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The catalytic properties of Pd-Te bimetallic system supported on charcoal (Pd-Te-C) for 
liquid-phase diacetoxylation of butadiene was studied in comparison with other heterogeneous 
(Pd-C, Pd-As-C, Pd-Bi-C, PdSb-C, Pd-Se-C, Pd-Te-AlzOJ, or Pd-Te-SiOl) or homoge- 
neous [Pd (OAC)~-Cu(OAc)%-KOAc or PdClz-CuClz-KOAc] palladium-based catalysts. 
The highest activity for 1,4-diacetoxylation WB;“, obtained with the Pd-Te-C catalyst prepared 
from Pd(N03)3 and TeOz dissolved in aqueous nitric acid solution, for all the catalysts studied. 
The reaction seems to proceed catalytically on the surface of this supported bimetallic system, 
and its active species is suggested to be some palladium tellurides, in which Pd serves by a 
redox mechanism, being coupled with Te. The Pd-Te-C system catalyzed the direct di- 
acetoxylation of butadiene, which is considered to proceed via rr-allyl-type intermediate. The 
use of the ratio of Pd:Te ‘v 1O:l on charcoal is the most effective; a higher content in Te 
results in a lowering of the activity, possibly brought on by the unfavorable deposition of 
tellurium oxides on the catalyst surface. With the Pd-Te-C system, the following values of 
selectivities of diacetoxybutenes were obtained: trans-1,4-diacetoxy-2-butene, 75%; c&1,4- 
diacetoxy-2-butene, 14yo ; and 3,4diacetoxy-1-butene, 10%. 

I. INTRODUCTION 

1,4-Butanediol is a useful industrial 
product as a comonomer for producing 
butanediol polyterephthalate or as a raw 
material for making tet’rahydrofuran, pyrol- 
lidone, etc. For its industrial production 
from butadiene, several processes have 
been proposed: hydrogenation of the poly- 
peroxide formed by the autoxidation of 
butadiene (1) and hydrogenation followed 
by the hydrolysis of 1,4-diacetoxy-2-butene 
(1,4-DAB) prepared by the diacetoxylation 
of butadiene. 1,4-DAB can be obtained 
stoichiometrically by the reaction of buta- 
diene with cupric chloride (2) or thallium 

1 Present address : Catalysis Division, National 
Chemical Laboratory for Industry, 2-19-19, Mita, 
Meguro-ku, Tokyo, Japan. 

(III) acetate (3) in the presence of sodium 
acetate, or by the oxidat’ion of but’adiene 
with Se02 in acetic acid (4), or catalytically 
in the presence of Wacker-type systems 
based on palladium. Recently, several 
patents have claimed the use of homoge- 
neous metal salt’s systems containing Pd, 
Cu, and alkali metal (5) or heterogeneous 
catalysts where palladium associated with 
antimony, bismuth, selenium, or tellurium 
are deposited on charcoal (6-8). From the 
patent literat,ure, it appears that palladium 
coupled with tellurium and supported on 
charcoal (Pd-Te-C) is the most effective 
catalyst for the liquid-phase 1,4-diacetoxy- 
lation of but’adiene (7, 8). However, no 
details of this catalyst system have been 
published except for the patent literature 
above. Here, we study the catalytic 
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TABLE 1 

Concentration of I’d and Te in Pd-Te-C Catalyst 

Catalyst Calculated value Experimental value 
NO. (g-atom/ (g-atom/ 

g-cat X 1OV) g-cat X 10m4) 

Pd Te Pd TC 

1 3.0 0.75 3.3 0.78 
2 6.0 1.5 5.8 1.1 

properties of Pd-Te-C systems in com- 
parison with other heterogeneous or 
homogeneous palladium-based cat’alysts. 

II. EXPERIMENTAL METHODS 

1. Catalysts. The catalysts were prepared 
according to the patent literat,ure (7, 8), 
i.e., the palladium salt was dissolved 
togebher with the cocatalyst (salt or oxide 
of Te, Se, As, Sb, or Bi) in water in the 
presence of a strong acid (HCl or HNOS). 
The obtained solution was poured on the 
dried granular support and boiled at about 
100°C for 6 hr. After evaporation of wat’er 
in vacua, the supported catalyst. was dried 
for 2 hr at 150°C under Nt stream and 
then reduced at 200°C for 2 hr and at 
400°C for 4 hr under NZ stream sat,urat,cd 
with methanol. 

As a support, WC used either charcoal 
(Prolabo, surface area 1140 mz/g) pre- 
treated with 30y0 aqueous HSOs solution 
at 100°C for 6 hr, on y-alumina (Pro- 
catalyst, surface area 194 m2/g) or silica 
gel (Procat’alysc, surface area 203 m2/g). 
These supports were pulverized and used 
as 0.2- t)o 0.4-mm particle size powders. 

