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1. Introduction 
  

The need of producing optically pure, chiral compounds, increases 
the significance of researching asymmetric heterogenous catalytic 
reactions. A very successful approach for asymmetric heterogenous 
hydrogenation catalyst systems is when the base catalytic system is 
influenced by optically active agents added in amounts far less than the 
mass of substrate or catalyst. This is the chiral modifier, when it is 
added to the catalyst or to the mixture directly, it alters the surroundings 
of active places and/or associates with the substrate, so that a given 
conformation of the prochiral substrate would be favoured during the 
adsorption to the catalyst surface and the hydrogen uptake. Hereby, the 
enantiomer determined by the configuration of the modifier is formed in 
excess. Usually a given combination of catalyst, modifier and reaction 
parameters results in enantioselectivity only by a small number of start-
ing materials.   

Researches have been done for more than 30 years at the 
Department of Chemical and Environmental Process Engineering, and 
the former Department of Chemical Technology in the field of 
asymmetric catalytic hydrogenations, especially aimed for new, 
effective systems. The present Ph.D work has focused on 
enantioselective heterogenous hydrogenation reactions.  

For use in heterogenous catalytic hydrogenation of isophorone and 
ethyl pyruvate, search of potential modifiers was carried out, the 
effectiveness of which in homogenous catalysis had been proven, and 
the chemical structure seemed to be suitable for application in 
heterogenous catalysis. A succesful example of this approach was the 
(S)-α,α-diphenyl-2-pyrrolidine methanol, which resulted in good e.e. in 
heterogenous system, the hydrogenation of isophorone (e.e. ~40%)1.  
Compounds of [1,1’-binaphtalenyl]-2,2'-diol and -diamine were found 
to be promising modifier candidates, they have a common structure with 
the BINAP ligands of homogenous chiral metal complexes.  

                                                 
1 É. Sípos, A. Tungler, I. Bitter, M. Kubinyi, J. Mol. Cat. A 186 (2002) 187 
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These molecules at least partly fulfill the so-called structural criteria of 
modifiers. Chirality used to come from C4 configuration however, these 
molecules have C2-symmetry instead, where chirality is induced via the 
binaphtalenyl skeleton atropoisomerism. Generally the multiaromatic 
moieties, as „anchoring groups” induce strong adsorption onto the metal 
catalyst, but here the angle between the naphthyl rings might influence 
that. [1,1’-binaphtalenyl]-2,2'-diamines and -diol proline esters have 
also been tested in hydrogenation of ethyl-pyruvate and isophorone.  

Major part of the work has been dedicated to studies in 
hydrogenation of isophorone and 3,3,5-trimethyl-cyclohexanone 
(TMCH) carried out in the presence of (S)-proline. In 2006 the kinetic 
resolution of TMCH, reaction intermediate during the hydrogenation of 
isophorone in the presence of (S)-proline was reported independetly and 
at the same time by Lambert et al and Török et al. In these papers new 
theories about the reaction mechanism were described, denying more or 
less the original scheme. Following suggestion of my supervisor, the 
further studies were directed on clarifying the contradictions between 
the early and the new conclusions. 

Hydrogenation of isophorone in the presence of (S)-proline was the 
first asymmetric C=C hydrogenation with reproducible significant e.e. 
reported2 over Pd catalyst. Inceasing the proline amount against 
isophorone up to equimolar ratio resulted in the highest e.e.  
Reaction scheme has been worked out, the reaction of the proline and 
the reactant was justified by preparation and identification of the 
condensation product, stereoisomers of N-(3,3,5-trimethylcyclohexyl)-
(S)-proline. In this case the proline and the isophorone react in addition 
and condensation steps in solution. Considering literature data, the 
oxazolidinone compound was proposed as the most probable 
intermediate, and this was confirmed also by results of Joucla and 
Mortier3. Partial hydrogenation of the condensation product results in 
enantiomeric eccess through an actually diastereoselective reduction 
                                                 
