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New nickel- and palladium-containing catalysts for reductive N-alkylation of α-alanyl-α-
proline dipeptide with ethyl 2-oxo-4-phenylbutanoate have been investigated. Based on the 
empirical data obtained, the optimal scheme for the catalytic synthesis of enalapril was proposed. 
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The synthesis and studies of enalapril (vasotec, 
1-[N-((S)-1-carboxy-3-phenylpropyl)-α-alanyl]-α-prol-
ine-1´-ethyl ester) are described in the literature.1,2 The 
drug belongs to antihypertensive agents, and the search 
for more cost-effi  cient methods for its obtaining is cur-
rently underway. One of the possible options for improv-
ing the process is the development of new catalysts, since 
catalytic methods for the synthesis of pharmaceuticals 
occupy an important place in the modern organic synthe-
sis of medicinal substances.3,4 Traditional heterogeneous 
systems are usually used, for example, catalysts for the 
multistage synthesis of enalapril or its derivatives.5,6 The 
multistage process results in a decrease in the target prod-
uct yield and an increase in the cost of its production. It 
was of interest to develop a one-step process for the syn-
thesis of enalapril and compare the catalytic properties of 
metal-containing polymer catalysts and their heteroge-
neous analogs in the reaction of hydrogenation or reduc-
tive N-alkylation of α-alanyl-α-proline with ethyl 2-oxo-
4-phenylbutanoate (or hydrogenation or reductive amina-
tion of ethyl 2-oxo-4-phenylbutanoate with α-alanyl-α-
proline). This type of catalysts are effi  cient in the syn thesis 
of various medicinal.7—10 

The purpose of the present work is to study the catalytic 
synthesis of enalapril (1-[N-((S)-1-carboxy-3-phenyl-
propyl)-α-alanyl]-α-proline-1´-ethyl ester) by the reac-
tion of hydrogenation N-alkylation of α-alanyl-α-proline 
with ethyl 2-oxo-4-phenylbutanoate on nickel- or palladi-
um-containing organometallic and heterogeneous catalysts. 

Experimental 

Dipeptide α-alanyl-α-proline purifi ed by recrystallization 
from ethanol and ethyl 2-oxo-4-phenylbutanoate (reagent grade) 
were used in the work. Other reagents (pure and reagent grade) 

were additionally purifi ed by recrystallization according to stan-
dard methods. Hydrogen was obtained electrolytically, stored in 
a gas meter under a layer of distilled water, and used without 
additional purifi cation. 

Preparation of palladium- or nickel-containing anion exchang-
ers includes several stages. 1. Conversion of the anion exchanger 
into the OH-form. Anionite AV-17-8 (10 g) was placed into 
a 100-mL conical fl ask, followed by the addition of 1 M hydro-
chloric acid (20 mL) and storage for 3 h. Then, the anion ex-
changer was fi ltered and washed with distilled water until the 
fi ltrate was acid-free. The washed anion exchanger was trans-
ferred into a 100-mL fl ask, followed by the addition of 1 M so-
dium hydroxide (60 mL) and storage for 3 h with occasional 
stirring. Then, the anion exchanger was fi ltered, sequentially 
washed with water until of neutral reaction, acetone (50 mL), 
diethyl ether or ethanol (50 mL), and dried in air. Other anion-
ites were converted into the OH-form following this procedure. 
If an anionite with granules of a certain size was needed, the 
material was ground in a mortar and sieved through sieves to 
select a required fraction. The cation exchangers were not sub-
jected to additional processing. 

