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Abstract

The cascade reactions of phenylacetylene to ethylcyclohexane and 1-phenyl-1-pro-
pyne to propylcyclohexane were studied individually, under deuterium and com-
petitively at 343 K and 3 barg pressure over a Rh/silica catalyst. Both systems gave
similar activation energies for alkyne hydrogenation (56 +4 kJ mol~! for phenylacet-
ylene and 50+4 kJ mol~! for 1-phenyl-1-propyne). Over fresh catalyst the order of
reactivity was styrene > phenylacetylene >> ethylbenzene. Whereas with the cascade
hydrogenation starting with phenylacetylene, styrene hydrogenated much slower
phenylacetylene even once all the phenylacetylene was hydrogenated. The activity
of ethylbenzene was also reduced in the cascade reaction and after styrene hydro-
genation. These reductions in rate were likely due to carbon laydown from pheny-
lacetylene and styrene. Similar behavior was observed with the 1-phenyl-1-propyne
cascade. Deuterium experiments revealed similar positive KIEs for phenylacetylene
(2.6) and 1-phenyl-1-propyne (2.1). Ethylbenzene hydrogenation/deuteration gave
a KIE of 1.6 obtained after styrene hydrogenation in contrast to the inverse KIE
of 0.4 found with ethylbenzene hydrogenation/deuteration over a fresh catalyst,
indicating a change in rate determining step. Competitive hydrogenation between
phenylacetylene and styrene reduced the rate of phenylacetylene hydrogenation but
increased selectivity to ethylbenzene suggesting a change in the flux of sub-surface
hydrogen. In the competitive reaction between 1-phenyl-1-propyne and propylben-
zene, the rate of hydrogenation of 1-phenyl-1-propyne was increased and the rate of
alkene isomerization was decreased, likely due to an increase in the hydrogen flux
for hydrogenation and a decrease in the hydrogen species active in methylstyrene
isomerization.
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Introduction

Hydrogenation of alkynes has been investigated for almost 150 years [1] but it was not
until the middle of last century that detailed analysis of catalysts and products was pos-
sible [2, 3]. Research has continued and over the last 15 years considerable advances
have been made in our understanding of aliphatic alkyne and alkene hydrogenation
over palladium [4-7] and aliphatic alkene hydrogenation and isomerization over plati-
num systems [8, 9]. Aromatic alkyne hydrogenation historically has had much less
attention but over recent years the number of publications has increased [10—14]. How-
ever, reactions where there is competition have had very little attention [15—-19]. Simi-
larly, much of our new understanding relates to reactions over palladium and to a lesser
extent platinum. The role of surface and sub-surface hydrogen, carbon and particle size
and shape effects have all been delineated for palladium but not for other metals. Other
metals such as rhodium have shown some indications that their behavior pattern was
similar to palladium [20] but detailed studies have not yet been undertaken. In contrast
to the increase in understanding for alkyne hydrogenation, at least over palladium, aro-
matic hydrogenation is much less well understood [4].

In this study we were interested in examining the hydrogenation of alkynyl aromat-
ics. The reaction of species such as phenylacetylene and 1-phenyl-1-propyne is usually
studied from the alkyne hydrogenation point of view [12, 21]. However, the systems
are considerably more complex, consider in a batch reactor as the alkyne is converted
to alkene after 50% conversion there is typically more alkene present than alkyne and
the reaction can be considered competitive between the alkyne and alkene. At the
same time there is the potential for hydrogenation of the aromatic ring. This is not usu-
ally considered, as ring hydrogenation is much slower than alkyne hydrogenation [4].
This is a fair consideration over palladium catalysts as palladium is a poor aromatic
hydrogenation catalyst [22]. However, rhodium is the most active metal for ring hydro-
genation and in previous work we examined the hydrogenation of alkyl aromatics to
substituted cyclohexanes over a thodium catalyst [23]. The competitive hydrogenation
between toluene, ethylbenzene and propylbenzene revealed that propylbenzene was
the most strongly adsorbed aromatic in agreement with the strongly negative reaction
order. Reactions with deuterium revealed an inverse kinetic isotope effect (KIE) sug-
gesting that hydrogen bond breaking or making was not rate limiting. The cause of the
inverse KIE was most likely related to the change in hybridization of the carbon (C—H)
from sp? to sp> [23].