The concent,ration of supported m&als 
in the two typical Pd-Te-C catalysts 
prepared from Pd(N03)3, Te02, and char- 
coal by the above-mentioned method was 
determined by X-ray spectroscopy, and 
the results are shown in Table 1. 

2. Apparatus and proceclure. The oxida- 
tions were carried out by two different 
procedures, using cit’her a gas-scaled system 

or a gas-flowed system. In the former cast, 
we used t#he apparatus shown in Fig. 1. 
Oxygen and butadicne were stored in two 
different gas burettes. In a typical pro- 
cedure, acetic acid and the catalyst were 
put into a glass reactor and frozen at 
-78°C. After vacuuming t#he reactor with 
a rotary pump, a determined quantity of 
oxygen was introduced and then the re- 
action mixt’urc was heated at’ the requested 
temperature. Butadicne was then added. 
After the equilibrium of solubilization of 
butadiene in acetic acid was reached, the 
reaction was started and oxygen and 
butadienc uptakes were measured simul- 
taneously. At the beginning of t,hc reaction, 
t(he total pressure in the reactor was fixed 
at 960 mm Hg, and the ratio of the but,a- 
dicne and oxygen partial pressures was 
maintained constant during t’hc reaction by 
glc control of the gas-phase composition 
and adjustment of the respective levels 
in t,he gas burettes. 

In t,he gas-flowed system, oxygen and 
butadicne at constant flow rates were 
bubbled into the reaction mixture contain- 
ing the catalyst and acet)ic acid. 

The rract,ion mixture was then analyzed 
after cooling and elimination of thr catalyst 
by filt’rat.ion. 

3. Analysis. The oxidized products wcrc 
isolated from the reaction mixture using 

FIG. 1. Reaction apparatus. Al, AS, feed of gases 
(l:oxygen, 2:butadiene); Br, BP, gas burettes; Cr, 
CP, manometers for control; Dr, Dz, columns of 
SiO,; E, reactor; F, magnetic stirrer; G, manometer ; 
H, rotary pump; I, water; J, thermometer. 
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gas-liquid chromatography on a prepara- 
tive scale (Thomson THN 101, column: 
Carbowax ZOM) and identificat,ion of 
products was done by comparison of 13C 
NMR spectra (Varian CFT 20) and mass 
spectra (AEI MS 12) with authentical 
samples. 3,4-Diacetoxy-1-butene (3,4- 
DAB), cis-1,4-diacetoxy-2-butene (cis-1,4- 
DAB), and trans-1,4-diacetoxy-2-butene 
(trans-1,4-DAB) were detected as the main 
products of the reaction. A quantitat,ive 
analysis was performed by an Intersmat 
IGC 12 M gas chromatograph fitted with a 
2-m-long column FFAP 15y0 on chromo- 
sorb NHDMS SO/loo. 

The concentrations of supported Pd and 
Te were determined using the X-ray 
spectrometer Phillips PW 1410. The surface 
areas of the catalysts were measured by 
BET method using nitrogen. X-Ray diffrac- 
tion diagrams of the catalysts were recorded 
on a conventional Phillips unit. X-Ray 
photoelectron spectra were measured by a 
du Pont ESCA 650 B using monochromatic 
AlKa radiation. All binding energy values 
were referenced to C 1s (285.0 eV). In this 
calibration method, there is the fear of 
undesirable broadening or chemical shifts 
of the C 1s line arising from the coexistence 
of contaminant hydrocarbon and the char- 
coal. However, such a phenomenon did not 
occur to the point of causing a disturbance 
in the calibration. The distributions of Pd 
and Te in the catalyst part,icles were 
recorded on a Shimazu electron probe 
X-ray microanalyzer, using PdLar and 
TeLc\l lines. The samples were fixed on a 
sample holder with epoxy resin, then 
polished, and a thin carbon film was plated 
on it,s surface by vacuum evaporation. 
The amount of dissolved Pd in the reaction 
solution was determined using the Perkin 
Elmer 400 atomic absorption spectro- 
photometer. 

III. RESULTS 

Figure 2 shows typical plots of oxygen 
and butadiene uptakes versus time during 

FIG. 2. Uptake of gases in oxidation with Pd-Te-C 
catalyst. Reaction temperature, 90°C; catalyst 
Pd-Te-C (Pd, 0.3 X 10m3 g-atom/g-cat; atomic 
ratio of Te/Pd, +), 1.00 g; acetic acid, 30 ml; 
partial pressure ratio of butadiene/oxygen, 60/40. 

a representative liquid-phase oxidation 
using a Pd-Te-C catalyst. The partial 
pressure ratio of butadiene and oxygen was 
maintained at about 312. No induction 
period was observed. Since dissolution of 
the catalyst does not occur in the liquid 
phase (vide infra), most of the reaction 
seems to proceed on the catalyst surface 
rather than in solution. As the catalytic 
activity decayed gradually, only the initial 
rates were determined from the maximum 
slopes of gas uptakes. 

