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Calculations of traditional wave function and DFT based reactivity descriptors are reported for the nanocluster
[(RSn);,014(OH)¢** (R = CHj3) in order to get insight into the factors determining the exact nature of its
interactions with anions or neutral nucleophiles (F~, CI~, OH™, H,O, acetone, DMSO). Two levels of
calculation (Hartree-Fock and DFT) were used in this study, giving the opportunity to compare the
performance of both aproaches. As a whole the HF and DFT results, despite some numerical differences, are
qualitatively and in most cases quantitatively similar, since no interchanges in the sequences are found.
Calculated charge distributions indicate that the hexacoordinated tin atoms are expected to be harder, the
pentacoordinated ones softer. This result is confirmed by the condensed local softness and experimental

observations provided by the literature (X-ray, !'Sn NMR), thereby matching predictions made on the basis of
the HSAB principle. Molecular electrostatic potential (MEP) calculations further confirm this selectivity,
indicating that nucleophiles will approach preferentially the macrocation around the poles rather than at the
equator of the cage. Calculated stabilization energies indicate that the charged (F~, CI” and OH™) and
uncharged (DMSO, acetone and water) nucleophiles tested all interact preferentially with the cage pole region
around the hexacoordinated tin atoms. This feature appears related to the electrostatic nature of the interaction
for the charged nucleophiles and to the tendency, for all the nucleophiles, to form hydrogen bridges with the p,-
OH moieties. The basicity of the three types of oxygen atoms [p,-OH, p3-O(I), u3-O(P)] present in
[(RSn);,014(OH)e)]*" has been addressed by protonation energy and MEP calculations, taking into account
accessibility factors not represented by atomic charges. Summarizing, it turns out that the hardness/softness
properties of tin atoms are modulated by their coordination; however, the sole consideration of these quantities

is not sufficient to predict in all cases the strength and orientation of the interaction between various
nucleophiles and the cluster, since electrostatic interactions and H-bonding play a major role.

A large number of monoorganotin oxo-clusters with complex-
ing ligands (carboxylates, phosphinates, dialkylphosphates)
bound to the metallic centers have been described and
reviewed in the second half of the eighties.1 Since then, new
monoorganotin oxo-clusters, which do not contain any com-
plexing ligands, have been described.>* Among the latter type,
the dicationic cluster of general formula [(RSn);,04(OH)e*"
(Fig. 1), has received particular and extensive interest during
the last decade.® !> Several synthetic approaches have been
proposed®>®81% and it has been recognized as a versatile
nanobuilding block for the design of hybrid organic-inorganic
materials.!'!

The first [(RSn);,O 14(OH)6]er cation based compounds have
been isolated in the crystalline state as dichlorides [(RSn);»-
014(OH)6]ClL,, with R = i-Pr® and n-Bu.® As a result of the
search for alternatives to hydrolysis-based syntheses™>®® and
the interest in the influence of the nature of the counteranions
on the structure and the behavior of such compounds, the
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[(nBuSn)12014(OH)6]2+ cation has likewise been isolated as
the dihydroxide,® and the diacetate,'* the bis(diphenylphosphi-
nate)’ and the bis(p-toluenesulphonate)salts.®'® When avail-
able, single crystal X-ray diffraction data®>%!? reveals a very
constant molecular structure for the nanodication, in contrast
with the remarkable versatility and complexity of the long
range order induced by counteranions, solvent molecules and
hydrogen bonding. The molecular structure of the
[(RSn)12(113-0)14(1o-OH)g]*™ dication is a centrosymmetric
cage with twelve tin atoms linked by p;-O bridges (Fig.
1).3>¢1% The six tin atoms located at the “cage equator” are
five-coordinate and have a distorted square pyramidal geome-
try. The three tin atoms of each of the two “cage poles” are
six-coordinate and have a distorted octahedral geometry invol-
ving also p,-OH bridges. Such a molecular framework has also
been described, with only minor variations, for [(‘PrOTi);»(us-
0)14(12-0)2(12-OPr)). "7 [(OV)2(ps- O)palhiz- F)a(j-OH)* '
and [(PrSn);1(OV)(13-0)14(p2-OH)g] *. "
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Fig. 1 Schematic structure of the macrocation [(RSn)IQOM(OH)ﬁ]H.
Only the carbon (C) of the R groups directly bound to tin are shown
for clarity; CN = coordination number. The two paths (A and B) con-
sidered for a nucleophile X approaching the polar region of the cage
are also indicated.

In the crystalline state, the two monovalent counteranions,
needed to balance the positive charge of [(RSn)12014(OH)6]2+,
are centro-symmetrically located at the ““cage poles”. They are
involved in a complex network of hydrogen bonds including
the p,-OH bridges and, in most cases, small molecules with
oxygen [H,0, DMF, ‘PrOH, DMPU = 1,3-dimethyl-2.4,5,6-
tetrahydro-2(1 H)-pyrimidinone].>>%!® The cage structures
reported in the solid state exhibit symmetry considerably
lower than the symmetry evidenced in solution by ''°Sn
NMR.> 721914 YWhen considering the averaged cylindrical
symmetry of the organic R group on the NMR time scale in
solution, the cage has basically a D3, symmetry, as supported
by the only two '°Sn resonances (around —280 and —450 ppm
for the butyltin derivatives), which are associated with the five-
and six-coordinate tin atoms, respectively. The C; axis passes
through the two p3-O atoms bridging the three six-coordinate
tin atoms at each “cage pole” and the ¢ planes are defined by
the C; axis and a pair of centrosymmetric five-coordinate tin
atoms at the “cage equator”. The three C, axes, perpendicu-
lar to the C; axis, naturally arise from the inversion center and
the o planes, to which they are perpendicular. One can note
that this spectroscopically averaged D;, symmetry is observed
in solution even when the anions have a lower symmetry (i.e.,
CH3C02_,14 thPOz_,7 p-CH3C6H4SO3_]0).