In this study we wanted to expand that work to examine the cascade reaction
sequences phenylacetylene — styrene — ethylbenzene — ethylcyclohexane and 1-phe-
nyl-1-propyne — cis/trans-p-methylstyrene — propylbenzene — propylcyclohexane and
what happens when there are competitive reactions (Figs. 1 and 2).
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Fig. 1 Reaction scheme for phenylacetylene

Experimental
Materials

A rhodium/silica catalyst (M01078), which had been pre-reduced and stabilized,
was supplied by Johnson Matthey and was used in all reactions. The catalyst,
which had been prepared by impregnation using a Grace-Davison support, was
characterized by Johnson Matthey and was found to have a rhodium loading of
2.5%. The overall surface as measured by BET was 321 m* g~! with a pore size
of 13.2 nm. The metal dispersion measured by hydrogen chemisorption was 50%,
giving an average metal crystallite size of 2.2 nm.

The solvent used, without further purification, was isopropyl alcohol (IPA,
Sigma-Aldrich,>99.5%). The reactants, phenylacetylene (ethynylbenzene
Aldrich 98%), 1-phenyl-1-propyne (Aldrich 99%), ethylbenzene (Aldrich 99.5%)
and propylbenzene (Aldrich 98%), were all used without further purification. Sty-
rene (ethenylbenzene Sigma Aldrich, >99.5%) was stored as a mixture with stabi-
lizer (4-tertbutylcatechol) due to its tendency to polymerize when stored as a pure
liquid. The stabilizer has the potential to interfere with the reaction hence the
styrene was vacuum distilled shortly before use to obtain a pure sample.
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Fig.2 Reaction scheme for 1-phenyl-1-propyne

Hydrogenations

The reactor used was a Biichi stirred autoclave with an oil jacket and a hydrogen
on-demand system. This consisted of a 1 1 Biichi stirred tank reactor, a Biichi
pressflow gas controller and a Julabo heating circulator for temperature control;
a thermocouple connected to the heating circulator was used to monitor the tem-
perature. Rh/SiO, catalyst (0.1 g) was suspended in IPA (310 ml) and reduced
under hydrogen or deuterium (0.5 barg, 100 ml min~!) in the Biichi autoclave
at 343 K for 30 min with stirring at 1000 rpm. After reduction the reactor was
purged with nitrogen and the temperature was adjusted, if required, to the appro-
priate temperature for the reaction, usually 343 K. The reactant (10 mmol) or
reactants were dissolved in IPA (40 ml) by sonication for 15 min and degassed
with argon for 25 min. For competitive reactions 10 mmol of each reactant was
used. The reactant solution was injected into the reaction vessel and the reac-
tion mixture stirred at 1000 rpm for 15 s. Stirring was ceased and nitrogen was
then used to pressurize the reactor to 0.5 barg. The sample for time =0 min was
taken. The reactor was vented and pressurized with hydrogen or deuterium (3
barg) at a stirring speed of 1000 rpm.
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Analysis

Samples (2.5 ml) were taken every 5 min for the first 0.5 h, then every 10 min for
the next 0.5 h before every 20 min for the next 2 h. The samples were analyzed by
an FID gas chromatograph with an HP 1701 column (30 m long, 0.25 mm diameter,
1.0 pm film thickness). Typically, the mass balance of the reactions was better than
100+5%.

Results
Single substrate reactions

Phenylacetylene, 1-phenyl-1-propyne, styrene, ethylbenzene and propylbenzene
were all reacted individually over the catalyst at 343 K at 3 barg hydrogen pres-
sure. The ethylbenzene data for 343 K was similar to that published previously [23].
Figs. 3, 4, 5, 6 and 7 show the results from hydrogenation at 343 K. The data show
typical sequential reactions and highlight the rapid conversion of styrene to ethylb-
enzene, which was too fast to obtain a rate constant. The first order rate constants are
reported in Table 1.

