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Methods for the synthesis and the compositions and biological activities of pyr- 
rolidine derivatives that are inhibitors of angiotensin-converting enzyme are 
discussed. The most active inhibitors are l-(D-3-mereapto-2-methylpropanoyl)-L- 
proline (captropril), dehydroproline derivatives, and phosphorus-, zinc-, and 
germanium-containing derivatives. 

Inhibitors of angiotensin-converting enzyme (ACE) are promising medicinal antihyper- 
tensive agents. This enzyme participates in the regulatory renin--angiotensin--aldosterone 
system, the disruption of the function of which leads to the development of most hyperten- 
sive states in human beings. 

The known inhibitors of ACE can be divided into groups: I) derivatives of amino acids 
and other compounds of a nonpeptide nature and 2) low molecular weight peptides. 

The general problems of the reaction of inhibitors with the enzyme have been examined 
in monographs [1-4]. Monographs [5, 6] and reviews [7-34] have been devoted to a discussion 
of the results with respect to the synthesis of ACE inhibitors, the mechanism of their action, 
their biological activity, and their application in medicine. In the present review, we 
set forth information primarily covering the period from 1980 to 1982 regarding the struc- 
tures and the methods for the synthesis of nonpeptide inhibitors -- pyrrolidine derivatives 
and their biological activity. 

General Information Regarding the Enzyme 

The angiotensin-converting enzyme (ACE) is a dipeptidylcarboxypentidase (K.F. 3.4.15.1), 
the properties of which are similar to pancreatic carboxypeptidase A. The antiotensin-con- 
verting enzyme (ACE) is a glycopeptide with a relatively high percentage of the carbohydrate 
part, which, to a great degree, depends on the type of cells, from which the enzyme is iso- 
lated. Thus ACE isolated from the lungs of rabbits contains 26% carbohydrates [28, 35, 36]. 
The enzyme isolated from swine kidneys contains only 8% carbohydrates. The enzyme contains 
a large number of residues of glutamic and aspartic acids and proline [37]. A high per- 
centage of aromatic amino acid residues, particularly tryptophan, has been noted [28]. The 
molecular mass of the enzyme determined by equilibrium sedimentation ranges from 129,000 to 
136,000 [38]. Angiotensin-converting enzyme (ACE) is a zinc-containing metalloprotein. The 
percentage of zinc is i mole per protein molecule. 

Angiotensin-converting enzyme (ACE) is responsible for the hydrolytic cleavage of angio- 
tensin I and bradykinin, as well as being responsible for the hydrolysis of numerous other 
peptides [28]. In contrast to carboxypeptidase A, ACE cleaves dipeptides rather than in- 
dividual amino acids from the C-terminal of the peptide chain. 

Participation of the Enzyme in the Renin--Angiotensin-- 
Aldosterone System 

Angiotensin-eonverting enzyme (ACE) is of great value in the regulation of blood 
pressure as a result of an acceleration of two different reactions (see the scheme presented 
below). 
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TABLE 1. L-Proline Derivatives and Their Properties as ACE 
Inhibitors [45-53] 

~-N~cOOR 2 
C~OR ~ 

Dose mg/kg 
Compound per day 

I b �9 HSCH2CH (/de) c l,O 

II 
Ill 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 

HSCH (Me) CH2 
HSCH (Me) 
HSCH~CH (Me) 
HSCH2CH~ 
HSCH~CH2 
HSCH2CH2 
CH3SCH~CH2 
HOOCCH (Me) CH~ 
HOOCCH2CH (Me) 
HOOCCH (Me) CI-I~ 
HOOCCHsCH (Me) 

R ~ ls0a, pM 

H 0,007 
(2,3.10 -8 M) 

fl I,I 
H I,I 
H 2,4 
H 0,2 
t-Bu 39 
Et 17 
H 4300 
H 2600 
H 22 
H 610 
H 1480 

aConcentration of the inhibitor at which the activity of the 
enzyme decreases by 50%. bCaptopril (SQ 14 225). cc-configu- 
ration. 

