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Abstract

The work is concerned with structure effects exerted by molecules of substituted acetylenes and ethylenes (cyclopropyl, cyclopentyl,
cyclohexyl, phenyl) in heterogeneously catalyzed hydrogenation on platinum and palladium supported catalysts. Kinetic parameters, acquired
from hydrogenation of individual model substances as well as binary systems in competitive arrangements enabled discussion of structural
effects in heterogeneously catalysed hydrogenation. The method of competitive hydrogenation allowed the assessment of the relation between
the molecular structure and the rate of a surface reaction in parallel with the stability of the surface complex.
© 2003 Published by Elsevier B.V.
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1. Introduction of these structural units on the surface reaction rate and
stability of the adsorbed complg—3,7-10]
The number of papers studying molecular structure ef-
fects of alkynic compounds on the course of heterogeneously
catalysed hydrogenation is rather limited. This fact is amaz- 2. Experimental
ing especially when compared to the number of existing
articles involving the similar topic in the field of alkenic 2.1. Chemicals
substrate§1-4]. Acetylene has been the most intensively
studied substrate of this family in the past. However, it was  All reactants—cyclopropylacetylene (VUOS Pardubice,
evidenced by Jackson and co-workgss], that extension ~ Czech Republic), cyclopentylacetylene, cyclohexylacety-
of kinetic and mechanistic theories from acetylene hydro- lene, cyclopropylethylene (DOT-ICT Prague, Czech Re-
genations to other alkynic substrates can be recommendegublic), phenylacetylene, styrene, cyclopentylethylene and
only with precautions, because alkynic transformations (es- cyclohexylethylene (Aldrich, USA)—were freshly distilled
pecially on palladium catalysts) were structure sensitive.  before use. Reactions were carried out in a solvent—
This work evaluates the effects of cyclic substituents methanol p.a. (Penta, Czech Republic). Electrolytic hydro-
(cyclopropyl, cyclopentyl, cyclohexyl, and phenyl) on the gen 4.0 (Linde Technoplyn, Czech Republic) was used.
course of hydrogenation of the terminal alkynic bond. The
acquired results were compared to the effects of similar 2.2, Catalysts
substituents on the terminal alkenic bond. The method

of competitive hydrogenation enabled to evaluate effects The elemental crystallite size (XRD 3000, Cax Kource
of radiation, Rich. Seifert & Co., Germany), the total surface

- ) area (BET N/77 K, Pulse Chemisorb 2700, Micromeritics,
* Corresponding author. Tel#42-2-24-35-42-14;

fax: +42-2-24-31-19-68. USA) and the specific surface area of an active phase were
E-mail addresses: kacerp@vscht.cz (P. Kar), cervenyl@vscht.cz chosen as characteristic featur&alfle J of the used cata-
(L. Cervery). lysts: Pt/C-Secomet AN (Doducco Kat. GmbH, Germany),
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Table 1 well as a proposed reaction scheme. It is apparent that hy-
Characteristics of hydrogenation catalysts drogenation of cyclohexyl- and phenylacetylene proceeded
Catalyst Grain size  Particle SeeT SveT on both catalysts according to the formal reaction scheme
(mm) size ("Nm)  (M?/gea) (M2 ../Goar) as consecutive reactions (A B — C). In the case of
Pd/C, 3%  <0.02 20.2 1160 32.8 cyclopropyl- and cyclopentylacetylene, a formal reaction
PUC, 5%  <0.05 15.5 780 453 scheme of a parallel-consecutive reaction was applied, which

was caused by hydrogenolytic reactions proceeding on these
rings parallel to the hydrogenation of relevant ethylenic in-
termediates. In all cases, hydrogenation of the alkynic bond
was preferred to the alkenic bond transformation of a reac-

