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a b s t r a c t

Three new complexes of the steroid sodium fusidate (sodium 2-[(1S,2S,5R,6S,7S,10S,11S,13S,
14Z,15R,17R)-13-(acetyloxy)-5,17-dihydroxy-2,6,10,11-tetramethyl tetracyclo[8.7.0.02,7.011,15] heptadec-
an-14-ylidene]-6-methylhept-5-enoate = (NaFusidate, NaFA)]), with triorganotin(IV) moieties have been
prepared and investigated by conventional techniques as FTIR, Mössbauer, ESI-MS and NMR spectros-
copy. The isolated compounds showed stoichiometries organotin(IV)/fusidate 1/1, R3Sn(IV)FA (R = Me,
FA1; Bu, FA2; Ph, FA3). The ligand coordination sites were determined by FTIR spectroscopic measure-
ments. In the complexes, the carboxylate group of the fusidate ligand behaves as monodentate monoan-
ionic donor, binding the Sn(IV) through one oxygen atom.

On the basis of C–Sn–OCOO angles, calculated through the rationalization of the 119Sn Mössbauer
parameter nuclear quadrupole splitting, it has been confirmed that, in all the solid state complexes,
the Sn(IV) was tetracoordinated in a distorted tetrahedral structure.

Further data from 119Sn CP-MAS spectra confirmed the distorted tetrahedral arrangement.
In MeOH solution, 1H, 13C and 119Sn NMR spectroscopy showed monomeric complexes, where the car-

boxylate group mainly acts as monodentate ester-type ligand, and the occurrence of a coordinated sol-
vent molecule to the tin center, as validated by non-relativistic NMR DFT study.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Organotin(IV) compounds received increasing attention in the
recent past years, not only because of their many and differentiate
applications in industry as agricultural biocides, wood preserva-
tives, heat stabilizers, marine antifouling paints, flame retardants,
smoke suppressants, homogeneous catalysts, but also for their pos-
sible biomedical applications as antioxidants, tin-based antimicro-
bial drugs, potential antitumor drugs, etc. In this context many
papers, reviews and books have been published, in the past twenty
years, dealing with such applications [1–9]. Research on the syn-
thesis and applications of metal-based drugs are currently consid-
ered as one of the most expanding areas in biomedical and
inorganic chemistry [10] and very recent studies have shown very
promising in vitro cytotoxic properties of organotin compounds
[11].
All rights reserved.

Bu3SnFA; FA3, Ph3SnFA.
: +39 (0)91 427584.
Among organotin compounds, the structural chemistry of
organotin carboxylates has attracted considerable attention owing
to their possible structural diversity. Both di- and triorganotin car-
boxylates show rich and diverse structural chemistry as reported
in recent publications [12–17].

Generally speaking, it has been reported that the biological
behavior of organotin(IV) carboxylates is greatly influenced by
the structure of the molecule and by the coordination number of
the tin atom [18] and have attracted much attention due to their
potential biocidal activity and cytotoxicity. In particular, steroidal
organotin compounds have been synthesized and tested in vitro
and with a parent steroid and two model compounds for further
investigation on the structure–activity relationship in antitumor
organotin compounds toward a series of human tumor cell lines,
by M. Gielen et al. [14].

Such a strict connection between structure of organotin(IV) car-
boxylates and their cytotoxic [8,12,19,20] behavior stimulated in
the recent past our investigations on organotin(IV) derivatives of
several carboxylic acids [21–27].

Following our research interest, we chose to investigate the
interaction of trialkyltin(IV) cations with steroid NaFA. The new

http://dx.doi.org/10.1016/j.jorganchem.2010.02.001
mailto:bioinorg@unipa.it
http://www.sciencedirect.com/science/journal/0022328X
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complexes, FA1, FA2 and FA3, have been structurally characterized
in solid state by FTIR, 119Sn NMR and 119Sn Mössbauer spectros-
copy; and by means 1H, 13C, 119Sn NMR spectroscopy and DFT stud-
ies in methanol solution.

2. Experimental

2.1. Materials and methods

R3SnCl (R = Me, Bu, Ph) used in the syntheses were Fluka-Rie-
del-de Haën (Sigma–Aldrich Company, St. Louis, MO, USA) prod-
ucts, while the free fusidic acid sodium salt ligand [28] (Fig. 1)
was a Sigma–Aldrich Co. product. They were used without further
purification.

C, H content analyses were performed in our laboratory, by
using a Vario EL III CHNS elemental analyzer (Elementar Analysen-
systeme GmbH, Hanau, Germany). Sn content was determined in
our laboratory according to standard method [29].