Several experimental investigations have evidenced inter-
actions between this tin oxo-cluster and anions or neutral
nucleophiles.>>7*1%14 However, a thorough understanding
of the factors determining the exact nature of these interac-
tions has yet to be reached. There is little doubt that the
anions interact basically with the cage poles,> 721014 pyt
whether this interaction is purely electrostatic, or involves -
OH mediated hydrogen bonding or is an orbital determined
Lewis acid-base interaction, remains a matter of discussion.
Also, the factors that determine whether ionic dissociation pre-
vails or not in solution, the extent of the latter having been
shown to be both anion and solvent dependent,7’9’10 have
not been clearly established. Finally, some NMR data indicate
that small nucleophilic molecules (dioxane, THF, DMSO, pyr-
idine) can interact with the five-coordinate equatorial tin
atoms,”!%?° but other data also indicate that the ““cage poles”
can be affected by the addition of neutral nucleophiles.”!° The
possible determinants of this variability, such as basicity,
nucleophilicity, polarizability, and/or softness of the donor,
have not been clearly identified so far.

All these issues prompted us to wonder whether these ques-
tions could be answered or, at least, clarified by a non-empiri-
cal theoretical approach. First, one can hope that theoretical
descriptors could provide indications, or at least trends, as to
what factors affect the structural properties of the
[(RSn);,0,4(OH)¢]*" cation and its interactions with nucleo-
philes, whether anionic or neutral. More particularly, such
an approach is expected to shed some light onto the role of
hydrogen bonding, and, as far as the cage poles are concerned,
to offer a clear discrimination between tin-coordination based
and purely electrostatic interactions. Second, ab initio
approaches to reactivity descriptors in organotin chemistry
are, to the best of our knowledge, unexplored in the
literature. Existing non-empirical theoretical studies on tin
derivatives essentially concentrated on structure and stabi-
lity, >~ with, recently, transition state calculations for homo-
lytic substitution reactions on stannane and methylstannane,®
or compared calculated geometries with those from X-ray dif-
fraction analysis in order to assess the influence of packing
effects on structures.?” Very recently two papers appeared in
the literature that deal with tin(rv) compounds using the HF
method in combination with the LanL.2DZ pseudopotential
approach, investigating the electronic structure of dimethyl
tin(1v) moieties in interaction with a DNA model system and
dimethyl and trimethyl tin(iv) complexes of porphyrin deriva-
tives. This level of calculations was justified in view of the time
consuming aspects of these studies.?® The present authors pre-
sented a study on group properties (electronegativity, hard-
ness) to explain the evolution of the ''°Sn chemical shift in
tetracoordinated Sn compounds of the type CH3;SnRR'R”,
where R, R’ and R” are organic groups or halogens.*’

In this context, applying DFT methods®® on the systems
considered is interesting in its own and the comparison of
DFT and HF for these large, tin containing compounds,
deserves a thorough assessment. Moreover, the use of DFT
based descriptors of reactivity®® is unprecedented in Sn con-
taining compounds.

A variety of reactivity descriptors, such as the molecular
charge distribution and the atomic electronic populations,
derived from it, can be found in the literature.>' The molecular
electrostatic potential (MEP)>? has been found to be adequate
for describing electrostatic (i.e., non-orbital based) inter-
actions, and has been used in recent years to study the structure
and reactivity of polyoxometallate cages.*> Besides these tradi-
tional reactivity descriptors, density functional theory*® (DFT)
based descriptors, such as the Fukui function and (local) hard-
ness and softness,**> have gained widespread use in recent
years, by some of the present authors among others, for the
study of softer (i.e., orbital based) interactions in which Pear-
son’s hard and soft acids and bases (HSAB) principle*®” acts
as the guiding principle.***° Moreover, if the HSAB principle
is applied in a local sense,*! regioselectivity problems can be
addressed on the basis of the idea that soft (respectively hard)
regions of one reaction partner will preferentially interact with
soft (respectively hard) regions of the other partner.** ¢

This paper deals with the calculation of such local quantities
for the idealized macrocation [(MeSn);,0;4(OH)¢]*" (Fig. 1)
with two goals. First, the scope and limitations of such com-
putational methods for macrocations containing the tin atom,
so far unexplored in the more general context of heavier ele-
ments included in cage structures, are assessed. Second, we
aim at comparing the results of our calculations with various
experimental observations, mainly based on NMR and X-ray
diffraction, about the interactions of the macrocation
[(RSn)uOM(OH)G]ZJr with nucleophiles.3’5’7’9’10’14’20 As these
interactions do not seem straightforward to rationalize on an
intuitive basis, it is hoped that a theoretical approach based
on reactivity descriptors could shed some light onto the
donor-acceptor interaction properties of such nanoclusters.
The conditions for such a comparison between calculations
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and experiments appear ideal in the present case because of the
broad panel of experimental data available.

Theory

As a detailed presentation and discussion of reactivity para-
meters can be found elsewhere,>*** only the relevant expres-
sions used for the evaluation of different quantities for the
macrocation [(RSn)12014(OH)6]24r are given here.

The global hardness () and the global softness (S) are cal-
culated from eqns. (1) and (2):

1 = (éLumo — &HomO) /2 (1)

S=1/(2n) (2)

where & ymo 1s the energy of the lowest unoccupied orbital
and egomo 1s the energy of the highest occupied orbital.

For the calculation of the Fukui*®***7 function f* we used
the condensed approach proposed by Yang and Mortier,*
using the gross Mulliken®' charge at atom A, g, for the sys-
tems with NV and N+ 1 electrons, calculated at the same geo-
metry:

A =4a(N+1) = ga(N) 3)

According to the relation s(r) = Sf(r), the corresponding
condensed local softness parameters can easily be calculated
from the condensed Fukui function and the global softness;
for instance:

Sa =S/ 4)

In order to investigate the interactions of the macrocation
with different nucleophiles, electrostatic based indicators
(atomic charges, MEP), together with DFT based quantities,
such as local softness, were evaluated.

The MEP, ¥(r), calculated in the usual way, neglecting
polarization and nuclear rearrangement effects due to the pre-
sence of a unit test charge at the distance r, is given by:

2 [0,
0= e (5

AT

where the summation runs over all nuclei A with charge Zx
and coordinate Rs. V(r) represents the potential exerted at
coordinate r by the nuclei and the electrons.

