
t

e and 3-
Cu(I)
copper,
to
Journal of Catalysis 221 (2004) 302–312
www.elsevier.com/locate/jca

Heterogeneous catalysts for hydroamination reactions:
structure–activity relationship

Jochen Penzien,a Carmen Haeßner,b Andreas Jentys,a Klaus Köhler,b

Thomas E. Müller,a,∗ and Johannes A. Lerchera

a Lehrstuhl für Technische Chemie II, Technische Universität München, Lichtenbergstrasse 4, 85747 Garching, Germany
b Anorganisch Chemisches Institut, Technische Universität München, Lichtenbergstrasse 4, 85747 Garching, Germany

Received 9 April 2003; revised 17 June 2003; accepted 17 June 2003

Abstract

The catalytic activity of ion-exchanged zeolite BEA for hydroamination reactions, such as the cyclization of 6-aminohex-1-yn
aminopropylvinyl ether and the intermolecular addition of aniline to phenylacetylene, was studied. The most active catalysts were/H-
BEA, Rh(I)/H-BEA, and Zn/H-BEA. These catalysts were fully characterized and the oxidation state and the local environment of
in particular, were explored with XANES and EPR spectroscopy. For Zn/H-BEA zeolites the catalytic activity of the material was related
the local structure around the zinc cations.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

New C–N bond forming processes are highly interes
for both organic syntheses and industrial processes du
the importance of nitrogen-containing molecules as build
blocks and in industrial applications. Commercially va
able products include amines, amides, ammonium and a
ammonium salts, ureas, carbamates, isocyanates, and
acids [1].

Conceptually, the direct addition of an amine function
ity to a CC multiple bond—hydroamination—is one of t
most interesting approaches to synthesize amines, enam
and imines [2,3]. The reaction utilizes readily available a
inexpensive starting materials and has an optimal atom
ficiency. Hence, considerable interest exists in develo
new and more effective catalysts to accomplish this org
transformation. In commercial applications zeolites in
protonic form are typically employed as, e.g., in the synt
sis of tert-butylamine from ammonia and 2-methylprope
[4,5]. However, the drawback of these solid acid cataly
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o

s,

is that the reaction is restricted to alkenes, which form r
tively stable alkoxy groups [6,7].

Against this background, late-transition-metal-based
erogeneous catalysts, and in particular zeolite catalysts,
explored for the hydroamination of alkynes. Zeolites sh
Brønsted acidic properties, which are beneficial for co
dination of metal cations at well-defined positions (io
exchange sites). Zeolite BEA has been chosen, becau
showed exceptionally high catalytic activity in prelimina
experiments [8]. The high activity of ion-exchanged BE
could be a result of either structural properties or the pa
ular environment of metal cations in the pore system. In
respect, it is known that the outer surface of BEA zeo
exhibits acidic properties [9]. This enables the adsorp
of basic molecules on the outer surface, which leads t
increase in the local concentration inside the zeolite po
Additionally, it is known that the lattice of BEA zeolite
highly flexible [10], which stabilizes metal cations in sp
cific cation-exchange positions and favors the access o
reactants.

In this study, the catalytic properties of ion-exchang
BEA zeolites for hydroamination reactions were stud
Characterization of the heterogeneous catalysts provid
detailed knowledge of the coordination geometry of
metal cations and, for the first time, allowed us to relate

http://www.elsevier.com/locate/jcat
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catalytic activity of the material in hydroamination reactio
with the local environment of the metal cations.

2. Experimental

2.1. Materials and methods

All reactions involving air- and/or water-sensitive com
pounds were performed using standard Schlenk techniq
Dry solvents were obtained from Aldrich; 6-aminohe
1-yne, 2-methyl-1,2-dehydropiperidine, and tetrahydro
methyl-1,3-oxazine were prepared as described in [11
Catalysts and other chemicals not described in the ex
imental section were purchased from Aldrich, Fluka,
Strem and used as received.

2.2. Physical and analytical methods

1H, 13C{1H}, and 31P{1H} NMR spectra were recorde
on a Bruker AM 400 instrument and referenced in ppm
ative to tetramethylsilane using the solvent shift as inte
standard [13]. IR spectra were obtained on a Perkin-El
FT-IR 2000 spectrometer as KBr pellets. Mass spec
scopic analyses were performed on a Finnigan MAT 31
mass spectrometer by chemical ionization (CI). GC analy
were performed on a Hewlett-Packard HP 5890 gas c
matograph equipped with a crosslinked 5% diphenyl–9
dimethylpolysiloxane column (30 m, Restek GmbH, Rtx
Amine) and a flame ionization detector. GC-MS analy
were performed on a Hewlett-Packard HP 5890 gas c
matograph equipped with an identical column and a m
selective detector HP 5971A.

2.3. Synthesis and characterization of
phenyl-(1-phenylethylidene)amine

Aniline (9.1 cm3, 0.1 mol) and the catalyst Zn(CF3SO3)2
(3.6 g, 0.01 mmol) were dissolved in toluene (180 cm3)
and the mixture was heated to reflux temperature. The
action was started by addition of phenylacetylene (4.4 c3,
0.04 mol) and the mixture refluxed overnight. Quantitat
conversion of phenylacetylene was indicated by GC an
sis. The product was separated by column chromatogr
using silica gel 60 as stationary phase and hexane/ethyl ac-
etate 50/30 as eluent. The volatiles were removed and
single product was characterized by NMR, MS (CI), G
MS, and IR analyses which confirmed the product to
phenyl-(1-phenyl-ethylidene)-amine.

Yield: 1.3 g, 16.7%.1H NMR (CDCl3): δ 6.7–8 (m, 10H,
Ph), 2.2 (s, 3H, CH3) ppm.13C{1H} NMR (CDCl3): δ 164.5
(C=N), 151.7 (N–C), 139.5 (Ph), 130.5 (Ph), 129.0 (P
128.4 (Ph), 127.2 (Ph), 123.3 (Ph), 119.4 (Ph), 115.1 (
18.0 (Me) ppm. IR: 3054 (m), 1630 (vs), 1591 (vs), 1446
1214 (s), 761 (s), 693 (vs), 572 (w), 528 (w) cm−1. GC-MS:
m/z 180 (M+–CH3). MS (CI) m/z 195 (M+).
.