2.2. Synthesis of the fusidate complexes R3Sn(IV)FA, (R = Me, Bu, Ph)

Sodium fusidate (0.5387 g, 1 mmol) with 1 mmol of the appro-
priate R3SnCl moiety (R = Me, 0.1993 g; R = Bu, 0.27 ml,
d = 1.200 g ml�1, 0.3240 g; R = Ph, 0.3855 g) suspended in 50 ml
of dry methanol, in the 1:1 stoichiometric ratio, were allowed to
react for 24 h at about 40 �C, under a constant stirring. The result-
ing solution was kept in refrigerator. The precipitated NaCl was fil-
tered off, and the solvent was removed on a rotary evaporator, and
the obtained microcrystalline precipitate recrystallized twice from
a 1:1 methanol:chloroform mixture. Microcrystalline precipitates
obtained were not suitable for X-ray structure investigation.

Analytical data for the complexes were:

2.2.1. Me3Sn(IV)FA (FA1)
Yield 71%, m.p.: 152–154 �C, dec.; Anal. Calc. for C34H56O6Sn: C,

60.10; H, 8.31; Sn, 17.47%; expected MW, 679.5; Found: C, 60.02;
H, 8.02; Sn, 17.52%; ESI-MS: MW = 680. Positive-ion MS: m/z
1382 [2M+Na]+; m/z 1219 [M+NaFA+H]+; m/z 843 [M+Me3Sn]+;
m/z 703 [M+Na]+; m/z 622 [M+NaFA+H+Na]2+. MS/MS of m/z
1382: m/z 703 [M+Na]+. Negative-ion: m/z 1195 [M+FA]�; m/z
516 [FA]�.
Fig. 1. Chemical structure of steroid sodium fusidate, with the numbering scheme
referred to the NMR assignments (according to Ref. [28]).
2.2.2. Bu3Sn(IV)FA (FA2)
Yield 75%, m.p.: 201–203 �C, dec.; Anal. Calc. for C43H74O6Sn: C,

64.10; H, 9.26; Sn, 14.73%; expected MW, 805.8: Found: C, 63.90;
H, 9.24; Sn, 15.20%; ESI-MS: MW = 806. Positive-ion MS: m/z
1635 [2M+Na]+; m/z 829 [M+Na]+. MS/MS of m/z 1633: m/z 829
[M+Na]+. Negative-ion: m/z 1322 [M+FA]�; m/z 1052 [M+Bu3Sn–
CO2–H]-; m/z 516 [FA]�.

2.2.3. Ph3Sn(IV)FA (FA3)
Yield 63%, m.p.: 207–209 �C, dec.; Anal. Calc. for C49H62O6Sn: C,

67.98; H, 7.22; Sn, 13.70%; expected MW, 865.7; Found: C, 67.70;
H, 7.04; Sn, 13.00%; ESI-MS: MW = 866. Positive-ion MS: m/z
1755 [M+Na]+; m/z 889 [M+Na]+. MS/MS of m/z 1755: m/z 889
[M+Na]+. Negative-ion: m/z 1382 [M + FA]�; m/z 516 [FA]�.

2.3. Spectroscopic measurements

FTIR spectra were registered, as nujol and hexachlorobutadiene
mulls, on a Perkin–Elmer Spectrum ONE FTIR, between CsI win-
dows, in the 4000–250 cm�1 region, and in KBr pellets in the
4000–400 cm�1 range (Table 1).

The 119Sn Mössbauer spectra (Table 2) were recorded at liquid
nitrogen temperature with a multichannel analyzer (TAKES Mod.
269, Ponteranica, Bergamo, Italy) and the following Wissenschaftli-
che Elektronik system (MWE, München, Germany): an MR250
driving unit, an FG2 digital function generator and an MA250
velocity transducer, moved at linear velocity, constant accelera-
tion, in a triangular waveform. The organotin(IV) samples were
maintained at liquid nitrogen temperature in a Cryo NDR-1258-
MD liquid nitrogen cryostat (Cryo Industries of America, Inc. Atkin-
son, NH, USA) with a Cryo sample holder. The 77.3 ± 0.1 K temper-
ature was controlled with an Oxford Instruments ITC 502
temperature controller (Oxford, England). The multichannel cali-
bration was performed with an enriched iron foil (a57Fe, 4 lm,
Ritverc GmbH, St. Petersburg, Russian Federation), at room tem-
perature, by using a 57Co/Rh source (10 mCi, Ritverc GmbH, St.
Petersburg, Russian Federation), while the zero point of the Dopp-
ler velocity scale was determined, at room temperature, through
absorption spectra of natural CaSnO3 (119Sn = 0.5 mg cm�2) and a
119Sn source (10 mCi, Ritverc GmbH, St. Petersburg, Russian Feder-
ation). The obtained 5�105 count spectra were refined, to obtain the
isomer shift, d ± 0.03 (mm s�1), and the nuclear quadrupole split-
ting, |Dexp| ± 0.02 (mm s�1).

