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Abstract

Physicochemical properties of pharmacological interest were determined for ten 6 H-pyrimido[2,1-al]isoindoles. The com-
pounds studied were found to be weak bases with a pK, ranging from 2.38 to 3.46. Furthermore, the association constants
of the studied compounds with cyclodextrins were examined. The formation of complexes was observed with 1:1 stoichi-
ometry, y-cyclodextrin was found to be the best complexing. Finally, the electrochemical oxidation of 6H-pyrimido[2,1-a]-
isoindoles in 0.1 mol dm~> sodium perchlorate in acetonitrile was studied as a model of their possible metabolic degradation.
It was found to be a one-electron process, and the values of the half-wave potentials are in the range of 1.34—1.62 V (vs.
Ag/AgNO5/NaClO,). The electrooxidation products of three selected compounds were prepared by preparative electrolysis
and subsequently identified by mass spectrometry. From the data obtained, it is evident that the electrochemical oxidation
of the 6H-pyrimido[2,1-a]isoindoles begins with the formation of N-oxides, followed by dimerization of the molecule or,
contrary to this, by oxidative cleavage of the pyrimidine ring. From a metabolic point of view, N-oxidation is the correspond-

ing process to this pathway.
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Introduction

Nitrogen-containing heterocyclic compounds are the basis of
a number of pharmaceutically active compounds [1]. Among
the promising pharmacologically active nitrogen-contain-
ing heterocyclic compounds are derivatives of pyrimido-
isoindole, first synthesized in 1961 [2]. An example of a
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compound from this group that has found clinical use is the
antidepressant and anorectic drug ciclazindol [3]. Structural
analogs of this compound have been shown to have hypogly-
caemic effects [4]. To broaden the spectrum of effects of the
known pyrimidoindoles, other derivatives are being synthe-
sized; of which pyrimidoisoindoles have an important place.
Syntheses of pyrimidoisoindoles are mainly dealt with by
Babichev and Kovtunenko and co-workers [5]. Diuretic [6],
anorectic [7], anti-HIV [8], and Leishmanicidal [9] activ-
ity have already been demonstrated for pyrimidoisoindoles.
Nevertheless, research on these promising compounds is still
in its early stages.
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In this work, we focus on ten derivatives of
6H-pyrimido[2,1-a]isoindole (Fig. 1), which have shown
promising antifungal [10] and anti-malarial [11] effects. The
compounds studied can be divided into two groups accord-
ing to the position of the ketone group: (i) 6H-pyrimido[2,1-
alisoindol-4-one derivatives (compounds 1, 3, 5, 7, and 9)
and (ii) 6H-pyrimido[2,1-aJisoindol-2-one derivatives (com-
pounds 2, 4, 6, 8, and 10). Moreover, compounds 5-10 are
annelated derivatives, where the addition of an additional
acceptor ring moiety to the electron-donating isoindole ring
strongly influences the structures and reactivities of these
tricyclic systems, and unusual chemical properties can be
expected. For the separation of these compounds, we have
previously proposed the non-aqueous capillary electropho-
retic method [12].

In the first part of the work we determined the dissocia-
tion constants of the 6H-pyrimido[2,1-a]isoindoles studied
as one of the basic physicochemical parameters. Dissociation
significantly influences the fate of the drug in the organism,
especially its permeation through lipid membranes, and thus
significantly affects the resulting pharmacological effect.
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Fig. 1 Chemical structures of the 6H-pyrimido[2,1-a]isoindoles stud-
ied
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The second part of the work is devoted to the study of the
interaction of the 6H-pyrimido[2,1-aJisoindoles with cyclo-
dextrins to form inclusion complexes based on non-covalent
interactions. Due to their hydrophobic cavity, cyclodextrins
can serve as efficient transporters of drugs, especially those
that are poorly soluble in water, and, in addition, they also
increase the stability of drugs in pharmaceutical prepara-
tions [13-15].

In the third part, we investigate the electrochemical
behavior of the 6H-pyrimido[2,1-a]isoindoles studied, and,
in particular, their electrochemical oxidation as the simplest
model of possible biotransformation of these compounds
in a living organism. Electrochemical methods are highly
useful tools for pharmacology [16] and the electrochemi-
cal approach has been proven for the biomimetic modeling
of oxidative drug metabolism [17-20]. It has been shown
that electrochemical oxidation of a drug can produce a com-
pound that is identical to the metabolite of the drug in ques-
tion [21-23].

