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AbstraeL" A giant Pd cluster, Pd~lphen60(OAc)js0, has high catalytic activity for the selective 
oxidations of various primary allylic alcohols to the corresponding oh~unsaturated aldehydes in 
the presence of molecular oxygen under mild reaction conditions. A Pd duster anchored on ' r io  2 
also catalyzes the above oxidations; the heterogeneous Pd~ cluster catalyst is easily separated 
from the reaction mixture and is reusable. © 1997 Elsevier Science Ltd. 

Organic syntheses catalyzed by Pd compounds have been much interested both in academic and 

industrial areas because of their unique activities for many organic reactions and of convenient handling of 

the Pd compounds from the standpoints of stability and toxicity, t However, there is not extensive development 

in oxidations using molecular oxygen except for the Wacker-b'pe reactions. Recently, much attention has 

been paid to the catalysis of metal cluster complexes due to their possibility to find new chemical reactions 

on their multimetallic centers, and also because the)" are model compounds for heterogeneous metal catalysts. 2 

We have already reported that Pd4phen2(CO)(OAc)4 cluster had high catalytic activity for the selective 

oxidations of allylic alcohols in the presence of molecular oxygen) 

Here, we wish to report that a giant Pd cluster, Pd~phen60(OAc)~s0, 4 can smoothly catalyze selective 

oxidations of various primary allylic alcohols to give ct,l~-unsaturated aldehydes in the presence of molecular 

oxygen (eq.l). Further we tried to heterogenize the giant Pds~ ~ cluster using TiO 2 as a support, s This solid 

compound also had high catalytic activity for the selective oxidations of primary allylic alcohols and was a 

reusable catalyst. To our knowledge, the giant Pd cluster system is one of excellent catalysts with the high 

selectivity for ot,l~-unsaturated aldehydes in the oxidations of primary allylic alcohols, ~ and have homogeneous 

particle size of ca, 30A,  which can be model particles for many supported metal catalysts. 

R .CHO R k __ /CH2OH P d 5 6 1 P h e n 6 0 ( O A C ) l ~  ix ,,. 
/ C = C \  H20 / c - - c \  + 1 / 2 0 2 ~ + 

R2 R3 60 * C R2 R3 
(1) 

The giant Pd cluster of Pds61Cl~0Hg~N120Oyoo was prepared by known procedure. 7 Reaction of AcOH 

solution of Pd(OAc) 2 with 1,10-phenanthroline (phcn) under hydrogcn atmosphere gave [Pd4phen(OAc)zH,]" 

(n~100), which was further treated with O z in AcOH to afford a giant Pd cluster, Pd~t phen60(OAc)l~. 

Anal. Calcd for Pd561Ci0~0H~,0Nl,:.0030o: C, 16.4; H, 1.3; N, 2.1 ~k. Found: C, 16.12; H, 1.29; N, 2.04 %. The 
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heterogeneous Pds+ t cluster catalyst was obtained by the adsorption method of the Pds+ 1 cluster on various 

titanium oxides (Japan Reference Catalyst, TIO 1~5) in AcOH solvent. A mixture of 

Pd~phen~(OAc)~80(0.025g), TiO2(0.5g), and AcOH(5ml) was stirred at room temperature for 0.5 h under 

nitrogen atmosphere. The solid compound of 0.525g was obtained after filtration, washing with AcOH, and 

drying, s A typical procedure for the title oxidations is as follows. AcOH (15 ml) and cinnamyl alcohol 

(0.61 g, 4.5 mmol) were added to a reaction vessel containing the giant I'd complex (0.022 g ; 0.15 mmol of 

Pd atom). The mixture was then stirred at 60 *C for 3 h under oxygen atmosphere. After the usual 

work-up, the reaction mixture was subjected to column chromatography on silica gel (hexane : ethyl 

acetate,10:1) to yield cinnamaldehyde (0.49 g, 83 %). 

Table 1 shows results of oxidations of cinnamyl alcohol using various kinds of Pd catalysts in the 

presence of molecular oxygen. Pd~phen6o(OAc)ts 0 had the highest catalytic activity for the oxidative 

dehydrogenation to give cinnamaldehyde. Typical Pd compounds, Pd(OAc)2 and PdCl 2 resulted in low 

yields of cinnamaldehyde, respectively. Further, supported Pd catalysts such as Pd/Carbon, Pd/AI2Os, and 

Pd/SiO 2 were also poor catalysts for the above oxidation. The yield of cinnamaldehyde was 28% when the 

reaction using the P d ~  cluster was carried out under nitrogen atmosphere instead of oxygen. 

Table I. Oxidations of Cinnamyl Alcohol with Various Pd Catalysts in the Presence of Molecular Oxygen a) 
yield of 

catalyst cony. cinnamaldehyde TOF b) 
(%) (%) 

Pdsel phen eo(OAc) 1Bo 100 94 26 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

pd~t pheneo(OAc) 18o o 64 28 8 

Pd(OAc)2 35 10 3 

PdCI 2 32 6 3 

Pd/Carbon 27 8 2 

Pd/A1203 39 34 11 

Pd/Si02 20 8 2 

a)cat.: [Pd atom : 0.05 mmol], substrate : cinnamyl alcohol : L5 retool, solvent : AcOH 5.0 ml, 
60 °C, I h, 0 2 atmosphere, b)TOF=aidehyde [moll / Pd atom [moll. C)N 2 atmosphere. 