2  A. Tungler, J. Kajtár, T. Máthé, T. Tóth, E. Fogassy, J. Petró, Catal. Today 5 
 (1989) 159. 
3  M. Joucla, J. Mortier, Bull. Soc. Chim. France 3 (1988) 579. 
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mechanism. 
As mentioned before, Lambert et al4 thoroughly examined the 

reaction. The most important result among others was the recognition of 
kinetic resolution of TMCH. However it was also reported, that with the 
increasing time for prestirring the e.e. in the hydrogenation of 
isophorone decreased. Therefore they have stated that the condensation 
intermediate of isophorone and proline is merely a spectator in the real 
reaction. They have proposed, that the reduction of isophorone took 
place rather fast, producing only racemic TMCH, while the e.e. and 
optically pure TMCH originated exclusively from the kinetic resolution 
of racemic TMCH through reductive alkylation of proline. In this 
scenario the catalyst had no impact on the enatiodifferentiation step, the 
selectivity would be governed only by the condensation step, which is a 
homogenous reaction. 

A different approach described by Török et al5,6 considered the 
proline adsorption. In the reaction they studied Pd catalysts with various 
supports, especially BaCO3. According to their fundamental concept the 
proline by its carboxylate function adsorbs strongly onto the basic 
support right in the beginning of the reaction. Therefore the catalyst 
surface is the primary area for the formation of isophorone-proline 
adducts, and this produces optically active TMCH during 
hydrogenation. The initial excess of (S)-TMCH is further improved by 
proline through secondary kinetic resolution in the final part of the 
reaction, because the (R)-TMCH, which has been formed already in 
minority, reacts faster.  

Li et al7,8 studied the basicity of supports, and the particle size of 
catalysts also. Their latest results emphasize the role of the catalyst, 

                                                 
4  A. I. McIntosh, D. J. Watson, J. W. Burton, R. M. Lambert, JACS 128 (2006) 
 7329. 
5 S. C. Mhadgut, M. Török, J. Esquibel, B. Török, J. Cat. 238 (2006) 441. 

6  S. C. Mhadgut, M. Török, S. Dasgupta, B. Török, Catalysis Letters 123 
 (2008) 156. 
7  S. Zhan, S. Li, Y. D. Xu, W. J. Shen, Catal. Commun. 8 (2007) 1239. 
8  S. Li, E. S. Zhan, Y. Li, Y. D. Xu,W. J. Shen, Catal. Today 131 (2008) 347 
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proposing a competitve reaction scheme. The merits of the case that it 
highlights the importance of particle size, and so the catalyst.  

The above results rose precious arguments against the original 
theory, although there were discrepancies also. Our aim was to clarify 
the real source of enantioselectivity and the role of the catalyst in the 
reaction of isophorone and (S)-proline. Instead of using only GC 
measurements like it was the earlier practice, the necessity of 
preparational work in determination of material balance was recognized. 
Beside that, investigation of different Pd catalysts, on various supports 
was expected to prove the role of the catalyst in the 
enantiodifferentiation step. 
 
2. Experimental 
 
2.1. Hydrogenations 

Reactions were carried out at room temperature in stainless steel 
autoclaves, under pressures of 1-60 bar. The solvent was methanol. 
Usually 10 ml of solvent was used, but during the experiments of Pd on 
different supports 20 ml was used with 3.5 vol% n-hexanol content, 
which served as internal standard fo GC measurements.  
 
2.1. GC measurements 

GC-MS and chiral GC were the analytical methods during the work. 
The analysis for the determination of material balance was supported by 
calibration, and the system suitability was held under continous control. 
It was suitable for the calculations of the isophorone/TMCH ratio and 
the e.e. of the sample. Later, during the experiments with different Pd 
catalyst the peak areas of isophorone and TMCH were correlated with 
internal standard, the 3.5vol% n-hexanol content of the reaction 
mixture. 
 
2.2. Processing of mixtures with (S)-proline content  

Following the filtration of the catalyst the reaction mixtures were 
evaporated in vacuum at room temperature. The white solid residue was 



Ph.D Theses 
 

 

6 / 12 

stirred in dichloromethane, then the proline was filtrated. Then again, 
the solvent in the combined liquor was completely evaporated. 
Depending on the actual conversion stage, the resulting residue was 
oily, viscous or solid form. The total material loss due to evaporation 
could be estimated to 10-15% for isophorone and TMCH. 
 
