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Abstract

The coordination of Me,Sn(IV)>** (=M) to captopril {N-[(S)-3-mercapto-2-methylpropionyl]-L-proline, =H,(cap), H,L} in
aqueous solution was studied by means of potentiometric titration, electrospray mass spectrometry, 'H-NMR spectroscopy and
Méssbauer spectroscopy in the pH range 2—11 (I = 0.1 mol dm ~* NaClO,, 298 K). The results obtained with these methods proved
that only monomeric complexes are formed in solution. In the acidic pH range, species with a metal-to-ligand ratio of 1:1 exist. The
neutral complex ML, similarly to the complex Me,Sn(cap) crystallized in the same pH range, adopts a tbp structure with eq —S™
and ax —COO ™, while, instead of the coordination of the amide —C=0, observed in the solid state, the other ax position is occupied
by a H,O molecule. With increasing pH, in the neutral and weakly basic pH range the complexes MLH _; and ML, are formed, in
which the —COO™ group is displaced from the coordination sphere by an OH™ and an S~ of another ligand, respectively.
Biological activity tests on Me,Sn(cap) and three further R,Sn(IV) captopril complexes showed that n- Bu,Sn(cap) and - Bu,Sn(cap)
exert toxic activity towards the embryos of Ciona intestinalis, while the ligand itself does not affect the development of the embryos
to any significant extent; Me,Sn(cap) and Et,Sn(cap) produced normal swimming larvae.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction mechanism of the inhibition and side-effects of capto-
pril, equilibrium and structural studies were earlier
Captopril is used therapeutically as an antihyperten- performed with several metal ions [4—7]. Reports have
sive agent. It acts as a potent and specific inhibitor of the also appeared on the use of transition metal ions for the
zinc-containing angiotensin converting enzyme (ACE) indirect quantitative spectrophotometric determination
[1] (Fig. D). of captopril in pharmaceutical formulations [8].
On the other hand, the side-effects that can arise Captopril is a pseudo-cysteinyl-proline dipeptide. In
during captopril treatment [2] may well be caused by the biological media, the thiol groups of cysteine residues
interactions of captopril with other metal ions present in are known to be among the main binding sites for

the plasma [3]. To gain a deeper insight into the organotin(IV) compounds, yielding products with Sn—S

bonds [9,10]. Moreover, R,Sn(IV) cysteinates have been

' C . found to be active against murine leukaemia P-388 [11].
orresponding author. . .. .
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Fig. 1. Molecular structure of captopril.

have been tested to examine the role of chirality on the
antitumour effect; it was found to be irrelevant [12]. The
interactions between organotin(IV) compounds and
reduced glutathione have also been investigated in
aqueous solution [13,14]. The interactions of cysteine
and two protected derivatives towards Et,Sn(IV)>"
confirmed that the thiolate group has a strong ability
to bind organotin(IV) cations [15].

The first study on the interactions of captopril with
organometallic compounds was performed recently [16].
The structures of solid R,Sn(IV) complexes were
reported and compared with each other and with those
of zinc complexes of this ligand. Additionally, the first
X-ray structure of a captopril complex [Me,Sn(cap)] was
demonstrated.

To add to the results on solid R,Sn(IV) complexes
[16], we have now extended our studies to the interac-
tions of captopril with Me,Sn(IV)** in aqueous solu-
tion in the pH range 2—11. In this work, the equilibrium
behaviour and possible structures of the complexes
formed under these conditions will be discussed on the
basis of pH-metric titrations, and electrospray mass
spectrometric, and 'H-NMR and Mossbauer spectro-
scopic results. Moreover, to evaluate the possible
cytotoxicity of the neutral complex Me,Sn(cap) and
related R,Sn(IV) derivatives of captopril synthesized
earlier, the development of Ciona intestinalis embryos
after treatment with these complexes was analysed.

2. Experimental

2.1. Materials

Me,SnCl, (Fluka) solution was standardized poten-
tiometrically by pH-metric titration with NaOH (Fluka)
solution. Captopril was a Sigma product of analytical
purity and was used without further purification. One
portion of the ligand was presented by EGIS Pharma-
ceutical Company, Hungary.

