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Hydrogenation of 1,3-butadiene on Pd foil in 0.5 M sulfuric acid solution was studied by deute-
rium tracer method. Hydrogen atoms were supplied from H,, Hg;, (hydrogen dissolved in Pd), and
H* + e (electroreduction). The difference in the hydrogen source did not affect reaction rate,
distribution of products and distribution of deuterium in each products. They were only a function
of the catalyst (electrode) potential and common conclusions were derived independent of the
hydrogenation methods. In region H (H; diffusion to the surface is rate controlling), only butenes
are formed. On the other hand, in region R (1,3-butadiene diffusion is rate controlling), butenes are
further hydrogenated to butane of the main product (>50%). In region 1 (intermediate region
between H and R), all the products are formed, though the amount of butane is relatively small
because of a strong adsorption of 1,3-butadiene which replaces the butenes once formed on the
surface. In this region, distributions of deuterium in 1- and trans-2-butenes are the same and
different from that of cis-2-butene. Butane is the most deuterinm-exchanged species with the
average deuterium number of ca. 5. The reaction mechanism discussed includes: (i) 1-butene and
trans-2-butene are formed via syn-1-methyl-7-allyl from transoid-1,3-butadiene and cis-2-butene
via anti-1-methyl-#-allyl from cisoid one, (ii) the individuality of these routes is kept during the
reaction, and (iii) butane is produced mainly via 1-butene. This mechanism is the same as that on
Pt/graphite in sulfuric acid solution (H. Kita, K. Shimazu, Y. Kakuno, and A. Katayama-Aramata,
J. Catal. 74, 323 (1982)) and except for (iii) on Pd catalysts in the gas phase (E. F. Mayer and R. L..
Burwell Ir., J. Am. Chem. Soc. 85, 2881 (1963); A. J. Bates, Z. K. Leszczynski, J. J. Phillipson, P.

B. Wells, and G. R. Wilson, J. Chem. Soc. 2435 (1970)).

INTRODUCTION

We have examined the hydrogenation of
lower unsaturated hydrocarbons such as
ethylene (4), propene (1, 5), butenes (1, 6),
1,3-butadiene (1, 6, 7), and 2-butyne (8) on
platinum catalysts (electrodes) in aqueous
acid solution and confirmed that the elec-
trochemical approach is powerful on pro-
viding new information, not available in
heterogeneous catalytic hydrogenation in
the gas phase, €.g., the saw-toothed distri-
bution of deuterium in butenes from 1,3-
butadiene (9), the high reactivity of the
weakly adsorbed hydrogen (7), and the two
maxima distribution of deuterium in paraf-
fins from butenes (7, 10). This information
ought to be due to the characteristic advan-
tages of the electrochemical system. (i) The
catalyst potential during the reaction re-

flects the activity of adsorbed hydrogen. (ii)
Its adsorption state and amount are readily
observed in situ by using a potential sweep
method. (iii) In D,O solution, the fraction of
deuterium of the surface hydrogen atoms is
attained at about unity during the reaction
through the step, D(a) 2 DT + e, and
hence highly deuterated products are
formed.

On account of these advantages, the elec-
trochemical method is now applied to the
study of the hydrogenation of 1,3-butadiene
on Pd.

No work has been reported as to the hy-
drogenation of 1,3-butadiene on Pd in elec-
trochemical system, though Young et al.
(1) conducted the hydrogenation of 1,3-
butadiene on Pd in 95% ethanol and found a
highly selective formation of butenes
(94%).

393

0021-9517/83 $3.00

Copyright © 1983 bv Academic Press. Inc.
All rights of reproduction in any form reserved.



394

Other works reported are mainly on Pt.
There are a few reports on the hydrogena-
tion of ethylene on Pd electrode. Burke et
al. (12) observed the potential and electri-
cal resistance changes during the reaction
and concluded that the reaction rate is gov-
erned by diffusion of ethylene. Sakellaro-
poulos and Langer (13) studied the kinetics
on partially wettable porous Pd electrode
and concluded that ethyl radical is formed
by two steps: C,Hy(a) + H* + ¢~ — C;H;s(a)
and C,Hy(a or g) + H(a) — C,H4(a). How-
ever, no mechanistic study by deuterium
tracer method has been reported on the
electrochemical system.

