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H Y D R O G E N A T I O N  KINETICS O F  PHENYL PROPARGYL ETHER AS 
D E T E R M I N E D  BY H I G H  PRESSURE LIQUID CHROMATOGRAPHY* 

R .  E. T r u j i l l o  a n d  R .  L. C o u r t n e y  

A l b u q u e r q u e ,  N e w  M e x i c o  8 7 1 8 5  
S a n d i a  L a b o r a t o r i e s * *  

ABSTRACT 

H i g h  p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  (HPLC) w a s  u s e d  
t o  k i n e t i c a l l y  s t u d y  t h e  n e a t  h e t e r o g e n e o u s  h y d r o g e n a t i o n  
o f  a n  a l k y n e ,  p h e n y l  p r o p a r g y l  e t h e r .  T h e  s t u d y  s u g g e s t s  
t h a t  s t r o n g  a b s o r p t i o n  o f  a l k y n e  o n  t h e  c a t a l y s t  s u r f a c e  
i n h i b i t s  t h e  f u r t h e r  r e d u c t i o n  o f  n e w l y  f o r m e d  a l k e n e  
t o  a l k a n e .  

INTRODUCTION 

A l i t e r a t u r e  s u r v e y  r e v e a l e d  t h a t  h i g h  p r e s s u r e  

l i q u i d  c h r o m a t o g r a p h y  (HPLC) h a s  n o t  b e e n  r e c o g n i z e d  a s  a 

r a p i d ,  a c c u r a t e  a n d  q u a n t i t a t i v e  a n a l y t i c a l  m e t h o d  o f  

r e s o l v i n g  r e a c t i o n  p r o d u c t s  a s s o c i a t e d  w i t h  t h e  h e t e r o -  

g e n e o u s  h y d r o g e n a t i o n  o f  a l k y n e s ,  a l t h o u g h  a c e t y l e n e s  h a v e  

b e e n  e x t e n s i v e l y  s t u d i e d  i n  t h e  g a s  p h a s e  ( 1 , 2 ) ,  i n  

s o l u t i o n  ( 3 , 4 )  a n d  m o r e  r e c e n t l y  i n  t h e  s o l i d  s t a t e  ( 5 , 6 ) .  

N o  l i q u i d  c h r o m a t o g r a p h y  d a t a  w a s  f o u n d  d i s c u s s i n g  c o l u m n /  

*Work s u p p o r t e d  b y  t h e  U.S. D e p a r t m e n t  of E n e r g y  ( D O E ) ,  
u n d e r  C o n t r a c t  A T ( 2 9 - 1 ) - 7 8 9 .  

**A U . S .  DOE f a c i l i t y .  
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620 TRUJILLO AND COURTNEY 

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 techniques such as mass spect- 

rometry and gas chromatography which could decompose or 

alter the reaction products. 

A Waters Associates Model ALC/GPC-502/401 dual detector 

liquid 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". 

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 

( 1 0  psi = 6.89 N mm-2). The hydrogenation apparatus 

used in this study has been described by Courtney and 

Harrah (5). 

3 

Procedure 

Hydrogenations were conducted by adding a weighed 

amount of palladium black (Fisher Scientific Company, Fair 
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HYDROGENATION OF PHENYL PROPARGYL ETHER 621 

Lawn,  N e w  J e r s e y )  t o  t h e  g l a s s  r e a c t i o n  c o n t a i n e r ,  f o l l o w e d  

by  t h e  a d d i t o n  o f  a w e i g h e d  a m o u n t  of p h e n y l  p r o p a r g y l  e t h e r  

( F a r c h a n  R e s e a r c h  L a b o r a t o r y ,  W i l l o u g h b y ,  O h i o ) .  T h e  w e i g h -  

i n g  v i a l  a n d  d e l i v e r y  f u n n e l  u s e d  t o  t r a n s f e r  t h e  p h e n y l  

p r o p a r g y l  e t h e r  ( P P E )  t o  t h e  r e a c t i o n  f l a s k  w e r e  r i n s e d  

t h r e e  t i m e s  u s i n g  a t o t a l  o f  a b o u t  2 0  m l  of e t h y l  e t h e r .  

A f t e r  m o s t  o f  t h e  e t h y l  e t h e r  h a d  e v a p o r a t e d ,  t h e  t h i c k  

s l u r r y  w a s  s p r e a d  a s  u n i f o r m l y  a s  p o s s i b l e  u p  t o  a p r e s c r i b e  

mark on the glass  vessel  u n t i l  evaporation of the e thy l  ether was 

complete. The glass  container was then placed inside the 

calorimeter bomb. After evacuation, the system was back-fil led 

with hydrogen. 

The i n i t i a l  hydrogen pressure varied from loo-500 mm Hg 

depending on the experiment. The hydrogen uptake (pressure drop) 

and any temperature change were monitored as a function of time. 