2. Preparation of palladium-containing anion exchanger. 
Potassium tetrachloropalladate (0.1208 g) was dissolved in water  
(10 mL). The resulting solution was placed into a 50-mL fl ask 
containing already anion exchanger AB-17-8 in the OH form 
(1 g) and water (1 mL). The content of the fl ask was magnetically 
stirred for 1—2 h at 25 С. Then the catalyst was fi ltered, washed 
with water (100 mL) and acetone (50 mL), and dried in air. The 
palladium content in the catalyst was 4.00±0.01 wt.%. Other 
palladium-containing catalysts and samples with diff erent metal 
contents were synthesized similarly. To obtain nickel-containing 
anion and cation exchangers, they were treated with nickel sul-
fate in appropriate proportions. The synthesis of heterogeneous 
catalysts Pd/C, Ni/C, Pd/CаСО3, and Ni//CаСО3 (with the 
addition of lead acetate, the Lindlar catalyst) was described in 
detail earlier.11 

3. Catalyst activation. A weighed sample of the catalyst (10 g) 
was loaded into a glass thermostated reactor equipped with 
a stirrer. Ethanol (50 mL) and sodium borohydride (0.5 g) were 
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added at a temperature of 45 С. After purging the reactor with 
hydrogen, the catalyst was activated by passing hydrogen for 
60 min with vigorous stirring. Then, the catalyst was fi ltered and 
washed with water and acetone (50 mL). The ready-to-use 
catalyst was stored under a layer of acetone. 

Research methods. Determination of the metal content in the 
catalyst. The palladium content in the catalyst was determined 
from the decrease in the concentration of the [РdС14]2– ions in 
solution as they were immobilized on the support. For this, the 
concentration of [РdС14]2–  in the mother liquor was measured 
using a Specord-UV instrument and quartz cells with a 1 cm 
pathlength, λ = 280 nm. The decrease in the concentration of 
nickel ions was determined similarly. 

Thin layer chromatography. Qualitative analysis of reaction 
mixtures was carried out by TLC on Silufol plates, acetone—
toluene—ammonia (1 : 1 : 1). The plates were visualized under 
UV light. 

Procedure for hydrogenation N-alkylation of α-alanyl-α-proline 
with ethyl 2-oxo-4-phenylbutanoate. A weighed sample of the 
catalyst (100—500 mg) was loaded under a layer of solvent 
(50 mL) in a glass reactor equipped with a jacket for thermo stating 
and a magnetic stirrer for stirring in a fl ow of hydrogen. The 
catalyst was activated with hydrogen for 20—30 min. Then, 
α-alanyl-α-proline (4 g, 0.022 mol) and ethyl 2-oxo-4-phenyl-
butanoate (10 g, 0.043 mol) were introduced into the reactor 
in a fl ow of hydrogen. The reaction mixtures were stirred at 
a constant rate of 900—1100 rpm at a hydrogen pressure of 

98—103 kPa. After the reaction completion, the mixture was 
fi ltered and concentrated by evaporation to give a pale yellow 
oily residue (6.0 g). Then, the oily residue was dispersed in 
a solution of sodium chloride (20 g) in water (100 mL), the pH 
of which was adjusted to 8.5 with K2HPO4, and extracted with 
ethyl acetate (2×100 mL). The aqueous solution was acidifi ed 
with 1 M H3PO4 to pH 4.2 and again extracted with ethyl acetate 
(4×100 mL). The extract was dried with anhydrous sodium 
sulfate and concentrated to obtain an oily substance (3.30 g). 
Then, the residue of the oily substance was dissolved in warm 
water (100 mL, 60 C) and fi ltered. Upon cooling the fi ltrate, 
a white amorphous substance of enalapril is formed (the highest 
yield on the AV-17-8-Pd catalyst was 2.63 g, 70 wt.%). The mass 
yields for all the studied catalysts are given in Tables 1 and 2 and 
ranging from 30 to 70 wt.%. The purity of the obtained enalapril, 
as determined by TLC, was no less than 98.0%. 