On the other hand, heterogeneous cata-
lytic hydrogenation of 1,3-butadiene in gas
phase has widely been studied on various
catalysts in view of the selective hydroge-
nation. Mechanistic studies by deuterium
tracer method were conducted by Meyer
and Burwell (2) and Wells et al. (3, 14-16)
in the 1960s. They proposed half-hydrogen-
ated species with delocalized #-orbitals un-
der the same initial conformations on Pd
catalysts. Interconversions between frans-
and cis-forms was not allowed. After these
works, few mechanistic works on Pd cata-
lysts in the gas phase have been reported.

The present paper describes the results
obtained by the electrochemical and deute-
rium tracer methods. These data enable us
to discuss the reaction mechanism in more
detail than in the case of the catalytic hy-
drogenation in the gas phase. Furthermore,
effect of the hydrogen source, i.e., H, gas,
Hg;ss (the dissolved hydrogen in Pd), and
H* (in solution) + e, is examined.

EXPERIMENTAL

Catalyst and pretreatment. Smooth Pd
foils (99.98% purity, Tanaka Noble Metals
Ind. Co. Ltd.) were mainly used as cata-
lysts (working electrodes). Their apparent
surface areas were 24.5 and 11.1 cm?. The
foils were electrochemically preoxidized at
1.4 V vs rhe (reversible hydrogen elec-
trode) for 5 min in 0.5 M sulfuric acid solu-
tion and subjected to one-and-half triangu-
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lar potential pulses in a range from 0.3 to
1.4 V, and then reduced at 0.3 V for 5 min.
Unless a voltammogram for the clean sur-
face was obtained, the foils were reoxidized
at 1.4 V. The above oxidation (17) and even
the reduction process (/8) causes a dissolu-
tion of palladium as Pd?* and gives the solu-
tion itself an activity for the isomerization
of butenes by Pd?* (19). Thus, the solution
was replaced by another fresh 0.5 M H,SO,
after the treatment. Second reduction of the
foils at 0.3 V for 5 min was then applied
before reaction. In the isotopic studies in
0.5 M D,S0,, Pd foil was pretreated in an-
other cell of 0.5 M D,SO; in a similar man-
ner and then transferred into a test cell. Hy-
drogenation by Hgy,, was conducted on Pd
foil either cathodically polarized or kept in
contact with hydrogen gas prior to use.

In order to examine the adsorption states
of hydrogen on Pd, Au electrode covered
with a monolayer of Pd (Pd/Au) was pre-
pared because at a Pd metal foil a large oxi-
dation peak of the dissolved hydrogen on
voltammogram veils a small peak of ad-
sorbed hydrogen. A Au foil (12 cm?, 99.98%
purity, Tanaka Noble Metals Ind. Co. Ltd.)
was first activated at 1.8 V for 30 s and then
cathodically polarized for a desired time in
0.5 M sulfuric acid solution of 6,5 x 105 M
PdSO,. After the transfer of Pd/Au elec-
trode to a test cell, no further pretreatment
was conducted.

Apparatus and cell. Reaction was carried
out at room temperature in a closed circula-
tion system with a test cell of three-com-
partment type, or a cell in which two
counter electrode compartments faced both
the sides of the working electrode through
anion-exchange membranes. Each com-
partment was filled with 0.5 M H,SO;, (or
D,S0,). All the potentials were referred to
rhe in the same solution.

Potential was controlled with a potentios-
tat (Yanagimoto Mfg. Co., Ltd. V-8) and a
function generator (Nichia Keiki Co., Ltd.,
S-5A).

Gases and solutions. 1,3-Butadiene was
purified up to 4 N purity by a fractional
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separation with a gas chromatograph. He-
lium, hydrogen, and deuterium (Showa
Denko, 99.97 D%) were purified up to 7 N
purity with commercial purifiers (LW-06SC
and RT-025, Japan Pionics Co., Inc., for He
and for H; and D,, respectively). The reac-
tion gas was an atmospheric mixture of 1,3-
butadiene, H, (or D), and He. In the cases
of electroreduction and hydrogenation by
Haiss, reaction gas was a mixture without
H,.