Pd/C-Cherox 4100ch (Chemopetrol, Czech Republic). The
specific surface area of platinum was evaluated by the se-

lective surface ghemlsorpt;]on of hydr%g];en followed by its ;e intermediate (a stronger adsorption EC bond on a
Fotent::wggtnc tltratlog W't doﬁyge;- (Ia same ;r)]arameter catalytic surface compared to=C bond). After a complete
or palladium was obtained by the selective Chemisorp- gimination of an alkynic substrate from the reaction mix-

tion of CO assuming a surface ratio ¢ = 1/2. Plat- ture, hydrogenation rate significantly increased due to the

mun: was charr]acterlse_d (lij f(t) Oﬁ'd(?t'on statg, p_alladlum occupation of the vacant catalytic surface (previously oc-
catalyst was N aracterise after ydrogen activation as ancupied by an alkynic substrate) by an alkenic intermediate
oPdH-predominant phase with a low content of pfredH

with a significantly higher value of the surface reaction rate
phase. (compared to the relevant alkyne).
o On comparison hydrogenation of individual alkynic sub-
2.3. Apparatus and kinetic measurement strate on both catalysts, palladium manifested higher selec-
o . ] ) tivity toward the double bond formation. In hydrogenation
Kinetic measurements were carried out in a semi-batch f cycloalkylacetylenic substrates on the palladium catalyst,
stirred reactor isothermally at 298 K and atmospheric hydro- up to high conversions, an entire separation of the first re-
gen pressure. All measurements were carried out in the Ki- 3¢tion step (A— B) from the consecutive reactions of an
netic region. Hydrogenation courses of individual substrates gjkenic intermediate (B~ C) was feasible. Hydrogena-
were monitored by measuring time changes of concentra-jgn of phenylacetylene was an exception, especially when
tions of substances in the reaction mixture. These Valuescompared to cyclohexylacetylene (identical reaction scheme
were determined using chroma_tographic analysis (GLC). o ., B _» C). Contrary to the hydrogenation of cyclo-
Typically 1 mmol of a substrate in 15ml of methanol was hexylacetylene, in which the palladium catalyst showed high
used. The amount of platinum catalyst introduced to the ki- enough selectivity to allow separation of the two consecu-
netic experiment was 0.01 and 0.005g for palladium cat- e steps (A— B and B— C), in the case of phenylacety-
alyst. Competitive hydrogenations in binary systems were |ane, ethylbenzene was present in the reaction mixture from

carried out with 0.5 mmol of each substrate. the very beginning. Palladium catalyst was not sufficiently
_ selective for hydrogenation of phenylacetylene to styrene,
2.4. Analytical methods which could be explained in association with the structure

of the catalyst used (i.e., showing a high value of the aver-
Samples withdrawn in selected time intervals were anal- age active metal particle size and the presence ofFaH

ysed on the gas chromatograph Varian 3800 (Varian, USA) phase]11]. Most likely it could be effected by aromatic ring
equipped with flame-ionisation detector and capillary col- moiety. In hydrogenation of substituted acetylenes on the
umn VA-WAX—Ilength 60m, i.d. 0.25mm, film thickness  platinum catalyst always (even at low conversions) certain
of stationary phase 0.2Em (Varian, USA) using tempera-  amount of alkanic product was indicated. Such behaviour
ture program ranging between 333 and 453 K and the over-of the platinum catalyst could be attributed either the com-
pressure of carrier gas N80 kPa. The composition of the  petitive adsorption of the alkenic product (even at very high
reaction mixture was determined by using the internal stan- ratios of alkyne/alkene) or to the fact that it remained in

dard methodrf-decane, Aldrich, USA). an adsorbed state and reacted further to the corresponding
alkane. Also a combination of the two mechanisms could be
assumed.

3. Results and discussion Hydrogenation of all model alkynic substances on both
catalysts were, up to high conversions, of zero order to an

3.1. Hydrogenation of model alkynes alkynic substrate and were carried out with total conversions.

Table 2shows parameters characterising the hydrogenation
Hydrogenations of acetylenic substrates differing in their course of individual alkynic substrates on palladium and
substituent—hydrocarbonic ring (cyclopropyl, cyclopentyl, platinum catalyst. Using linear areas from the concentration
cyclohexyl, phenyl—located on a triple bond were carried dependence of an acetylenic substrate on time, values of
out. Figs. 1 and Zhow the hydrogenation courses of model initial reaction ratesrg) were evaluated. These were used
alkynic substances on platinum and palladium catalysts asfor the calculation of the relative adsorption coefficients
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Fig. 1. Hydrogenation course of substituted alkynes on platinum catalyst.
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Fig. 2. Hydrogenation course of substituted alkynes on palladium catalyst.

