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In an investigation of the sequence of the hydrogenation of carvone on a Raney nickel  cata lys t  [1], it 
was shown that hydrogenation p roceeds  through the format ion  of in te rmedia te  products :  dihydrocarvone,  
isodihydrocarvone,  carvotanacetone,  which a re  hydrogenated to carvomenthone and i socarvomenthone;  the 
final products  of hydrogenation a re  i s om er i c  carvomenthols .  
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Fig. 1. Change in the reac t ion  ra te  (1-3) and potential  of the 
ca ta lys t  (4-6) as a function of the degree  of convers ion (X, ~c) inthe 

hydrogena t ion  of (+)-carvone on Pd-b lack  in ethanol at var ious  
reac t ion  t e m p e r a t u r e s :  1, 5) 10~ 2,4) 20~ 3, 6) 50 ~ 

Fig. 2. Dependence of the composi t ion of the ca ta lyzate  (A, ~c) on 
the degree  of convers ion in the hydrogenation of (+)-carvone on 
Pd-C (0.94 g of carvone,  20 ml  abs.  ethanol, 0.6 g 10~c Pd /C) :  
1) carvone;  2) carvomenthone;  3) dihydrocarvone;  4) i sohydro-  
carvone;  5) carvotanacetone;  6) ca rvac ro l ;  7) d ihydrocarveol .  
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Fig. 3. Dependence of the composition of the catalyzate (A, %) on the degree of hydrogenation (moles of 
absorbed hydrogen) in the hydrogenation of (+)-carvone on Pt-black:  1) carvone;  2) carvotanacetone;  3) 
carvomentkone; 4-7) s t e r eo i somer i c  carvomenthols.  

Fig. 4. Dependence of the rate constant of hydrogenation of carvone on the amount of Pt-black (0.67 g 
carvone, 15 ml abs. ethanol, 20~ 

Fig. 5. Change in the react ion rate  and potential of the catalyst  as a function of the degree of conversion, 
~c in the hydrogenation of carvone on Pt-black at various reaction tempera tures  (0.48 g of carvone, 0.05 
g Pt-black, 10 ml abs. ethanol): I, VII) 5~ II) 12~ III, IX) 20~ IV, VIII) 30~ V) 40~ VI, X) 50 ~ 

The purpose of this work was to study the hydrogenation of (+)-earvone on palladium and platinum 

catalysts. There are a number of indications in the literature of the hydrogenation of carvone on Pd- and 

Ft-eatalyst~ r The hydrogenation on lOd [2-4] proceeds with the formation of carvomenthone and carvaerol, 

arising as a result of the isomerization of carvone. After the absorption of one mole of hydrogen, a dif- 

fieult-to-se]?arate mixture of ketones is obtained. In this case of hydrogenation on l~ under pressure [5], 

up to 60% of the theoretical amount of hydrogen is absorbed. The carvomenthone formed does not undergo 

an optical inversion. In the hydrogenation of carvone on Pt-black in ethanol medium or without a solvent, 

carvotanacetone is formed, the hydrogenation of which leads to carvomenthone [6]. In hydrogenation on l~ 

in ethanol and CHaCOOH with an addition of 5~ HCI, the reaction does not stop at the absorption of two 
moles of hydrogen, in contrast to hydrogenation in ethanol [7]. On platinum carvone can be selectively 

hydrogenated to (+)-earvotanacetone, (-)-carvomenthone, or (-)-earvomenthol [8]. The rate of absorption 

of hydrogen in the hydrogenation of the isopropenyl group is almost constant; the rate of hydrogenation of 

the C = O band is very low, and its reduction requires a very active catalyst. 

As ca~x be seen from the literature data cited, it remains unclear whether hydrogenation on l~ in 

ethanol medium proceeds only to carvomenthone, as is indicated in [6, 7], or whether the final product 

of the reaction is carvomenthol [8]. In the case of hydrogenation on a Pd-catalyst it is unclear what in- 

termediate products are obtained. In the studies under consideration, the products were identified only 

through their derivatives, and the quantitative composition of the catalyzate was not determined. 

