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The present review covers general aspects related to the metabolism of organic compounds,
primarily, of biologically active azaheterocycles used as drugs. Compounds of this type occupy
a dominant place among known drugs. Data on the main chemical processes determining the
pathways of principal biotransformations, such as redox reactions, hydrolysis, alkylation, acy�
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General problems

A huge number of processes that occur in living cells
are collectively called metabolism.1—4 In the most com�
monly used meaning, the term "metabolism" is equal to
the term "material and energy exchange." In the present
review, reactions involved in the metabolism of particular
drugs (belonging primarily to nitrogen�containing hetero�
cycles) in living organisms are considered in detail. Let us
start with the consideration of some general problems re�
lated to the functions and stages of metabolism, such as
the digestion of nutrients and the degradation of macro�
molecules and other organic compounds. The cell meta�
bolism is a system of enzymatic transformations not only of
substances but also of the energy, resulting in the biosyn�

thesis of the living matter. The products of successive trans�
formations involved in the metabolic path can be repre�
sented by Scheme 1.

Scheme 1

E is the enzyme

Products A, B, and C and the final product are called
metabolites.

The functions of metabolism are as follows:
1) the conversion of the chemical energy into other

types of energy to perform various transformations of sub�
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stances that are taken into the body with food or the con�
version of solar energy;

2) the transformation of nutrients into the starting
compounds for the construction of macromolecules;

3) the assembly of proteins, polysaccharides, lipids,
nucleic acids, and other macromolecules;

4) the synthesis and degradation of biomolecules per�
forming particular functions in cells.

Let us consider two main stages of metabolism com�
prising the overall process:

1) the catabolism is the phase, which leads to the break�
down of complex organic molecules (carbohydrates, fats,
and proteins are finally degraded to carbon dioxide, am�
monia, and water) and which is accompanied by a release
of the free energy (this stage results in the formation of
hydrophilic compounds or their conjugates, which can be
rapidly removed from the body);

2) the anabolism or biosynthesis is the synthetic phase,
during which small building blocks are assembled into
macromolecules accompanied by the consumption of en�
ergy from such sources as adenosine triphosphate (ATP),
adenosine diphosphate (ADP), inorganic phosphates (Pi),
nicotinamide adenine dinucleotide phosphate (NADP), etc.

The anabolic stages (exemplified by the protein syn�
thesis) involve the formation of α�keto acids and the con�
struction of peptide compounds. The catabolic and ana�
bolic pathways oppose each other but share the stage in�
volving the citric acid cycle (Krebs cycle) and a number of
other auxiliary enzymatic reactions. Adenosine triphos�
phate is the major chemical link between cellular reac�
tions accompanied by the release or consumption of ener�
gy. The "cellular fuel" produced in different enzymatic
processes is cleaved, and a part of the free energy that is
released is used to drive the synthesis of ATP from ADP
and Pi. In other phases of metabolism, ATP loses the
phosphate fragment to form ADP, and the released energy
is consumed in driving other processes.

Therefore, ATP transports chemical energy and pro�
vides a universal association between different cellular pro�
cesses accompanied by the release or consumption of en�
ergy. The energy released from the breakdown of ATP is
consumed for different purposes enabling the biosynthesis
(chemical work), the active transport across membranes
(conversion of the chemical energy into the osmotic work),
and the muscle contraction (conversion of the chemical
energy into the mechanical energy).

The energy released during catabolism is conserved in
phosphorylated compounds, and the transfer of the latter
to ADP catalyzed by specific kinases gives ATP. When
needed, another specific kinase transfers the phosphate
group of ATP to a molecules serving as a phosphate ac�
ceptor, thus increasing the energy of this molecule and
enabling successive chemical (or other) processes.

The muscle releases (like the muscle contraction) is
associated with the hydrolysis of ATP to ADP and inor�

ganic phosphates and the energy release. Another type of
the work performed by cells is associated with the conver�
sion of the energy of ATP into the osmotic work, viz., the
transport of a substance against the concentration gradi�
ent (active transport). An example is the so�called parietal
cells maintaining the maximum concentration gradient.
These are the cells of the mucous coat of stomach, which
secrete hydrochloric acid. The concentration of HCl in
gastric juice is as high as 0.1 mol L–1 (pH 1), whereas the
concentration of HCl in surrounding cells is 10–7 mol L–1

(pH 7), i.e., parietal cells secrete H+ against the gradient
of about 106 : 1. Presumably, these cells are equipped with
membrane pumps for the secretion of hydrochloric acid.
The formation of gastric HCl is stimulated by the special
enzyme H+�transporting ATPase, which also catalyzes the
degradation of ATP to ADP accompanied by the energy
release. The sodium and potassium ion transport across
plasma membranes of living cells is another example of
the active transport following the same principle. The con�
sumption of ATP supporting the energy needs of cells
should be continuously renewed. In particular, the ATP
concentration in muscles is maintained at a rather high
level due to the presence of a considerable amount of cre�
atine phosphate (1), which serves as a reservoir of high�
energy phosphate groups in muscles due to the reversible
reaction with ADP that yields creatine (2) and ATP
(Scheme 2).

Scheme 2

When ATP is partially consumed to perform a particu�
lar work, for example, for the muscle contraction under
the action of creatine kinase, another reaction always re�
turns the amount of adenosine phosphate in cells to the
normal level.

The present review considers, in addition to the gener�
al aspects, the biotransformation of some drugs in living
organisms. Taking into account the main aim of the re�
view, let us start with the consideration of the problems
related to the biotransformation of xenobiotics (predomi�
nantly belonging to the azaheterocyclic series). By xeno�
biotics are meant compounds, which are not involved in
such functions of the body, as the energy production and
many other physiologically important processes.
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An important point, which calls for special discussion,
is the ambiguity of the processes involved in the metabo�
lism of xenobiotics and the consequences dictated by this
ambiguity. It is necessary to consider the nature of sub�
stances formed by degradation, their useful and potential�
ly harmful properties, their pharmacological activity, tox�
icological properties, and methods and completeness of
their removal from the body. Hence, it is essential to first
discuss the results of principal pharmacokinetic studies
and problems concerning the predominant pathways of
metabolic processes. First, let us consider the major chem�
ical processes determining the pathways of metabolic
transformations. These are redox processes, hydrolysis,
hydration, and various alkylation (primarily methylation),
acylation, conjugation, condensation, and isomeriza�
tion reactions.

In the first phase of these processes, substances are
rendered (by the introduction of the corresponding func�
tional groups) accessible for the second phase, viz., the
detoxification and the formation of products, which can
be eliminated from the body. It is very important that
enzymatic systems specific for interactions with endoge�
nous compounds are often also involved in the degrada�
tion of xenobiotics. Apparently, this fact should be con�
sidered as a result of a certain structural (or electronic)
similarity between these and other types of substances,
which is not always evident from a comparison of the
chemical formulas of these compounds. Apparently, dur�
ing evolution living organisms have evolved the ability to
use the enzymes synthesized in the organism for the catal�
ysis of a huge number of reactions associated not only with
biotransformations of endogenous compounds but also
with the metabolism of various xenobiotics, which are of�
ten structurally very different from the former compounds.
It is still difficult to decide which factor, viz., the suitabil�
ity for the catalysis of the first type of reactions or for the
processes related to foreign substances, plays the primary
role. However, based on the general considerations and
available experimental data, it can be stated that the en�
zymes involved in metabolic transformations of xenobiot�
ics do not have high substrate specificity because of the
high structural variability of compounds. The catalysis by
these enzymes often provides a relatively low reaction
rate. It is important that these enzymes are specific
for lipophilic substrates and convert the latter into more
polar molecules, because the main function of metab�
olism of foreign substances is to enable their removal
from the body.

Apparently, when such analogies can be revealed, they
can be useful in finding new original drugs. It seems that
the question about the similarity of the enzymes, which
can be involved in metabolic processes aimed at the degra�
dation of endogenous and exogenous compounds, is the
determining factor for the choice of the structures of par�
ticular interest for pharmacological studies.

Before turning to the more detailed discussion of the
above�mentioned phases of metabolism, let us mention
yet another important factor, which is also promising for
the drug design. Thus, it is necessary to create conditions,
under which substances that can act directly or indirectly
on a particular receptor system (either on enzymes or pro�
tein structures) are delivered to organs or tissues, where
these interactions are effective.

The substance transport across plasma membranes is
of fundamental importance for all living cells. The mech�
anisms of the transport of small molecules across plasma
membranes can be divided into three types: the diffusion,
the facilitated diffusion, and the active transport.

The diffusion is the process by which molecules or ions
are transported across membranes from the high�concen�
tration region to the low�concentration region via the
Brownian motion. This transport occurs until the concen�
trations become equal. Hydrophobic compounds diffuse
across lipid membranes more rapdily than hydrophilic
compounds. The transport of neutral molecules occurs
via neutral diffusion, whose rate decreases with increas�
ing hydrophilicity of the molecules. The ion diffusion is
the process by which the charged ions are transport�
ed across membranes. This is the passive process,
which also depends on the transmembrane concentration
difference.

The facilitated diffusion is the process by which mole�
cules are transported from the high�concentration region
to the low�concentration region, the transport being me�
diated by carrier proteins located in plasma membranes.
This process is passive in the sense that the transport oc�
curs along the concentration gradient and is characterized
by the following features:

1) it is specific for particular molecules;
2) it occurs more rapidly than the usual diffusion;
3) it reaches the saturation.
Specific carriers are available for many molecules, such

as glucose, lactose, amino acids, nucleotides, glycerol,
etc. The selectivity is determined by the presence of the
stereospecific binding site in the carriers (for example, the
glucose carrier performs the transport of only D�glucose
but not of L�glucose). In the latter case, the binding of this
molecule to the carrier is followed by the structural trans�
formation as a result of which the small molecule is trans�
ported to the other side of the membrane. In this case, the
transport rate across the plasma membrane is substantial�
ly higher than the rate of simple diffusion. Apparently, this
mechanism occurs during evolution to enable the trans�
port of such hydrophilic molecules, which would other�
wise diffuse across membranes too slowly to meet the needs
of cells. In any cell, there is a certain number of carriers
for this particular molecule or ion, and when all these
carriers are occupied, the transport rate decreases. Conse�
quently, the process reaches the saturation. Some hor�
mones, such as insulin and the epidermal growth factor,
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can cause an increase in the rate of the carrier�mediated
diffusion compared to that of the usual diffusion.