Results of oxidations of various allylic alcohols with Pd~lphcn60(OAc)zs0 are shown in Table 2 

together with the heterogeneous systems (vide inffa). Many prhnary allylic alcohols were oxidized to give 

the corresponding unsaturated aldehydes in high yields accompanied with small amounts of hydrogenation 

products. In the case of geraniol, esterification occurred to some degrcc. Howcver, usc of benzcne solvent 

in place of AcOH depressed thc undesired side reaction, leading to cqJ3-unsaturated aldehydes in high yields 

at the expense of slow rates. Further, when the oxidation of geraniol was carried out in a mixed soh'ent of 

AcOH and benzene, the reaction rate could be increased kccping high chcmoselcctivity. Oxidation of an (E, 
E~-dienol, sorbic alcohol gave stercoselectively (E, E)-2,4-hexadicnal in a high yield. Notably, the giant Pd 

cluster showed low catalytic activity for oxidations of secondary allylic alcohols and benzyl alcohols. 9 

Use of metal clusters hetcrogenizcd on supports could lead to easy separation from thc reaction 

mixture after the reaction and to reuse of catalysts. Table 2 also shows the heterogeneous catalysis of 

TiOz-anchored Pd~l cluster for the oxidations of allylic alchohols. Thc P d ~  cluster on TiO 2 had high 

catalytic activity for the oxidations of various allylic alcohols, e.g., cinnamyl alcohol and sorbic alcohol. 

This catalyst was easily separated from thc reaction mixturc by a filtration, and then subjcctcd to reusc for 
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the ox ida t ions  o f  var ious  allylic alcohols.  A s  s h o w n  in Tab le  3, it is conf i rmed  that  this he te rogeneous  

cata lys t  was  reusable  wi thout  an  appreciable  loss o f  the act ivi ty and  selectivity.  

Table 2. Oxidations of Various Allylic Alcohols with Pd.s61phen60(OAc)lsO and TiO2-Anchored Pds61phcn60(OAc)lso 
in the Pr¢s¢nc¢ of Molecular Oxygen ~) 

homogeneous 

substrate product time conv, yield selectivity time 
(h) (%) (%) (%) (h) 

heterogeneous 

conv. ~eld selectivity 
(%) (%) (%) 

,•GH20 H h ~ H O  1 100 
24 b) 97 P h "  p 

h ~ H 2 O H  h ~ H O  2 4 1 0 0  
p p 24 b) 78 

1 100 
V ' ~ C H L ~  H ' ~ M / ~  HO 24 b) 98 

~ H 2 O H  ~ . ~ H O  1 1 0 0  
24 b) 100 

24 b) 40 

24 c) 100 

~ H 2 O H  I ~ H O  24 b) 35 
24 e) 100 

94 94 d) 
1 100 99 99 

97 100 

99 99 
2 99 94 95 

78 100 

79 79 4 100 91 91 
97 98 

100 100 5 100 98 98 

89 97 24 b) ,96 96 100 
99 g9 

57 61 e) 
39 97 
95 95 

24 b) 70 70 100 

35 100 
24 b) 52 

100 100 
52 100 

a)Cat.Pds6zphen6o(OAc)ts0 [Pd atom : 0.05 mmol], Pds6zphen60(OAc)zso ,TiO2:0.30 8, 
substrate : 1.5 mmol, soh'ent : AcOH :5.0 ml, O 2 atmosphere, 60 °C.b)Solvent : benzene 5.0 ml. 
©)Solvent : benzene 4.5 ml+AcOH 0.5 ml. d)'3-Phenylpropanol was also formed. *)Cremnyl acetate was also formed. 

Table 3. Heterogeneous Oxidations of Cinnamyl Alcohol ~s4th TiOz-Anchored 
Pd.mlPhCn6o(OAc) zso ~ 

catalyst time conv. yield, selectivity 
(h) (%) (°,6) (%) 

Pdsel phen so (OAc) leo/rio2 1 100 99 99 

Reuse 1 1 100 92 98 

Reuse2 1 100 90 97 

a) Cat.: Pd~! phen60(OAc)zs0/TiO 2 : 0.30g [Pd atom : 0. l0 mn~l], 
substrate : cinnamyl alcohol 1.5 retool, solvent : AcOtI 5.0 ml, 02 atmosphere, 60 °C. 
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A possible  path for the oxidation is as follows, au First, allylic alcohol is dehydrogenated  on the Pd 

cluster surface to give ¢t,13-unsaturated a ldehyde and hydride species  on the Pd surface. Attack of  molecular  

oxygen to the Pd hydride regenerates the act ive Pd species together with the formation o f  H~O. Remained  

hydride species  on the Pd cluster may induce hydrogenat ion and isomerizat ion of  allylic alcohols to give 

by-products.  Details o f  the mechanism for the present  oxidation are under investigation in our  laboratory. 

In conclusion,  the Pds6 ~ cluster had high catalytic activity for the selective oxidations of  various 

pr imary  allylic alcohols to give ct,[5-unsaturated aldehydes in the presence  of  molecular  oxygen.  The 

heterogeneous TiO2-anchored Pds6 ~ cluster also efficiently catalyzed the above oxidations.  This  fixation of  

the metal cluster with metal oxides might  be clue to design for a new heterogeneous metal cluster catalyst, 

e.g., homogeneous  distribution of  metal cluster sizes on the support surface without  structural destruction of  

the cluster. 
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