1. InJluence of the Nature of the Catalyst 

Table 2 lists some representative results 
obtained with several heterogeneous bi- 
metallic systems (Expts 3 to 12) in com- 
parison with homogeneous Pd-Cu couples 
(Expts 1 and 2) under the same conditions. 

For homogeneous catalysts (Expts 1 
and 2), higher rat,es and select,ivity in 1,4- 
diacetoxylation were observed using metal 
acetates, in comparison with metal 
chlorides. In the lat’ter case, most of the 
metal chlorides remained insoluble during 
the reaction, whereas m&al acetates dis- 
solved completely in acetic acid. The 
activities of several heterogeneous catalysts 
prepared from PdClz were compared. 
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Palladium alone supported on charcoal T: 61 0-l 
showed a very low activity, together with a z 
very low selectivity in 1,4-DAB (Expt 3). 2 $ 3 
However, the oxidation rates and the " 2 5% 
selectivity in 1,4-DAB were improved by 
the addition of a second component, i.e., 

$3 1 
Be 

As, Sb, Bi, Se, or Te (Expts 4 to 8). The v cl c 

best results were obtained by using the x10-: I 

Pd-Te association (Expt 8). The two 
isomers of 1,4-DAB, i.e., cis and trans, 

,-’ 
LE 

were obtained, and a greater amount of the 
c&form was observed with the Pd-Te-C 

2 2 
v 0 

2 ’ 
catalyst in contrast to the other systems. 
Experiments 8 to 10 show that charcoal 
is the best support for the Pd-Te couple. 
The use of -y-alumina or silica gel results 
in a markedly inferior activity. When the 
latter two supports were used, a certain 
amount of Pd was detected in the liquid 
phase after the reaction, i.e., ca. 0.18 X lop3 
g-atom/liter for -the Pd-Te-AlzOs catalyst 
(Expt 9) and ca. 0.22 X 10d3 g-atom/liter 
for the Pd-Te-SiOz cat’alyst (Expt 10) in 
comparison with a small value (<0.004 
X lop3 g.atom/liter) for the Pd-Te-C cata- 
lyst (Expt 8). Furthermore, by comparing 
the activities of Pd-Te-C catalyst with the 
homogeneous Pd (OAC)~-Cu (OAc)z-KOAc 
system at the same concentration of Pd, 
it appears that the heterogeneous catalyst 
is much more active and selective in 1,4- 
DAB formation than the homogeneous 
catalyst. 

0 It 
0 

AMOUNT OF PO SUPPORTED ( GR-ATOM/GR-CAT.) 

FIG. 3. Effect of metal concentrations on catalyst. 
Reaction temperature, 90°C; catalyst: Pd-Te-C 
(atomic ratio of Te/Pd, a), 1.00 g; acetic acid, 30 
ml; partial pressure ratio of butadiene/oxygen, 
60/40; reaction time, 300 min. 

As203 is known to sublimate easily and 
therefore the Pd-As-C catalyst may con- 
tain less As than expected. 

Hereafter, the study was followed using 
the most active catalyst, i.e., Pd-Te-C 
cat’alyst prepared from Pd(N03)3 and TeOz 
dissolved in aqueous nitric acid. 

2. Behaviors of the Pd-Te-C Catalysts 

Experiments 11 and 12 show that the 
use of Pd (NOa) 3 instead of PdCI:! and nitric 
acid instead of hydrochloric acid as the 
solvent for the preparation of Pd-Te-C and 
Pd-Se-C catalysts results in higher activity 
for the 1,4-diacetoxylation of butadiene. 
Thus, it appears that the presence of 
chlorine ions is not useful for enhancing 
the act’ivity of these cat,alyst.s. In the case of 
Pd-Se-C or Pd-Bi-C catalyst,s, there is the 
fear that an unfavorable deposit of metallic 
selenium or bismuth is brought on by the 
agglomeratjion of each atom during its 
preparation, since the melting point of Se or 
Bi is 220 or 271”C, respectively. Moreover, 

Figure 3 shows the dependence of t’he 
activity on the concentrat’ions of metals 
supported. The oxidation rates increase 
by increasing the amount of palladium 
and tellurium supported on charcoal at a 
ratio Pd :Te = 4 : 1 until a concentration 
of about 3 X 10e4 g ‘atom Pd/g-cat is 
reached (I). However, the yields of di- 
acetates, after 5 hr of reaction, reach 
maximum values at a concentration of 
about 2 X 10e4 g .atom Pd/g-cat and then 
decrease somewhat by further addition of 
metals (II). This inconsist,ency shows a 
greater disactivation of the cat’alyst con- 
taining more metal during the react’ion. 
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0-o 
0 0.5 1.0 