Solution of 0.5 M H,SO, was prepared
from the guaranteed reagent (Wako Pure
Chemical Co., Ltd.) and triply distilled wa-
ter. Solution of 0.5 M D,SO, was prepared
from D,O (Merck, 99.75 D%) and sulfuric
acid-d, (Merck 99 D%) and subjected to
preelectrolysis overnight in order to re-
move impurities in the solution.

Analysis of products. The reaction gas
was occasionally sampled for analysis with
a gas chromatograph (VZ-7, 5 m, 273 K).
After the reaction, gaseous products were
collected with a liq. N, trap and separated
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into each product by a gas chromatograph
for a mass spectrometric analysis. Low ion-
ization voltages were applied in order to
minimize an error caused by the fragmenta-
tion.

RESULTS
1. Kinetics and Distribution of Products

Electroreduction. Figure 1 presents a re-
lation between electrode potential, ¢, and
current density, i, at 5 min under the poten-
tiostatic electroreduction. A current at a
given potential, e.g., 0.1 V, under He (hy-
drogen evolution) increases to a large ex-
tent by the introduction of 1,3-butadiene,
indicating an occurrence of the reduction of
1,3-butadiene. There exists a linear relation
between log i and ¢ (the Tafel relation) at ¢
> 0.16V (named region H) with a slope of
0.07 V/decade.

Time variation of the gas composition
also gives the reaction rate. Initial rate thus
obtained, v(mol : min~! - cm™?), is trans-
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FiG. 1. Relations between ¢ and log i (at S min) in the electroreduction of 1,3-butadiene (O, Py = 22
mm Hg) and under He atmosphere (A) on Pd electrode. ®, [, and 1 represent the initial reaction
rates estimated from the products under electroreduction, in the hydrogenation by H, and by Hg,

respectively. The latter two are plotted against ¢oc.
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formed into a current density, i., by the fol-
lowing equation,

i (ampere + cm™2)
v
= Fgé{ZS +4(1-95) ()

where F is the Faraday constant and S is
the selectivity of butenes defined as

S =
amount of butenes
amount of butenes + amount of butane

@

and compared with the observed current
density in Fig. 1 (@). Agreement is satisfac-
tory in region H, showing a current effi-
ciency of 100%. At lower potential of ¢ <
0.08 V (named region R), i, becomes almost
independent of the electrode potential.
The reaction rate, v, is of first order at 0
V and zeroth order at ¢ > 0.16 V in the 1,3-
butadiene pressure. These dependences im-
ply that the electrode surface is covered
mainly with hydrogen in region R whereas
with the species from 1,3-butadiene in re-
gion H, respectively. This is confirmed
from voltammograms taken on Pd/Au (Fig.
2). When the electrode potential is swept in
the positive direction, the oxidation current
of the adsorbed hydrogen appears in a po-
tential range of 0 < ¢ < 0.6 V. Figures 2a
and b show the oxidation current—potential

(a)

oxidation current of H(a)
i / mA

& (rhe) I V

SHIMAZU AND KITA

relations when the potential is swept from 0
and 0.2 V, respectively. Dashed and solid
curves represent the voltammograms under
the absence and the presence of 1,3-butadi-
ene. Comparison of these curves clearly
shows the presence (Fig. 2a) and absence
(Fig. 2b) of the adsorbed hydrogen atoms
during the electroreduction of 1,3-butadi-
ene at 0 and 0.2 V, respectively.

Rate constant at 0 V is calculated from
log v-log Py plot (PR, the partial pressure of
1,3-butadiene) as 3.5 X 10~ mol : min~! -
cm~2 - mm Hg™!, which is close to the rate
constant for the diffusion of 1,3-butadiene,
5.9 x 10° mol : min~! - cm~2 - mm Hg™!
(6). Therefore, it is concluded that the dif-
fusion of 1,3-butadiene controls the reac-
tion rate in region R.