Originally, the MEP was used to obtain information on the
molecular regions that are preferred in an electrophilic

Sn:.@
0:@®

c:0

(a) : view along the C;-axis

attack.’ Yet, as previously reported,*>! the preference for
a nucleophilic attack can also be investigated with the MEP,
as done in the present work.

Computational details

The atomic charges used in the condensed Fukui function eva-
luation were obtained with the Mulliken®! population analysis.
Potential driven CHELPG>? charges were also tried but were
not used in the Fukui function analysis because negative values
were obtained systematically.

The MEP has been computed for two particular planes of
the macrocation.. The first one, P1, [Fig. 2(a)] corresponds
to a plane of symmetry (o) that contains tin atoms of both
coordinations. The second one, P2, [Fig. 2(b)] is perpendicular
to the previous one and passes only through two tin atoms
(a five- and a six-coordinate) that belong to the same four-
membered cycle.

In this work, two levels of calculation were used. Originally
the Hartree-Fock/LanL2DZ level was adopted using the
Lan2DZ> pseudopotential approach for all atoms. Later
on we turned to the DFT B3LYP*® level with 6-31G*7 basis
sets for C, H and O and the LanL2DZ> > pseudopotential
basis set for tin. In these calculations the different interactions
between the nanocluster and the nucleophiles were optimized
partially. The stabilization energies were calculated with opti-
mized geometries. However, because of the huge size of the
systems, the optimizations were made as follows: (i) the inter-
nal geometries of the cage and of the nucleophiles were kept
frozen and (if) the nucleophiles were moved along one line
defined by the nucleophiles (F~ and C17) or its oxygen atom
(OH™, H,0, acetone and DMSO) and one atom of the cage
(i.e., an oxygen of a ,-OH, an “internal” p3-O or a penta-
coordinated tin atom). Under such conditions, the relative
orientation of the nucleophiles involving more than one atom
remains unchanged during the optimization process and the
distance between one atom of the cage and of the atom of
the nucleophile is the only optimized variable.

For these aspects the DFT level can be expected to be super-
ior to the HF level.>® Nevertheless, for the sake of comparison
HF calculations were included as they are less time consuming,
taking into consideration the size of a system containing 12 Sn
atoms. Because of too demanding calculation time require-
ments, this work has been carried out on an ideal methyltin
derivative with a perfect D3, symmetry. The spatial coordi-
nates of the Ds[(MeSn);»014(OH)¢*t macrocation were

(b) : view perpendicular to the C,-axis

Fig. 2 (a) Projection of the macrocation on a plane perpendicular to the C; axis. The vertical black line represents the trace of the plane P1, which
is normal to the projection plane and corresponds to a symmetry plane ¢ of the D3, point group. The MEP contour plot of Fig. 3 has been cal-
culated for the plane P1. (b) Projection of the macrocation on the plane P1. The tilted black line represents the trace of the plane P2, perpendicular
to the plane P1 and containing one six-coordinate (right) and one five-coordinate (left) tin atom. The latter two tin atoms are hatched in (a) and (b).

The MEP contour plot of Fig. 4 has been calculated for the plane P2.
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computed in order to reproduce, within 1%, the averaged Sn—
O, Sn—C and Sn- - -Sn distances and O-Sn—O, O-Sn—C and Sn—
O-Sn angles obtained from the X-ray structure of [(BuS-
1);,014(OH)e]* " (4-CH3CsH4805-),-C4Hs0, ' The protons
of the pn,-OH were placed at 1 A from the corresponding oxy-
gen atoms with the O-H bond parallel to the C; axis. The
other hydrogen atoms were placed according to the overall
D3, symmetry and the classical geometry of methyl groups,
d(C-H) = 1.08 A and angle H-C-H = 109°.

In a final step, the stabilization energy of the macrocation
[(Mf:Sn)12014(OH)6]2+ in the presence of various nucleophiles,
either charged or uncharged and of variable softness (F~,
OH™, CI", H,0, acetone and DMSO), was determined with
the nucleophile in the neighborhood of the pentacoordinated
(equator) or hexacoordinated (poles) tin atoms. The calcula-
tions at the HF level using the LanL2DZ basis were refined
for the basis set superposition error (BSSE) using the counter-
poise correction.*

In order to determine the basicity of each of the three kinds
of oxygen atoms present in the molecule, an “acidic” proton
was placed at a fixed distance of 1.0 A from this oxygen and
the energy of the corresponding conjugate acid was computed.
This distance reflects the O-H distance of 1.011 A in the H;0™"
cation of p-toluene sulfonic acid monohydrate, as determined
by neutron diffraction.®” The three different types of oxygen
atoms in the cage have been considered (Fig. 1): (i) the six
H>-OH, each bridging two six-coordinate tin atoms at the cage
pole, (ii) the two “internal” p3-O(I), each bridging the three
six-coordinate tin atoms of a cage pole, and (iif) the twelve
“peripheral” p3-O(P), each bridging one six- and two five-
coordinate tin atoms. The additional proton on the ,-OH is
in the o plane, to which its oxygen belongs, and oriented away
from the C; axis. It gives the following distances and angles:
H---Sn(CN = 6) = 2.54 A; H---C = 3. 37 A (methyl of the
six-coordinate tin atom); H---H = 1.65 A (the hydrogen of
the p,-OH); H-O-H = 110°; H-O-Sn(CN = 6) = 104°. The
additional proton on the p;-O(I) is on the C; axis pointing
towards the inside of the cluster. It gives the following dis-
tances and angle: H---Sn(CN = 6) = 2.68 A; H---Sn
(CN=5)=336 A; H - p-OP)=28 A; H-O-Sn
(CN = 6) = 116°. The additional proton on the p3;-O(P) is
on the outside of the Sn—O-Sn framework and aligned on
the direction defined by the center of the cage and the ps-
O(P) of interest. It gives the following distances and angles:
H-- Sn(CN_6)—253A H---Sn(CN = 5) = 2.52 and 2.58
A;H---C=290 A (methyl of the six-coordinate tin atom);
H---C =3.23 and 3.30 A (methyl of the five-coordinate tin
atom); H---H =242 A (methyl of the six-coordinate tin
atom); H---H = 2.82 and 3.11 A (methyl of the five-coordi-
nate tin atom); H-O-Sn(CN = 6) = 101°; H-O-Sn
(CN = 5) = 107 and 108°.