Electrospray ionization mass spectra (ESI-MS) were recorded on
a Finnigan LCQ Deca XP ion trap (Thermo Fischer Scientific, Wal-
tham, MA, USA) using an electrospray ionization (ESI) interface.
Organotin(IV)fusidate complexes were dissolved in methanol and
introduced into the ESI source via a 100 lm i.d. fused silica, using
a 500 ll syringe. The spectra were acquired both in the positive
and negative ion mode and the instrumental conditions were as
Table 1
Assignment of more relevant absorption bands of NaFA, FA1, FA2 and FA3 in the
4000–250 cm�1 region.a

Compounds/Assignments NaFA FA1 FA2 FA3

mOH 3627 w 3441 m,bd 3465 m,bd 3385 m,bd
3490 s 3407 m,bd
3412 m 3315 m,bd

mC@O(acetyl) 1713 vs 1720 vs 1717 vs 1713 s
mas(COO�) 1553 vs 1594 s,bd 1600 m 1596 s,bd
ms(COO�) 1385 s 1374 s 1376 s 1373 m
Dm (cm�1) 168 220 224 223
mSnC2 – 549 s 507 w –
Y mode – – – 448 s

a Nujol, hexachlorobutadiene mulls and KBr pellets; s = strong, m = medium,
w = weak, vw= very weak, bd = broad.



Table 2
Experimental Mössbauer parameters, isomer shift, d, mm s�1, experimental (|Dexp|, mm s�1) and calculated nuclear quadrupole splittings (Dcalcd, mm s�1), average full widths at
half height (Cav, mm s�1) measured at liquid N2 temperature for triorganotin(IV) fusidates and calculated C–Sn–OCOO angles.

Compoundsa d |Dexp| Cav
b Dcalcd

c C–Sn–OCOO angle Proposed structure Figure

FA1 1.27 3.21 0.76 �2.44 103 Td 2
FA2 1.42 3.09 1.16 �2.44 101 Td 2
FA3 1.20 2.34 1.02 �2.22 108 Td 2

a Sample thickness ranged between 0.50–0.60 mg 119Sn�cm�2; isomer shift, d, ±0.03, mm s�1 with respect to room temperature BaSnO3; nuclear quadrupole splittings,
|Dexp| ± 0.02, mm s�1.

b Cav are the average full widths at half height of the resonant peaks respect to the centroid of the Mössbauer spectra.
c Calculated D according to the point-charge model formalism applied to the idealized tetrahedral structure of Fig. 2; used p.q.s. were ([Ph]–[Cl])tet = �1.26; ([Alk]–

[Cl])tet = �1.37; ([COO]–[Cl])tet
unid = �0.15; (unid = unidentate; tet = tetrahedral).
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follows: needle voltage 4 kV; flow rate 3–5 ll min�1; source tem-
perature 200 �C; m/z range 50–4000.

Solid-state 119Sn{1H} CP-MAS spectra were obtained at
149.22 MHz on a Bruker Avance II DMX 400 MHz (9.40 T) spec-
trometer (Bruker BioSpin GmbH, Rheinstetten, Germany). The
spectra were acquired with a number of 3000–4000 transients
using recycling delays of 4 s for FA1 and FA2, and 3 s for FA3,
and contact time of 6 ms. Spinning rates of 13 KHz for FA1,
5 KHz for FA2 and 12 KHz for FA3 were used. Line broadening of
10 Hz and zero filling of 16 k points were applied to the free induc-
tion decays (FID) before transformation. After calibration on the
(cC6H12)4Sn, a power level of 4 dB was applied in order to get the
Hartman–Hahn condition.

119Sn chemical shifts are given with respect to the solid
(cC6H12)4Sn as external reference (d 119Sn = �97.0 ppm with re-
spect to the Me4Sn).

One-dimensional 119Sn{1H} NMR spectra of MeOD solutions
were recorded at 300 K on a Bruker ARX 300 (7.04 T) spectrometer
at 111.92 MHz with a spectral width (SW) of 800 ppm by investi-
gating four spectral windows with SW = 250 ppm at once in the
+200 to �600 ppm range. For FA1 a further spectrum was acquired
at the same spectroscopic conditions in DMSO-d6 solution to check
the potential role of the solvent on 119Sn chemical shift (d 119Sn).
One-dimensional 1H, 13C{1H} and two-dimensional 1H COSY,
(1H–13C)-gHSQC, (1H–13C)-gHMBC spectra in MeOD solution were
acquired at 300 K on a Bruker ARX 300 (7.04 T) spectrometer at
300.13 and 76.45 MHz with a SW of 10 ppm and 200 ppm, for
one-dimensional 1H and 13C spectra, respectively. For 119Sn, Me4Sn
was employed as external reference (119Sn, d = 0.00 ppm). 1H and
13C resonances were calibrated on Me4Si as external reference
(1H, d = 0.00 ppm; 13C, d = 00.0 ppm). 119Sn{1H} and 13C{1H} spectra
were acquired with broadband proton power-gated decoupling.
For all nuclei, positive chemical shift had higher frequencies than
the reference. A Lorentzian broadening of 30 Hz was applied to
the FID before Fourier transformation. LW in the text is intended
as line width at half height. Concentration of NaFA, FA1, FA2 and
FA3 were ca. 0.07 M in MeOD solution. The concentration of FA1
in DMSO-d6 solution was ca. 0.05 M.
2.4. Computational details