2.2. pH-metric measurements

Coordination equilibria were investigated by poten-
tiometric titration in aqueous solution. The ionic

strength was adjusted to 0.1 mol dm~* with NaClOy,
and the cell was thermostated to 298+0.1 K. The
electrode (Orion Ross 8102) was calibrated by the
titration of HCIO,4 with an NaOH solution of known
composition. The electrode potential was recorded with
an Orion 710A precision digital pH-meter in a full
automatic titration set. The measured e.m.f. values (F),
were converted to hydrogen ion concentrations by using
the modified Nernst equation [17] (Eq. (1)):

E=E,+K log[H"] + Jy,[H"] +JF§f]W (1)
where Jy and Joy are fitting parameters in acidic and
alkaline media for the correction of experimental errors,
mainly due to the liquid junction and to the alkaline and
acidic errors of the glass electrode; K., is the autopro-
tolysis constant of water: 10~ '*7> at 298 K [18]. The
parameters were calculated by a non-linear least squares
method.

The species formed in the systems studied were
characterized by the general equilibrium processes Eq.
(2), while the formation constants for these generalized
species are given by Eq. (3):

/))M])LLH—F
pM4q¢L = MpLgH —r+rH

M + gL + rOH 2" MpLg(OH)r ©)
N ML H_JH]" _[M,L,(OH)](K,)
e [MP[L] [MP[L]?[OH]
= ﬂ M/,L‘[(OH)I,(KW)F (3)

(Charges are omitted for simplicity; M denotes
Me,Sn(IV)>* and L the ligand molecule deprotonated
on its carboxyl and thiol groups. The charge on L is
-2)

The equilibrium constants were all determined from
three independent titrations (80—100 points for each
titration), using an Me,Sn(IV)-to-ligand ratios of from
2:1 to 1:5. Solubilities were determined by preliminary
measurements. In the Me,Sn(IV)-captopril system the
Me,Sn(IV) concentration ranged from 1.25 x 10~ to
5% 1072 mol dm —>. The experimental data were eval-
uated by the computer program PSEQUAD [19].

2.3. Mass spectrometry

Mass spectrometric measurements were obtained on a
Finnigan TSQ-7000 triple quadrupole mass spectro-
meter (Finnigan-MAT, San Jose, CA) equipped with a
Finnigan ESI source. The instrument was scanned both
positive and negative ion mode in a mass range of 10—
1500 with a scan time of 1.5 s. Spectra were produced
via infusion of sample with a Harvard Apparatus 22
syringe pump (South Natick, MA) driving a 250 pl glass
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syringe with a stainless steel needle attached to 50 um
i.d. fused silica capillary tubing via a Teflon coupling at
the syringe needle. The electrospray needle is adjusted to
4.5 kV and N, was used as a nebulizer gas. The
computer program used for simulation of theoretical
isotope distributions is included in the 1c1s 8.3 package.

2.4. NMR measurements

'"H-NMR spectra were recorded on a VXR-300
Varian spectrometer (University of Camerino, Italy)
operating at room temperature, 300 MHz, with 16—32K
data points. A suitable signal-to-noise ratio was
achieved after the collection of 16—64 transients. During
the recycling delay, the water resonance was suppressed.
The proton chemical shifts, J, were measured with
respect to (CHj3),Si(CD,),ONa as reference. Measure-
ments were generally made in H,O-D,O (5:1). Samples
were prepared as 0.01 mol dm > solutions containing
Me,>Sn(IV)** and the ligand in a metal-to-ligand ratio
of 1:1. 3C- and '"”Sn-NMR spectra were recorded on a
Bruker Avance DRX-500 spectrometer (University of
Szeged, Hungary) at 125.8 and 111.9 Hz, respectively.

2.5. Méssbauer measurements

The '"”Sn Méssbauer spectra of quick-frozen solu-
tions were obtained with a Ca!'?SnO; (10 mCi, Radio-
chemical Centre, Amersham, UK) source at room
temperature. The absorber samples of the Me,Sn(IV)* "
derivatives investigated, in concentrations ranging from
5%107% to 11072 moldm 3, were contained in
cylindrical polythene sample holders (~1 ml, 1 cm?
cross-section, corresponding to 0.025-0.050 mg ''’Sn
cm %) and maintained at liquid nitrogen temperature,
77.34+0.1 K. The source motion was effected by a
Wissenschaftliche Elektronik GMBH apparatus (Ger-
many). Velocity calibration was carried out with an
enriched iron foil spectrum (°’Fe =99.99%, thickness
0.06 mm, Dupont, MA) at room temperature, using a
>Co source (10 mCi, Dupont, MA) in a palladium
matrix, while the zero point of the Doppler velocity was
determined at room temperature via the absorption
spectrum of natural BaSnOs containing 0.5 mg cm ~ 2 of
119Sn. 5 x 10° counts were collected for each velocity
point and the obtained data were refined with appro-
priate software to obtain the Mossbauer parameter
isomer shift, 5 (mm s~ '), nuclear quadrupole splitting,
Al (mms~ '), and the width at half-height of the
resonant peaks, I’ (mm s~ ).

