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Abstract

The addition of amines to CC double and triple bonds using different transition metal catalysts was investigated. Lewis acidic
complexes of rhodium, palladium, copper and zinc are effective catalysts for the cyclisation of 3-aminopropyl-vinylether and
6-aminohex-1-yne. The catalytic activity of these homogeneous catalysts is significantly increased in the presence of catalytic
amounts of Brgnsted acids. The higher activity of corresponding heterogeneous catalysts, here shown for zinc ion exchanged
beta zeolites, is probably related to residual protons in the material. The respective role played by Lewis acidic metal centres and
protons in the catalytic systems is discussed. Itis concluded that Brgnsted and Lewis acids, and their respective properties, have
to be taken into account in the rational design of hydroamination processes mediated by late transition metals. © 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction (hydroamination) would save at least one step in com-
mercial operations and, therefore, faces increasing
Amines are important chemical intermediates which attention as an atom efficient catalytic transformation.
have applications, e.g., in the synthesis of polymers, HaC ‘
various solvents, pharmaceuticals and surfactants. H30>=CH2 + NHg BuNH, 0
The chemical industry produces amines in small to
medium scale facilities utilising various synthetic So far, most studies have been focused on the
routes [1]. Currently, the most widespread method for reaction between ammonia and C2—-C4 alkenes.
the production of lower alkyl amines involves the re- The amination of 2-methylpropene, e.g., gives
action of an alcohol with ammonia. A major drawback t-butylamine (Eq. (1)) [2—4]. The reaction is slightly
of this route is that (i) water is formed in the reaction exothermic and has a negative reaction entropy [5].
which has to be separated from the product amine and Therefore, the thermodynamic equilibrium is shifted
(ii) the alcohol is frequently obtained by direct or indi-  to the starting materials and the yield decreases with
rect hydration of the corresponding alkene. The direct increasing temperature (Fig. 1) [6]. Because of the
addition of amines to carbon-carbon multiple bonds |ow reactivity of the two reactants, a catalyst is re-
quired. Most commonly, solid acids and especially
"+ Corresponding author. Tel+49-89-289-13538; zeolites in the protonic form are us_ed. Since 1986,
fax: +49-89-289-13544. BASF AG have operated an industrial scale process
E-mail address: thomas.mueller@ch.tum.de (T.E. Miiller). for the production of-butylamine [7]. The reaction is
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Fig. 1. Dependence of the conversion of 2-methylpropenthistylamine on the reaction conditions, i.e., the temperature, pressure and
catalyst [6].