Potential dependence of the reaction
rates for the respective products is shown
in Fig. 3. In region H, butane does not form
at all and 1-butene is the main product. As
the electrode potential shifts in the negative
direction, the rate of each butene formation
decreases; especially that of 1-butene for-
mation is sharply affected in a potential
range of 0.08 < ¢ < 0.16 V (region I). At ¢
= (.08 V, butane becomes a main product.
The distributions of products are summa-
rized in Fig. 4 where the selectivity of bu-
tane formation, (1-S), and the relative ra-
tios among the three isomeric butenes of 1-,

trans-2-, and cis-2-butene are plotted
(b)
C)
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F16. 2. Voltammograms on Pd/Au electrode during the electroreduction of 1,3-butadiene (—) and
under He atmosphere (---) at (a) 0 V and (b) 0.20 V. Sweep rate; 1.0 V - sec™!.
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FiG. 3. Potential dependence of the reaction rate for the formation of each product on Pd electrode.
@, Butane; O, 1-butene; A, trans-2-butene; O, cis-2-butene.
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against the electrode potential. The relative
ratios are 57:32:11 at 0.2 V and 9:65:26
at ¢ = 0.08 V. In the latter potential range,
the butenes are minor products with § <
0.1.

Hydrogenation by H,. Reaction rate is
proportional to Py (the partial pressure of
H,) when Py is relatively low. Rate con-
stant is 3.2 X 1071mol - min~! - cm~2 - mm
Hg~! which is equal to the rate constant for
the diffusion of Hy, 3.3 X 10~ mol - min~! -
cm~2 - mm Hg~! (6). On the other hand, the
reaction rate at higher Py is in good agree-
ment with the limiting diffusion rate of 1,3-
butadiene.

Potential of the catalyst called open cir-
cuit potential, ¢, provides an information
concerning the activity of the adsorbed hy-
drogen. Relation between ¢, at 5 min and
Py is shown in Fig. 5. At lower Py, there is
a linear relation as

$oc (MV) = const + 43 log Py, (3)

and ¢, is much more positive than that un-
der the absence of 1,3-butadiene but Hs.
Thus, the value of ¢, reflects a hydrogen-
deficient surface state.

o.of
Z 01t e
g He ,‘,///
8 e
(=N -
0.2t”*
13-C;
A L
1.0 20
log B4/ mmHg

F1G. 5. Open circuit potential of Pd electrode at 5
min in the presence (O) and absence (@) of 1,3-butadi-
ene (Pr = 22 mm Hg) as a function of Py.
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The above results on the reaction rate
and ¢, lead to the conclusion that the diffu-
sion of H, or 1,3-butadiene controls the re-
action rate according as lower or higher Py,
respectively.

Reaction rates in terms of current density
is plotted against ¢, in Fig. 1 (dotted line).
The reaction rate in the hydrogenation by
H; is slightly faster than that of electrore-
duction in region H. However, no differ-
ence in the distribution of products is ob-
served between both the reactions as
shown in Fig. 4 (we,—). Therefore, the dif-
ference in the source of hydrogen atoms,
H, or H* + e, has little influence on the
reaction mechanism. Hereafter the names
of region H, I, and R are used accordingly
as ¢ or ¢, = 0.16, 0.16 ~ 0.08, and =0.08
V, respectively.

Hydrogenation by Hg. Contact of 1,3-
butadiene with the Pd foil loaded with dis-
solved hydrogen causes a potential shift in
the positive direction by the consumption
of the dissolved hydrogen. The reaction is
started with a lower initial ¢, (<50 mV) to
ensure a sufficient Hy;;. The reaction rate
(1 in Fig. 1) and the distribution of prod-
UCtS (wm,co=in Fig. 4) are similar to those
measured in region R with the other hydro-
gen sources. Therefore, it is also concluded
that the rate-determining step is the diffu-
sion of 1,3-butadiene in the lower potential
region.

2. Competitive Hydrogenation between
1,3-Butadiene and Butene

In contrast to Pt catalysts, Pd shows the
highly selective formation of butenes from
1,3-butadiene in region H and even in re-
gion 1. In order to clarify the high selectiv-
ity, the competitive hydrogenation between
1,3-butadiene and butene was examined at
a typical potential of 0.14 V where both bu-
tenes (20) and 1,3-butadiene are hydrogen-
ated. Figure 6a shows changes of the reac-
tant partial pressures with time. Arrows in
the figure indicate the introduction of 1,3-
butadiene or cis-2-butene. After the first
dose of cis-2-butene, 1,3-butadiene was
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F1G. 6. Time course of the competitive hydrogenation between 1,3-butadiene and cis-2-butene on Pd
electrode at 0.14 V. Changes of (a) the partial pressure of 1,3-butadiene (@) and cis-2-butene (O), and