Hydrolytic Cleavage of Angiotensin, Angiotensin I, 
Angiotensin II, Angiotensin Ill, and l~adykinin [39] 

Asp-Arg-Va I -Tyr -  I ] e-H i s-Pro-Phe-Hi s-Leu-Leu-Va I-Tyr-Se r-R 

�9 (renin-angiotensin substrate, protein of the az-globulin fraction of blood proteins) 

r e i n  

Asp-Arg-Va 1 -Ty r-  I ] e-H i s-Pro-Phe-H i s-Leu+Leu-Va l -Tyr -  Ser-R 

(angiotensin I, inactive dipeptide) 

l Arg-Pro-Pro-G1y-Phe+Ser-Pro-Phe-Arg 
(inactive fragmenU) 

Asp-Arg-Va I -Ty r-  I 1 e-H i s-Pro-Phe+H i s-Leu Arg-Pro-Pro-gly-Phe-Ser-Pro-Phe-Arg 

(angi~emtn H) (bradykinin) 

t angiotemin=e ] 

Arg-Val-Tyr- I le-His-Pro-Phe+Asp 
(ang~tensin IH, low- activi~ heptapep~de) 

(~acttve ~agmen~) 
The renin enzyme (K.F. 3.4.99.19) from the blood plasma protein of the angiotensinogen 

splits out angiotensin I -- a decapeptide that does not affect the blood pressure. Angio- 
tensin I is hydrolyzed under the influence of ACE to give a hypertensive octapeptide -- 
angiotensin II and a side product -- dipeptide His-Leu [40, 41]. An increase in the blood 
pressure is due mainly to contraction of the smooth musculature of the blood vessels, as well 
as to an increase in the aldosterone level. On the other hand, ACE inactivates the anti- 
hypertensive peptide -- bradykinin, accelerating the hydrolytic splitting out of one or two 
dipeptides from the C-terminal of bradykinin [42, 43]. Both of the reactions mentioned above 
lead to an increase in the blood pressure. Inhibitors of ACE are therefore extremely effec- 
tive antihypertensive agents. 
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Proline Derivatives and other Amino Acids 
as Enzyme Inhibitors 

The first reports of the development of nonpeptide ACE inhibitors appeared in 1977 [44]. 
In the design of the medicinal preparations of Cushman and Ondetti it was assumed that the 
active center of ACE is similar to the active center of carboxypeptidase A and contains at 
least three sections that interact with the substrate; the known competitive inhibitor of 
carboxypeptidase A is benzosuccinic acid. With allowance for the differences in the sub- 
strate specificity of both enzymes, they advanced the hypothesis that the prototype of the 
ACE inhibitor may be not succinic acid itself, but rather more likely some type of its amino 
acid derivative. To verify this hypothesis they synthesized succinyl-L-proline. The latter 
was selected in view of the fact that all derivatives of ACE peptide inhibitors contain pre- 
cisely proline as the C-terminal residue. Analysis showed that this compound, although it 
has low activity, actually is a specific ACE inhibitor. 

The subsequent stage in the research consisted of the isolation of the most active pro- 
line derivative. 

The reactivities of a number of L-proline derivatives in the inhibition of ACE isolated 
from the lungs of rabbits were investigated (Table i). 

Of the compounds checked, D-2-methyl-3-mercaptopropanoyl-L-proline (I) is characterized 
by the greatest activity. Methods based on the condensation of acid XIII with L-proline 
tert-butyl ester (XIV) with subsequent removal of the protective groups have been proposed 
for the preparation of I [46]: 

I Dec L~. 
CH3COSCHzCH(CH-~ )CO OIt + . i ----- --4-- 

-N COOC(CH~) 3 "'N" COOt(OH ~)~ 
H I - 

COCIt(CII3)CII2SCOCIt ~ 

XIII XIV XV 

I I 
COCtI(CH3)CH2SCOCH ~ COCH(CH3)CH2SH 

The yield of the desired product was 10% based on acid XIII. 

Improved methods for the preparation lead to captopril in ~30% yield [54]. A new vari- 
ant of the synthesis, which is characterized by the high optical purity of captopril, was 
proposed in [55]. Compound I was obtained by condensation of 3-chloro-D-2-methylpropanoyl 
chloride with L-proline with subsequent replacement of the chlorine atom by a sulfhydryl 
group. Compound I was also obtained by microbiological synthesis [56]. 