Eff ective reaction rate was measured volumetrically by the 
volume of absorbed hydrogen per unit time, as well as by analyz-
ing samples of reaction mixtures by TLC or GLC at each time 
point. Anion and cation exchangers, in contrast to heterogeneous 
analogs, have swelling propensity the extent of which depends 
on the nature of polymer and solvent. This tendency was taken 
into account when selecting the process conditions. All the anion 
and cation exchangers have a three-dimensional cross-linking 
structure of macromolecules. The specific surface area of 
the porous ion exchangers (depending on the structure) is 
20—130 m2 g–1, while for the gel ion exchangers it usually does 

Table 1. Yield (Y) and eff ective reaction rate constant (keff /mol L–1 s–1 (kg cat.)–1) in the synthesis 
of Enalapril in the presence of palladium-containing catalysts and various solvent* 

Catalyst Yield and eff ective rate constant in various solvents

 Ethanol Butanol Hexane Toluene

 Y (%) keff •103 Y (%) keff •103 Y (%) keff •103 Y (%) keff •103

АV-17-8-Pd 70 17.0 69 15.0 67 5.40 67 4.00
АN-1-Pd 65 10.4 63 13.3 61 4.40 60 3.40
КF-1-Pd 43 7.00 42 4.50 40 2.00 41 2.20
Pd/CаСО3 38 6.80 37 4.30 36 1.80 35 2.00
Pd/C 35 5.00 34 4.00 33 1.50 34 1.80

* Conditions: solvent volume 50 mL, H2 pressure 1 atm, temperature 45 С, catalyst weight 0.4 g, 
metal content (palladium or nickel) 4 wt.%, particle diameter d = 0.075—0.102 mm, molar ratio of 
substrates α-alanyl-α-proline and ethyl 2-oxo-4-phenylbutanoate 1 : 1. The error in determining the 
yield of the target product is ±3—5%. 

Table 2. Yield (Y) and eff ective reaction rate constant (keff /mol L–1 s–1 (kg cat.)–1) in the synthesis 
of Enalapril in the presence of nickel-containing catalyst and various solvent*

Catalyst Yield and eff ective rate constant in various solvents

 Ethanol Butanol Hexane Toluene

 Y (%) keff •103 Y (%) keff •103 Y (%) keff •103 Y (%) keff •103

АV-17-8-Ni 62 5.00 57 3.00 50 1.50 48 1.70
АN-1-Ni 60 4.60 56 2.40 50 0.84 49 0.90
КF-1-Ni 45 3.10 40 1.00 38 0.60 40 0.68
Ni//CаСО3 35 2.70 33 0.70 32 0.58 33 0.67
Ni/C 32 2.40 30 0.60 31 0.52 30 0.64

* Conditions see Table 1.
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not exceed 5 m2 g–1. The pore diameters of the porous ion ex-
changers reaches 20—100 nm; the pore diameters of the gel ion 
exchangers is no more than 5 nm. 

The procedure for carrying out liquid-phase catalytic hydro-
genation N-alkylation in batch reactors under normal conditions, 
analysis of reaction mixtures, isolation, purifi cation, and iden-
tifi cation of reaction products, preparation of heterogeneous 
and organometallic catalysts have also been described in detail 
earlier.12—14 

Results and Discussion

To carry out the catalytic synthesis of enalapril, we 
obtained modifi ed palladium- or nickel-containing cata-
lysts based on low-basic, high-basic, weakly cross-linked 
and strongly cross-linked ion exchange resins, cation 
exchangers or anion exchangers AV-17-8-Pd, AN-1-Pd, 
KF-1-Pd or AV-17-8-Ni, AN-1-Ni, KF-1-Ni. Their 
catalytic characteristics are comparable with characteris-
tics obtained for conventional heterogeneous analogs such 
as Pd/C, Ni/C, Pd/CаСО3, and Ni//CаСО3. 

To fi nd out the region where the catalytic reaction 
proceeds, the diff usion inhibition factor can be calculated, 
which is expressed by the Thiele modulus (Фs). According to 
the Weiss—Prater criterion, diff usion is a limiting step of the 
process if the following conditions are met: 1) Фs > 0.3 
for second-order reactions, 2) Фs > 1 for fi rst-order reac-
tions, and 3) Фs > 6 for zero-order reactions. In the pres-
ent work, it is shown that the Thiele modulus values in the 
studied catalytic reactions do not exceed 0.5, which for 
the fi rst-order reactions indicates the kinetic region of the 
process. Since the reactions are kinetically controlled, we 
studied the dependences of the eff ective rate constant on 
hydrogen pressure (Fig. 1), catalyst weighed sample (Fig. 2), 
and substrate concentration (Fig. 3) in order to select the 
optimal conditions. 

