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Abstract

Complexation of the diphenylphosphinomethylated dendrimer DAB-dendr-{N(CH ,PPh,), 1,5 with PdCI ,(PhCN), gave a
dendrimer-bound PdCl, complex. The dendritic Pd complex showed high catalytic activity for the selective hydrogenation
of conjugated dienes to monoenes under mild reaction conditions. The catalytic activity of the dendritic Pd complex was
higher than that of the corresponding low-molecular weight complex [PhN(CH ,PPh,),PdCl,]. The dendritic catalyst was
easily recovered from reaction mixtures and could be reused without any loss of the activity. © 1999 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The dendrimers are novel macromolecules
with the monaodispersed molecular weights, pre-
cisely determined cascade structures, and spe-
cific number of the end groups [1-5]. Surface
functional groups on the dendrimers can be
easily modified with various ligand atoms capa-
ble of binding metal complexes to give a num-
ber of metal-containing dendrimers [6—8]. Then,

* Corresponding author. Telefax: + 81-6-6850-6260; E-mail:
kaneda@cheng.es.osaka-u.ac.jp

much attention has been paid to the dendritic
metal complexes as catalysts because they have
structurally well-defined and specific number of
active sites seen in the traditional homogeneous
catalysts as well as the possibility of recovery
and reuse of the heterogeneous catalysts [9—12].

In the course of our studies on catalyst design
of highly functionalized polymeric metal com-
plexes [13-16], we chose the dendrimers as
well-defined polymeric ligands and found that
the dendrimer-bound Pd(I1) complex showed
high catalytic activity for the hydrogenation of
conjugated dienes to monoenes. We report here
the characteristic features of the dendrimer-
bound Pd(Il) complex catalysts, as compared
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with those of the corresponding monomeric
complex and a typical polymeric Pd catalyst of
the polystyrene-bound Pd(I1) complex [17].

2. Experimental

The diphenylphosphinomethylated dendrimer
DAB-dendr-[N(CH ,PPh,),],, (1) was synthe-
sized from DAB-dendr-(NH,),, according to
the method of Reetz et a. [7]. ' Complexa-
tion of 1 with PdCl,(PhCN), afforded the
dendrimer-bound PdCl, complex (2).
[PhN(CH ,PPh,),PdCl,] (3) as alow-molecular
weight analogue of 2 was obtained by the litera-
ture procedure [18,19]. The structures of den-
dritic compounds 1 and 2 were characterized by
'H, C, and *'P nuclear magnetic resonance
(NMR) spectra. In the **P NMR spectrum of 2,
a sharp signal at 6 = —28.0 due to the metal-
free dendrimer 1 completely disappeared and
only a new signa was observed at 6= +7.93
corresponding to the phosphines coordinated to
Pd complexes. Infrared (IR) spectrum of 2 had
broad bands at 294 cm™~?* assigned as terminal,
cis Pd—CI gretching bands, which were similar
to those observed in 3 [20]. X-ray photoelectron
spectroscopy (XPS) spectrum of 2 showed two
bands at 343.4 and 338.3 €V due to Pd 3d; ,
and 3ds,,, respectively, and the binding energy
of Cl 2p was 197.9 eV. The above values of
binding energies are comparable with those of 3
and atypical Pd(I1) complex of PdCI (PPh,),. 2
From these results, the structure of the dendritic
Pd complex 2 can be considered as a divalent
DAB-dendr-[N(CH ,PPh,),Pd(I1)Cl , 5.

The catalytic activity of 2 was examined in
the hydrogenation of cyclopentadiene under an

' The poly(amino)dendrimer DAB-dendr-(NH,),; was pur-
chased from DSM Fine Chemicals.

