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KINETICS OF HYDROGENATION OF CYCLIC BUTADIENE OLIGOMERS
ON PALLADIUM CATALYSTS. CYCLOOCTADIENE ISOMERS

Jifi HANIKA, Ivan SvoBODA and Vlastimil RUZICKA

Department of Organic Technology,
Prague Institute of Chemical Technology, 166 28 Prague 6

Received July 3rd, 1980

Kinetics of hydrogenation of 1,3- and 1,5-cyclooctadiene and cyclooctene on palladium support
catalysts (Pd/CaCOj, Pd/y-Al,0;) were measured in heptane solutions at 300 K and atmospheric
pressure of hydrogen. The kinetic constants were obtained by relating the experimental data
to a kinetic model in which the partial reactions are assumed to be 1st order.

Hydrogenation of cyclic oligomers of 1,3-butadiene — 1,5-cyclooctadiene and 1,5,9-cyclododeca-
triene — is one of the basic steps in the synthesis of Cg or C, lactams, dicarboxylic acids and
their derivatives, which are promising products of organic synthesis. The present work is con-
cerned with the kinetics of hydrogenation of 1,5- and 1,3-cyclooctadiene and of 1,5,9-cyclo-
dodecatriene stereoisomers (see p. 1039) on commercial palladium catalysts in liquid phase at
300 K and atmospheric pressure of hydrogen.

Hydrogenation of 1,5-cyclooctadiene has been investigated using heterogeneous palladium1 -5,
copperg, and nickel'07 14 catalysts. Most authors have concentrated on selective preparation
of cyclooctene, the intermediate product of the reaction. The kinetics of the reaction has been
examined in our previous works‘s"s; the experimental data have been related to a st order
kinetic model (hydrogenation on a Pd/Al,O4 catalyst in methanolic solution) and to kinetic
equations of the Langmuir-Hinshelwood type (hydrogenation on a Pd/C catalyst in cyclooctane
solution). In the present work, data obtained on various palladium catalysts commercially
produced in Czechoslovakia and on Lindlar’s catalyst, product of Engelhard, Great Britain,
are evaluated and mutually compared.

Hydrogenation of 1,5-cyclooctadiene has been observed'® to be associated with
migration of the double bond to give 1,3-cyclooctadiene. In this work, the following
reaction scheme for hydrogenation of 1,5-cyclooctadiene has been therefore
adopted:

1,5-cyclooctadiene (4) —“>  cyclooctene (C) —2,  cyclooctane (D)

: !

1,3-cyclooctadiene (B) ————1
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This scheme includes also hydrogenation of 1,3-cyclooctadiene in which the 1,5 isomer
is absent from the reaction mixture. For a constant volume of the reaction mixture
and constant hydrogen pressure, the following system of equations can be written
for hydrogenation of 1,5-cyclooctadiene in a discontinuous, isothermal, stirred
reactor*®

dCuldt = —(ky + k3) C,
dCpldt = kyCu — k4Cy

dCeldt = k,Cp + kyCq — k;Cc

(0
©)
®)

CD=Cg_CA—CB—CC (4)
with the initial conditions
1=0, Ca=C3, Cg=Cc=Cp=0. 5)

For hydrogenation of 1,3—cyclo§ctadienc, the kinetic relations are analogously

dCpldt = —kyCy (6)
dCefdt = kyCy — kyCe ()
CD=Cg'—CB"CC (8)
t=0, Cp=Cy, Cc=Cp=0. )

The systems of differential equations were solved numerically by using the Runge-Kutta-Mer-
son!” method on Tesla 270 and Tektronic 4051 computers. The requisite programs were set
up in the Fortran and Basic languages. The precision was chosen 10™ %, an integration step
took 30s. Graphical comparison of the experimental data with the numerical solution was
used to determine the most probable values of the partial reactions rate constants by means
of the shooting method. An efficient identification of the model parameters was facilitated by the
use of the Tektronix 4631 video display, on which the solution could be shown graphically.

