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HYDROGENATION KINETICS OF PHENYL PROPARGYL ETHER AS
DETERMINED BY HIGH PRESSURE LIQUID CHROMATOGRAPHY*

R. E« Trujillo and R. L. Courtney
Sandia Laboratoriesg*¥*
Albuquerque, New Mexico 87185

High pressure liquid chromatography (HPLC) was used
to kinetically study the neat heterogeneous hydrogenation
of an alkyne, phenyl propargyl ether. The study suggests
that strong absorption of alkyne on the catalyst surface
inhibits the further reduction of newly formed alkene
to alkane.

INTRODUCTION

A literature survey revealed that high pressure
liquid chromatography (HPLC) has not been recognized as a
rapid, accurate and quantitative analytical method of
resolving reaction products associated with the hetero-
geneous hydrogenation of alkynes, although acetylenes have
been extensively studied in the gas phase (1,2), in
solution (3,4) and more recently in the so0lid state (5,6).

No liquid chromatography data was found discussing column/

*Work supported by the U.S. Department of Energy (DOE),
under Contract AT(29-1)-789.
**A U.S. DOE facility.
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solvent systems in resolving individual alkynes, let alone
resolving triple, double and single bonded species evolved
during the neat hydrogenation of a parent alkyne. Since
the neat hydrogenation of solid alkynes has found practical
applications in solving problems associated with a hydrogen
environment (7) a program was iniated to study the factors
which influence the course of the catalytic reaction in

the removal or control of hydrogen and its isotopes. The
present study reports on the kinetics of the neat hetero-
geneous hydrogenation of phenyl propargyl ether using HPLC
in lieu of more coventional technigques such as mass spect-
rometry and gas chromatography which could decompose or

alter the reaction products.

METHOD

Apparatus

A Waters Associates Model ALC/GPC~502/401 dual detector
liguid chromatograph equipped with a Model 6000A pump and
a U6K closed loop injector was used in connection with two
micro-Porosil columns (each 7 mm i.d. x 30 cm, Waters
Associates). An isocratic solvent, 99% hexane and 1% methyl
isobutyl ketone, was maintained at a rate of 0.4 ml min~ 1.
This column/solvent systems was chosen for use after
conducting an extensive evaluation of resolving capabilities
of many column/solvent combinations, These particular
columns and flow rate yielded a column pressure of 460 psi
(103 psi = 6.89 N mm~2). The hydrogenation apparatus
used in this study has been described by Courtney and

Harrah (5).

Hydrogenations were conducted by adding a weighed

amount of palladium black (Fisher Scientific Company, Fair
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Lawn, New Jersey) to the glass reaction container, followed
by the additon of a weighed amount of phenyl propargyl ether
(Farchan Research Laboratory, Willoughby, Ohio}. The weigh-
ing vial and delivery funnel used to transfer the phenyl
propargyl ether (PPE) to the reaction flask were rinsed
three times using a total of about 20 ml of ethyl ether.
After most of the ethyl ether had evaporated, the thick
slurry was spread as uniformly as possible up to a prescribe
mark on the glass vessel until evaporation of the ethyl ether was
complete., The glass container was then placed inside the

calorimeter bomb. After evacuation, the system was back-filled

with hydrogen.

The initial hydrogen pressure varied from 100-500 mm Hg
depending on the experiment. The hydrogen uptake (pressure drop)
and any temperature change were monitored as a function of time.

In certain experiments total hydrogen uptake was measured at
reaction completion after 24 hours, while the kinetic experiments
were stopped at various extents of hydrogenation by evacuating

the residual hydrogen from the reaction container and back-filling
with air.

In order to determine the point of complete coverage of the
catalyst by alkyne, the total hydrogen uptake was determined for
various PPE/Pd black ratios using a constant Pd black weight of
0.30 gm. The amounts of PPE used ranged from 0.20-1.00 gm. A
stoichiometric uptake of hydrogen, based on the amount of PPE used,
was achieved at a PPE/Pd black ratio of 1.66. This ratio of
alkyne to catalyst was maintained in the kinetic experiments but
the amount of catalyst used was reduced to 0.113 gm in order to
complete all kinetic experiments with the same batch of catalyst.