The active transport is the process by which ions or
molecules are transported across cell membranes against
the concentration gradient, which requires external ener�
gy. Sodium potassium ATPase is one of the most well
studied active transport systems. In most cells, different
concentrations of Na+ and K+ ions are maintained inside
and outside the cells. The concentration ratio for each ion
can be as high as 10—15. Generally, the concentration of
K+ ions inside cells is high, whereas the concentration of
Na+ ions is low and vice versa outside the cells. Since
membranes are, though weakly, permeable to charged ions,
there is a slight leakage, and the concentrations of these
two types of ions on the opposite sides of the membranes
tend to be equal. Sodium potassium ATPase assists in the
active ion transport to prevent this equalization.

The brain penetration of drugs (and xenobiotics) de�
serves special consideration. The diffusion into the brain is
more hindered compared to that into other tissues of the
body. The hematoencephalic barrier (HEB) protecting the
brain from foreign substances is composed of high�density
cells restricting passage and, though being permeable to
lipophilic substances, it is highly impermeable to ions.
The situation is different in inflammatory processes, and
many substances can cross the hematoencephalic barrier.
Once the latter occurs, the substance can penetrate through
membranes within the brain followed by the distribution
over different areas of the brain.

Highly lipophilic compounds, such as Aminazine, Thio�
pental, and DDT, are found in the gray substance even
after the peroral administration, and are accumulated with
time in the white substance of the brain.

The elimination of xenobiotics can occur in different
ways: the elimination of the substance from the body in
the unchanged form, the elimination of substances pro�
duced by non�enzymatic transformations, and, finally, the
elimination of substances, which are formed through the
enzyme�catalyzed metabolism. The metabolism in the
body occurs primarily with the involvement of enzymes.

The urinary excretion, which involves the glomerular
filtration, the passive reabsorption, and the active tubular
transport, is among the most important excretion path�
ways. The kidney excretion of chemical compounds de�
creases with increasing degree of binding to proteins and
with increasing lipophilicity due to the enhancement of
tubular reabsorption. The fecal excretion is yet another
type of elimination. This process is determined by the
reabsorption of substances in the gastrointestinal tract,
the bile excretion, or the passive diffusion from the blood
into the intestinal lumen. The eliminations through the
skin and lungs are also essential pathways.

Let us revert to the phases of metabolism. Reactions
catalyzed by cytochrome P450 (cytochromes are microso�
mal mixed�function oxidases) belong to very important
processes occurring in the first phase. Cytochrome P450 is
the hemoprotein found in all living organisms, such as
bacteria, yeast, and animals (insects and vertebrates). In
mammalians, cytochromes P450 were found in all organs
and tissues. These membrane�bound enzymes are located
primarily in the endoplasmatic reticulum. Cytochromes
P450 are present also in mitochondria and almost in all
membranes and cells. The chemical structure of cyto�
chrome P450 consists of the protein part and the heme
moiety, viz., iron protoporphyrin�IX.

This porphyrin is involved also in other hemoproteins
and enzymes, such as hemoglobin, myoglobin, catalase,
and most of peroxidases.

The fifth ligand at the iron cation (X) is the thiolate
anion of cysteine located in the vicinity of the C terminus
of the protein. The strong iron—sulfur bond is responsible
for a relatively high electron density on iron. The sixth
ligand site (Y) is most likely occupied by the hydroxyl
group of the nearby amino acid residue or a water mole�
cule. In some structures, the sixth ligand site is occupied
by the hydroxyl group of the tyrosine residue located in the
vicinity of the heme, although this site in cytochrome
P450cam (soluble mammalian cytochrome designated as
H450) is occupied by a water molecule.

Cytochromes P450 exist as numerous enzyme/isoen�
zyme forms having different apo�protein structures. These
enzymes consist of 400—500 amino acid residues, whose
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number is similar in many forms. The amino acid residue
cysteine is of particular importance. This acid provides
thiolate for the binding. Emphasis will be given to the
redox processes catalyzed by cytochrome P450, which oc�
cupy a central place in the degradation of xenobiotics,
although other reactions are also of importance. For
a better understanding, it should be noted that microsomes
are membrane�surrounded vesicles formed by the frag�
mentation of the endoplasmic reticulum (a double mem�
brane system in the cytoplasm of eukaryotic cells). Mi�
crosomes can be isolated by differential centrifugation.

In most cases, the products that are formed in the first
phase of metabolism contain functional groups (numer�
ous examples will be given below), such as hydroxy, ami�
no, mercapto, and carboxy groups, resulting in that xeno�
biotics can undergo the second phase. This is the main
goal of the first phase (rather than the preparation of sam�
ples for the elimination). The goal of the second phase is
to synthesize water�soluble products, which can be re�
moved from the body by urine or bile excretion. Without
going into details of chemical processes, such as various
conjugations, glycosylation, sulfonation, acetylation, etc.,
it should be emphasized that this phase results in the prep�
aration for the excretion of drugs or other xenobiotics in
some way or another.

In conclusion, let us characterize the behavior of xe�
nobiotics, including the way of action of exogenous sub�
stances on the functional properties of the body as a whole
or its parts (pharmacodynamic effects) or on the reaction
of the body on the introduction of substances (pharmaco�
kinetic effects). Therefore, the pharmacodynamics con�
siders the biological effects of the injected drugs and the
mechanisms of their biological action. The pharmacoki�
netics investigates the main problems associated with the
absorption, distribution, deposition, metabolism, and re�
moval of xenobiotics.

The pharmacokinetic effects have a decisive influence
on the intensity and duration of pharmacodynamic ef�
fects. It should be mentioned that since the metabolism
affords new compounds, which inevitably have biological
activity, the effects of the substance on the body depends
on which metabolites are formed in the biotransforma�
tion. Consequently, the pharmacokinetic and pharmaco�
dynamic effects are in close relationship, and the estima�
tion of this relationship calls for a serious analysis and
experimental investigation.

Before turning to the metabolism of different xenobio�
tics (let us emphasize once again that most attention will
be given to drugs belonging to azaheterocycles), let us
consider some general problems associated with the en�
zyme catalysis of their degradation in the body and the
relationship of the pharmacodynamic characteristics of
the action of exogenous substances on the body, on the
one hand, and the pathways and results of their biotrans�
formation, on the other hand.

Most of drugs are metabolized by the body immediately
after the injection. There are two aspects of this metabo�
lism. The first aspect is the rate of metabolism. If the drug is
metabolized too fast, it can be ineffective. Another important
aspect is the nature of metabolites, which are formed after
the introduction. In the case of high toxicity of metabolites,
the drug design should be stopped. The standard method
for determining the metabolic pathway is based on the
injection of a radioactively labeled new drug and the sub�
sequent analysis of labeled substances in urine and faeces5

(other general aspects were described in the literature6).
Genetically mediated individual differences in the ef�

fects of drugs are reasonable because all pharmacodynam�
ic and pharmacokinetic processes and the metabolism of
drugs are mediated by protein structures, receptors, ion
channels, carriers, secondary messenger systems, enzymes
of the synthesis and metabolism of endogenous receptor
ligands, various modulators (including peptide modula�
tors), and drug�metabolizing enzymes. These mechanisms
are DNA�dependent, which determines their individuali�
ty. In the real life, the response to drugs is determined by
genetic and external factors, but the acquired properties
modify the genetically dependent mechanisms. The con�
jugation with glucuronic acid imparts higher polarity and
better water solubility to the conjugated compounds, thus
enhancing their excretion (Scheme 3).

Scheme 3

UDP is uridine phosphate, GUA is glucuronic acid,
GU is glucuronide

In some cases, glucuronides can be involved in subse�
quent metabolic processes and can cause toxic, including
cancerogenic, effects.

The toxic immune response was described for some
drugs derived from carboxylic acids, such as the sedative
agent Zomepirac, the antilipidemic agent Clofibrate, the
anti�epileptic agent Sodium Valproate, and the anti�in�
flammatory drug Oxaprozin.
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The differences in the individual effects of antidepres�
sants have been found already in the early steps of their
use, when groups of patients sensitive to either tricyclic
antidepressants or monoamine oxidase (MAO) inhibitors
were revealed. The monoaminergic system providing ei�
ther the degradation or preservation of amines is the main
target for the presently known antidepressants. Tricyclic
antidepressants block the reuptake of serotonin and/or
noradrenaline. The MAO inhibitors have an effect on the
metabolism of serotonin, noradrenaline, and dopamine.
Latest�generation antidepressants have a selective effect
on the transport protein mediating the transport of seroto�
nin from the synaptic cleft back to cells. These are selec�
tive serotonin reuptake inhibitors (SSRI). The primary
mechanism of action of these compounds involves the
enhancement of serotonin neurotransmission. Hence, the
genes controlling the serotonin pathways are of particular
importance for the elucidation of the factors responsible
for the individual response to antidepressants and the pre�
diction of their effects. Selective serotonin reuptake inhi�
bitors, which were most well studied in terms of pharmaco�
genetics, are used for the treatment of depressions and
some anxiety and panic attacks. All these inhibitors can
block serotonin receptors with different degrees of efficacy
and selectivity.

Benzodiazepine tranquilizers are main agents used in
the pharmacotherapy of anxiety disorder. The mechanism
of their action is based on the enhancement of the trans�
mission by γ�aminobutyric acid (GABA), which is the key
inhibitory neurotransmitter in the mammalian central ner�
vous system (CNS). In different areas of the brain, from
20 to 50% of nervous synapses contain GABA. Three types of
GABA receptors were identified; however, the GABA�A
receptor containing the benzodiazepine�binding site as a
component is most widespread in the brain. The GABA�A
receptor is the protein complex consisting of five subunits
that form the central pore passing across the cell membrane.
The GABA binding to receptors leads to conformational
changes of the complex, resulting in the opening of the
pore, thus allowing the penetration of chloride ions into
cells, which causes depolarization and hinders the excitation
of cell membranes. Barbiturates, anesthetics, alcohols, and
neurosteroids can bind to the receptor complex, which
causes the opening of the chlorine channel. Unlike these
substances, benzodiazepines act as allosteric modulators
of the GABA�recognition sites and, consequently, can en�
hance or weaken the inhibitory action of neuromediators
without the direct action on the chlorine channel.

In the simplest case (not always often), where the xe�
nobiotic metabolism occurs through one pathway to give
the only metabolite, the following situations are possible:
1) neither xenobiotic nor its metabolite exhibit significant
biological effects; 2) only the xenobiotic is biologically
active; 3) both a substance introduced into the body and
its metabolite are active; 4) only the metabolite is active.

The latter case is of particular interest because it deals
with the so�called prodrugs.

The drug metabolism is mainly the way by which the
body breaks down a drug. However, in often cases the
metabolic transformations afford substances with greater
biological activity. For different reasons, metabolites can�
not often be used directly. For example, metabolites can�
not be effectively delivered to the target (penetrate through
the corresponding membranes) or are insufficiently stable
to act as individual drugs.