EXPERIMENTAL

Chemicals

1,5-cis,cis-Cyclooctadiene puriss. (Koch-Light, Colnbrook), b.p. 151°C/0-1 MPa, n,s 1-4905.
1,3-cis,cis-Cyclooctadiene pract. (Fluka, Buchs). cis-Cyclooctene was prepared'® by selective

* See the appended list of symbols.
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hydrogenation of 1,5-cyclooctadiene using palladium on y-alumina as the catalyst; b.p. 138°C/0-1
MPa, n,, 1-4470. Cyclooctane was prepared19 by hydrogenation of 1,5-cyclooctadiene using
Raney-nickel catalyst; b.p. 149°C/0-1 MPa, un,, 1'4587. n-Heptane (Jenapharm-Laborchemie,
Apolda, or Lobs-Chemie, Wien); b.p. 98:4°C/0-1 MPa; vapour pressure 6:43 kPa at 300 K.
Hydrogen technical, quality B, electrolytical (Technoplyn, Prague).

Catalysts

Cherox 40—00 (0+56% palladium on y-alumina) Chemopetrol CHZ CSSP, Litvinov); pellets 5 mm
in diameter were crushed and screened prior to use (grain size below 0-05 mm). Lindlar’s cata-
lyst (Engelhard, Great Britain), grain size below 0-05 mm. Lindlar’s catalyst (5% palladium on
calcium carbonate) (Farmakon, Olomouc), grain size below 0-05 mm.

Apparatus and Procedure

1 ml of the substrate in 25 ml solution in n-heptane was hydrogenated at 300 K and atmospheric
pressure using 02— g of palladium catalyst. The experiments were conducted in the discontinu-
ous isothermal stirred reactor described — along with the procedure — in paper"" In all ex-
periments the reaction proceeded in the kinetic region as concerns the mass transfer between
the various system phases, as defined in?!. External mass transfer was prevented by vigorous
stirring (9 Hz), the effect of internal diffusion was eliminated by choosing catalyst with suitably
small grain size (4, < 0-05 mm).

The reactor was connected to a system of thermostated volumetric gas burettes, [tom which
hydrogen was fed into the reactor in such a manner that a constant (atmospheric) pressure
was held in the apparatus. The reaction rate or degree of conversion was measured by periodically
reading the volume of hydrogen in the burettes. The dependences of the reaction rates on time
were extrapolated to give the initial hydrogenation rates, which were then corrected for changes
in the atmospheric pressure under the assumption that the reaction is Ist order with respect
to hydrogen.

From series of hydrogenations to a known degree of conversion, determined from the amount
of hydrogen reacted and from analyses of the reaction mixtures, time dependences were obtained
for the concentrations of the reaction products of 1,3- and 1,5-cyclooctadiene; these were eva-
luated to give the initial estimates of the rate constants.

The maximum error in the determination of the degree of conversion did not exceed 2Y; rel.,
the average error in the determination of the initial reaction rate from the time dependence of the
composition was about 10% rel. The experiments were several times repeated.

Analyses

The reaction mixture samples were analyzed gas-chromatographically on a CHROM 2 apparatus
(Laboratornj pfistroje, Prague) with flame ionization detection under the following conditions!®:
glass column 9 m long, inner diameter 2:5 mm; column packing: 15% polyethylene glycol 6000
on Chromaton N-AW-DMCS (grain size 0-2—0-5 mm); carrier gas: nitrogen, overpressure
0-14 MPa; hydrogen flow rate 8-1 . 10~ 3 mol min ™!, air flow rate 10 ml min~*; working tempera-
ture 80°C, sensitivity 1: 20, quantity analyzed: 1 pl of the hydrogenation mixture, the catalyst
was separated by sedimentation. The relative retention times: cyclooctane 1:00, cyclooctene 1-11,
1,3-cyclooctadiene 1-41, 1,5-cyclooctadiene 1-83. In the concentration region of the reaction
products analyzed, the percentage proportions of the areas of the chromatographic peaks were
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found to correspond, within the limits of error, to the sample composition in weight per cent.
With regard to the regular shape of the chromatographic peaks, the areas were determined by the
triangulation method. The error of determination was 5% rel.