ATOMIC RATIO ( TE/PD ) 

FIG. 4. Effect of addition of telluriun~. Reaction 
temperature, 90°C; catalyst: Pd-Te-C (Pd, 0.3 
X lo-$ g-atom/g-cat), 1.00 g; acetic acid, 30 ml; 
partial pressure ratio of butadiene/oxygen, 60/40; 
reaction time, 300 min. 

The selectivity in IKUS-~,~-DAB and 
3,4-DAB increases at the clxpensc of 
cis-1,4-DAB when a grcatcr amount, of 
metal is supported on charcoal. 

Figure 4 shows t)hc influence of the 
Tc:Pd ratio on the activity of the catalyst. 
When no tellurium is added, a wry 10~ 
activity is observed. Howcvcr, the addition 
of a small amount of Tc to the Pd-C 
catalyst results in a dramatic incrrasc in 
activit’y. Though some inconsistency 
brought on by the disactivation of the 
catalyst is observed bctwecn the initial 
activity (I) and the yields of DABS (II), 
the activity rcachcd a maximum at a 
ratio Pd:Tc = 1O:l - 5 : 1. Especially, the 
highest yield of 1,4-DAB was obtained with 
the catalyst containing Pd:Te = 10: 1. 
This result seems at variance with the 
paknt) data where the active spccics was 
claimed as a definite compound of formula 
Pd.LTc (8). Increasing the Tc: I’d ratio 
results in an interesting variation in the 

products dist’ribution, i.e., a dccreasc in 
the formation of trans-1,4-DAB was ob- 
scrvcd together with an increase of cis- 
1,4-DAB. Here, thermal or catalytic isom- 
crization between cis- and trans-1,k 
DABS during the reaction may bc 
considered. However, this possibility was 
defined by the following two experimental 
results: each of cis- and trans-1,4-DABS 
was treated with Pd-Te+C catalyst (I’d : Te 
= 4 : 1) in acetic acid at 90°C for 5 hr, wit’h 
no isomerization. Thus, the presence of a 
grcatcr amount’ of Te causes a lowering of 
the activity, togcthcr with a favoring of 
t’hc formation of cis-1,4-DAB. A catalyst 
Tc-C (Te: 3 X lOA g-atom/g-cat), prc- 
pared from TcOz dissolved in aqueous 
nit’ric acid, showed no activity. 

In order to clarify the enhanced activity 
of the Pd-Te association, we tried to find 
the existence of definite compounds using 
X-ray diffraction of the catalyst. However, 
no diffraction line of palladium tellurides 
(PdaTe, PdaTc, Pd2Te, PdTe, etc.) (Q), 
metallic palladium, or tellurium, except 
some broad lines of fine graphite crystals, 
was found for most of the catalysts studied. 

100 

0 
0 20 40 60 80 100 

BUTADIENE CONCENTRATION ( MOL% ) 

FIG. 5. Effect of composition in gas-phase. 
Reaction temperature, 90°C; catalyst : Pd-To-C 
(Pd, 0.3 X lo+ g-atom/g-vat; atomic ratio of 
Te/Pd, g), 1.00 g; acetic acid, 30 ml; reaction time, 
100 min. 
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3. Influences of the Reaction Condition 

The effects of partial pressure were 
studied by changing the gas phase com- 
position. The products distribution are 
shown in Fig. 5. There was no oxidation 
observed without oxygen, and the reaction 
order with respect to oxygen calculated 
from the initial rate was about 1.0. The 
use of a higher concentration of butadiene 
resulted in a decrease in the trans-1,4- and 
3,4-DABS or, contrarily, in an increase in 
the cis-1,4-DAB in its selectivity. Figure 6 
shows the influences of the reaction tem- 
perature. A higher selectivity of trans-1,4- 
DAB together with a lower one of &s-1,4- 
DAB was obtained by increasing the 
temperature; however the selectivity of 
3,4-DAB was approximately constant. An 
apparent activation energy obtained from 
the initial rate is about 6.4 kcal/mol. The 
results obtained by changing the amount 
of the catalyst are shown in Fig. 7. The 
reaction order with respect to the catalyst 
was about 0.8. 

r 
x10-3 / 

5 

t / 1 
100 

REACTION TEMPERATURE ( 'C 1 REACTION TIME ( HR. ) 

FIG. 6. Effect of reaction temperature. Catalyst: 
Pd-Te-C (Pd, 0.3 X low3 g-atom/g-cat; atomic 
ratio of Te/Pd, t), 1.00 g; acetic acid, 30 ml; partial 
pressure ratio of butadiene/oxygen, 40/60; reaction 
time, 100 min. 