The properties of the inhibition of ACE by a number of other L-proline derivatives have 
been investigated. The results make it possible to conclude (Table i) that, first of all, 
an extremely important structural element that is responsible for the high activity is the 
sulfhydryl group. Replacement of the sulfhydryl residue by a methylthio group or a carboxy 
group leads to a sharp decrease in inhibition. Second, a three-carbon chain between the 
sulfhydryl and carboxy groups is optimal. The presence of an asymmetric carbon atom is ex- 
tremely important: replacement of the hydrogen atom of the methylene group by a methyl 
radical leads to a decrease in the 15o values by three orders of magnitude. The conformation 
of the molecule, including the spatial orientation of the methyl group attached to the opti- 
cally active carbon atom, has a great affect on the properties of the inhibitor. Third, the 
most active inhibitors are compounds that contain a free carboxy group of proline: the 
ethyl and tert-butyl esters are less active by factors of 20 to 30 as compared with the cor- 
responding acids. 

The inhibiting properties of 3-mercaptopropanoyl d~rivatives of other amino acids have 
been evaluated. With respect to the effect of inhibition of ACE, the 3-mercaptopropanoyl 
derivatives of amino acids can be arranged in the following order: L-Pro > L-Phe > L-Arg> 
L-AIa > L-Leu > L-Lys > Gly > L-Asp > B-ala > D-Pro. 

3-Mercaptopropanoyl-L-proline has the greatest inhibition. The corresponding D-proline 
derivative has weak inhibiting activity (I~o 0.20 and 1800, respectively). 
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substrate 
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Fig. i. Interaction of inhibitor I with the active site of 
the enzyme. 

Fig. 2. Model of the interaction of the enzyme with the in- 
hibitor in the presence of a substrate. 

The kinetics of the inhibition of ACE by inhibitor I and other proline derivatives have 
been investigated [57]. The Michaelis-Menten kinetic model has been used to describe the ex- 
perimental data. Compound I is a typical competitive inhibitor with inhibition constant k i = 
1.7.10 -9 mole. 

The strongly pronounced inhibiting properties of captopril (I) are due to the strong in- 
teraction of the inhibitor molecule with the metalloprotein. A model of the interaction of 
the inhibitor with the enzyme is presented in Fig. i [58]. 

According to the model presented in Fig. i, the enzyme is tied up with the inhibitor by 
means of three structural elements. A trans orientation of the peptide bond in the interac- 
tion of the carbonyl group with the XH group of the receptor has been postulated [45]. 
Electrostatic interaction between the anion of the L-proline residue and the positively 
charged groups of the enzyme [NH, + or--NHC(=NH=+)NH2] has been proposed [58]. The methyl 
group and the hydrophobic part of the proline molecule are included in "pockets" of the en- 
zyme. 

When a substrate is present, the enzyme interacts with the inhibitor, as, in general 
form, is represented in Fig. 2 [46]. 

In analogy with the preceding model, "packing" of the hydrophobic radicals in "pockets" 
of the enzyme, interaction of the carbonyl oxygen atom of the substrate and the inhibitor 
with the hydrogen donor of the enzyme, donor-acceptor interaction between the sulfur atom of 
the sulfhydryl group of the inhibitor and the zinc ions of the enzyme, and electrostatic 
interaction between the negatively charged carboxy groups of the substrate and the inhibitor 
and the positively charged enzyme groups are provided for. 

The exceptional importance of the formation of a hydrogen bond b~tween the donor centers 
of ACE and the oxygen atom of the carbonyl group was emphasized in [59]. Only compounds 
that are capable of forming a hydrogen bond -- amides, esters, ketones, and sulfonamides -- are 
effective inhibitors of the enzyme. 

In connection with its high inhibiting capacity, captopril (I) has been studied exten- 
sively as a potential medicinal preparation [47-49]. The results of diversified investiga- 
tions of the mechanism of the action of the above-mentioned substance, which were carried 
out by Squibb [60-62] and by other firms, havebeen published. Investigations of the anti- 
hypertensive properties of I in various research centers and clinics have shown its effec- 
tiveness in experimental and reno-vascular forms of hypertension [63-65], spontaneous hyper- 
tension [66, 67], and other hypertensive states [68, 69]. 