RESULTS AND DISCUSSION

Catalytic activity of the catalysts. The palladium catalysts were first compared
as to their activity for hydrogenation of unsaturated hydrocarbons with eight-
-membered ring. A survey of the initial hydrogenation rates on the various catalysts
is presented in Table I. The rates of hydrogenation of cyclooctadiene isomers and
cyclooctene are seen to differ considerably; the Lindlar’s catalyst and palladium
on alumina are obviously highly selective for saturation of only one of the two
double bonds in the cyclooctadiene molecule. Selectivity of hydrogenation of 1,5-
-cyclooctadiene can be seen in Fig. 1, showing the dependence of the hydrogenation
rate on the degree of conversion for all the catalysts tested. At the degree of conver-
sion 0-5, the shape changes sharply, owing to the vanishing of 1,5-cyclooctadiene
from the reaction mixture, the following hydrogenation of cyclooctene being essen-
tially slower. Somewhat faster was the hydrogenation of cyclooctene on the Pd/C
catalyst; also, this catalyst was least selective for partial hydrogenation of only one
double bond in the cyclooctadiene molecule yielding cyclooctene. A similar result
was obtained from hydrogenation of 1,3-cyclooctadiene. In the case of the Pd/Al,O,
catalyst, 1,3-cyclooctadiene was hydrogenated 3-5 times faster than 1,5-cyclooctadiene
probably owing to the favourable effect of the double bond conjugation in the former
isomer.

Kinetics of hydrogenation of 1,3-cyclooctadiene. The variations in the reaction
mixture composition during hydrogenation of 1,3-cyclooctadiene on Lindlar’s
and on Pd[Al,Oj catalysts are shown in Figs 2 and 3, respectively. The experimental
points are always averages of several independent experiments, the curves represent
the solution of the system of equations (6)—(9) with the most probable rate constants

TasLE I
Initial Rates of Hydrogenation of the Hydrocarbons Used (mmol H,/min g, ,)

Reactant Pd/Al,0; Pd/C Pd/CaCO,
1,3-Cyclooctadiene 9-78 4-91 1-15
1,5-Cyclooctadiene 2:70 3-35 1-83 (1-399)
Cyclooctene 0-069 — 0-034

@ Lindlar's catalyst of Engelhard.
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TabLe IT

Values of the Rate Constants of the Partial Reactions (300 K)

Rate constant, min ! Zeat 1

Catalyst Reactant®
k, ks ky kg
Pd/CaCO, 1-3-COD — 0-0040 — 0-38
(Farmakon) 1,5-COD 0-30 0-0044 0-08 0-38
CEN — 0-0052 — —
Pd/CaCO, 1,5-COD 0-40 0-0044 010 0-38
(Engz:lhard)
Pd/Al,05 1,3-COD — 00080 — s
1,5-COD 0-56 0-0088 018 15
CEN — 00085 — —
Pd/AL,0," 1,5-COD 019 0003 017 11
CEN — 0-008 —_ —

71,3-COD 1,3-cyclooctadiene, 1,5-COD 1,5-cyclooctadiene, CEN cyclooctene; brefts,
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IE—— |
Crel
b
05f
10f
0 75 t 150

FG. 1 FiG. 2

Dependence of the Rate of Hydrogenation
of 1,5-Cyclooctadiene on the Conversion

Catalyst (0-5g): 0 Pd/Al,0;, @ Pd/C,
® Pd/CaCO; (Farmakon), @ Pd/CaCOj
(Engelhard).

