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Reactions of [Pt6(CO)6(SnX2)2(SnX3)4]4_ (X = Cl, Br) with Acids:
Syntheses and Molecular Structures of
[Pt1,(CO);0(SnC1)»(SnClL){CLSn(u-OH)SnCL},]* and
[Pt;(CO)¢(SnBr;)4{Br,Sn(u-OH)SnBr,} {Brzsn(u-Br)SnBrz}]z_
Platinum Carbonyl Clusters Decorated by Sn(II)-Fragments

Beatrice Berti,* Marco Bortoluzzi,” Cristiana Cesari,” Cristina Femoni,* Maria Carmela Iapalucci,®
and Stefano Zacchini**
® Dipartimento di Chimica Industriale "Toso Montanari", University of Bologna, Viale Risorgimento 4, |-
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b Dipartimento di Scienze Molecolari e Nanosistemi, Ca’ Foscari University of Venice, Via Torino 155 —

30175 Mestre (Ve), Italy.

Abstract: The reactions of [Ptg(CO)e(SnX,)2(SnXs)a]* (X = Cl, 1; Br, 2) with an excess of HBF,-Et,0
afforded the new [Ptlz(CO)m(SnCI)z(SnCI2)4{CIZSn(M-OH)SnCIz}z]Z' (3) and [Pt;(CO)e(SnBr;)s{BrSn(pu-
OH)SnBrz}{BrZSn(u-Br)SnBrz}]z' (4) heterometallic clusters. The molecular structures of 3 and 4 were
determined by means of single crystal X-ray diffraction. The bonding within these bimetallic Pt-Sn clusters
were investigated computationally by means of DFT methods and Atoms-In-Molecules analyses. 3 and 4
displayed a low valent Pt core stabilised by the interaction with CO and Sn(ll) based ligands. The solid state
structures of these clusters revealed the presence on H-bonds involving the OH-groups of the {X,Sn(u-

OH)SnX,} ligands.
Keywords: Cluster compounds; Carbonyl ligands; Platinum; Tin; Structure elucidation

1. Introduction

Several bimetallic Pt-Sn carbonyl clusters whose structures have been determined by means of single-
crystal X-ray diffraction have been reported to date, that is [Ptg(CO)io(SNCl).>  [1],
[Pts(CO)s{C,Sn(OR)SNCL}:>” (R = H, Me, Et, 'Pr) [2], [Pts(CO)s(SNCl,)x(SNCls)a]*  [3],
[Pt5(CO)s(SNCl)5(SNCl3),(C1,SNOCOSNCI,)]* [3], [Ptio(CO)14{Cl,SN(OH)SNCl,},1% [3], [Pts(CO)s(SNC,)(SnCls)al*
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[4], and [Pts(CO)s(SNCL,)(SNCl3)5(PPhs),]* [4]. These clusters were composed of a low valent Pt-CO core
decorated on the surface by miscellaneous Sn(ll) fragments. These included SnCl,, [SnCl5], [CI,Sn(OR)SnCl,]”
, and [Cl,SnOCOSNCl,]*". In this sense, [SnCls]” ligands have been employed also for the stabilisation of ultra-
small Pt nanoparticles [5].

The Pt-Sn bonds within these clusters may be described as Lewis type acid-base interactions, where
each Sn atom acted as a two-electron donor. Thus, the common feature to all of these clusters was the
perfect segregation of the two metals. This was due to the fact that platinum was a noble metal which
formed strong Pt-Pt bonds and preferred to adopt a low (close to zero) oxidation state. Conversely, tin was
more electropositive and showed high affinity for halides and oxygen. Thus, it preferred to adopt a positive
oxidation state and formed strong Sn-X (X = halogen) and Sn-O interactions [6]. At the same time, Pt-Sn
bonds were rather strong and, therefore, Sn-fragments were very effective as surface ligands for the
stabilisation of low valent Pt clusters, nanoclusters and nanoparticles. Indeed, several complexes containing
direct Pt-Sn bonds have reported and the nature of the Pt-Sn covalent bond studied in detail [7,8].

This behaviour might be related to the fact that tin was often employed as modifier and promoter
of Pt-based homogeneous and heterogeneous catalysts. Reactions for which Pt-Sn synergy was beneficial
included hydrogenation, hydroformylation, water-gas shift reaction, dehydrogenation and petroleum
reforming [9-15]. More recently, Pt-Sn nanoparticles were employed also for applications in electrocatalysis
[16-19]. We demonstrated that molecular Pt-Sn carbonyl clusters were well suited precursors for the
synthesis of supported metal catalysts for the selective oxidation of 5-hydroxymethylfurfural (HMF) [20]. In
particular, the synthesis of TiO,-supported Pt-Sn nanoparticles from molecular carbonyl cluster
decomposition showed the crucial role played by the synthetic strategy on the preparation of active and
stable Pt-based supported catalysts. Moreover, the addition of Sn to Pt was demonstrated to lead to the
formation of unique active sites with significant improved stability in the base-free oxidation of HMF.

In order to widen the scope of our study and deepen our understanding of the Pt-Sn interactions
occurring on molecular polyatomic aggregates, we investigated the reactivity of the
[Pts(CO)s(SNCl,),(SNCl3)a]* (1) bimetallic cluster and its Br-congener [Pts(CO)s(SNBr,),(SnBr3)s]* (2) towards
strong acids. Indeed, it was reported in the literature that strong acids may induce the rearrangement and
growth of metal carbonyl clusters [21,22]. Thus, the aim of the present work was to obtain larger Pt-Sn
clusters. Interestingly, the outcome of these reactions strongly depended on the halogen present, resulting
in the formation of [Ptlz(CO)10(SnCI)Z(SnCI2)4{CIZSn(p-OH)SnCIz}z]z' (3) when X = Cl and
[Pt7(CO)6(SnBr2)4{BrZSn(u-OH)SnBrz}{BrZSn(u—Br)SnBrz}]z_ (4) when X = Br. The solid state structures of these

clusters revealed the presence of H-bonds involving the OH-groups of the {X,Sn(OH)SnX,} ligands. The
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bonding within these bimetallic Pt-Sn clusters were investigated computationally by means of DFT methods

and Atoms-In-Molecules analyses.