The kinetic experiments were run by weighing 0.187 gm PPE
and 0.113 gm Pd black, mixing and placing in the bomb reaction
chamber as previously described, then evacuating and back-filling
the reaction chamber to an initial hydrogen pressure of 100 mm Hg.

The hydrogenation was allowed to proceed to & previously calculated

pressure drop, i.e., extent of hydrogenation, then stopped by
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evacuating the residual hydrogen from the reaction container and

back-filling with air. The coantents of the glass vessel were

rinsed with 28 mls of solvent, 99 hexane and 1% methyl isobutyl
ketone (V/V), and the suspension filtered through a 0.45 W
Tluoropore membrane using a Weters' clarification kit assembly
(Waters Associstes, Milford, Massachusetts). The clear filtrate
(10 ml) was then injected in the chromatograph. Both the

refractive index detector and the 254 nm ultraviolet detector
systems were used to monitor the chromatographic separation of
the hydrogenation products, i.e., alkyne, alkene, alkane.

It was determined that the extinction coefficients of phenyl
propargyl cther (PPE), allyl phenyl ether (Aldrich Chemical
Company, Milwaukee, Wisconsin), and propyl phenyl ether are
essentially equivalent at 254 nm and that there is a linear
relationship between ultrsviolet absorption at 254 nm and the
amount of alkyne injected into the chromatograph. The relative
concentrations of the hydrogenation products resolved by HPLC
were determined by cutting out the ultraviolet peaks for the
various components and weighing. The peaks were ildentified by
injecting known samples of phenyl propargyl ether, allyl phenyl

ether, and propyl phenyl ether and noting their elution volumes.

RESULTS AND DISCUSSION

In Figure 1 the dashed line denoting & stoichiometric uptake
of' hydrogen, based on the amount of PTE used, goes through the
point representing a PPE/Pd black ratio of 1.66. For ratios
less then or greater than 1.66 the uptake of hydrogen is less than
stoichiometric. Therefore, the ratio of 1.66 is conridered to be
the point of complete coverage for the experimental technique
euployed. Since at the lower ratios not enough PPE was used to
completely cover the Pd black surface, the thermal effects due
to the hydrogenation reaction probably vaporized some of the PPE
from the surface resulting in less than a stoichiometric amount

of hydrogen being reacted. The amount of PPE vaporized from the
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Figure 1. Total hydrogen uptake as a function of the PPE/Pd black
ratio. The dashed line represents stoichiometric hydrogen uptake,
while the solid lines represent experimental hydrogen uptake.

Pd black surface continually decreases until the ratio of 1.66
is reached, at which time the Pd black surface is completely
covered and the uptake of hydrogen is stoichiometric. For ratios
greater than 1.66 the reaction becomes controlled by diffusion
of the liquid organic to the catalyst surface.

Figure 2 shows the type of data generated when this HPIC
system was used to resolve the various species obtained on
hydrogenation of phenyl propargyl ether. Figure 2 presents
chromatograms at different extents of hydrogenation and shows
that the more unsaturated a component is, the longer it is retained

on the columns. The alkane (propyl phenyl ether) is eluted first,
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Figure 2. Chromatograms of phenyl propargyl ether at different

extents of hydrogenation. Al, AZ’ and A3 refer to the propyl phenyl
ether, allyl phenyl ether, and propargel phenyl ether peaks respect-—

ively.
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Figure 3. The weight per cent of species present at different
extents of hydrogenation. Phenyl propargyl ether @, allyl phenyl
ether A, and propyl phenyl ether W.

followed by the alkene (allyl phenyl ether), and finally the alkyne
{phenyl propargyl ether),

The weight per unit of species present at different extents
of hydrogenation can be readily generated from data such as that
in Figure 2. TFigure 3 presents this weight percent data as a
function of percent hydrogenation of alkyne to alkane, i.e.,
phenyl propargyl ether to propyl phenyl ether. The following
reactions and corresponding rate expressions can be written to
describe the hydrogenation process presented in Figure 3:

Ky
Ay + H, —=— A, (1)

k,

2
Ay + Hy Ay
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where A3, AP and Al represent phenyl propargyl ether (PPE), allyl

phenyl ether, and propyl phenyl ether respectively. For the

foregoing reactions, the rate equations are as follows:

afa,l
3
rramial kl[A3](PH2/RT> (3)
afa,]
- - kl[A?)](PHQ/RT) - kz[Ag](PHg/RT) (W
d[Al]
- kE(A2]<PH2/RT> (5)

Lquations 3 through 5 represent the rate of disappearance of
triple bonds ’A3), double bonds (AE)’ and the rate of formation

of single bonds (A.) respectively. The hydrogen concentration

term was replaced %y P, /RT using the Ideal Gas Law. Thus,
concentration may be expressed in terms of the total volume of the
regcetion vessel.