In this work we investigated the sequence of hydrogenation of (+)-carvone on Pd- and Pt-catalysts, 

using gas chromatographic and polarimetrie analysis of the reaction product and with a measurement of the 

potential of the catalyst in the course of the reaction. The experimental procedure was described earlier 

[11. 

Experiments  on the hydrogenation on Pt-, Pd-, and Pd/C-ca ta lys ts ,  p repared  according to [9, 10], 
were conducted in abs. ethanol at a tmospher ic  p r e s su re  and under a p re s su re  of 100-120 arm. The de- 
pendence of the react ion rate and composition of the catalyzate on the react ion tempera ture  (2-50 ~ concen-  
t rat ion of the initial carvone (0.1-3g in 10 ml of solvent), and amount of the catalyst  (0.002-0.1 g Pt black was 
investigated. 

DISCUSSION OF RESULTS 

Hydrogenation on l~ In the case of hydrogenation on l~ the reaction proceeds through 

the formation of an intermediate compound, carvotanacetone (scheme); isomeric dihydrocarvones are not 
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formed.  Simul taneously  with carvotanacetone,  carvomenthone and c a r v a c r o l  a r e  detected in the ca ta lyza te .  
The reduced  amount of absorbed  hydrogen in compar i son  with the t he o r e t i c a l l y  ca lcu la ted  amount is ex-  
p la ined  by the p r e s e n c e  of ea rvac ro l .  The format ion  of the l a t t e r  is due not only to i s om e r i z a t i on  of 
carvone,  as was sugges ted  in [2-5], but also to the occu r rence  of i r r e v e r s i b l e  ca ta lys i s  of carvotanacetone,  
fo rmed  as a r e su l t  of the hydrogenat ion of carvone.  The format ion  of c a r v a c r o l  as a r e su l t  of the o c c u r -  
rence  of i r r e v e r s i b l e  ca t a lys i s  was conf i rmed by our spec ia l  expe r imen t s  on the hydrogenat ion of c a rvo -  
tanacetone on a Pd -ca t a ly s t .  In this  case  the format ion  of c a r v a e r o l  cannot be explained by i somer i za t i on .  
The s to i ch iome t r i c  r a t io s  of the components fo rmed  show that carvomenthone is fo rmed  both as a r e su l t  
of the occu r rence  of i r r e v e r s i b l e  ca t a ly s i s  and in d i rec t  hydrogenat ion of carvotanacetone  at the 1,6-bond. 
We should note that  only in the in i t ia l  s tage is  carvomenthone fo rmed  by p a r a l l e l  pathways (2-4 and 2-3, 
see  Scheme 1), 
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while i ts  subsequent  fo rmat ion  is due p r i m a r i l y  to hydrogenat ion of carvotanace tone  (pathway 2-4).  The 
fu r the r  hydrogenat ion of carvomenthone to carvomenthols  does not occur  e i the r  when a new por t ion of 
ca ta lys t  is  added or  in hydrogenat ion under  p r e s s u r e .  

Ra is ing  the reac t ion  t e m p e r a t u r e  f rom 10 to 50 ~ leads  to an i n c r e a s e  in the amounts of c a r v a c r o l  
f rom 19 to 38%. However, when the reac t ion  t e m p e r a t u r e  is  r a i s e d  f rom 10 to 20 ~ the content of c a rvo -  
menthone in the ca ta lyza te  in the ini t ia l  s tage dec rease s ,  while when the p r o c e s s  is  conducted at 50 ~ no 
carvomenthone is  f o rmed  in the ca ta lyza te  at al l  in the p r e s e n c e  of 0.5 mole  of abso rbed  hydrogen, w h e r e -  
as c a r v a c r o l  is  p r e sen t  in subs tan t ia l  amounts.  This fact  indica tes  that  an i n c r e a s e  in the reac t ion  t e m -  
p e r a t u r e  p romotes  the fo rmat ion  of c a r v a c r o l  as a r e su l t  of the i s o m e r i z a t i o n  of carvone,  while the f r a c -  
t ion of e a r v a e r o l  f o rmed  on account of the occu r rence  of i r r e v e r s i b l e  ca t a lys i s  is  reduced.  