performed at approximately 27€ and 280bar, i.e., a flame ionisation detector, using a crosslinked 5%
at supercritical conditions, using a fixed bed catalyst diphenyl- 95% dimethyl-polysiloxane column (30 m,
[8]. The maximum conversion of ca. 24% at this tem- Restek GmbH, Rtx-5 Amine). 6-Aminohex-1-yne and
perature makes recyclisation of 2-methylpropene and [Pd(Triphos)](CESQOs), were prepared according to
ammonia necessary, which is a costly factor in the the published procedures [9]. All other chemicals
commercial operation. were commercially obtained and used as received,;
Catalysis of hydroamination reactions with solid CH3CN and toluene were purchased anhydrous
acids is restricted to those alkenes, which form rela- from Aldrich. Zinc ion-exchanged zeolites were pre-
tively stable alkoxy groups. A new type of catalystwas pared by slurring the H-beta zeolite (Sidchemie AG,
required which was able to activate the alkene in a dif- T-4546, MA039 H/99, specific surface area 538m
ferent manner. Thus, we explored the use of late tran- 10g) with 0.5M zinc acetate in water (70 émat
sition metal catalysts. In this study, complexes of late 80°C and separated subsequently by centrifuging
transition metals and ion exchanged zeolites have beenthe mixture. The procedure was repeated four times
shown to be excellent catalysts for the intramolecular to ensure complete ion-exchange. Finally, the sam-
hydroamination of alkenes and alkynes. In particu- ple was calcined (5K/min to 50, 4h at 500C).
lar, the cyclisation of 3-aminopropyl-vinylether and To achieve lower degrees of ion-exchange a less
6-aminohex-1-yne with these catalysts was explored. concentrated zinc acetate solution was used and the
Here, the role of Lewis and Brgnsted acids as catalyt- procedure was repeated less often. The zinc loadings
ically active sites is discussed in light of the analogy were determined by atomic absorption spectroscopy
between homogeneous and heterogeneous catalysis. (0.03—0.66 mmol Zfi*/g).
In a typical catalytic experiment, a mixture of
6-aminohex-1-yne (0.06cin 0.5mmol), zinc ex-
2. Experimental changed beta zeolite (11 mg) and toluene (18)cm
was heated at reflux (111 C) and samples taken for
1H, and3!P{1H}-NMR spectra were recorded on GC analysis at regular intervals. In the comparison
a Bruker AM 400 spectrometer. Chemical shifts are of different homogenous catalysts, the same reac-
reported in ppm relative to tetramethylsilane. An- tion conditions and the following amounts of catalyst
alytical gas chromatography was performed on a (5.3 x 10~3mmol) and acid were employed: 2.4 mg
Hewlett-Packard HP 5890 gas chromatograph with [Rh(NOR)]CIO4, 4.8 mg [Pd(Triphos)](CE50s)2,
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2.0mg [Cu(CHCN)4]PFs or 1.9mg Zn(CESQs)2;
0,47 x 1074, 23x 1073, 47 x 10~3cm® CRSO;H
(0,53x 1073, 2.1 x 1072, 5.3 x 10-2mmol, respec-
tively). In the cyclisation of 3-aminopropyl-vinylether,
a mixture of the substrate (0.1ém0.9 mmol), cat-
alyst (44 x 10-2mmol) and toluene (15cf) was
heated at reflux (11IC). The acid CESOs;H was
added within of the first 2 min of the reaction. Samples
for GC analysis were then taken at regular intervals.
For the experiments the following amounts of catalyst
and acid were used: 21 mg [Rh(NOR}IO4, 42 mg
[Pd(Triphos)](CBSQs)2, 17mg [Cu(CHCN)4PFs

or 16 mg Zn(CESs),; 0, 39 x 1073, 1.9 x 1072,
3.9x102cm® CRSO3H (0, 44 x 102,22 x 1071,

4.4 x 10~ mmol, respectively).

The reactions involving optical spectroscopy were
carried out in a custom built 90 chsteel autoclave
equipped with two pairs of movable quartz probes
[10]. The probes were connected with optical fibres to
a Perkin EImer Lambda 16 UV spectrometer and a
Bruker Vector 22/N NIR spectrometer, respectively.

491

imine 2-methyl-1,2-dehydropiperidin®)((Eqg. (3)).
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As homogeneous catalyst, the palladium complex
[Pd(Triphos)](CES0s), (6) was studied in detail.
Complex6 was prepared from [PdeICOD)] by dis-
placement of the COD ligand by the phosphine ligand
followed by halide abstraction with AQGBQO;. The
nature of6 was confirmed by single crystal X-ray
analysis [11]. Suitable crystals o8-CHCIl3 were
grown by slow evaporation of a chloroform solution

The spectra obtained were baseline corrected and thernof complex6. A perspective view of the monocationic

integrated in the frequency range 4830-5070¢m
(NIR, characteristic foB) and 220-370 nm (UV, char-
acteristic for5). For the in situ NIR/UV experiment,
the initial reaction mixture contained 6-aminohex-1-
yne (0.17cm, 1.5mmol), [Pd(Triphos)](CES0s)2
(14.2mg, 15umol) and CHCN (60cn¥) at 82°C.

part of the complex is shown in Fig. 2. The phos-
phine is coordinated in a three-dentate fashion to the
palladium centre. The anticipated vacant coordination
sitetrans to the PPh phosphorus atom is occupied by
an oxygen atom (O1) of one trifluoromethylsulfonate
anion. Thus, the geometry is based on the normal

For the comparison between homogeneous and hetero-square-planar geometry of Pdentres.

geneous catalysis, the reaction mixtures cont-
ained: (a) 6-aminohex-1-yne (0.28#m2.5mmol),
Zn(CRS®), (9.2 mg, 25.mol) in toluene (60 cri);

(b) 6-aminohex-1-yne (0.32 cm2.8 mmol), Zn(Ck
SO3)2 (10.3mg, 2§umol) and CESOsH (0.05cn?,
0.56 mmol) in toluene (60 cand (c) 6-aminohex-1-
yne (0.26 cr, 2.4 mmol), Zn-H-beta (48 mg, 2@nol
Zn?t) in toluene (60 crf) at 111°C.