2.3. Calculation of material balance 

The total amount of adducts and final products in the final residue is 
equivalent with the molar difference between the weighed and prepared 
proline. When these are substracted, the amounts of isophorone and 
TMCH could be determined using the ratios of GC peak areas. The 
material loss of evaporation was compensated. Possible errors of the 
results were checked and found to be less than ±5%.  
 
2.4. Catalysts 

Pt/Al2O3 and Pd/C Selcat catalysts were purchased materials. Pd 
black catalyst was prepared from aqueous solution of K2PdCl4, the other 
supported catalysts were prepared from the suspension of the support 
and the catalyst precursor (H2PdCl4 or K2PdCl4), all at boiling point 
through precipitation and reduction with formiate. After cooling and 
thorough washing the catalysts were dried at room temperature. 
Adsorption measurements were made in atmospheric flow system9 with 
alternating O2 and H2 titration in order to determine the active surface of 
the Pd catalysts.  

 
3. Discussion 
 

[1,1’-binaphtalenyl]-2,2’-diamine and –diol compounds, and – diol 
proline esters have been tested in asymmetric hydrogenation of 
isophorone and ethyl-pyruvate over Pd/C, or Pt/Al2O3 catalysts 
respectively. These candidates of axial chirality induced minimal 
asymmetric effect.  

                                                 
9 G. Lu, Z. Zsoldos, Z. Koppány, L. Guczi, Catal. Lett. 24 (1994) 15. 
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In major part of the work my task was the evaluation of 
hydrogenation reactions of isophorone and 3,3,5-trimethyl-
cyclohexanone in the presence of (S)-proline. In the first experiments 
the conformability of the applied methods, the parameters for the 
determination of material balance, and the phenomena themselves were 
investigated.  
Proline reacts with isophorone and TMCH, the relevant adducts are 
formed even in solution phase. The reaction rate in hydrogenation of 
isophorone is slowed by the proline, the reaction of the TMCH-proline 
condensate is even slower. The reason for it is that hydrogenation of the 
condensated compounds, the process of reductive alkylation is a part of 
the reaction in the former case, but the only one in the latter case.  
It has turned out already in the first experiments, that during the reaction 
of isophorone, even after minimal conversion optically active TMCH is 
formed in such high amount, that can not be explained solely with 
kinetic resolution. The S enantiomer emerged in excess, that complies 
with the earlier and literature works and observations. 
In the reaction of TMCH calculation of the reaction rates and GC-MS 
data showed that over Pd/C catalyst up to 40% conversion substantially 
only the (R)-TMCH reacts, and only one diastereoisomer of N-alkylated 
proline is formed. In the reaction of isophorone even after 0.2 molar 
equivalent hydrogene uptake, which means 10% conversion, the R,S 
diastereoisomer product could be detected and after 30% conversion its 
S,S pair emerged also. The ratio of these at total conversion is 1:1. The 
other diastereoisomer pair could be also detected at the end of the 
reaction, but in very tiny amounts, with 1:1 ratio in the product phase.  

Material balance of the components in reduction of isophorone with 
(S)-proline was determined. The initial conversion interval was 
investigated. It was expected, that in this part of the reaction the impact 
of asymmetric hydrogenation of isophorone were more significant, than 
that of kinetic resolution on the enantioselectivity. It has turned out, that 
the e.e. is generated from both mechanism, since the exact enantiomeric 
excess was greater than the total molar amount of alkylated proline 
diastereoisomers, the final products.  
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In further experiments I investigated the effects of different Pd 
catalysts both in the hydrogenation reactions of TMCH and isophorone, 
in the presence of (S)-proline. The application of internal standard (n-
hexanol) in the reaction mixture enabled us to review the complete 
conversion interval of the reactions. 
Both type of reactions featured two sections with respect to reaction 
rates, the individual results depended on the catalyst support and the 
hydrogen pressure. This fact alone proves that the enantioselection is 
not only influenced by the homogenous phase reaction, but also related 
with the surface, the heterogenous catalyst. 
Hydrogentaion of TMCH resulted in 90-100% e.e. over most catalysts, 
but these could be reached after different conversions and with different 
chemical yields. Kinetic resolution of TMCH also takes place during the 
hydrogenation of isophorone, therefore the amount of ketones 
consumed in the reaction was compared to the enantiomeric excess of 
the current stage. With regards to all the possible reaction routes, if 
optically active TMCH is formed only through kinetic resolution, the 
molar amount of consumed or missing ketones would be always greater 
than the molar amount of excess enantiomer. Contrarily in most cases 
the e.e. was found to be equal to or greater than the amount of missing 
ketones. This proves, that the combination of the two mechanism can be 
observed. However, there is a possibility, that the isophorone-proline 
condensate takes up consecutively 2 molar hydrogen without 
desorption, and forms directly the final product. This might give a boost 
to the above negative difference.  
Actually the same facts were found in the direct comparison of kinetic 
resolution and the complex hydrogenation of isophorone. 