Results and discussion

Acid-base properties of 6H-pyrimido[2,1-a]
isoindoles

Due to the lower solubility of the 6H-pyrimido[2,1-a]isoin-
doles in water, the dissociation constants were determined
by UV-Vis spectrometry according to Blume et al. [24] in
a mixed water—methanol environment (the concentration of
methanol in the resulting solutions was a maximum of 5%).
The pH values of the solutions were ensured using acetate or
phosphate buffer. Figure 2 shows an example of the changes
in the spectrum of compound 8 as a function of the pH of
the medium. The determined values of the dissociation con-
stants are summarized in Table 1.

The determined values of the dissociation constants range
from 2.38 to 3.46; of course, 6H-pyrimido[2,1-alisoin-
doles are weak organic bases, like most nitrogen heterocy-
cles. The dissociation constant of the basic pyrimidine is
pK,=1.3 [25] and shifts to higher values due to the presence
of a ketone group; for example, 3H-pyrimidin-4-one has
pK,=1.64 and pK, , =8.6 [26]. For the 6H-pyrimido[2,1-
alisoindoles studied, the substituent at position 2 has an
increasing effect on the value of the dissociation constant,
while the same substituent at position 4 leads to a decrease
in the value of the dissociation constant. The magnitude of
the effect is naturally determined by the type of substituent.
However, when the substituent is an annelated ring, the val-
ues of the dissociation constant are higher for the annelated
ring on the [c] side than for the ring which is annelated on
the [b] side.
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Fig.2 The absorption spectra of compound 8 at various pH of the
medium (¢(8) = 2-107> mol dm™>, quartz cuvette of 1 cm)

Table 1 The dissociation

/nm
constants of the

Compound  pK, A

max’

6H-pyrimido[2,1-a]isoindoles 1 2.97 290
i howaonle  ap
their determination 3 340 260
4 238 247
5 2.43 297
6 2.70 245
7 3.02 294
8 346 245
9 3.03 245
10 3.11 264

Complexation properties of 6H-pyrimido[2,1-a]
isoindoles with cyclodextrines

The determination of the association constants of the
6H-pyrimido[2,1-a]isoindoles studied was carried out
using UV-Vis spectrometry by monitoring the change
in absorbance at the absorption maximum wavelength
as a function of different concentrations of cyclodextrin.
Evaluation of stoichiometry and association constants
was performed using the Benesi-Hildebrandt method
[27]. To ensure that only the non-protonated form of
6H-pyrimido[2,1-alisoindole is present in the solution,
an environment with constant pH = 6.8, which is also
close to physiological values, was chosen based on the
observed values of the dissociation constants. All the
6H-pyrimido[2,1-a]isoindoles studied formed inclusion

complexes with y-cyclodextrin, which has the largest vol-
ume of internal cavity; for a- and B-cyclodextrin, some
derivatives did not form complexes. The stoichiometry of
6H-pyrimido[2,1-a]isoindole: cyclodextrin was found to
be 1:1 in all cases. The values of the association constants
obtained are given in Table 2.

From the measured values of the association constants
it is evident that the value of the association constant
depends both on the type of cyclodextrin used and the
spatial structure of 6 H-pyrimido[2,1-a]isoindole. The dis-
tribution of the negative charge localized on the oxygen
atom — which is influenced by the position of the ketone
group and the substituent, or the annelated ring—plays a
major role. The association constant is further affected by
the planarity of the molecule; for example, compounds
7 and 8 are the least planar, with the annelated ring in
the twist conformation. In addition, the cavity of cyclo-
dextrin may be encapsulated by the ring of the isoindole
part of the molecule or, conversely, by a substituent on
the pyrimidine ring. This may explain the large differ-
ences in the values of association constants of individual
6H-pyrimido[2,1-a]isoindoles both with each other or
for the same 6H-pyrimido[2,1-a]isoindole and different
cyclodextrins. For example, compounds 2 and 4 differ in
the type of substituent at position 4. Compound 2 (with
a methoxy group at position 4) has a greater associa-
tion constant with y-cyclodextrin and the smallest with
B-cyclodextrin. On the other hand, compound 4 (with
a phenyl at position 4) has the largest interaction with
B-cyclodextrin and the smallest with a-cyclodextrin.
Compound 7, which interacts slightly with y-cyclodextrin,
showed only a slight increase in the values of the asso-
ciation constants when the presence of a-cyclodextrin is
replaced by pB-cyclodextrin and vice versa.