A sample of phenyl-(1-phenylethylidene)amine was s
thesized as reference by the acid-catalyzed (CF3SO3H,
0.03 g, 0.2 mmol) condensation of aniline (27.3 cm3,
0.3 mol) with acetophenone (29.2 cm3, 0.25 mol) in toluene
(50 cm3) at reflux temperature (111◦C, 12 h). The reaction
mixture was dried over MgSO4 and distilled (product frac
tion: 110◦C, 30 mm). The product was recrystallized fro
hexane and analyzed using IR and NMR spectroscopy.
spectra for phenyl-(1-phenylethylidene)aminewere ident
with those for the product of the reaction between phe
lacetylene and aniline.

2.4. Preparation of ion exchanged zeolites

Zeolite BEA in the acidic form was used as the parent m
terial (diameter of the crystals 0.1–0.3 µm, Si/Al 11.6, BET
surface area 537 m2/g). Transition-metal-based zeolite ca
alysts with Rh+, Ni2+, Pd2+, Pt2+, Cu+, Cu2+, and Zn2+
were prepared by ion exchange, for details, see Tabl
and 2; for the oxidation state of the metal see Ref. [1
La3+ was introduced by solid-state ion exchange. Excep
Cu+ and Rh+ the ion exchange was performed by suspe
ing the parent zeolite in an aqueous solution of the co
sponding metal salt (80◦C). The zeolite was separated
centrifugation (5000 rpm, 20 min) and, to obtain a particu
ion-exchange degree, the procedure repeated. The ma
was then calcined in a flow of air (100 ml/min). Prior to use,
the Ni2+-exchanged zeolite was reduced in hydrogen to
tain a Ni0-containing catalyst (see [11]). Further, a series
zinc-exchanged BEA zeolites was prepared varying in
zinc loading [14]. The full characterization of this series
Zn/H-BEA zeolites is described elsewhere [15].

Copper(I) and rhodium(I) salts are susceptible to oxi
tion and/or disproportionation. Therefore, the ion excha
was carried out in anhydrous solvent (CH3CN) under an
inert conditions. The parent H-BEA zeolite was activa
at 150◦C in vacuum (10 mbar). The zeolite was then s
pended in a solution of the complexes [Cu(CH3CN)4]PF6 or
[Rh(NOR)2]ClO4 (NOR, norbornadiene) in CH3CN (82◦C;
for details, see Table 1). The solvent was removed un
vacuum and the sample subsequently handled in an
atmosphere. In case of lanthanum exchange, the paren
terial was ground with LaCl3 × 7H2O in an agate ball mil
for 30 min. The mixture was heated in a stream of air (1
ml/min, RT–120◦C, 2◦C/min; 120◦C 2 h; 120–500◦C,
2 ◦C/min), washed with distilled water, and dried at 100◦C.

2.5. Catalytic experiments

The metal-exchanged zeolites (corresponding to 5.3 ×
10−3 mmol Mn+, if not stated otherwise) were activate
(12 h at 10 mbar, 200◦C). The zeolites Cu(I)/H-BEA
and Rh(I)/H-BEA and the homogeneous catalysts w
used in an inert atmosphere without activation. Dry tolu
(15 cm3) was added, the mixture heated to reflux tempe
ture (111◦C), and the catalytic reaction started by addit
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Table 1
Experimental conditions for the ion exchange of zeolite BEA

Sample Metal salt Concentration Solution/zeolite Number of repetitions Total time of ion exchange Calcination
(mol/l) (ml/g) (h)

H-BEA – – – – – –
Zn/H-BEA Zn(CH3CO2)2 0.01 5 1 93 A
Zn/H-BEA Zn(CH3CO2)2 0.02 5 1 14 A
Zn/H-BEA Zn(CH3CO2)2 0.03 5 1 14 A
Zn/H-BEA Zn(CH3CO2)2 0.06 5 1 45 B
Zn/H-BEA Zn(CH3CO2)2 0.06 5 2 69 B
Zn/H-BEA Zn(CH3CO2)2 0.06 5 3 163 B
Zn/H-BEA Zn(CH3CO2)2 0.06 5 4 189 B
Zn/H-BEA Zn(CH3CO2)2 0.38 5 4 131 B
Zn/H-BEA Zn(CH3CO2)2 0.55 7 4 96 A
Cu(I)/H-BEA [Cu(CH3CN)4]PF6 0.09a 14b 4 167 –
Cu(II)/H-BEA Cu(CH3CO2)2 0.01 70 1 12 A
Cu(II)/H-BEA Cu(CH3CO2)2 0.02 70 1 12 A
Rh(I)/H-BEA [Rh(NOR)2]ClO4 0.01a 13b 1 60 –
Pd/H-BEA PdCl2 0.06 5 3 63 A
Pt/H-BEA [Pt(NH3)4](OH)2 0.004 83b 1 12 A
Ni/H-BEA Ni(CH3CO2)2 0.03 30 4 14 A
La/H-BEA LaCl3·7H2O 0.35c – 1 0.5 C

Calcination method (A) RT–120◦C, 0.5◦C/min; 120◦C, 3 h; 120–500◦C, 1◦C/min; 500◦C, 2 h. (B) RT–500◦C, 5◦C/min; 500◦C, 5 h. (C) RT–120◦C,
2◦C/min; 120◦C, 2 h; 120–500◦C, 2◦C/min.

a Solvent CH3CN.
b Wet impregnation.
c In mmol/g zeolite.