It was found that the reaction of reductive N-alkylation 
of α-alanyl-α-proline with ethyl 2-oxo-4-phenylbutano-
ate has the fi rst order in hydrogen and catalyst, as well as 
zero order with respect to the substrate. Some dependen-
cies typical of all the catalysts studied in the work are shown 
in Figs 1—3. The data in the Figures show that the total 
rate of the process is directly proportional to the hydrogen 
pressure and the number of active sites of the catalyst. 
However, carrying out the reaction at an elevated hydro-
gen pressure requires a more sophisticated equipment. 
Taking into account all the factors, we have chosen the 
atmospheric pressure of hydrogen and the minimum 
amount of the catalyst as the most optimal regime for 
carrying out the reductive alkylation process. The optimum 
parameters such as the temperature of the reaction mixture, 
hydrogen pressure, type of solvent, and substrate concen-

Fig. 1. The eff ective rate constant of the reductive N-alkylation 
of α-alanyl-α-proline with ethyl 2-oxo-4-phenylbutanoate 
versus the initial hydrogen pressure on AV-17-8-Pd. 
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Fig. 2. The eff ective rate constant of the reductive N-alkylation 
of α-alanyl-α-proline with ethyl 2-oxo-4-phenylbutanoate 
versus catalyst weight: АV-17-8-Pd (1), АN-1-Pd (2), Pd/С (3). 
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Fig. 3. The eff ective rate constant of the reductive N-alkylation 
of α-alanyl-α-proline with ethyl 2-oxo-4-phenylbutanoate versus 
the initial concentration of α-alanyl-α-proline: АV-17-8-Pd (1), 
АN-1-Pd (2), Pd/С (3). The alkylating agent, ethyl 2-oxo-4-
phenylbutanoate, was taken in excess. 
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tration (see Table 1) were used in the main synthesis of 
enalapril. 

The obtained experimental results on the yields of the 
target product 1-[N-((S)-1-carboxy-3-phenylpropyl)-α-
alanyl]-α-proline-1´-ethyl ester and the eff ective rate 
constant values in various organic solvents are given in 
Tables 1 and 2. 

The data on the synthesis of enalapril carried out by 
the reaction of hydrogenation N-alkylation of dipeptide 
α-alanyl-α-proline with ethyl 2-oxo-4-phenylbutanoate 
on nickel- or palladium-containing catalysts in organic 
solvents at atmospheric pressure of hydrogen and a tem-
perature of 25—45 С are summarized in Tables 1 and 2. 
These data indicate that the nature of the catalyst and 
solvent has the most signifi cant eff ect on the yield of the 
target product and the reaction rate. Thus, when hetero-
geneous contacts are replaced by metal polymers (MPs), 
the eff ective rate constant increases more than three-fold, 
and on going from non-polar (aromatic hydrocarbons) to 
polar solvents (alcohols), a more than four-fold increase 
in the constant is observed. The increased activity of 
catalysts based on MPs is most likely associated with the 
macroporous three-dimensional structure of the polymers, 
which facilitates the access of substrate molecules to the 
active sites of the catalyst. The eff ect of the solvent on the 
course of the reaction can be explained by swelling pro-
pensity of the MPs in organic solvents, with alcohols 
promoting swelling to a greater extent than hydrocarbons. 
As a result, the three-dimensional polymer chain of mac-
romolecules acquires additional fl exibility, which, in turn, 
increases the availability of active sites of palladium or 
nickel catalysts for substrate molecules. 

The inner cell diameter of the polymer support, ac-
cording to the literature data15—17 varies within wide 
limits with an average values of 16—17 Å. Consequently, 
not all components of the reaction mixture can penetrate 
into the polymer matrix, and by controlling the swelling 
eff ect of the solvent on the polymer cell size, it is possible 
to achieve absolute selectivity of the process with respect 
to one of the substrates in the presence of their mixture. 
According to some data,4,5—17 it is possible to control the 
size of the three-dimensional polymer cell over a wide 
range by choosing degree of the support cross-linking and 
solvents, thereby achieving practically molecular or even 

atomic precision and selectivity of the synthesis. With the 
maximum swelling, almost all active sites of the MP be-
come as accessible as in homogeneous catalysts; therefore, 
the concept of a surface for MPs in the cases under con-
sideration is practically absent, although the MP itself 
forms a gel-like mass easily separable from the liquid phase. 

