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ABSTRACT: On the quest of heterometallic mixed-valence MM'X chains, we have
prepared two stable discrete bimetallic compounds: the reduced (PPN)[CINi(u-
OSCPh),Pt] (PPN = bis(triphenylphosphine)iminium; OSCPh = benzothiocarbox-
ylato) and the oxidized [(H,O)Ni(u-OSCPh),PtCl] species. The role of the aqua and
chlorido axial ligands is crucial to facilitate oxidation of the {Ni(4-OSCPh),Pt} core.
Experimental and theoretical analyses indicate that a NiPt-Cl/CI-NiPt isomerization
process occurs in the oxidized species. The electronic structure of the reduced system
shows two unpaired electrons, one located in a d,’_,* orbital of the Ni(II) ion and a
second in the antibonding d,*~d> combination from the Ni(II) and Pt(II) centers.

Oxidation occurs by removing one electron from this second multicenter molecular
orbital. Although the mixed-valence character of the oxidized species makes the
isolation of MM'X chains very attractive, such polymeric structure is prevented by the
low Pt—Cl---Ni interaction energy and the high tendency of Ni centers to coordinate
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water molecules. Thus, this work offers valuable insights and hints to engage the production of heterometallic mixed-valence

MM'X chains, which still is a challenging task.

B INTRODUCTION

The current boost in nanoscience favors the synthesis and
characterization of forthcoming low-dimensional materials
constructed by the combination of ligands and metal entities,
so-called coordination polymers.' On demand technological
applications require the development of molecular components
with versatile electrical behavior across long distances. In this
context, dimetal subunits (MM) have drawn attention in recent
years due to their electronic properties™ and their structural
capabilities.* Heterodimetallic complexes can modulate elec-
tronic properties such as magnetism or electrical conductivity
combining different metal ions.’~” Supramolecular polymer-
ization of dimetal subunits allows the formation of a particular
type of coordination polymers known as MMX-chains (X =
bridging ligands between MM units). These coordination
polymers have gained increased interest due to their out-
standing magnetic and electrical properties at the bulk® and the
nanoscale.” Among these, the family based on platinum and
dithiocarboxylates subunits linked by iodine, [Pt,(RCS,),I], (R
= alkyl groups), shows unprecedented metallic conductivity at
room temperature in the single crystal form.'”''Additionally,
observations related to their chemical bond features have
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allowed researchers to process these materials both in
solution'”"® and by sublimation.'* These unusual abilities
have enabled the formation of sub-micro- and nanostructures.
Thus, with the use of wet-lithography techniques, very stable
and conductive sub-micrometer patterns have been produced.'?
Additionally, controlled sublimation of crystals of
[Pt,(CH;CS,),1], allows the formation of well-defined highly
conductive nanoribbons on mica'® and S$iO,.'® This break-
through opens new perspectives for such materials in the field
of molecular wires bypassing most common organic con-
ductors.'” Ruthenium MMX analogues have shown interesting
magnetic properties’™'” and the ability to be processed on
surfaces.”® More recently, [Ru,(RCO,),X], (R = 3,4,5-
tridodecyloxybenzoate, X = Cl or I) MMX-chains with
dielectrophoretic capabilities under a given electrical field
constitute prime examples of the renaissance of 1D metal—
metal chains in the coordination nanomaterial chemistry
realms.”!
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The possibility to modulate the intrinsic electronic nature of
selected MMX-chains and their basic building blocks, MM
dimetal subunits, has been explored. This will enable the
formation of new molecular wires with controlled electrical
and/or magnetic properties. A rational way to get this specific
goal comprises tuning the electronic properties of the bimetallic
entity. In this context, the preparation of new heterobimetallic
MM'X chains is certainly an interesting solution. Indeed, while
mixed-metal MX-chains have been reported decades ago,”
related MM'X compounds are limited to a few exam-
ples.'”""*372% In particular, we have recently reported the
first attempt to prepare heterobimetallic MM'X chains
combining platinum with nickel or palladium containing
dithiocarboxylato ligands.” The use of dithiocarboxylates as
bridging ligands of the dimetal entities has led to formation of
compounds with noncontrolled stoichiometries due to the
scarce selectivity in the metal transmetalation reactions.
Besides, this work has shown that the use of symmetric
dithiocarboxylato ligands does not allow selective preparation
of MM’ precursors for MM'X-chains. On the other hand,
unsymmetrical monothiocarboxylato (R—C(S)O™) ligands
have been reported to form heterobimetallic entities in a
controlled way, by direct reaction between the corresponding
metal salts and the thiocarboxylic acids. However, up to this
point, oxidation of heterobimetallic MM’ building blocks to
yield mixed-valence species and their possible assemblies on 1D
structures have not been achieved.

In this work, we have investigated the possibility to form
novel MM'X-chains based on thiocarboxylato complexes of
platinum and nickel via oxidation of MM’ dimetal entities [M =
Pt(11), M’ = Ni(I)]. The electrochemical properties of these
dimetallic complexes show that there are some intrinsic
limitations in the oxidation process. In particular, we have
isolated a [MM'—Cl]~ precursor, which is more susceptible to
oxidative processes than its neutral counterpart, MM'.
Furthermore, we have carefully analyzed its oxidation
capabilities and subsequent changes in electronic structure by
DFT calculations. Finally, we discuss the factors governing
intermolecular interactions in the mixed-valence oxidized
[MM'—Cl] complex, which are crucial to form 1D structures.