Table 2
Chemical composition (determined by AAS) and surface area of the materials used in this study

Sample Mn+ contents Mn+/Al Al contents Si/Al M n+ per unit cell BET surface area Micropore surface a
(mmol/g) (mmol/g) (m2/g) (m2/g)

H-BEA – – 1.36 11.6 – 536.5 137.8
Zn/H-BEA 0.03 0.02 1.37 11.4 0.1 526.9 200.8
Zn/H-BEA 0.06 0.04 1.27 12.6 0.2 545.3 108.4
Zn/H-BEA 0.11 0.08 1.47 10.7 0.4 509.9 141.3
Zn/H-BEA 0.20 0.15 1.37 11.3 0.8 518.1 147.6
Zn/H-BEA 0.31 0.26 1.18 13.4 1.2 526.2 148.5
Zn/H-BEA 0.49 0.40 1.21 12.7 1.9 493.9 –
Zn/H-BEA 0.54 0.46 1.18 12.7 2.2 549.4 129.2
Zn/H-BEA 0.66 0.53 1.24 12.0 2.6 460.1 96.4
Zn/H-BEA 0.86 0.77 1.12 12.1 3.8 516.9 151.0
Cu(I)/H-BEA 0.47 0.61 0.76 20 1.9 – –
Cu(II)/H-BEA 0.45 0.38 1.18 (12.5) 1.9 – –
Cu(II)/H-BEA 0.67 0.60 1.12 (12.5) 3.2 – –
Rh/H-BEA 0.15 0.12 1.26 (12.5) 0.6 – –
Pd/H-BEA 0.40 0.32 1.26 (12.5) 1.5 – –
Pt/H-BEA 0.29 0.23 1.26 (12.5) 1.1 – –
Ni/H-BEA 0.88 0.78 0.76 13.6 3.4 – –
La/H-BEA 0.27 0.21 1.26 (12.5) 1.0 – –
ring
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of the substrate (0.53 mmol, if not stated otherwise). Du
the reaction, samples were taken for GC analysis. S
ples containing heterogeneous catalyst were centrifuge
10 min at 14,000 rpm before analysis.

2.6. EPR spectroscopy

The EPR spectra were recorded on a Jeol RE2X a
band frequency at a temperature between 130 and 34
microwave frequency about 9.4 GHz, microwave pow
r

,

5 mW, modulation frequency 100 kHz. Theg values were
determined with a NMR magnetometer and Mn2+/MgO
as g marker. The intensity of the spectra was obtain
by numerical double integration of the sample and re
ence (Mg2+/MgO, known number of spins) spectra usi
the software ESPRIT-360 (JEOL). In the in situ EPR
periments the activated solid catalyst Cu(II)-BEA (65 m
0.03 mmol Cu2+) was suspended in toluene (600 mg)
the EPR tube under inert conditions. 6-Aminohex-1-
(0.3 mmol, 34 µl) was added and the reaction mixture he
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to 70◦C in the EPR cavity using the variable temperat
unit. Spectra were taken for several hours at this temp
ture.

2.7. X-ray absorption spectroscopy

X-ray absorption spectra were collected at beamline
at HASYLAB, DESY Hamburg. A Si (111) monochrom
tor was used and the intensity of incident and transmi
X-rays was recorded using ionization chambers. The
ergy was calibrated relative to a copper or zinc foil, loca
between the second and third ionization chamber. The m
surements were performed on self-supporting wavers pl
in a sample holder inside a stainless-steel reactor equi
with Kapton windows and a gas inlet and outlet syste
The Cu(II)/H-BEA was activated for 0.5 h at 450◦C (heat-
ing rate 10◦C/min, N2 flow 65 ml/min). All absorption
spectra were recorded at liquid nitrogen temperature.
XANES of Cu, Cu2O, CuO, Zn, and ZnO were used
references. The spectra were analyzed with WinXas (
sion 2.0) [16]. The energies of all spectra were aligned to
inflection point of theK-edge from the simultaneously me
sured metal foil. The normalized background was correc
by fitting the preedge region with a second order polyn
and the section above the edge by a polynomial spline
seven nodes. The oscillations were weighted withk2 and
Fourier-transformed in the rangek = 2.1–16 Å−1. The lo-
cal environment of the metal atoms was determined f
the EXAFS using phase-shift and amplitude functions
multiple-scattering processes (FEFF Version 8.10) [17,1

3. Results and discussion

3.1. Catalytic measurements

For exploring the potential of ion-exchanged BEA
catalyst for hydroamination reactions we decided to
cus on the intramolecular catalytic cyclization of mo
cules containing an amine and alkyne/alkene group. Specif
ically, the cyclization of 6-aminohex-1-yne (6AHI) an
3-aminopropylvinyl ether (3APE) were studied. The cyc
zation of 6-aminohex-1-yne first generated the enam
2-methylenepiperidine, which isomerized to the correspo
ing imine 2-methyl-1,2-dehydropiperidine:

(1)
Cat.→ →

The cyclization of 3-aminopropylvinyl ether gave t
N,O-acetal tetrahydro-2-methyl-1,3-oxazine:

(2)H2C=CH–O–(CH2)3NH2
Cat.→
-

Fig. 1. Time–concentration profile for the cyclization of 6AHI with tran
tion-metal-exchanged BEA zeolites.

To test the suitability of ion-exchanged BEA as ca
lyst for intermolecular reactions the hydroamination
tween phenylacetylene (PAE) and aniline (AIL) to phen
(1-phenylethylidene)amine was examined:

(3)
Cat.→ →

All reactions were highly regioselective; only the produ
of the preferred Markownikow addition of the amine to t
CC multiple bond was observed.