(b) current.

successively added (second and third ar-
rows, Pr = 3.4 and 9.7 mm Hg). The pres-
sure decrease of cis-2-butene ceases com-
pletely but that of 1,3-butadiene continues
with time. The subsequent addition of cis-2-
butene (fourth arrow) causes no change;
neither the reaction of 1,3-butadiene is dis-
turbed nor the hydrogenation of cis-2-bu-
tene is initiated. The corresponding current
change is presented in Fig. 6b which re-
flects the situation much more clearly, a
large increase by 1,3-butadiene but not at
all by cis-2-butene (fourth arrow).

Initially mixed reaction gas of 1,3-butadi-
ene and cis-2-butene leads to similar
results, i.e., 1,3-butadiene of only 3.5% ac-
celerates the current density and that of
20% give almost the same value as 1,3-buta-
diene alone of the equal partial pressure.
When 1,3-butadiene exceeds 25%, the reac-
tion of cis-2-butene is completely sup-

pressed. Thus, it is concluded that 1,3-buta-
diene preferentially adsorbs on the surface
and undergoes the hydrogenation. How-
ever, a preliminary test shows that this ten-
dency is somewhat weakened when 1-bu-
tene is mixed with 1,3-butadiene, indicating
somewhat stronger adsorption of 1-butene
than cis-2-butene.

3. Isotopic Studies: Deuteration of
1,3-Butadiene

First, we examined a dependence of the
distribution of deuterium (D distribution) in
products on reaction time by repeating sep-
arate electroreductions at different reaction
times (0.12 V). The D distributions in 1-
butene and trans-2-butene do not change at
least up to a conversion of 10% of 1,3-buta-
diene. However, the D distribution in cis-2-
butene slightly changes with the conver-
sion; average deuterium number, defined as
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D.N. = Y i - X; where n is the number of

i=1
hydrogen in a molecule and X; is the frac-
tion of d; species (C,H,-;D;), changes from
2.9 to 2.7 with the increase of the conver-
sion from 0.6 to 8.4%. However, this
change is small and does not affect intrinsic
features of the D distribution.

Electroreduction. Results obtained at
0.18 and 0.12 V, are listed in Table 1. They
are almost the same with each other. A
maximum appears at d, species for the re-
spective butenes and all the D.N.’s are ap-
proximately two in contrast to the higher
values of 3 ~ 4 on Pt net in 0.5 M D,SO,
(6). One can notice that among the three
isomeric butenes, cis-2-butene is most and
1-butene least deuterium-exchanged in all
cases.

Deuteration by D,. Run 3 (Pp = 55 mm
Hg, ¢o. = 186 ~ 172 mV, § = 1.0) in Table
1 gives similar results to those obtained by
the electroreduction at nearly the same po-
tential, run 1 (¢ = 180 mV, § = 1.0). One
will notice common features in runs 4 and 5
that the D distribution in trans-2-butene is
the same as that in 1-butene, indicating the
participation of a common intermediate for
the formation of these two butenes and that
cis-2-butene is much more deuterium-ex-
changed than the others. Run 5 will be
grouped in region I rather than region R
because a value of S is smaller than 0.50.
The D distribution in cis-2-butene is largely
affected by Pp; the higher Pp is, the larger
D.N. is.

Deuteration by Dy. Run 6 (S = 0.59) is
to be compared with run 5 (§ = 0.62) be-
cause of the close values of . There is no
difference between them, though the dis-
solved deuterium gives somewhat smaller
D.N. than D, does. As in the case of the
deuteration by D,, D distributions in trans-
2-butene and 1-butene are close to each
other.

Hydrogenation by H,. 1,3-Butadiene was
hydrogenated in 0.5 M D,SO, by H, instead
of D,. Compared with D, (run 4), the deute-
rium uptake is suppressed to a great extent
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(run 7). However, both 1-butene and trans-
2-butene exhibit the same D distribution
and cis-2-butene has a higher D.N. than the
other butenes as in the other cases.