All the calculations were performed using the Gaussian 98
program,®' on a Compaq Digital DS20 work station.

Results and discussion

Charge distributions

The charge distribution in the [(MeSn)12014(OH)6]2+ macro-
cation is such that the hexacoordinated tin atoms have a more
positive character than the pentacoordinated atoms. This can
be concluded from the values of the net atomic charges
(Table 1) based on the Mulliken and CHELPG populations
analyses.>'? This feature means that the hexacoordinated
tin atoms are slightly more suitable for interactions with nega-
tive species, electron donors or negative areas in the interacting
molecule (nucleophilic attack), even though the two types of
tin atoms have globally rather similar characteristics from
the point of view of electrostatic interactions.

Table 1 Charges ¢ [atomic units, Mulliken (M) and CHELPG (C)],
softnesses S (eV™"), hardnesses # (eV), condensed Fukui functions
/" (atomic units) and condensed softnesses s% (calculated as S x f)
on the hexacoordinated (Sny) and pentacoordinated (Sn,,) tin atoms
using HF and DFT (B3LYP)

Descriptor B3LYP HF
q(Snp)(M) 1.874 2.313
q(Sny)(M) 1.823 2.281
q(Snp)(C) 1.436 1.921
q(Sny)(C) 1.402 1.907

S 0.248 0.159

n 4.04 6.28
SH(Sny) 0.023 0.0118
/T (Sny) 0.030 0.0738
st (Sny) 0.00570 0.00094
sT(Snp) 0.00740 0.00588

In view of these larger positive charges, the hexacoordinated
tin atoms are expected to be harder, the pentacoordinated ones
softer. Explicit calculations of the condensed local softness,
given below, assess this proposal. Moreover, it should be rea-
lized that atomic charges as tabulated are isotropic as opposed
to the acido-basic character of certain regions. MEP studies
(vide infra) should therefore be used to confirm the indications
of this ““hard” indicator.

Fukui function and local softness

The condensed Fukui function f} [see eqn. (3)] was calculated
for the two kinds of tin coordination present in [(MeSn)i,-
(0) 14(OH)6]2+ (Table 1). The higher the value of the Fukui func-
tion, the higher the probability for a nucleophilic attack
involving a soft base to take place at that atom.

The local softness s(r) is known to be a better indicator for
intermolecular reactivity sequences than the Fukui func-
tion.3%3° This reactivity index was calculated for the two
kinds of tin atoms present in [(MeSn);»014(OH)e]*", using
eqn. (4). The HF results, which can be expected to be less reli-
able (¢f. change of number of electrons pairs), are here given
for the sake of completeness. Note, however, that the same
ordering is obtained at both levels. The condensed form of
the local softness (Table 1) indicates that the pentacoordinated
tin atoms are the softest and, therefore, the hexacoordinated
tin atoms are the hardest. This result is in agreement with
the experimental observation (single crystal X-ray diffraction
and/or '”Sn NMR) that anions (Cl~, CH;C¢H,SO;~, OH™,
thPOz_ and CH3C02_) interact with [("BuSn)12014(0H)6]2+
at the cage poles, which are formed by the six-coordinate tin
atoms.> 7?1914 Experimental data henceforth match computa-
tional predictions from the HSAB theory.***° The next section
examines whether this tendency is reflected in the MEP results
and how the regioselectivity of neutral nucleophiles fits in this
picture.

Molecular electrostatic potential (MEP)

MEP calculations were performed for two selected planes in
order to assess whether the trend revealed by the softness cal-
culations are confirmed, and also to compare the reactivity of
the hexacoordinated and pentacoordinated tin atoms of
[(MeSn);,04(OH)6l*".

In each plane, P1 and P2 (see Figs. 2 to 4), MEP contours
show different spatial features for the penta- and hexacoordi-
nated tin atoms. The two kinds of tin atoms are surrounded
by positive potential regions, as expected from their charges
(Table 1) and are, henceforth, appropriate for nucleophilic
attack. However, the positive charges extend further away
from the cage poles, the area in which the hexacoordinated
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Fig. 3 MEP contour plot in the plane P1 shown in Fig. 2(a) (values
in a.u.).

tin atoms are found, than from the cage equator, the area
where the pentacoordinated tin atoms are located (see the
0.5 contour level in the Fig. 3 and 4). This difference between
penta-and hexacoordinated tin turns out to be more pro-
nounced at the B3LYP level than in the HF calculations (not
shown). The distribution of the electrostatic potential (see Figs
3 and 4) around the five- and six-coordinated tin atoms
explains the preference of nucleophiles for the polar part of
the molecule or, more particularly, for the microcage formed
by the (Sn-u-OH); moieties closed by the p;-O(I) atom. The
high concentration of positive charge in the pole region means
that this region has a higher acidic character than the equator-
ial part of the molecule, this being due to the cooperative influ-
ence of six electrophilic atoms (three Sn atoms and three
protons). The influence of the electrophilic atoms is only partly
counterbalanced by the four oxygens, since all the lone pairs
are predominantly oriented outside the (Sn-u-OH); microcage.
This is another application of a more general trend, already
documented for polyoxometalates,®® according to which the
inner part of a convex cage is acidic, whereas the external part
is basic. Hence, the nucleophile will approach preferentially
the macrocation around the poles, that is the (Sn-p-OH);

4.00

(a.u) 0.00

-4.00

(a.u)

Fig. 4 MEP contour plot in the plane P2 shown in Fig. 2(b) (values
in a.u.).
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microcage, rather than the equator. This result is in agreement
with the observations made on their charges and local soft-
nesses when comparing the pentacoordinated and hexacoordi-
nated tin atoms (see above). Even through the charge pattern
of the Sn atoms is not opposite to the observed and calculated
trend, care should be taken when comparing the small differ-
ences in calculated charges (Table 1) with the large gaps in sta-
bilization energies reported in Table 2 (see below).