In order to identify the most suitable metals for hydroa
ination reactions, the catalytic activity of zeolite BEA io
exchanged with La3+, Rh+, Pd2+, Pt2+, Cu+, Cu2+, or
Zn2+ or loaded with Ni0 was compared. These metal catio
were chosen as corresponding d8 and d10 complexes
shown a high catalytic activity as homogeneous catalys
the cyclization of 6AHI [11,19,20]. For the cyclization o
6AHI, the heterogeneous catalysts Cu(I)/H-BEA, Rh(I)/H-
BEA, and Zn/H-BEA showed exceptional catalytic activi
(Fig. 1). In contrast, La/H-BEA, Ni/H-BEA, and Pt/H-
BEA had an activity that was only slightly higher than th
of the parent H-BEA. The activity of Pd/H-BEA was inte
mediate between the activity of Pt/H-BEA and Zn/H-BEA.

La/H-BEA had to be activated at high temperatures
achieve a moderate catalytic activity. The initial rate of
action increased from 0.9 to 2.7 mmol/(g h) when the ac
tivation temperature was increased from 200 to 450◦C. It
is speculated that the concentration of water and hydro
ligands coordinating to lanthanum has to be reduced by
temperature treatment [21] rendering the metal centers m
Lewis acidic.

A plot of the intrinsic rate of reaction per metal center
the ratio of charge [22] and ionic radius(e/r) resulted in a
“volcano curve”-type correlation (Fig. 2). The rate of rea
tion was highest for metal cations with an intermediate r
e/r (Rh+, Cu+, Zn2+), whereas it was low for Ni0 (e/r =
0 Å−1) and for Pd2+, Pt2+, and La3+ (e/r � 2.5 Å−1). The
ratio e/r is an approximate measure for the (hard) Le
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Fig. 2. Rate of the cyclization of 6AHI for ion-exchanged BEA zeoli
related to the ratio of charge and radius of the metal cation.

acidity of a metal cation [23]. Hence, it can be sugges
that there is an optimum Lewis acidity needed for tran
tion metal cations to catalyze the reaction, especially
those catalysts which work via activation of the alkyne m
ety [24]. If the metal cation is a very weak Lewis acid, t
catalyst–substrate complex is speculated to be to unsta
form. On the other hand, if the metal cation is very acidic,
catalyst–substrate complex is too stable to undergo fu
reaction. Therefore, metal cations with intermediate Le
acidity provide the highest catalytic activity.

The small, but nonnegligible activity of the parent
BEA zeolite in the cyclization of 6AHI (see Fig. 1) ca
be explained similarly. It has been shown that Brøns
acids, such as CF3SO3H, could not catalyze the cycliza
tion of 6AHI. A test on leaching performed with Zn/H-BEA
(0.53 Zn/Al) showed that the aluminum content decrea
from 1.24 to 1.04 mmol/g indicating partial extraction o
aluminum into the toluene solution, while the zinc cont
remained constant. When reusing the carefully separ
toluene solution in the cyclization of 6AHI, a similar r
action rate was observed as for H-BEA. This indicates
Lewis acidic Al3+ species extracted from the zeolite we
responsible for the activity of H-BEA. However, due
their high Lewis acidity Al3+ cations (e/r = 0.06 Å−1) are
unable to catalyze the cyclization of 6AHI efficiently (s
Fig. 2).

3.2. Relation between oxidation state and catalytic
performance—copper-based catalysts

In a more detailed study the nature of the catalytic s
was explored for two of the most active zeolites (Cu/H-
BEA and Zn/H-BEA). In case of copper, the main questi
was focused on the oxidation state of the copper cat
during catalysis as this has significant mechanistic im
cations. Cu(II)-exchanged zeolites are known to be un
ble upon temperature treatment and reduction of Cu(II
Cu(I) was reported even in inert atmosphere (Cu-BEA [2
Cu/H-ZSM-5 [26]). Recently, it was proposed that the Cu
species have their origin in [CuII –OH]+ cations, which are
o

Fig. 3. Activity of copper catalysts in the cyclization of 6AHI in depend
of ligand sphere and oxidation state.

first dehydrated to [Cu–O–Cu]2+ [27,28] and then reduce
to Cu(I) according to

(4)[Cu–O–Cu]2+ 200−400◦C→ 2Cu+ + 1
2O2

The catalytic activities of Cu(II)-exchanged BEA ze
lites (0.38 and 0.60 Cu/Al) were examined independe
of the activation procedure. Prior to the catalytic reac
Cu(II)/H-BEA was dried (at 100◦C in air or 200◦C at 10−1

mbar) or calcined (at 450◦C in a stream of He or N2).
For comparison, genuine samples of Cu(I)/H-BEA (0.61
Cu/Al) and Cu(I)/H-BEA prepared in situ from H-BEA an
[Cu(CH3CN)4]PF6 were tested for their catalytic activitie
Surprisingly, all materials displayed the same activity in
cyclization of 6AHI independent of the pretreatment and
metal loading. Note, that in all experiments the same am
of copper cations was employed. This observation indic
that—despite the different preparation of the material—
nature and quantity of the catalytically active sites were s
ilar during catalysis.

The catalytic activity of Cu/H-BEA was compared
with corresponding homogeneous catalysts (Fig. 3).
copper(I) complex [(C6H6)(Cu(CF3SO3))2] displayed an
exceptionally high catalytic activity which was comp
rable to Cu(I)/H-BEA. [Cu(CH3CN)4]PF6 which has a
strongly coordinating acetonitrile ligand showed a sig
icantly lower activity whereas the very stable comp
[CuH(PPh3)]6 showed little catalytic activity. The copper(I
salts Cu(CF3SO3)2 and Cu(BF4)2 displayed an intermediat
catalytic activity. Closer inspection of the reaction kinet
showed that both copper(II) salts had an induction per
which was short for Cu(CF3SO3)2 (ca. 5 min) and more
pronounced for Cu(BF4)2 (ca. 2 h). This indicates eithe
slow dissolution of the salts in the reaction mixture or, m
likely, slow reduction of Cu(II) to the catalytically activ
copper(I). In line with this conclusion all copper(I) com
plexes showed an approximate first-order kinetics.