The activation energies for phenylacetylene and 1-phenyl-1-propyne were deter-
mined over the temperature range 313—343 K. The analysis is reported in the Sup-
plementary Data. Phenylacetylene gave an activation energy of 56+4 kJ mol~!,
while 1-phenyl-1-propyne gave an activation energy of 50 +4 kJ mol~".
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Fig. 3 Hydrogenation of phenylacetylene at 343 K, 3 barg H, and 10 mmol reactant
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Fig. 4 Hydrogenation of 1-phenyl-1-propyne at 343 K, 3 barg H, and 10 mmol reactant

100.0 =
3 2 D
&l
90.0 Y é ? Z
> ¥ /
80.0 3B %
Q) + + f
& 700 4 %
c + e é
& 600 3B Z
3 1S 3
g 50.0 + + +
- + + +
s + |e *
400 1S 3
L o fe b4
2 300 4R 4 :
= 31 :
20.0 : : :
+ |e +
10.0 31 be
+ |e *
0.0 "4 + + ’ ¢ >4 ' +* ‘
0 5 10 15 30 40 50 60 80 100 120 140 160 180
Time (min)

OStyrene &Ethylbenzene Ethylcyclohexane  mEthylcyclohexene
Fig. 5 Hydrogenation of styrene at 343 K, 3 barg H, and 10 mmol reactant
Deuterium reactions
The hydrogenation of phenylacetylene, styrene and 1-phenyl-1-propyne was

repeated using deuterium. The reaction profiles are shown in Figs. 8, 9 and 10. The
rate of reaction significantly decreased for all substrates and this was reflected in the
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Table 1 First order rate
constants for phenylacetylene
and ethylbenzene in different

Hydrogenation Reactant Ist order rate
constant (min~")

reactions Phenylacetylene Phenylacetylene 0.1614
Ethylbenzene® 0.0027
Styrene Ethylbenzene® 0.0042
Ethylbenzene Ethylbenzene 0.0072
1-Phenyl-1-propyne 1-Phenyl-1-propyne 0.1028
Propylbenzene Propylbenzene 0.0008
*Measured after all phenylacetylene and styrene had been reacted
®Measured after all styrene had been reacted
°NR, no reaction detected
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Fig. 8 Hydrogenation of phenylacetylene at 343 K, 3 barg D, and 10 mmol reactant

first order rate constants reported in Table 2 and the measured kinetic isotope effect
(KIE, ky/kp).

Competitive reactions

Phenylacetylene was hydrogenated in the presence of styrene (Fig. 11) and eth-
ylbenzene (Fig. 12). Table 3 reports the first-order rate constants for the reac-
tions. In both cases both substrates have reduced activity. Phenylacetylene was
hydrogenated in the presence of l-phenyl-1-propyne to assess the effect of an
internal and terminal alkene on their reactivity. The conversion with time is
shown in Fig. 13, clearly the reactivity of both reactants was reduced but the
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Fig.9 Hydrogenation of styrene at 343 K, 3 barg D, and 10 mmol reactant
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Fig. 10 Hydrogenation of 1-phenyl-1-propyne at 343 K, 3 barg D, and 10 mmol reactant
effect was most noticeable with 1-phenyl-1-propyne where conversion was sig-
nificantly inhibited until ~80% of the phenylacetylene was hydrogenated. The full

reaction profile is shown in the Supplementary data. The first order rate constants
are reported in Table 3.
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Table 2 First order rate constants for deuterium reactions

Hydrogenation Reactant Ist order rate constant (kp,,  ky/kp
min~!)
Phenylacetylene/D, Phenylacetylene 0.0628 2.6
Ethylbenzene® NR¢ -
Styrene/D, Ethylbenzene® 0.0027 1.6
1-Phenyl-1-propyne/D, 1-Phenyl-1-propyne 0.0450 2.1

*Measured after all phenylacetylene and styrene had been reacted
"Measured after all styrene had been reacted

°NR, no reaction detected
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Fig. 11 Competitive hydrogenation of phenylacetylene and styrene at 343 K, 3 barg H, and 10 mmol of
each reactant

To determine whether the presence of phenylacetylene inhibited isomerization
between cis-pf-methylstyrene and trans-pf-methylstyrene, the cis:trans ratio was
determined at equal conversion of 1-phenyl-1-propyne. At~60% conversion the
cis:trans ratio obtained when only 1-phenyl-1-propyne was hydrogenated was 3.0,
however when 1-phenyl-1-propyne and phenylacetylene were co-hydrogenated, the
cis:trans ratio for methylstyrene was 4.8 indicating that phenylacetylene hydrogena-
tion inhibited isomerization.