3. Results and discussion

The cyclisation of 3-aminopropyl-vinyletherL)
which allows for a slightly activated carbon—carbon
double bond, gives N,O-acetal tetrahydro-2-methyl-
1,3-oxazine 2) (Eg. (2)). The intramolecular hy-
droamination of 6-aminohex-1-yn8)(first generates
2-methylene-piperidine4j with an exocyclic dou-
ble bond which isomerises in situ to the more stable

As the counter ion has to be displaced during catal-
ysis, a large influence of the anion on the catalytic
activity is expected. In this respect, it was shown that
anions, derived from the sulfonic acids, were particu-
larly favourable for a high catalytic activity [9]. 186,
the strongrans-effect of phosphorus labilises the bond
to the anion or—during catalysis—to the substrate,
intermediate or product. This is probably the reason
for the higher catalytic activity o6 in comparison to
palladium complexes where a nitrogen atom is located
trans to the empty coordination site [11]. The triden-
tate phosphine ligand used in this study inevitably
makes the oxidative addition of H-N more difficult
in comparison to bi- or mono-dentate ligands. Ac-
cordingly, the mechanism proposed below is not nec-
essarily applicable to reactions involving palladium
complexes with bi- and mono-dentate ligands [12,13].

To obtain kinetic data on the cyclisation of
6-aminohex-1-yne with [Pd(Triphos)](GEGs)2, the
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Fig. 3. Concentrations 08 and 5 in the cyclisation of3 with
[Pd(Triphos)](CES0s), (solvent CHCN, 82°C). The concentra-
tions were followed in situ with NIR and UV spectroscopy, re-
spectively.

based on an equilibrium reaction betweksnd4, fol-
lowed by an effectively irreversible isomerisation of
4-5 (Eq. (4)) [14]. From fitting of the corresponding
Fig. 2. ORTEP representation of the monocationic part of com- rate equations [15,16], the rate constants= 0.54 x
pound 6.CHC; in the solid state. Thermal ellipsoids are at the 1073, k_1 = 5.06x 103 andk, = 3.37x 10 3min—!
50% probability level. Hydrogen atoms are omitted for clar- were obtained (82C). Whereask, describes an el-
ity. Selected distances (A) and angley: (Pd—P1, 2.3375(6); ementary reactiork; andk_; constitute formal rate
Pa-P2, 2.2003(6); Pd-P3, 2.3480(6); Pd-O1, 2.134(2); P1-PA-P2, o\ tanis describing the overall rate of reaction for the
82.38(2); P1-Pd-P3, 164.14(2); P1-Pd-01, 99.88(6); P2—Pd-P3, X .
83.92(2); P2-Pd-01, 175.48(7); P3-Pd-01, 94.36(6); Pd-01-s, Sequence of reaction steps leading fr8io 4 and the
135.82(12) [11]. reverse reaction, respectively. The slowest step in the
reaction sequence is the formation of intermediate
The intermediate can then react back to the starting
reaction was followed in situ with optical spectroscopy material or forward to give the produgt Although
[14]. Acetonitrile was chosen as solvent, as it has a both reactions are faster than the formatiordpthe
large spectroscopic window for UV and NIR spec- difference in rate does not exceed one order of mag-
troscopy. The concentrations of the substratand nitude. As a consequence, the intermediate reaches a
product5 were derived from the respective spectra in maximum concentration of about 5% after 350 min.
the NIR and UV region. Initially, the concentration of The corresponding constak for the equilibrium
3 decreased rapidly, whereas very little amount§ of ~betweerB and4 is, therefore, on the side of the start-
formed (Fig. 3). At longer reaction times, the concen- ing material(Keq ~ 0.11). This value is for the dy-
tration of5 increased, but remained always lower than namic equilibrium, which is continuously disturbed by
the amount expected from the decreas@.ifihe mass  reaction of4 to 5 and might have a considerable error.
balance could, however, be closed by assuming that ks
an intermediate species had formed. To determine the3—=4—>5 (4)
nature of the intermediate, the reaction was also fol- *
lowed by in situlH-NMR spectroscopy. The spectra To identify the palladium species present during
showed transient signals at 3.40 and 3.24 ppm which catalysis, a 100-fold excess 8fwas added to a solu-
were assigned to the methylene group of enardine  tion of 6 in CDClz and a3P{*H}-NMR spectrum of
The change in the substrate and product concentra-the mixture taken. The chemical shift of tA¥ nu-
tion with time could be described by a kinetic model clei is a sensitive probe for processes occurring at the
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Fig. 4.3'P{*H}-NMR spectrum of the reaction mixture during the cyclisationBafith [Pd(Triphos)(CESOs)2.