B RESULTS AND DISCUSSION

Synthesis of Reduced CI-NiPt (1) and Oxidized NiPt—
Cl (2) Species. Yellow crystals of the paddle-wheel complex
(PPN)[CINi(4-OSCPh),Pt] (1) [PPN* = bis-
(triphenylphosphoranylidene)ammonium, OSCPh = benzo-
thiocarboxylato] were obtained from the previously reported
[(H,O)Ni(u-OSCPh),Pt] species, by addition of S equiv of
PPNCI in CH,Cl, solution (Scheme 1). As expected, the
chloride anion, like the H,O molecule in the initial complex, is
axially coordinated to the Ni(II) center, as attested by the X-ray
structure of the product (vide infra). The presence of an excess
of chloride is required to isolate 1, to allow the complete
substitution of the axial water molecule by a chloride anion.
When a minor amount of chloride was employed (0.5 or 1
equiv vs initial complex), light green crystals of the initial water
adduct [(H,0O)Ni(u-OSCPh),Pt] were collected, thus provid-
ing evidence for the chemical reversibility of the substitution
reaction. Coherently, when 1 is dissolved in CH,Cl,, the Ni-
bound CI” ion partially dissociates. Unfortunately, the UV—vis
absorption and '"H NMR properties of 1 are roughly identical
to those of [(H,0)Ni(u-OSCPh),Pt]. However, the ESI-mass
spectrum of a CH,Cl, solution of [(H,O)Ni(u-OSCPh),Pt], in

Scheme 1. Compounds Obtained in This Work
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the presence of Bu,NCI (from 0.5 to S equiv), shows a peak at
m/z = 836.9, corresponding to the [CINi(u-OSCPh),Pt]”
anion. In addition, a weak signal at m/z = 1637.9 (Supporting
Information) can be attributed to a Cl -bridged [Pt(u-
OSCPh),Ni—CI-Ni(u-OSCPh),Pt] aggregate. This species is
proposed to be present in solution when low CI~ amounts (1
equiv or less) are added (see below).

Concerning the synthesis of the mixed-valence [(H,O)Ni(u-
OSCPh),PtCl] complex 2, it can be obtained by chemical
oxidation of [(H,O)Ni(u-OSCPh),Pt] with iodobenzene
dichloride, which simultaneously acts as oxidizing agent and
chlorido donor, in both THF or CH,Cl,. The same product can
also be obtained by oxidation of [(H,O)Ni(u-OSCPh),Pt]
with ammonium cerium(IV) nitrate in CH,Cl,:CH;0H
solution, in the presence of a source of chloride (Bu,NCl, 1
equiv). Remarkably, in absence of chloride anions, the one-
electron oxidation of [(H,O)Ni(u-OSCPh),Pt] by Ce(IV)
does not occur. When bromide anions (Bu,NBr, 1 equiv) are
added instead of chloride, the formation of a transient oxidized
product (very unstable even at —40 °C) was detected by UV—
vis absorption spectroscopy. Finally, when using Bu,NI (1
equiv), no oxidation occurs. All of these observations confirm
the active role of chloride in promoting the oxidation of the
bimetallic {Pt(u-OSCPh),Ni} core, which is confirmed by
cyclic voltammetry experiments (see below). The oxidized
species 2 is paramagnetic, as confirmed by '"H NMR and EPR
spectroscopies, as well as by magnetic susceptibility measure-
ments (see below). The X-ray structure of the product confirms
the axial coordination of the chloride anion to the Pt center,
whereas CI” is bound to the Ni center in the corresponding
reduced species (see below). The visible absorption spectrum
of 2 (Figure 1) shows a band at 532 nm (& = 830 M~ cm™),
while the optical spectrum of 1 is almost featureless in the
visible region. Complex 2 is air stable in the solid state,
although it slowly decomposes in solution (CH,Cl,, THF, ...).
As shown by TGA, 2 is thermally stable up to 150 °C in solid
state, meaning that the loss of the Ni-bound aqua ligand is not
straightforward.

Structural Description of Reduced CINiPt (1) and
Oxidized NiPtCl (2) Species. Single crystal X-ray structural
characterization reveals that compound 1 consists of paddle-
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Figure 1. UV—vis absorption spectrum of 2 (—), compared to that of
the initial product, [(H,O)Ni(u-OSCPh),Pt] (---) in CH,Cl, under
the same experimental conditions (1 mM solutions, 1 cm path length;
inset: 0.1 mM, 2 mm path length).

wheel shaped [CINi(u-OSCPh),Pt]” discrete entities, bis-
(triphenylphosphoranyl)iminium counterions, and disordered
dichloromethane and water solvation molecules (Figure 2).
Within the complex discrete entities, four thiobenzoato ligands
bridge one platinum(II) and one nickel(II) metal centers into a
heterometallic dimeric unit. The asymmetric thiocarboxylato
group adopts a p-kO:kS coordination mode in which the sulfur
atom binds the platinum(II) ion and the oxygen atom to the
nickel(II) ion, as expected from Pearson’s HSAB concept. The
Ni—O (2.05—2.07 A) and Pt—S (2.32—2.33 A) distances are in
the range usually found in the bibliography. The Ni--Pt
distance of 2.5940(7) A is significantly shorter than the sum of
van der Waals radii (ry;+1p, = 3.38 A), indicative of the presence
of a direct metal—metal interaction. The corresponding donor
atom of the four thiocarboxilato ligands defines the equatorial
plane of the coordination sphere of each metal, and the metal
centers are slightly displaced outward from this plane, 0.026
and 0.009 A for nickel and platinum, respectively. The NiO,
and PtS, squares of the dimeric entity are rotated from the
eclipsed arrangement by 19.18—19.99°. Nickel(II) shows a
chloride anion anchored to the apical position at a distance of
2.325(2) A, whereas platinum(II) is located 3.221(2) A from a
sulfur atom of an adjacent bimetallic entity. This weak Pt---S
interaction arranges the heterometallic dimeric units into
supramolecular dimeric aggregates.

Compound 2 is composed of neutral [(H,O)Ni(u-OSCPh),-
PtCl] entities and THF crystallization molecules (Figure 3).
The structure of [(H,0O)Ni(u-OSCPh),PtCl] dimeric entity
closely resembles that of the analogous anionic dimer found in
compound 1, but with the particularity that oxidation implies a
shortening of the Ni---Pt distance within the dimer from
2.5940(7) A for compound 1 to 2.488(3) A for compound 2.
This shortening implies that the displacement of the metal
centers from the equatorial plane, although being small, now
takes place inward the dimeric entity (0.026 and 0.019 A for
nickel and platinum, respectively). The rotation of the NiO,
and PtS, squares from the eclipsed arrangement is lower than in
compound 1 (12.45—15.75°). A careful comparison of the
coordination bond distances (Table 1) for both dimers clearly
shows an average shortening of the Ni—O bond distances,
together with a lengthening of the Pt—S bonds when passing
from 1 to 2. The increase in the latter distances can be
attributed to the presence of a strongly bonded chloride anion

(b)

Figure 2. (a) View of the dimeric [CINi(x-OSCPh),Pt]~ entity found
in compound 1 showing the labeling scheme. (b) Supramolecular
assembly of two dimeric entities by means of weak Pt---S contacts.