The r a t e  of hydrogenat ion of carvone i n c r e a s e s  subs tan t ia l ly  with i nc r e a s i ng  t e m p e r a t u r e  (Fig. 1, 
curve 1, 2, 3). F r o m  the curves  of the change in the potent ia l  of the ca ta lys t  (4-6), the nature  of which is  
ident ica l  with the nature  of the k inet ic  curves,  it is  evident that the reac t ion  produc ts  a re  weakly adsorbed  
on the su r face  of a pa l lad ium ca ta lys t :  the value of the shift  of the potent ia l  of the ca ta lys t  d e c r e a s e s  r ap id ly  
during the react ion ,  approaching the potent ia l  of the r e v e r s i b l e  hydrogen e lec t rode .  A Pd-ca ta lys t ,  in 
cont ras t  to l~ and Ni, p roved  incapable  of reduct ion of the carbonyl  group. 

Hydrogenat ion on a 5~c P d / C - C a t a l y s t .  To detect  the influence of the c a r r i e r  on the p r o c e s s  of hydro-  
genation we inves t iga ted  a P d / C - c a t a l y s t .  The hydrogenat ion of carvone on a P d / C - c a t a l y s t  (Fig. 2) dif-  
f e r s  subs tan t ia l ly  f rom the p r o c e s s  on Pd -b l aek  and p roceeds  analogously  to the r eac t ion  on Ni [1], through 
the in t e rmed ia t e  fo rmat ion  of d ihydrocarvone,  i sodihydrocarvone ,  carvotanacetone,  which a r e  then hydro -  
genated to earvomenthone.  But in cont ras t  to Raney nickel,  on a P d / C - c a t a l y s t  a f te r  the absorp t ion  of one 
mole of hydrogen, a new component is f o r m e d -  d ihydroca rveo l  (see Fig.  2), the amount of which r e aches  
15% af ter  the absorp t ion  of 1.5 moles  of hydrogen.  F u r t h e r  hydrogenat ion of carvomenthone  to e a r v o -  
menthols ,  just  as on Pd-black,  does not occur .  The i s o m e r i z a t i o n  of carvone to c a r v a c r o l  is  obse rved  to 
a negl ig ib le  degree  (up to 6%). 

Hydrogenat ion of Carvone on P t -B lack .  F r o m  the dependence of the composi t ion  of the ca ta lyza te  
on the number  of moles  of abso rbed  hydrogen, it is evident  that in con t ras t  to hydrogenat ion on Raney 
nickel,  the hydrogenat ion of carvone on l~t-black p roceeds  se lec t ive ly .  F i r s t  the C = C bond in the 
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i sopropeny l  group is hydrogenated,  and af te r  the absorpt ion  of one mole of hydrogen, p r a c t i c a l l y  only 
carvotanace tone  is de tec ted  in the r eac t ion  products ,  then the unsa tu ra t ed  bond in the r ing  is hydrogenated,  
which leads  to the fo rma t ion  of i s o m e r i c  carvomenthones ;  the l a t t e r  a re  hydrogenated  to i s o m e r i c  ea rvo -  

menthols  (Fig. 3). 

The r a t e  of hydrogenat ion of carvone in the in i t ia l  s tage of the r eac t ion  (the hydrogenat ion of carvone 
to carvotanaeetone)  is constant,  but then it g radua l ly  drops .  A 10-fold change in the in i t ia l  concentra t ions  
of carvone p r a c t i c a l l y  does not change the in i t ia l  r a te  of hydrogenation,  which p e r m i t s  the r eac t ion  o r d e r  
to be cons ide red  as ze ro  and the r a t e  of absorp t ion  of hydrogen co r respond ing  to 10~c convers ion  should be 
taken as  the r a t e  constant.  F r o m  the graph (Fig. 4) it is evident that  the r a t e  of hydrogenat ion of carvone 
i n c r e a s e s  in p ropor t ion  to the i n c r e a s e  in the amount of l:r and a th re sho ld  concentra t ion  of the 
ca ta lys t  is  detected.  