The known urinary antiseptic Urotropinum is an ex�
ample of prodrugs. In essence, Urotropi�
num serves to deliver formaldehyde that is
formed from Urotropinum under the ac�
tion of acids in the urine.

1�Methylphenobarbital is easily trans�
formed into phenobarbital (3) in the liver
endoplasmic reticulum (Scheme 4). The same process is
typical also of other N�methyl�substituted derivatives of
heterocycles.

Scheme 4

Phenobarbital (3) is still (although it was used for the
first time at the beginning of the 20th century) one of the
most effective antiepileptic drugs, which specifically sup�
preses high�voltage high�frequency discharges in the brain
experienced during an epileptic seizure.

Benzonal (4) can easily be transformed into phenobar�
bital (3) by 1�debenzoylation, which readily occurs in
aqueous media.

Actually, the investigation of the pharamacokinetics
and metabolism of benzonal (4) showed that this drug is
rapidly metabolized in the body to give phenobarbital (3),
which exerts anticonvulsant effects. Therefore, benzonal
(4) is the prodrug.

The true drug, viz., dihydrotriazine derivative 5, is pro�
duced in the body under the treatment with the antimalar�
ial drug Bigumal (6) (Scheme 5).

Analogous processes associated with the formation of
more active compounds are observed under the treatment
with antitumor drugs, such as Cyclophosphane (7) and
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Fluorofur (8). As a result, phosphoramide 9 and the known
drug 5�Fluorouracil (10) (Scheme 6) are produced.

Scheme 6

Metabolic transformations of heterocycles

It is reasonable to separately consider heterocyclic
compounds primarily because heterocycles dominate
among various drugs.

It should be noted that a knowledge of the chemical
structures of true drugs is of considerable importance be�
cause it provides a route to the synthesis of structures most
suitable (most complementary) for interactions with a par�
ticular receptor system.

It is very important that enzyme systems specific for
endogenous substrates are actively involved in the degra�
dation of xenobiotics.

Cytochrome P450�mediated reactions are most com�
mon in the phase I metabolism. These oxidative processes
have a central place in the degradation of xenobiotics.

When discussing the drug metabolism, it should bear
in mind that in many cases various parallel and successive
reactions occur to give numerous products whose proper�
ties often differ from those of the initial molecule. As an

illustration, the catabolism of the new antipsychotic agent
Mazapertine (11)7 is presented in Schemes 7 and 8. This
catabolism involves a series of processes, such as hydroxy�
lation, dealkylation, deacylation, amidation, dearylation,
debenzylation, etc. It should be noted that not all these
processes can easily be performed by non�enzymatic path�
ways. For example, it is impossible to introduce hydroxy
groups into the piperidine ring without using an enzyme.
It should be noted that the selective dealkylation in the
case of such a large number of functional substituents with�
out the involvement of enzymes is also a non�trivial prob�
lem for synthetic chemists.

Hereinafter, the metabolism of heterocycles will be
considered in relation to the ring size of the substrates
under study.

Small rings. Let us start with aziridine derivatives. Yet
another monooxygenase system involved in the metabo�
lism of xenobiotics, viz., microsomal flavin�containing
monooxygenases (FMO), deserves attention. The proper�
ties of these enzymes are similar to those of flavoprotein
monooxygenases found in bacteria, viz., p�hydroxyben�
zoate hydroxylases, salicylate hydroxylases, cyclohex�
anone oxygenases, and luciferases. The catalytic cycle of
FMO begins with the binding of NADPH and the reduc�
tion of flavin to FADH2.8 In addition, FMO mediates
also the oxidation of aziridines to unstable N�oxides,
which are decomposed to form olefins and nitrosoalkanes
(Scheme 9).4

Azetidine derivatives also form N�oxides (Scheme 10).
The major in vivo metabolite of Tazadolene (12), which

is a non�opioid analgesic with antidepressant properties,
is formed through the cleavage of the strained azetidine
ring (Scheme 11).

Five�membered heterocycles. The study of the metabo�
lism of 3�(p�chlorophenyl)pyrrolidine (13), which is the
prodrug of the myorelaxant Baclofen, showed that its
transformation follows two pathways (Scheme 12)9 to give
Baclofen (14) and Baclofen Lactam (15) (path A) or α�
Baclofen (16) and α�Baclofen Lactam (17) (path B). The
path A is preferred over the cytochrome P450�catalyzed
oxidation (path B) due apparently to steric factors.

The transformations of xanthine derivatives, such as
the drugs Caffeine (18), Theophylline (19), and Theobro�
mine Sodium Salt (20), are catalyzed by the enzyme xan�
thine oxidase (Scheme 13)10 and afford uric acid (21).

Saturated (or partially hydrogenated) heterocycles are
subjected to cytochrome P450�catalyzed oxidation result�
ing in the cleavage of N—C bonds. Thus, 2�(α�pyridyl)�2�
phenylethylimidazoline (22) injected into rats is oxidized
to a number of compounds that are formed through the
cleavage of the imidazoline ring (Scheme 14).

The metabolism of furan derivatives typical of many
five�membered heterocycles, including nitrogen�contain�
ing heterocycles, was considered in the study.2 Two pro�
nounced metabolic pathways are observed for furan deriv�

Scheme 5
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Scheme 7

Scheme 8
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atives 23. One of these pathways (a) is based on the
4,5�epoxidation giving rise to 5�hydroxy derivative 24 fol�
lowed by the rearrangement into lactone 25, whose hydr�
olytic cleavage affords the corresponding γ�keto
acid 26. Another pathway (b) involves the oxidative ring
opening to give an unsaturated keto aldehyde. Metabo�
lites of this type are highly active electrophilic reagents
capable of covalent binding to tissue macromolecules
(Scheme 15).2

Scheme 9

Scheme 10

Scheme 11

Scheme 13

Scheme 12
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Scheme 16 reflects the metabolic pathways associated
with the biodegradation of the alkaloid nicotine (27)11

involving the formation of the corresponding derivatives
of carbinolamine (28), lactam (cotinine, 29), and amino
acid (30).

As is evident from the structure of the substrate (nico�
tine), the oxidation can afford (Scheme 17) either 1´,2´�
(31) or 1´,5´�dehydro cations (32), which undergo further
transformations to form products of different structures.2,11

Let us emphasize once again that the key step of the
process under consideration affords carbinolamines, which

are often unstable. These compounds undergo rapid hy�
drolysis to give amine and formaldehyde, and the latter is
oxidized by dehydrogenases to formic acid. It should be
noted that some carbinolamines were detected and their
conjugates, for example, glucuronides, were identified.
Thus, N�methylcarbazole (33) is spontaneously decom�
posed to give carbazole (34) and formaldehyde, but this
process is strongly accelerated by different animal species
liver microsomes (Scheme 18).1

Analogous schemes were suggested also2 for other pyr�
rolidine derivatives, such as Tremorine (35) and Prolin�
tane (36) (Scheme 19).

The pyrimidine derivative, viz., 4,6�bis(pyrrolidino)�
pyrimidine (37), is transformed into relatively stable
carbinolamine 38 upon the incubation with rat liver mi�
crosomes (Scheme 20).12

One of the metabolites of 3�methylindole (39) is
3�hydroxy�3�methyloxindole (40). The route to this bicy�
clic lactam involves the initial P450�mediated formation
of epoxide followed by the oxirane ring cleavage to form
the iminium ion A (Scheme 21),2 which undergoes the
transformation into methyloxindole 40 catalyzed by alco�
hol oxidase (AO).

The antiepileptic drug Zonisamide 41 is an example of
compounds containing the N—O bond in the heterocycle.
The reductive cleavage of the latter in the body is accom�
panied by the cleavage of the isoxazole ring to form sul�
fonamides (Scheme 22).2

The P450�mediated oxidative transformation of indole
(42) affords dimeric products (Scheme 23). The binding
of indoxyl (43) on the outer side of the P450 active site
gives indigo (47) and indirubin (48). It is suggested
that other products, for example, such as 6H�oxazolo�
[3,2�a:4,5�b´]diindole (46), are formed after the binding

Scheme 14

Scheme 15

Scheme 16
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in the active site of the enzyme. It is very interesting
that the above�considered oxidative processes afford such
derivatives as indoxyl (43), oxindole (44), 6�hydroxyin�
dole (45), isatin (49), and 3�hydroxyindole (50) (see
Scheme 23).

Yet another impressive example of biotransformations
giving the effective antitumor agent (antileukemic drug)
6�mercaptopurine (51) is the use of S�(6�purinyl)�L�cys�
teine (52) as a prodrug. The clinical use of 6�mercaptopu�
rine is complicated by its fast biotransformation under

Scheme 17

Scheme 18

Scheme 19

Scheme 20
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catalysis by xanthine oxidase giving inactive 6�thiouric
acid (53). The extensive metabolism forces the use of 6�
mercaptopurine in very high doses. This results in the dam�
age of liver and other tissues and causes substantial toxic
effects, which are to a large extent eliminated with the use
of S�(6�purinyl)�L�cysteine (Scheme 24).

Six� and seven�membered heterocycles. Six�membered
N�heterocycles also undergo N�oxidation. A large series
of alkaloids, such as morphine (54), codeine (55), ethyl�
formine, atropine, scopolamine, cocaine, and strichnine,
are good substrates of FMO.

Scheme 22

Scheme 21

Scheme 23

Scheme 24
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By contrast, hydroxymorphine, nalorphine, naloxone,
and brucine are poor substrates.13

The phase II metabolism involves also the conjugation
with fatty acids typical of various heterocycles, including
O�heterocyclic compounds. The process is exemplified by
the cannabinol derivative (56),2,4 which is an active ingre�
dient of the cannabis resin (the narcotic substances mari�
juana and hashish from Indian hemp causing narcotic ad�
diction). The liver microsomal fraction catalyzes the
O�acylation of the 11�hydroxy group of palmitic and stear�
ic acids (Scheme 25).

Scheme 25

R = CO(CH2)14Me, CO(CH2)16Me

Very interesting phenomena are observed in the bio�
transformation of morphine (phase II metabolism).3 The
conjugation of morphine to glucuronic acid follows two
pathways to give 3�β�D�glucuronide (57a) as the inactiva�
tion product of morphine and 6�β�D�glucuronide (57b),
which is more active than morphine and is used as an
analgesic (Scheme 26).