FIG. 8. Diacetoxylation with Pd-Te-C catalyst. 
Reaction temperature, 90°C ; catalyst : Pd-Te-C 
(Pd, 0.3 X 10m3 g-atom/g-cat; atomic ratio of 
Te/Pd, +), 3.33 g ; acetic acid, 100 ml; flow rate : 
butadiene, 50 ml/min; oxygen, 60 ml/min. 

x10-3 
5 

- i 4 

- z 3 

k 2 

2 
; 1 

0 
0 0.5 1.0 

.OO 

AMOUNT OF CATALYST ( GR. 1 

FIG. 7. Effect of catalyst concentration. Reaction 
temperature, 90°C; catalyst, Pd-Te-C (Pd, 0.3 
X 1O-3 g-atom/g-cat; atomic ratio of Te/Pd, %) ; 

partial pressure ratio of butadiene/oxygen, 40/60; 
reaction time. 100 min. 

4. Reaction Results with the Gas-Flowed 
System 

Figures 8 and 9 show the formations of 
DABS during the reaction for 40 hr with 
the gas-flowed system reactor, using respec- 

TRANS-I,4 

/ 
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REACTION TIME ( HR, 1 

FIG. 9. Diacetoxylation with P~(OAC)~ .CU(OAC)~ 
.KOAc catalyst. Reaction temperature, 90°C; 

catalyst: Pd (OAc),, 1 X 10-a mol; Cu (OAc)z, 
20 X 10e3 mol; KOAc, 50 X 10e3 mol; acetic acid, 
100 ml; flow rate: butadiene, 50 ml/min; oxygen, 
60 ml&n. 

tively Pd-Tc-C catalyst and Pd (OAc)%- 
Cu (OAc) 2-KOAc catalyst (for comparison) 
in the same amount of palladium. The use 
of Pd-Te-C result’ed in the formation of 
almost only three DABS, but, t,hc metal 
acetates catalyst gave considerable amounts 
of some unidentified products tog&her 
with the DABS as the main products. The 
distribution of three DABS, after a reaction 
t,ime of 40 hr with the latter catalyst, was 
as follows : tra~~-1,4-DAB, 75y0 ; 3,4-DAB, 
18%; and cis-1,4-DAB, 77,. Evidently, 
Pd-Te-C catalyst, shows a higher activit’y 
for 1,4-diacctoxylation than does t,hc system 
of metal acetates. The activity of the 
Pd-Tc-C catalyst dropped gradually dur- 
ing the reaction t’imc, along with a small 
increase in trans-1,4-DAB and an op- 
positely small decrease in cis-1,4-DAB. 
The homogeneous catalyst of the metal 
acetates showed nearly a steady activity 
during the reaction. The initial rate of the 
formation of DABS was 8.1 mol/hr.g-atom 
I’d with the Pd-Te-C catalyst and 2.7 
mol/hr.g-atom Pd with the metal acetates 
cat’alyst. After a reaction of 40 hr, the total 
yield of DABS was 205 or 97 mol/g-atom 
Pd with Pd-Te-C or Pd (OAC)~-Cu (OAC)~- 
KOAc, respectively. 

III. DISCUSSION 

From the results of Expts 3 to 8 (Table 
2), t’he following order is obtained for the 

activity of the bimetallic catalyst prepared 
from PdClz : Pd-Te-C >> Pd-Se-C > Pd- 
Sb-C >_ Pd-Bi-C > Pd-As-C. The order 
of t’hc oxidation potential of each second 
component in aqueous solution is as 
follows: Se (Se-Se4+, -0.740 V) < Te 
(Te-Tc4+, -0.529 V) < Bi (Bi-Bi3+, -0.32 
V) < As (As-As3+, -0.248 V) < Sb (Sb- 
Sb3+, -0.212 V) (10). Here, as mentioned 
already, the Pd-Se-C, Pd-Bi-C, or Pd- 
As-C cat’alysts may undergo unfavorable 
effects of melting or sublimation of the 
second component during preparation. Con- 
sidering these disadvantages, the order of 
t.he catalytic activity may well coincide 
with the order of the oxidation potentials. 
It is suggested that t,he oxidation proceeds 
by a mechanism of Pd rcdox coupled with 
second component as reoxidizing agent, 
especially on Pd-Te-C or Pd-Se-C catma- 
lyst, as already accepted in Wacker-system 
catalyst of Pd-Cu couple. However, a 
positjive charge on Pd in the oxidized stat’e 
does not seem as large as observed wit,h the 
Pd-Cu couple (i.e., Pd*+), as is mentioned 
later. 