The competitive reaction of 1-phenyl-1-propyne and propylbenzene was per-
formed to compare with the phenylacetylene/ethylbenzene reaction. The results
are shown in Fig. 14. The unexpected result was the increase in hydrogenation
rate of 1-phenyl-1-propyne (Table 3), which contrasted with phenylacetylene/
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Fig. 12 Competitive hydrogenation of phenylacetylene and ethylbenzene at 343 K, 3 barg H, and

10 mmol of each reactant

Table 3 First order rate constants obtained from phenylacetylene and 1-phenyl-1-propyne hydrogenation
in competitive reactions

Hydrogenation Reactant 1st order
rate con-
stant

Phenylacetylene/styrene Phenylacetylene 0.0503

Ethylbenzene® 0.0001

Phenylacetylene/ethylbenzene Phenylacetylene 0.0648

Ethylbenzene® 0.0003
Phenyl acetylene/1-phenyl-1-propyne Phenyl acetylene 0.0397
1-Phenyl-1-propyne® 0.0033
1-Phenyl-1-propyne/propylbenzene 1-Phenyl-1-propyne 0.1307

Conditions: 343 K, 3 barg, 10 mmol of each reactant
*Measured after all phenylacetylene and styrene were hydrogenated

"Measured with phenylacetylene present, after all phenylacetylene had reacted the rate constant was esti-
mated as similar to that obtained with a fresh catalyst

ethylbenzene where the rate of alkyne hydrogenation decreased. The cis:trans
ratio for methylstyrene was also changed, with a value of 4.4 at~60% conver-
sion of 1-phenyl-1-propyne in the presence of propylbenzene, whereas when only
1-phenyl-1-propyne was hydrogenated the cis:trans ratio obtained was 3.0.
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Discussion

In this study the hydrogenation of alkyne, alkene and aromatic functionalities
have been examined over a Rh/silica catalyst. Over a fresh catalyst the order of
reactivity was styrene > phenylacetylene > ethylbenzene. This order was to be
expected as it is well known that alkenes hydrogenate faster than the respective
alkyne [4]. When the hydrogenation of 1-phenyl-1-propyne was examined, it
was found that the rate of hydrogenation was slower than that of phenylacety-
lene. Again, this was expected as a terminal alkyne in general reacts faster than
an internal alkyne [15] due to the steric constraints inherent in adsorption of the
internal alkyne. Nevertheless, in contrast to phenylacetylene, 1-phenyl-1-propyne
hydrogenated faster than its alkene.

When phenylacetylene was hydrogenated it produced styrene, which was then
hydrogenated to ethylbenzene, which was subsequently hydrogenated to ethyl-
cyclohexane. It is also possible for phenylacetylene to be directly hydrogenated
to ethylbenzene. On examining the cascade hydrogenation starting with pheny-
lacetylene (Fig. 3) styrene did not hydrogenate faster than phenylacetylene, in
contrast to its behavior over a fresh catalyst. As phenylacetylene was hydrogen-
ated the concentration of styrene increased and only once the majority of pheny-
lacetylene had been consumed did styrene react faster but even then much slower
than over a fresh system (rate of styrene hydrogenation over a fresh catalyst was
22.4 mmol min~! g~! compared to 7.8 mmol min~! g~! after phenylacetylene
hydrogenation). Therefore, even when no phenylacetylene was left in the sys-
tem, the rate of styrene hydrogenation was decreased. This may be due to carbon
deposition or due to structural changes in the rhodium crystallite. Ethylbenzene
hydrogenation in the cascade was also reduced to~ 1/3rd of the rate over a fresh
catalyst. Given that there was the same rate reduction for alkene and aromatic
hydrogenation it seems more likely that the activity was reduced due to a loss in
active sites from carbonaceous deposits rather than structural changes.