The biotransformation of the antipsychotic agent of
the phenothiazine series, viz., Sulforidazine (58), also af�
fords lactam 59 (Scheme 27).14

Metabolites of the central nervous system stimu�
lant Methylphenidate (60) contain the piperidone ring
(Scheme 28).15

After injection into rats, the thrombocyte aggregation
inhibitor, viz., the tetrahydroimidazo[2,1�b]quinazolin�2�
one derivative, is transformed into the metabolite of pip�
eridone and the corresponding amino acid, with the latter
predominating (Scheme 29).15

Other six�membered heterocycles are subjected to bio�
transformations similar to that characteristic of pipe�
ridines. Thus, lactam containing the piperazinone fragment
is the main metabolite of Ciprofloxacin3,4,16 (Scheme 30).

The cytochrome P450 catalysis leads to the hydroxyla�
tion of pyridine at positions 2 and 4, the transformation
of pyrazinecarboxamide into the 5�hydroxy derivative
(these hydroxy derivatives are stabilized in the lactam oxo
form), and the hydroxylation of pyrazole at position 4
(Scheme 31).1—4

Compounds with two pyridine rings undergo the re�
gio� and stereoselective N�oxidation. Thus, the diagnostic
drug Metyrapone (61) is oxidized at both pyridine nitro�
gen atoms; however, the oxidation at the N atom of the
ring adjacent to the carbonyl group is the major process in
rat liver microsomes (Scheme 32).17

The enzymatic oxidation of 1,3�(4�dipyridyl)�2�phe�
nylpropan�2�ol affords only the enantiomerically pure
levorotatory isomer (Scheme 33).18

N�Oxides rather rarely exhibit the in vitro pharmaco�
logical activity, but they are often in vivo active because
these compounds are metabolized in the body through the
reduction of the oxide group.

Let us consider 1,4�dihydropyridines, which can be
included in the group of cyclic dienamines and which be�
long to an important class of biologically active com�
pounds. This class of compounds includes a large number
of antihypertensive drugs, viz., calcium antagonists (4�

Scheme 26
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Scheme 28

Scheme 27

Scheme 29

Scheme 30
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aryl derivatives, such as Nifedipine, Foridon, Felodipine,
and Amlodipine).

Dihydropyridines containing alkyl substituents at po�
sition 4 of the pyridine ring exhibit properties of irrevers�
ible cytochrome P450 isoenzyme inhibitors.

Dihydropyridine derivatives serve as substrates of cy�
tochrome P450, which are subjected to aromatization

in one of the stages of metabolism (after the oxidative
stage).19,20 The initial stage involves the one�electron oxi�
dation of the nitrogen atom to form the aminium radi�
cal cation. The further transformations of this radical
cation depend on the nature of the substituent at posi�
tion 4. In the presence of the alkyl group, the radical
cation is subjected to aromatization to give the alkyl ra�
dical; in the presence of the aryl group, the proton ab�
straction is followed by the cytochrome P450�mediated
oxidation to give finally the 4�arylpyridine derivative
(Scheme 34).21

Scheme 34

Scheme 31

Scheme 32

Scheme 33
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The metabolism of hetarylamines can be exemplified
by the oxygenation of the antibacterial drug Trimethop�
rim (62). It was found that the hydroxylation, which is
generally observed for benzene derivatives, does not occur
in the latter case; instead, two N�oxides at the N(1) and
N(3) atoms are formed (Scheme 35).22

However, the metabolism of adenine (63) occurs
through another pathway to give the hydroxylamine de�
rivative, viz., N�(6)�hydroxyaminopurine (64) (Sche�
me 36).1,2,4

Scheme 36

Tiaramide (65) is a new anti�inflammatory drug, which
is also metabolized to N�oxide (Scheme 37).2

Scheme 37

The ring opening (in the case under consideration, the
opening of the saturated six�membered ring) is typical of
some biodegradation pathways of the antihypertensive drug
Debrisoquine (66) (Scheme 38).23—25

The oxidative degradation of the antimalarial drug
Mefloquine (67) affords 2,8�bis(trifluoromethyl)quino�
line�4�carboxylic acid (Scheme 39).26a

Scheme 39

The oxidative metabolism of the anesthetic and anal�
gesic drug Phencyclidine (68) giving various metabolites
and intermediates is shown in Scheme 40.

It should be noted that some compounds produced by
the biotransformation have a strong toxic effect.26b

Amine oxidases26с are divided into several classes:
monoamine oxidases (MAO) responsible for the metabo�
lism of catecholamines, diamine oxidases (DAO) cata�
lyzing the metabolism of endogenous diamines, for exam�
ple, of histamine, as well as flavoprotein N�oxidases and
flavoprotein hydrolases.

Monoamine and diamine oxidases are involved pre�
dominantly in the metabolism of endogenous substances;
N�oxidases are important for the drug metabolism. An
example is the antidepressant Imipramine (69), which is
the non�selective reuptake inhibitor of the neuromedia�
tors noradrenaline, dopamine, and serotonin. N�Oxidases
are located in liver microsomes. These enzymes exhibit
catalytic activity in the presence of NADPH and molecu�
lar oxygen. The oxidation of Imipramine (69) occurs at the

Scheme 35

Scheme 38
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exocyclic dimethylamino group to form the correspond�
ing aliphatic N�oxide27 (Scheme 41).

Scheme 41

Many drugs, for instance, the psychotropic agents, such
as the neuroleptic agent Trifluoperazine, the antipsychotic
medication Fluphenazine, the antiemetic agent Prochlor�
perazine, and the tranquilizer Perphenazine, contain the
piperazine fragment.

The chronic injection of these drugs into rats and dogs
leads to the accumulation of metabolites containing the
ethylenediamine fragment in tissues. The general scheme
of the degradation of these drugs in the body is shown in
Scheme 42.2

The analgesic and anti�inflammatory drug Emorfa�
zone (70) contains the morpholine moiety whose oxida�
tion is the major process in the metabolism of this drug
(Scheme 43).28

In this context, it is reasonable to consider the known
anticancer drug Cyclophosphane (7) once again.29 As
mentioned above, Cyclophosphane is a prodrug whose de�
gradation ensures the activation and the cytotoxic effect
predominantly in hypoxic tumor cells and the deactiva�
tion in healthy cells.

Scheme 40

Scheme 42
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The biodegradation of Cyclophosphane (7) occurs via
the P450�catalyzed oxidation to give a number of acyclic
phosphoramide compounds. The metabolism affords also
acrolein 71 (Scheme 44).29

The metabolism of the antibacterial drug Piromidic
acid (72) does not produce lactam due to steric hindrance
and only an amino acid derivative is formed by the meta�
bolism2 (Scheme 45).

The antihypertensive drug Debrisoquine (66) under�
goes the oxidation at the benzylic methylene unit at posi�
tion 4 both in human and animals (Scheme 46).23—25

The methylene groups at positions 1 and 3 are also
oxidized to form hydroxy and then oxo derivatives. The
further cleavage of the lactam rings affords the correspond�
ing acids (Scheme 47).

The sedative and hypnotic drug Zaleplon (73) is me�
tabolized through the oxidation at the pyrimidine ring to

Scheme 43

Scheme 44

Scheme 45

form heterocyclic lactam containing the pyrimidine moiety
(Scheme 48).2
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Scheme 48

The formation of the bond between the six�membered
cyclic systems is observed in the oxidation of the alkaloid
salutaridine (74). Scheme 49 shows the pathway of subse�
quent transformations of this alkaloid through thebaine
(75) and codeine (55) into morphine (54). The formation
of salutaridine (in liver and plant microsomes) assumes
the involvement of reticuline (76).

The enzymatic oxidation of the narcotic analgesic drug
Meptazinol (77) occurs regioselectively to form only the
7�oxo derivative (Scheme 50). The 2�oxo metabolite
was not found and its absence is apparently attributed to
steric factors.2

For the known neurotoxin 1�methyl�4�phenyltetra�
hydropyridine (MPTP) that causes Parkinson´s dis�
ease in human and mice, the detoxification by mono�
amine oxidase B affords the corresponding lactam
(Scheme 51).30

Scheme 46

Scheme 47

Scheme 49
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Scheme 51

Some other important metabolic processes

The N�oxidation, N�alkylation, N�dealkylation, and
other processes31—36 are not only associated with hetero�
cyclic compounds and drugs but are also related to other
types of compounds, i.e., are in many aspects common to
the metabolism of organic compounds.

The N�oxidation at the aza groups of some derivatives
of aromatic azaheterocycles was considered above.

Of the drugs whose metabolism involves the N�oxida�
tion of the dialkylamino group, let us note the antidepres�
sants Imipramine (69), Zimeldine (78), and Amitri�
ptyline (79) (Scheme 52), the monoamine oxidase inhibi�
tor, the antihypertensive drug Pargyline (80), the local
anesthetic Lidocaine (81), the anorexigenic drug Benz�
phetamine (82), the antiemetic antipsychotic tranquilizer
Chlorpromazine (83), and the anti�Parkinson drug Sele�
giline (84) (Scheme 53).

It is interesting that imipramine N�oxide, which is the
major metabolite of Imipramine, also has a strong antide�
pressant effect.

Compounds containing seven�membered rings are also
oxidized at the nitrogen atom. For example, the known
antihypertensive drug Guanethidine (85) undergoes
N�oxidation at the tertiary nitrogen atom (catalyzed by
FMO) (Scheme 54). It is interesting that the guanidine
fragment in this case is resistant to oxidation.

It should be noted that flavin adenine dinucleotide
(FAD)�containing monooxygenases catalyze the oxida�
tion of different amines, for examples, of the antidepres�
sants Desipramine and Nortriptyline and the antipsycho�
tic Perazine.27

Many nitrogen�containing compounds, such as
N,N�dimethyltriazenes (86), N,N´�dimethylformamidines
(87), and N,N�dimethyl�N´�arylureas (88), undergo de�
methylation in the metabolism.

Scheme 50

Scheme 52
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The transformation of 1�methylphenobarbital into
phenobarbital (89) in the body (in the liver endoplas�
mic reticulum) (Scheme 55) is an example of the
metabolic demethylation in the heterocyclic series
(for drugs).

Asaphen (90) is metabolized to form demethyl and
dedimethyl derivatives, the activity of the latter compounds
being as high as that of Asaphen (Scheme 56).

Scheme 56

The dealkylation (i) is often accompanied by the oxi�
dative deamination (ii), as was observed for the known
β�adrenoblocker propranolol (91) (Scheme 57).

Scheme 57

i. Dealkylation; ii. deamination.

Scheme 53

Scheme 54

Scheme 55
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Of the drugs that undergo dearylation, let us mention
the neuroleptic Zetidoline.37

The hypothetical mechanism of oxidative dearylation,2

which is a very rare process in organic synthesis, is pre�
sented in Scheme 58.