In  ce r t a in  experiments t o t a l  hydrogen uptake was measured a t  

react ion completion a f t e r  24 hours, while the kinet ic  experiments 

were stopped a t  various extents of hydrogenation by evacuating 

the residual  hydrogen from the reaction container and back-f i l l ing 

with a i r .  

I n  order t o  determine the point of complete coverage of the 

catalyst  by alkyne, the t o t a l  hydrogen uptake was determined f o r  

various PPE/Pd black r a t i o s  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 a t  a PPE/Pd black r a t i o  of 1.66. 
alkyne t o  ca t a lys t  was maintained i n  the kinet ic  experiments but 

the amount of ca t a lys t  used was reduced t o  0.113 gm i n  order t o  

complete a l l  kinet ic  experiments with the same batch of ca t a lys t .  

This r a t i o  of 

The kinet ic  experiments were run by weighing 0.187 @;m PPE 

and 0.113 g m  Pd black, mixing and placing i n  the bomb react ion 

chamber as previously described, then evacuating and back-f i l l ing 

the reaction chamber t o  an i n i t i a l  hydrogen pressure of 100 mm Hg. 

The hydrogenation was allowed t o  proceed t o  a previously calculated 

pressure drop, i .e.,  extent of hydrogenation, then stopped by 
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622 TRUJILLO AND COURTNEY 

evacuating thc  r e s i d u a l  hydrogen from t he  r e a c t i o n  conta iner  and 

back- f i l l i ng  with air .  The conten ts  of t h e  g l a s s  v e s s e l  were 

r in sed  with 28 m l s  of so lvent ,  7go hexane and l$ methyl i sobu ty l  

ketone (V/V), and t h e  suspension f i l t e r e d  through a 0.45 p 
Fluoropore membrane using a Waters'  c l a r i f i c a t i o n  k i t  assembly 

(Waters Assoc ia tes ,  Milford, Massachusetts ). 

(10 m l )  was then  in j ec t ed  i n  t h e  chromatograph. 

r e f r a c t i v e  index de tec to r  and t h e  254 nm u l t r a v i o l e t  de t ec to r  

systems were used t o  monitor t h e  chromatographic sepa ra t ion  of 

t h c  hydrogenation products, i . e . ,  alkyne, a lkene ,  alkana. 

The c l e a r  f i l t r a t e  

Both t h e  

It was determined t h a t  t h e  ex t inc t ion  c o e f f i c i e n t s  of phenyl 

propargyl c the r  (PPE), a l l y 1  phenyl e the r  (Aldrich Chemical 

Company, Milwaukee, Wisconsin), and propyl phenyl e the r  a r e  

e s s e n t i a l l y  equivalent a t  254 nm and t h a t  t h e r e  i s  a l i n e a r  

r e l a t ionsh ip  between u l t r a v i o l e t  absorp t ion  a t  254 nm and the  

amount of alkyne in j ec t ed  i n t o  t h e  chromatograph. The r e l a t i v e  

concentrations of t h e  hydrogenation products resolved by HPLC 

were determined by c u t t i n g  out t he  u l t r a v i o l e t  peaks f o r  the  

various components and weighing. The peaks were i d e n t i f i e d  by 

i n j c c t i n g  known samples of  phenyl propargyl e t h e r ,  a l l y 1  phenyl 

e t h e r ,  and propyl phenyl e the r  and not ing  t h e i r  e l u t i o n  volumes. 

RESULTS AND DISCUSSION 

I n  Figure 1 t h e  dashed l i n e  denoting a s to ich iometr ic  uptake 

of hydrogen, based on the  amount of PIT used, goes through the  

point represent ing  a PPE/Pd b lack  r a t i o  of 1.66. 
l e s s  than o r  g rea t e r  than  1.66 t h e  uptake of hydrcgen i s  l e s s  than  

s to ich iomrt r ic .  

t h e  point of complete coverage for t h e  experimental  technique 

employed. 

completely cover the  Pd black sur face ,  t h e  thermal e f f e c t s  due 

t o  t h e  hydrogenation r eac t ion  probably vaporized some of t h e  PPE 

from t h e  sur face  r e s u l t i n g  i n  l e s s  than  a s to ich iometr ic  amount 

of hydrogen being reac ted .  The amount of PPE vaporized from t h e  

For r a t i o s  

Therefore, t h e  r a t i o  of 1.66 i s  conridered t o  bc 

Since a t  the  lower r a t i o s  no t  enough PPF: w a s  used t o  
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Figure 1. Total  hydrogen uptake a s  a func t ion  of the  PPEfPd black 
r a t i o .  The dashed l i n e  represents  s to ich iometr ic  hydrogen uptake, 
while the so l id  l i n e s  represent  experimental hydrogen uptake. 

