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Мета. В статті описано роботи щодо проектування структури, прогнозування біологічної активності 

і хімічного перетворення природних кардіостероїдів для отримання перспективних лікарських препара-

тів із заданими властивостями.  

Матеріали та методи. Запропоновано ефективний модифікований метод синтезу альдімінів кардено-

лідів, заснований на взаємодії природних карденолідів з органічними амінами. Виявлено аномальні фізико-

хімічні властивості біс-кетоімінів, що полягають в стійкості їх до гідролізу і підвищеної полярності 

при їх хроматографії.  

Результати. Виявлено, що вирішальну роль у кардіоактивності відіграють електростатичні поля, які 

повинні бути розташовані у вигляді «сендвічу» - у α-площині – позитивний заряд, у β-площині негатив-

ний. Наявність негативного поля при С3 обов'язкова і активність вище, якщо це негативне поле подов-

жується і далі (цукрова компонента обумовленої конфігурації, що не порушує зарядів α- та β-площин). 

Показано, чому молярна активність карденолід-глікозидів вища, ніж їх аглікони, тобто, цукрова компо-

нента вносить свій вклад в активність завдяки електронним полям, а не тільки за рахунок зміни гідро-

фільно-ліпофільних властивостей речовини. 

Висновки. Сформульовано гіпотезу існування явища неінгібуючого зв’язування з Na+,К+-АТФазою, при 

якому, речовина діє як антидот по відношенню до кардіостероїдів. 

Детально проаналізовано той порівняно винятковий випадок, коли одночасно утворюються два види 

ізомерів – конформаційні (конформери) і геометричні при синтезі альдимінів карденолідів 

Ключові слова: кардіостероїди, карденолід, драг-дизайн, альдиміни, віртуальний скринінг, біс-

карденоліди, серцеві глікозиди 
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1. Introduction 

An important trend in the development of modern 

pharmacy is the increase in the number of drugs based on 

chemically transformed natural substances. New biologi-

cally active substances that are derivatives of cardioster-

oids are synthesized. This work is a continuation of 

works initiated by prof. Makarevich I. F. with co-authors 

[1]. The original optimized method for the synthesis of 

aldimines was first applied. Synthesis is based on the 

interaction of cardenolides with organic amines with the 

formation of imines. 

The lack of biological activity in bis-cardenolides, 

obtained in the form of azometin C19, despite the fact 

that they are easily hydrolyzed to the high-level mono-

cardenolides in the body, have not been found for a long 

time [2]. 

Only the use of modern methods of QSAR analy-

sis allowed to make an assumptions about such a phe-

nomenon. 

In addition, it was necessary to study the specific 

physicochemical properties of bis-ketoimines of C3-

cardenolides, which consist in their resistance to hydrol-

ysis [3, 4]. 

Drug design of new cardiotonic drugs remains 

relevant because cardiovascular diseases and their mor-

tality have been at the forefront of the world for a long 

time. The aim of the present study was to elucidate the 

relationship between pharmacological activity and the 

structure of a number of cardiosteroids, with the aim of 

creating new drugs that affect the cardiovascular system. 

Significant toxicity and low therapeutic index of known 

cardiosteroids greatly limits their use. 

 

2. Planning (methodology) of research 

Previous research in this field has been directed 

above all to create new molecules with significant cardi-

oactivity, which have led to an increase in their toxicity. 

Thus, it is believed that in some cardiosteroids, it is not 

possible to create effective drugs with a satisfactory 

benefit / risk ratio. 

The data accumulated by the authors did not al-

ways reflect the existing views on the relationship be-

tween structure and activity, and were usually discarded. 

This paper proposes the synthesis of previously 

unknown substances but not existing in nature, and the 

analysis of new and previously obtained results using 

modern computational methods using QSAR analysis. 

 

3. Materials and methods 

The accumulated positive experience with chemi-

cally or biochemically modified cardiosteroides allows 

us to speak about the expediency of further work on the 

transformation of these biologically active substances. 

Modern methods of calculating and studying the active 
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molecule at different levels of the hierarchy of the struc-

ture (atomic, molecular and supramolecular) make it 

possible to monitor and predict the relationship between 

the structure of matter and its biological effect. 