Calculations were performed at the non-relativistic DFT level.
Geometry optimizations for all the studied model structures (see
the ‘‘Computational Study” section in Supplementary information)
and Me4Sn, used as reference for the d 119Sn calculation, were per-
formed using the B3LYP [30,31] hybrid functional combined with
the 6-31G(d,p) basis set for the H,C,O atoms and the all electron
Double Zeta Valence plus Polarization (DZVP) basis set [32] for
the Sn atom (contraction scheme: (18s14p9d)/[6s5p3d]). Further
optimizations for FA1 and Me4Sn models were also done within
the PCM formalism [33–35].

Calculation of the shielding constants (r) was performed on the
optimized geometries in conjunction with the Gauge Independent
Atomic Orbital (GIAO) formalism by using the B3LYP hybrid func-
tional combined with the 6-311G** basis set for the H,C,O atoms
and Included Gauge Localized Orbital-II (IGLO-II) [36] as also re-
ported in refs. [37,38]. Moreover, for comparison’s sake with our
previous work [39], the same calculations were also performed
by using the 6-31G** basis set for the H,C,O. Calculated isotropic
119Sn chemical shifts (diso) were obtained as diso = riso,ref � riso,
where riso,ref is the isotropic 119Sn shielding constant of Me4Sn
and riso is the isotropic 119Sn shielding constant of the studied
molecule.

1J(119Sn,1H) [1J] and 2J(119Sn,13C) [2J] coupling constants for FA1
were calculated according to ref. [40] by using the mPW1PW91
[41] hybrid functional and the 6-31G(d,p) basis set for the H, C,
O atoms and the DZVP basis set for the Sn atom. All contributions
to the coupling constants have been evaluated, namely: the spin-
dipole (SD), diamagnetic (DSO), and paramagnetic (PSO) spin-orbit
and Fermi-contact (FC) terms, whereas only the total spin-spin
coupling constants are discussed in the text. For all the models
the FC resulted the largest predominant contribution to the cou-
pling constants values. Due to the size of the studied systems, suit-
able reduced models of FA1 were used in the calculation of the 1Js
and 2Js (see Fig. S1 in Supplementary information). Both for the
optimizations and the NMR calculations, an integration grid of 99
radial shells and 302 angular points was used. For all calculations
the software package GAUSSIAN 03 [42] was used. Cartesian coordi-
nates of the all gas-phase optimized geometries and the SD, PSO,
DSO, and FC contributions to 1J and 2J for FA1 are given as Supple-
mentary information.
3. Results and discussion

3.1. FTIR spectra

The coordination sites of the ligands were determined by FTIR
spectroscopy. The most relevant absorption bands, and their
assignment, both for the free and the coordinated fusidate, Fig. 1,
are reported in Table 1. In particular, the invariance of the frequen-
cies of the acetyl mC@O vibration should rule out coordination of
oxygen atom of the acetyl C@O group in all of the organo-
tin(IV)fusidate complexes. The main differences in the FTIR spectra
of complexes occurred in the carboxylate stretchings. Deacon et al.
[43] reported the FTIR spectra of acetate and trifluoroacetate metal
complexes. The following conclusions were drawn: (i) when the –
COO� group coordinates to the metal ion in a monodentate man-
ner, the difference between the wavenumbers of the asymmetric
and symmetric carboxylate stretching bands, Dm = [mas(COO�) �
ms(COO�)] is larger than that observed for ionic compounds.
(ii) when the ligand chelates, Dm is considerably smaller than that
observed for ionic compounds, but for asymmetric bidentate coor-
dination the value is in the range characteristic of monodentate
coordination. (iii) The characteristic Dm for the bridging bidentate
ligand is larger than that for chelated ions and nearly the same
as that observed for ionic compounds. On the above basis, it was
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possible to distinguish between the –COO� group coordination
modes.