Figure 3. View of the [(H,O)Ni(u-OSCPh),PtCl] entity found in
compound 2 showing the labeling scheme.

at the apical position of the platinum atom, which is not
observed in the reduced species. This additional ligand results
in an increase of the coordination number that usually implies a
lengthening of the coordination bond distances. The supra-
molecular crystal building is established by a cooperative
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Table 1. Comparison between the Bond Distances (A) in the
Coordination Sphere of Pt and Ni in Compounds 1 and 2,
Obtained from X-ray Diffraction

1 2 1 2
Ni—O1 2.049(4) 1999(17) Pt—S1  2.328(2)  2.355(7)
Ni—02 2.063(4) 2080(15) Pt=S2  2319(2)  2.354(6)
Ni-03 2.058(4) 2.017(18) Pt-S3  2323(2)  2.368(7)
Ni—-O4 2.066(4) 2011(16) Pt—S4  23202)  2.357(6)
Ni—X,.,*  23252(15)  1.999(17) Pt— 2.430(5)

X b

axal
Ni--Pt 2.5940(7) 2.488(3)
X it Cl1 for 1 and Olw for 2. ¥X_: Cl1 for 2.

assembly of hydrogen bonding interactions (O—H--O, C—H---
Cl) and some additional van der Waals interactions involving
the aromatic ring of the benzene molecule.

EPR Characterization of Oxidized NiPtCl (2) Species.
To our knowledge, no EPR studies on mixed-valence discrete
heterobimetallic MM'X paddle-wheel complexes have been
reported in the literature until now. In fact, the closest example
found in literature consists of the EPR investigation on quasi-
one-dimensional homometallic PtPtl complexes.' ">

The powder X-band EPR spectrum of 2 displays a slightly
rhombic § = !/, signal (Figure 4a), with g, = 2.075, g, = 2.105,
and g, = 2.33S. In order to better reproduce the experimental
data, hyperfine coupling interaction related to 'Pt (33.8%
abundance, I = !/,) has been added with A,'**Pt = 550 MHz. In
CH,Cl, solution (Figure 4b), the spectrum becomes axial, with
g1 = 2.062 and g = 2.312: the loss of rhombicity is consistent

(@) —— experimental
—— simulation

r T T T T 1
260 280 300 320 340 360
Magnetic Field (mT)

—— experimental
(b) —— simulation
r T T T T 1
260 280 300 320 340 360

Magnetic Field (mT)

Figure 4. Experimental (red line) and simulated (blue line) X-band
EPR spectra of 2 in solid state (a) and in CH,Cl, solution (1 mM, b),
at 100 K.

with a slight structural change of 2 in solution with respect to
the solid state. Nevertheless, the fact that both EPR spectra are
comparable with g; > g, > 2.0023 in solution and g, > g, ~ g, >
2.0023 in powder attests to the paddle-wheel structure of 2
being retained in solution.

In a CH,CI, solution of 2, the observation that g > g, >
2.0023 shows that the unpaired electron is mainly localized
over the Ni d,, , orbital, in agreement with the composition of
the singly occupied molecular orbital (SOMO) of 2 (see
below). However, the hyperfine couplings related to the Pt are
surprisingly large with A;'**Pt = 610 MHz, A, **Pt = 585 MHz.
This suggests a significant degree of delocalization of the
unpaired electron onto the Pt center, which is apparently
incompatible with the Ni character of the SOMO orbital.
However, as attested by the calculated atomic spin densities of
2, some unpaired electron density (0.28) is present in the
platinum center and 0.4 electrons for the LUMO (see below);
some unpaired electron density is present also in the HOMO
and LUMO, which have a high contribution of the platinum.

Magnetic Characterization of Reduced CINi-Pt (1) and
Oxidized NiPt-Cl (2) Species. The thermal variation of the
XmT product (y,, is the molar magnetic susceptibility per NiPt
dimer) for compound 1 shows a room temperature value of ca.
1.10 cm® K mol™, corresponding to the presence of two
unpaired electrons (with a g value close to 2.1). When the
temperature is decreased, y,, T remains constant down to ca. 50
K. At lower temperatures, it shows a progressive decrease to
reach a value of ca. 0.20 cm® K mol™" at 2 K (Figure 5). This

12 0.50
_ 10 L048 ~
2 0.8 2
£ Lo.46 B
% 0.6 by
5 4 044 §
SR e
= 2] F0.42 =
0.0 0.40

Figure 5. Thermal variation of y,,T for compounds 1 (left scale) and 2
(right scale). Solid lines are the best fit to the isolated S = 1 dimer
model with ZFS (black line), S = 1 interacting dimers model (red
line), and S = 1 interacting dimers model with ZFS (blue line). Inset
shows the low temperature region of the thermal variation of y,,.

behavior agrees with the presence in compound 1 of two
unpaired electrons with a very weak antiferromagnetic
intermolecular coupling and/or a zero field splitting (ZFS) of
the S = 1 spin ground state. The thermal variation of y,;, shows
a rounded maximum appearing at ca. 2.3 K (inset in Figure 5),
suggesting the presence of a weak, although not negligible,
antiferromagnetic coupling. However, in order to check all the
possibilities, we have used the three, a priori, more plausible
models: (i) an isolated S = 1 NiPt unit with ZFS, (ii) a coupled
dimer model constituted by two S = 1 NiPt units with no ZFS,
and (iii) as in model ii but including a ZFS.*% Model i
reproduces satisfactorily the magnetic properties of 1 (black
line in Figure ) with g = 2.098 and IDI = 19.7 cm™" (note that
from powder magnetic susceptibility measurements we cannot
determine the sign of D). Model ii gives a very good fit, but
only in the high temperature range (red line in Figure 5) with g
=2.138 and J = —3.7 cm™" (the Hamiltonian is written as H =
—JS,S,). Finally, model iii gives a much better agreement with
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the experimental data in the whole temperature range,
including the rounded maximum at ca. 2 K in the y,, versus
T plot, with g = 2.142, IDI = 13.7(3) cm™, and J = —1.9(1)
cm™" (blue line in Figure S). The D value in model iii is much
more realistic than that found in model i, and therefore, we can
assume that compound 1 presents both effects: a weak
interdimer antiferromagnetic coupling and the ZFS of the S =
1 spin ground state. The weak antiferromagnetic coupling
between the PtNi units probably is due to the presence of two
semicoordinative Pt---S bonds that link the PtNi units into
dimers (see structural description). This weak coupling

with the much stronger one (J = —60 cm™') found in the
related [(H,O)Ni(u-OSCPh),Pt] complex where direct Pt---Pt
interactions (of ca. 3.08 A) are claimed to be responsible for
this strong coupling.®