Today, the strategy of obtaining new biologically 

active substances includes: 

QSAR analysis – Establishing of the quantitative 

relationship "structure – biological action". Descriptive 

modeling – a forecast of biological activity based on the 

analysis of pharmacophores. 

Virtual screening (in silico) – calculation and the-

oretical study of the interaction of target receptors with 

biologically active molecules [5]. 

To find out the dependence of the structure-action 

of the cardenolides, we used the Field Align computer 

program version 2.1.1. Cresset Bio-Molecular Discovery 

Limited. 

As the reference (basic) molecule 3-acetyl-19-

aldoxim strophantidine was used – one of the most active 

substance in a cardiosteroids series. As the reference 

pharmacophores, negative fields were used in the region 

of the C21-C23 atoms, and positive fields in the region of 

the C14 atom. 

Synthesis methods are given in the publication [2]. 

 

4. Results 

Previous studies of transformed cardiosteroids 

have shown that aldimines of cardenolides have been 

shown to be low-toxic cardiotonics (e.g., adamantyl-

iminostrophantidin) [3]. In this regard, it seemed advisa-

ble to continue these studies, having received a wider set 

of new substances with subsequent pharmacological 

screening and the detection of the most promising in 

practical terms, physiologically active derivatives. 

For chemical transformations, strophantidin 

(cardenolide), as well as erysimin and cymarin 

(cardenolide glycosides), which contain an angular alde-

hyde group in their structures, were taken as the source 

of natural cardiosteroids. Synthesis of aldimines of 

cardenolides was carried out by two methods: 

1. Natural aldehydes were directly interacting 

with organic compounds containing a free primary amino 

group. It has been established that the formation of 

imines occurs most promptly and fully at the maximum 

possible concentrations of the interacting substances, 

when the reaction mixture resembles the molten mass at 

the boiling point of the corresponding solvent with azeo-

trope distillation of water. 

2. The second method is because the primary 

amines are more stable in the form of salts. In these cas-

es, the reaction with aldehydes group of cardiosteroids 

was carried out in a boiling solution in the presence of 

sodium acetate. 

The structure of the received substances is con-

firmed by the data of element analysis, IR and PMR spec-

tra. Infrared spectra is characterized by the absence of an 

absorption band of the aldehyde group and the presence of 

the absorption band C = N-group (1650 cm-1). 

 

5. Discussion 

In the synthesis of aldimines of cardenolides, we 

had that comparatively exceptional case when two types 

of isomerism – conformational (conformers) and geomet-

ric (cis-trance or syn-anti (Fig. 1)) took place simultane-

ously [3]. 

Conformational isomerism is because around the 

single link C10-C19 there is no free rotation for steric 

reasons. Of the two possible conformers, the most suita-

ble, with a difference of 1.5 kcal / mole (the potential 

energy of molecules was calculated by the method of 

molecular mechanics (MM+) with geometry optimization 

in program Hyper Chem 8.0), is the one in which the 

hydrogen atom of the C19-N group is oriented toward the 

angular methyl group of 18-CH3. 
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Fig. 1. Anti (E) isomer Sin (Z) isomer. 

 

Paying attention to the reaction groups of sub-

stance in the form of E and Z isomers, we note, first, the 

following are known in the organic chemistry of conver-

sion (Fig. 2). 

 

 

(E)-aldoxime Amide 

 

(Z)-aldoxime Nitrile 

Fig. 2. Transformation of aldoximes. 

 

Conversion of aldoximes to nitriles when heat-

ed in an acetic anhydride-pyridine environment occurs 

only if aldoxime has a Z-configuration. In contrast, 

(E) -aldoximes do not enter this reaction due to stereo-

electronic effects. Under these conditions, these sub-

stances undergo Beckman rearrangement to N-

substituted formamides [6]. The oximes of 

cardenolides, as is known, are converted into 10-

cyanocarnenolids when treated with dehydrating rea-

gents, in particular by heating in a mixture of acetic 

anhydride and pyridine [7, 8]. 
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Such an explanation does not contradict the fact 

that in the PMR spectrum of strophantidin oxime, a 

three-proton signal of an angular methyl group of 18-CH3 

appears in the region of 0.74 ppm, that is, it is shifted to a 

strong field, which is obviously due to the spatial shield-

ing effect of proton C-19-Н to this group. The spatial 

proximity of proton C-19-N and 18-CH3 is clearly visible 

on 3D models (Fig. 3). 