Hydrogenation of 1,3-Cyclooctadiene

Catalyst: 0:5g Pd/CaCOj; (Farmakon);
® 1,3-cyclooctadiene, ® cyclooctene, O cyclo-

octane.
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Hydrogenation of 1,3-Cyclooctadiene
Catalyst: 0'1 g Pd/y-Al,04; for point
designation see Fig. 2 caption.
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Hydrogenation of 1,5-Cyclooctadiene

Catalyst: 0-5g Pd/CaCO; (Farmakon);
® 1,5-cyclooctadiene, @ 1,3-cyclooctadiene,
@& cyclooctene, O cyclooctane.
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Hydrogenation of 1,5-Cyclooctadiene
Catalyst: 0-5g Pd/CaCO; (Engelhardt);
for point designation see Fig. 4 caption.

Hydrogenation of 1,5-Cyclooctadiene
Catalyst: 0-5g Pd/y-Al,0,; for point
designation see Fig. 4 caption.
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of the partial hydrogenations. In Table II the rate constant values are compared
with one another and with those for hydrogenation of 1,5-cyclooctadiene. The
kinetic data measured are characteristic by the high and flat maximum for the
concentration of cyclooctene, due to the considerably lower rate of hydrogenation
of this intermediate. The rate constants for cyclooctene hydrogenation determined
from the data of hydrogenation of 1,3-cyclooctadiene agree well with those arrived
at assuming that hydrogenation of cyclooctene itself obeys the Ist order kinetics
(Table 1I).

Kinetics of hydrogenation of 1,5-cyclooctadiene. The 1,3-isomer has been found
to be present in the reaction mixture during the hydrogenation of 1,5-cyclooctadiene.
The migration of the double bonds is obviously induced by the strain in the eight-
membered ring with two double bonds and the tendency to form a system of con-
jugated double bonds. This process necessarily involves formation of the 1,4 iso-
mer, which, however, was not available; in view of the occurrence of isolated double
bonds in the 1,4 and 1,5 isomers, however, no great differences are to be expected
between the properties (retention volumes, reactivity) of the two isomers. In the data
handling, the occurrence of the 1,5- and 1,3-cyclooctadiene isomers only was there-
fore assumed. The dependence of the reaction mixture composition on the hydro-
genation period for 1,5-cyclooctadiene is shown in Figs 4—6 for three different
catalysts. The experimental values were again related to the numerical solution
of the pertinent kinetic equations (I)—(5); the most probable values of the rate
constants are given in Table II. On the whole, the constants of the partial reaction
steps obtained for hydrogenation of 1,5-cyclooctadiene, 1,3-cyclooctadiene, and
cyclooctene are in a very good mutual agreement. The results also indicate that the
rate of hydrogenation of 1,5-cyclooctadiene on the catalysts in question is 3 —4 times
higher than the rate of isomerization. The highest selectivity for hydrogenation
of 1,5-cyclooctadiene to cyclooctene was attained on the Pd/A1203 catalyst. Lind-
lar’s catalyst of Farmakon is somewhat more active than the product of Engelhard,
the selectivity of the two catalysts for the formation of cyclooctene being roughly
equal. In Table 1I, the rate constants found are also compared with our previous
results'® concerning kinetics of hydrogenation of 1,5-cyclooctadiene in methanolic
solution also at atmospheric pressure of hydrogen and 20°C. The results indicate
that the more polar solvent — methanol — favours the double bond migration,
as the isomerization rate constant-to-hydrogenation rate constant ratio is k;/kl =1,
whereas in the case of heptane this ratio is only 0-3.

Conclusion. Generally, hydrogenation of the two cyclooctadiene isomers on the
catalysts tested is selective. The reaction system can be well described by a kinetic
model in which the partial reaction steps are 1st order. The low rate of hydrogena-
tion of the intermediate product — cyclooctene — makes it possible to obtain
this compound in the reaction mixture in 97 —99% contents.
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LIST OF SYMBOLS

c concentration (mol1~1)

c® initial concentration (mol171)
Coot = C/C° concentration (7)

rate constant (min~ ! g_})
initial rate (mol H, min~* g, !)
time (min)

temperature (K)

1
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