To analyze the local environment of the Cu2+ cations
in the material, an EPR study was performed. Both pa
materials, Cu(I)/H-BEA (0.61 Cu/Al) and Cu(II)/H-BEA
(0.60 Cu/Al), showed EPR spectra typical of Cu2+ species
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bound to the zeolite lattice. They can be best describe
a spin Hamiltonian of axial symmetry (3d9, S = 1/2). The
spectra are characterized by the hyperfine structure du
anisotropic interactions of the unpaired electron with
nuclear spin of63,65Cu (I = 3/2), which is well resolved
for orientations of the magnetic field parallel to thez-axis,
A‖, while A⊥ is not resolved. The EPR parametersg and
A(63,65Cu) of the Cu(II)-zeolite species after activation
Cu(II)/H-BEA (200◦C, vacuum) are indicative of Cu(II
in a distorted square-planar or square-pyramidal coord
tion environment of oxygen atoms (g⊥ = 2.079,g‖ = 2.323,
A‖ (63,65Cu)= 15.7 mT) [29,30]. Even in the case of nona
tivated Cu(I)-exchanged zeolites well-resolved EPR sig
of Cu(II) were found demonstrating the high sensitivity
the method. The spectra have very low intensity (less t
5% of the Cu(II)-exchanged zeolite of similar copper loa
ing as derived from double integration) and altered spec
parameters indicating a different coordination environm
(g⊥ = 2.115,g‖ = 2.381,A‖ (63,65Cu)= 10.8 mT).

The Cu(II)-zeolite species had a different coordinat
environment when the material was suspended in a sol
which is reflected by the change in their EPR parame
In toluene two species were present (g⊥1 = 2.092, g‖1 =
2.377,A‖1 (63,65Cu)= 12.1 mT; g⊥2 = 2.092,g‖2 = 2.338,
A‖2 (63,65Cu)= 14.2 mT), which differ in their EPR parame
ters from the species described above and from those in
tonitrile solution (g⊥ = 2.095,g‖ = 2.351,A‖ (63,65Cu)=
13.6 mT). However, in all cases the presence of anisotro
g and hyperfine structures in the EPR spectra indicate
the Cu(II) species were still bound rigidly to the zeolite l
tice (no tumbling, no leaching).

In addition, in situ EPR experiments close to react
conditions were performed. The activated solid cata
Cu(II)/H-BEA was suspended in toluene and 6-aminohe
yne added under inert conditions. The reaction mixture
heated to 70◦C in the EPR cavity and spectra were tak
during several hours. The spectral parameters of the C
species (g⊥ = 2.073,g‖ = 2.272,A‖ (63,65Cu)= 15.4 mT)
clearly differ from those of the activated Cu(II)/H-BEA ca-
talyst under argon and in pure toluene. Double integra
of the spectra shows that the concentration of the coppe
species was reduced by 30–40% within the first minu
After 2 h only half of the original Cu(II) signal intensit
was found (Fig. 4). This supports the above assump
that Cu(II) was reduced under reaction conditions to Cu
which is inferred to be the catalytically active species.
line with this conclusion, a 10 times lower catalytic activ
for Cu(II) compared to Cu(I) is predicted from the ratio
charge to ionic ratio (e/r = 2.8 and 1.0 Å−1, respectively).

To determine the oxidation state and local environm
of the copper ions during catalysis X-ray absorption stud
were performed. The excitation of Cu 1s electrons cau
a sharp increase in X-ray absorption spectra near 897
(Cu-K edge). The exact energy of the absorption edg
dependent on the electron density of the absorber atom.
ceptually, decreasing electron density leads to a shift of
,

-

-

Fig. 4. X-band EPR spectra of a reaction mixture of the catalyst Cu(II)-B
suspended in a toluene solution of 6-aminohex-1-yne at a reaction tem
ture of 70◦C. The spectra with decreasing intensity were taken after 0
20, and 120 min, respectively. (The superimposed sextet of sharp lin
B = 300–350 mT is due to the Mn2+/MgO standard.)

Table 3
Position of the Cu-K edge for Cu/H-BEA and reference materials

Sample Metal content Edge energy Oxidation Sample
(mmol/g) (eV) state treatment

Cu – 8977.0 0
Cu2O – 8980.9 +I
CuO – 8984.3 +II
Cu(II)/H-BEA 0.45 8986.8 +II Before activation
Cu(II)/H-BEA 0.45 9982.1 +Ia Activation

at 450◦C
Cu(I)/H-BEA 0.47 8980.6 +I No activationb

a See text.
b Handled in inert atmosphere.

edge to higher energies [31]. Therefore, a comparison o
edge positions of the copper-exchanged zeolites with
erence compounds (i.e., metallic copper, Cu2O, and CuO)
allows estimation of the average charge of the incorpor
copper relative to those compounds (Table 3).

The energies of the Cu-K edge in metallic copper, Cu2O,
and CuO were 8977.0, 8980.9, and 8984.3 eV, respecti
Thus, a change of the oxidation state from 0 to+I and
+II leads to a shift in edge energy toward higher energ
(�Eedge= 3.9 and 7.3 eV, respectively). For Cu(II) intro
duced in zeolite BEA an even larger shift in edge ene
(�Eedge= 9.8 eV) relative to metallic copper was observe
This indicates that copper cations, when coordinated to
lite framework atoms, have a lower electron density tha
CuO, which might be related to the distorted coordinat
geometry of the copper cations in the zeolite matrix. F
ther, the oxidation state+II of copper is indicated by the
presence of a small peak with maximum at ca. 8976 eV,
to a (forbidden) 1s→ 3d transition. In case of copper in th
oxidation states 0 or+I this transition is not possible be
cause of the fully occupied 3d orbital. However, for Cu(I
preedge peak with maximum at 8982 eV is frequently
served which results from the 1s→ 4px,y electric-dipole
allowed transition. Activation of Cu(II)-exchanged BEA z
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Fig. 5. XANES spectra of [Cu(CH3CN)4]PF6 dissolved in CH3CN before
and after the addition of 6AHI. Indicated are the edge positions of met
copper, Cu2O, and CuO.

olite in an inert atmosphere led to a shift of 4.7 eV to low
energies (from 8986.8 to 8982.1 eV). In parallel, the p
at 8976 eV decreased in intensity. These observations
cate partial reduction of the copper atoms and a chang
the oxidation state from+II to +I. The difference in edg
energy of 1.5 eV relative to the Cu(I)-exchanged BEA
olite is probably related to a distinct local environment
the copper cations. In summary, the results indicate tha
identical catalytic activities of BEA zeolites ion exchang
with Cu(I) and Cu(II) salts can be attributed to the gene
tion of a similar Cu(I) species during catalysis.