Scheme 58

Let us consider the metabolic deacylation.1 There are
cases when the intestinal metabolism is favorable for the
oral administration. This relates, for example, to the sul�
fonamide antibiotic Succinylsulfathiazole (92) serving as
a prodrug (Scheme 59). This compound is poorly absorbed
through the intestinal walls and is easily hydrolyzed by
intestinal enzymes to active sulfathiazole (93). This local
hydrolysis produces a high effective concentration of the
drug in the intestine, due to which it exerts a desired ther�
apeutic effect in the treatment of intestinal infections.

Scheme 59

As mentioned above, the dealkylation is a usual meta�
bolic transformation of various N�alkyl derivatives. The
transformations associated with the N�dearylation are
more rare (see also the above�mentioned data on the neu�

roleptic Zetidoline).37 For example, the hepatic microso�
mal metabolism of N�phenyl�2�naphthylamine affords the
hydroxy metabolite, whose oxidation gives 2�naphtylamine
and benzoquinone (Scheme 60).

Scheme 60

Generation of nitric oxide in the metabolism of
heterocyclic derivatives

In the last 15 years, progress in biology caused funda�
mental changes in our knowledge about the functioning of
various biological systems. It was found that such a low�
molecular�weight compound as nitric oxide NO is one of
the universal and necessary regulators of functions of cell
metabolism. Unexpectedly, it appeared that the gas, which
is toxic, whose molecule is moreover a free radical, and
which is a short�lived compound that easily undergoes
various chemical transformations, is continuously enzy�
matically produced in mammalians and has a key effect
on various physiological and pathophysiological process�
es. Nitric oxide is involved in the regulation of the tone of
blood vessels, inhibits the aggregation of thrombocytes
and their adhesion to blood vessel walls, acts in the central
and vegetative nervous system, and regulates the activity
of the respiratory system, the gastrointestinal tract, and
the urogenital system. Nitric oxide has a very broad spec�
trum of biological activities. It plays an important role in
the neurotransmission, the immune regulation, and the
body protection against bacterial damage. In 1992, the
NO molecule was named "Molecule of the Year" in the
journal Science. In 1998, three American scientists,
R. Furchgott, L. Ignarro, and F. Murad, were awarded
the Nobel Prize in Physiology and Medicine for their dis�
coveries concerning nitric oxide as a signaling molecule in
the cardiovascular system. The number of reviews and orig�
inal publications devoted to the problem of NO greatly
increased each year.38—53

Zetidoline
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This section deals with the analysis of the modern lite�
rature concerning the generation of nitric oxide in the
metabolism of drugs belonging to azaheterocyclic com�
pounds.

It is known that nitric oxide is generated in the body by
NO synthase (NOS) as a result of the oxidation of the
amino acid L�arginine (94), which is transformed into the
ureido amino acid citrulline (95) (Scheme 61). The me�
tabolism of arginine was considered in Chapter 1 of the
monograph.52

Scheme 61

For various drugs, it was established that they release
nitric oxide in vitro and many of them in vivo. For some of
these agents, such as nitrates, S�nitrosothiols, sodium ni�
troprusside, and molsidomine, the major action is directly
determined by the ability to generate NO.52 For other
agents, the generation of NO is apparently a minor func�
tion, and the elucidation of their role in the biological
action calls for a serious study.

The problems of the generation of nitric oxide from
exogenous compounds are related to the recent investiga�
tion on the ability of pyrazole derivatives containing the
guanidine or amidine groups as substituents to undergo
transformations accompanied by the release of a nitric
oxide molecule during oxidation.54 The oxidation by po�
tassium ferricyanide was carried out in an alkaline medi�
um, and the formation of the nitroprusside anion was de�
tected by polarography. Apparently, the NO release oc�
curs by the usual mechanism associated with the N�hydr�
oxylation in the first step (Scheme 62).

As an example, I give the scheme of metabolism and
degradation of the known anti�anginal drug Molsidomine
(96)55—58 whose biological action was established to be as�
sociated with its ability to release nitric oxide (Scheme 63).

Scheme 62

Scheme 63

i. Liver esterases.
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It was found that the decomposition of the intermedi�
ate SIN�1A (unlike that of SIN�1) is the pH�independent
process and occurs with the involvement of oxygen. More�
over, there is the correlation between the oxygen con�
sumption and the generation of nitric oxide in buffered
solutions of SIN�1. It is essential that it is NO rather than
HNO that is generated along with SIN�1C from SIN�1A.
The intermediate SIN�1A is an activator of soluble guany�
late cyclase (sGC) and increases the intracellular concen�
tration of cyclic guanosine monophosphate (cGMP) gen�
erated from guanosine triphosphate (GTP) and, corre�
spondingly, enhances its effects, viz., the vasodilation, in�
hibition of thrombocyte aggregation, neurotransmission,
and immune response regulation, which are typical of ni�
tric oxide donors.

However, in spite of the diversity of biological effects
caused by the NO release and different types of systems
influenced by this regulator of metabolism, sGC located
in vascular smooth muscle walls is the most important
physiological target of nitric oxide in the body.43 The func�
tioning of guanylate cyclase is directly related to the phys�
iological effects of NO, such as its antihypertensive and
anti�aggregation properties (Scheme 64).

Scheme 64

The transformation of Molsidomine (96) accompa�
nied by the NO release affords the superoxide radical an�
ion, resulting in the peroxynitrite effects of SIN�1, such as
the low�density lipoprotein oxidation, the deoxyribose de�
gradation, the inhibition of glyceraldehyde�3�phosphate
dehydrogenase, and the cytotoxic action. Scheme 63 pre�
sents the enzymatic degradation of Molsidomine (96).
However, the non�enzymatic degradation of the drug is

also possible. Thus, under physiological and more alkaline
conditions, SIN�1 undergoes the more rapid non�enzy�
matic ring cleavage to form SIN�1A, which is relatively
stable at pH 7.4 under anaerobic conditions in light�pro�
tected solutions. At the same time, even traces of oxygens
promote further transformations up to the formation of
N�morpholinoiminoacetonitrile (SIN�1C). It is essential
that the visible�light irradiation leads to a substantial in�
crease in the rate of oxygen�dependent nitric oxide re�
lease from SIN�1. Based on these data, the pathways of
the possible biotransformation of the mesoionic psycho�
tropic drugs Sydnocarb (97) and Sydnophen (98) were
considered.59 Both these drugs contain the β�phenylalkyl�
amino group.

The mechanisms of action of these compounds adopt�
ed in the pharmacological literature are associated with
the indirect sympathomimetic effect consisting of the fol�
lowing two components: the release of the mediator nor�
adrenaline from its neuron depot and the inhibition of its
reuptake. It is well known that Sydnophen (98) is an ef�
fective monoamine oxidase inhibitor, which is responsible
for its antidepressant action.

The effective psychostimulant Sydnocarb (97) is an
indirect sympathomimetic agent. However, the pro�
nounced structural similarity of these sydnonimine deriv�
atives and Molsidomine (96) serving as a nitric oxide do�
nor suggests that both Sydnophen and Sydnocarb, by ana�
logy with Molsidomine,60 can generate NO in the living
body (Scheme 65).

The polarographic study of the hydrolysis of Sydno�
carb and Sydnophen in a phosphate buffer, pH 8.2, showed
that the transformations presented in Scheme 65 afford
N�nitroso�N�phenylisopropylaminoacetonitrile, whose
oxidation by potassium ferricyanide gives nitric oxide. It
should be noted that the oxidative step is the necessary
condition for the nitric oxide release, because the NO
generation is not observed under anaerobic conditions. In
addition, the hydrolysis of the phenylcarbamoyl fragment
in the first step is required for Sydnocarb. Therefore, the
metabolic chain of the NO donor Molsidomine (96) is
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modeled in vitro, and hence the nitric oxide release in the
body can occur when these drugs are used. However, there
is no direct evidence of the significance of this process for
the manifestation of the pharmacological activity of these
mesoionic agents. The estimation of the contribution of
released NO to the mechanism of psychotropic activity of
Sydnocarb and Sydnophen calls for special biochemical
and pharmacological research.

The investigation61 also considered the NO donor abil�
ity of sydnonimines. Table 1 gives the yields of nitric ox�
ide generated by the oxidation of sydnonimines 96 and
98—105 by atmospheric oxygen in an alkaline medium
(0.1 М NaOH) at 80 °C for 30 min.

These sydnonimines are clearly divided into two groups:
compounds bearing amino�containing substituents at
position 3 of the heterocycle (96 and 99—102) and
compounds bearing alkyl substituents at this position
(103—105). The properties of the sydnonimines were com�
pared with those of Molsidomine (96) and Sydnophen (98).

A comparison of the results, for example, for compounds
99 and 104 shows that the degradation of the former
compound affords nitric oxide in an amount, which
is more than an order of magnitude larger compared to the
latter compound. It should be emphasized that, unlike
usual amino�substituted aromatic compounds, in which
amino groups act as strong electron donors, the amino
substituent in sydnonimines at position 3 cannot be in�
volved in the donor conjugation. Actually, the structure A
does not make a substantial contribution to the resonance
hybrid (Scheme 66).

Scheme 66

Hence, it seems possible that the first hydrolytic step
resulting in the elimination of the N�phenylcarbamoyl

Scheme 65

Table 1. Yields of nitric oxide in the oxi�
dation of sydnonimines 96 and 98—105

Compound Yield of NO (%)

96 14±2.0
98 1±0.2
99 31±2.0
100 19±2.0
101 22±2.0
102 22±2.0
103 0.7±0.2
104 0.7±0.2
105 3.6±0.2
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group under the action of the hydroxide anion occurs more
easily in the presence of the dialkyl substituent, in particu�
lar, of the dimethylamino group, compared to compounds
containing the electron�releasing alkyl substituent. How�
ever, it should be noted that this effect is not dominant.
Otherwise, it cannot be explained why the yields of NO for
compounds containing no N�exo�acyl groups (for exam�
ple, 99 and 98 or 103) are also substantially different.
Apparently, the transformation of the radical cation RC
into the cation C and nitric oxide plays the major role in
this difference. In the cation C, the situation is radically
different compared to the initial molecule, and the dialkyl�
amino groups in the cation C are strong electron donors
(Scheme 67).

Scheme 67

If assuming that the transition state of the process
RC →→→→→ C is similar to the final compound C, this stabilization
should lead to a sharp decrease in the activation energy of
the process and, correspondingly, to an increase in the
degradation rate and, consequently, to a decrease in the
contribution of side (with respect to the NO generation)
reactions, such as the formation of nitroxide and the known
recyclization of sydnonimines into oxotriazoles.