D-Distribution in butane. Independent of
the source of hydrogen, butane exhibits a
simple cone-like D distribution (runs 2, 4 ~
6 in Table 1) in contrast to the two maxima
distribution on Pt in 0.5 M D,SO, (I).
D.N.’s (4 ~ 6) are smaller than that on Pt as
in the case of butenes.

DISCUSSION

The present discussion is based on a
model that the hydrogenation occurs
through the interaction of adsorbed hydro-
gen atoms with adsorbed 1,3-butadiene or
its derivatives independent of the source of
hydrogen of H,, H* + ¢~, or Hgjss. The rea-
sons are as follows. Direct association of
proton through the discharge step,

C4H6(a) + H  + e —> C4H7(a)
C:H;(a) + H* + ¢~ — C4Hj(a)

is excluded by the fact that the distribution
of products and the D distribution in prod-
ucts under electroreduction are intrinsically
identical with those of the hydrogenation
on open circuit where the process takes
place undoubtedly via the adsorbed hydro-
gen atoms. Independence of the hydrogen
source is only understood by allowing the
participation of H(a), a common species
formed by the following steps,

H, — 2H(a)
H* + ¢~ — H(a)
Hdiss - H(a)

1. Kinetics

Hydrogenation by H,. As stated above,
the reaction rate in region H is controlled
by the diffusion of H, to the catalyst sur-
face. The kinetics of surface process under
such a condition can be examined by the
catalyst potential, ¢,., which reflects the
activity of the adsorbed hydrogen during
the reaction. Namely, the potential is deter-
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mined by the following step which is always
in equilibrium at the present condition of
zero net current,

H* + e~ 2 H(a) 4)

and is expressed as

$oc = cOst — BFZ In ayq) ®)
where ay,) represents the activity of the ad-
sorbed hydrogen. From Egs. (3) and (5),
and the first-order dependence of the reac-
tion rate on Py, we obtain the rate expres-
sion as

(6

The reaction order of 1.6 reflects a complex
nature of the kinetics but a value larger than
unity excludes the possibility that the first
addition of H(a) determines the reaction
rate. Second or later addition will be rate
controlling. This is supported by the occur-
rence of multiple deuterium exchange in
butenes.

In many literature works, the reaction or-
der is determined by using a total amount of
the adsorbed hydrogen measured by
voltammograms like Fig. 2. On Pt (2/) and
Pd (22) surface, however, several kinds of
adsorbed hydrogen exist and some of them
are inactive for the hydrogenation of 1,3-
butadiene on Pt in 0.5 M H,S0, (7), of ole-
fins on Pt (23), and of benzene on Pt/Al,O4
(24) in the gas phase. Therefore, it will not
be correct to search the reaction order by
using a total amount of the adsorbed hydro-
gen. In the present work, the reaction order
is obtained by using the potential-determin-
ing hydrogen which is active for the hydro-
genation on Pt (7) and Pd (22) in region H.

Electroreduction. The reaction rate of
electroreduction is somewhat smaller than
that of the hydrogenation by H; in region H
and the Tafel slope is 70 mV/decade. This
difference shows a presence of a small bias
on step 4 since the slope is expected to be
120 or =60 mV/decade according as step 4
is rate determining or in equilibrium. The
difference in the rate is relatively small and
D distributions in products are very similar

v = const - a{{‘?a).
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to those obtained in the hydrogenation.
Hence, the reaction mechanism will be
taken to be the same in both the cases.

2. Selective Formation of Butenes

As stated above, 1,3-butadiene is
strongly adsorbed in comparison with bu-
tenes on Pd surface. This is the reason why
the formation of butane from 1,3-butadiene
is suppressed in region I though the hydro-
genation of butenes can proceed (20). Bu-
tenes once formed from 1,3-butadiene are
readily replaced by 1,3-butadiene and de-
sorbed from the surface. Furthermore, a
decrease in the activity of H(a) by the
strong adsorption of 1,3-butadiene reduces
a chance for the butenes to be further hy-
drogenated. This is the case called ‘‘ther-
modynamic selectivity” by Bond et al.
(25). At lower potential, the hydrogen ac-
tivity is high and 1,3-butadiene supply to
the surface is not sufficient (region R), so
that the butenes are subjected to the further
hydrogenation to butane before the desorp-
tion.