The surface propert,ies of the most active 
system, i.e., the Pd-Tc-C catalysts prc- 
pared from Pd(x03)3 and TcO2 dissolved 
in aqueous nitric acid solution, was studied 
by X-ray photoelectron sprctroscopy 
(XPS). The results are shown in Fig. 10. 
Pd on the Pd-C catalyst prepared from 
Pd(N03)s was mainly in t’hc Pd(0) state 
(Pd 3dd, 335.8 eV) (11) and no PdO 
spccics (Pd 3d;, 337.0 eV) could be detected 
clearly. However, Pd was oxidized to 
several states by the addition of Te, and 
the higher rat’io of Te: Pd resulted in the 
higher oxidation states of Pd. As for the 
energy level of Te 3d5, the following rcsult,s 
were obt’ained. The main part of Te in the 
Te-C catalyst’ (containing no Pd) seems 
t’o be in Te(V1) state of TcOa (Te 3d;, 
576.8 eV) (I%‘), which is probably formed 
by dehydration of orthotelluric acid 
[Te(OH)J and reasonably remains on the 
catalyst because the trioxide is hardly 



1,4-DIACETOXYLATION OF BUTADIENE 163 

TE 3D 

PD-TE-C 

( FROM PD(NO& > 1,8 

- - 
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FIG. 10. Photoelectron spectra of Pd 3d and Te 3d on catalyst surface. 

reduced even with hydrogen at high also showed some reduced states of Tc, 
temperature (15). The orthotelluric acid which are of Te(0) (Tc 3dk, 572.9 eV> (12) 
may be formed when TeOz was treated and of negative charges, though not clearly. 
with nitric acid during the impregnation. The oxidized Pd and the reduced Te 
Other unidentified oxidation st,ates of Te observed simult.aneously in the Pd-Te-C 
were also observed in this system. TeOs systems may be attributed to the forma- 
was also observed in the Pd-Te-C systems, t,ions of intermetallic compounds, i.e., 
especially in the system of higher Te palladium tellurides Pd,Ta (~2 = 1, 2, 3, 4, 
content. The binary syst.ems, however, etc.) (9) on the catalysts. That is, in the 
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PD 3D 

TE 3~ 

580 575 335 

BINDING ENERGY ( EV > 
FIG. Il. Phot,oelectron spectra of Pd 3d and Tc 3d on Ar+ etched catalyst. 

palladium telluridcs, elcctronegativc Te 
may deplete somewhat the elect,ron density 
around Pd, withdrawing electrons from 
Pd. The depletion of electron dcnsit,y may 
become higher when n is smaller, and the 
several kinds of chemical shifts for Pd can 
be observed according to the values of n. 
Thus, it may be concluded that t’hc increase 
in the ratio of Te: Pd gave rise to the 
higher oxidized state of Pd. 

Spectra were measured for the samples 
from which layers of surface atoms had 
been removed by bombardment with Ar+ 
ions (Fig. 11). With regard to the Pd 3d 
level, one level, i.e., signals at, 336.9 CV 
(3d;) and 432.8 eV (3di), among the several 
levels could be observed more readily by 
Ar+ etching. This fact suggests that a 
certain palladium telluride exists more 
abundantly in the inner layers of t>he 
catalyst particlc, as opposed to the several 
kinds of species being on its surface. At 
the surface of Pd-Te-C (Te: Pd = 1: l), a 
large amount of TeOa was observed as 

shown in Fig. 10. The signal of TcOs was 
remarkably weakened by the Arf bom- 
bardment, and, accordingly, the TcOy may 
also be present on the surface. 

The measurement results of the catalyst 
part’icles by electron probr X-ray micro- 
analysis (EMX) are shown in Fig. 12. In 
most of the particles used, Pd and Tc 
were detected even in the cores, to say 
nothing of the surface layers, though their 
X-ray intensities decreased somewhat on 
going toward t)he interior of the particles. 
The two metals wcrc observed to distribute 
at an approximately constant, ratio of 
Te: Pd from the surface to the inner layer 
in the catalysts of lower Tc content. 
However, on increasing the Tc content, 
more Te could be observed on the surface 
layers of the particle and also on its inner 
cavitirs, as shown in Tc: Pd = 1: 1. 