2. Results and Discussion

2.1 The reaction of [Pts(CO)s(SnCl5)5(SnCl3),J* (1) with HBF,: Synthesis and characterization of
[Pt15(C0O)10(SNCI)5(SNCl5) {Cl,Sn(1-OH)SNClo}, 17 (3).

The title compound [Ptlz(CO)1O(SnCI)2(SnCI2)4{CIZSn(u-OH)SnCIZ}z]Z_ (3) was obtained by reacting
[Pte(CO)6(SNCl,),(SNCl5),]* (1) in CH3CN with an excess of HBF,-Et,0, followed by removal of the
solvent in vacuo and dissolving the residue in CH,Cl, (Scheme 1). The resulting solution displayed

an unique v carbonyl stretching band at 2070 cm™.
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Scheme 1. Syntheses of 3 and 4.

Crystals of [PPhy],[Pt12(CO)1o(SNCl),(SNCl;)4{Cl,Sn(1-OH)SnCl,},]  ([PPhy)o[3]) suitable for X-ray

analyses were obtained from slow diffusion of n-hexane on the CH,Cl, solution, confirming that the final
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species formed was the dianion 3. Crystals of 3 displayed v¢o at 2085(w), 2067(vs) cm™ as solid in nujol
mull, and at 2070(vs) cm™ once dissolved in CH,Cl,, pointing out that the species was not altered during
crystallization and/or dissolution of the crystals. The 'H NMR spectrum of [PPh,],[3] in CD,Cl, displayed the
typical resonances of the [PPh,]" cation at 8, 7.64-7.96 ppm (40H) and a broad resonance at 8y 6.93 ppm
(2H) attributable to the OH groups (Figure 1).

Aromatic protons of the cations

e

40.0 20

8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4

Fig. 1. "H NMR spectrum recorded at 298 K in CD,Cl, of [PPh,],[3] with integrals.

A sample of 3-**CO was prepared from the reaction of 1-**CO with HBF,-Et,0. Unfortunately, the
3C NMR spectra of 3-*CO displayed only very broad resonances centred at §c 190 ppm at all
temperatures studied (193-298 K), suggesting a very fast fluxional behaviour of the carbonyl ligands (Figure
2). The chemical shift observed for these very broad resonances was in agreement with the data previously
reported for the parent cluster 1-'*CO [4]. For the latter it was possible to stop the exchange at 243 K, and
two distinct resonances at 8, 181.9 and 192.5 ppm appeared due to the presence of two different types of

terminal CO ligands in 1-**CO [4].

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.




298 K

243 K M

213K

=

230 220 210 200 190 180 170 160
Fig. 2. VT °C NMR spectra in CD,Cl, of 3-*CO.

The molecular structure of 3 was determined as its [PPh,],[3] salt (Figure 3 and Table 1). The cluster
anion is located on a 2-fold axis and the H-atom bonded to O(6) was initially located on the Fourier map
and, then, refined by a riding model. An inter-molecular H-bond involving O(6)-H(6) and CI(5)#1 [O(6)-H(6)
0.95 A, H(6)---CI(5)#1 2.14 A, O(6)--Cl(5)#1 3.063(8) A, <O(6)H(6)CI(5)#1 164.9°; symmetry operation #1 —
x+1/2, y-1/2, -z+1/2] is present corroborating the location of H(6) (Figure 4) [23]. Because of the 2-fold
symmetry, each cluster anion contains two O(6)-H(6) hydrogen-bond donors and two CI(5) acceptor groups.
This produces extended planes perpendicular to the crystallographic ¢ axis of H-bonded cluster anions, with
the [PPh,]" cations occupying the inter-layer positions (Figure S1 in the Supporting Information). This
represents a rare case of a supramolecular arrangement of anionic metal carbonyl clusters via H-bonds

[24].
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(a) (b)
Fig. 3. (a) Molecular structure of [Pt;,(CO)10(SNCl),(SNCl)4{Cl,Sn(p-OH)SnCl,},]* (3) and (b) its Pt;,Sn;o metal

core with labelling (purple, Pt; orange, Sn; green, Cl; red, O; grey, C).

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.




(b)
Fig. 4. H-bonds involving the [Pt;,(C0)1(SNCl)5(SNCl,)4{Cl,Sn(u-OH)SNCl,},]% (3) anion. (a) A single molecule
is reported with its two OH-donors and Cl-acceptor groups with labelling. (b) Five molecules are

represented (purple, Pt; orange, Sn; green, Cl; red, O; grey, C; white, H; H-bonds as dashed lines).
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Table 1
Comparison of the most relevant bond lengths (A) of [Ptlz(CO)m(SnCI)z(SnCI2)4{CIZSn(u-OH)SnCIz}z]Z' (3) and
[Pt7(CO)6(SnBr2)4{BrZSn(u-OH)SnBrz}{BrZSn(u—Br)SnBrz}]z_ (4).

Pt-Pt Pt-Sn Sn-X
2.5837(7)-2.9883(6) 2.5854(8)-3.3505(7) 2.331(3)-2.380(3)
3 Average 2.7970(19) Average 2.840(4) Average 2.359(9)
2.6947(5)-3.2450(5) 2.6256(9)-3.2991(9) 2.4669(18)-2.789(3)
4 Average 2.8434(12) Average 2.792(3) Average 2.546(6)

Regarding the molecular anion (Figure 5), 3 consists of three Pts trigonal bipyramids (TBP) sharing
three vertices and originating a common Pt; triangle (in blue in Figure 5). The resulting Pt;, framework
displays idealized C,, and crystallographic C, symmetry. Each of the two (symmetry related) {Cl,Sn(u-
OH)SnCl,} ligands is nz—u4—bonded to two adjacent triangular faces of a TBP, as previously found in
[Pt5(CO)s{Cl,SN(OR)SNCl,}:1*™ (R = H, Me, Et, 'Pr) [2]. The four SnCl, stannylene ligands are L4-bonded to
open butterfly surfaces, whereas the two [SnCl]" ligands are ps-bonded to “triangular crown” Pts frames,
where the central triangular unit is represented by the three Pt atoms shared by the three PtsTBPs [Pt(1),
Pt(2), Pt(2)] and the wingtips are Pt(5), Pt(6) and Pt(7). The former three Pt atoms are not bonded to any
CO, whereas the remaining nine Pt atoms are bonded to one terminal CO each, a part Pt(3) which is bonded
to two terminal carbonyls.