The above explanation cannot be applied
in region H because butenes can not be hy-
drogenated in this potential range. In our
subsequent paper (22), we will conclude
that four kinds of the adsorbed hydrogen
exist on Pd surface (H-,, H-,, H-3,and H_,4
in the sequence from weakly to strongly ad-
sorbed hydrogen) and that H_s, present in
region H, is active for the hydrogenation of
1,3-butadiene but not of butenes. This is the
direct reason for the selective formation of
butenes in region H.

3. Reaction Mechanism for the Formation
of Butenes

In regions I and H, 2-butenes are formed
by 1:4 addition without isomerization.
Reasons are as follows: (i) The D distribu-
tion in trans-2-butene is in agreement with
that in 1-butene while entirely different
from that in cis-2-butene in region I. If the
isomerization plays an important role, both
the D distributions in trans- and cis-2-bu-
tenes are expected to coincide each other
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and their D.N.’s are larger than 1-butene as
in the case of hydroisomerization (20). (ii)

The ratio of trans-2-butene to cis-2-butene
in the hydrogenation of 1,3-butadiene is
about 3 which is in contrast with 1.2 for the
hydroisomerization (20). (iii) Butenes
formed prefer to desorb because of their
weak adsorbability. (iv) No formation of
butane in region H gives a drawback for the
existence of the adsorbed butyl radical re-
quired for the hydroisomerization.

First, we discuss the reaction mechanism
in region [ in the hydrogenation by H, and
Hgyss. No difference in the D distribution
between 1-butene and trans-2-butene sug-
gests that both are formed through the same
route. Furthermore, the fact that the D dis-
tribution in trans-2-butene is quite different
from that in cis-2-butene excludes the con-
formational interconversions among the ad-
sorbed species. Therefore, the following
species (I) and (II), which hardly undergo
the conformational interconversion be-
cause of the double-bond-like nature of in-
ternal C—C bond,

CH,-CH CH-CH

--i‘\l R
CH-EHZ CHZ *‘CHZ
(0 (I1)

must be proposed for the adsorption states
of transoid- and cisoid- 1,3-butadiene, re-
spectively, as in the case on Pt catalysts in
0.5 M H,S0, (1) and on Pd/Al,O; in the gas
phase (2, 3). These species are formed by
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delocalizing the m-electrons of 1,3-butadi-
ene.

Other adsorbed species of mono (INI) and

bi--bonded butadiene (IV), in which the
double bonds retain their individuality,

~CH-CH_
CH, = CH- CH=CH, CHy 7 CHy
»
(111) (1v)

have been reported as the adsorbed species
on Pd/Al,Os in the absence of hydrogen by
ir spectroscopic study (26). Mono-7-
bonded species can be precursor only of I-
butene. Therefore, if this species play an
important role, D distribution in I-butene
has to be quite different from the others
which is not the case. Furthermore, one
cannot find any reason for suppressing the
conformational interconversion among
(IV) and the species:

CHZ:C%
CH=CH
x 2

Q)

This interconversion will then give rise to
the identical D distributions in trans- and
cis-2-butenes which is also not the case.
Thus, (III) ~ (V) are ruled out. Conse-
quently, the same reaction mechanism as
on Pt/graphite in 0.5 M H,SO, (1) and on Pd
catalysts in the gas phase (2, 3) is pro-
posed.

CH2=9F . Qﬂz;CH QEZ;CH _r 1-butene (%) -+ l-butene
W *= *\\ ~
CH=CH, * 'CH-CH, ‘CH-CH3 trans- —» trans-2-
* 2-butene(*) butene
(N vD)
CH-CH CH-CH CH-CH
4 L /A 2= s\ — cis-2-butene (%) —= cis-2-
CHZ CHZ CH2 'CHZ CH2 CH3 butene

(VII)

Scheme 1
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Both 1-butene and trans-2-butene are
formed from transoid-1,3-butadiene

through syn-1-methyl-m-allyl (VI) and cis-
2-butene from cisoid-1,3-butadiene through
anti-1-methyl-mr-allyl (VII), respectively.
The restriction on the conformational inter-
conversion between (VI) and (VII) is ex-
pected as in the case of (I) and (II) and
explains the different D distribution be-
tween cis-2-butene and the other butenes.