There have been numerous reports regarding the study by means of captopril (I) of the 
mechanisms of the regulation in the renin--angiotensin--aldosterone system [70, 71]. Studies 
dealing with its clinical tests have been published [72, 74]. 
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In the treatment of hypertonic disease captopril is frequently used together with di- 
uretic agents [65]. 

Captopril as a medicinal preparation has been checked over the span of a year in more 
than 1,000 hypertonic patients. Normalization of the blood pressure was observed in 50% of 
the patients. When captopril is used together with diuretic agents, the effectiveness of 
captopril increases sharply, and normalizaion of the blood pressure in this case is observed 
in 90% of the patients [ii]. 

Unfortunately, undesirable side effects -- rash, fever, a tendency for inflammatory 
processes, disruption of the sense of taste, and membrane glomerulopathy -- have been noted 
[75]. Captopril is characterized by significant toxicity; this is associated with the pres- 
ence of a sulfhydryl group in the captopril molecule. The latter is also responsible for a 
decrease in the activity of captopril during storage as a result of dimerization with the 
formation of a disulfide bridge [76]. Extensive investigations dealing with the synthesis 
of other pyrrolidine derivatives have therefore been carried out in order to decrease the 
toxicity and increase the stability of captopril during storage. 

The synthesized analogs of captopril -- pyrrolidine derivatives -- can be divided into the 
following groups: I) sulfur-containing analogs of captopril that are substituted in the 
aliphatic part and in the pyrrolidine ring and 2) those that do not contain the sulfur atom 
of the captopril analog. 

Sulfur-Containing Analogs of Captopril -- ACE Inhibitors 

A large number of compounds that are characterized by the presence of a sulfhydryl group 
(or sulfide and disulfide groupings) and a pyrrolidine ring have been synthesized. 

Amides, esters, and hydroxamides of pyrrolidine-carboxylic acids have been synthesized. 
Below we present a brief list of the information available regarding the structures and prop- 
erties of sulfur-containing derivatives of pyrrolidine. Replacement of the methyl group of 
captopril by a phenyl or phenylalkyl substituent leads to inhibitors, the activity of which 
is comparable to the activity of captopril [77-91]. 

It is interesting to note that esters of captopril (I) that contain a nitrogen-contain- 
ing heterocyclic system as the alcohol component, such as l-(D-3-mercaptopropionyl)-L- 
proline-(5,6-dihydro-5-oxopyrazolo-l,5-quinolin-2-yl)methyl ester, are both ACE inhibitors 
and promising preparations for the treatment of allergies and asthma [92]. 

Analogs of captopril that are characterized by the presence of an L-proline residue sub- 
stituted in the 3 and 4 positions by lower alkyl and hydroxy groups have been synthesized. 
Both the acids and their amides and esters have been investigated. These compounds are less 
active by approximately one order of magnitude compared with captopril. 

What we have stated above also applies to analogs of captopril, viz., 2-pyrrolidine 
derivatives [95]. 3-Mercaptothyomethyl-2-oxo-l-pyrrolodinylacetic acid (XVlI) and similar 
compounds have been synthesized via the following scheme: 

~--N-~IO~C~H~"(~')t q~0 "~~ -- ~-~o ----" ~ o  ----- ~cH2 ~CH2 
H H H I 

CH2C00C2H 5 

I I I 
CH2C00H CHzCOOH CH2C00H 

XVII 

Compound XVII is an ACE inhibitor; however, its activity is lower by a factor of i00 com- 
pared with captopril. 

In contrast to acid XVII, pyrrolidones and sulfur-containing derivatives of pyrrolidine 
with the general formula XVIII have high activity [96]. Their daily dose ranges from 0.i to 
i00 mg/kg. 

3-Oxo-pyrrolidine-2-carboxylic acid derivatives are effective ACE inhibitors [97] (the 
daily dose ranges from 1 to 15 mg/kg). 
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Halo-containing pyrrolidines [98] which have low toxicity, are characterized by re- 
duced activity as compared with captopril. 