Stabilization energy

In order to assess the results above, a series of calculations was
performed on the complexes resulting from the interaction
between [(MeSn);,014(OH)e]*" and nucleophilic species of dif-
ferent hardness and softness: F~, OH ™, Cl™, H,O, acetone and
DMSO. The hardness sequence of the above nucleophiles is:
H,0 (9.5 eV)®? > F~ (7.0 eV)®* > OH ™ (5.7 eV)*? > acetone
(4.8 eV)*2% > CI™ (4.7 eV)*?> > DMSO (3.6 eV).** The stabi-
lization energies have been calculated for each of these nucleo-
philes interacting with the macrocation in the influence spheres
of either the macrocation poles (hexacoordinated tin) or the
macrocation equator (pentacoordinated tin). (See the Theory
and Computational sections for geometry optimization details)

For the interaction with the cage pole, the following starting
geometry was chosen: the nucleophiles were located on the C3
axis at a X—1,-OH distance of 3.85 A, which is much longer
than the one encountered in a hydrogen bond (X is the nucleo-
phile or its oxygen atom). For the nonatomic nucleophiles
additional conditions were set. For OH ™, the O-H bond was
on the C; axis with the H pointing away from the cage. For
H,0, the H-O-H bisector was on the C; axis, the H were
pointing away from the cage and the H-O-H plane was per-
pendicular to a o plane. For acetone, the C=O bond was on
the Cj axis, the methyl groups were pointing away from the
cage and the plane defined by the three carbon atoms was per-
pendicular to a o plane. For DMSO,* the S=O bond was on
the C; axis, the plane defined by the oxygen, the sulfur and the
bisector of the C-S-C angle was aligned with a ¢ plane and the
methyl groups were oriented away from the cage and from the
H-OH toward which the DMSO was allowed to move (vide
infra). From this starting geometry, two different optimizations
were performed (see also Fig. 1). The nucleophile was allowed
to move along the line defined by an oxygen of a p,-OH moiety
and X [path A, i.e., away from the C; axis, d(X—11,-OH] being
the optimized variable), or along a line defined by a p3-O(I)
and X {path B, ie., along the C; axis, d[X—3-O(I)] being the
optimized variable}. For nonatomic nucleophiles, the p,-OH
moiety involved in route A is the one belonging to the ¢ plane
used to defined the orientation of the nucleophile (vide supra).
Path A appears as the most realistic one since the charge com-
pensating anions, such as ClI~ or OH,>>%!° always form
hydrogen bonds with a single particular p,-OH moiety, the
other ones interacting with small neutral molecules containing
oxygen (H,O, i-PrOH, DMF, DMPU). By contrast, path B,
which is more symmetrical, could account for an averaged
solution behavior.

For the interactions with the pentacoordinated tin atoms in
the area of the cage equator, the nucleophile was initially
located on a C, axis with the distance X-Sn,, set to 3.05 A.
Again, for the nonatomic nucleophiles, additional conditions
need to be defined. For OH™, the O-H bond was on the C,
axis with the H oriented away from the cage. For H,O, the
H-O-H bisector was on the C, axis. For acetone and DMSO,
the C=0 or S=0 bond was on the C, axis. For these three last
cases, the hydrogen atoms or methyl groups were pointing
away from the cage and the nucleophiles were oriented on
the C, axis so as to maximize the shorter H---H contacts
between the hydrogen atoms of the nucleophiles and the
methyl groups of the pentacoordinated tin atoms. The
optimization was performed along a line defined by X (the
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Table 2  Stabilization energies resulting from the interaction between [(MeSn);,0,4(OH)e]>* and various nucleophiles at the cage equator (region
of the 5-coordinate tin atoms) or at the cage poles (region of the 6-coordinate tin atoms),” as obtained at the B3LYP and Hartree-Fock levels.

B3LYP Hartree-Fock
Stabilization Stabilization Stabilization

System Energy/a.u.  energy/kcal mol™'  Energy/a.u.  energy/kcal mol™'  energy BSSE/kcal mol™!
[(MeSn);,0,4(OH)¢** —2028.3392 —2015.9698

OH™ —75.7196 —75.3508

OH™ at the cage pole (path A)” —2104.3939 —210.21 —2091.6371 —198.6 —188.8
OH™ at the cage pole (path B) —2104.3874 —206.14 —2091.6409 —201.0 —190.5
OH™ at the cage equator —2104.2902 —145.15 —2091.5194 —124.7 —112.1
F~ —99.7540 —99.4139

F~ at the cage pole (path A)” —2128.4340 —213.81 —2115.6806 —186.2 —1754
F~ at the cage pole (path B) —2128.4287 —210.47 —2115.6891 —191.7 —179.1
F~ at the cage equator —2128.3549 —164.16 —2115.5866 —127.3 —113.7
Cl™ —460.2522 —14.7504

Cl™ at the cage pole (path A)° —2488.8413 —156.80 —2030.9800 —163.0 —154.0
Cl™ at the cage pole (path B) —2488.8385 —155.02 —2030.9835 —162.3 —155.8
Cl™ at the cage equator —2488.7407 —93.63 —2030.8630 —89.6 —78.4
(CH;),SO (DMSO) —553.1840 —163.7924

(CH3),S0 at the cage pole (path A) —2581.5680 —28.10 —2179.8312 —43.3 —40.3
(CH3),S0 at the cage pole (path B) —2581.5679 —28.06 —2179.8304 —42.7 —40.2
(CH3),S0 at the cage equator —2581.5332 —6.27 —2179.7816 —12.1 —11.1
(CHj;),CO (acetone) —193.1202 —191.8633

(CH3),CO at the cage pole (path A)® —2221.4986 —24.59 —2207.8828 -31.2 -29.5
(CH3),CO at the cage pole (path B) —2221.4957 —22.76 —2207.8837 -31.7 -30.0
(CHj;),CO at the cage equator —2221.4664 —4.39 —2207.8454 -7.7 —6.7
H,0 —76.3824 —75.9741

H,O at the cage pole (path A)” —2104.7492 —17.31 —2091.9787 —21.8 -20.6
H,O0 at the cage pole (path B) —2104.7511 —18.54 —2091.9773 -21.0 —19.9
H,O at the cage equator —2104.7301 —5.35 —2091.9528 —5.6 -3.0

“ See text for optimization geometries. ©

Path A: away from the C; axis; path B: along the C; axis.

nucleophile or its oxygen atom) and one of the neighboring
pentacoordinated tin atoms, d(X-Snp) being the only opti-
mized variable.