Pd b l ack  surface cont inua l ly  decreases u n t i l  t h e  r a t i o  of 1.66 
i s  reached, a t  which time the  Pd b lack  sur face  i s  completely 

covered and t h e  uptake of hydrogen i s  s to ich iometr ic .  For r a t i o s  

g r e a t e r  than 1.66 the  r eac t ion  becomes cont ro l led  by d i f fus ion  

of t h e  l i q u i d  organic t o  t h e  c a t a l y s t  sur face .  

Figure 2 shows the  type of d a t a  generated when t h i s  HPLC 

system w a s  used t o  resolve the various spec ies  obtained on 

hydrogenation of phenyl propargyl e the r .  Figure 2 presents  

chromatograms a t  d i f f e r e n t  ex ten t s  of hydrogenation and shows 

t h a t  t he  more unsaturated a component i s ,  t h e  longer it i s  re ta ined  

on t h e  columns. The alkane (propyl phenyl e t h e r )  i s  e lu t ed  f i r s t ,  
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Figure 2. 
extents of hydrogenation. A1, A2, and A3 refer to the propyl phenyl 
ether, ally1 phenyl ether, and propargel phenyl ether peaks respect- 
ively. 

Chromatograms of phenyl propargyl ether at different 
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Figure 3 .  The weight per cen t  of spec ies  present  a t  d i f f e r e n t  
ex ten t s  of hydrogenation. Phenyl propargyl e t h e r  a ,  a l l y l  phenyl 
e t h e r  A ,  and propyl phenyl e t h e r  a .  

followed by t h e  alkene ( a l l y l  phenyl e t h e r ) ,  and f i n a l l y  t h e  alkyne 

(phenyl propargyl e the r ) .  

The weight per unit of spec ies  present a t  d i f f e r e n t  ex ten t s  

of hydrogenation can be r e a d i l y  generated from da ta  such as t h a t  

i n  Figure 2. Figure 3 presents  t h i s  weight percent d a t a  as a 

func t ion  of percent hydrogenation of alkyne t o  alkane, i . e . ,  

phenyl propargyl e t h e r  t o  propyl phenyl e the r .  The following 

r eac t ions  and corresponding r a t e  expressions can be  w r i t t e n  t o  

describe t h e  hydrogenation process presented i n  F igure  3: 

kl 

k2 

A2 

A1 

A3 + H2 - 

A + H  - 2 2  
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626 TRUJILLO AND COURTNEY 

where A A and A represent  phenyl propargyl e t h e r  (PIT), a l l y 1  

phenyl e the r ,  and propyl phenyl e the r  r e spec t ive ly .  For t he  

foregoing r eac t ions ,  the  r a t e  equations a r e  as  follows: 

3’ 2 1 

Equation: 3 through 5 represent  t h e  r a t e  of disappearance of 

t r i p l e  bonds ’A ) ,  double bonds ( A , ) ,  and the  r a t e  of formation 

of s ing le  bonds (A1) respec t ive ly .  

term was replaced by P 

concentration may be expressed i n  terms of the  t o t a l  volume of the  

reac t ion  ve s s cl . 

3 2 
The hydrogen concentration 

/RT using the  I d e a l  Gas Law. Thus, 
% 

It i s  apparent from Figure 3 t h a t  during the i n i t i a l  s tages  

of hydrogenation (< 1W$, hydrogenation) t h e  p r inc ip l e  r eac t ion  

occurring i s  the conversion of alkyne t o  alkene (Equation 1). 

Equation 3, the  r a t e  expression covering Equation 1, can be r e -  

wr i t t en  t o  describe t h i s  i n i t i a l  r eac t ion  condition ( t ime - 0 )  

as follows: 

= - kl [A,] Po dP - 
dt w 

d P  
d t  where - represents  the i n i t i a l  r eac t ion  r a t e ,  i . e . ,  change 

i n  press&with time a t  e a r l y  s tages  i n  t h e  hydrogenation, and Po 
the i n i t i a l  hydrogen pressure.  Therefore, a t  t w 0, t h e  value f o r  

k can be obtained from a p lo t  of i n i t i a l  r eac t ion  rates versus 
i n i t i a l  hydrogen pressures wi th  t h e  slope being equal t o  k [A 1. 
Figure 4 presents such da ta  wi th  t h e  r e s u l t a n t  value fo r  k 

6.31 x 10 em mole min . The value for k2 (Equations 2 and 5 ) ,  

1 

1 3  
1 being 

3 3  -1 -1 
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HYDROGENATION OF PHENYL PROPARGYL ETHER 627 
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I N I T I A L  HYDROGEN PRESSURE, rnm 

Figure 4 .  
phenyl e ther  (k2). PPE data 0 and a l l y l  phenyl e the r  data A. 