3 possesses 162 CVE (Cluster Valence Electron) [12 x 10 (12Pt) + 10 x 2 (10C0O) + 2 x 2 (2[SnCI]*) + 4
x 2 (4[SnCl,]) + 2 x 4 (2{Cl,Sn(u-OH)SnCl,}") + 2 (2-)], as expected on the basis of Mingos's fusion formalism
for a My, cluster composed of three trigonal bipyramids sharing three vertices [72 x 3 (TBP) — 18 x 3
(vertex) = 162 CVE] [25,26]. The same electron count is also obtained by describing this condensed cluster
as the fusion of three TBP clusters and one triangle sharing three edges [72 x 3 (TBP) + 48 x 1 (triangle) — 34
x 3 (edges) = 162 CVE]. This electron count is based on the assumption that each Sn atom of the [SnCI]’,

[SnCl,] and [Cl,Sn(u-OH)SnCl,]™ fragments acted as a two-electron donor (Scheme 2).
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(d)

Fig. 5. (a) The Pty, core of [Pty,(CO)1o(SNCI)5(SNCly)a{Cl,Sn(p-OH)SNCl,},]* (3) composed of three trigonal
bipyramids (two related by C, in purple, the third in cyan) sharing three vertices (in blue the common
triangle). (b) The Pt,Sn, framework obtained by addition of four [SnCl,] ligands to (a) (Sn in orange). (c) The
Pt1,Sng framework resulting from the addition of two [SnCI]" (yellow) ligands to (b). (d) The final Pt;,Snyo

framework including the two [Cl,Sn(OH)SnCl,]” bidentate ligands (tin in brown) with labelling.

H
Cl 1
® Cl ®
0% O adpdegle
Cl .o .o

Scheme 2. Lewis dot formulas of the [SnCI]*, [SnCl,] and [Cl,Sn(u-OH)SnCl,]” fragments displaying the ability

of each Sn-atom to act as a two-electron donor.
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2.2 The reaction of [Pts(CO)s(SnBr;),(SnBrs),]* (2) with HBF,: Synthesis and characterization
Of[Pt;(CO)s(SnBr;){Br,Sn(1-OH)SnBr}{Br,Sn(, y—Br)SnBrz}]z' (4).

The reaction of [Ptg(CO)s(SNBr,)y(SnBrs)s]* (2) with an excess of HBF,-Et,0 under the same conditions
described in Section 2.1 afforded the new [Pt7(CO)6(SnBr2)4{BrZSn(u-OH)SnBrz}{BrZSn(u—Br)SnBrz}]z_ (4)
cluster dianion instead of a Br-congener of 3 (3%). In order to shed light on this point, the structure of 3%
was computationally optimized and showed to be comparable to that of 3 (vide infra). Thus, the different
outcome of the reactions of [Pts(CO)s(SNX,),(SNX3)a]* (X = Cl, 1; Br, 2), with HBF,-Et,0 was not simply
related to the instability of a purported 3%, but it arose from more complicated (and not yet clear)
thermodynamic and kinetic effects. Indeed, 3 and 4 are supposed to be formed via complex mechanisms
that, in the absence of any further experimental or theoretical support, could not be envisaged.

The CH,Cl, solution of 4 displayed an unique ve carbonyl stretching band at 2064 cm™.
Orange-red crystals of [PPh4],[Pt;(CO)e(SnBr;)4{Br,Sn(-OH)SnBr,{Br,Sn(u-Br)SnBr,}] containing the dianion
4 were obtained by slow diffusion of n-hexane on the CH,Cl, solution. The formation of these orange-red
crystals was accompanied by minor amounts of a few yellow crystals, that revealed to be a mixture of
[PPh,][Pt(CO)(Br)(SnBrs),] and [PPh,],[Pt,(CO),(Br)4(SnBr,)]. These were side-products of the synthesis of 4,
which were formed from the partial oxidation of the anionic cluster in the presence of an excess of strong
acid.

The Pt; core of the cluster 4 is composed of two Pt, tetrahedra that share a common vertex located
on a crystallographic inversion centre (Figure 6). The four SnBr, stannylene ligands are p,-bonded to the Pt,
core resulting in a bicapped centred pseudo-cubic Pt,Sn, framework. The {Br,Sn(u-OH)SnBr,}” and {Br,Sn(u-
Br)SnBr,}” ligands are n*-s-bonded to two opposite (related by the inversion centre) triangular faces of the
Pt; core. The cluster contains a fully interstitial Pt atom. The remaining six Pt atoms are bonded to one
terminal CO ligand each. The OH group of the {Br,Sn(u-OH)SnBr,}" ligand is involved in a weak O-H:--x
interaction with one Ph ring of a [PPh,]* cation [O-H++:C; 2.96 A, < O-H---C, 153°; C, centroid of the Ph ring]
(Figure S2 in the Supporting Information) [27]. The 'H NMR spectrum of [PPh,],[4] in CD,Cl, solution (Figure
S3 in the Supporting Information) displays the typical resonances of the [PPh,]" cations at 8, 7.64-7.96 ppm
(40H) and a broad resonance at 8y 3.14 ppm that integrated 1.4H. This resonance might be assigned to the
OH group of 4 or to some adventitious water.

4 possesses 98 CVE [7 x 10 (7Pt) + 6 x 2 (6CO) + 4 x 2 (4[SnBr,]) + 2 x 2 ([Br,Sn(pu-OH)SnBr,]7) + 2 x 2
([Br,Sn(u-Br)SnBr,]7)], and is electron poor since 102 CVE (60 x 2 (Td) — 18 x 1 (vertex) = 102 CVE) are

expected for a M5 cluster composed of two tetrahedra sharing one vertex. A literature survey displays that
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several heptanuclear clusters, whose structures are based on two vertex-sharing tetrahedra, have been

structurally characterized and these showed 94-102 CVE [28-31].

(a) (b) (c)
Fig. 6. (a) Molecular structure of [Pt7(CO)6(SnBr2)4{BrZSn(u—OH)SnBrz}{BrZSn(u—Br)SnBrz}]z_ (4), (b) its Pt;Sng
metal core (the u-OH and p-Br groups are represented for sake of clarity) with labelling, and (c) its bicapped

centred pseudo-cubic Pt;Sn, framework (purple, Pt; orange, Sn; green, Br; red, O; grey, C; white, H).