Now, it may be concluded that several 
types of Pd,Te exist on t,he Pd-Te-C 
catalysts together with some Mlurium 
oxides, among which is TcOa localized on 
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the surface skin of the cat#alyst of a higher 
Te content. No observation of any X-ray 
diffraction line indicates that the com- 
pounds are either very finely dispersed or 
amorphous. The active species of the 
Pd-Te-C catalysts is considered to be the 
palladium tellurides which serve as the 
coupled redox system of Pd-Te already 
mentioned. The Te-C system, on which 
Te03 was strongly detected, showed no 
activity. The surface area of the Pd-Te-C 
catalyst varied considerably when the 
support,ed amount of t,he metals (Fig. 13) 
or the atomic ratio of Te:Pd (Fig. 14) was 
changed. The value decreased proportion- 
ately to the supported amount. It is not’e- 
worthy that two types of dependence of 
the surface area to the Te: Pd ratio were 

observed, i.e., the values were nearly 
const,ant up to a ratio of about 1:8, but 
further addition of Te caused a decrease 
in the surface area proportional to the 
Te: Pd ratio. With the catalyst of Te: Pd 
> 1:8, a linearity was also observed be- 
tween the lowering of the initial activity 
and the Te: Pd rat’io [Fig. 4 (I)]. Therefore, 
the effective surface (probably including 
pores) might be reduced mainly by the 
deposition of TeOa when an excess amount 
of Te was added, resulting in a decrease in 
catalyt,ic activit,y. 

It was reported that, in the presence 
of oxygen and acetic acid, supported Pd is 
oxidized to Pd (OAc)z which may be the 
active species in t#he gas-phase acetoxylation 
of ethylene (14). However, the rate of the 

FIG. 12. EMX of catalyst particle. 

TE/PD 

= l/20 
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AMOUNT OF PO SUPPORTED ( GR-ATOM/GR-CAT 1 

FIG. 13. Surface area of Pd-Te-C catalyst. 

oxidation in liquid-phase is very slow (15). 
Moreover, Nakamura et al. (16) suggested 
that the catalytically active spccics is not 
Pd (OAc) 2 but dissociat,ivcly adsorbed acct ic 
acid (Pd(1) acetate) on palladium in the 
gas-phase a&oxylation of ct,hylcnc. In the 
present work, as mentioned already, the 
solubilizat,ion of Pd into solvent was not 
clearly observed when the Pd-Te-C cata- 
lyst was used, and, therefore, the formation 
of Pd(OAc)z as the active species might 
not be agreeable because Pd(OAc)2 may 
be easily soluble into acet,ic acid. The 
cat’alytic system of Pd-Tc-C was sug- 
gested as a redox system consisting of a 
Pd-Te couple. No reaction was observed 
without oxygen (Fig. 5). Pd in the pal- 
ladium telluridcs is charged somewhat 
positively, but the highest activity was 
obtained with the catalyst containing Pd 
species of smaller positive charge, i.e., 
more metallic charactrr (Fig. 10). Thcre- 
fort, t,hc act,ive Pd species may be oxidized 
and subsequently activate acetic acid by 
t.he mechanism of its dissociative adsorp- 
tion, being coupled with Te, in the prcsencc 
of oxygen: 

Pd + AcOH + $02 --f 

Pd@. . .0Ac6 + $HsO (1) 

The formation of DABS was observed 

ATOMIC RATIO ( TE/PD ) 

FIG. 14. Surface area of Pd-Te-C catalyst. 

at the beginning of the reaction and the 
amount of product,s other than 1,4-DABS 
and 3,4-DAB was negligible during the 
reaction (Fig. S), implying that butadicne 
is directly a&oxylated to DABS on the 
active apccies. It has already been reported 
t,hat metallic palladium works differently 
from palladium salt (e.g., PdCI,) in the 
acetoxylation of olcfins, i.e., the former 
gives the allylic derivatives and t)he latter 
gives vinylic ones (17). As for its mecha- 
nism, it was suggested t’hat propylene, for 
example, is adsorbed in the form of a 
r-ally1 type on Pd metal catalyst, contrary 
to the r-type on the Pd salt, catalyst, the 
type of adsorbed intermediate depending 
uniquely on the strength of positive charge 
on palladium (18). In view of t,his, tho 
active species in our catalysts seems to 
work rather with the metallic character, 
the ?r-allyl-type adsorption being pre- 
ferred. Olefin has a hydrogen atom which 
can be abstracted as a hydride ion, giving 
a r-ally1 complex; however butadienc has 
not such a hydrogen. Shaw et al. (19, SO) 
observed a r-ally1 carbonium ion in bi- 
nuclear complex of butadicne palladous 
chloride (I), which was conveniently prc- 
pared by passing 

/?2 
C\Hj-Pd ICI-. 