1-Phenyl-1-propyne was converted to cis-B-methylstyrene, which isomerized
to trans-p-methylstyrene and/or hydrogenated to propylbenzene. The data shown
in Fig. 4 revealed that cis-p-methylstyrene was hydrogenated to propylbenzene
faster than it isomerized to trans-P-methylstyrene and that hydrogenation of
trans-P-methylstyrene was much slower than that of cis-B-methylstyrene. This
slow rate of hydrogenation of the zrans-isomer has been observed with rhodium
and iridium catalysts [24] and more generally with C4 and C5 systems over pal-
ladium catalysts [19, 25] and has been explained by suggesting that the trans-
isomer is far more strongly bound than the cis-isomer.

When hydrogen was replaced by deuterium the rate of reaction of all substrates
reduced resulting in a positive kinetic isotope effect (KIE) (Table 2). KIEs are
rarely reported but a value of 1.8 has been reported for phenylacetylene over Rh/
silica [26], which is in reasonable agreement with our value of 2.6. The rate of
styrene hydrogenation was 22.5 mmol min~! g~! while the rate of styrene deuter-
ation was 14.2 mmol min~! g~! giving a KIE of 1.6, which is in excellent agree-
ment with the literature, where KIE for styrene hydrogenation was reported at
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1.4 [26]. These KIE values suggest a primary KIE where hydrogen is directly
involved in a bond making step. Note that the KIE value for phenylacetylene and
1-phenyl-1-propyne are similar suggesting a similar rate determining step. The
KIE value observed for ethylbenzene hydrogenation/deuteration of 1.6 obtained
after styrene hydrogenation was interesting because ethylbenzene hydrogenation/
deuteration over a fresh catalyst gave rise to an inverse KIE of 0.4 [23]. This indi-
cates a change in rate determining step between ethylbenzene hydrogenation over
a fresh catalyst and over a catalyst used for styrene hydrogenation. This applies
also to a catalyst used for phenylacetylene hydrogenation even though no KIE
was measured for ethylbenzene hydrogenation, as it is clear from the lack of reac-
tion of ethylbenzene that the rate of hydrogenation has decreased significantly
when deuterium is used (Fig. 8). When hydrogenated over a fresh catalyst the rate
determining step for ethylbenzene was suggested to be the change in sp-hybrid-
ization going from sp® to sp® [23] in keeping with an inverse KIE. Clearly this
change in hybridization is still occurring but is no longer rate determining. It is
likely that the new rate determining step involves hydrogen addition, which may
be mediated by the carbonaceous deposit left by styrene.

To investigate the cascade reaction in more detail a competitive reaction between
phenylacetylene and styrene was performed. The rate of styrene hydrogenation after
all phenylacetylene was consumed was the same as that observed during the phe-
nylacetylene cascade (7.4 mmol g=! min~! c.f. 7.8 mmol g~! min~!). The rate of
phenylacetylene hydrogenation was suppressed with the rate constant dropping from
0.1614 to 0.0503 min~! indicating that the styrene inhibited the phenylacetylene
hydrogenation. This is a similar result to that found over Pd [15], where competi-
tive adsorption between phenylacetylene and styrene was detected and the rate of