The results of these “supermolecule” calculations at the
B3LYP and HF levels for the fluoride, hydroxide and chloride
anions, as well as for the water, acetone and DMSO molecules,
are shown in Table 2.

First, one can note that, for all the nucleophiles, charged or
uncharged, investigated, the stabilization energies are always
larger (i.e., more negative) in the neighborhood of the cage
pole, as compared to the cage equator, meaning that they will
interact preferentially with the poles. However, the stabiliza-
tion energies involving the charged nucleophiles are unambigu-
ously the largest (5 to 10 times larger than for the uncharged
nucleophiles). These observations hold for the B3LYP as well
as for the HF level, with or without BSSE corrections. It is
seen that differences between two nucleophiles interacting with
the cage pole and equator are very similar in both methods.
The DFT differences OH™ (pole; path A) and OH™
(equator) ~ 65.1 kcal mol~! and F~ (pole; path A) and F~
(equator) ~49.6 kcal mol~! yield a difference value of —15.4
kcal mol™!, which is almost identical to the —15 kcal mol
obtained with Hartree-Fock, and similar for most other
combinations. At least for the charged nucleophiles, this
regioselectivity can be traced back to the higher positive charge
of the 6-coordinate tin atoms, located at the cage poles, and is
in line with the MEP results (Fig. 3 and 4). This result matches
experimental NMR data in which the nature of the charge
compensating anions hardly affects the ''°Sn chemical shift
of the pentacoordinated tin atoms but modifies the one of
the hexacoordinated ones.””>!%!* For all nucleophiles and
for both levels of calculation, no clear preference appears
between paths A (away from the C; axis) and B (along the
Cj; axis), as both optimization schemes yields very similar sta-
bilization energies, whose differences are much smaller than the

difference pole-equator. Both levels reveal the same nucleophi-
lic ranking for the stabilization energies at the cage pole, except
an inversion of OH™ and F~, which in view of the high degree
of filling of the valence orbitals in F~ and the numerically
small differences, should not be overstated and should be
looked upon with caution. In this view, differences obtained
from the two methods in the absolute values of the interaction
energies should not be overstated. The observed hardness
order for the charged species is (F~ > OH™ > Cl7) and
matches perfectly the interaction energy sequence. In contrast,
for the neutral nucleophiles the hardness order
(H,O > acetone > DMS0)**** is reversed. Therefore, the
interactions appear mainly associated with an electrostatic
character and the formation of hydrogen bonds (vide infra).
Accordingly, the MEP accounts succesfully for these interac-
tions. This suggests that orbital controlled interactions
between Lewis donors and acceptors are not decisive in the
interactions between the nucleophiles and the cluster.

When OH™ and CI™ are compared, the stabilization energies
obtained do not appear to account for the experimentally
observed easy exchange of the charge compensating hydroxide
by chloride anions upon reacting [("BuSn);»014(OH)s](OH),
with 2 equivalents of HC1.?° This discrepancy might be related
to the part of the reaction that is not considered in the present
calculation, the dissociation of HCI and the formation of H,O,
as the reaction was performed in poorly dissociating solvents
(e.g., THF).

The analysis of the optimized geometries (see Table 3) leads
to some general comments. The difference between the two
levels for the distances, at equilibrium, is remarkably small.
Interestingly, and for both levels, all the nucleophiles appear
attracted by the cage poles when considering the displacements
from the starting positions. The closest approaches are
observed for OH™ and F~, then for DMSO and finally for
Cl™, acetone and water. Moreover, even if no clear energetic
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Table 3 Selected interatomic distances for the optimized geometries
of the interactions between [(MeSn);,014(OH)¢]*" and various nucleo-
philes at the cage poles (region of the 6-coordinate tins),” as obtained
at the B3LYP and HF levels

B3LYP HF
Nucleophile Distance” Path A Path B° Path A° Path B°
OH™ d(X—1,-OH) 2.36/3.08 2.65 2.38/3.09 2.69
d(X-Sny) 3.45/3.99 3.43 3.47/4.00 3.48
d(X—u3-0)  4.00 3.78 4.02 3.83
F~ d(X-u-OH) 2.32/3.00 2.59 2.38/3.09 2.61
d(X-Sny) 3.42/398 3.37 3.47/4.00 3.38
dX—ps-0) 397 3.69 4.02 3.71
ClI- d(X—1,-OH) 2.95/3.22 3.09 2.97/3.34 3.10
d(X-Sny) 3.94/4.24 3.93 3.96/4.25 3.94

dX—3-0)  4.48 4.36 4.50 4.37

DMSO d(X—1,-OH) 2.76/3.11 3.03 270/3.21 3.02
d(X-Sny)  3.79/4.16 3.85 3.74/4.13 3.84
dX-ps-0)  4.33 4.27 428 4.25
Acetone d(X—1,-OH) 2.85/3.28 3.03 2.86/3.29 3.07
d(X-Sny)  3.86/4.19 3.86 3.87/420 3.91
d(X-p3-0)  4.40 4.28 441 4.33
H,0 d(X-11,-OH) 2.87/3.28 3.18 2.97/3.34 327
d(X-Sny)  3.87/4.20 4.03 3.96/4.25 4.12
dX-p3-0)  4.40 4.47 4.49 4.57

“ See text for optimization geometries. X corresponds to the nucleo-
phile or to its oxygen atom. ¢ Path A: away from the Cj axis; path B:
along the C; axis. For path A, the displacement of the nucleophile
away from the C; axis leads to two d(X—u,-OH) and d(X-Sny,) dis-
tances, in a 1 : 2 and 2 : 1 ratio, respectively. The bold figures corre-
spond to the optimized variables.

preferences could be found between paths A and B, the latter
always leads to a nucleophile closer to the pole as shown by
smaller d(X—13-O) values. Most of the X—,-OH distances
(the shorter in path A) agree with the formation of hydrogen
bonds.®® For OH™ and CI~, these distances compare reason-
ably well with the minimum d(X-p,-OH) found in the
crystal structure of [("BuSn);»04(OH)¢J(OH)>,(HOP,), and
[("BU.SI])12014(OH)6]C12(H20)2, which are 2.68 and 3.04 A,
respectively.>® With, maybe, the exception of OH™ and F~,
which interact most strongly with the cage pole, the X-Sn;, dis-
tances do not indicate any contacts between the nucleophiles
and the hexacoordinated tin atoms. This last point stresses
the absence of Lewis interactions between the nucleophiles
and the cage pole tin atoms.