Comparison of the experimental |A| values with those
calculated on the basis of the point-charge model [20]
enabled us to determine the steric arrangements of the
complex species formed. For the calculations, we used
the partial quadrupole splitting (pgs) values of the
different functional groups (Table 1) that have already

Table 1
Partial quadrupole splitting (pqgs) values used for |A| calculations
(mm s~

Donor atom or group Structure

tet # tba ® tbe # oct #

—Me —1.37 —0.94 —1.13 —1.03
OH™ —0.20 —0.13 0.02 —0.14
H,O 0.43 0.18 0.27 0.09 ®
-S~ —0.49 —0.60 —0.60 —0.56
—COO ™ (monodentate) —0.15 —0.10 0.06 —0.11
—COO ™ (bidentate) 0.11 0.08 0.29 —0.08
-C=0 0.24 0.16 0.41 0.18
N (peptide) —0.56 —0.37 —0.30 —0.41

Data obtained from Refs. [21-25] and calculated from these for the
missing values.

@ tet, tba, tbe and oct indicate tetrahedral, axial trigonal bipyrami-
dal, equatorial trigonal bipyramidal and octahedral arrangements,
respectively.

b See text.

been published [21-25]. The pgs value for water—
oxygen in an octahedral structure was derived from
Mossbauer measurements performed for the Me,Sn(IV)
aquocation in four different systems in the glassy state.
For the calculations, the value ([H,O]—[CI])°' =0.09
mm s~ was used instead of 0.20 mm s~ ' [22].

2.6. Biological materials

Adult specimens of C. intestinalis (Ascidiacea, Ur-
ochordata) were collected from the Gulf of Palermo and
Marsala, and identified according to Berrill [26]. Male
and female gametes were removed from the gonoducts
of dissected animals and transferred onto Syracuse
dishes. The eggs were reared in Millipore-filtered sea-
water while the sperms were diluted before insemination
to a final suspension of ca. 0.1% v/v.

Soon after fertilization, the eggs were incubated in the
presence of light, in separate solutions, at different
concentrations and for different exposure times, with
free captopril, or with Me,Sn(cap), Et,Sn(cap), n-
Bu,Sn(cap), -Bu,Sn(cap) or DET (diethyltin dichlor-
ide) (positive control), or in simple seawater (negative
control).

Five experiments were performed. The eggs were
incubated in the organotin(IV)-containing solutions at
the 8—16—32-blastomere stages. For each experiment,
some of the eggs were transferred to the dialkyltin(IV)
(0.5% DMSO) derivative solutions and allowed to
develop until the remainder, used as controls, were
swimming larvae.

The embryos treated with 0.5% DMSO solution
served as controls. Observations were made under a
light microscope. The embryos developed into larvae.

All the experiments were performed at 295 K and the
pH of the solutions obtained was controlled and
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maintained at the normal pH of seawater (7.76—7.78). In
vivo observations were made with a Leitz Diaplan
microscope and photographs were taken on Kodak
T'max film.

3. Results and discussion

3.1. pH-metric measurements

The hydrolysis of Me,Sn(IV)? " has been investigated
in different media by several authors and the results are
compiled in [27]. We earlier performed potentiometric
titrations to obtain data at an ionic strength of 0.1
mol dm —* (NaClO,) [28] and detected the formation of
species with the same composition and similar stability
to those reported by Arena et al. [29]. The observed
species and overall stability constants are shown in the
head of Table 2. Introduction of other polynuclear
hydroxo complexes into the species matrix did not
improve the fitting. The ligand undergoes two deproto-
nation steps up to pH 11.5, attributed to the ~-COOH
and —SH groups of the ligand, with pK 3.52 and 9.88,
respectively, as presented in Table 2.

In the applied concentration range, no precipitation
was observed in the presence of Me,Sn(IV)? . The best
fit was obtained for the model shown in Table 2. The
protonation and complex formation constants calcu-
lated from the pH-metric titrations, together with some
derived data, are also collected here. The species
distribution curves depicted in Fig. 2 demonstrate that
mostly complexes with ligand-to-metal ratio of 1:1 were
formed. The only except ion is the species ML, formed
in detectable amount above pH 4 when a ligand excess
was used. There was no evidence of the presence of
polynuclear species in solution. The 1:1 species formed
at different pH values were found to be in different
protonation states.

