]Cl2Cl4/2 moieties.

When the clusters were heated in a helium or hydro
stream, evolution of HCl gas commenced; however, ev
tion of Cl2 gas was not detected during the treatment. In
case of1, evolution of HCl gas continued above 250◦C, con-
trary to Eq.(5). The IR analyses of adsorbed pyridine on
activated (H3O)2[(W6Cl8)Cl6] · 6H2O/SiO2 shows the pres
ence of a Brønsted acid site but not of a Lewis acid site[58].
Based on these findings and considering the electroneg
ity of the metals, we deduced that the terminal halogen
and of4 reacted with the coordinated water, eliminating H
to give hydroxo species such as [(Mo6Cl8)Cl3(OH)(H2O)]
when the cluster was treated above 250◦C (Eq.(6)). The de-
hydrogenation and dealkylation would be catalyzed by
acidic species (Eq.(7)). Thus, small amounts of the foreig
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hydroxo cluster, which releases its proton, were kept in
crystal lattice of {[Mo6Cl8]Cl2Cl4/2} n above 250◦C.
[
(Mo6Cl8)Cl4(H2O)2

]
(4)

→ [
(Mo6Cl8)Cl3(OH)(H2O)

] + HCl, (6)
[
(Mo6Cl8)Cl3(OH)(H2O)

]

→ H+ + [
(Mo6Cl8)Cl3(O)(H2O)

]− (7)

3.5. Comparison with other catalysts

Although a number of reports have been published
the catalysis and the stoichiometry of the dehydroge
tion of activated amines, examples of catalytic dehyd
genation of aliphatic amines are scarce. A survey of
reports suggests that the catalysts are classified into
eral groups. Solid acid–base catalysts such as Al2O3 and
SiO2–Al2O3 nonselectively catalyze transalkylation, deh
drogenation, condensation, and deamination of primary,
ondary, and tertiary amines[39,43,46,47,49]. Similarly, the
Lewis acids, Ga–, In–, and Cu–MFI, catalyze these re
tions for primary and secondary amines without selec
ity [17]. H–MFI, a Brønsted acid, catalyzes transalkylat
and deamination of propylamine but not dehydrogena
[17,48]. MgO, a typical solid base, selectively catalyzes
hydrogenation of primary amines to give the correspond
nitrile; however, the product selectivity of secondary a
tertiary amines is low, yielding various products[59]. Conse-
quently, the selectivity of these conventional solid acid–b
catalysts differs from that of the halide cluster catalysts.

One of the proposed mechanisms for the developme
an active site on the clusters is that halogen or aqua
ands of the halide cluster complexes are removed to
coordinatively unsaturated or, more likely, hydrido ligan
coordinated Mo or W metal atoms, which behave like
platinum group metals by accepting two or more electr
from the ligands[5,8]. There are many reports on gro
8–10 transition metals for the exhaustive dehydrogena
of alicyclic amines[36,37,41]. However, no reports of suc
cess withn-alkyl amines have been published, presuma
because of their high activity, leading to polyunsatura
alkyl chains or their random cleavage. In contrast, the ha
cluster catalysts exhibited selective monodehydrogena
of both alicyclic andn-alkyl amines. Hence, these chara
teristic features of the halide clusters cannot be attribute
their similarity to the platinum group metals.

Molten Zn metal selectively dehydrogenates butylam
to butyronitrile, and molten Ga catalyzes the dehyd
genation followed by condensation and hydrogenat
yielding butyronitrile, butylidenebutylamine, and dibut
lamine [16]; however, no other data on secondary or
tiary amines are available for comparison. There are fe
cases of dehydrogenation of amines over heteropoly a
12-tungstophosphoric acid catalyzes the dealkylation
diethylamine to ethylamine, but 12-molybdophospho
acid catalyzes the selective dehydrogenation to yieldN -
ethylideneethylamine[21]. The latter’s selectivity is simila
-