The thermal variation of y,, T for the oxidized compound 2
per PtNi dimer shows a room temperature value of ca. 0.48 cm®
K mol™!, much lower than the one observed for the reduced
derivative 1. On cooling the sample, the y,, T value decreases
very slowly and reaches a value of ca. 0.45 cm® K mol ™" at 2 K
(Figure S). This behavior indicates that compound 2 contains
one unpaired electron (S = '/,).

These results fully agree with theoretical calculations (vide
infra) that suggest that the reduced compound 1 presents two
unpaired electrons, while the oxidized compound 2 has only
one unpaired electron.

Electrochemical Behavior of Reduced Bimetallic
Species. The redox properties of [(H,O)Ni(u-OSCPh),Pt],
in the absence and presence of chloride anions, and those of the
corresponding oxidized product, 2, have been studied by cyclic
voltammetry (CV) in CH,Cl, solution. In the CV of
[(H,0)Ni(u-OSCPh),Pt] (ESI) a poorly defined highly
irreversible oxidation peak is located at Ep, = +1.72 V. This
multielectron process can be tentatively assigned to a ligand-
based oxidation. A much more intense reversible reduction
peak is located at Ep. = —1.55 V: this signal can be attributed to
solvent reduction, catalyzed by a reduced form of the complex.
Whereas the reduction process is essentially not affected by the
presence of chloride ions in solution, the oxidation properties
of the paddle-wheel complex [(H,O)Ni(u-OSCPh),Pt] are
completely modified when tetrabutylammonium chloride is
added to the complex (Figure 6a). When up to 1 equiv of
Bu,NCl is added, two oxidation peaks appear, a reversible one
located at E, , = +0.88 V (AEp = 120 mV, Ep, = +0.94V, Ep_ =
+0.82 V) and one irreversible located at Ep, = +1.13 V. The
first system can be assigned to the one-electron oxidation of the
[CINi(u-OSCPh),Pt] ™ species. Notably, a very low geometrical
reorganization of the paddle-wheel structure after oxidation
must be envisaged, in order to explain the electrochemical
reversibility of the redox process. This implies the formation of
a [CINi(u-OSCPh),Pt] oxidized species with the CI”™ anion
coordinated to Nij, like in the corresponding reduced species.
Concerning the attribution of the second redox system, it is
worth mentioning that, when up to 1 equiv of chloride is
present in solution, the species [CINi(#-OSCPh),Pt]” is in
equilibrium with the initial complex [Pt(u-PhCOS),Ni(H,0)]
and also with a Cl-bridged species, [Pt(u-OSCPh),Ni—Cl—
Ni(u-OSCPh),]” (see before), that can be detected by ESI-MS
(peak at m/z = 1637.9). Thus, the second redox system can be
attributed to the one-electron oxidation of the latter bridged
species into the corresponding [Pt(u-OSCPh),Ni—Cl—Ni(u-
OSCPh),] complex, followed by an asymmetric dissociation

Figure 6. Cyclic voltammograms of (a) a 1.0 mM solution of
[(H,0)Ni(u-OSCPh),Pt], before () and after addition of 1 equiv
(---) and 1.5 equiv (—) of Bu,NC, and of (b) a 1.0 mM solution of 2,
both in CH,Cl, 0.1 M Bu,NPF (carbon vitreous electrode, scan rate
of 100 mVs~}, potentials vs Ag/AgCl).

yielding [CINiy-OSCPh),Pt] and [(H,O)Ni(u-OSCPh),Pt].
As expected, when a bigger amount of chloride (1.5 equiv) is
added to a [(H,O)Ni(u-OSCPh),Pt] solution, only the
reversible peak corresponding to the [CINi(x-OSCPh),Pt]™/
[CINi(u-OSCPh),Pt] redox system is present in the CV.
Interestingly, the CV of the oxidized complex [(H,O)Ni(u-
OSCPh),PtCl], 2, in CH,Cl, solution (Figure 6b), is exactly
specular to that of [(H,0)Ni(u-OSCPh),Pt] in presence of 1
equiv of CI™ anions. A one-electron reduction wave appears at
Ep. = +0.82 V, whereas two backward signals are present (Ep,,
= +0.94 V, Ep,, = +1.13 V). Thus, coherently with the CV of
the reduced species, the cathodic peak has to be attributed to
the reduction of a [CINi(u-OSCPh),Pt] species, with the
chloride ion bound to the Ni center. However, the X-ray
structure of 2 displays a Cl™ anion coordinated to the Pt center.
To rationalize this behavior, a dynamic scrambling of chloride
between the Ni and Pt centers of 2 in CH,Cl, solution has to
be invoked. Even if complex 2 is the main species in CH,Cl,, it
is proposed to be in equilibrium with the [CINi(u-OSCPh),Pt]
species, which can be reduced more easily.