All deprotonation processes resulting in complex
molecules take place in the acidic pH range (Fig. 2).

Table 2

Protonation and Me,Sn(IV) complex formation constants of captopril
log f(LH,) 13.40(1)
log f(LH) 9.88(1)
log f(MLH) 13.35(3)
log (ML) 10.46(1)
log B(MLH _)) 4.99(1)
log A (ML,) 17.18(2)
pK(LH,) 3.52
pK(LH) 9.88
pK(MLH) 2.89
pK(ML) 5.47

The hydrolysis constants for Me,Sn(H,0),(IV)>* (=M) are:
(log S(MH_;): —3.12; log f(MH_,): —8.33; log f(MH_5;):
—19.33; log f(M,H _,): —4.83; log f(M,H _3): —9.69).

Already at the starting pH, a complex with the
composition MLH is present. This species is formed
by the coordination of a single deprotonated ligand,
most likely on its —COOH group. ML is formed with
the deprotonation of MLH, which corresponds to the
deprotonation of the thiol group on the ligand. The pK
of this process (defined as log f(MLH)—log f(ML)) is
7 units lower than pK(LH) due to the metal-promoted
deprotonation and coordination of the thiol group. Our
suggestion about the donor groups in ML is confirmed
by the X-ray structure of the complex Me,Sn(cap)
crystallized from aqueous solution in this pH range
[16]. It was found that in this complex the captopril is
coordinated to the central {Sn} atom by its —-COO ", —
ST and amide —C=0 groups, forming tbp geometry
around the metal ion.

In the next step, two processes take place, resulting in
complex molecules. One can be assigned to the forma-
tion of MLH_;, with displacement of the —COO™
group from the coordination sphere by OH ™, while the
other one, ML, (depending on the ligand-to-metal ratio)
is most probably formed through the substitution of the
same group by the thiolate group of another ligand.

3.2. Mass spectrometric measurements

Mass spectrometry can be a useful tool in the
investigation of peptides and their complexes [30].
Captopril and its metal complexes in solution have
already been studied by this technique [31]. Owing to the
multiisotopic nature of tin, the signals of metal-contain-
ing species can easily be recognized in each spectrum.
Additionally, the charge on the tin-containing species
and the number of {Sn} atoms within a molecule ion can
be determined from a comparison of the simulated
isotope distribution pattern with that found.

Mass spectra were recorded at two characteristic pH
values, 4.3 and 8.2, where the Mdssbauer measurements
were also performed. In the present case, only a set of
singly charged ions were observed. Parameters of the
characteristic peaks occurred in the spectra are pre-
sented in Table 3.

The species distribution curve indicates that at pH 4.3
the main species in solution is the complex ML. In
accordance, in the mass spectrum of M:L = 1:1 in [M] =
1 mmol dm ~? solution the base peak can be assigned to
the (ML+H) ™ singly charged cation (Table 3), which is
also confirmed by the isotopic pattern characteristic of
compounds containing one {Sn} atom (Fig. 3). Besides
the peak corresponding to the free ligand (LH,+H)™,
another low-intensity line can be observed at m/z =
729.0, due to the dimeric ion (M,L,+H)™". This species
is formed in a very low amount in the gaseous phase, but
cannot be detected by evaluation of the titration data.

In order to detect both MLH _; and ML, present in
solution at pH 8.2, two mass spectra were recorded in
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Fig. 2. Species distribution diagrams for the 1:1 (A) and 1:10 (B) Me,Sn(IV)—captopril system, [Me,Sn(IV)*>*] = 0.005 mol dm ~>.

the positive ion mode, using ligand-to-metal ratios of 1:1 n(OH),(H,0),, represented in the species matrix as
and 10:1. The neutral hydrolysis species Me,S- M(OH),, was not expected to appear in the spectra.
Table 3
m/z value and relative abundance (in parentheses) of the characteristic peaks in the mass spectra
pH L:M used (L+3H)* (ML+H)™" (QL+5H) " (2ML+H)*
4.3 1:1 217.8 365.9 433.1 729.0
(65.5) (100) (9.0) (11.0)
8.2 1:1 217.8 365.9 433.1 729.1
(45.0) (100) 4.2 8.2)
8.2 10:1 217.9 366.0 433.3 729.2
(100) (46.3) (4.0) (3.0)
(L+H)~ (ML+Cl)~ (2L+3H)~ (ML, +H)~
8.2 10:1 215.7 399.9 430.9 581.0

(100) (24.5) (25.0) (14.6)
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Fig. 3. Measured (A) and simulated (B) special tin isotopic pattern for the monomeric complex ion (ML+H)*.