% The binding energies of Pd 3d3,,, 3ds,, and Cl 2p of the
complexes 3 and PdCl ,(PPh;), are as follows; 343.6, 338.5, and
198.0 eV for 3 and 343.6, 338.3, and 198.5 eV for PdCl ,(PPh;),.

atmospheric pressure of H, in EtOH, as com-
pared with those of 3, Pd/C, and Pd/Al ,O,. 3
The timecourses of hydrogen uptakes are shown
in Fig. 1. In the case of 2, the hydrogen uptake
drastically dropped after cyclopentadiene was
consumed completely. At this stage, high selec-
tivity for the formation of cyclopentene was
observed; cyclopentene was an only product
without cyclopentane. Further, the successive
reduction of cyclopentene occurred at an ex-
tremely slow rate when the reaction was pro-
longed. Using Pd/C and Pd/Al,O, catalysts,
rates of the hydrogenation remained constant
after the perfect consumption of the diene with-
out such aturning point of the hydrogen uptake;
a competitive reduction of cyclopentadiene and
cyclopentene occurred to result in low selectiv-
ity for the monoene. A rate of the hydrogena
tion with 3 was extremely low among these Pd
catalysts used. It has been reported that such a
selective hydrogenation of dienes to monoenes
using homogeneous Pd catalysts required high
pressures of H, and SnCl, as an activating
agent [21,22].

The initial rates of H, uptakes in the hydro-
genation of various olefins are summarized in
Table 1, accompanied by those using the
polystyrene-bound Pd catalyst [17]. The den-
dritic catalyst 2 has high activity for the hydro-
genation of several cyclic conjugated dienes to
monoenes. Notably, the rates increase in the
order of C; < Cs—Cgq, while the size of sub-
strates much influences the hydrogenation rates
in the case of the polystyrene-bound Pd catalyst
[17]. Reductions of non-conjugated diene and
common monoolefins such as 1,5-COD and cy-
clooctene occurred slowly. An acetylenic com-

% Dendritic catalyst 2 (0.01 mmol Eq of Pd) was placed in a
side-armed flask attached to a gas buret and a manometer. The
system was evacuated and filled with H,, followed by addition of
5 ml of EtOH and stirred for half an hour at 25°C. Hydrogen
uptake was measured just after the addition of cyclopentadiene
(1.3 mmol).
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Fig. 1. Timecourses of H, uptakes using various Pd catalysts in the hydrogenation of cyclopentadiene.

pound of phenylacetylene was aso hydro-
genated to give styrene in 90% selectivity. Ni-
tro, carbonyl, and nitrile compounds, e.g., ni-

Table 1

Hydrogenations of olefins catalyzed by dendrimer-bound Pd(11) complex (2) and polystyrene-bound Pd(11) complex (PS-PdCI ,)?

331

trobenzene, benzaldehyde, acetophenone, and

propionitrile were not reduced under the above
reaction conditions.

substrate initial rate (x 107 ml/min.) substrate initial rate (x 107! ml/min.)
2 PS-PdCl, P 2 PS-PdCl, ©
@ 13.9 19.3 @ 1.0° 4.9
<\ /> 21.7 17.1 Q 33° 3.3
18.0 11.3 06° 0.5
Y

reuse 17.6 @ 1.1 3.8
/]\/ 18.2 <: :>————: 4.9 13.9

#Reaction conditions: substrate 1.3 mmol, EtOH 5.0 ml, catalyst 0.01 mmol of Pd, 25+ 1°C, H, 1 am.
PRef. [17]. Reaction conditions; substrate 4.3 mmol, benzene—EtOH (1:1) [13 — (volume of substrate)] ml, catalyst 0.04 mmol of Pd,

25+ 1°C, H, 1 am.
°Reaction temperature 40 + 1°C.
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3. Results and discussion

Table 2 shows the hydrogenation of 1,3-
cyclooctadiene by 2 and 3 in the various sol-
vents. Notably, in this hydrogenation, the cat-
alytic activity of the dendritic complex 2 is
higher than that of the low-molecular weight Pd
analogue 3 in various solvents. Generaly, het-
erogenization of metal complexes using organic
polymers has disadvantages such as lowered
reactivity induced by diffusion limitation of
substrates, catalyst leaching, steric hindrance,
and inability to totally mimic reactivity and
selectivity attainable with the corresponding ho-
mogeneous ones [12]. It has been also reported
that dendritic metal complex catalysts had lower
activities than analogous monomeric complexes
in many organic reactions [23—25].