The same reaction mechanism will hold
in region H though the D distribution in
trans-2-butene somewhat deviates from
that of 1-butene.

4. Butene Which Produces Butane in
Region 1

D distribution in butane is simulated by
the previous method (/) for the respective
paths via 1-butene, trans-2-butene, and cis-
2-butene. For example, the distribution via
I-butene is obtained by the multiplication of
the two D distributions in 1-butene from
1,3-butadiene and in butane from 1-butene
(20), i.e.,

i 8 - J
X{Cy = X —g= - X{C - XL(Cy),

J=0
i=1,2,...,10 ¥))

where X{(C,), X{Ci), and X"_{(C,) are the
expected fraction of d-butane, the fraction
of d-butene from 1,3-butadiene and of d;_;-
butane from d,-butene, respectively, and (8
— /)8 is the atomic fraction of H in d-bu-
tene. In Eq. (7), j cannot exceed 8. A simi-
lar treatment applies to the other paths via
trans-2-butene and via cis-2-butene.

The distributions thus calculated from
the data by the electroreduction (0.12 V),
are compared with the observed one in Fig.
7. It is clearly seen tht the distribution via 1-
butene reproduces the experimental results
and hence butane is mainly formed via 1-
butene. This is supported by the fact that
the negative shift of ¢ from 0.14 to 0.08 V
causes a large decrease in the rate of 1-bu-
tene formation but not much in the rates of
2-butene formation. An easier hydrogena-
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tion of 1-butene is probably due to its
stronger adsorbability. Terminal double
bond will make its interaction with the sur-
face stronger in a crowded environment be-
cause of the lesser steric hindrance of the
alkyl group compared with the case of the
internal double bond. The stronger adsorp-
tion of 1-butene on Pd catalyst is observed
in their catalytic oxidation reaction (27).

5. Comparison with the Results in the Gas
Phase

Hydrogenation of 1,3-butadiene was
studied on 0.03% Pd/ALO; by Meyer and
Burwell (2), and on Pd wire (15), 5 molar%
Pd/a-AlO; (3, 14) and Pd-Au alloy on
pumice (/6) by Wells et al. in the gas phase.
The present reaction mechanism is intrinsi-
cally the same as both authors’, except that
Meyer and Burwell did not specify pre-
cisely the binding nature of the adsorbed
intermediate and that Wells ef al. permitted
the formation of 1-butene via cisoidal route
in Scheme 1. We excluded the formation of
1-butene via cisoidal route because of the
definite difference in the D distributions be-
tween l-butene and cis-2-butene. Wells et
al. reported a high trans/cis ratio of ~10 (3,
14-16) different from the present ratio of
~3. In our work, the ratio of the sum of I-
butene and trans-2-butene to cis-2-butene
(~10) becomes close to transoid/cisoid ra-
tio for 1,3-butadiene in the gas phase.

Though trans/cis ratio in the present
study (i.e., in aqueous solution) is different
from that in the gas phase, the reaction
mechanisms in both the systems are re-
garded as intrinsically identical. Therefore,
we conclude that the bonding nature be-
tween the metal and the hydrocarbon plays
an important role and the electric field and
the ionic environment have little effect on
the reaction mechanism.

On the analogy with Pt, we first expected
that the fraction of deuterium in surface H/
D pool is kept about unity during the reac-
tion and hence the products would be much
more isotopically exchanged than those in
the gas phase catalysis. The present study,
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FiG. 7. Expected D distributions in butane from 1,3-butadiene via 1-butene (O), via trans-2-butene
(4), and via cis-2-butene () on Pd electrode. Observed distribution (@).

however, shows a rather limited enhance-
ment in the exchange and that when H, is
used instead of D,, D.N.’s diminish to a
great extent as shown in run 7 (Table 1).
These observations indicate that the rate of
the exchange reaction of the adsorbed hy-
drogen with D* in solution is slow com-
pared with the rate of hydrogenation. As a
result, the fraction of deuterium in surface
H/D pool becomes lower. Such a situation
holds in regions H and I but not in region R.
In region R products are much more deute-
rium exchanged. The results on the deuter-
ation in region R will be reported in the
subsequent paper (22).
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