The crystals of the [PPh,][Pt(CO)(Br)(SnBrs),] and [PPh,],[Pt,(CO),(Br)4(SnBr,)] side products of the
synthesis of 4 contain the new anionic complexes [Pt(CO)(Br)(SnBrs),]” (5) and [Pt,(CO),(Br)4(SnBr,)1*" (6)
(Figure 7). 5 is a square-planar Pt(ll) complex with two [SnBr;]” ligands in relative trans-position, one
bromide and one carbonyl. Such CO-complex is unprecedented, whereas related square planar Pt-
complexes containing two [SnX3]” and one X'ligands have been previously reported [32]. 6 contains two
square planar cis-PtBr,(CO) moieties joined by a bridging SnBr, group, as found in [Pt,(CO),(1),(PRs3),(SnCl,]
(R = cyclo-hexyl) and related species [7,8,33].
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(a) (b)
Fig. 7 Molecular structures of (a) [Pt(CO)(Br)(SnBrs),]” (5) and (b) [Pt,(CO),(Br)a(SnBr,)]*” (6) with labelling

(purple, Pt; orange, Sn; green, Br; red, O; grey, C).

2.3. Computational investigations

DFT calculations at ®B97X-v level on the anion of compound 3, using the geometry determined by X-ray
diffraction, allowed the study of the metal-metal bonds by Atoms-In-Molecules (AIM) analysis. In the
structure depicted in Figure 8 only the interactions characterized by (3,-1) bond critical points (b.c.p.) are
shown. AIM calculations confirm the C, symmetry of the molecule, only one set of b.c.p. is reported in
Figure 8. Data concerning the metal-metal b.c.p. are summarized in Table 2. On considering the entire
molecule, the number of bonds that Sn centres make with Pt is extremely variable: 1 for Sn(4), 3 for Sn(2),
Sn(3) and Sn(5), and 4 for Sn(1), this last having only one coordinated chloride. The number and type of
bonds formed by the Pt centres is also quite different: Pt(1) is bonded to 6 Pt and 4 Sn, Pt(2) to 7 Pt and 2
Sn, Pt(3) to 3 Pt and 0 Sn, Pt(4) to 2 Pt and 3 Sn, Pt(5) to 4 Pt and 2 Sn, Pt(6) to 3 Pt and 3 Sn, Pt(7) to 4 Pt
and 2 Sn. Despite these differences, the Hirshfeld population analysis indicates that the partial charges
among both Pt and Sn are quite similar (see Table 3), suggesting no change in the formal oxidation state.
The only slightly positive charge value for Pt is obtained for Pt(3), the one not bonded to Sn centres. On the
other hand, the most negative charge is obtained for Pt(2). The Pt charge range is however quite limited,
about 0.12 a.u. The Sn Hirshfeld charges are around 0.26 a.u. with the exceptions of the OH-bonded Sn(4)
and Sn(5), where the charge is more positive, about 0.34 a.u., in agreement with the higher deformation of
Sn electron density caused by the bond with the electronegative oxygen atom. On attributing 2+ formal
charge to the Sn centers, 1- formal charge to the chloro- and hydroxo-ligands and zero charge to the

carbonyl ligands, the average Pt formal oxidation state is slightly lower than zero.
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Fig. 8. Structure of the anion of compound 3 with bonds characterized by the presence of (3,-1) b.c.p. and
their numbering. CO ligands and chlorides bonded to [SnCl,] fragments are omitted for clarity. Colour map:

purple, Pt; orange, Sn; green, Cl; red, O; white, H.

All the (3,-1) b.c.p. are characterized by negative values of electron densities (E) and positive values
for the Laplacian of electron density (Vzp ), in agreement with Bianchi's definitions of M-M bonds [34]. On
considering the density (p) and the potential energy density (V) values, the strongest Pt-Pt bond is that
between the two Pt(2), while the weakest are those between Pt(5) and Pt(7). For what concerns the Pt-Sn
interactions the strongest are between Pt(1) and Sn(5) and the weakest between Pt(5) and Sn(5). As
observable in the Supporting Information (Figure S4) once defined the couple of attractors the potential

energy density values are roughly related to the M-M’ bond lengths, i.e. the most negative value

corresponds to the shortest distance.

Table 2

Properties of the metal-metal (3,-1) b.c.p in the anion of compound 3 (electron density, p; potential energy

density, V; energy density, E; Laplacian of electron density,Vzp ). All quantities in a.u.

b.c.p. bond P \' E Vip b.c.p. bond P v E Vip
1 Pt(2)-Pt(2) 0.076  -0.080 -0.023 0.137 14 Sn(1)-Pt(1)  0.050 -0.045 -0.013 0.079
2 Pt(2)-Pt(3) 0.044  -0.038 -0.092 0.077 15 Sn(1)-Pt(5)  0.063 -0.059 -0.020 0.077
3 Pt(1)-Pt(2) 0.045  -0.039 -0.010 0.080 16 Sn(1)-Pt(6)  0.062 -0.058 -0.019 0.078
4 Pt(3)-Pt(6) 0.058  -0.050 -0.016 0.076 17 Sn(2)-Pt(6)  0.055 -0.046 -0.016 0.059
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5 Pt(2)-Pt(6)  0.057  -0.052 -0.015 0.087 18 Sn(1)-Pt(7)  0.064  -0.060 -0.020 0.080
6 Pt(2)-Pt(6) 0.058  -0.053 -0.015 0.089 19 Sn(3)-Pt(6)  0.055  -0.046 -0.016 0.059
7 Pt(1)-Pt(7)  0.045  -0.039 -0.010 0.075 20 sn(5)-Pt(1)  0.072  -0.069 -0.024 0.080
8 Pt(5)}-Pt(7)  0.041  -0.031 -0.009 0.053 21 Sn(2)-Pt(2)  0.060  -0.058 -0.017 0.095
9 Pt(2)-Pt(7)  0.061  -0.059 -0.017 0.101 22 Sn(3)-Pt(2)  0.062  -0.062 -0.018 0.101
10 Pt(2)-Pt(5) 0.061  -0.057 -0.016 0.097 23 sn(5)-Pt(7)  0.042  -0.033 -0.009 0.059
11 Pt(1)-Pt(5) 0.049  -0.044 -0.011 0.086 24 sn(5)-Pt(5)  0.038  -0.027 -0.007 0.052
12 Pt(4)-Pt(5) 0.052  -0.049 -0.013 0.094 25 Sn(2)-Pt(4)  0.056  -0.050 -0.016 0.070
13 Pt(4)-Pt(7)  0.050  -0.046 -0.012 0.089 26 Sn(3)-Pt{4)  0.057  -0.051 -0.017 0.071

27 Sn(4)-Pt(4)  0.068  -0.066 -0.022 0.091

Table 3

Hirshfeld charges for Sn and Pt centres in the anion of compound 3 (a.u.).