palladium centre. During catalysis, only two signals cyclisation product, which remains coordinated to
were detected in the spectra at 102.8 and 45.2 ppm inthe palladium centre (giving comple). Additional
a ratio of 1:2 (Fig. 4). These can be assigned to the weaker signals at 116.7/52.7 and 102.7/45.2 ppm can
PPh moiety and the two PPRIgroups of an unknown  be assigned to the parent palladium compbeand
palladium complex7. The high concentration of the the unknown intermediat&, respectively (Table 1).
complex in the catalytic mixture indicates thais ei- It is known that amines can attack alkynes, which are
ther a resting state of the catalyst or that the subse-coordinated to a late transition metal centre [17,18].
quent step in the catalytic cycle is a slow reaction. To test the hypothesis that is the result of a cor-

In order to identify this complex, 1 equivalent (eq.) responding nucleophilic attack, 1 eq. heptyne and 1
of 6-aminohex-1-yne was added to a solution6of  eq. NEt were added in succession to a solutioréof
in CDClz. The 31P{1H}-NMR spectrum of the mix-  Complex8 formed in situ, according to Eq. (5), and
ture showed two signals at 109.5 and 53.9 ppm in a gave rise to two signals in th&P{*H}-NMR spec-
1:2 ratio. These can be assigned to formation of the trum, which occur at exactly the same chemical shift

Table 1
31p{1H}-NMR signals observed for in situ mixtures of [Pd(Triphos)]§SEs). and various ligands
Ligand for [Pd(Triphos)](CESQs)2 8(P1) (ppm) §(P2/3) (ppm) Concentration (%) Assignment
HC=C(CH2)4NH3 (1 eq.) @) 116.7 52.7 2 6
109.5 53.9 90 9
102.7 45.2 8 7
HC=C(CHz)4NHz (100 eq.) B) 102.8 45.2 100 7
(1) HC=C(CH2)4CHs (1 eq.) 116.7 52.5 4 6
(2) NEgz (1 eq.) 112.7 475 5 10°
102.9 45.3 91 8

a102.8 t(J(3P,31P) = 17.7Hz); 45.2 d (J 3P, 31P) = 17.8 H2).
b Complex10: [Pd(Triphos)(NE$)](CF3S0s)5.



494 J. Penzien et al./Journal of Molecular Catalysis A: Chemical 182-183 (2002) 489-498

as observed for the unknown intermediat& hus, the catalysts in the cyclisation @&. The solvent toluene
direct environment of the palladium centre must be was chosen, as higher reaction rates were obtained
very similar in complexed and8 and is assigned to  than for more polar solvents, such as acetonitrile. The
[(Triphos)Pd+ < CH=CR-NR3*] with R =alkyl, initial rate of cyclisation varied from.Z x 1072 to

R =H/alkyl (Egs. (5) and (6)). Thus, it seems likely 6.0 x 1072 mol (geath)~* (111°C). At low zinc con-
that complex7 has formed by nucleophilic attack of tent, the reaction rate increased linearly with the zinc
the amine on the coordinated alkyne.