For H,0, which is the hardest nucleophile considere
the stabilization energies are anyhow the smallest. Its prefer-
ential interaction with the cage pole is in line with the pre-
sence of the harder tin atoms in this region. Nevertheless, the
X—,-OH distances indicate the likely formation of hydro-
gen bonds. This result matches the experimental observation
of hydrogen bonds in all the structures that involve water
molecules.>> The larger stabilization energies observed at the
cage poles, which drive the water molecules toward this
region, could explain, at least in part, why the oxygen
exchange experienced by the macrocation upon exposure to
water, and which can be followed by 70 NMR,*’ is much fas-
ter at u,-OH bridge positions than at the peripheral ps-O(P)
oxygens.

With acetone and DMSO, two fairly soft nucleophiles,
the more stable “supermolecules” again correspond to an
interaction at the cage poles and not at the softer equatorial
region (Table 2). Hydrogen bonds are very likely involved
(Table 3) in such a feature. Moreover, the stronger interaction,
according to the stabilization energies, observed for DMSO at
the cage pole, as compared to acetone, can be traced back to its
greater facility to form hydrogen bonds. The Mulliken
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charges®! for the oxygen of the DMSO, interacting at its
optimized position with the macrocation, are —0.69 and
—1.03 for the B3LYP level and for the HF level, respectively,
while, for the oxygen of acetone, also in its optimized interac-
tion geometry, they are —0.52 and —0.62, for the B3LYP level
and for the HF level, respectively. These charges indicate a
more polarized S=O bond, as compared to the C=0O one, the
former being therefore more prone to hydrogen bond forma-
tion. Indeed, the d(X—1,-OH) distance obtained for both basis
sets (Table 3) is always shorter for DMSO than for acetone.
Yet, '"Sn NMR data obtained on [(BuSn);»O4(OH)e]-
(Ph,PO,), show a 10 ppm shift to lower frequency and a
broadening, for the ''°Sn resonance of the pentacoordinated
tin only, upon substituting CD,Cl, for acetone-de . Such a shift
is, undoubtedly, the evidence for an interaction in solution
between the Lewis base and the pentacoordinated tin atoms,
as shown in the solid state for [(BuSn);»O;4(OH)g](4-
CH;C¢H4S05),-C4HgO, .'° However, this interaction is very
weak since the effects on the resonance of the pentacoordi-
nated tin atoms are observable with a 4000-fold excess of
acetone, but not with a 25-fold excess. The [(BuSn);;O4-
(OH)](4-CH3C¢H4SO5), compound in acetone does not even
show any ' “Sn resonance shift at all (when compared to
CD,(Cl,), evidencing that, in addition to being very weak, the
interaction of acetone with the cluster is modulated by the nat-
ure of the counteranion, a factor that could not be considered
in our calculations. Such a critical influence of the charge com-
pensating anions was also observed for DMSO. Thus, when
the anions are p-toluene sulfonates, the rupture of the anion-
macrocation electrostatic interaction was experimentally estab-
lished.'® This makes the cage poles accessible and DMSO
molecules can interact with the p,-OH bridges, as seen from
2J('H-0-'Snypexa) coupling data and a slight influence of
DMSO on the "°Sn chemical shift of the 6-coordinate tin
atoms.'® However, when the counteranions are diphenyl phos-
phinates, DMSO dissociates the macrocation-anion complex
to a much lesser extent, which disfavors the access to the cage
pole, at the profit of an interaction with the pentacoordinated
tin atoms, again evidenced by their low '°Sn frequency shift.’
Other experimental evidence for interactions between Lewis
bases and the five-coordinate tin atoms was also obtained by
19Sn NMR for which a shielding of the resonance associated
with the five-coordinate tin atoms is observed, in solution,
when [(BuSn);,0;4(OH)4]Cl, is in the presence of THF or pyr-
idine.?® This type of interaction does not appear in the calcula-
tions presented here, likely because of the competition between
such a weak interaction and the formation of hydrogen bonds.
The polarization induced by the unbalanced charge of the
macrocation might also be involved in the preferential interac-
tion of the soft nucleophiles with the cage poles. The competi-
tive and simultaneous presence of a charge compensating
anion (actually two are needed to neutralize the macrocation)
and of a soft Lewis base was not possible to calculate within a
reasonable time.

Even though they do not correspond to the stronger inter-
actions, and keeping in mind the limitation, discussed above,
on the simultaneous presence of an anion and Lewis base,
some comments can be made on the optimized geometries
at the equator, in the vicinity of the 5-coordinate tin atoms.
For OH™ and F~, the optimized X-Sn, distances_decrease,
when compared to the starting geometry (3.05 A) In the
HF level these distances are 2.83 and 2.96 A, for OH ™ and
F~, respectively. For the B3LYP level there is an inversion
in these distances and the F~ (2.54 A) is now closer than the
OH™ (3.03 A), in accordance with the interaction energy
sequence. The other nucleophiles are pushed away from the
pentacoordinated tin, though to different extents. The final dis-
tances are, in B3LYP, 3.46, 5.13, 5.16 and 5.48 A and, in HF,
3.53, 5.27, 5.53, 5.57 A, for CI~, DMSO, acetone and water,
respectively.