M charge M charge
Pt(1) -0.038 Sn(1) 0.263
Pt(2) -0.091 Sn(2) 0.264
Pt(3) 0.033 Sn(3) 0.262
Pt(4) -0.007 Sn(4) 0.342
Pt(5) -0.016 Sn(5) 0.349
Pt(6) -0.004
Pt(7) -0.009

Figure 9 shows the structure of compound 4 with the M-M bonds characterized by (3,-1) b.c.p. The
main data concerning the b.c.p. are summarized in Table 4, while the Hirshfeld charges on the metal
centres are collected in Table 5. As for cluster 3, AIM data for Pt-Pt and Sn-Pt (3,-1) b.c.p. agree with the
classification of M-M bonds [34]. Critical points are numbered accordingly to an inversion centre localized
on Pt(1), despite the fact that the presence of two different bridging fragments, u-Br and u-OH, broke the
symmetry. AIM data however indicate a quite symmetric electronic distribution in the cluster, in particular
for what concerns the central core. Pt(1) is bonded to 6 Pt and 4 Sn and its coordination sphere could be
best described, accordingly to the output of the SHAPE software [35], as a distorted HD-10 hexadecahedron
(2:6:2). The inset of Figure 9 shows the superposition of the coordination sphere of Pt(1) with the
hexadecahedron (2:6:2). Pt(2), Pt(3), Pt(5) and Pt(6) are bonded to 2 Pt and 2 Sn, and finally Pt(4) and Pt(7)
are bonded to 3 Pt and 4 Sn. Every Sn centre is connected to two Pt. The strongest Pt-Pt bonds are,
accordingly to the density and potential energy density values, those between Pt(1) and the Pt(2), Pt(5),
Pt(4) and Pt(7) centres. On the other hand, the weakest Pt-Pt bonds are the Pt(2)-Pt(4) and Pt(5)-Pt(7) ones.
For what concerns the Pt-Sn bonds, the highest p values are present at Sn(1)-Pt(2) and Sn(5)-Pt(5) b.c.p. As

previously described for compound 3, also for 4 the potential energy density values at b.c.p. are
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approximately related to the Pt-Pt and Pt-Sn bond lengths (see Figure S5 in the Supporting Information).
The Hirshfeld charge distribution is quite homogeneous among the Pt centres and the most negative charge
is localized on the central Pt(1). The average Pt charge is strictly comparable with that of compound 3,
despite the fact that the formal oxidation state of the Pt centers in 4 is zero. As for compound 3, the more

positively charged Sn centres are those bonded to p-OH.

Fig. 9. Structure of the anion of compound 4 with bonds characterized by the presence of (3,-1) b.c.p. and
their numbering. CO ligands and bromides bonded to [SnBr,] fragments are omitted for clarity. Colour map:
purple, Pt; orange, Sn; green, Br; red, O; white, H. Inset: superposition of the coordination sphere of Pt(1)

with the corresponding hexadecahedron (2:6:2) in light grey tones.

Table 4

Properties of the metal-metal (3,-1) b.c.p in the anion of compound 4 (electron density, p; potential energy

density, V; energy density, E; Laplacian of electron density,Vzp ). All quantities in a.u.

b.c.p. bond P \' E Vip b.c.p. bond P \' E Vip
1 Pt(1)-Pt(2) 0.063 -0.059 -0.018 0.098 6 Sn(6)-Pt(1) 0.059 -0.057 -0.017 0.087
1 Pt(1)-Pt(5) 0.063 -0.059 -0.018  0.098 6' Sn(2)-Pt(1) 0.059 -0.057 -0.017 0.087
2 Pt(1)-Pt(4) 0.061 -0.058 -0.017  0.096 7 Sn(5)-Pt(1) 0.055 -0.050  -0.015 0.082
2 Pt(1)-Pt(7) 0.061 -0.058 -0.017  0.097 7' Sn(1)-Pt(1) 0.055 -0.050  -0.015 0.083
3 Pt(1)-Pt(3) 0.057 -0.051 -0.015  0.087 8 Sn(6)-Pt(4) 0.055 -0.046 -0.016 0.056
3 Pt(1)-Pt(6) 0.057 -0.051 -0.015  0.087 8' Sn(2)-Pt(7) 0.055 -0.046 -0.016 0.056
4 Pt(2)-Pt(4) 0.049 -0.041 -0.012  0.069 9 Sn(2)-Pt(3) 0.065 -0.057  -0.021 0.059
4 Pt(5)-Pt(7) 0.049 -0.041 -0.012  0.069 9' Sn(6)-Pt(6) 0.065 -0.057  -0.021 0.061
5 Pt(3)-Pt(4) 0.055 -0.047 -0.014  0.075 10 Sn(1)-Pt(2) 0.068 -0.061 -0.023 0.064
5' Pt(6)-Pt(7) 0.055 -0.047 -0.014  0.075 10' Sn(5)-Pt(5) 0.068 -0.061 -0.023 0.064

11 Sn(5)-Pt(4) 0.059 -0.050 -0.018 0.058
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11' Sn(1)-Pt(7) 0.059 -0.051 -0.018 0.058

12 Sn(3)-Pt(4) 0.054  -0.044  -0.015 0.058
12' Sn(7)-Pt(7) 0.054  -0.045  -0.015 0.059
13 Sn(4)-Pt(4) 0.052 -0.042  -0.014 0.054
13' Sn(8)-Pt(7) 0.052 -0.042  -0.014 0.057
14 Sn(3)-Pt(2) 0.066 -0.061  -0.021 0.077
14’ Sn(7)-Pt(5) 0.065 -0.061  -0.021 0.078
15 Sn(4)-Pt(3) 0.065 -0.058  -0.020 0.070
15’ Sn(8)-Pt(6) 0.064  -0.058  -0.020 0.075

Table 5

Hirshfeld charges for Sn and Pt centres in the anion of compound 4 (a.u.).