 

 
 

 
 

Fig. 3. Limited rotation around the single bond C10-C19 

in the strophantidin-19-aldoxime 

 

Nor does it contradict the fact that this substance 

forms with a salt of metals a stable complex soluble in 

organic solvents. The formation of such a complex is 

quite possible due to the chelating fragment of the mole-

cule, which is formed by OH groups in the C-3 and C-5 

and the oxime group. 

For example, the formation of aldimines strophan-

tidin complexes with copper ions, soluble in organic 

solvents (green (Fig. 4) [3]. 

The formation of the complex involves the ni-

trogen atom through a pair of electrons and OH groups 

in C3 and C5. In the PMR spectra of aldimines, the 

signal of the angular methyl group of 18-CH3 is mani-

fested in the 0.66–0.74 ppm region, that is, it is shifted 

to a strong field due to the influence of 19C-H proton 

on this group. 
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Fig. 4. Scheme of the formation of the complex of  

aldimine with copper 

 

This orientation of the 19C-H proton directly af-

fects geometric isomerism due to the spatial arrangement 

of functional groups around the double C = N-bond. 

Of the geometric isomers, the most likely are anti 

(E) isomers. It is the E-isomer that can easily form com-

plexes with copper ions, which is observed in this case. 

Son (Z) – an isomer cannot form such complexes. 

Computer modelling of stereo structures confirms 

that the anti (E) –isomers are the most acceptable. 

Based on the foregoing, it is reaffirmed that ald-

oxime strophantidin has a structure of the Z-isomer  

(Fig. 5, 7, 8) and not the E-isomer (Fig. 6) (aldoximes 

group circled in red). 

We believe that it is chelate groups in the aldox-

imes of aglycones that cause such a significant increase 

in biological activity. Apparently, such structures allow 

cardenolide to interact more strongly with the functional 

groups of receptors in the body compared with natural 

aglycones. The above explanation does not exclude oth-

ers. In particular, aldoximes of aglycones, due to the 

presence of chelate groups, may be selective carriers of 

calcium ions through membranes of myofibrillar cells 

and thereby increase biological activity, as it is known [9, 

10] that calcium ions increase the contraction of myofi-

brils. It is also possible that both of these effects take 

place in a living organism. 

 
Fig. 5. Z isomer aldoxime strophantidin 
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Fig. 6. E-isomer aldoxime strophantidin 

 

 

 
Fig. 7. Distribution of charges in Z-isomer aldoxime strophantidin 
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Fig. 8. Huckel analysis 

 

Some decrease in biological activity in aldoxime 

glycosides, in comparison with initial glycosides, can 

partly be explained by a violation of the chelate structure. 

It should be borne in mind that the angular aldehyde 

group increases the biological activity. "Closing" it, 

without creating a chelate structure, in principle should 

lead to a decrease in biological activity. 

Regarding cimarin-19-aldoxim, it can be noted 

that the decrease of its biological activity in comparison 

with digitoxigenin is natural, since it does not contain the 

3b-ON group, which is important for the cardiotonic 

action of aglycones, and there is no chelate structure, 

which was already discussed [11]. 

Ketogenic cardenolides until recently remained a 

poorly understood part of the chemistry of steroid cardio-

tonics [4]. 

This is mainly because, in nature, keto-

cardenolides are unknown, in contrast to the widespread 

natural aldehyde cardenolides. Available keto-

cardenolides became after the development of methods 

of oxidation in natural substances of secondary OH 

groups is very convenient for labile substances by oxidiz-

ing agent – Saretta reagent. This reagent is a complex of 

chromic anhydride – pyridine [12]. In modified views, it 

is described in Collins's work and was used by us for 

synthesis. 

From the literature, only two synthesized close-to-

structure structures of the N-derivatives of the digitoxyg-

enone are known: guanidylhydrazone – and S-methyl-

iso-thiosemicarbazone-digitoxigenone. 

Derived natural substances for the synthesis of de-

rivatives served as digoxygenin and cardiogenin, which 

were obtained from the corresponding natural glycosides. 