using the Rader—-Smith equatifri]. The rates of consecu- which the values of apparent activation energies were cal-

tive reactions of an alkenic intermediate£c) were eval- culated. The values ranged between 36 and 43 k3t
uated after a complete elimination of all alkyne from the Pt/C and 26-30kJmol on Pd/C. The selectivity of hy-
relevant reaction mixture in the same wayrgsalues. Hy- drogenation, related to the production of an alkenic inter-

drogenation of individual substrates were carried out under mediate Gnhaxc=c), was defined as a ratio of instantaneous
different temperatures (288, 298, 308, and 318 K), based onconcentration of the substituted alkene and the conversion
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Table 2

Results of hydrogenations of substituted acetylenes (individual arrangement)

Substrate ro (mmolmintgzl) re=c (mmolmin~tggl) Ea (kJmol?) Smax c=c (%) cc=cmax (%) CH-lysis (%)

Platinum catalyst
Cyclopropylacetylene 28 0.1 12.3+ 0.5 427+ 0.4 77 63 26
Cyclopentylacetylene 3.2 0.1 10.1+ 0.3 40.6+ 0.9 72 67 20
Cyclohexylacetylene 4.& 0.1 9.5+ 0.2 39.2+ 0.5 82 71 0
Phenylacetylene 5.8 0.1 8.6+ 0.2 36.6+ 0.8 74 65 0

Palladium catalyst
Cyclopropylacetylene 4% 0.1 1414+ 0.5 29.8+ 0.8 >99.9 97 71
Cyclopentylacetylene 6.4 0.1 13.0+ 0.5 29.2+ 0.7 >99.9 96 42
Cyclohexylacetylene 8.6 0.1 1254+ 0.5 28.1+ 0.5 >99.9 96 0
Phenylacetylene 14.6 0.1 7.2+ 0.4 26.0+ 1.0 90 82 0

of the initial substrate and was characterised by the maxi- cyclopropylethyleneTable 3. This sequence of substrates
mum achieved value of this variable in the reaction. The de- arranged by an increasing hydrogenation rate of alkenic
pendence&naxc=c on the conversion was always identical. bond was in opposite order when compared to the se-
At low conversions £5%), this variable usually reached its quence of substrates arranged by an increasing hydrogena-
maximal value and remained constant up to high conversionstion rate of alkynic bond. The apparent activation ener-
(>90%). The values of the maximum acquired concentration gies, which ranged between 42 and 48 kJThobn Pt/C

of an alkenic substrate in the reaction mixtuog=<{cmax) and 36-40kJmot! on Pd/C were evaluated. THeable 3

also characterised the selective courses of hydrogenationshows the initial reaction rates of alkenic substrates=)

The stability of individual cycloalkanic substituents was compared to the values ot=c (rate of double bond hy-
quantitatively characterised by a parameter of concentrationdrogenation after a total replacement oEC bond from

of hydrogenolytic productsg-ysis) after a total replacement  the reaction mixture). In all cases, a relatively low loss
of unsaturated substances from the reaction mixture. The sta-of the catalyst activity was observethé=c versusrc=c).

bility of cycloalkanic substituents increased in the expected The only exception was behaviour of styrene after hydro-
sequence: cyclopropyk cyclopentyl < cyclohexyl. The genation of phenylacetylene on palladium catalyst. The
extent of hydrogenolytic disintegration of cycloalkanic sub- decrease of the hydrogenation rate of this substrate was al-
stituents was significantly higher on palladium catalyst. The most double compared to the hydrogenation rate of styrene
cyclohexanic ring did not undergo hydrogenolytic cleavage. (hydrogenation in the individual arrangement).

3.2. Hydrogenation of model alkenes 3.3. Competitive hydrogenation in binary systems of
alkynic substrates
Hydrogenations of ethylenic substrates bearing the same

substiuents on terminal double bond (cyclopropyl, cy- The results of kinetic measurements in binary systems
clopentyl, cyclohexyl, phenyl) were also carried out. The re- of model alkynic compounds were processed by use of
action scheme corresponded well to the parts of the schemdahe Rader—Smith Equatidi@]. Table 4presents the result-
depicted onFigs. 1 and 2 The values of the initial reac- ing values of selectivities of competitive hydrogenations
tion rates of individual alkenic substrategd=c) increased (SaB), relative reactivities rjpo/rgo) and relative adsorp-

in the following sequence related to both of the catalysts: tivities (Ka/Kg). The table clearly demonstrates that the