Table2 The association constants of the 6H-pyrimido[2,1-a]isoin-
doles studied with cyclodextrins (relative standard deviations are
lower than 15%)

Compound K,/ mol~! dm?

«-CD B-CD 4-CD
1 1000 4 1210
2 1260 740 1450
3 4 4 1060
4 833 3750 2310
5 4 4 560
6 4 1860 400
7 68 41 25
8 4 4 720
9 2400 1520 1540
10 4 -4 110

“Negligible interaction
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Voltammetric behavior
of 6H-pyrimido[2,1-al-isoindoles

Using DC voltammetry on a rotating disk electrode, it was
found that all the 6H-pyrimido[2,1-a]isoindoles studied were
oxidized in a single step in 0.1 mol dm™ sodium perchlorate
in anhydrous acetonitrile. Basic electrochemical parameters
are given in Table 3. The values of the number of electrons
exchanged were determined by potentiostatic coulometry.
The diffusion coefficients of the 6 H-pyrimido[2,1-a]-
isoindoles studied were calculated from the dependence
I, =flw, ) by trim Levitsch’s equation [28].

From these results it is evident that the presence of a
terminal non-aromatic ring in the compound significantly
reduces the half-wave potential and, consequently, the
energetic demand of oxidation (compounds 5, 6, 7, and
8). For derivatives with a ketone group at the 2 position
(compound 2, 4, 6, 8, and 10), the concentration plots were
linear to lower concentrations than for 6H-pyrimido[2,1-a]-
isoindol-4-ones. It is probably related to the structure of the
compound; adsorption waves were formed at higher con-
centrations for 6 H-pyrimido[2,1-a]isoindol-2-ones. The
measured values of the exchanged electrons ranged from
0.97 to 1.35; therefore, it is evident that the oxidation of the
6H-pyrimido[2,1-a]isoindoles studied is one-electron pro-
cess. From the observed values of diffusion coefficients, it
is evident that the 6H-pyrimido[2,1-a]isoindol-2-ones have
significantly lower values of diffusion coefficients than the
6H-pyrimido[2,1-alisoindol-4-ones. Again, this is related to
the structure of the compound. The presence of the terminal

Table3 The basic electrochemical  parameters of  the
6H-pyrimido[2,1-a]isoindoles studied obtained by DC voltammetry
in 0.1 mol dm~* NaClO, in anhydrous acetonitrile on a gold rotat-
ing disk electrode (half-wave potential, slope of logarithmic analysis
of voltammetric wave, linear dynamic range of calibration depend-
ence and the parameters of the regression equation of calibration

aromatic ring in the structure (compound 9 and 10) resulted
in a decrease in the difference in the diffusion coefficient
value of compounds with different position of the ketone
group.

The reversibility of the electrochemical oxidation of the
6H-pyrimido[2,1-a]isoindoles studied was monitored by
cyclic voltammetry. In the whole range of electrode polari-
zation rates of 0.01-15 V s~! only the corresponding anodic
peaks were observed for all compounds studied; thus, the
electrochemical oxidation of 6H-pyrimido[2,1-a]isoindoles
is a totally irreversible process (Fig. 3).

Electrooxidation of 6H-pyrimido[2,1-alisoindoles
as a model of metabolic degradation.

Using preparative electrolysis [22, 23], the electrooxidation
products of compounds 1, 2, and 5 were prepared and ana-
lyzed. An amount of 10 mg of the compound was oxidized
in 40 cm? of 0.1 mol dm ™~ sodium perchlorate in anhydrous
acetonitrile at a potential corresponding to the limiting diffu-
sion current, that is, for compound 1 at 1.90 V, for compound
2 at 1.82 'V, and for compound 5 at 1.60 V. The electrolysis
time was 2 h.