The asymmetric and symmetric –COO� stretchings, mas(COO�)

and ms(COO�), in the free sodium fusidate occurred, respectively,
at 1553 and 1384 cm�1, Dm was equal to 168 cm�1. In the R3Sn(IV)-
fus (R = Me, Bu, Ph) only two bands characteristic of asymmetric
and symmetric –COO� stretchings are present in the FTIR spectra
at around 1600 and 1375 cm�1, respectively, for mas(COO�) and
ms(COO�). In all the three triorganotin(IV) complexes, the Dm values
are larger than 200 cm�1 indicating an ester-type or unsymmetri-
cal bridging carboxylate group.

Finally, bands characteristic of mSnC2 and of the so-called Y
mode, in the Whiffen notation [44], are present near 600 cm�1,
respectively in the alkyltin(IV) and phenyltin(IV) derivatives,
Table 1.

3.2. 119Sn{1H} CP-MAS spectra

The 119Sn{1H} CP-MAS spectra of FA1 (Fig. 3A) and FA3 (Fig. 3C)
showed a single broad signal at +120 ppm (LW � 6300 Hz) and
�118.3 ppm (LW � 5000 Hz), while FA2 (Fig. 3B) showed two rel-
atively narrow signals with different intensity at +90.0 ppm
(LW � 400 Hz) and +79.2 (LW � 500 Hz), respectively. All the tin
chemical shift signals are in agreement with a tetracoordinated
Fig. 3. 119Sn{1H} CP-MAS spectra

Fig. 2. Regular structure of tin assumed to estimate the nuclear quadrupole
splittings according to the point-charge model formalism for four-coordinated
R3Sn(IV)fusidate derivatives (R = Me, Bu, Ph). The partial quadrupole splittings,
p.q.s., mm s�1, used in the calculations are reported in Table 3.
tin [45–48]. Moreover, the occurrence of a few number with low
intensities side bands or, even more in the case of FA1, the lack
of these side bands point to the loss of the tetrahedral symmetry
around the tin. These findings, then, point to a heavy distortion
of the ideal local tin tetrahedral arrangement expected for a tetrac-
oordination. Finally, for FA2 the two narrow signals indicate a long
range order in solid state for this compound, being the two slight
different chemical shift values due to a slight different arrange-
ment of the tin center.

3.3. 119Sn Mössbauer spectra

119Sn Mössbauer data give an insight into the structure of the
complexes in the solid state. The experimental Mössbauer param-
eters, isomer shift, d (mm s�1), and nuclear quadrupole splitting,
|Dexp| (mm s�1), of the complexes are reported in Table 2, to-
gether with D calculated according to the point-charge model for-
malism, and C–Sn–OCOO angles for the idealized structure of Fig. 2
[49–53]. How it is evident from a comparison between experi-
mental and calculated nuclear quadrupole splittings, Table 2, their
difference exceeded, for FA1 and FA2, the limit of tolerance of the
method (±0.4 mm s�1 [53]). The rather large experimental quad-
rupole splitting values for FA1 and FA2 could be, normally, ex-
plained in terms of penta-coordination at the tin atom
(probably, to form polymeric chains in the solid state), but it
has also been shown that such experimental |Dexp| data can be
explained satisfactorily by assuming a more or less distorted tet-
rahedral geometry [54]. As a consequence, taking also into ac-
count the FTIR, solid state 119Sn NMR and ESI-MS data for all
three aforementioned complexes, which strongly support a tetrac-
oordination of tin(IV), we calculated the C–Sn–OCOO angles for
FA1, FA2 and FA3 derivatives according to R.V. Parish procedure
[55], which confirmed, for all the complexes FA1 and FA2 distor-
tion from tetrahedral structure (see Table 2) according to the
bulkiness of the organic radical bonded to the tin atoms. The iso-
mer shifts were characteristic of covalent bonds and reflected the
meaning of the parameter.
of FA1 (A), FA2 (B), FA3 (C).
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3.4. ESI-MS spectra

The ESI mass spectra of the FA1, FA2 and FA3 complexes prev-
alently showed the formation of monomeric and dimeric sodium
adducts in agreement with organotin compounds reported in the
literature [56,57] However, even if the peaks of dimeric ions
showed lower relative abundances than monomeric ions in every
system, their tandem mass spectra is a further contribution to con-
firm the molecular weights of the compounds. The assignments of
the individual ions are based on the combination of positive-ion,
negative-ion and tandem mass spectrometric experiments
(Fig. 4a–c). These assignments were supported by comparison be-
tween theoretical and experimental isotopic distributions of
monomeric [M+Na]+ and dimeric ions [2M+Na]+ of FA1, FA2 and
FA3 compounds, the latter is reported in Fig. 4d. In particular the
positive ESI mass spectra of FA2 and FA3 were simpler than FA1
spectrum. In fact, the positive ESI mass spectrum of FA1 showed
monomeric and dimeric sodium peaks together with other fea-
tures, probably due to the formation of adducts with trimethyltin
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Fig. 4. Positive-ion ESI-MS/MS spectra of [2M+Na]+ ion at m/z 1382 for FA1 compound (a
is reported positive full scan spectrum of FA3 and its zoom scan spectra of m/z 889 and
fragment ion [M+Me3Sn]+ and NaFA adducts (such as [M+Na-
FA+H]+). The negative-ion of molecule adducts with NaFA,
[M+FA]� is also observed in the spectra and support the MS
assignments.