The s e l ec t i v i t y  of the hydrogenat ion of carvone on P t - b l a c k  is main ta ined  within the t e m p e r a t u r e  in-  
t e r v a l  s tudied.  F igu re  5 p r e s e n t s  the k ine t ic  curves  and the curves  of the change in the potent ia l  of the 
ca ta lys t  in hydrogenat ion at va r ious  t e m p e r a t u r e s .  The to ta l  r a te  of hydrogenat ion of carvone i n c r e a s e s  
with i nc rea s ing  t e m p e r a t u r e ,  while the hydrogenat ion of the C = C bond in the a l iphat ic  chain (i.e., the 
hydrogenat ion of carvone to carvotanacetone)  p roceeds  at a r a t h e r  high rate ,  whereas  the r a t e  of hydro -  
genation in the r ing  (hydrogenation of carvotanace tone  to carvomenthone)  is  subs tan t i a l ly  lower .  

The carbonyl  group in carvomenthone is hydrogenated  only 17-25% in the in t e rva l  12-30 ~ at a low 
ra te ;  lower ing the t e m p e r a t u r e  to 5 ~ p romotes  a more  profound hydrogenat ion (60~c). When the t e m p e r a -  
ture  is rai :sed (50~ a cessa t ion  of the hydrogenat ion of the C = O bond is observed,  whereas  in the case  
of r e p e a t e d  in t roduct ion of a new por t ion  of carvone into the r eac t ion  mix ture  under  these  conditions,  hy- 
drogenat ion of the C = C bond occur s  to a subs tan t i a l  degree .  This  fact  is p robab ly  due to the subs tan t ia l  
d e c r e a s e  in the adso rbab i l i t y  of the C = O bond in carvone with i nc r e a s i ng  t e m p e r a t u r e .  The hydrogenat ion 
of carvomenthone under  a p r e s s u r e  of 116 arm for  2 h led to an ahnos t  total  (98%) hydrogenat ion of the 

carbonyl  group.  

The act ivat ion ene rgy  of the hydrogenat ion  of carvone to carvotanacetone ,  ca lcu la ted  accord ing  to 

the Ar rhen ius  equation, is  3.7 k e a l / m o l e .  

The 'ootential of the ca ta lys t  at va r ious  t e m p e r a t u r e s  (see Fig.  5, curves  7-10) in the f i r s t  moment  
is d i sp laced  by 180-200 mV in the anodic direct ion,  and then, at the s tage of hydrogenat ion of carvone to 
carvotanacetone ,  is  d i sp l aced  into the cathodic region,  g radua l ly  r e tu rn ing  to the potent ia l  of the r e v e r s i b l e  
hydrogen e l ec t rode  (RHE). The hydrogenat ion of carvotanace tone  to carvomenthone occur s  at a potent ia l  
c lose  to th~ potent ia l  of the RHE, which indica tes  a weaker  adsorp t ion  of carvotanace tone  and ea rvomen-  
thane on the su r face  of a P t - ca t a ly s t ,  in con t ras t  to carvone;  the r eac t ion  p roceeds  at a subs tan t ia l  degree  
of coverage  of the ca ta lys t  su r face  by hydrogen.  

Quant i ta t ively  the adsorp t ion  capac i ty  of the components of the r eac t ion  can be e s t ima ted  on the b a s i s  
of the r a t io s  of t he i r  adsorp t ion  coeff icients ,  obtained f rom expe r imen t s  on the s uc c e s s i ve  hydrogenat ion 
of s e v e r a l  we ighed  s amp le s  of the in i t ia l  carvone on one sample  of the ca ta lys t .  A s e r i e s  of expe r imen t s  
conducted :at d i f ferent  t e m p e r a t u r e s  showed that when new por t ions  of carvone a re  added to a reac t ion  mix -  
tu re  containing carvone,  carvotanacetone ,  and a s m a l l  amount of carvomenthone,  the earvone immed ia t e ly  
begins  to be hydrogena ted  to carvotanacetone,  whereas  the content of carvomenthone changes negl igibly .  
This fact  indica tes  that ac tua l ly  the adsorp t ion  coefficient  of carvone is subs tan t i a l ly  h igher  than the ad-  
sorp t ion  coeff icient  of ca rvo tanace tone ,  and the re fo re  the l a t t e r  is  d i sp laced  into the volume by carvone.  
The adsorlption coeff ic ients  were  ca lcu la ted  accord ing  to the fo rmula  [11]: 