0.007

0.006 F# %

0.005

OStyrene ®BEB

Fig. 15 Selectivity at 55% conversion of phenylacetylene during phenylacetylene hydrogenation and phe-
nylacetylene/styrene co-hydrogenation. Conditions, 343 K, 10 mmol of each substrate and 3 barg
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phenylacetylene hydrogenation was also decreased. A more detailed analysis of the
data revealed that the yield of ethylbenzene was enhanced during phenylacetylene
hydrogenation. Fig. 15 compares the amounts of styrene and ethylbenzene produced
at 55% conversion of phenylacetylene for both reactions. Overall yield was the same
but reaction with styrene present produced more ethylbenzene (note that the start-
ing styrene has been subtracted out). This change in selectivity indicates that either
styrene reactivity had increased and/or phenylacetylene was producing more ethylb-
enzene directly. The presence of sub-surface hydrogen in rhodium has been postu-
lated previously [20] and this behavior would be expected if sub-surface hydrogen
was increased as this type of hydrogen has been shown to enhance alkyne to alkane
and alkene to alkane transformations [5—7]. The last section of the cascade was eth-
ylbenzene hydrogenation to ethylcyclohexane. The rate of this hydrogenation was
dramatically reduced with the rate constant going from 2.7 x 10> min~" in the stand-
ard phenylacetylene cascade to 0.1 x 107> min~! when phenylacetylene and styrene
were competitively hydrogenated. The hydrogenation of the aromatic ring requires
a larger surface site than alkyne or alkene hydrogenation and is more susceptible to
poisoning by a carbonaceous deposit [4].

To further examine the effect of a competitive species phenylacetylene was
reacted in the presence of ethylbenzene. In this case the assumption was that given
that ethylbenzene was so much more weakly adsorbed it would have little or no
effect, especially as it had been so negatively affected in the phenylacetylene/styrene
reaction. However the rate constant for phenylacetylene hydrogenation was reduced
by ~60%, while rate of styrene hydrogenation was also reduced (1.2 mmol g~! min~!
c.f. 7.8 mmol g~! min~!). Therefore, even the most weakly adsorbed species inhibits
the hydrogenation of the two more strongly adsorbed species, implying that all three
species are co-adsorbed. This is surprising as ethylbenzene has a larger site require-
ment than either phenylacetylene or styrene. Indeed, the classical interpretation of
the low alkene and aromatic reactivity is that the strength of the alkyne adsorption
is such that it inhibits re-adsorption of both the alkene and aromatic. However, it has
been shown that both alkene and aromatic do adsorb in the presence of the alkyne
[15, 27, 28], therefore the lack of activity is not due to lack of adsorption but lack of
reactivity. Such lack of reactivity is most likely due to an inability of the catalyst to
deliver sufficient hydrogen or changes in the mode of adsorption for phenylacetylene
(see below).

When phenylacetylene and 1-phenyl-1-propyne were competitively hydrogen-
ated, the hydrogenation of 1-phenyl-1-propyne was significantly inhibited (~10%
conversion) until~80% of the phenylacetylene was hydrogenated (Fig. 13) after
which the rate was typical of that found over a fresh catalyst. Very similar results
were obtained over Pd catalysts when 1-phenyl-1-propyne was hydrogenated in
the presence of 1-pentyne [18]. In that case 1-phenyl-1-propyne hydrogenation
was inhibited until~90% conversion of 1-pentyne. This revealed that phenylacety-
lene is much more strongly adsorbed than 1-phenyl-1-propyne but once removed
the rate for 1-phenyl-1-propyne hydrogenation recovers. Nevertheless, the reactivity
for phenylacetylene hydrogenation was reduced by ~75%. The reduction in pheny-
lacetylene hydrogenation activity could be related to hydrogen availability but the
mode of adsorption of phenylacetylene may also play a part. Analysis of the modes
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of adsorption for phenylacetylene on rhodium by Iucci et al. [29] revealed that the
main mode that results in hydrogenation to styrene is di-c adsorbed with the phenyl
group sitting up from the surface. In contrast end-on adsorption perpendicular to
the surface found with phenylacetylene on Cu [30] (along with di-c adsorbed) did
not hydrogenate to styrene. Although this mode of adsorption has not been specifi-
cally identified on Rh with phenylacetylene, it has been identified on Pt [14] and for
propyne adsorption on Rh [31]. Therefore, if the addition of a second component
resulted in an increase in this mode of adsorption at the expense of the di-c then the
rate of hydrogenation would decrease.