There was no significant difference between the spec-
trum recorded at pH 8.2 and that recorded at pH 4.3,
except for the position of the base peak of the solution
prepared with a metal-to-ligand ratio of 10:1, which was
at 217.9 due to the ligand excess. The peak correspond-
ing to (ML, +3H)" was present in the spectrum of the
10:1 solution, but its intensity was very low, possibly
because of the prevented uptake of the third proton.

The spectrum of the 10:1 solution at pH 8.3 was
recorded in the negative ion mode too, to confirm the
presence of the species ML,. Due to the ligand excess,
the base peak was (L+H) ™ at m/z 215.7. Besides the
peaks of (ML +Cl)™ and (2L+3H) ", the peak at 581.0,
attributed to (ML,+H)™, was also present in the
spectrum. Chloride ion came from the starting material,
Me,SnCl,. The isotopic pattern of (ML+Cl)~ and
(ML,+H) ™ as compared to the calculated one strongly
supported our suggestion.

3.3. NMR studies

Lockhart and Manders studied the correlation of
2J(Sn—'H) and the C—Sn—C angle in 25 methyltin(IV)
compounds [32]. A plot of these data reveals that § and
2J(Sn—"H) are related by the curve described by Eq. (4);
the data for most of the compounds lie within 4° of this
empirical line.

0(°) = 0.0161|2/(Sn — 'H)P?
—1.32|2J(Sn — 'H)|+133.4 @)

The two-bond coupling 2J(Sn—'H) of the
Me,Sn(IV)** complexes can be determined via the
'"H-NMR spectra of these compounds, if the ligand
has no signal in the range of the Me protons. The signal
of the methyl group of captopril in aqueous solution
falls in the range 1.0—1.2 ppm, which allows determina-
tion of the coupling 2J(Sn—'H). These values provide

information on the average C—Sn—C bond angle of the
compounds in a sample and indirectly on the possible
coordination numbers and geometry around the {Sn}
atom. The coupling constants 2J(Sn—'H) for the
Me,Sn(IV)?* —captopril system, together with the cal-
culated C—Sn—C bond angles, are collected in Table 4.

In order to obtain high-quality spectra within a
normal detection time interval, measurements were
performed in [M]=0.01 mol dm ~* solutions. At this
concentration in the pH range 3-6.5, a precipitate is
formed in solution. Samples were therefore taken for
measurements from the supernatant.

At pH 1.20 the '"H-NMR Me proton signal is very
narrow, suggesting one tin-containing species present in
solution. The calculated C—Sn—C bond angle is very
close to 180°, which is in good agreement with that
found for frans octahedral Me,Sn(H,O);" by Moss-

Table 4

"H-NMR parameters and couplings >J(Sn—'H) of the Me protons in
the 1:1 solutions of Me,Sn(IV)* " :captopril system, [Me,Sn(IV)>* "] =
0.01 mol dm~3, 7=0.1 mol dm 3 (NaClO,) and the calculated C—
Sn—C angles in the pH range 1-11

pH ¢ Line-width *  2J(‘H-""Sn) 0 (C-Sn-
(ppm) (HZ) (HZ) C)calc b (O)
1.20 0.95 1.79 106.8 176.1
1.96 0.93 2.68 101.9 166.1
270 0.91 2.12 92.2 148.6
3.19 0.90 1.60 88.5 ¢ 142.7
6.12 0.77 19.70 —c -
727 0.75 10.98 78 128
8.30 0.77 2.78 75.7 125.7
9.28 0.76 1.84 76.3 126.4
10.46 0.72 1.30 78.4 128.9

# Line-width: the half-line-width of the methyl protons in
Me,Sn(IV)>+.

® Calculated via Eq. (4) in [32].

¢ Sampling from the supernatant of the precipitated solution.
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bauer spectroscopic measurements [33]. On increase of
the pH to 3.19, the Me proton signal shifts to higher
fields, similarly as found for a solution of Me,Sn(IV)**
[34], but to a lesser degree, showing the participation of
the metal ion in interactions other than hydrolysis, as
well, which is supported by the broadened signal. At the
same time, the calculated average C-Sn—-C angle
decreases, demonstrating the presence of a species with
Me groups not in the trans position. On the basis of the
calculated value and our earlier findings concerning the
structure of the neutral solid complex [16], in the
complex molecules formed in solution a tbp arrange-
ment is presumed, with eq Me groups.