b2/b~ = ( W ~  - -  W 2 ) / ( 3 W  2 - -  W l )  

where  W 1 ~nd W 2 a re  the r a t e s  of s u c c e s s i v e  hydrogenat ion of carvone at 50% convers ion;  b 1 and b 2 a re  the 
adso rp t i on  coeff ic ients  of the ini t ia l  and f inal  products  of the react ion,  r e spec t i ve ly .  When the t e m p e r a t u r e  
is  i n c r e a s e d  f rom 0 to 30 ~ the ra t io  b2 /b  I drops  f rom 0.25 to 0.04, i .e. ,  carvone d i sp l aces  the r eac t ion  
product ,  carvotanacetone,  f rom the su r face  of the ca ta lys t  into the volume to a g r e a t e r  degree,  and is 
hydrogenated  at a h igher  ra te .  

A compar i son  of the r e su l t s  of the hydrogenat ion of carvone on th ree  ca t a lys t s  in neu t ra l  medium 
in the t e m p e r a t u r e  in te rva l  2-50 ~ showed that  Fd-  and e s p e c i a l l y  13t-catalysts  a re  more  se l ec t ive  in this  
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reaction with respect  to the sequence of hydrogenation of C = C bonds than a nickel catalyst [1]. In the 
presence  of Ft-  and Pd-biack, hydrogen is f i rs t  added at the C = C bond in the isopropenyl group, i.e., 
predominant adsorption of the carvone molecule on the surface of these catalysts with the C 8-  C10bond is 
observed. 

A comparison of the energy b a r r i e r s  for the hydrogenation of C = C calculated according to the known 
values of the bond energies [12] ( - E :  for Ni= 3.4; Pd= 12.8; ~t = 14.4 kca l /mole )  and the energy b a r r i e r s  
for  the hydrogenation of C = O (--E: for Ni = 10.7; Pd= 22; Pt = 31.2 kcal), it is evident that - E  for C----C 
bonds on all three catalysts is lower than for the hydrogenation of the C = O bond. Consequently, the C = C 
bond should be hydrogenated first,  and then C-- O, which is also observed in the hydrogenation of carvone 
on the catalysts that we investigated. The energy ba r r i e r s  of the isomerizat ion of carvone on a Ni-catalyst  
with respect  to the bonds C = C  (I) and C : O  (II) (I: 25.9; Ih 33.2 kcal) are lower than on Pd- (I: 38.1; Ih 
46.3 kcal) and Pt -ca ta lys ts  (I: 40.8; Ih 53.6 kcal)., and consequently, nickel should cause a g rea te r  i so-  
merizat ion of carvone. However, it was shown experimental ly that of all three catalysts, only palladium 
catalyzes the isomerizat ion of carvone. Thus, the data obtained indicate a complex nature of the occur -  
rence of heterogeneous processes ,  which depends to a substantial degree on the conditions of the reaction. 

C O N C L U S I O N S  

1. The sequence of hydrogenation of carvone on platinum and palladium catalysts was investigated. 

2. The hydrogenation of carvone on Fd-black proceeds nonselectively with the formation of carvo-  
tanacetone and carvomenthone. As a resul t  of parallel  reactions of [somerizat ion and i r revers ib le  catalysis,  
ca rvacro l  is formed. Palladium on carbon catalyzes the process  differently f rom Pd-black. 

3. Hydrogenation of carvone on Pt-black proceeds select ively through the success ive  formation of 
carvotanacetone, i somer ic  carvomenthones,  and i somer ic  carvomenthols.  
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