The competitive reaction between 1-phenyl-1-propyne and propylbenzene was
also examined (Fig. 12) and a surprising result was observed. The rate of hydro-
genation of 1-phenyl-1-propyne increased in the presence of propylbenzene. Rate
enhancements in competitive reactions have been observed previously [15, 18, 19]
and competitive reactions involving propylbenzene have also shown rate enhance-
ments [23]. However, these reactions have typically involved reactions between
similar species, e.g., toluene/propylbenzene [23] or 1-pentyne/2-pentyne [15, 19].
In all cases the explanation relates to an increase in effective hydrogen concentration
and/or a change in the strength of adsorption: both explanations have been proposed
[15, 19, 23]. For 1-phenyl-1-propyne it is more likely that there was an increase
in the hydrogen flux for hydrogenation as the adsorbed state most likely remained
di-c [32]. At the same time there was a decrease in the hydrogen species active in
methylstyrene isomerization. Note that the hydrogen active for isomerization is not
active for hydrogenation [7, 33] hence it is possible to enhance one and inhibit the
other. Two states of adsorbed hydrogen have been identified on rhodium [34-38]: a
surface state and a sub-surface state similar to palladium.

Conclusions

The cascade reactions of phenylacetylene to ethylcyclohexane and 1-phenyl-1-pro-
pyne to propylcyclohexane were studied individually, under deuterium and competi-
tively at 343 K and 3 barg pressure. Both systems gave similar activation energies
for alkyne hydrogenation suggesting a similar adsorbed state that is active. From
adsorbed state data in the literature for phenylacetylene and 1-phenyl-1-propyne
[29, 33], this state is most likely to be the di-o adsorbed. Over a fresh catalyst the
order of reactivity was styrene > phenylacetylene >> ethylbenzene. Whereas with the
cascade hydrogenation starting with phenylacetylene, styrene hydrogenated much
slower phenylacetylene even once all the phenylacetylene was hydrogenated. The
activity of ethylbenzene was also reduced in the cascade reaction and after sty-
rene hydrogenation. These reductions in rate were likely due to carbon laydown
from phenylacetylene and styrene. Similar behavior was observed with the 1-phe-
nyl-1-propyne cascade. However, the data also indicated that cis-p-methylstyrene
hydrogenated to propylbenzene faster than it isomerized to trans-p-methylstyrene
and that trans-p-methylstyrene hydrogenated to propylbenzene more slowly that the
cis-isomer, a well-known “trans-effect” in hydrogenation [11]. Deuterium experi-
ments revealed similar positive KIEs for phenylacetylene and 1-phenyl-1-propyne.
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Styrene also gave a positive KIE but surprisingly ethylbenzene hydrogenation/deu-
teration gave a KIE of 1.6 obtained after styrene hydrogenation in contrast to the
inverse KIE of 0.4 found with ethylbenzene hydrogenation/deuteration over a fresh
catalyst [23]. This indicated a change in rate determining step between ethylbenzene
hydrogenation over a fresh catalyst and over a catalyst used for styrene hydrogena-
tion (or phenylacetylene hydrogenation even though no KIE was measured for eth-
ylbenzene hydrogenation, as it is clear from the lack of reaction of ethylbenzene
that the rate of hydrogenation has decreased significantly when deuterium is used).
Competitive hydrogenation between phenylacetylene and styrene reduced the rate of
phenylacetylene hydrogenation but increased selectivity to ethylbenzene suggesting
a change in the flux of sub-surface hydrogen. Therefore, the behavior observed with
a rhodium catalyst is consistent with two states of hydrogen on rhodium: surface
and sub-surface species [34]. The competitive hydrogenation of phenylacetylene and
1-phenyl-1-propyne revealed that phenylacetylene is much more strongly adsorbed
than 1-phenyl-1-propyne. Nevertheless, the reactivity for phenylacetylene hydro-
genation was reduced by ~75%, which may be related to hydrogen availability or
a change in the mode of adsorption of phenylacetylene. In the competitive reaction
between 1-phenyl-1-propyne and propylbenzene, the rate of hydrogenation of 1-phe-
nyl-1-propyne was increased and the rate of isomerization was decreased. Behavior
such as this is usually related to a change in strength of adsorption or hydrogen flux.
For 1-phenyl-1-propyne hydrogenation it is more likely that there was an increase in
the hydrogen flux for hydrogenation and a decrease in the hydrogen species active in
methylstyrene isomerization.
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