Presumably, an active species for this hydro-
genation may be a Pd(Il) hydride species de-
rived from the following scheme on the basis of
hydrogenation using the polystyrene-bound
Pd(11) catalyst [17].

H2
PdCl (L) 2 PdHCI(L) + HCI;
L = bisphosphine ligand.

According to the above equilibrium equation,
generation of the Pd—H can be accelerated by

Table 2

Hydrogenation of 1,3-cyclooctadiene in various solvents catalyzed
by dendrimer-bound Pd(11) complex (2) and [PhN(CH,PPh,),-
PdCl,] (3)?

Solvent Initial rate (X 10~ ml /min)
2 3

EtOH 18.0 (Hetero) 0.3 (Hetero)
MeOH 13.8 (Hetero) 0.6 (Hetero)
n-BuOH 12.9 (Hetero) 1.2 (Hetero)
'ProH 9.1 (Hetero) 1.3 (Hetero)
THF 9.7 (Hetero) 1.5 (Hetero)
DMF 8.7 (Homo) 1.1 (Homo)
Acetone 7.0 (Hetero) 0 (Hetero)
Toluene 5.1 (Hetero) 0.2 (Hetero)
n-Hexane 1.2 (Hetero) 0 (Hetero)
Chloroform 0.5 (Hetero) 0 (Hetero)

#Reaction conditions: substrate 1.3 mmol, catalyst 0.01 mmol of
Pd, solvent 5 ml, H, =1 am, 25+ 1°C.
Hetero: heterogeneous reaction. Homo: homogeneous reaction.

the presence of bases. In a separated experi-
ment, addition of triethylamine to the corre-
sponding low-molecular weight catalyst 3 in-
creased rates of the hydrogenation as shown in
Fig. 1. The highly catalytic performance of 2
would be due to the dendrimer structure con-
taining many amino moieties, as compared with
3.

Interestingly, the solubility of 2 in various
solvents did not strongly influence the catalytic
activities. Among the solvents used in Table 2,
EtOH was the most effective solvent although 2
was insoluble in EtOH. On the other hand, the
hydrogenation proceeded homogeneously in
DMF, but the rate of hydrogenation was not
high. Since all active sites of 2 are located on
the dendrimer surface, the substrates easily gain
access to the active sites on the surface without
steric hindrance and diffusion limitation, which
might lead to the efficient hydrogenation even
in the heterogeneous system using EtOH sol-
vent. Vide supra, the fact that molecular size of
dienes did not affect the hydrogenation rate
could be explained by the above unique charac-
ter of the functionalized dendrimer ligand. These
phenomena are a sharp contrast to results of our
previous hydrogenation using the polystyrene-
bound Pd complex [17]; in order to swell the
polystyrene support, a mixed solvent of benzene
and EtOH must be used because many Pd active
sites exist within the polystyrene matrix.

Recycling of 2 was carried out in the hetero-
geneous hydrogenation of 1,3-COD in EtOH.
After the hydrogenation, the dendritic catalyst
was separated from the reaction mixture by
centrifugation and washed with EtOH in air,
then dried in vacuo. 4 The spent Pd catalyst was
used in the hydrogenation for the 2nd run. The
catalytic performance of 2 about the activity and
selectivity for the hydrogenation was kept in the
2nd run. The dendritic Pd catalyst maintained

“In the case of homogeneous hydrogenations in DMF solvent,
2 could be recovered as precipitates by adding an excess of ether
to the reaction mixtures.



T. Mizugaki et al. / Journal of Molecular Catalysis A: Chemical 145 (1999) 329-333 333

pae yellow color throughout the above reuse
experiment. From XPS spectra of the spent
catalyst, the binding energies of Pd 3d; ,,, 3d;,
and Cl 2p were almost the same as those of the
fresh ones. IR spectrum of the spent catalyst
supported the cis configuration of the complex
as was shown in fresh one.