styrene < cyclohexylethylene< cyclopentylethylene< values of selectivities of competitive hydrogenations were
Table 3
Results of hydrogenation of substituted ethylenes (individual arrangements)
Substrate roc=c (mmolmintgzl) re=c (mmolmin~tggl) Ea (kJmot 1)
Platinum catalyst
Cyclopropylethylene 13.2 0.1 12.3+ 0.5 42.0+ 1.0
Cyclopentylethylene 10.& 0.1 10.1+ 0.3 445+ 1.0
Cyclohexylethylene 10.3 0.1 9.5+ 0.2 45.0+ 1.0
Styrene 8.8+ 0.1 8.6+ 0.2 47.6+ 1.0
Palladium catalyst
Cyclopropylethylene 15.&- 0.1 14.14+ 05 36.9+ 1.0
Cyclopentylethylene 13.6 0.1 13.0+ 0.3 38.2+ 1.0
Cyclohexylethylene 13.2 0.2 12.54+ 0.2 37.8+ 1.0

Styrene 12.8+ 0.1 7.2+ 0.2 39.8+ 1.0
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Table 4

Results of competitive hydrogenation in binary systems of substituted acetylenes

Substrate A Substrate B Sas rao/reo Ka/Kg

Platinum catalyst
Cyclopropylacetylene Cyclohexylacetylene 1:890.02 0.6+ 0.1 244+ 04
Cyclopentylacetylene Cyclohexylacetylene 1:6860.03 0.8+ 0.1 14+ 0.2
Phenylacetylene Cyclohexylacetylene 470.1 1.2+ 0.1 40+ 04
Cyclopropylacetylene Cyclopentylacetylene 1:800.03 0.7+ 0.1 1.9+ 0.3
Phenylacetylene Cyclopentylacetylene 420.1 15+ 01 2.8+ 0.3
Phenylacetylene Cyclopropylacetylene 300.1 21+ 0.1 1.4+ 0.2

Palladium catalyst
Cyclopropylacetylene Cyclohexylacetylene 1260.04 0.5+ 0.1 2.6+ 0.6
Cyclopentylacetylene Cyclohexylacetylene 1620.02 0.7+ 0.1 15+ 0.2
Phenylacetylene Cyclohexylacetylene 1#10.1 1.7+ 0.1 6.6+ 0.6
Cyclopropylacetylene Cyclopentylacetylene 1410.03 0.7+ 0.1 1.6+ 0.3
Phenylacetylene Cyclopentylacetylene 16.9D.1 23+ 0.1 48+ 0.3
Phenylacetylene Cyclopropylacetylene 980.1 3.6+ 0.1 27+ 0.2

always significantly shifted in favour of phenylacetylene on (>90%) of the more reactive alkynic substrate. The only
both of the tested catalysts. The presence of aromatic ringexception were the competitive hydrogenations, in which
in phenylacetylene molecule caused a higher value of theone of the substrates was phenylacetylene on palladium
surface reaction rate as well as a significantly higher value catalyst, during which deviations from the linearity of
of its adsorptivity compared to cycloalkyacetylenes. the Rader—Smith equation occurred approximately at the
In binary systems of cycloalkyacetylenes, the selec- point corresponding to 80%-conversion of phenylacety-
tivity of competitive hydrogenation, increased in the se- lene. This behaviour was most probably associated with
guence: cyclohexylacetylene: cyclopentylacetylene< the above-discussed behaviour of phenylacetylene and
cyclopropylacetylene. This sequence was opposite to thestyrene on palladium catalyst during hydrogenations in
sequence related to the values of the surface reaction rateindividual arrangements. Deviations from the linearity oc-
of the identical substrates. The differences in the values of curred in all binary systems of phenylacetylene (substrate
reactivities resulting from the effect of a cyclical substituent A)—cycloalkylacetylene (substrate B) on Pd/C. Under as-
on C=C bond were not very significantable 4noticeably sumption of a constant value of the surface reaction rates, a
infers that during transfer of these model substances todecrease of phenylacetylene adsorptivity occurred. Separate
binary systems, a change in their reactivity occurred as aexperiments proved that the given behaviour is not a result
reason of effect of the parameter of adsorptivity, which in- of a decrease of the ratio alkyne/catalyst during the hydro-
creased along the above mentioned sequence of selectivitiegienation course, but the result of a decrease of the ratio
of competitive hydrogenation. The method of competitive of phenylacetylene/styrene. In the case of arrangement of
hydrogenation does not allow determining absolute values competitive hydrogenation of cycloalkylacetylene (substrate
of the adsorption coefficients, but only their relative values. A)—mixture of phenylacetylene and styrene corresponding
From this reason, the evaluation of stability of the adsorbed to 80%-conversion of phenylacetylene (substrate B), the
complex is, within the sequence of various catalysts, impos- linearity of the Rader—Smith equation was not fulfilled from
sible. Therefore, from the values of the relative adsorptiv- the very beginning stages of the competitive hydrogenation.
ities, it was not possible to express quantitatively a known In binary systems of acetylenic substances, a possibility
higher stability of the alkyne-palladium adsorbed complex. of an indirect determination of the selectivity of competitive
Values of relative adsorptivities revealed that there were hydrogenatior[1] from values acquired for other substrate
higher differences in values of this parameter on palladium. couples was verified based on assuming validity of the rela-
Competitive hydrogenation of acetylenic model sub- tion:
stances on both catalysts in reality did not proceed as “pure”
competitive hydrogenations in binary systems, but rather SasSacSca =1 (1)
included continuously increasing amount of alkenic sub- gpg:

stances produced as reactive intermediates. For the platinum 1
catalyst, identically as in the competitive hydrogenation in Sag = — (2)
systems where one of the substrates was phenylacetylene SBA

on palladium, competitive adsorption and hydrogenation of For all possible combinations of the model alkynic sub-
alkenic intermediates took place. Regardless of this fact, strates, the values of products on the left side of the above
deviations from the linearity of the Rader—Smith equation Eq. (2) ranged in the interval (0.9-1.1). Based on these
occurred no earlier than after reaching high conversions results, the possibility of selectivity values estimation from
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Table 5

Results of competitive hydrogenation in binary systems of substituted ethylenes

Substrate A Substrate B SaB rao/reo Ka/Kg

Platinum catalyst
Cyclopropylethylene Cyclohexylethylene 1.200.02 1.3+ 0.1 1.3+ 0.1
Cyclopentylethylene Cyclohexylethylene 1.830.02 1.0+ 0.1 1.0+ 0.2
Styrene Cyclohexylethylene 1.86 0.03 0.8+ 0.1 23+ 0.3
Cyclopropylethylene Cyclopentylethylene 1.640.02 1.2+ 0.1 1.4+ 0.1
Styrene Cyclopentylethylene 1.68 0.02 0.8+ 0.1 21+ 0.3
Styrene Cyclopropylethylene 1.16 0.03 0.7+ 0.1 1.6+ 0.3

Palladium catalyst
Cyclopropylethylene Cyclohexylethylene 2.690.04 1.1+ 0.1 25+ 0.3
Cyclopentylethylen Cyclohexylethylene 1.280.02 1.0+ 0.1 1.3+ 0.2
Styrene Cyclohexylethylene 4.96 0.1 1.0+ 0.1 49+ 0.6
Cyclopropylethylen Cyclopentylethylene 2.130.03 1.1+ 0.1 2.0+ 0.2
Styrene Cyclopentylethylene 3.80 0.05 0.9+ 0.1 4.3+ 0.5
Styrene Cyclopropylethylene 1.98 0.02 0.8+ 0.1 25+ 0.3

values acquired independently for alkynic substrates of 4. Conclusion
structurally similar type was confirmed.

In a series of cycloalkyl substituted acetylenes and
ethylenes, the problem of the structural effect of a react-
ing substance—cyclic substituent on a terminal unsaturated
carbon—carbon bond—on hydrogenation course on platinum

Competitive hydrogenations of ethylenic substrates also and palladium supported catalysts was studied. The kinetic
allow an evaluation of the effect of the cycloalkylsubstituents method studying structural effects allowed expressing the
on the terminal double bond. Analogously as before, selec-effects of molecular structural fragments on the surface
tivities of competitive hydrogenations and values of adsorp- reaction rate and the stability of an adsorbed complex.
tivities and reactivites were elucidated from experiments.

The data acquired in binary systems very well fulfilled the
linearity of the Rader—Smith equation up to high conver- Acknowledgements
sions. Numerical values and trends of these parameters are
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