High activity, which is equal to the activity of captopril, is characteristic for halo 
derivatives of hydroxamic acids [99, I00]: 

X S N ~  ~COOR 3 

COCIIR (CH2) SR 

XWlll 

~ N  / ~ cONHOH 

C~ 0CHR2(CH2)nSR I 

XIX 

XVIII Rt=H, AIk, CFa; R2=H, AIkCO; R3=H, Alk, P~CH; X=O,S;  n=0,1;  XlX R'=H, 
Alk, Ar, azalkyl, R2=H, Alk, CF3, C2~; R3=H, OH, CI, F ;n=0- -2  

l-Mercaptoacyl-4-azido-L-proline and its esters are promising ACE inhibitors [i01]. The ac- 
tivity of the latter is comparable to the activity of captopril. 

Compounds of the XX type, which contain two sulfhydryl groups [102] and have similar ac- 
tivities, as well as similar side effects with respect to captopril, have been synthesized. 

Aliphatic and cyclic disulfides [97, 103-114] are less active by a factor of i0 as com- 
pared with captopril. High stability of cyclic disulfides XXI during storage has been noted 
[ i03]. 

Thioamides such as l-(3-benzoylthio-2-methylthiopropionyl)-L-proline, etc., also have 
antihypertensive properties [115, 116]. The activity of the inhibition of ACE is close to 
the activity of captopril. 

Furyl,- benzofuryl-, and benzothienyl derivatives(XXll) of captopril are relatively in- 
active, and much less research has been devoted to them [117-119]: 

C~ O_CH_ (CH2)nSI t COOR C0-YCOX / 

I 
(CH2)mSH 
XX ~(I XXII 

XX R=OH, AlkO; m, n=0, 1; XXI R=H, Alk, ~ a ~ y l  XXlI X= 2-or3- fmyl .  2 -or3-  
benzos 2- or 3-benzotMen# ; Y=CHR]--CR2R 3, CH~--ChR~R3--'CH~, 
CHR3--CHR 4 (R3--SH, ~rmylt~io, benzy~hio, alkano~ic,  e t a  ; R4--H, Alk); R--H, 

AIR, cation 

Selene-containing derivatives of proline [120] and zinc-containing analogs of r 
[121] are capable of interacting with a metalloenzyme that converts angiotensin. Zinc-con- 
taining derivatives of proline have antihypertensive properties and are also promising as 
agents for the treatment of rheumatism. 

Highly active analogs of captopril are germanium-containing derivatives of proline XXIII 
[122], which are obtained by the reaction of germanium oxide with the corresponding mecapto- 
substituted pyrrolidines. Such germanium derivatives are applicable for the prophylaxis and 
treatment of essential, reno-vascular, and adrenal forms of hypertension. The daily dose in 
the case of oral administration ranges from 0.i to 200 mg/kg. Medicinal forms of these prep- 
arations have been developed. The presence of high activity of the zinc- and germanium-con- 
taining analogs of captopril for the inhibition of ACE makes it possible to assume that, in 
addition to the zinc ions of the metalloenzyme, other active charge groupings such as COO- 
also participate in tying up the compounds mentioned above with the enzyme. 

Derivatives of 2,3- and 3,4-dihydropyrrolodinecarboxylic acids XXIV [123-125], XXV [126- 
128], and tetrahydropropyridinecarboxylic acids have been proposed as effective antihyper- 
tensive agents: 

X 

Ge I "N CONHCR 2 --COR* 
_ t 

S --CH~CII-CO 

XX/II 
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N.. [,~, (CII2) ~ 
R t COS( CII2)"CtlRa('O ! R' S(CI [2)nCtlR2C0 [' 3 

COOE 5 COOR 

xLXIV XX'V 

XXIII Rx=OH, AlkO, NH2; R2=H, Me, R3=H, Alk; X=H, Oil; XXIV RI=H, OH, Hal, 
AIk; R 2, RZ=H, Alk; m, n=0,1; XXV RI=II; R 2, R:~=H, Alk; re, n=0, I 

I d e n t i c a l  and e q u a l  c a p t o p r i l  d o s e s ,  w h i c h  amoun t  t o  0 . i  to  i 0 0  m g / k g ,  a r e  c h a r a c t e r i s t i c  
f o r  d e r i v a t i v e s  o f  2 , 3 -  and  3 , 4 - d e h y d r o p y r r o l i d i n e c a r b o x y l i c  a c i d s .  