It is apparent from Figure 3 that during the initial stages
of hydrogenation (< 10 hydrogenation) the principle reaction
oceurring is the conversion of alkyne to alkene (Equation 1).
Equation 3, the rate expression covering Equation 1, can be re-
written to describe this initial reaction condition (time ~ 0)

as follows:

A L e (6)
where g% represents the initial reaction rate, i.e., change
in pressu%%lwith time at early stages in the hydrogenation, and P°
the initial hydrogen pressure. Therefore, at t o~ O, the value for
kl can be obtalned from a plot of initial reaction rates versus
initial hydrogen pressures with the slope being equal to kl[A3].
Figure U4 presents such data with the resultant value for k

6.31 x lO3 cm3 mole_l L

1 being

min~~. The value for ky (Equations 2 and 5),
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Figure 4. Determination of rate constants using PPE (k) and allyl
phenyl ether (kj). PPE data @ and allyl phenyl ether data A.

the conversion of alkene to alkane, was determined in the same
manner using allyl phenyl ether. In this alkene hydrogen study
an allyl phenyl ether/Pd black ratio of 1.66 was used and no PFE
was present in the system only neat allyl phenyl ether and
catalyst. The value for k2 was thus determined to be 16.71 x 103

3 -1 . -1
cm” mole © min .

The previous result indicates that the hydrogenation of

alkyne to alkene (Equation 1) occurs at a slower rate than that
1 < k2.
This result implies that the rate limiting step in the catalytic

of the conversion of alkene to alkane (Equation 2), i.e., k

hydrogenation of phenyl propargyl ether is Equation 1. However,
during the hydrogenation of phenyl propargyl ether any allyl
phenyl ether formed must principally compete for the catalytic
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hydrogenstion sites with PPE, Consequently, the relative
affinities of alkyne versus alkene for these sites could serve
to re-define the rate limiting step. An indication of the value
for k2 operative during the hydrogenation of PPE mey be obtained
from Figure 3 by noting that when the hydrogenation of PPE ia

approximately 60% completed, then the allyl phenyl ether concentration

achieves a transient steady state condition and the rate of change
in the concentration of allyl phenyl is zero, i.e., the plateau
region in TFigure 3 for A2. Under this transient steady state

condition Tquation 4 becomes:
ky (4] [PHQ/RT] =k, [4,] [PHQ/RT] (7

or

Kl [A3]

o T T ©)

where [A3] and [A2] refer to the concentrations of A3 and A, at
61.% hydrogenation from Figure 3. The value for k., thus obtained

3 .3 -l -1 -
is 2.17 x 10° em” mole ~ min ~. This value for k. differs by

nearly a factor of 8, lower than that obtained whin the neat
catalytic hydrogenation of allyl phenyl ether was studied
(2.17 x 103 versus 16.71 x 103 emS mole™t min_l).

Thus, the rate limiting step in the hydrogenation of phenyl
propargyl ether is that involved in the conversion of alkene to
alkane since it has been shown that in the PPE hydrogenation
mileau kl :»k2. This result is opposite that obtained when k
is determined from the neat catalytic hydrogenation of allyl

2

phenyl ether and suggests that it is the stronger adsorption
of alkyne on the catalytic sites which causes Kl >-k2. Similar
results have been observed during the hydrogenation of acetylene
over & palladium catalyst where the hydrogenation of gaseous
ethylene commences only after most of the acetylene has been

reduced (8), This is attributed to strength of adsorption
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which decreases in the sequence acetylene > ethylene >

ethane or triple bonds > double bonds > single bonds.

This study has also shown the ability of HPLC to
completely resolve the three major products of hydrogena-
tion of phenyl propargyl ether. The same column/solvent
system developed for phenyl propargyl ether has been
successfully applied to the separation of the hydrogena-
tion products of dimerized phenyl propargyl ether

(1,6=diphenoxy~-2,4-hexadiyne).
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