3.5. Solution-state investigation by NMR spectroscopy

In MeOD solution the 119Sn{1H} spectra of FA1, FA2 and FA3
show a single signal at +22.5 ppm (LW = 202 Hz), +31.2 ppm
(LW = 527 Hz) and �194.1 ppm (LW = 110 Hz), respectively. For
FA1 and FA2, the d 119Sn values suggest a penta-coordination at
the tin center [45–47] which could be originated from a competi-
tive tin-(chelating)carboxylate vs tin-solvent interaction. In this
context, despite the higher shielding effect of the butylic chains
upon the d 119Sn, the more shielded value of d 119Sn observed for
FA1 with respect to the corresponding d 119Sn for FA2, together
with their different LW values, seems to confirm the occurrence
of tin/solvent interaction. Moreover, the participation of the sol-
vent on the tin coordination is further confirmed by the
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Fig. 4 (continued)

Table 3
Measured nJ(119Sn,13C) (n = 1,2,3,4) and mJ(119Sn,1H) (m = 2,3). Coupling constants are given in Hz.

Compounds 1J(119Sn,13C) 2J(119Sn,13C) 3J(119Sn,13C) 4J(119Sn,13C) 2J(119Sn,1H) 3J(119Sn,1H)

FA1 487.0 – – – 66.7 –
FA2 434.2 25.4 75.8 <7.0 n.o. n.o.
FA3 n.o. 46.3 68.3 14.1 – 61.4

n.o. = Not observed.
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�12.8 ppm d 119Sn value (LW = 224 Hz), still in agreement with a
penta-coordinated tin atom, observed in DMSO-d6 for FA1; this
signal falls at lower frequencies with respect to the corresponding
one in MeOD solution as expected being the DMSO a stronger coor-
dinating solvent towards the tin atom. Also for FA3, the d 119Sn is in
agreement with a penta-coordinated tin center [45–47]. In addi-
tion, for FA3, the observed d 119Sn value is often indicative of tri-
phenyltin(IV)-carboxylate derivatives where the ligand acts as
chelating agent and the tin atom is arranged in a cis-ligand-trigonal
bipyramidal local geometry [58]. However, also in this case, the
coordinating behavior of the solvent must to be taken into account
and the participation of the solvent on tin coordination, analo-
gously to what proposed for FA1 and FA2, could not be discarded
a priori.

The solution-state 1H and 13C{1H} ds for FA1, FA2 and FA3 are
given as Supplementary information (See Table S1). Complexation
does not cause important changes in the ligands 1H and 13C reso-
nances except for the 13C signals corresponding to C17, C20 and



Fig. 5. Proposed configuration in methanol solution for FA1, FA2, FA3. The double
arrows indicate the probable occurrence of the competitive exchange between the
methanol and chelating carboxylate group in the tin coordination sphere. (R=Me,
Bu, Ph) groups have been omitted.
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C21, (with Dds of 2 ppm up to 8 ppm; see Table S1 in Supplemen-
tary Information), which are indicative of the interaction of the li-
gand with the organotin(IV) moieties by the carboxylate group. For
Fig. 6. Labeling of the models. The models concerning the methyl-, butyl- and phenyltin(I
indicate the absence or the presence of a methanol molecule in the tin coordination sph
molecule is explicitly coordinated at the tin atom. In Table 4, a prime after the letter and/o
parameters have been performed within the PCM framework, respectively. The number
FA1 and FA2, from the 1J(119Sn,13C) and 2J(119Sn,1H) satellites (Ta-
ble 3), appearing in the corresponding 13C{1H} and 1H spectra (Ta-
ble 3), it was possible to estimate the C–Sn–C angle value, h,
according to the equations reported in refs [59–61]. The obtained
h values of ca. (117.0 ± 1.5)� and (118.0 ± 2.0)� for FA1 and FA2,
respectively, confirm the penta-coordination at the tin atom as in-
ferred by the corresponding d 119Sn values (Fig. 5). For FA3, the d
(13Cipso) and the nJ(119Sn,13C) (n = 2,3,4) values (Table 3) point to
a penta-coordinated tin atom [58] still in agreement with the ob-
served 119Sn chemical shift. Moreover, it has been not possible to
observe the 1J(119Sn,13Cipso) in the 13C{1H} spectrum which is fun-
damental in discriminating if the penta-coordination at the tin
center is attained by a chelating ligand, as previously mentioned,
or not [58]. Nevertheless, the lack of this coupling constant in
the 13C{1H} spectrum is indicative of the occurrence of exchanging
process in solution, most probably due to the participation of the
solvent on the tin coordination from which ensues that the carbox-
ylate group should predominantly acts as monodentate ligand
(Fig. 5).
3.6. NMR computational study