R +
(\E’th +HC=CR (\'?th + NEtg PP -/ NEt3
Php-——PE*0 o ——— PhP-P* ] PHP -—---Pg2*--
: ‘S//O R ="Pent : : H
L_pp,_ S5 PPh; |, PPh,
FsC
CFsS05 6 (CF3803)2 (CF3803), 8 (5)
(e cHoCHpN, (PP .
Php----Pd*-Q) o ppp- Pt N —
PP, SSg (_ppn, H 2
FiC "04SCF;
CF3S0O;3° 6 CF3SO5 7 (6)

Zinc was chosen for the preparation of the cor- concentration (Fig. 5). Above a zinc concentration of
responding heterogeneous catalysts. It has only one0.31 mmol Z&*/g, however, the catalytic activities of
oxidation state available, which allows for a more the Zn—H-beta zeolites remained constant. The addi-
straightforward mechanistic analysis. The catalysts tional, catalytically inactive, zinc could be present in
were prepared by ion exchanging H-beta zeolite with the zeolite pores as ZnO, which does not contribute to
zinc acetate, followed by calcination at 48D [19]. the catalytic activity.

The Zn—H-beta zeolites, with zinc concentrations be-  Interestingly, the amount of ammonia which
tween 0.03 and 0.66 mmol 2h/g, were tested as adsorbed on the Zn-H-beta zeolites correlated
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Fig. 5. Catalytic activity of Zn—H-beta zeolites in the cyclisation3ofsolvent toluene, 11IC).
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Fig. 6. Semi-quantitative determination of the number of Brgnsted Fig. 7. ZCo(r;qpanson Ofd tﬂe cyclisation 08 ‘?”th h;moget;
and Lewis acid sites by pyridine adsorption and IR spectroscopy. neous (Zn(CESOs)z) and heterogeneous catalysts (Zn—H-beta,

+ . _ _ .
The number of sites is given relative to the number of sites in the O'5f1mm%| ;ﬁ /Ig)’ T di;octes gEiQ*’ - The rea_ctlonfsl;/vered
parent H-beta catalyst. performed in toluene at and the concentrations followe

on line with NIR spectroscopy.

with the catalytic activity of the materials [20]. Under the same reaction conditions Zn-H-beta had
The parent H-beta adsorbed 0.46 mmol I The a higher catalytic activity than the corresponding ho-
amount of ammonia adsorbed increased linearly mogeneous catalyst Zn(@50s)2 (Fig. 7). It seemed
with the zinc content to 0.66 mmol Nyy. Above likely that the protons remaining in the beta zeolite
0.31 mmol Zr*/g the amount of ammonia adsorbed after the ion exchange could function as a co-catalyst.
remained approximately constant. This shows that To test this hypothesis, GBOsH (20 equivalents
the catalytically inactive ZnO species do not adsorb relative to Zf+) was added to a catalytic mixture
ammonia. of Zn(CRSQs)2 and 3. The catalytic activity of

Semi-quantitative evaluation of the number of Zn(CRSQ0;), increased to such an extend that it was
Bragnsted and Lewis acid sites was possible by pyri- similar to the Zn—H-beta zeolite. In contrast, acid
dine adsorption and IR spectroscopy [21]. A band at without a metal catalyst did not lead to a conversion
1546 cn!, assigned to the CC stretch vibration of of 3. Fitting of the kinetic model showed that, af-
pyridine, is characteristic for pyridine adsorbed on ter addition of CESOsH, k1 and k_1 increased by
Bronsted acid sites, whereas a band at 1451cis a factor of 4 andk, by 25. This indicates that the
due to pyridine molecules adsorbed on Lewis sites protons function as co-catalysts in the cyclisation of
[22]. From the intensity of the signals the number of 3-5 by accelerating the hydroamination as well as
Bragnsted and Lewis sites in the material could be es- the isomerisation of the enamine to the imine. Thus,
timated relative to the parent H-beta zeolite (Fig. 6). we postulate that a proton transfer step is involved in
The number of Lewis sites increased continuously both elementary steps.
with the zinc content. The number of Brgnsted acid The addition of amine N-H to CC unsaturated
sites decreased at low zinc concentrations, whereasbonds seemed best catalysed with a catalytic system
above 0.21mmol Z#t/g the number remained ap- comprising Lewis and Brgnsted acidic function-
proximately constant. About half of the protons ini- ality. To explore this concept, Lewis acidic metal
tially present in H-beta could not be exchanged by complexes were tested for their catalytic activity
zinc cations. in the cyclisation ofl and 3 (toluene, 112C). In