Last but not least, in spite of both the very demanding and
time consuming calculations, and, as a result of this, the rather
restrictive spatial constraints as to how the nucleophiles can
approach their site of interactions, the results obtained for
the stabilization energies between both regions of the cluster
and the nucleophiles match satisfactorily the experimental data
in hand and, in general, show a self-consistency when the
results from the B3LYP and HF methods are compared.

Basicity of the cluster oxygen atoms

As described above (Computational details) the macrocation
contains three types of oxygens: six p,-OH oxygens, two
“internal” p3-O(I) oxygens, and twelve ““peripheral” p;-O(P)
oxygens. The charges found for these oxygens are shown in
Table 4. The agreement between the two population analysis
methods (Mulliken*! and CHELPG?>? populations) is not satis-
factory since the Mulliken populations obey the sequence 13-
O(I) > u3-O(P) > 1,-OH (in absolute values) whereas the
CHELPG populations obey the sequence p3-O(P) > p,-
OH > p3-O(1). The origin of this discrepancy may be related
to the internal, and therefore shielded, position of the oxygen
n3-O(I) as CHELPG charges are calculated by fitting the
actual potential to the one arising from these charges. A priori
the basicity of the oxygen atoms can be assessed either by charge
calculations or by the stabilization energy for protonation.

The stabilization energy upon protonation was calculated as
the difference between the energy of the macrocation proto-
nated at the oxygen of interest (O—H™) and the energy of the
macrocation alone. For each oxygen, the H™ was placed at a
distance of 1.0 A, according to the geometries detailed in the
‘Theory and Computational details’ sections, which corre-
spond to tetrahedral configurations for the protonated oxy-
gens. In particular, for the p3;-O(I) oxygen, this means that
the proton is located inside the cage. The results are shown
in Table 5. Whatever the method used, the basicity sequence
is found as p3-O(P) > p3-O(I) > pw,-OH. Note that the
sequence of charges is not appropriate as a basicity indicator
in this present case, because it does not take into account the
accessibility effect of the oxygen to the protons, which is extre-
mely different for the three oxygens. The molecular topology
and the MEP (Figs. 1, 3 and 4) clearly indicated that the
incoming proton cannot access the most basic side of the p;-
O(I) oxygen, which is opposite to the tripod of hexacoordi-
nated Sn atoms. At variance with this situation, the ps-O(P),
opposite to the metal tripod, is clearly accessible to the proton
and this explains its greater protonation energy (see Table 5).
Therefore, we considered the stabilization energies as the only
appropriate basicity indicator in this study

Considering that '’O NMR data (vide supra) have revealed,
in the presence of water, a much faster exchange of the p,-OH
than of the p3-O oxygens, it can be concluded that the basicity
of the oxygens, as reflected by the results of Table 5, is not the
main factor determining the exchange rate. This suggests
further that the preferred interaction of water with the cage
poles (vide supra) could facilitate the nucleophilic attack of a

Table 4 Charges on the oxygen atoms and on the p,-OH hydrogens
of [(MeSn);,014(OH)]* ", calculated at the B3LYP and HF levels®

B3LYP HF
Oxygen Mulliken CHELPG Mulliken CHELPG
n-OH —0.936 —0.764 —1.103 —1.035
us-O(P) —1.059 —0.840 —1.335 —1.170
us-O(I) —1.072 —0.604 —1.340 —0.672
n-OH +0.460 +0.297 +0.483 +0.473

“ Oxygen labelling: P = peripheral; I = internal.

Table 5 Energies of the {[(MeSn);;0,4(OH)¢]*" + H"} complexes,
as well as protonation energies (Ecage+n — Ecage), calculated at the
B3LYP and HF levels

Protonation site/method n-OH u3-O(P) n3-O()
Energy” /a.u.

B3LYP —2028.4372 —2028.4822 —2028.4789

HF —2016.0536 —2016.0966 —2016.0758
Protonation energy/kcal mol ™

B3LYP —61.5 —89.7 —87.6

HF —-52.5 —79.6 —66.4

“ The energies for the unprotonated cage are —2028.3392 and
—2015.9698 a.u., with the B3LYP and HF methods, respectively, see
Table 2.

hexacoordinated tin by H,O. This entering water molecule,
70 enriched to follow the reaction, forms a Sn—'"OH, bond
and turns a p,-OH into a terminal OH moiety to maintain
the hexacoordination at tin. Ultimately, after a proton transfer
from the bonded water to the terminal OH, an unenriched
water molecule is released into the medium, as experimentally
observed.

Conclusions

As a whole, the hardness/softness properties of tin atoms are
obviously modulated by their coordination, and hence influ-
ence the type of interactions they can undergo. Yet, the sole
consideration of the hardness/softness at the local level, asso-
ciated with the HSAB principle, is not sufficient to predict in
all the cases the strength and orientation of the interaction
between various nucleophiles and the macrocation
[(RSn);,0,4(OH)¢]*". Electrostatic interactions at a global
level and hydrogen bonds, taking place locally at the cage
poles, have to be considered and apparently constitute the pre-
dominant effect. Accordingly, the molecular electrostatic
potential and the atomic charges, in the case of harder atoms,
adequately represent the interaction geometry, especially with
anionic species.

The two methods method used in the present work (B3LYP
and HF) lead to the same qualitatively and quantitatively simi-
lar description of the chemistry and reactivity of the monoclus-
ter [(RSn)leM(OH)()]zJr and yield reasonable agreement with
the relevant experiment results.

The main output of these theoretical calculations is that,
unlike many organotin compounds that are prone to coordina-
tion extension through orbital controlled interactions between
Lewis donors and the tin atom acting as the Lewis acid, the
interactions between the [(RSn);»014(OH)¢*t cluster and
nucleophiles are mostly dictated by electrostatic forces and
hydrogens bonds at the cages poles. Orbital controlled interac-
tions play only a minor role at the level of the five-coordinated
tin atoms at the equator of the cage.

These results illustrate that present-day quantum chemical
computational techniques, accompanied by recently developed
DFT concepts and supported by dramatic computer hardware
progress, have now reached a sufficient degree of maturity to
be really useful tools in the understanding of systems whose
size was a problem and were thus unthinkable to address up
to very recently. The interplay between experiment and theory
at the molecular level largely benefits from this evolution.
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