-

:

to that of the halide cluster catalysts. A heteropoly a
has several types of protons, one of which originates f
coordinated water[60,61], as in the halide cluster. The a
pearance of a Brønsted acid site in 12-molybdophosph
acid above 130◦C has been reported, but a Lewis acid s
was not observed[62]. The heteropoly anions are large an
hence, have very low charge densities on their surface[63],
as in the case of the large cluster anion (Eq.(7)). The an-
ions would not participate in the reaction in either ca
Consequently, the reaction proceeded by way of the
tonated amines without interaction with the counter-anio
On the other hand, alumina has been classified as a
acid. However, it has both acidic and basic sites: inc
pletely coordinated aluminum ions (strong Lewis acids)
oxide ions (weak Lewis bases)[64,65]. Similarly, solid bases
such as MgO[66] and hematite (α-Fe2O3) [67] have both
basic sites as oxide ions and acidic surface sites as M2+,
Fe3+, and Fe–OH. All of these sites are small and have h
charge densities with participation in the reactions.

Some papers describe the effect of the hydrogen
mosphere. The absence of hydrogen increases the
trogenation rate but decreases the dehydrogenation ra
piperidines over alumina[38]. The effect of hydrogen pres
sure has been reported for the reaction of piperidine ove
MoO3/Al2O3 catalyst: cracking dominates at low hydrog
pressure, and hydrocracking at high hydrogen pressure[40].
In a hydrogen atmosphere, the Cu ion in MFI zeolite is
duced from Cu(+) to Cu(0), and the product distribution
1-propylamine changes[17]. In addition, gas-phase hydr
gen inhibits the dehydrogenation of propylamine and p
vents the formation of a carbonaceous residue on the
zeolite [48]. In this study, the activity of the halide clu
ters in a hydrogen stream was higher than that in a he
stream at the same temperature; the conspicuous dea
tion of 1 in a helium stream at a temperature higher t
450◦C did not occur in a hydrogen stream (Fig. 2). Tables 1,
3, and 4show that dealkylation or disproportionation of t
alkyl group predominated in a helium stream. According
hydrogen would prevent dealkylation and the deposition
coke on the active sites. Hence, the activity and select
of the active sites remained high. Gaseous hydrogen i
volved in the hydrogenolysis of ethylbenzene of the grou
metal halide clusters[8].

Thus, the halide cluster exhibited unprecedented sele
ity for dehydrogenation and dealkylation of amines: prim
amine to the corresponding nitrile, secondary amine to
imine, and tertiary amine, which has no hydrogen bonde
the nitrogen, to the corresponding secondary amine or to
N -vinyldialkylamine.

4. Conclusions

When the Mo halide cluster (H3O)2[(Mo6Cl8)Cl6] ·6H2O
(1) with an octahedral metal framework was treated ab
300◦C in a hydrogen or helium stream, the catalytic ac
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ity for dehydrogenation of aliphatic amines was observ
Primary amines were dehydrogenated to the correspon
nitriles, some of which condensed to the alkylidenealk
amines. Secondary aliphatic amines were dehydrogen
to the corresponding imines. Alicyclic imines were also
lectively monodehydrogenated to the alicyclic imines. T
tiary amines were dealkylated to dialkylamines, which w
followed by dehydrogenation toN -alkylidenealkylamines
or dehydrogenated toN -vinyldialkylamines. The selectiv
ities were different from conventional catalysts, such
solid acid–base catalysts or the group 8–10 transition m
als. Spontaneous degradation of the protonated amin
high temperature without interaction with the counter-an
would be the driving force for the reaction. The initial st
of the reactions over1 is simple: nitrogen-bonded hydro
gens are removed completely to yield nitrile or imine; wh
there is no such hydrogen, either a neighboring hydroge
the nitrogen-bonded alkyl group is removed. Halide clus
of Nb, Ta, and W of the same cluster framework were a
active catalysts for the dehydrogenation or dealkylation
diethylamine.
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