The results obtained in the study61 are in good agree�
ment with the preliminary data on the activation of the
enzyme soluble guanylate cyclase (sGC) by these com�
pounds. This enzyme catalyzes the formation of the se�
condary mediator, cyclic guanosine monophosphate, from
guanosine triphosphate. As mentioned above, the investi�
gation of the action of various drugs on sGC is a conve�
nient and reliable test for the validation of the ability of the
compounds under study to release nitric oxide, because
the non�heme mechanism of activation of sGC is very
rare. In the case under consideration, the activation of
sGC by the first group of compounds is substantially high�
er than that caused by sydnonimines of the second group.

The results of the study61 suggest that the most effective
nitric oxide donors of this series should be searched for
among compounds containing amino substituents at position
3 of the sydnonimine ring. This can be a rational approach
to the search for new biologically active compounds.

Another direction of the search for nitric oxide donors
among known drugs is based on the investigation of com�

pounds containing the guanidine fragment. This approach
seems to be reasonable because the guanidine NH group
of L�arginine is responsible for the generation of nitric
oxide under physiological conditions.

Guanfacine (106) and Clonidine (107) were chosen
for studying in the first step.52,59

These drugs are stimulants of α2�adrenoreceptors in
vasomotor centers, decrease the sympathetic outflow from
the central nervous system, and reduce the release of the
mediator noradrenaline from nerve endings, resulting fi�
nally in the hypotensive effect. Both these drugs contain
the guanidine fragment, thus being able to serve as sub�
strates of the oxidative enzymes NO synthases. Actually,
the polarographic study showed52 that the oxidation of
these compounds can lead to the elimination of nitric
oxide. It should be noted that the activity of Guanfacine
as an NO donor is higher than that of Clonidine contain�
ing the cyclic guanidine fragment and is somewhat lower
than that of L�arginine (the main source of NO in the
body). Under the conditions in which the oxidation was
performed,52 all the compounds under study, including
arginine, produce nitric oxide.

It was also found that Guanfacine (106) and Cloni�
dine (107) cause the drug concentration�dependent acti�
vation of soluble guanylate cyclase. It was hypothesized
that the oxidation of Guanfacine containing the open
guanidine fragment occurs by the same mechanism as the
oxidation of L�arginine (Scheme 68).

Scheme 68

In the case of Clonidine (107), the situation is compli�
cated by the cyclic imidazoline system, and the hypothetical
scheme of oxidation of this drug is different (Scheme 69).
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The dehydrogenation and oxidation of the resulting
oxime (according to the scheme known for oximes) are
the key steps. An attempt was made to accelerate the de�
hydrogenation by adding NAD+, and it was shown that in
the presence of this coenzyme, which can be involved in
redox processes accompanied by the hydride ion transfer,
the activation of soluble guanylate cyclase (sGC) is rela�
tively sharply increased under the action of Clonidine
(107). To a certain extent this fact confirms the validity of
the above�considered scheme. Among drugs containing
the guanidine fragment, there are the antihypertensive
agents Guanoxan and Guanabenz.

It was found52 that the treatment of Guanfacine (106),
Guanoxan, and Guanabenz with the oxidizing agent sodi�
um hypochlorite (10–3 mol L–1) at 60 °C for 30 min at
pH 9.2—11 affords nitric oxide in yields of 2—3, 4—6, and
4—6%, respectively.

It is important that both Guanoxan and Guanabenz
activate soluble guanylate cyclase, the effect being signifi�
cant particularly in the case of Guanoxan. This is a con�
siderable evidence for the in vivo NO�donor ability of
these drugs.

Moxonidine containing (like Clonidine) the cyclic
guanidine (imidazoline) fragment is yet another agent at�
tracting attention as a possible nitric oxide donor.52

This interesting long�lasting antihypertensive agent is
the imidazoline receptor agonist. The oxidation of Mox�
onidine by sodium hypochlorite under the same condi�
tions as those used for Guanoxan and other related drugs
(see above) produces NO in 2—3% yield. Moxonidine, as
it is typical of NO donors, exhibits the properties of
a stimulant of guanylate cyclase. As in the case of Clofe�
lin, the addition of NAD+ sometimes increases the level of
activation of this enzyme, although this effect is less pro�
nounced for Moxonidine and is observed not at all con�
centrations.

Known antimicrobial agents of the nitrofuran series
are of interest in terms of this problem. Nitrofurans are
effective with respect to Gram�positive and Gram�nega�
tive bacteria. Since it is known that the furan ring can be
cleaved by various nucleophilic agents, it was suggested
that, under reducing condition, nitrofuran derivatives can
undergo dearomatization, which, at least partially, should
result in the formation of compounds capable of releasing
nitric oxide.62

The behavior of a number of drugs of the nitrofuran
series, such as Furacillin, Furagin, and Furazolidone, un�
der reducing conditions was studied.

The heating of solutions of these compounds (at con�
centrations of 10–4 and 2⋅10–4 mol L–1) with potassium

Scheme 69

i. Oxidation. ii. Hydrolysis. iii. Dehydrogenation.



Granik28 Russ.Chem.Bull., Int.Ed., Vol. 59, No. 1, January, 2010

ferrocyanide (с = 10–3 mol L–1) at 60 °C and pH 5 result�
ed in the formation of the nitroprusside anion (polaro�
graphic data), which is evidence that nitric oxide is gener�
ated under reducing conditions. The second type of reduc�
tion of nitrofuran derivatives is based on the reduction by
ascorbic acid (pH 6.5) followed by the addition of potassi�
um ferrocyanide and also affords nitroprusside as a result
of the nitric oxide release under these conditions.

There are published data that the radical anions gener�
ated by the reduction of 5�nitrofurans can undergo the
nitro→nitroether rearrangement. Based on this fact, the
mechanism was proposed62 for the generation of nitric
oxide upon the degradation of drugs of the nitrofuran se�
ries (Scheme 70).

Scheme 70

As mentioned above, many nitric oxide effects are as�
sociated with the formation of peroxynitrite. Presumably,
the antibacterial action of the latter compound is deter�
mined by the inhibition of the mitochondrial electron
transport chain, resulting in the inhibition of cellular res�
piration in microorganisms. Consequently, it cannot be
ruled out that the ability of the above�considered drugs to
generate nitric oxide is one of the factors responsible for
their high antimicrobial activity.

Finally, let us consider two drugs derived from nitro�
heterocycles, like the above�considered nitrofurans. These
are the known antiprotozoal drugs Metronidazole (108)
and Nitazole (109).

Metronidazole, 1�(2�oxyethyl)�2�methyl�5�nitroimid�
azole, has a broad spectrum of chemotherapeutic activi�
ties against anaerobic protozoa, Gram�negative bacteria,
and some Gram�positive bacteria. As was shown by elec�
trochemical methods and ESR, Metronidazole easily gives
the one�electron reduction product of the nitro group

(the radical anion), which can cleave DNA, RNA, and
other vital cellular macromolecules, and it is this radical
anion that is apparently responsible for the biological ac�
tivity of the drug.63 However, the mechanism of action of
Metronidazole remains an open question. For example,
it was suggested that the corresponding hydroxylamine
derivative obtained by the reduction is the active form of
the drug.64 In this context, it should be noted that the
nitro group can be eliminated in the reduction of Met�
ronidazole.63—65

For instance, it is known that the electrolysis of Met�
ronidazole affords nitrite ions in high yield;65 the reduc�
tion of the drug in solution in the presence of thiols and
divalent iron ions gives complexes containing iron ions,
molecules of thio derivatives, and nitric oxide.66

It should be emphasized that N�substituted 5�nitro�2�
styrylimidazoles in alkaline media (pH > 10) undergo the
cleavage accompanied by the opening of the imidazole
ring and elimination of the nitro group as the nitrite an�
ion.67,68 Based on the above�considered data, it was sug�
gested69 that the nitric oxide release is the possible path�
way of the biotransformation of Metronidazole and, ap�
parently, this fact plays an important role in the mecha�
nism of biological action of this drug.

Polarographic measurements showed that the alkaline
hydrolysis of this drug gives nitric oxide. The rate constant
of hydrolysis of Metronidazole in 0.01 М NaOH at 80 °C
is 1.6•10–3 min–1. In 0.1 М NaOH, the elimination of the
nitro group from Metronidazole under these conditions
goes almost to completion within 30 min.

The nitric oxide release in the degradation of Metron�
idazole and in biological systems (human blood) is con�
firmed by the activation of the enzyme sGC by this drug. The
degree of activation depends, as it is typical of exogenous
NO donors, on the concentration of Metronidazole.

The discovered NO�donor properties of Metronid�
azole have stimulated the authors of the publication69 to
estimate the influence of this drug on such hemodynamic
parameters, as the heartbeat rate and the systemic blood
pressure in experiments on animals and to compare these
results with the data for isosorbide mononitrate, which is
a typical NO donor. It appeared that the effects of Metronid�
azole are very similar to those of isosorbide�5�mononitrate.

The scheme of the generation of nitric oxide from Met�
ronidazole (108) under alkaline conditions involves the
nucleophilic attack of the hydroxide anion on position 2
of the imidazole moiety of the molecule followed by the
cleavage of the heterocycle and the subsequent elimina�
tion of the nitrite anion (Scheme 71).

However, it cannot be ruled out that this process in�
volves the nitro→O�nitroso rearrangement similar to that
suggested for nitrofuran derivatives (see above). As for the
possibility of the generation of nitric oxide as a result of
reduction, the consideration of the scheme of this process
requires additional data.
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Finally, there are similar data on the drug Nitazole
(109). Under the conditions described for Metronidazole,
the latter drug also releases NO and activates soluble gu�
anylate cyclase.70 The problems associated with the meta�
bolism of the known antiprotozoal drug Metronidazole
(108) were considered above in detail. In addition, it is
reasonable to consider metabolic transformations of an�
other chemotherapeutic drug of
this series, viz., Tinidazole, 1�(2�
ethylsulfonyl)ethyl�2�methyl�5�
nitroimidazole (110), belonging
to 5(4)�nitroimidazole deriva�
tives.71 It is known that nitroim�
idazoles easily produce nitro ra�
dical anions as one�electron reduction products. Nowa�
days, it is assumed that this fact lies at the basis of the
mechanism of their action.72

Recently, the alkaline hydrolysis of Metronidazole has
been found to result in the release of NO2

–.69 As follows
from the consideration of the mechanism of this process, the
possible alkaline hydrolysis products are identical to the
compounds found upon the administration of Metronidazole
into biological systems, for example, upon the incubation
of the drug with xanthine oxidase. The suggestion about the
NO�donor properties of this drug was confirmed by bio�
chemical and pharmacological experiments. This drug
causes the activation of the enzyme sGC, which is charac�
teristic of NO donors. In experiments on animals, this drug
has an effect on the heartbeat rate and the systemic arterial
pressure. It should be noted that changes in these parame�
ters caused by the administration of Metronidazole are
similar to the changes observed upon the introduction of
isosorbite�5�mononitrate seving as the typical NO donor.69

Since Tinidazole is a close analog to Metronidazole in
both the chemical structure and the spectrum of chemo�
therapeutic activities, these drugs presumably have a sim�
ilar mechanism of action and, consequently, possess sim�
ilar NO�donor properties.