Only slight changes in the XANES spectra were obser
when the homogeneous catalyst [Cu(CH3CN)4]PF6 was dis-
solved in CH3CN. This indicates that the metal cation h
a similar electron density and coordination sphere in s
tion and in the solid state. Apparently, neither the geo
etry nor the number of CH3CN molecules coordinating t
Cu(I) changed. In contrast, when the heterogeneous ca
Cu(I)/H-BEA (0.61 Cu/Al) was suspended in CH3CN the
edge energy was shifted by 0.30 eV to higher energies. C
ceptually, this indicates a lower electron density on cop
caused by coordination of CH3CN.

After addition of 6AHI to the solution/suspension
[Cu(CH3CN)4]PF6 or Cu(I)/H-BEA in CH3CN, the shape
of the XANES spectra changed significantly (Fig. 5,
[Cu(CH3CN)4]PF6). For both homogeneous and hetero
neous catalysts, the white line decreased in intensity.
[Cu(CH3CN)4]PF6 the edge energy had shifted to low
energies (�Eedge= −0.16 eV), indicating a higher elec
tron density on copper. In contrast, for Cu(I)/H-BEA,
a higher edge energy was observed (�Eedge= +0.20 eV).
However, the changes in edge energy were small in c
parison to the shift caused by different oxidation sta
(�Eedge= ±4.0 eV). This clearly indicates that copper
mainly present in the oxidation state+I during catalysis.
This conclusion is supported by the presence of the pre
transition at 8982 eV, which is characteristic for coppe
the oxidation state+I.
t

Table 4
Number and distances of nearest neighbors in Cu/H-BEA and Zn/H-BEA

Sample Shell N r (Å) �σ (Å) × 10−3 �E0

Cu(I)/H-BEA Cu–O 3.1 1.924 8.6 1.6
Cu–O 3.4 3.137 2.5 −10.0

Cu(I)/H-BEA Cu–O 3.1 1.932 6.2 1.7
in CH3CN Cu–O 3.1 3.150 2.0 −10.7

Cu–N 1.0 2.565 8.2 0.024

Cu(I)/H-BEA Cu–O 3.9 1.975 5.9 −0.3
+ 6AHI in CH3CN Cu–N(C) 1.1 2.574 3.8 −0.4

Zn/H-BEA Zn–O 4.3 2.045 7.1 −0.3
Zn–O 1.9 2.974 2.3 −7.1

Zn/H-BEA Zn–O 4.3 2.097 12.3 −1.3
in CH3CN Zn–O 1.8 3.466 21.3 0.1

Zn–N 1.3 2.248 12.9 0.0

Zn/H-BEA Zn–O 4.4 2.096 27.0 −0.2
+ 6AHI in CH3CN Zn–N 1.5 2.359 10.4 0.1

Detailed analysis of the EXAFS revealed the presenc
three oxygen neighbors at 1.92 Å and three oxygen ne
bors at 3.14 Å (Table 4). This strongly suggests that the
per cations are coordinated to six-membered rings of oxy
atoms. Displacement relative to the center of the ring
vides three oxygen atoms at a shorter distance and thr
a longer distance. For Cu(I)/H-BEA suspended in aceton
trile, coordination of one acetonitrile molecule to the cop
cations at a distanced(Cu–N)= 2.57 Å is accompanied by
slight lengthening of the Cu–O distances to 1.93 and 3.1
This indicates that the copper cations remain at their orig
position. In contrast, after addition of 6AHI four nearest o
gen neighbors are found at 1.98 Å and an additional nitro
or carbon neighbor at 2.57 Å. This indicates that the cop
cations have moved to the center of the six-membered
of oxygen atoms. Note that due to a similar phase shift
amplitude functions it cannot be distinguished if the nei
bor is a N or C atom.

For [Cu(CH3CN)4]PF6 dissolved in acetonitrile, the ra
dial distribution function is dominated by the first-sh
Cu–N contributions at 1.99 Å. The peak reflects the c
tribution of the four nearest nitrogen neighbors. At furth
distance, a peak at 3.17 Å can be ascribed to the backsc
ing carbon atoms in the second shell. After addition of 6A
the first shell contribution was at 2.05 Å in the Fourier tra
formation. This indicates coordination of an atom at a lar
distance to the metal center or the formation of a second
ordination sphere around copper. This would be consis
with the formation of an intermediate complex.

3.3. Relation between oxidation state and catalytic
performance—zinc-based catalysts

Corresponding X-ray absorption experiments were
performed for heterogeneous and homogeneous zinc
lysts (Zn/H-BEA, 0.08 Zn/Al, or 0.53 Zn/Al and
Zn(CF3SO3)2). In a first step, the XANES of the solid cat
lysts were compared to those of the catalysts dispersed/dis-
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Fig. 6. XANES spectra of Zn/H-BEA (0.08 Zn/Al) dispersed in CH3CN
before and after the addition of 6AHI.

solved in acetonitrile. The addition of CH3CN to Zn2+-
based catalysts led to an increase in the white line area.
is attributed to adsorption of the polar acetonitrile mo
cules on the Zn2+ cations. The XANES signal change
significantly at energies higher than 15 eV above of
edge, which indicates that the coordination sphere aro
zinc is altered. In case of Zn(CF3SO3)2 the Zn-K edge
was shifted by 1.18 eV to lower energies. It is known t
CH3CN coordinates more strongly to transition metals th
CF3SO3

− [32]. Replacement of the two CF3SO3
− anions

by the stronger electron-donating CH3CN molecules lead
to the significant increase in electron density at zinc.