Thus, MPs combine the advantages of both homoge-
neous and heterogeneous catalysts. However, despite 
a decrease in the rate of the process for both metallopoly-
mers and heterogeneous analogs (see Tables 1 and 2), the 
selectivity practically does not change, although it is known 
that the selectivity of the process, as a rule, increases with 
a decrease in the reaction rate. The reaction proceeds in 
one step by combining the reaction of condensation of the 
amine and the carbonyl compound with hydrogenation of 
the azomethine bond (Scheme 1). 

From the data in Tables 1 and 2, it is also seen that, in 
general, the catalysts based on palladium-containing highly 
basic anion exchangers showed the highest effi  ciency. 
Nickel-containing catalysts of all types proved to be low-
effi  cient, most likely due to the nature of the metal, since 
it is known that nickel catalysts are signifi cantly inferior 
to palladium-containing analogs, at least, to heterogeneous 
systems. At the same time, MPs turned out to be more 
effi  cient than their heterogeneous analogues. This is due 
to the catalytic acceleration of the step of condensation 
of the carbonyl compound (ethyl 2-oxo-4-phenylbutano-
ate) and the amine (dipeptide α-alanyl-α-proline) with 
the formation of an intermediate product, namely, azo-
methine or Schiff  base (the fi rst step in Scheme 1). It is 
the acceleration at this step that is responsible for the 
greatest catalytic eff ect of the newly obtained catalysts. 

A similar eff ect was observed earlier16 in the hydroge-
nation amination of aliphatic or heterocyclic aldehydes 
with aromatic amines or their precursors, nitro com-
pounds. It is known that the process of condensation of 
amines with carbonyl compounds is catalytically acceler-
ated by acids or bases. However, a comparison of the data 
in Tables 1 and 2 shows that anion exchangers are most 
effi  cient regardless of the nature of the metal (nickel or 
palladium). Therefore, it can be assumed that the nature 
of the basic or acidic functional groups of the polymer 
support has a signifi cant eff ect on the overall effi  ciency of 
the process, namely, at the step of the amine and carbonyl 

Scheme 1 

Cat is the nickel- or palladium-containing catalyst. 
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compound condensation with the formation of azomethine 
(i.e., accelerates the attainment of equilibrium). At the 
same time, the hydrogenation of the azomethine bond of 
the formed Schiff  base proceeds on active metal nano-
particles. Hydrogenation of the azomethine bond with the 
conversion of the compound into the target product, in 
turn, also contributes to the formation of the intermediate 
condensation product, azomethine, especially since the 
hydrogenation step, in contrast to the condensation, is 
a non-equilibrium process. Thus, the high yield of the 
target product is achieved due to both the acceleration of 
the process of condensation of amine with carbonyl com-
pound and the non-equilibrium step of hydrogenation of 
the azomethine bond in the intermediate product. Con-
cerning selectivity and activity in the one-step synthesis 
of enalapril by reductive N-alkylation of dipeptide 
α-alanyl-α-proline with ethyl 2-oxo-4-phenylbutanoate, 
palladium-containing catalysts are superior to nickel-
containing metal-polymer and heterogeneous analogs. 

In conclusion, nickel- or palladium-containing poly-
mers turned out to be effi  cient in the catalytic synthesis of 
the drug 1-[N-((S)-1-carboxy-3-phenylpropyl)-α-alanyl]-
α-proline-1´-ethyl ether, or enalapril, under mild condi-
tions of the process. The highest selectivity is displayed by 
palladium catalysts based on industrial anion exchangers; 
therefore, these contacts can become the basis for the 
development of effi  cient methods for obtaining medicinal 
organic substances. 
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