M charge M charge
Pt(1) -0.099 Sn(1) 0.211
Pt(2) -0.012 Sn(2) 0.218
Pt(3) -0.009 Sn(3) 0.307
Pt(4) -0.031 Sn(4) 0.313
Pt(5) -0.012 Sn(5) 0.212
Pt(6) -0.007 Sn(6) 0.217
Pt(7) -0.031 sn(7) 0.250

Sn(8) 0.278

The Hirshfeld and AIM analyses have been extended for comparison to the electronic structures of
the anions [Pt(CO)(Br)(SnBrs),]™ (5) and [Pty(CO),(Br)4(SnBr,)]*” (6), where Pt is coordinated to tin bromide
moieties. Unlike 3 and 4, the Pt centers have slightly positive charge, 0.084 a.u. in 5 and 0.096 a.u. in 6. On
the other hand, the Sn Hirshfeld charges of the [SnBr,] fragments in 4 are comparable to that found for the
bridging [SnBr,] ligand in 6, 0.216 a.u.

Despite the different formal Pt oxidation state, some of the Pt-[SnBr,] bonds in 4 have p and V
values comparable with those computed for 5 and 6 (see Table 6), Sn(2)-Pt(3) and Sn(6)-Pt(6) in particular.
The other Pt-[SnBr,] interactions in 4 are characterized by lower electron densities at b.c.p. The Pt-Sn bonds

in 5 and 6 fall into the classification already described for the compounds 3 and 4 [34], but it is worth noting

that Vzp values are less positive, suggesting more electron shared interactions with respect to 3 and 4.

Table 6

Average properties of the Pt-Sn (3,-1) b.c.p in the anions of compounds 5 and 6 (electron density, p;

potential energy density, V; energy density, E; Laplacian of electron density, Vzp ). All quantities in a.u.

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.




Compound bond p v E Vip

5 Pt-Sn 0.069 -0.056 -0.023 0.042
6 Pt-Sn 0.075 -0.063 -0.027 0.040

The formation of cluster 4 instead of a bromo-compound analogous to 3 prompted us to carry out
the DFT optimization of cluster 3 with chlorides replaced by bromides (3*). The DFT optimized structure is
closely comparable to that of 3, as observable in Figure 10, where the metallic cores of the two species are
superposed. The root-mean-square deviation between the two structures, once removed the halides, is
only 0.120 A. The energy values of the frontier orbitals are strictly comparable between 3 and 3* (3: Eyomo
=-4.271 eV, Eumo = 0.893 eV; 3%": Eyomo = -4.219 eV, E,ymo = 0.745 eV). The Hirshfeld charge distribution on
Pt atoms in 3% is almost identical with respect to that of 3. The lower electronegativity of bromine causes
only the expected slight reduction of the positive charges on the Sn centres. No simple ground-state

features of 3* are therefore able to explain the formation of compound 4 as final product.

Fig. 10. DFT-optimized structure of the anion of 3% Inset: superposition of the metallic core of 3* with that
of 3. Colour map: purple, Pt; orange, Sn; green, Br; red, O; grey, C; white, H. Compound 3 is depicted in light

grey tones.

3. Conclusions
Two new Pt carbonyl clusters decorated by Sn(ll) fragments were synthesised and structurally
characterized. Their metal cores derived from the condensation of simple Pt polyhedra, that is three

trigonal bipyramids in the case of 3 and two tetrahedra for 4.
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The formal oxidation state of Pt was —0.167 and O for 3 and 4, respectively. Such Pt cores were
stabilised via the coordination of CO and Sn(ll)-based ligands. DFT calculations corroborated these
conclusions and showed that these molecular clusters contained strong Pt-Pt, Pt-CO, Pt-Sn, Sn-X and Sn-O
bonds. As stated in the introduction, Sn acted somehow as a bridge between the low valent Pt-CO core and
the external shell of X" and OH’ ligands. This might be related to the ability of Sn to stabilise sub-nanometric
Pt aggregates on the surface of metal oxide supports [36-38]. Indeed, such supports can be considered as
ligands by providing their binding sites for metal atoms, clusters and nanoparticles [39]. As a general
conclusion, molecular clusters are useful models for understanding at the atomic level the chemistry of
nanometric and sub-nanometric metal aggregates [21,40-44]. More in specific, 3 and 4 could be used as
precursors for the preparation of heterogeneous catalysts, as previously demonstrated for 1 [20]. The
different compositions and structures of these clusters might lead to catalysts with different properties.
Eventually, it has been also confirmed that strong acids can be employed for the structural rearrangement

and growth of metal carbonyl clusters, leading to larger species [21,22].

4. Experimental Section

4.1 General procedures.

All reactions and sample manipulations were carried out using standard Schlenk techniques under nitrogen
and in dried solvents. All the reagents were commercial products (Aldrich) of the highest purity available
and used as received, except [PPh,]4[Pts(CO)s(SnX,),(SnXs5)4] (X = Cl, Br) which has been prepared according
to the literature [3]. Analysis of Pt and Sn were performed by atomic absorption on a Pye-Unicam
instrument. Analyses of C, H and N were obtained with a Thermo Quest Flash EA 1112NC instrument. IR
spectra were recorded on a Perkin Elmer Spectrum One interferometer in CaF, cells. 'H and™C{*"H} NMR
measurements were performed on a Varian Mercury Plus 400 MHz instrument. The proton and carbon
chemical shifts were referenced to the non-deuterated aliquot of the solvent, whereas the phosphorous
chemical shifts were referenced to external HsPO, (85% in D,0). **CO enriched samples have been prepared
starting from [PPh,],[Pt12(**CO).4] (ca. 40% '*CO) [45]. Structure drawings have been performed with
SCHAKAL99 [46].