Dispersion of Zn/H-BEA (0.08 Zn/Al) in CH3CN led to
a shift in edge energy by 0.98 eV to higher energy wher
at a high zinc loading (0.53 Zn/Al) the zinc K edge was
shifted to lower energies (�Eedge= −0.17 eV). This can be
explained by the presence of different zinc sites in this m
rial as described previously [15]. At a low zinc loading, m
zinc cations are coordinated to six-membered rings of o
gen atoms. These rings are distorted leading to four ne
and two distant oxygen neighbors. Adsorption of CH3CN
molecules on such zinc cations leads to a framework
laxation [33] and a more preferred tetrahedral geometr
ligands around zinc. At high zinc loading two further zi
phases are formed in the material. For Zn/H-BEA (0.53
Zn/Al) around 60% of the zinc cations are present as hig
dispersed ZnO. XANES are not in the position to differen
ate between these zinc phases, as the energy of the exci
of 1 s electrons is not sufficiently separated.

The addition of 6AHI to Zn(CF3SO3)2 and Zn/H-BEA
(0.08 Zn/Al) dissolved (dispersed) in CH3CN led to a shift
of the edge to lower energies and a decrease in the inte
of the white line (Fig. 6). This clearly indicates a higher el
tron density on zinc during catalysis, although the chan
in edge energy were small (�Eedge= −0.51 and−1.34 eV)
in comparison to the shift in edge energy caused by cha
in the oxidation state (�E = ±2.80 eV). Thus, we conclud
that strongly electron donating ligands are bound to the Z2+
cation during catalysis. Additionally, upon the addition
t

n

6AHI, the shape of the XANES signal changed slightly
energies higher than 15 eV above of the edge. Thus, the
ordination sphere around the Zn2+ cation during catalysis
is significantly different from the local environment in pu
CH3CN.

Analysis of the EXAFS of Zn/H-BEA (0.08 Zn/Al) re-
vealed the presence of four oxygen neighbors at 2.05 Å
two oxygen neighbors at 2.97 Å (Table 4). This suggests
the zinc cations are coordinated to six-membered ring
oxygen atoms and located on a straight line passing thro
the center of the six-membered ring. For Zn/H-BEA sus-
pended in acetonitrile, coordination of one acetonitrile mo
cule to the Zn2+ cations at a distanced(Zn–N)= 2.25 Å
leads to elongation of the Zn–O distances to 2.10 and 3.4
respectively. This indicates that the zinc cations are shi
away from the center of the six-membered ring along
perpendicular line. After addition of 6AHI, the four neare
oxygen neighbors remain at a distanced(Zn–O)= 2.10 Å
and an additional nitrogen or carbon neighbor is loca
at 2.36 Å. This indicates substitution of acetonitrile by
nitrogen or carbon ligand. These observations and con
sions are in line with those for copper indicating tha
during catalysis—similar reaction steps occur on both m
cations.

3.4. Role of the cation concentration on the catalytic
properties of Zn/H-BEA

The correlation between the cation concentration and
catalytic activity of the material was explored for Zn/H-
BEA with zinc concentrations up to 0.86 mmol/g (0.77
Zn/Al). The cyclization of 6AHI and 3APE and the rea
tion between aniline and phenylacetylene were studied.
all reactions, the product was formed according to app
imate first-order kinetics, although deactivation of the
talyst was observed for 3APE at prolonged reaction tim
In case of the cyclization of 6AHI a linear increase of t
catalytic activity was observed up to 0.15 Zn/Al (Fig. 7).
The activity increased further in the range 0.15–0.26 Zn/Al,
although the increase was less pronounced. For Zn2+ con-
centrations above 0.26 Zn/Al, the activity approached a con
stant level. Note that the same amount of Zn2+-exchanged
zeolite was employed in each reaction and consequentl
total amount of Zn2+ in the reaction mixtures varied. A sim
ilar correlation between the catalytic activity and the z
loading was also observed for the other two reactions
case of the cyclization of 3APE the initial reaction rates w
comparable to 6AHI (Fig. 8), while the intermolecular r
action between aniline and phenylacetylene was around
times slower (Fig. 9). Nevertheless, also in this case the t
in the initial reaction rates was similar to the cyclizati
of 6AHI and 3APE. By correlating the initial reaction rat
with the nature of the zinc sites in the material, the intrin
catalytic activity of each site can be estimated.

Characterization of the zinc-exchanged BEA zeolites
shown that, depending on the metal content, up to three
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Fig. 7. Initial rates for the cyclization of 6AHI with Zn/H-BEA zeolites
varying in the Zn2+ concentration.

Fig. 8. Initial rates for the cyclization of 3APE with Zn/H-BEA zeolites
varying in the Zn2+ concentration.

Fig. 9. Initial rates for the addition of aniline to phenylacetylene w
Zn/H-BEA zeolites varying in the Zn2+ concentration.

ferent zinc sites are present [15]. In the range 0–0.26 Zn/Al
protons associated with Brønsted acid sites are exchang
zinc cations (Fig. 10). Within this range two zinc sites w
found differing in the location of charge balancing oxyg
atoms. The zinc cations are best stabilized when the d
lent charge is directly balanced by two framework Si–O–
y

(A) (B) (C)

Fig. 10. Possible zinc sites in Zn/H-BEA; (O) framework oxygen atom.

groups. This requires that the two aluminum atoms ar
vicinity (zinc site A). In the most stable arrangement,
zinc cations are coordinated to 6-membered rings of oxy
atoms. This site is preferentially formed at low zinc conc
trations (< 0.15 Zn/Al). The second site consists of [Zn–O
Zn]2+ cations charge balanced by two framework Si–O−–Al
groups (zinc site B). In this case, the two aluminum ato
can be further apart (up to 1.2 nm). This site is prefer
tially formed at zinc concentrations between 0.15 and 0
Zn/Al. Both zinc sites A and B are located in the 12-ri
channels of zeolite BEA, where the sites are readily acce
ble for reactants. At zinc loadings above 0.26 Zn/Al zinc is
incorporated as ZnO (zinc site C).