In the relatively concentrated solution, most probably
oligomeric species are present. Hence, the Me proton
signal in the spectrum recorded at pH 6.12 on the
solution above the partially dissolved precipitate was
much too broadened to find satellites for determination
of the coupling constant. Nevertheless, a further upfield
shift of this signal can be observed in the spectrum.
From the physiological pH, the coupling 2/(Sn—'H)
does not change dramatically, and the calculated C—
Sn—C angles are close to 120°, suggesting the presence
of Me,Sn(IV) compounds in solution with eg tbp Me
groups. This is in line with our earlier findings on the
present hydrolysis species [34]. The chemical shift of the
Me proton signal does not undergo a significant change
with increasing pH; it is at around 0.75 ppm. This is
different from the situation for the solution of
Me,Sn(IV)>*, in which the signal of the Me protons is
shifted to 0.64 ppm in the pH range 7.4-10.0, and
further upfield on increase of the pH [34]. The difference
probably stems from the presence of ML,, as shown by
the pH-metric measurements.

Since 'J(**C-'""Sn) coupling can also be used for
determination the C—Sn—C bond angle [35], '*C- and
"9Sn-NMR measurements were performed in 1:2 solu-
tion of Me,Sn(IV)> " -captopril at pH 9. In order to
obtain valuable spectra, concentration of the metal ion
was increased up to 0.025 M. Species distribution curve
extrapolated to this concentration shows the presence of
two Me,Sn(IV)*> " -containing species (ML, (=~ 63%)
and MLH_; (=&36%)). Due to the ligand, bound
OH~ and H,O exchange on Me,Sn(IV)*", the
CH;(Sn)-signal is broadened and 'J(**C-'"Sn) cou-
pling cannot be determined with sufficient certainty
from the spectrum. The same reason leads to a non-
informative ''Sn-NMR spectrum. Owing to the forma-
tion of precipitation in the pH range of 2—6, concentra-
tion of Me,Sn(IV)*> ™ and the ligand cannot be increased
sufficiently for '*C- and '"”Sn-NMR measurements.

3.4. Sn Mossbauer study

Since the information about the coordination sphere
around the tin atom in the complexes afforded by the

NMR measurements is limited, Mossbauer measure-
ments in quick-frozen solutions were also performed at
two pH values. As several examples have already
demonstrated, application of this method for structural
studies of complexes formed in aqueous solution can be
a powerful tool (e.g. [9,14,15]). In this particular case,
taking into account the concentration limit for
Me,Sn(IV)>** determined by the precipitation occurs
at low pH, the sufficient detection time increases up to
several days. In spite of the long time required by the
measurements, the Mdssbauer spectra obtained are not
of such good quality as the spectra of solid complexes,
and the parameters obtained from them may involve
larger errors than usual.

For Mogssbauer measurements, two pH values, 4.3
and 8.2, were chosen in solution at a metal-to-ligand
ratio of 1:1. As expected from the results of the pH-
metric titrations, the spectra obtained were not sym-
metric doublets; thus, both of them were decomposed
into two. The integrals of the doublets compared to the
distribution curve allow the measured |A| values to be
ascribed to the appropriate species. The pgs calculations
were performed only for the main compound present at
the given pH.

At pH 4.3, the doublet with larger integral is
attributed to the complex ML, with |Ac.=3.02
mm s~ '. The coordination of —S~ and —COO~ in
ML has been revealed by pH-metry, and only mono-
meric complexes were found on the evaluation of
concentration-dependent titrations. Since coordination
of the amide —C=0 group cannot be proved or excluded
by pH-metry, this and coordinating H,O molecules (one
or two) were also taken into account in the pqs
calculations. The best agreement between the measured
and calculated data was found for a tbp arrangement in
which the thiolate and carboxylate groups are coordi-
nated in eq and ax positions, respectively. One H,O
molecule coordinates axially and the Me groups, in
agreement with the "H-NMR results, equatorially. The
experimental |A| is very close to that obtained for the
polymeric solid complex Me,Sn(cap) (2.93 mm s~ '), in
which the tbp geometry around the tin involves an eq
thiolate and an ax amide —C=0 of one ligand and an ax
carboxylate of another, while Me groups occupy the
remaining eq positions.