4.2 Synthesis of [PPh4],[Pt15(CO)15(SnCl)y(SnCl5){Cl,Sn(1-OH)SnCl}5] ([PPh.]»[3])
HBF,;-Et,0 (500 pl, 3.67 mmol) was added in small portions over a period of 2 h to a solution of
[PPh,]4[Pts(CO)s(SNCl,),(SnCl5),4] (0.910 g, 0.282 mmol) in CH;CN (30 mL). After the addition of the first 300

ul of HBF4-Et,0 the solution turned from green to brown and the unique v band moved from 2038
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to 2046 cm™; this further moved to 2056 cm™ after the addition of other 200 ul of HBF4-Et,0. The solvent
was, then, removed in vacuo and the residue dissolved in CH,Cl, (20 mL), where it displayed a single v¢q
band at 2066 cm™. Crystals of [PPh4]2[Pt12(CO)10(SNCI)2(SNCIL;)4{Cl;Sn(u-OH)SnCl,},] suitable for X-ray
analyses were obtained from slow diffusion of n-hexane (40 mL) on the CH,Cl, solution (yield 0.386 g, 53 %
based on Pt). Yield is given as the amount of crystals effectively isolated. Some of 3 remained in the
CH,Cl,/n-hexane after diffusion. Moreover, some side products not soluble in CH,Cl, remained during the
work-up. Among them, it was possible to identify the starting material 1, that was soluble in CH;CN and
identified by IR spectroscopy.

CsgH12Cl15015P,Pt12SN 10 (5158.94): caled. C 13.49, H 0.82, Sn 23.24, Pt 45.34; found: C 13.81, H 1.12, Sn
23.04, Pt 45.62. IR (nujol, 293 K) vco: 2067(s) cm™. IR (CH,Cly, 293 K) veo: 2069(s) cm™.

Samples of [PPh4]2[Ptlz(BCO)10(SnCl)z(SnCI2)4{CIZSn(u-OH)SnCIZ}z] can be prepared starting from
[PPh,]4[Pts(*2CO)5(SNCl,)(SNCl3)a] and following the same procedure as above.
[PPhy]5[Pt12(CO)10(SNCI)5(SNCly)a{Cl,SN(p-OH)SNCl,},] displays v(**CO) in CH,Cl, at 2019(s) cm ™.

'H NMR (CD,Cl,, 298 K) & (ppm): 7.64-7.96 (m, 40H, Ph), 6.93 (br, 2H, OH).

BC{*H} NMR (CD,Cl,, 298 K) & (ppm) **CO enriched sample (only the CO region is given): 185.0 (br), 190.2
(br).*c{*H} NMR (CD,Cl,, 243 K) & (ppm): 185.2 (br), 190.5 (br).*C{"H} NMR (CD,Cl,, 213 K) & (ppm): 185.5
(br), 190.7 (br).

4.3 Synthesis of [PPh,],[Pt;(CO)s(SnBr)4{Br;Sn(1-OH)SnBr }{Br,Sn(1-Br)SnBr;}] ([PPh,],(4])

HBF4:Et,0 (500 pl, 3.67 mmol) was added in small portions over a period of 2 h to a solution of
[PPh,]4[Pts(CO)s(SNCI,),(SnCl3),] (1.04 g, 0.282 mmol) in CH;CN (30 mL). The solvent was, then, removed in
vacuo and the residue dissolved in CH,Cl, (20 mL). Orange-red crystals of [PPhy],[Pt;(CO)e(SnBr,)4{Br,Sn(p-
OH)SnBr,{Br,Sn(u-Br)SnBr,}] suitable for X-ray analyses were obtained from slow diffusion of n-hexane (40
mL) on the CH,Cl, solution (yield 0.515 g, 47% based on Pt). The formation of these orange-red crystals was
accompanied by a few vyellow crystals of [PPh,][Pt(CO)(Br)(SnBr3),] ([PPh,][5]) and
[PPh,],[Pt,(CO),(Br)4(SnBry)] ([PPh4),[6]). Crystals of [PPh,][5] and [PPh,],[6] were mechanically separated
from [PPh,],[4] and their structures determined by means of single crystal X-ray diffraction. Since only a
few crystals of [PPh,][5] and [PPh,],[6] were obtained, yields were not registered.
[PPh4]5[Pt;(CO)e(SnBry)a{Br,Sn(u-OH)SnBry{BroSn(p-Br)SnBry}].  CsgHaiBri;0,P,Pt;Sng  (4537.43): caled. C
14.30, H 0.91, Sn 21.18, Pt 30.13; found: C 14.58, H 1.14, Sn 20.94, Pt 29.95. IR (nujol, 293 Kv¢g: 2060(s) cm™
L. IR (CH,Cl,, 293 K) vco: 2064(s) cm™.

'H NMR (CD,Cl,, 298 K) & (ppm): 7.64-7.96 (m, 40H, Ph), 3.14 (br, 1H, OH).
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[PPh,][Pt(CO)(Br)(SnBrs),]. IR (nujol, 293 K) v(CO): 2088(s) cm™™.

4.4 X-ray Crystallographic Study.

Crystal data and collection details for [PPhg],[Pt15(CO)1o(SNCl),(SNCly)a{Cl,Sn(n-OH)SnCl,},]1 ([PPh,],[3]),
[PPh,],[Pt(CO)s(SNBr;)4{Br,Sn(p-OH)SnBryH{Br,Sn(p-Br)SnBr;}] ([PPh,],[4]), [PPh,][Pt(CO)(Br)(SnBrs),]
([PPh,][5]), and [PPh,],[Pt,(CO),(Br)s(SnBr,)]([PPh,],[6]), were reported in Table 6. The diffraction
experiments were carried out on a Bruker APEX Il diffractometer equipped with a CCD detector ([PPh,],[3])
or a PHOTON100 detector ([PPh,],[4], [PPh,4][5] and [PPh,],[6]) using Mo—Ka. radiation. Data were corrected
for Lorentz polarization and absorption effects (empirical absorption correction SADABS) [47]. Structures
were solved by direct methods and refined by full-matrix least-squares based on all data using F* [48].
Hydrogen atoms were fixed at calculated positions and refined by a riding model. All non-hydrogen atoms
were refined with anisotropic displacement parameters, unless otherwise stated.

[PPh,],[3]: The asymmetric unit of the unit cell contained half of a cluster anion (located on 2) and one
[PPh,]" cation (on a general position). The O-bonded H-atom was initially located in the Fourier Map and,
then, refined by a riding model. Its position was confirmed by the presence of a O-H--Cl inter-molecular H-
bond, involving O(6)-H(6) and CI(5). Some alerts of level B were present in the checkcif. These were due to
high values for the residual electron density. These maxima are located close to the Pt atoms, in positions
which were not realistic for any atom, and they were series termination errors which are common with
heavy atoms, especially in the case of high nuclearity clusters.