The linear correlation between the activity and the z
loading in the range 0–0.15 Zn/Al shows that a constan
proportion of the zinc cations is available for catalysis. T
further increase in activity in the range 0.15–0.26 Zn/Al
confirms the increased number of catalytically active z
cations in this range. The increasing activity of the mate
thus, correlates with the increasing concentration of Zn2+,
which is incorporated as site A and site B, respectiv
However, the Zn2+ cations in site B are catalytically on
about half as active than those in site A. The high activity
Zn/H-BEA in hydroamination reactions seems, in part,
lated to the rigid coordination sphere of the zinc cation
zinc site A, which is far from the typical tetrahedral liga
sphere of zinc cations in solution. This coordination geo
etry is speculated to enhance the Lewis acidity of the
cations. The constant level of activity at loadings above 0
Zn/Al indicates that Zn2+ incorporated as ZnO (zinc site C
is catalytically inactive. The low activity is associated w
the low Lewis acidity of ZnO that did not show any cataly
activity in hydroamination reactions [34]

3.5. On the different mechanism of hydroamination

Two different reaction sequences are proposed for
droamination reactions catalyzed by late-transition-m
compounds [35–37]: (i) oxidative addition of the amine
the metal center, followed by insertion of the CC unsatura
moiety into the metal–nitrogen bond and (ii) a nucleoph
attack of the amine on a coordinated CC double or tr
bond (Fig. 11).

• With respect to the oxidative addition route, the k
step is the activation of the amine by oxidative ad
tion to the metal center. This step requires two electr
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Fig. 11. Possible pathways of hydroamination reactions catalyzed
late-transition metals. Shown are the routes via oxidative addition (left)
nucleophilic attack (right) for the model substrate 6AHI. Formal [1,3]-
drogen shifts are indicated with±H.

of the metal and is well established for electron-r
metal centers. Typical redox pairs for this reaction
Rh+/Rh3+, Ni0/Ni2+, and Pd0/Pd2+. A catalytic cycle
for hydroamination can be realized, if the oxidative a
dition step can be coupled to an alkene/alkyne insertion
process, followed by reductive elimination of the pro
uct.

• In nucleophilic addition, the activation of the alken/
alkyne is generally accomplished by its coordination
a late-transition metal, which renders theπ -system more
susceptible to attack by exogenous amine nucleoph
This gives an intermediate 2-aminoalkyl/alkenyl com-
plex. Protonation of the carbon attached to the m
gives the hydroamination product.

If the reaction proceeds via oxidative addition, a signific
decrease in electron density on the metal center is expe
whereas for the route via nucleophilic attack an increas
electron density is expected.

The results on X-ray absorption clearly showed that
electron density at the metal cation (Cu+ and Zn2+) in-
creased after addition of 6AHI. This strongly suggests
the reaction proceeds via an electron-rich intermediate
ilar to the 2-ammonioethenyl complex described for pa
d

dium [24]. Thus, we conclude that a mechanistic route ba
on a nucleophilic attack on a coordinated alkyne/alkene
group predominates for the Cu(I) and Zn(II) catalysts st
ied. The alternative route, oxidative addition, is intrinsica
impossible for Zn(II) and appears unlikely for Cu(I), b
is in principle possible for Rh(I). However, as Rh/H-BEA
displays a very similar catalytic behaviour as the Cu(I) a
Zn(II) catalysts it is speculated that the hydroamination re
tions catalyzed by Rh/H-BEA also proceed via nucleophili
attack. A mechanistic route based on nucleophilic additio
also in line with the intermediate Lewis acidity of the me
cations (Rh+, Cu+, and Zn2+) which provided the highes
rates in the cyclization of 6AHI.

4. Conclusions

The cyclization of 6-aminohex-1-yneand 3-aminoprop
vinyl ether and as the reaction between phenylacetylene
aniline were studied as model reactions for the direct a
tion of amine N–H to CC multiple bonds (hydroaminatio
A particularly high catalytic activity for this type of reactio
was observed for the heterogeneous catalysts Rh(I)/H-BEA,
Cu/H-BEA, and Zn/H-BEA and the homogeneous cataly
[(C6H6)(Cu(CF3SO3))2].

The key factor for a high catalytic activity seems to be
intermediate Lewis acidity of Rh+, Cu+, and Zn2+ cations.
As a consequence, the propensity of the metal cation fo
ordination of either the amine or the alkyne functionality
balanced. This enables activation of the alkyne group in
presence of amines and a mechanistic route via coordin
of the alkyne to the metal center and subsequent nucleop
attack of the amine lone pair becomes viable.

Zinc ion-exchanged BEA zeolites were studied in par
ular detail. Zn2+ cations immobilized at ion-exchange po
tions prefer to coordinate to two vicinal Brønsted acid si
In the most stable geometry, the zinc cations are coordin
in a square pyramidal fashion to four framework oxygen
two further oxygen at a longer distance. This distorted
ordination geometry probably enhances the Lewis acidit
the zinc cations, leading to a much higher catalytic ac
ity of Zn/H-BEA in hydroamination reactions compared
corresponding homogenous catalysts.

In summary, this study correlates the local environm
of metal cations immobilized at ion-exchange positions
zeolite BEA with the catalytic activity of the material
hydroamination reactions. To further increase the cata
activity, BEA zeolites with a lower Si/Al ratio are require
In this case a higher concentration of Lewis acidic me
cations at ion exchange positions becomes available.
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