The NMR computational study has been performed for the
R3SnFA complexes with the aim to study the effect of the solvent
V) derivatives are labeled as ‘‘M”, ‘‘B” and ‘‘P”, respectively. The numbers ‘‘0” and ‘‘1”
ere, respectively. In figure are reported the M1, B1 and P1 models where a solvent
r after the number indicates that the optimization and/or the calculation of the NMR
ing of the carboxylic oxygens is also reported (see Table 4).



Table 4
Calculated h (�), d(Sn–OCOO(1)), d(Sn–OCOO(2)) and d(Sn–OMeOH) (pm), 1J(119Sn,13C) and 2J(119Sn,1H) (Hz) and diso (ppm) for FA1, FA2, FA3. The diso reported are referred to the data
calculated with the 6-31G** basis set for the H, C, O, atoms. diso obtained with the 6-311G** are reported as Supplementary Information.a

Compounds Model h (�) d(Sn–OCOO(1)); d(Sn–OCOO(2)) d(Sn–OMeOH) 1J(119Sn,13C), Hz 2J(119Sn,1H), Hz riso,ref riso diso

FA1
Exp 117.0 ± 1.5 - – 487.0 66.70 – – +23
M0 112.6 216; 258 – �435.5 57.51 2509.11 2444.17 +64.94
M00 112.6 216; 258 – �438.2 58.03 2509.06 2443.47 +65.59
M1 116.7 217; 270 281 �508.1 64.31 2509.11 2526.81 �17.70
M10 116.7 217; 270 281 �513.2 65.15 2509.06 2528.91 �19.90

FA1 (opt PCM)
Exp 117.0 ± 1.5 – – 487.0 66.70 – – +23
M00 113.2 215; 264 – �433.1 57.72 2509.26 2435.38 +73.88
M00’ 113.2 215; 264 - �436.6 58.36 2509.33 2433.60 +75.73
M’1 118.1 217; 292 266 �516.9 65.82 2509.26 2529.31 �20.05
M01’ 118.1 217; 292 266 �526.2 66.98 2509.33 2534.48 �25.15

FA2
Exp 118.0 ± 2.0 - – – – – – +31
B0 112.7 217; 260 – – – 2509.11 2471.20 +37.91
B00 112.7 217; 260 – – – 2509.06 2469.57 +39.49
B1 116.1 218; 270 293 – – 2509.11 2519.80 �10.69
B10 116.1 218; 270 293 – – 2509.06 2521.71 �12.65

FA3
Exp – – – – – – – �196
P0 110.4 216; 251 – – – 2509.11 2681.14 �172.03
P00 110.4 216; 251 – – – 2509.06 2677.14 �168.08
P1 115.5 217; 260 284 – – 2509.11 2761.07 �251.96
P10 115.5 217; 260 284 – – 2509.06 2757.94 �248.88

a h(�) = average C–Sn–C angle; d(Sn–OCOO(1)) = distance Sn–OCOO(1); d(Sn–OCOO(2)) = distance Sn–OCOO(2); d(Sn–OMeOH) = distance Sn–OMeOH; experimental 1J(119Sn,13C) is
given as absolute value.
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as well as the coordination behavior of the carboxylate group in
methanol solution. For each compound, two model structures have
been optimized each one differing for having none (M0, B0, P0) and
one (M1, B1, P1) methanol molecule explicitly coordinated at the
tin atom, respectively (see Fig. 6 for labeling of the model struc-
tures). Relevant structural data are reported in Table 4. The optimi-
zation for all the models, with none and one solvent molecule, has
been started from a symmetrically coordinated chelating carboxyl-
ate group. The obtained optimized structures showed the tin atom
coordinated in an asymmetric fashion by the carboxylate groups,
indicating that the latter acts predominantly as monodentate li-
gand (See Table 4). As expected, the presence of a methanol mole-
cule in the tin coordination sphere, which increase the electronic
density at the tin nucleus, bring to an increasing in the Sn–OCOO(1)

and Sn–OCOO(2) distances (Table 4) (see models M1, M10, M01, M010,
B1, B10, P1, P10). This is more evident for the models concerning the
FA1 optimized with the PCM where there is a further increasing in
the Sn–OCOO(2) distances, in M01 and M010 with respect to M1 and
M10 models, due to the dielectric effect of the solvent with the
ensuing shortening of the Sn–OMeOH distance (Table 4).