The hydrolytic transformations of Tinidazole were in�
vestigated by direct�current polarography, and the possi�

ble elimination of the nitro group was monitored by the
Griess reaction. According to the results of the study,69

Metronidazole is almost completely decomposed at 80 °C
during 30 min with the elimination of nitrite anions in
virtually quantitative yield. However, attempts to obtain
a similar result for Tinidazole failed. Unlike Metronid�
azole, Tinidazole releases at most 8% of nitrite under these
drastic conditions. These data are seemingly contradicto�
ry to the results of investigation on the stability of these
drugs. Thus, at pH 11 and 80 °C, the rate constant of
hydrolysis of Metronidazole is 150 times lower than that
of Tinidazole.73 Nevertheless, the polarograms obtained
both in alkaline solutions of Metronidazole and in alka�
line solutions of Tinidazole after heating at 80 °C for 30 min
confirm the degradation of both drugs. It should be noted
that in the case of Metronidazole, no electrochemically
active compounds were found in solution. By contrast,
Tinidazole is characterized by a wave with the limiting
current, which is somewhat higher than that of the po�
larographic wave in the initial solution. However, the half�
wave potential is substantially shifted to negative poten�
tials compared to the initial value, i.e., a new compound,
which also contains the nitro group, is apparently formed.
Metronidazole is more stable in alkaline solutions than
Tinidazole and, unlike the latter compound, does not un�
dergo irreversible changes in these solutions at moderate
temperature. This is evident from a comparison of the
polarograms, which were obtained in an acidic solution
immediately after dissolution of the weighted sample in
this solution and in a solution of the same composition but
after the storage for 24 h at alkaline pH followed by acidi�
fication. In the case of Metronidazole, no changes were
observed, whereas a new compound was detected in the
case of Tinidazole.

The observed differences can be explained based on the
chemical behavior of imidazole derivatives containing the
2�(alkylsulfonyl)ethyl group at position 1 described in the
literature. It was shown that in alkaline solutions, com�
pounds of this group are readily transformed into two prod�
ucts, viz., isomeric 4�nitroimidazole (111) and 2�methyl�

Scheme 71
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5�nitroimidazole (112), with the latter compound pre�
dominating at a high alkali concentration, whereas at a
low concentration (for example, in the presence of sodium
bicarbonate at a concentration of 4 g L–1) 4�nitroimid�
azole is produced in virtually quantitative yield (Scheme 72).

Scheme 72

Therefore, it seems evident that under hydrolytic con�
ditions (in a strongly alkaline medium), 5�nitro com�
pounds can undergo a transformation accompanied by the
nitric oxide release (Metronidazole and Tinidazole), but
this transformation is not typical of their 4�nitro isomers.
This phenomenon can be interpreted as follows. First, two
bulky groups (the nitro and alkylsulfonylethyl groups) in
Tinidazole, as opposed to 2�methyl�5�nitroimidazole
(112), are closely spaced, which sterically destabilizes the
molecule and facilitates its degradation. Second, if as�
suming that the attack of the hydroxide anion, which pre�
cedes the cleavage of the imidazole ring of Tinidazole ac�
companied by the NO release,69 occurs on position 2 and
it this step that is rate�limiting, there are substantial dif�
ferences between Tinidazole and 2�methyl�5�nitroimid�
azole (112) (Scheme 73). In the case of 5�nitro�substitut�
ed derivatives, the resulting anion is efficiently stabilized
by the conjugation, by contrast to 4�nitro derivatives. Cor�
respondingly, the rate of addition of the hydroxide anion
is substantially higher for the 5�nitro derivatives.

Hence, in the case of Tinidazole, the processes in an
alkaline medium resulting in the elimination of the nitro
group (similar to those observed in solutions of Metron�
idazole) compete with the processes giving 4�nitroimida�
zole derivatives, which do not eliminate the nitro group
under these conditions. The results of polarographic
measurements and the analysis of hydrolyzed solutions
of the drug for the presence of nitrite anions confirm
this hypothesis.

The use of more severe conditions of hydrolysis for
Tinidazole, as opposed to Metronidazole, does not lead to
an increase in the yield of nitrite anions. This can be ex�
plained in terms of the above�described scheme. Accord�
ing to the available data,73 the elimination of the nitro
group from the imidazole ring in an alkaline solution can
occur as a result of the nucleophilic attack. An increase in
the basicity, though leads to an increase in the concentra�
tion of the nucleophile (OH–), accelerates, as mentioned
above, the formation of the 4�nitro isomer of Tinidazole,
which is thermodynamically more stable than the starting
drug. Therefore, the elimination of the nitro group of Ti�
nidazole is facilitated by the relatively mild conditions,
under which processes resulting in the rearrangement oc�
cur more slowly.

Under mild conditions, Tinidazole more readily eli�
minates the nitrite anion compared to Metronidazole. The
latter compound does not undergo this process at pH low�
er 10; in a buffer solution with pH 10 at 80 °C, Metronida�
zole gives nitrite anions in 2—3% yield within 1.5 h.
By contrast, Tinidazole produces nitrite anions in compa�
rable amounts in buffer solutions with lower pH 8—9 al�
ready at 37 °C.

Schemes were proposed for the alkaline hydrolysis in�
volving the nucleophilic attack on positions 4 or 2 of the
imidazole ring of Metronidazole and the elimination of
the nitro group after the ring opening.69 If the addition of
the hydroxide anion occurs at position 2, which, as men�
tioned above, is in good agreement with the data on the
difference in the degradation of Metronidazole and Ti�
nidazole in an alkaline medium, the following general
Scheme 74 can be suggested.

For Metronidazole (R1 = CH2CH2OH, R2 = Me), the
hydrolysis according to this scheme can easily be predict�
ed to form, in addition to nitrite, such compounds as acet�
amide, ethanolamine, and glycolic acid. It is noteworthy
that these products were found among the compounds
produced in the interaction of Metronidazole with biolog�
ical systems of different complexity: after the anaerobic

Scheme 73
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incubation with xanthine oxidase, the rat cecum content,
and the culture Clostridium perfringens, as well as in urea
of unsterile rats injected with Metronidazole. The most
complete data were obtained for the incubation of Met�
ronidazole with xanthine oxidase.74

For Tinidazole, the fact that the chemical and meta�
bolic transformations are competitive can be illustrated by
the presence of the 4�nitroimid�
azole derivative, viz., ammoni�
um 1�(2�ethylsulfonyl)ethyl�2�
methyl�4�nitro�4,5�dihydro�
1H�imidazol�5�olate (113),
among metabolites.75

Therefore, in terms of the concept that the biotrans�
formation of drugs can be modeled by interactions of
chemical reagents, it is concluded that the fragmentation
of Tinidazole in the body can be accompanied by the NO
release, and the action of the drug on anaerobic protozoa
and bacteria is presumably associated, to a certain extent,
with its NO�donor properties.

It was shown75 that some C�nitro derivatives of pyr�
azole, imidazole, 1,2,4�triazole, and isoxazole can generate
NO when heated with an alkali, and the efficiency of the
nitric oxide release was related to the nature of the hetero�
cycle and the number of nitro groups in the heterocycle.

Under the above�mentioned conditions, the elimina�
tion of the nitrite anion can occur by two main mecha�
nisms (note that the nitrite anion serves as a marker of the
generation of nitric oxide). It should be mentioned that, in
addition to the NO synthase pathway, living organisms
have an alternative nitric oxide source, viz., the ni�
trite—nitrate—xanthine oxidase route. Xanthine oxidase
can generate NO using nitrite ions as the substrate.52

The former mechanism of elimination of the nitro
group involves the ipso substitution characterized by the
formation of the corresponding σ complex followed by the
elimination of NO2

– and the nucleophilic attack on the
anion (in the case under consideration, on the hydroxide

anion) and accompanied by the cleavage of the aromatic
heterocycle to form the less stabilized system, which can
be decomposed to give the nitrite anion.

Nitric oxide can alternatively be released through the
cleavage of the heterocycle at a position different from the
carbon atom bound to the nitro group and the dearomati�
zation of the system followed by the nitric oxide release
from the non�aromatic precursor.

A comparison of the aromaticity indices of the basic
heterocycles, whose derivatives are considered in the
present review, shows that the degree of aromaticity of the
compounds under study decreases in the following series:

benzene > 1,2,4�triazole > pyrazole > imidazole > isoxazole.

It was shown75 that the amount of nitrite anions gen�
erated by heating solutions of the mononitro derivatives in
0.1 М NaOH containing 10% of ethanol at 70 °C for
180 min depends only slightly on the nature of the basic
heterocycle. Thus, the yield of nitric oxide was ~2% for
nitropyrazole and nitroimidazole derivatives and was
slightly higher (~3%) for nitrotriazole. As expected, the
storage of the nitro derivative of isoxazole under these
conditions led to a substantial degradation of the initial
molecule, and the yield of NO2

– was 26%.
The release of nitrite anions is studied by heating in an

alkaline solution, i.e., under conditions far from physio�
logical. In the monograph,2 the cleavage of heterocycles
under hydrolytic conditions was discussed and it was men�
tioned that these processes can occur both under non�
enzymatic conditions and under conditions of enzymatic
catalysis. In many cases, the mechanism of hydrolysis of
heterocycles in the body remains unknown, but, for exam�
ple, for Tinidazole derivatives the ring opening was noted
to be catalyzed by the enzyme L�5�oxoprolinase.

The hydrolytic transformation of the nitro derivatives
under study is a model process, which was carried out
under non�physiological conditions; however, it cannot
be ruled out that the compounds under consideration can

Scheme 74

i. Xanthine oxidase.
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serve as a source of NO in the body as well, because the
rates of the processes and the yields of the final products
under enzymatic catalysis increase manifold.

The fact that considerable amounts of nitrite anions
were detected after the degradation of five�membered ni�
troheterocycles strongly suggests that these compounds
can generate nitric oxide in living organisms as well. This
is indirectly confirmed by the data on the activation of
soluble guanylate cyclase by these compounds.