A slow precipitation of yellow precipitate was observed
in the free-standing solution after electrolysis of compound
5, therefore, the solutions were stored immediately after
electrolysis by freezing in dry ice. Using mass spectrom-
etry, 1H-isoindole-1,3 (2H)-dione (Fig. 4, compound 11)
was found as a product of the electrochemical oxidation of
compounds 1 and 2. Electrolysis of compound 5 gave two

dependence (slope, intercept, and regression coefficient), number of
exchanged electrons and diffusion coefficient. Other conditions of
measurement: electrode area 0.111 cm?, 1226 rpm, polarization rate
50 mV s~!, temperature 20 °C, measured against Ag/0.01 mol dm™
AgNO,/0.1 mol dm~3 NaClO,)

Compound  E;,/V¢  kK'/V LDRx10*/  ax10*/Amol™ dm’  bx10°/A r n Dx10%cm’s™"
mol dm~>

1 1.59 0.082 0.5-5.0 4.03£0.05 0.10£0.17 09993 097 320
2 1.57¢ 008"  0.5-15 3.34+0.01 0.06+0.01 09998 124 =
3 1.57 0.073 0.5-5.0 5.96+0.06 -005£0.19 09996 120  3.13
4 1.62 0.091 0.5-3.5 2.88+0.02 0.19£0.04 09999 114 177
5 1.37 0.110 0.5-5.0 4.90+0.12 -007£038 09975 110 237
6 1.34 0.140 0.5-4.5 2.90+0.07 099+0.18 09984 123 121
7 135 0.129 0.5-5.0 3.90+0.07 0.13£022 09988 121 233
8 1.36 0.127 0.5-4.0 3.86+0.06 0.08+0.16 ~ 09992 123 147
9 1.47 0.061 0.5-5.0 5.22+0.09 -053£029 09999 131 295
10 1.54 0.100 0.5-4.5 5.34+0.19 -1.80£0.53 09956 135 228

“Measured at a concentration of 2.5x 10™* mol dm™>

bMeasured at a concentration of 1x 10~* mol dm™>

“The dependence I;;;,= f(w,,) is not linear, the value could not be determined

@ Springer
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Fig.3 Cyclic voltammogram of compound 3 in

0.1 mol dm™ NaClO, in anhydrous acetonitrile on a gold disk
electrode (c=5%10"* mol dm™>, electrode area 0.111 cm?, polari-
zation rate 50 mV s7!, temperature 20 °C, measured against
Ag/0.01 mol dm™ AgNO5;/0.1 mol dm.™® NaClO,)
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Fig.4 Identified  electrochemical oxidation  products of
6H-pyrimido-[2,1-alisoindole:  1H-isoindole-1,3(2H)-dione  (11),
cyclopenta[b]6H-pyrimido[2,1-a]isoindol-4-one-1-N-oxide 12),
cyclopenta-3-on[b]6H-pyrimido[2,1-a]isoindol-4-one-1-N-oxide (13),
bis(cyclopenta[b]6H-pyrimido[2,1-a]isoindol-4-one) (14)

products, which are N-oxides (Fig. 4, compound 12 and 13).
The yellow precipitate was identified as dione (Fig. 4, com-
pound 14).

From the results obtained, it is possible to hypothesize
the following probable course of electrochemical oxidation
of the 6H-pyrimido[2,1-a]isoindoles studied. With any com-
pound, electrochemical oxidation begins with the elimina-
tion of one electron from the nitrogen atom at position 1,
and the resulting radical has only a very short lifetime. This
radical undergoes either a dimerization reaction (which is
manifested by the formation of a yellow precipitate from
the solution after electrolysis), a very common reaction
pathway in the oxidation of nitrogen heterocycles, or by a
reaction with traces of water present in the reaction medium
to form N-oxides. In the case of derivatives without a side
ring (compounds 1-4), oxidative cleavage of the pyrimidine
ring occurs to form dions. The presence of the terminal ring
is likely to have a stabilizing effect on the resulting N-oxide
and prevent oxidative cleavage of the pyrimidine ring.

This proposed mechanism is in agreement with known
data on the electrochemical, chemical, and/or biological oxi-
dation of pyrimidine derivatives. In the literature, the cor-
responding N-oxides have been described as products of the
electrochemical oxidation of indoline [29] or isoindole [30].
Jennings et al. [31] reported, that the electrochemical oxida-
tion of a wide range of 5-substituted indole monomers leads
to the formation of various dimers, trimers and polymers.
The formation of N-oxides is also typical for the chemi-
cal oxidation of various heterocyclic nitrogen-containing
compounds [32, 33]. The biological oxidation of nitrogen
heterocyclic compounds is also characterized by the so-
called N-oxidation catalyzed by the cell microsomal system
[34]. In phase II of biotransformation, N-oxides are further
conjugated to N-glucuronides [35], alternatively O-glucu-
ronides may be formed in the case of the resulting diones
[36]. Oxidative cleavage of the pyrimidine ring has also been
observed for the predecessor of the 6 H-pyrimido[2,1-a]-
isoindoles studied, the clinically used ciclazindol [37]. Simi-
larly, cleavage of the indole ring was observed for protergu-
ride after prior N-deethylation and N-oxidation [38].