To compare corresponding homogeneous and het-particular, the metal complexes [Rh(NGR}IO4
erogeneous catalysts, the zinc salt Zn{863), and (NOR=norbornadiene), Zn(GS03)2 and [Cu(ChH
Zn—H-beta (0.51 mmol Zt/g) were tested as cat- CN)4]PFs were chosen. Each of the three complexes
alysts in the cyclisation 08 (toluene, 111C) [14]. catalysed the cyclisation 8f5, although the catalytic
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Fig. 8. Initial reaction rates for the cyclisation 8f (left) and 1 (right) using the catalysts [Pd(Triphos)](€$0;s)2, [Rh(NOR)]CIO4,
Zn(CRSG)2 and [Cu(CHCN)4]PFs in the presence of different amounts of £F;H (solvent toluene, 119C).

activity was lower than for [Pd(Triphos)|(GBGs)2. A likely reaction sequence for the cyclisation ®is

The same metal complexes also catalyse the cycli- shown in Scheme 1. Initially, the substrate coordi-

sation of 1-2. In each reaction, the addition of a nates to the palladium centre via the amine lone pair.

Brgnsted acid (C§5OsH) as co-catalyst strongly  The complex isomerises so that the alkyne group be-

increased the rate of reaction (Fig. 8). comes coordinated to the metal centre. This renders
The similar behaviour of the different catalytic sys- the m-system susceptible to a nucleophilic attack of

tems indicates a closely related reaction mechanism.the nitrogen lone pair, which yields an amphoteric

.
Hac)\N
H

H H

NH,

%

Scheme 1. Reaction sequence proposed for the cyclisati@n e squares indicate those elementary steps where protons are involved.
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2-ammonio alken-1-yl complex. Protolytic cleavage of the reaction.31P{1H}-NMR spectroscopy was used
the metal—-carbon bond leads to desorptioaind to investigate which metal complexes occur during
regenerates the catalyst. Subsequently, the enadnine the cyclisation of3 with the homogenous catalyst
isomerises in situ to the more stable imiieFor the [Pd(Triphos)](CES0;)2. It was shown that the pre-
cyclisation of1, a corresponding mechanism seems dominant metal species in the catalytic mixture is
likely except that there is no subsequent isomerisation the result of a nucleophilic attack of the amine on
of the oxazoline formed. Protons are involved in three a coordinated alkyne. The high concentration of the

elementary steps: (A) coordination of the vinylig 6r
acetylenic groupd) to the metal centre is more likely
in acidic conditions as the amine group is protonated
reversibly; (B) the intermediate amphoteric complex
rearranges by a formal 1,3-proton shift and (C) for the
cyclisation of3, the isomerisation of the enamine to
the corresponding imine is catalysed by protons. The
latter could increase the overall reaction rate if the
desorption of the intermediateis slow.

4. Conclusions

Lewis acidic complexes of late transition metals
were identified as suitable catalysts for the direct
addition of amines to CC multiple bonds. This was
shown for the cyclisation of 3-aminopropyl-vinylether
(1) and 6-aminohex-1-yne3). In particular, the com-
plexes [Rh(NORJ|CIO4, [Pd(Triphos)](CESOs)2,
[Cu(CH3CN)4]PFs and Zn(CRSQs)2 were active as

complex indicates that the subsequent step, protolytic
cleavage of the metal—-carbon bond in the intermediate
complex, is a slow step in the mechanistic cycle. This

step probably occurs faster in acidic conditions. How-

ever, two further steps were identified where protons
are involved in the reaction cycle. In summary, these
results show that Brgnsted and Lewis acidic groups
in close vicinity may be necessary in an ideal catalyst
for hydroamination reactions.
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