Theoretical Analysis. Optimized Structures of the
Reduced Species. In order to understand the experimental
data mentioned above, we carried out quantum chemical
calculations. First, the [CINi(u-OSCPh),Pt]” and [Ni(u-
OSCPh),PtCl] ™ structures have been optimized (Supporting
Information Figure S1). In addition, the effect of a water
molecule has been modeled by calculating [CINi(u-OSCPh),-
Pt(OH,)]™ and [(H,0)Ni(y-OSCPh),PtCl]”. Comparing the
theoretical and experimental structures of [CINi(u-
OSCPh),Pt]”, we found overall good agreement. The short
Ni--Pt distance experimentally found (2.60 A) is slightly
elongated in the calculated structure (2.70 A). In the same
manner, the Pt—S distances are slightly overestimated in our
calculations (experimental Pt—S average 2.33 A vs theoretical
Pt—S average 2.43 A). Other relevant experimental distances
(see Ni—O and Ni—Cl) fully agree with calculated values. Such
a good match between calculated and experimental structures,
found even better for the oxidized species (vide infra), validates
our calculations for a qualitative description of the given
system.
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A priori, two possible coordination sites could be expected
for the chloride anion. However, for the reduced compounds,
only the Ni—Cl coordination mode has been experimentally
observed. Accordingly, the thermodynamic comparison be-
tween [CINi(u-OSCPh),Pt] and [Ni(u-OSCPh),PtCl] shows
a clear preference for coordination of chloride to Ni center
(AG = +12.5 kcal mol™). The presence of a water molecule
does not invert such tendency (AG = +5.2 kcal-mol "), but part
of the thermodynamic reluctance of moving the chloride from
Ni to the Pt appears to be partially compensated by water
coordination in the optimized structure. Besides, a Pt---H—OH
interaction is observed, which can be described as a hydrogen
bond as previously described for other Pt(II) compounds.®' >
It is noteworthy that the calculated Pt---Cl distances in all
theoretical structures (Supporting Information Figure S1) are
too large to be considered as a coordination bond distance
(dpe.c= 2.67 A in [Ni(4-OSCPh),PtCl]~ and dp,.= 2.71 A in
[H,ONi(u-OSCPh),PtCl] ~). This is consistent with the
marked preference of Pt(II) for a square planar coordination
geometry over a five-coordinated geometry. Therefore, in the
reduced state only the [CINi(u-OSCPh),Pt] ™ structure for the
[MM'X]™ anion can be considered.

Optimized Structures of the Oxidized Species. In a
further step of our analysis, four different structures for the
oxidized [MM'X] species were explored (Supporting Informa-
tion Figure S2), such as in the case of the reduced species. In
that case, the preferred coordination mode for the chloride
anion is Pt—Cl versus Ni—Cl, which agrees well with the
experimental structure. Comparing the optimized and exper-
imental structures of [ (H,O)Ni(u-OSCPh),PtCl] we found an
overall good agreement. Upon oxidation, a decrease in the Ni---
Pt distance of 0.11 A is experimentally observed. The same
tendency is found in the calculated structures (0.18 A).
According to orbital analysis (vide infra) such effect is due to
the removal of one electron from an antibonding combination
of d,? orbitals of both metal centers. In the oxidized species the
discrepancy between calculated and experimental Ni---Pt
distances is remarkably small (0.03 A). Differences between
relevant experimental and calculated distances (Pt—Cl, Pt—S,
Ni—O) are always below 0.1 A.

Redox Properties. Having the calculated structures of the
reduced and oxidized species enabled us to make a theoretical
estimation of the redox potentials for each redox couple, by
means of a simple thermodynamic cycle (Table 2).**
Remarkably, for the [CINi(u-OSCPh),Pt(OH,)]/[CINi(u-

Table 2. Redox Potentials (vs Ag/AgCl) Calculated for the
Oxidation of [CI-Ni(s-OSCPh),Pt]~, [Ni(u-OSCPh),Pt-
Cl]~, [CI-Ni(u-OSCPh),Pt-+*OH,] ", and [H,0—Ni(u-
OSCPh) Pt--Cl]~

oxidation potential

(vs Ag/AgCl)

[Cl—Ni(u- L5V
OSCPh),Pt]

[Ni(u-OSCPh),Pt--Cl]~ [Ni(u- 16V
OSCPh),Pt—
cll

[Cl-Ni(u- 10V
OSCPh),Pt—
OH,]

[H,O0—Ni(u- 02V
OSCPh),Pt—
cl

reduced species
[CI-Ni(u-OSCPh),Pt]~

oxidized species

[C1-Ni(u-OSCPh),Pt--OH, ]~

[H,0—Ni(4-OSCPh),Pt--Cl]~

OSCPh),Pt(OH,)] couple, the value found is ca. 1 V versus
Ag/AgCl, which is very close to the experimentally observed
redox potential (0.87 V). In contrast, the calculated potentials
of the other redox couples notably deviate from the
experimental value. This confirms that the electrochemical
behavior concerns the [CINi(u-OSCPh),Pt(OH,)]~/[Cl—
Ni(u-OSCPh),Pt(OH,)] couple. Interestingly, the presence
of a water molecule that coordinates to the platinum center not
only stabilizes the oxidized species but is also crucial to
modulate the potential in such a way that the given value is
lower than that for the CI7/Cl, couple. Such stabilization is
even higher when Ni—OH, coordination occurs resulting in a
potential of 0.2 V, which is far from the experimental value. As a
consequence, the most stable oxidized species is the [(H,O)-
Ni(u-OSCPh),PtCl] compound, which has been experimen-
tally isolated. However, the reduction peak observed in the CV
of the oxidized species should be attributed to the isomer
[CINi(u-OSCPh),Pt(OH,)], which implies, as discussed
below, an efficient chloride scramble process.

Figure 7 shows the natural orbitals of reduced species
[CINi(u-OSCPh),Pt(OH,)]~ and [(H,O)Ni(u-,SCPh),-

Reduced species Oxidized species
Cl-+-Pt—Ni-H,0 H,0--Pt-—Ni-CI CI-Pt—nNi-H,0 H,0-Pt-—Ni-Cl
A \(
f‘\' . ( . {
A = ) :
A A (f b
P m— 560 “"N} ® ”.p "J
/‘" 9, ¢:%S\/ ," - {
SOMO2 LUMO LUMO
2oL 3 7
N ' R A ,
° r/;f:" ’<<..' :/K 3
) 1y
’,\A:, - N ." LS - ,{“
1"“’/\‘\{ Do 2 'y ,,5‘-
SOMO1 SOMO SOMO
<1
| .
29 75 \(( ,
0% 0igps |
Bte e, = ‘J‘» -
\ % LAY L ‘
pe, RS
HOMO HOMO HOMO HOMé

Figure 7. Representative natural orbitals for reduced ([H,O—Ni(u-
OSCPh),Pt--- CI]™ and [CI-Ni(u-OSCPh),Pt---H,0]") and oxidized
([H,O—Ni(4-OSCPh),Pt—Cl] and [Cl—Ni(4-OSCPh),Pt—H,0])
species.