MeOCH2-Cti 'Cl' 

( I ) 

/$Hx 
CHi' Jd ..CH-CH2+ 

( II 1 
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butadiene into a methanolic suspension of stability under the coexistence of counter- 
sodium chloropalladite. Ally1 carbonium anion (19). Therefore, Scheme A, which 
ions formed (II) may have considerable proceeds via r-ally1 int’ermediate (III), is 

(III) 

4YHCH> 
> 1,4-DABS 

CH2‘apd Ha - (trans)c&) 

OAC 
1 3,4-DAB 

Scheme A 

considered. Butadiene molecule adsorbed 
on palladium which has weak positive 
charge undergoes acetoxylation on the 
terminal carbon atom, giving monoacetoxyl 
intermediate III. Intermediate III gives 
1,4-DABS mainly and 3,4-DAB in propor- 
tion to the reactivit,y of carbon atom @ 
or 0. The distribution of trans- and cis-1,4- 
DABS is expected to be slightly affected 
by the reaction temperature. The result 
shown in Fig. 6, i.e., the small increment 
in trans-1,4-DAB selectivity observed at 
the expense of cis-1,4-DAB when the 
temperature was increased, gives support 
to this hypothesis. The parallel react,ions 
from the intermediate III to 1,4-DABS 
and 3,4-DAB may be supported by the 

fact that the selectivity of product’s showed 
almost const,ant value during the react#ion 
of 40 hr (Fig. 8). 

The homogeneous metal acetates cata- 
lyst showed a relatively high activity for 
1,4-diacetoxylation (Table 2, Expt 1 and 
Fig. 9); however, its select,ivity for 1,4- 
DAB was low, being about 50%, accom- 
panied by formations of 3,4-DAB and 
several unidentified products. When the 
reaction was carried out for 40 hr, small 
amount of palladium metal deposited on an 
inner wall of t#he reactor. The catalytic 
cycle may be the redox of Pd-Cu couple, 
and reaction Scheme B, based on analogies 
to other systems (21), is considered. 

cis-1,4-DAB + - 

3,4-DAB + Pd" 

trans-1,4-DAB 

3,4-DAB + Pd" 

Pd" 

+ Pd" 

The reaction seems to proceed via a 3,4-DAB. Scheme B might possibly be 
?r-complex, which is then converted into applied to the react’ion on the Pd-Te-C 
u-complexes of trans- and c&-types by catalyst. However, it seems more reason- 
insertion of butadiene into Pd-OAc bond able to consider that the diacetoxylatjion 
(or by attack of external OAc- on the proceeds via r-ally1 intermediate (Scheme 
coordinated butadiene), and the obtained A) on the Pd-Te-C catalyst, because the 
products consist mainly of 1,4-DABS and higher activity of the catalyst was obtained 
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when the smaller positive charge on its 
surface palladium was observed (Figs. 4 
and IO), suggesting t,hat Pd on t.he active 
species has a metal-like character. 

reaction is summarized as follows : 

CHs=CH-CH=CHt + 2AcOH 4 ;O, 
Pd-Te-C 

When t’he PdCL catalyst was used, the 
react,ion rate was extrcmcly low and a small 
amount of 3,4-DAB was detected together 
wit.h some other unidcnt.ified product,s 
(Table 2, Expt 2). A similar result, was 
obt,ained even when the reaction was 
carried out for 40 hr. The Pd-C catalyst 
prepared from PdClz, on which the XPS 
showed clearly the presence of PdClz 
(Pd 3dg, 337.9 eV and Pd 3d2, 343.2 eVj 
(II) together with small amount of metallic 
palladium [Fig. 10, Pd-C (from PdClJ], 
served in a similar manner (Table 2, 
Expt 3). Pd on PdCL has a large posi- 
tive charge and may lead t,o a forma- 
tion of the r-complex, from which mono- 
acetoxy but,adiene is formed as reported 
by Stern and Spector (.%9). Such a re- 
action results reasonably in the lowering 
of the 1,4-DAB selectivity. This unfavor- 
able effect can also be observed somewhat 
when using catalysts prepared from PdCl, 
dissolved in hydrochloric acid (Table 2, 
Expts 3 to 10). Also when the metal 
acetates were used, the formation of such 
a r-complex cannot, bc completely denied, 
resulting in the low 1,4-DAB sclcctivity. 
Furthermore, it was reported t)hat an 
isomerization of 3,4-DAB into 1,4-DAB 
(probably of trans-form) is catalyzed by 
Pd ions of higher valence at 15O”C, Pd 
black showing cont,rarily no catalytic 
activity (2). Also in t’he present work, the 
metal acetat,es seem to have catalyzed 
somewhat the isomerization, while the 
Pd-Te-C catalyst, on which palladium 
is metallic, might not have strongly shown 
such an ability. 

- DAB (trans-1,4- > cis- 
1,4- > 3,4-) + Hz0 

This is in good agreement with the fact 
that the rat.io of the consumed butadicne 
and oxygen n-as about 2 : 1 during the 
reaction (Fig. 2). 
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