Determination of r a t e  constants using PPE (kl)  and a l l y l  

the conversion of alkene t o  alkane, was determined i n  the  same 

manner using a l l y l  phenyl e ther .  

an allyl phenyl ether/Pd black r a t i o  of 1.66 was used and no PPE 
w a s  present i n  the  system only neat a l l y l  phenyl e the r  and 

I n  t h i s  alkene hydrogen study 

ca t a lys t .  The value f o r  k2 was  thus determined t o  be 16.71 x 10 3 
3 -1 -1 cm mole min . 

The previous r e s u l t  indicates  t h a t  t he  hydrogenation of 

al-e t o  alkene (Eqcation 1) occurs a t  a slower r a t e  than t h a t  

of t h e  conversion of alkene t o  alkane (Equation 2 ) ,  i . e . ,  kl < k2. 

This r e s u l t  implies t h a t  the r a t e  l i m i t i n g  s t ep  i n  the c a t a l y t i c  

hydrogenation of phenyl p r o p a r a 1  e the r  i s  Equation 1. However, 

during the hydrogenation of phenyl propargyl e the r  any allyl  

phenyl e the r  formed m u s t  p r inc ipa l ly  compete for  the c a t a l y t i c  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



628 TRUJILLO AND COURTNEY 

hydrogenation s i t e s  with PPE. 
a f f i n i t i e s  of alkyne versus alkene f o r  t hese  s i t e s  could serve 
t o  re-define the  r a t e  l imi t ing  s t ep .  An indica t ion  of t he  valuc 
f o r  k operative during the  hydrogenation of PIT may be obtained 2 
from Figure 3 by noting t h a t  when the  hydrogenation of PPE' i s  

approximately 6% completed, then the  allyl phenyl e the r  concentration 

achieves a t r ans i en t  steady s t a t e  condition and the  rate of change 

i n  the concentration of a l l y l  phenyl i s  zero,  i . e . ,  the p la teau  
region i n  Figure 3 for A2. 
condition Cquation 4 becomes : 

Consequently, t he  r e l a t i v e  

Under t h i s  t r a n s i e n t  steady s t a t e  

or 

kl [A3] 
k2 = 

where [A ] and [A,] r e f e r  t o  the  concentrations of A 

61.8% hydrogenation from Figure 3. 
i s  2.17 x 10 cm mole min . This value f o r  k d i f f e r s  by 
nearly a f ac to r  of 8, lower than  t h a t  obtained when t h e  neat 

c a t a l y t i c  hydrogenation of a l l y l  phenyl e the r  was s tudied  

(2.17 x 10 versus 16.71 x 10 cm mole min ). 

and A a t  3 3 2 
The value f o r  k2 t hus  obtained 

3 3 -1 -1 
2 

3 3 3  -1 -1 

Thus, t h e  r a t e  l imi t ing  s t e p  in t h e  hydrogenation of phenyl 

propargyl e the r  i s  t h a t  involved i n  the  conversion of alkene t o  

alkane since it has been shown t h a t  i n  the  PPE hydrogenation 

mileau k > k This r e s u l t  i s  opposite t h a t  obtained when k 

i s  determined f r o m  the  neat c a t a l y t i c  hydrogenation of a l l y l  

phenyl e the r  and suggests t h a t  it i s  t h e  s t ronger  adsorption 

of alkyne on the  c a t a l y t i c  si tes which causes k > k  Similar 

r e s u l t s  have been observed during t h e  hydrogenation of acetylene 

over a palladium c a t a l y s t  where t h e  hydrogenation of gaseous 

ethylene commences only a f t e r  most of t h e  acetylene has been 

reduced (8). 

2 1 2' 

1 2' 

This i s  a t t r i b u t e d  t o  s t r eng th  of adsorption 
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HYDROGENATION OF PHENYL PROPARGYL ETHER 6 2 9  

w h i c h  d e c r e a s e s  i n  t h e  s e q u e n c e  a c e t y l e n e  > e t h y l e n e  > 
e t h a n e  o r  t r i p l e  b o n d s  > d o u b l e  b o n d s  > s i n g l e  b o n d s .  

T h i s  s t u d y  h a s  a l s o  shown t h e  a b i l i t y  o f  HPLC t o  

c o m p l e t e l y  r e s o l v e  t h e  t h r e e  m a j o r  p r o d u c t s  o f  h y d r o q e n a -  

t i o n  o f  p h e n y l  p r o p a r g y l  e t h e r .  T h e  same c o l u m n / s o l v e n t  

s y s t e m  d e v e l o p e d  f o r  p h e n y l  p r o p a r q y l  e t h e r  h a s  b e e n  

s u c c e s s f u l l y  a p p l i e d  t o  t h e  s e p a r a t i o n  o f  t h e  h y d r o g e n a -  

t i o n  p r o d u c t s  o f  d i m e r i z e d  p h e n y l  p r o p a r g y l  e t h e r  

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