Conclusions

In the first part of the work the dissociation constants of
the 6H-pyrimido[2,1-a]isoindoles studied, which are weak
organic bases, were determined. It was found that the value
of the dissociation constant depends mainly on the position
of the ketone group and also on the structure of the substitu-
ent. In the second part of the work, the associations constant
values with cyclodextrins, with which 6H-pyrimido[2,1-a]-
isoindoles form complexes with a stoichiometry of 1:1, were
determined. Also, in this case, the value of the association

@ Springer
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constant is influenced by the structure of the particular com-
pound. Furthermore, the basic electrochemical parameters
for the anodic oxidation of 6H-pyrimido[2,1-a]isoindoles in
non-aqueous media were studied. Electrochemical oxidation
was also used successfully as a simple model for phase I
biotransformation. As 6H-pyrimido[2,1-a]isoindoles have
not yet been examined in vivo, the results obtained represent
beneficial clues to their possible metabolic fate.

Experimental
Chemicals

The 6H-pyrimido[2,1-a]isoindoles studied were prepared
according to Ishchenko et al. [39]. The identity and purity
of the substances were confirmed by elemental analy-
sis, melting point measurement, thin layer chromatogra-
phy, infrared spectrometry, and NMR. Stock solutions of
the compounds studied to determine the dissociation and
association constants were prepared with a concentra-
tion of 5% 10~ mol dm™ in methanol. All other chemi-
cal used were of p.a. or higher quality: acetic acid 99%
(Lach-Ner, Czech Republic), acetonitrile (Aigma-Aldrich),
a-cyclodextrin (Sigma-Aldrich), f-cyclodextrin (Sigma-
Aldrich), y-cyclodextrin (Sigma-Aldrich), hydrochloric
acid 35% (Lach-Ner, Czech Republic), methanol (Merck),
phosphoric acid 85% (Lachema, Czech Republic), potas-
sium dihydrogenphosphate (Lach-Ner, Czech Republic),
silver nitrate (Lach-Ner, Czech Republic), sodium dihy-
drogen phosphate (Lach-Ner, Czech Republic), sodium
hydroxide (Lach-Ner, Czech Republic), sodium perchlorate
(Sigma-Aldrich).

Instrumentation

An Agilent 8453 UV-visible Spectroscopy System spec-
trometer was used to measure absorption spectra. The
measurements were performed in a quartz cuvette with
1.00-cm absorption layer. The pH measurements were
performed on a Jenway 3305 pH meter with a combined
glass electrode. Three-point glass electrode calibration at
pH=4.01+0.01, 7.01 +£0.01, and 10.01 +0.01 (HANNA
Instruments, USA) was performed. Because the presence
of inorganic salts (used to prepare buffers) can promote
aggregation with cyclodextrins, the pH of the solution was
adjusted by adding an appropriate volume of 0.1 mol dm™>
HCI or 0.1 mol dm~ NaOH when measuring the associa-
tion constants [14]. The DC and cyclic coltammetry meas-
urements were performed on an Eko-Tribo Polarograph
(Polaro-Sensors, Czech Republic) [22, 23]. A platinum disk
electrode with an active surface area of 0.111 cm?® was used.
The reference electrode was a silver plate immersed in a

@ Springer

solution of 0.01 mol dm™ AgNOj; in 1.00 mol dm™ NaClO,
in acetonitrile and separated from measured solution by a
salt bridge filled with 0.5 mol dm™ NaClO, in acetonitrile.
The platinum rod served as a counter electrode. The method
of potentiostatic coulometry is described in our previous
work [40]. Preparative electrolysis details are published in
our previous works [22, 23]. The products prepared by pre-
parative electrolysis were separated using a Varian 3400 gas
chromatograph connected with a Finnigan MAT INCOS 50
mass spectrometer. Separation was carried out on a DB 5
column (30 m X 0.25 mm i.d.; film thickness 0.012 pm) at
250 °C. Electron impact ionization was used.
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