The kinetics of the nitric oxide release resulting from
the hydrolysis of compounds was studied.75 The thermo�
dynamic parameters were calculated from the measured
rate constants (kaver) of these processes at different tem�
peratures. Based on these parameters, suggestions were
made about the reaction mechanism. Thus, Scheme 75
was proposed for the degradation of the nitro derivative
of isoxazole.

Scheme 75

TS is the transition state.

The very high negative value of the entropy of activa�
tion for 1�(N�p�ethylphenyl)carbamoylmethyl�3�nitro�
1,2,4�triazole (114) is also evidence for the formation of
the highly ordered transition state (Scheme 76).

Scheme 76

R = CH2CONHC6H4Et�p

Evidently, the intensity of the interaction with nucleo�
philic reagents should sharply increase with increasing
number of electron�withdrawing groups in the heterocy�
cle. The elimination of the nitrite ion under nucleophilic
attack on dinitro derivatives is more probable compared to
the corresponding mononitro derivatives.

The results obtained in the study of the alkaline degra�
dation of 1�(p�methoxyphenyl)carbamoylmethyl�5�methyl�
3,4�dinitropyrazole (115) are interpreted as follows. The
relatively high enthalpy of activation indicates that the bond
cleavage in the transition state occurs to a great extent
(Scheme 77) or, at least, the process is relatively deep. The
moderate negative entropy of activation can be attributed to
the same structural factors. Thus, the bond is almost cleaved
and the steric parameters of the transition state are relativ�
ely similar to those of the initial state. As a result, the entropy
of the transition state is similar to that of the initial state
ΔS# and, correspondingly, is virtually equal to zero.

Scheme 77

R = CH2CONNC6H4OMe�p

The behavior of dinitroimidazole differs dramatically
from that of the above�considered pyrazole derivatives,
which can in no way be explained by the difference in the
nature of the substituents at position 1. First, the fast
(~12 min) and quantitative elimination of the nitrite an�
ion is observed for the imidazole derivative. Besides, the
next step of the process is the much slower and evident,
though not quantitative, continuation of the process asso�
ciated with the degradation of the intermediate accompa�
nied by the elimination of yet another nitro group in the
form of the second nitrite anion.

It seems evident that the mechanism of the process
under consideration is radically different from the mecha�
nism of degradation of the pyrazole derivative. In the case
of imidazole, the enthalpy of activation is substantially
lower, whereas the entropy of activation is much more
negative, i.e., the situation is similar to that observed for
the mononitroisoxazole derivative. It should be empha�
sized once again that the imidazole ring is less aromatic
than the triazole and pyrazole rings. To interpret the re�
sults obtained for the imidazole derivative, the authors75
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were based on the fact that in the case of the attack of the
hydroxide anion, the cleavage of the imidazole ring occurs
in the step that limits the rate of elimination of the nitrite
anion (Scheme 78).

Finally, let us note that the above�mentioned schemes
are to a large extent hypothetical and are confirmed only
by the results of kinetic studies. The main result obtained
in the study75 is the experimental evidence that C�nitro
derivatives (particularly, dinitro derivatives) of azoles ex�
hibit significant NO�donor properties, which are de�
termined by their structural characteristics and stability
under nucleophilic attack. From this point of view, it is
important that the above�considered compounds of this
type and their analogs can release nitric oxide and are of
considerable interest for studying their biological activity.

In this context, it is important to discuss the results
of another recent research76 on the transformations of
(5�nitropyrimidin�4�yl)dialkyldithiocarbamates as new
potential nitric oxide donors in mammalian organisms.

The investigation of nitro derivatives of pyrimidine con�
taining the dithiocarbamoyl fragment in the ortho position
with respect to the nitro group is one of the problems of
considerable interest from both chemical and biological
points of view. It should be noted that many compounds
of the dialkyldithiocarbamate series exhibit considerable
biological activities, such as fungicidal, insecticidal, her�
bicidal, anticholesterol, hypotensive, and antimicrobial
activities, antifungal action, and antihelminthic activity;
however, the mechanisms of these activities are poorly
known. Hence, a search for biologically active compounds
in a series of poorly studied nitroheteryl derivatives of
dithiocarbamates is a topical problem.

Recently, it has been found that the thermal treatment
of this type of compounds results in processes associated
with the removal of the nitro group, the release being fa�
cilitated by the adjacent dithiocarbamoyl fragment.77

The research on the denitration of dithiocarbamoyl
derivatives of nitropyrimidines under hydrolytic conditions
revealed some characteristic features allowing 4�dialkyl�

dithiocarbamoyl�5�nitropyrimidines to serve as nitric ox�
ide donors. The investigation of the NO�donor ability
of 4�dialkyldithiocarbamoyl�5�nitro�6�R�pyrimidines
showed than most of these compounds undergo the degra�
dation to give a nitrite ion upon heating in a buffer solu�
tion with nearly physiological pH (phosphate buffer,
pH 6.86). It should be noted that the amount of NO2

– that
is released in the process depends on the nature of the
substituent at position 6 of the pyrimidine ring. The larg�
est amount of the detected nitrite anions is observed for
compounds containing the phenoxy or methoxy group at
position 6, whereas the replacement of these groups by
stronger electron donors (amino substituents) substantial�
ly decreases its elimination.

In the synthetic part of the study,77 the degradation of
the compounds was shown to proceed by two main path�
ways to give disulfides and 4�dialkylamino�5�nitro�6�R�
pyrimidine derivatives. Evidently, only the former path�
way is accompanied by the elimination of the nitro group
and, correspondingly, by the formation of the nitrite an�
ion. Consequently, the nitric oxide release in living organ�
isms should, apparently, be accompanied by the forma�
tion of disulfides.

The reaction mixtures that are formed after heating in
a phosphate buffer (pH = 6.86) were studied (1H NMR)
for the compounds containing an amine fragment with
a different ring size in the dithiocarbamoyl moiety. It ap�
peared that the pyrrolidine derivative gives a mixture of
disulfide and 4�pyrrolidinopyrimidine in a ratio of 3 : 2
(a series of unidentified minor admixtures are produced);
for the piperidine mixture, the ratio of the corresponding
products is 9 : 1 (minor admixtures are present in an ap�
proximately the same amounts); the process with the in�
volvement of the hexahydroazepine�substituted derivative
affords only disulfide, the amounts of admixtures being
insignificant (Scheme 79).

In studies of the processes under the above�mentioned
conditions, the following intriguing features needing the
interpretation were found.

Scheme 78
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1. The replacement of the pyrrolidine fragment in
4�dialkyldithiocarbamoyl�5�nitro�6�R�pyrimidines suc�
cessively by the piperidine and hexahydroazepine moieties
leads to an increase in the amount of released nitric oxide,
as was unambiguously confirmed.

2. In the case of compounds containing the methyl
substituent instead of the proton at position 2 of the pyri�
midine ring, the nitric oxide release upon the degradation
dramatically decreases.

3. The elimination of the nitrite anion under hydroly�
tic conditions is observed only under aerobic conditions.
Under argon, the amount of nitrite anions is within the
detection limit.

To interpret the above�mentioned experimental data,
the authors suggested the sequence of transformations giv�
en in Scheme 80.

In principle, the formation of O�nitroso compounds
can lead (apparently, after the oxidation step) to the eli�
mination of NO+, which, in turn, can cause also the nitro�
sation at the thiolate anionic moiety to form S�nitroso�
thiols. The latter are known52 to be effective nitric oxide
donors. These processes are reversible, and finally the sys�
tem is stabilized by the subsequent irreversible oxidation
giving rise to disulfide. The latter process requires the pres�
ence of oxygen in the system, which, as mentioned above,
is the necessary condition for the formation of the nitrite
ion in this reaction (evidently, the aerobic conditions
are necessary for the processes presented in Schemes 7
and 8 as well).

The second process that occurs under the selected con�
ditions affords 4�aminopyrimidine derivatives accompa�
nied by the elimination of carbon disulfide. The latter was
detected in the reaction mixture by gas�liquid chromato�
graphy. The scheme of this reaction is based on the nucleo�
philic attack of the nitrogen lone pair of the dithiocarb�
amate fragment on the carbon atom of the pyrimidine ring
at position 4 (Scheme 81).

Scheme 79

n = 1—3

Scheme 80

Scheme 81
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Based on the above�given schemes, the authors76 ex�
plained also other non�obvious facts that characterize this
process. Thus, the greatest steric crowding of the hexa�
hydroazepine derivative leads to the destabilization and this
dithiolone is more readily oxidized to disulfide compared
to the pyrrolidine and piperidine compounds. A sharp de�
crease in the amount of nitrite ions formed by hydrolysis
of compounds containing a substituent at position 2 of the
pyrimidine ring is apparently attributed to the fact that the
elimination of NO2

– occurs only after the dearoma�
tization of the pyrimidine ring through the addition of
the hydroxide anion at position 2. This addition is hin�
dered in the presence of the alkyl substituent instead of the
proton at position 2, which decreases the efficiency
of further processes, for example, for 2�methyl�substitut�
ed derivatives.

Therefore, under hydrolytic conditions, nitro deriva�
tives of pyrimidyldithiocarbamates were found to be able
to release the nitrite anion, which may be indicative of the
ability of these compounds to generate nitric oxide in liv�
ing organisms.

Conclusions

To sum up, the metabolic transformations involve var�
ious reactions typical of organic compounds.

A huge number of enzymes that function in living or�
ganisms can simultaneously metabolize both endogenous
compounds and, without the strict substrate specificity,
exogenous compounds, for example, drugs. It is obvious
that endogenous and exogenous compounds can compete
for the enzymes. The latter compounds can cause (and,
most likely, actually cause) many pharmacological or tox�
ic effects of the drugs.

Radical and dramatic structural differences between
endogenous and exogenous compounds are virtually ab�
sent due to which systems of the body responsible for met�
abolic transformations can response to the appearance of
new, previously unknown compounds and new types of
substances. In the course of evolution, the enzymatic sys�
tems, which catalyze reactions with the involvement of
endogenous substances, were apparently improved, result�
ing in a decrease in the substrate specificity, thus allowing
the involvement of new series of chemical compounds.

From the present review, it is evident that only a com�
bination of biological and chemical approaches can pro�
vide better insight into the observed phenomena, help in
drawing more rigorous conclusions, and ensure the pre�
dictability of the development of the most promising fields
of this science. It is necessary to perform these investiga�
tions jointly by chemists, pharmacologists, and biochem�
ists. Unfortunately, chemists and physical chemists little
participate in the discussion of biological and medical
problems and it is necessary to stimulate the collaboration
of chemists and biologists in studies of the most important

and sophisticated phenomena observed in studies of bio�
logical and, in particular, metabolic, transformations. This
review will hopefully encourage this collaboration.
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