PtCl]~, and oxidized compounds [CINi(u-OSCPh),Pt(OH,)]
and [(H,0)Ni(u-OSCPh),PtCl]. A similar scenario is observed
independently on the position of chloride anion. The most
stable spin state for the reduced species is always a triplet.
Closed shell and open shell singlet states have been computed,
but found to be at least 15 kcal mol™" less stable than the
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corresponding triplet structure. Thus, for the reduced species,
two different molecular orbitals contain one unpaired electron:
one electron located in an essentially d,>_> orbital in the nickel
center and the second based on an antibonding d_-d.:
combination from both metal centers, with a significant
contribution of p, from the chloride anion. The same bonding
combination appears as the doubly occupied orbital highest in
energy. A similar orbital diagram is maintained after oxidation
(Figure 7) with the removed electron always coming from the
antibonding d,>-d.> combination. Consequently, the remaining
unpaired electron is located at the nickel atom. This allows us
to rationalize the significant decrease of Ni---Pt distance upon
the oxidation process, involving a multicenter fragment. The
assignment of the oxidation states of the metal ions is thus far
from being obvious. Curiously, despite the unpaired electron is
located at the Ni ion, it does not become a pure Ni(III) center.
On the other hand, even if the oxidized product contains a
chloride ligand coordinated to the platinum center, it does not
mean that it is a Pt(III) ion. Supporting Information Table S1
shows the charges in reduced and oxidized species from the
natural population analysis. While the absolute numbers are
difficult to associate to a physical property, the difference in
analogous systems gives a good idea of redistribution of
electron density. In any case there is not a single atom that
accommodates the major part of the positive charge induced by
oxidation, which is in good agreement with the molecular
orbital picture described above. The corresponding decrease of
electron density is distributed between metal centers, chloride
anion, and sulfur and oxygen atoms. Remarkably, oxidation of
[CINi(u-OSCPh),Pt(OH,)] [(H,0)Ni(u-OSCPh),PtCl]
results in a different electron density redistribution. First, for
the [CINi(4-OSCPh),Pt(OH,)] /[CINi(4-OSCPh),Pt-
(OH,)] couple, oxidation does not induce a decrease on the
electronic density in the nickel atom, but a slight increase.
Decrease in electronic density is assumed by other atoms, but
not by nickel. On the other hand, for the couple [(H,O)Ni(u-
OSCPh),PtCl]~/[(H,O)Ni(u-OSCPh),PtCl] the atom that
supports a major degree of electron density decrease is the
chloride anion.

Dynamic Chloride Exchange in Oxidized Species.
From the electrochemical behavior experimentally observed,
the chloride anion should easily migrate from the platinum
center to the nickel center in the oxidized species. Indeed, as
shown in Supporting Information Figure S3, the [(H,O)--
CINi(u-OSCPh),PtCl]™ species is practically isoenergetic to
[Cl---(H,O)Ni(u-OSCPh),PtCl]. This finding suggests as a
feasible mechanism for chloride scrambling, an associative
process that can be favored in the presence of an excess of
chloride anions in solution. However, since only catalytic
amounts of chloride are required to mediate the [(H,O)Ni(u-
OSCPh),PtCl]/[CINi(u-OSCPh),Pt(OH,)] exchange, it can
be envisaged that minor spontaneous water/chloride exchange
in [(H,O)Ni(u-OSCPh),PtCl] could generate enough chlor-
ides in the media to initiate such isomerization. Once the
migration of chloride is kinetically feasible, the thermodynamics
of the system is shifted by the application of an electrochemical
potential leading to the oxidation of [CINi(u-OSCPh),Pt-
(OH,)].

Can Polymeric Chains be Obtained? Once the oxidation
of heterodimetallic NiPt units was carefully studied, the final
question was whether such [Ni(y-OSCPh),PtCl] fragments
can be assembled to form chains or not. To answer this
question we first tried experiments in solution at low

temperature looking for spectroscopic evidence of supra-
molecular aggregation in a similar way as is observed for
[Pt,(u-S,CR),1],."> However, in this case no evidence of
aggregation was found. In a further effort to understand why
chains are not formed from the [Ni(u-OSCPh),Pt—Cl]
fragments, we optimized the [Ni(u-OSCPh),PtCINi(u-
OSCPh),PtCl] aggregate and studied the possible modes of
cleavage. Asymmetric cleavage should result in formation of the
[Ni(4-OSCPh),Pt] and [CINi(4-OSCPh),PtCl] units in a
similar way as [Pt,(u-S,CR),I], polymers disassemble in
solution.”® To evaluate such cleavage mode, it is enough to
compare the optimized structures of [Ni(u-OSCPh),PtCINi(u-
OSCPh),PtCl] as a singlet or a triplet spin state. While the
triplet spin state maintains the cohesion of the tetrametallic
structure, the singlet spin state results in segregation of the
fragments resulting from the asymmetric cleavage (Figure 8).

/\‘/\L ’ &:19 .9 keal-mol!
/ > 2 unpaired e

. AG=-5.9 kcal-mol

) AH= +4.3 kcal-mol T f‘ .
{%%J

1 unpaired e
(each bimetallic compund)

no unpaired e

Figure 8. Thermodynamic evaluation of symmetric and asymmetric
cleavage of the tetrametallic aggregate [Ni(u-OSCPh),Pt—CI—Ni(u-
OSCPh),Pt—Cl].