Digitoxigenin is obtained by hydrolysis from digitoxin, 

and cardiogenin (14,16-diangiogrigidoxygenin) is from 

the gytoxin. Synthesis was carried out in two stages. The 

first one is the oxidation of digitoxigenin and cardiogenin 

with the release of the corresponding 3-keto-derivatives. 

The second stage is the interaction of the obtained ketone 

with the primary amines by boiling in the corresponding 

solvents with azeotropic effluent of water released during 

the reaction. 

Taking into account the worked out methodologi-

cal methods of synthesis of these substances, a new 

group of substances – bis-kardenolids – was obtained. 

Primary diamines of the following structure were used as 

reagents: H2N(CH2) nNH2, where n=3 and above; H2N-

CH2-S-S-CH2-NH2; H2N- (C6H4) – (C6H4) -NH2. 

In obtaining ammonium salts of strophantidin acid, 

in addition, mixed primary, secondary and tertiary diamines 

are used. From cardenolides in the reaction was taken stro-

phantidin, dihytoxigenone and strophantidin acid. 

Synthesis of bis-cardenolides by reaction with di-

amines is carried out mainly in the same way as al-

dimines of cardenolides [3, 4].  

Bis-ketoimines in each case have two isomers, 

clearly visible on the chromatograms of TLC. The iso-

mers were obtained in an individual state by column 

chromatography on aluminium oxide. Attention is drawn 

to the abnormality of the physico-chemical properties of 

bis-ketoimin C3. Unexpectedly, for us, they were highly 

polar in comparison with the original digitoxigenone, 

and, secondly, both substances are difficult to hydrolysis 

in acidic media, which is completely unusual for imines. 

Conventional imines are known to hydrolyse even with 

water, especially when heated. 

In addition, dinitrostrophantidol, synthesized by 

I.F. Makarevich, showed an unexpected combination of 

structure – activity. Therefore, 17a-nitrostrophantidine 

(Figure 9) has an expected low cardiotonic activity, 

whereas 17β-nitrostrophantidin (Figure 10), instead of 

higher activity, was inactive. Such anomalies are encour-

aging in the fact that cardenolides is still potentially ef-

fective cardiotonics, which has recently been questioned 

by some researchers. 

 
Fig. 9. 17a-nitrostrophantidine 
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Fig. 10. 17β-nitrostrophantidine 

 

Limitations of the research. The research have 

shown the potential capabilities for non-inhibitory bind-

ing of Na +, K + -ATPhase, but do not show studies in 

animals or isolated animal tissue. 

Prospects for further research. Substances I, II 

and III (Fig. 11) are believed to be antidotes for cardiac 

glycosides.  

A further experiment should involve the admin-

istration of these substances to animals (pigeons, cats, 

frogs, or studies on isolated tissue) before cardiac glyco-

sides are used. 

Then inject active cardiac glycosides. For exam-

ple, strophantidin or digoxin in doses – LD100 or twice 

as much, that for strophantidin or digoxin are  

100–200 mcg / kg. 

The introduction of digoxin or strophantidin, 

after the use of substances I, II or III should cause less 

inotropic effect than the same administration of digox-

in or strophantidin, without preliminary treatment of 

the animal or isolated tissue with the proposed sub-

stances.  

 

 

 
 

 

Substances I Substances II Substances III 

  
Fig. 11. Substances I-III 

 

 

6. Conclusions 

Summing up, we pay attention to abnormal facts 

discovered in the course of this work and works carried 

out earlier. The use of these anomalies can lead to the 

creation of new types of drugs. 

An unexpected result was the fact that bis-

strophantidine benzidinazomethin was cardiotonically 

inactive, despite the fact that it is relatively easy to hy-

drolyse in water to the original strophantidine – a very 

active cardiotonic (strophantidin). Based on the results 

we have formulated the hypothesis of the existence of 

a phenomenon of non-inducing binding to Na+, K+ -

ATPhase, in which the substance acts as an antidote 

for cardiosteroides. It can be used to create drugs 

without side effects of cardiosteroids. 

The results will be used to search for the synergy 

of the biological effects of natural and synthetic sub-

stances in the direction of certain physiological effects in 

order to develop a new series of drugs. In addition, the 

findings are used to find new approaches to optimize the 

composition of new drugs. 
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