As can be seen from the species distribution curve
(Fig. 2), at pH 8.2 the main species in solution is
MLH_ ;. Thus, the value of |Agpl=2.89 mm s !
obtained for the doublet with the larger integral area
of the decomposed Mdossbauer spectrum was attributed
to this species. The results of pH-metric titrations and
earlier findings [27] indicate that the carboxylate group
is not able to protect Me,Sn(IV)>* from hydrolysis in
this pH range: a hydroxide ion displaces it in the
coordination sphere. The result of pqgs calculations
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lend further support to this suggestion: if the contribu-
tion of an ax OH ™ is used in the calculation instead of
the contribution of the ax —-COO™, |Acud=3.10
mm s~ ! is obtained, which is within the acceptable limit
of 0.4 mm s~ ! for the difference |Acaic — Aexpl-
Maossbauer spectrum obtained at pH 8.9, M:L = 1:10
can be decomposed into two doublets. Ratio of the
integrals is 1:2, similarly to MLH _:ML, at this pH
(Fig. 2B). Based on this, parameters of the doublet with
the larger integral (5=1.28 mms~' |[A]=225
mm s~ ') could be attributed to ML,. Based on pgs
calculations, |A] is in the best agreement with the
calculated 2.03 mm s~ ! value, which describes a tetra-
hedral arrangement with double thiolate coordination.

3.5. Results of biological tests

In a 0.01 mol dm ~* or more concentrated solution of
Me,Sn(IV)>* :captopril = 1:1 in the pH range 2.5-5.0 a
precipitate is formed. This was characterized by several
spectroscopic methods, and also by X-ray crystallogra-
phy [16]. Three other R,Sn(IV) (R = Et, n-Bu and #-Bu)
complexes of captopril were also synthesized and
studied by elemental analysis, FtIR and ''”Sn Mass-
bauer spectroscopy, as described previously. The solu-
bility of these complexes in water was very low and two
of those [Et,Sn(cap) and 7- Bu,Sn(cap)] were practically
insoluble in all common NMR solvents. This fact
limited their further study in solution. Their character-
ization in the solid state suggested a very similar
structure in all cases, i.e. 1:1 polymeric complexes,
with thiolate, carboxylate and amide —C=0 coordina-
tion. In order to evaluate and compare the possible
cytotoxicity of the complexes, the development of C.

Table 5

intestinalis embryos after treatment with these chemicals
was analysed at different concentrations. The results are
given in Table 5.

The embryo development seemed to parallel that
regularly observed for fertilized eggs of C. intestinalis
[36]. In fact, the development of these embryos resulted
in two to four blastomeres, gastrula and neurula stages
after 2, 6 and 7.5 h, respectively. Moreover, after 24 h
the embryos were in the swimming larva stage, with a
trunk and a tail (Fig. 4). The eggs incubated in the
ligand developed normally up to the larval stage at a
percentage (70%) identical to that for the controls.

Normal larvae were obtained after treatment with
Me,Sn(cap) or Et,Sn(cap) at both 10~ and 10’
mol dm 3, and also after treatment with DET.

Fig. 4. C. intestinalis swimming larvae (magnification x 48).

Results of development of fertilized C. intestinalis eggs incubated in solutions of R,Sn(cap) from the 8-16-32-cell stage

Compound Concentration (mol dm %) Development stages
Uncleaved eggs Anomalous embryos Anomalous larvae Normal larvae

Captopril 1073 10 15 5 70

1077 10 15 5 70
DET 10°? 10 15 5 70

1077 10 15 5 70
Me,Sn(cap) 1073 10 15 5 70

107 10 15 5 70
Et,Sn(cap) 1073 10 15 5 70

1077 10 15 5 70
n-Bu,Sn(cap) 1073 10 90

107 10 80 5 5
t- Bu,Sn(cap) 103 10 90

1077 10 80 5 5

The data relate to five experiments and show the percentages of developed or arrested eggs. The controls developed 70% swimming larvae. All the

experiments were performed at 295 K and pH 7.76-7.78.
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A B

Fig. 5. Anomalous embryos of C. intestinalis incubated in 107>
mol dm ~* n- Bu,Sn(cap) solution. (A) In some embryos where the test
and follicular cells are detached, hyaline protrusions are visible. (B, C)
Inside, the blastomeres are arranged in a chaotic pattern (magnifica-
tion, (A) x 58; (B) x 144; (C) x 360).

Although at a very low percentage, normal larvae were
obtained after treatment with n-Bu,Sn(cap) or ¢-
Bu,Sn(cap) at 10~ 7 mol dm ~>. n-Bu,Sn(cap) at 10>
mol dm ~? inhibited cleavage of the eggs in the 8-16-32-
blastomere stages strongly anomalously (Fig. 5). -
Bu,Sn(cap) at 10> mol dm 3 blocked the development
when embryos reached an advanced stage, giving rise to
anomalous embryonic masses (Fig. 6). The main results
obtained were as follows:

1) The ligand does not affect the embryonic develop-
ment of C. intestinalis significantly.