Energetic difference between the triplet and singlet spin states
(19.9 keal'mol™) clearly indicates that asymmetric cleavage is
energetically prohibitive. Thus, according to experimental and
theoretical observations heterobimetallic NiPt MM'X chains
should behave differently from diplatinum MMX chains.” For
the symmetric cleavage a difference in enthalpy and Gibbs
energy in solution between the tetrametallic aggregate and the
separated bimetallic units is observed (Figure 8). In such values,
basis superposition was also corrected. In terms of enthalpy,
association of [Ni(y-OSCPh),PtCl] fragments is slightly
favorable (—4.3 kcal mol™' per bimetallic compound).
However, the entropic cost of assembly makes the free energy
difference positive (+5.9 kcal mol™'). Accordingly, no
association is experimentally observed in solution at room
temperature (and even at low temperature). However, since
negative values of enthalpy are found, the possibility of having
MM'X chains in crystal phase is not discarded. One way to
obtain such linear MM'X structures is to overcome the
tendency of the nickel center to coordinate a water molecule.
To evaluate the interaction of water molecule with the oxidized
bimetallic species, we computed the thermodynamics of the
interaction in solution between water and the fragment [Ni(u-
OSCPh),PtCl], taking into account the basis superposition
correction. For coordination of water to nickel, the enthalpy of
interaction is markedly favorable (—12.3 kcal mol™"). Entropic
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cost in this case does not change the sign of Gibbs energy in
solution (—2.9 kcal mol™), with coordination of water being
slightly favorable at room temperature in solution, which is in
good agreement with experimental observations.

B CONCLUSIONS

Oxidation of Ni:+-Pt bimetallic species [Ni(u-OSCPh),Pt] is
only possible when assisted by coordination of both chloride
anion and water molecule, since these ligands increase the
overall electronic density. Thus, it has been found that, from
the stable reduced species (PNP)[CINi(u-OSCPh),Pt], the
also stable [(H,0O)Ni(u-OSCPh),PtCl] oxidized species can be
obtained. According to experimental electrochemical data a
NiPt—Cl/CI-NiPt isomerization process is available in the
oxidized species but not in its reduced state. In good
agreement, calculations suggest for such exchange an associative
mechanism. Theoretical examination of electronic structure
shows a rather uncommon scenario, which can be understood
as a combination of d® square planar orbital diagram for Pt(II)
and d® octahedral orbital diagram for the Ni(II) center. Thus,
the reduced state contains two unpaired electrons, one located
in an essentially d,’_ > orbital in the Ni(II) and the other in the
antibonding d,>-d,> combination from Ni(II) and Pt(II) centers,
in agreement with magnetic susceptibility, with a remarkable
contribution of p, from chloride anion. When oxidation occurs,
it is from this second molecular orbital that the electron is
removed, also in agreement with magnetic susceptibility and
EPR measurements. As a consequence, while the unpaired
electron in the oxidized species is located mainly in the nickel
atom, the oxidation process occurred not in a single atom but in
a multicenter fragment. The possibility to isolate MM'X chains
is restricted by the high tendency of Ni centers in the oxidized
species to coordinate slightly coordinating solvents such as
water and thus quench the chain growth. Consequently, further
efforts for obtaining heterometallic PtNiX polymers should be
addressed by trying to remove water molecules from the
dimetal complexes. However, this should be done after the
oxidation process because H,O is required to decrease the
oxidation potential of the reduced species.

B EXPERIMENTAL SECTION

Materials and Methods. [(H,0)Ni(u-OSCPh),Pt]® and iodo-
benzene dichloride®® were prepared according to reported procedures.
All other reagents and solvents were used as received. '"H NMR spectra
were recorded on a on a Bruker AMX-300 spectrometer using
standard Bruker pulse sequences. Chemical shifts are reported in ppm
referenced to residual solvent protons (CD,Cl,). FTIR spectra (KBr
pellets) were recorded on a PerkinElmer 1650 spectrophotometer.
Electronic absorption spectra were recorded on an Agilent 8452 diode
array spectrophotometer over a range 4 = 190—1100 nm in 0.2 and 1
cm quartz cuvettes. C, H, N, S elemental analyses were performed on a
Perkin—Elmer 240-B microanalyzer. Electrospray mass (ESI-MS)
spectra were recorded on a QSTAR Pulsar mass spectrometer from
Applied Biosystems, equipped with a hybrid analyzer Q-TOF
(quadrupole time-of-flight). The samples were analyzed in positive
and negative ionization mode by direct perfusion in the ESI source,
using a syringe pump at a flow rate of 20 yL/min (jon spray voltage,
+5550 V for positive ionization mode and —4500 V for negative
ionization mode; focusing potential, +210 V; declustering potential,
+30 V; declustering potential 2, +15 V). The thermogravimetric
analyses were performed in a TGA TA INSTRUMENTS Q-500
analyzer. The temperature program was from 25 to 1000 °C, with a
temperature rate 5 °C min~" under a nitrogen flow.

Synthesis of (PPN)[CINi(u-OSCPh),Pt] (1). Solid bis-
(triphenylphosphoranylidene)ammonium chloride (0.072 g, 0.122

mmol) was added to a solution of [(H,O)Ni(u-OSCPh),Pt] (20.0
mg, 0.024 mmol) in CH,Cl, (S mL). X-ray suitable yellow single
crystals of [1]-0.SCH,CI, were obtained by layering pentane into this
solution at 20 °C. The product was filtered, washed with pentane, and
dried (0.025 g, 0.018 mmol, 73%). IR (cm™'): 3435w br, 3052w,
2974w, 2927w, 2880w, 1540w, 1508s, 1495s, 1482m, 1436m, 1304w,
1213s, 1171s, 1114w, 950w, 774s, 746w, 723m, 708m, 689m, 645w,
S44w Anal. Caled for CoH,CINNIO,P,PtS,-CH,CL, (1418.98): C,
$3.27; H, 3.85; N, 0.96; S, 8.75. Found: C, 53.62; H, 3.80; N, 1.00; S,
8.77.

Synthesis of [(H,O)Ni(u-OSCPh),PtCl] (2). Solid iodobenzene
dichloride (0.052 g, 0.19 mmol) was added to a solution of
[(H,0)Ni(u-OSCPh),Pt] (0.265 g, 0.323 mmol) in THF (20 mL)
at 20 °C, with color change from light yellow to dark purple. After 1 h,
pentane (20 mL) was added to the reaction vessel, with consequent
formation of a dark purple precipitate. The precipitation was
completed by cooling the mixture at —18 °C for 2 h. The dark
purple microcrystalline powder was filtered, washed with pentane (10
mL), and dried in vacuum (2-THF, 0.175 g, 0.189 mmol, 58%). IR
(em™): 3425w br, 3057w, 2975w, 2925w, 2888w, 2853w, 1594w,
1535s, 1495s, 1485m, 144Sm, 1306w, 1218s, 1173s, 1034w, 1000w,
955s, 881w, 770m, 715m, 686m, 647w, 582w. 'H NMR (300 MHz,
CD,Cl,): 8 ~12.30 (s br), 833 (s), 7.46 (s), ~1.51 (s br). ESI-MS
(CH,Cl,, negative ionization mode, m/z, 1%): 734.9, 100 [PtNi-
(PhCOS),Cl,]7; 871.8, 70 [PtNi(PhCOS),CL]™; 949.8, 40 [PtNi-
(PhCOS),Cl,-DMSO]~; 1710.6, 40 [(PtNi(PhCOS),),Cl,]". Anal
Calcd for C,gH,,CINiOsPtS,-C,HgO (928.07): C, 41.41; H, 3.26; N,
0.00; S, 13.82. Found: C, 41.71; H, 3.24; N, 0.02; S, 13.90. X-ray
suitable single crystals of 2-2THF were obtained by layering pentane
onto a THF solution of the product at —18 °C.