4. Conclusions

The dendrimer-bound PdCl, complex 2 has
high catalytic activity for the selective hydro-
genation of conjugated dienes to monoenes un-
der an atmospheric pressure of H,. The cat-
alytic activities is higher than those of the corre-
sponding low-molecular weight complex. 2 can
be easily recovered and reused without any loss
of the activity.

References

[1] H.-F. Chow, T.K.-K. Mong, M.F. Nongrum, C.-W. Wan,
Tetrahedron 54 (1998) 8543.

[2] F. Zeng, S.C. Zimmerman, Chem. Rev. 97 (1997) 1681.

[3] D.A. Tomdia, A.M. Naylor, W.A. Goddard III, Angew.
Chem. Int. Ed. Engl. 29 (1990) 138.

[4] D.A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S.
Martin, J. Roeck, J. Ryder, P. Smith, Polym. J. 17 (1985)
117.

[5] G.R. Newkome, C.N. Moorefield, F. Vogtle, Dendritic

Macromolecules: Concepts, Syntheses, Perspectives, VCH,
New York, 1996.

[6] M. Bardgji, M. Kustos, A-M. Caminade, JP. Mgjora, B.
Chaudret, Organometallics 16 (1997) 403.

[7] M.T. Reetz, G. Lohmer, R. Schwickardi, Angew. Chem. Int.
Ed. Engl. 36 (1997) 1526.

[8] A. Miedaner, C.J. Curtis, R.M. Barkley, D.L. DuBais, Inorg.
Chem. 35 (1994) 5482.

[9] P. Panster, S. Wieland, in: B. Cornils, W.A. Herrmann
(Eds.), Applied Homogeneous Catalysis with Organometallic
Compounds, Vol. 2, Chap. 3, VCH, Weinheim, 1996, p. 605.

[10] Y. Ilwasawa (Ed.), Tailored Metal Catalysts, Reidel, Dor-
drecht, 1986.

[11] B.C. Gates, Chem. Rev. 95 (1995) 511.

[12] D.E. Bergbreiter, CHEMTECH 17 (1987) 686.

[13] K. Kaneda, in: JC. Saamone (Ed.), Polymeric Materias
Encyclopedia, Val. 7, CRC Press, Boca Raton, FL, 1996, p.
5067.

[14] K. Kaneda, T. Takemoto, K. Kitaoka, T. Imanaka,
Organometallics 10 (1991) 846.

[15] K. Kaneda, T. Mizugaki, Organometallics 15 (1996) 3247.

[16] T. Mizugaki, K. Ebitani, K. Kaneda, Tetrahedron Lett. 38
(1997) 3005.

[17] M. Terasawa, K. Kaneda, T. Imanaka, S. Teranishi, J. Catal.
51 (1978) 406.

[18] A.L. Bach, M.M. Olmstead, S.T. Rowley, Inorg. Chim. Acta
168 (1990) 255.

[19] J. Fawcett, P.A.T. Hoye, R.D.W. Kemmitt, D.J. Law, D.R.
Russell, J. Chem. Soc. Dalton Trans. (1993) 2563.

[20] P.M. Maitlis, P. Espinet, M.JH. Russdl, in: G. Wilkinson
(Ed.), Comprehensive Organometallic Chemistry, Vol. 6,
Pergamon, Oxford, 1982, p. 238.

[21] Y. Fujii, J.C. Bailar Jr., J. Catal. 55 (1978) 146.

[22] H. Itatani, J.C. Bailar Jr., J. Am. Oil Chem. Soc. 44 (1967)
147.

[23] C.C. Mak, H.-F. Chow, Macromolecules 30 (1997) 1228.

[24] P.B. Rheiner, H. Sellner, D. Seebach, Helv. Chim. Acta 80
(1997) 2027.

[25] JW.J. Knapen, A.W. Made, J.C. Wilde, P.W.N.M. Leeuwen,
P. Wijkens, D.M. Grove, G. Koten, Nature 372 (1994) 659.