Captopril Analogs that Do Not Contain Sulfur 

Since many authors have expressed the assumption that the undesirable phenomena observed 
in the treatment of hypertonia with captopril are associated with the presence of a SH group 
and, a sulfur atom in general, more and more attention is being directed by researchers to 
the synthesis and study of the properties of proline derivatives that do not contain sulfur. 

N-[N-Ethyl-N-(2-carboxyethyl)carbamoyl]-L-proline and other compounds of the XXVl type 
were synthesized in 1979 [129]. Compounds XXVI are ACE inhibitors and have the activity of 
a coronary vasodilator. 

N-(O-Hydroxybenzoyl)-L-proline has also proved to be an ACE inhibitor [130]; however, 
its activity is considerably lower than the activity of captopril. 

As in the case of sulfur-containing derivatives of proline, hydroxamic acids XXVll have 
high inhibiting properties [131]. 

I- ! i .... 
" N  ~ C00H "~N ~ C00H 

C0-N--(CHz)nC00H CO-N-- CtIacONItOH 
I I 

R R 

XXYI XX~rII 

XXVI R=Alk; n = l ,  2 XXWll R=Alk 

Phosphonoacylprolines [132-138], which are characterized by low toxicity and are promis- 
ing antihypertensive agents, have been pro.posed as ACE inhibitors. However, the doses neces- 
sary for reducing the blood pressure reach i0 to 1,000 mg/kg. 

[(Mercaptoalkanoyl)pyrrolidinyl]phosphic acids, for which the active doses range from 
i to 1,000 mg/kg, also have reduced activity as compared with captopril [139]. 

In the case of the zinc-containing metalloenzyme thermolysine it has been shown that 
the phosphoryl group of the inhibitor is tied up with the zinc atom of the active site of 
the enzyme [140]. It might be assumed that a similar mechanism occurs in the reaction of 
phosphonoacylprolines with ACE. 

Thus, of the synthesized proline derivatives, the most active compounds are those that 
contain in the aliphatic part an SH group, an amide bond, and the free carboxy group of pro- 
line. The optimum number of methylene groups in the aliphatic chain ranges from one to 
three. The activity increases when a hydrogen atom of themethylene group is replaced by 
methyl and phenyl groups and other radicals. In the case of captopril the D configuration of 
the 3-mercapto-2-methylpropanoyl radical is responsible for a sharp increase in activity as 
compared with the L configuration. Sulfides and disulfides (both aliphatic and cyclic) are 
less active but are more stable as compared with proline derivatives that contain a sulfhy- 
dryl group. Highly activators of ACE inhibitors are derivatives of dehydroproline, zinc- and 
germanium-containing derivatives of proline, as well as hydroxamates of substituted prolines. 
Phosphorus-containing derivatives of proline, which, although they are inferior with respect 
to activity of captopril, are also promising, are characterized by low toxicity. The intro- 
duction of an oxygen atom or alkyl radicals into the ptoline ring basically leads to a de- 
crease in the activity of the inhibitor, which, possibly, is associated with steric hindrance 
in the formation of the enzyme--inhibitor complex. 

In addition to the properties of an ACE inhibitor, esters of substituted prolines in a 
number of cases have antiallergenic properties. 

The high activity of a large number of the most diverse (with respect to composition and 
structure) derivatives of pyrrolidine, in our opinion, constitutes evidence that the centers 
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on which the compounds mentioned above are adsorbed have different chemical natures. In ad- 
dition to the competitive inhibitors adsorbed on the same active centers as the substrate, 
viz., angiotensin I, there evidently exist a large number of noncompetitive inhibitors that 
are adsorbed on other parts of the surface of the enzyme than the substrate but retard the 
decomposition of the enzyme-substrate complex, which also leads to a decrease in the rate of 
conversion of angiotensin I to II. 
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