Electrochemistry. Cyclic voltammetry experiments were performed
under an argon atmosphere at room temperature in CH,Cl, solutions.
Tetrabutylammonium hexafluorophosphate (Bu,NPF,) was used as
supporting electrolytes. Measurements were carried out by using an
Ivium CompaqStat potentiostat interfaced with a computer. A
standard three-electrode electrochemical cell was used. Potentials
were referred to an Ag/AgCl, Et,NBr 0.4 M reference electrode in
ethylene glycol, and measured potentials were calibrated through the
use of an internal Fc/Fc" standard. The working electrode was a
vitreous carbon disk (3 mm in diameter), previously polished with
alumine powder or by sonication (Ep,, anodic peak potential; Ep,,
cathodic peak potential; E, , = (Ep, + Ep.)/2; AE, = Ep, — Ep.). The
auxiliary electrode was a Pt wire.

X-ray Diffraction Data Collection and Structure Determination.
The X-ray diffraction data collections and structure determinations
were done on a Bruker SMART 6K CCD diffractometer with graphite-
monochromated Mo Ka radiation (4 = 0.710 73 A). All the structures
were solved by direct methods using the STR92 program>® and refined
by full-matrix least-squares on F* including all reflections
(SHELXL97).>” All calculations were gerformed using the WINGX
crystallographic software package.®® The crystal structure of
compound 2 showed the presence of disordered dichloromethane
and water solvation molecules that were refined with half occupation
factors. Soft restraints were applied to impose C—Cl bond distances to
be similar in both dichloromethane disordered molecules. The
hydrogen atoms of the disordered water molecule were not located.
Crystal parameters and details of the final refinements of compounds 1
and 2 are summarized in Table 3.

EPR Spectroscopy. X-band EPR spectra were recorded on a Bruker
EMX spectrometer, equipped with the ER-4192 ST Bruker cavity and
an ER-4131 VT at 100 K.

Magnetic Measurements. The magnetic susceptibility measure-
ments were carried out in the temperature range 2—300 K with an
applied magnetic field of 0.5 T on polycrystalline samples of
compounds 1 and 2 (with masses of 8.96 and 17.97 mg, respectively)
with a Quantum Design MPMS-XL-5 SQUID susceptometer. The
susceptibility data were corrected for the sample holders previously
measured using the same conditions and for the diamagnetic
contributions of the salt as deduced by using Pascal’s constant tables
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Table 3. Crystallographic Data and Structure Refinement
Details of compounds 1 and 2

1 2
empirical formula CsHs3;CLLNNIO, P, PtS, C36H;3CINiO,PtS,
fw 1470.41 1000.15
A (A) 0.71073 0.71073
T (K) 296(2) 100(2)
cryst syst triclinic orthorhombic
space group PT Pna2,

a (A) 13.6987(3) 21.743(5)

b (A) 15.2734(3) 11.782(2)

¢ (A) 16.4063(4) 14.893(3)

a (deg) 93.783(1) 90

B (deg) 104.633(1) 90

7 (deg) 106.144(1) 90

v (&%) 3155.85(12) 3815.2(13)

V4 2 4

Pedea (g cm™) 1.547 1.741

u (mm™) 2.871 4.492

reflns collected 47332 20 057

unique data/params 11 524/731 6736/451

Ry, 0.0462 0.1226

GOF ()~ 1.073 0.998
R1%/wR2° [I > 26(I)]  0.0452/0.1225 0.0554/0.1214
R1%/wR2¢ (all data) 0.0773/0.1511 0.1321/0.2183

9 = [Yw(F,2 = F2)?/(Nyps = Nowa) 1Y% PR1 = YIIF | — IEJI/YIF,.
WR2 = [Sw(E? — E22/ SwF % w = 1/[2(E2) + (aP)* ¥+ bP]
where P = (max(F,%0) + 2F.)/3 with a = 0.0859 (1), 0.1012 (2), and
b =0.5238 (1).

(4= —805 x 107 and —493 X 10™° cm® mol™ for 1 and 2,
respectively).>®

DFT Calculations. All calculations were carried out at the DFT
level, using the MO06 functional**™** with an ultrafine Grid*®
implemented in Gaussian09.** The C and H atoms were described
with the 6-31G(d,p) basis set while for O, Cl, and S atoms 6-31G+(d)
was used.**® However, Pt and Ni were described using an effective
core potential SDD for the inner electron and its associated double-{
basis set for the outer ones,’ complemented with a set of f-
polarization functions.*® Harmonic frequencies were computed
analytically to classify the stationary points as minima. These
calculations were also used to determine the difference between the
Gibbs and potential energies in gas phase (Ggp — Egp), which
includes the zero-point, thermal, and entropy corrections. The effect of
the dichloromethane solvent (¢ = 8.93) was estimated by computing
the energy in solvent (EDCM) by means of single-point calculations
on gas-phase optimized geometries with the solvation model density
(SMD) continuum solvation model.** All the energies given in the text
are Gibbs energies in solution, GDCM, which were calculated by
adding thermal and entropic corrections to the SMD energies.

B ASSOCIATED CONTENT
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Additional figures, a table of the charge distribution from
natural population analysis, coordinates of the calculated
structures, and crystallographic data in CIF format for
compounds 1 and 2. This material is available free of charge
via the Internet at http://pubs.acs.org.
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