2) Me,Sn(cap) and Et,Sn(cap) do not affect the
embryonic development; #n-Bu,Sn(cap) and -
Bu,Sn(cap) exert toxic activity on C. intestinalis
embryos in the early stages of development. This
toxicity is concentration-dependent and is related to
the lipophilic properties of the complexes.

A

Fig. 6. Anomalous embryos of C. intestinalis incubated in 107
mol dm ~* #- Bu,Sn(cap) solution. (A) The blastomeres are of different
sizes and are blocked. (B, C) They present an anomalous distribution
of plasms and are arranged in a chaotic pattern, with a non-uniform
distribution of hyaline and dark areas in the different parts of embryo
(magnification, (A) x 72; (B, C) x 180).

4. Conclusions

Captopril, an ACE inhibitor, is not only interesting
from medicinal and biological aspects; it is also a
versatile ligand, with four potential donor groups for
the formation of coordination compounds. Moreover, it
is a Cys-Pro-like pseudo-dipeptide. These facts have
placed it in the focus of coordination chemistry research,
and its interactions towards most of the transition metal
ions have been described in detail. In the first study of
organometallic compounds of captopril [16], four
R,Sn(IV) (R =Me, Et, n-Bu and #-Bu) complexes of
captopril were synthesized and characterized by means
of FtIR, Raman and '"’Sn-NMR spectroscopy and
electrospray mass spectrometry. Additionally, the struc-
ture of Me,Sn(cap) was determined by single-crystal X-
ray diffraction method. Comparison of the results
obtained by the different methods for the individual
compounds showed that their structures are very
similar, differing only in the degree of distortion of the
bond angles. Each complex adopts a linear polymeric
structure, with a tbp arrangement around the tin atom.
The metal centres are linked by a chelate-type coordina-
tion of the thiolate group and the amide —C=0 of one
ligand in the eq—ax position and ax coordination of a
carboxylate group of another [16].

Since Me,Sn(IV)>" and captopril are soluble in
water, to acquire a better insight into the coordination
processes that take place in solution, we extended these
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studies to the interactions in aqueous solution in the pH
range 2—11. In this work, the equilibrium behaviour and
possible structures of the complexes formed under these
conditions are discussed in detail. Evaluation of the pH-
metric titration data revealed that in the acidic pH range
monomeric complexes are formed with a metal-to-
ligand ratio of 1:1, which differ from each other only
in the protonation state. In the first step, the carboxylate
group of captopril is deprotonated. The neutral complex
ML is then formed through the deprotonation and
coordination of the thiol group. This pH range is that in
which the solid complex Me,Sn(cap) precipitated from
more concentrated solutions, which makes a compar-
ison of the structures of the two complexes interesting.
These are very similar as far as the geometry around the
central tin atom is concerned. The only difference is that
in the solid complex the amide —C=0 is coordinated in
one of the ax positions, while in ML a H,O molecule is
found there.

On increase of the pH, two new processes take place,
resulting in complex molecules, each involving displace-
ment of the carboxylate group from the coordination
sphere. In MLH_; a hydroxide ion completes the
structure to tbp. In ML, thiolate groups of two ligands
coordinates to Me,Sn(IV)*> " forming tetrahedral struc-
ture.

Among the methods used for the structural studies of
the complexes formed in aqueous solution ''’Sn Méss-
bauer spectroscopy proved to be the only efficient one.

To add to the results that we have obtained so far, the
cytotoxicity of the four R,Sn(IV) complexes was also
investigated. Biological activity tests of the R,Sn(IV)
complexes under study demonstrated that n- Bu,Sn(cap)
or t-Bu,Sn(cap) exerts toxic activity towards the em-
bryos of C. intestinalis, while the ligand itself does not
affect the development of the embryos to any significant
extent; Me,Sn(cap) and Et,Sn(cap) produced normal
swimming larvae.

The mechanism of action of the tested compounds is
still unknown, but literature data on the highly toxic
tributyltin(IV)* indicate that this chemical alters the
intracellular Ca>* homeostasis through inhibition of the
membrane Ca®"-ATPase, which activates several pro-
cesses, causing first microfilament and microtubule
disassembly [37] or chromosomal disorders, with altera-
tion of the cytoplasmic organelles and cell metabolism
[38—41].
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