[PPh,],[4]: The asymmetric unit of the unit cell contained half of a cluster anion (located on an inversion
centre) and one [PPh,]" cation (on a general position). The atom bridging Sn(1) and Sn(4) was originally
assigned to Br(1), resulting in an unsatisfactory refinement. The refinement was considerably improved
assuming a disorder model and assigning this electron density to Br(1) and O(1)H(1) in a 1:1 ratio. As a
result, the final model contained one {Br,Sn(u-OH)SnBr,}” and one {Br,Sn(u-Br)SnBr,} ligand. The O-
bonded H-atom was initially located in the Fourier Map and, then, refined by a riding model. Br(1) and O(1)
were constrained to have the same anisotropic displacement parameters (EADP line in SHELXL). In order to
confirm the nature of the above mentioned Br(1)/O(1)H(1) disorder, two independent crystals were
collected. The cif files of both structures were deposited for sake of completeness. These two independent
data sets recorded on different crystals confirmed the model that contained Br(1) and O(1)H(1) in a 1:1
ratio. Moreover, some alerts of level B were present in the checkcif. These were due to high values for the

residual electron density. These maxima were located close to the Pt and Br atoms, in positions which were
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not realistic for any atom, and they were series termination errors which are common with heavy atoms,
especially in the case of high nuclearity clusters.

[PPh,][5]: The asymmetric unit of the unit cell contained one anion and one [PPh,]" cation all located on
general positions. The C-atoms were restrained to have similar thermal parameters (SIMU line in SHEXL,
s.u. 0.01).

[PPh,],[6]:The asymmetric unit of the unit cell contained one anion and one [PPh,]" cation all located on

general positions.

Table 6
Crystal data and experimental details for [PPh4],[3], [PPha],[4], [PPh4][S] and [PPh4],[6].
[PPh,][3] [PPh,][4]
Formula Cs53H4,Cl304,P,Pt,Sny Cs4Hy4Br;0,P,Pt;Sng
Fw 5158.94 453743
T, K 100(2) 100(2)
LA 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space Group C2/c P1
a, A 17.2741(5) 12.3993(13)
b, A 20.8585(5) 13.8560(15)
c, A 27.3924(8) 14.3072(15)
a,°’ 90 67.521(2)
B,° 95.259(2) 75.474(2)
Y, ° 90 76.359(2)
Cell Volume, A® 9828.3(5) 2171.6(4)
z 4 1
D, gecm” 3.487 3.470
u, mm™ 20.057 21.375
F(000) 9032 1992
Crystal size, mm 0.19x0.16x0.12 0.16x0.13x0.11
0 limits, °© 1.534-27.000 1.610-26.000
-22<h<22 -15<h <15
Index ranges -26<k<26 -17<k <17
-34<1<34 -17<1<17
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Reflections collected

80522

26793

Independent reflections

10727 [Rin = 0.0963]

8505 [Rin = 0.0485]

Completeness to O max 99.9% 99.8%
Data / restraints / parameters 10727/ 0/ 506 8505/6/391
Goodness on fit on F° 1.036 1.089
Ry (1> 20(1)) 0.0398 0.0401
wR; (all data) 0.1173 0.0839
Largest diff. peak and hole, e A 3.153/-2.691 3.245/-2.607
[PPh4][3] [PPh,][6]
Formula C,sHyBr;OPPtSn, CsoHyoBrsO,P,Pt,Sn
Fw 1359.22 1723.09
T, K 100(2) 100(2)
LA 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space Group P1 P2,/c
a, A 11.7995(6) 22.1246(16)
b, A 12.4409(6) 13.9666(10)
c, A 13.5990(7) 18.0304(14)
o, ° 64.707(2) 90
B,° 71.374(2) 110.363(2)
Y, ° 71.958(2) 90
Cell Volume, A’ 1675.04(15) 5223.3(7)
z 2 4
D, gcm” 2.695 2.191
i, mm™ 14.061 10.506
F(000) 1232 3208

Crystal size, mm

0.22x0.15%0.12

0.16x0.15%0.10

0 limits, © 1.849-26.997 1.758-26.000
-15<h <15 -27<h <27
Index ranges -15<k <15 -17< k<17
-17117 -22<122
Reflections collected 23334 63258

Independent reflections

7284 [Rin = 0.0655]

10261 [Rin = 0.0909]
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Completeness to 6 max

99.9%

100.0%

Data / restraints / parameters

7284 /150/334

10261 /12 /568

Goodness on fit on F* 1.074 1.058
Ry (1> 20(1)) 0.0417 0.0430
WR; (all data) 0.0997 0.1070
Largest diff. peak and hole, e A3 1.625/-1.941 2.295/-2.302

4.5 Computational details.

The electronic structures of the anions of compounds 3 and 4 were optimized using the range-separated
hybrid DFT functional ®B97X-V, including non-local correlation by the VV10 functional [49]. Input Cartesian
coordinates were obtained from X-ray diffraction data. The basis set used was the Ahlrichs' def2 split-
valence, with polarization and diffusion functions and relativistic ECPs for Sn and Pt [50]. Geometry
optimization of the 3®" anion was carried out using the PBEh-3c method, which is a reparametrized version
of PBEO (with 42 % HF exchange) that uses a split-valence double-zeta basis set (def2-mSVP) and adds three
corrections that consider dispersion, basis set superposition and other basis set incompleteness effects
[51]. The geometries of 5 and 6 were optimized with the ®B97X functional and the def2-SVPD basis set.
Single point calculations on 3%, 5 and 6 were then performed at the previously described ©®B97X-V/def2-
SVPD level. The "restricted" approach was used in all the cases. Calculations were performed with the
ORCA 4.0.1.2 software [52]. The output, converted in .molden format, was used for AIM and Hirshfeld
analyses, performed with the software Multiwfn, version 3.5 [53]. Cartesian coordinates of the DFT-

optimized 3%, 5 and 6 anion are collected in a separated .xyz file.

Appendix A. Supplementary material
Cartesian coordinates of the DFT-optimized 3, 5 and 6 anion as a .xyz file.
CCDC 1957040-1957044 contain the supplementary crystallographic data for this paper. These data can be

obtained free of charge from the Cambridge Crystallographic Data Centre.
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