3.7. NMR parameters

The d 119Sn calculated both with the 6-311G** and the 6-31G* ba-
sis sets for the light atoms, gave similar results. In the following, tak-
ing into account that coupling constants have been calculated by
using the 6-31G** basis set for the light nuclei, only the NMR param-
eters obtained with the latter basis set will be discussed while d
119Sn calculated with the 6-311G** are reported as Supplementary
information (Table S3). For each compound, the experimental
119Sn chemical shift fall between the corresponding calculated d
119Sn for the models with none and one solvent molecule pointing
to the occurrence, at least from a qualitative point of view, to a
dynamic interaction between the tin and the methanol. For FA2
and FA3 this behavior is less evident, most probably indicating a
weaker tin/methanol interaction. In particular, for FA2, this is evi-
dent taking into account the long Sn-OMeOH distance (Table 4) which
could explain the experimental d 119Sn value which resulted more
deshielded with respect to the d 119Sn observed for FA1. For FA3,
the corresponding experimental d 119Sn is in better agreement with
the calculated d 119Sn values for the model without solvent molecule
and, in agreement with the relatively short calculated Sn–OCOO(2)

distance, this could implicate that the carboxylate acts mainly
as chelating agent; however, the lack of the experimental
1J(119Sn,13C), as reported above, indicating a time-dependence of
these coupling, confirms the occurrence of a weak tin/methanol
interaction; in addition this could be also inferred considering that
the Sn–OMeOH distance for FA3 is indeed shorter than the one ob-
served for FA2. The inclusion of the PCM formalism in the calculation
did not strongly affect the value of the calculated d 119Sn (Table 4)
confirming that the contribution of the solvent to the d 119Sn is
mainly due to the methanol occurring in the first tin’s coordination
sphere. For FA1 the corresponding 1J(119Sn,13C) and 2J(119Sn,1H)
couplings have been also calculated. It is to note that the calculated
coupling values which lie in the mean absolute error confidence
range of the used protocol [40], namely: 1J(119Sn,13C)calc =
1J(119Sn,13C)exp ± 30 Hz and 2J(119Sn,1H)calc = 2J(119Sn,1H)exp ± 2.6
Hz, are in fairly agreement with those models where the solvent is
coordinated to the tin. These findings could appear in disagreement
with respect to the corresponding calculated d 119Sn which, instead,
seems to indicate a solvent not strongly coordinated to the tin atom.
However, these discrepancies could be imputable to different time
scales involving the tin/solvent exchange process and the NMR
acquisition time. Finally, also for the coupling constants, the inclu-
sion of the PCM formalism in the M00 and M10 models, does not
strongly affect the calculated values.

Moreover, coupling constants calculated for the FA1 models
optimized within the PCM formalism (models M00, M000, M01,
M010) resulted substantially unchanged in magnitude, with respect
to the analogous couplings for the M0, M00, M1, M10 models. It is
worth to note that the greatest variation is observed for the
1J(119Sn,13C)s, in M01, M010 models and that their values are now
slightly beyond the range of confidence of the protocol used. This
is imputable to the shorten Sn–OMeOH distance in M01 and M010
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with respect to the M1 and M10 models (Table 4) which lead to an
increase of the electronic density, and then an increase in the 1J
values, as confirmed by the larger values of the corresponding FC
contributions while the other contributes (DSO, PSO, SD) have been
remained almost unchanged (See Table S3 in Supplementary infor-
mation). However, this slight worsening of the computational pro-
tocol in the PCM framework, concerning the 1J(119Sn,13C)s, is
indicative of the exchange process involving the tin and the solvent
taking into account that the better performance observed for the
M1 and M10 models is correlated to the longer Sn–OMeOH which ex-
ceed the canonical Sn–O covalent distance [62].

4. Conclusion

Three new complexes of the steroid antibiotic sodium fusidate
(NaFA) reacted in presence of methanolic solutions of the appropri-
ate triorganotinchloride in 1:1 mole ratio resulting in complexes
with stoichiometries Me3SnFA, Bu3SnFA and Ph3SnFA. The FTIR,
119Sn NMR CP-MAS and Mössbauer spectroscopic and ESI-MS data
on the complexes revealed that the complexes are monomers and
the ligand binds the metal as monoanionic monodentate ligand
through the carboxylate oxygen atom so that the metal adopts a
tetracoordinated more or less distorted tetrahedral (Td) geometry.

In solution phase, the experimental and calculated NMR data for
the triorganotin(IV) fusidate derivatives indicate that tin is penta-
coordinated and that this coordination is attained more likely con-
sidering the coordination of a solvent molecule on the tin with the
ligand acting preferably as monoanionic monodentate agent.
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