In conclusion, the results of material balance at low conversions, 
and those of instrumental analysis (GC, internal standard) at high 
conversions give evidence that the catalyst posesses a governing role in 
the enantiodifferentiation of isophorone. The enantiomeric excess 
originates from both the asymmetric hydrogenation of the C=C bond 
and the kinetic resolution of TMCH. 

Figure 1. shows the reformulated reaction scheme. 
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Figure 1.Hydrogenation of isophorone in the presence of (S)-proline 
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4. Theses 
 
1. The tested [1,1’-binaphtalenyl]-2,2’-diol and –diamine 

compounds, molecules with axial chirality induce minimal 
asymmetric effect in hydrogenation of isophorone and ethyl-
pyruvate over Pd/C or Pd/Al2O3 catalysts respectively [2]. 

 

2. Slight kinetic resolution providing about 7-8% e.e. takes place 
during simple stirring of the mixture of racemic TMCH and 
proline [3]. 

 

3. In the hydrogenation reaction of racemic TMCH and (S)-proline 
the reductive alkylation of the R enantiomer is favoured, the 
amount of (S)-TMCH remaining in excess is influenced by the 
type and amount of the catalyst [4]. 

 

4. Over Pd/C catalyst up to 30% conversion the reaction of (S)-
TMCH is not significant, after about 80% conversion the 
mixture contains the R enantiomer only in traces [3]. 

 

5. In the end of equimolar hydrogenation reactions the mixture 
contains only condensated products. Two major diastereo-
isomers were identified by GC-MS, which were present in 1:1 
ratio in the sample. Samples contained the minor diastereo-
isomers in traces, also in 1:1 ratio. Therefore all of the possible 
hydrogenation processes could be observed right from the 
beginning of the reaction of isophorone, condensated products 
can be detected [3]. 

 

6. During the hydrogenation of isophorone carried out over Pd 
catalysts the molar difference of the e.e. and the missing ketones 
gives negative results in some cases, which justifies that besides 
to the kinetic resolution the direct enantioselective 
hydrogenation of isophorone also takes place [4]. 

 

7. The direct comparison of data from hydrogenations of 
isophorone and TMCH in the presence of proline has shown, 
that in the mixtures of the same TMCH concentration the e.e. 



Ph.D Theses 
 

 

11 / 12 

and the chemical yield were sometimes higher in the mixture of 
isophorone, than which was formed through kinetic resolution of 
TMCH. This confirms that the asymmetric hydrogenation of the 
C=C bond of isophorone also produces optically active TMCH, 
the amount of which is influenced by the catalyst.  

 

8. Optically active TMCH is formed early at 10% conversion in the 
hydrogenation of isophorone in the presence of (S)-proline. 
According to the calulated material balance, this could be 
originated from both the asymmetric hydrogenation of 
isophorone and the kinetic resolution of TMCH [3]. 

 

9. In the reaction of isophorone with (S)-proline, over Pd catalysts, 
the catalyst activity and the enantioselectivity depends on the 
preparation method of the catalyst and the support itself. This 
means that the catalyst surface is indeed involved in the 
enantiodifferentiation step, in contradiction to the mechanism 
proposed by Lambert et al [4]. 
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