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ABSTRACT: This paper presents the synthesis and structural
characterization of the unprecedented tris-phosphido-bridged
compounds Pt3(μ-PBu

t
2)3X3 (X = Cl, Br, I), having only 42 valence

electrons, while up to now analogous clusters typically have 44e−.
The new species were obtained by an apparent bielectronic oxidation
of the 44e− monohalides Pt3(μ-PBu

t
2)3(CO)2X with the correspond-

ing dihalogen X2. Their X-ray structures are close to the D3h
symmetry, similarly to the 44e− analogues with three terminal
carbonyl ligands. The products were also obtained by electro-
chemical oxidation of the same monohalides in the presence of the
corresponding halide. In a detailed study on the formation of Pt3(μ-
PBut2)3I3, the redox potentials indicated that I2 can only perform the
first monoelectronic oxidation but is unsuited for the second one. Accordingly, the 43e− intermediate [Pt3(μ-PBu

t
2)3(CO)2I]

+

was ascertained to play a key role. Another piece of information is that, together with the fully oxidized product Pt3(μ-PBu
t
2)3I3,

the transient 44e− species [Pt3(μ-PBu
t
2)3(CO)3]

+ is formed in the early steps of the reaction. In order to extract detailed
information on the formation pathway, involving both terminal ligand substitutions and electron transfer processes, a DFT
investigation has been performed and all the possible intermediates have been defined together with their associated energy costs.
The profile highlights many important aspects, such as the formation of an appropriate couple of 43e− intermediates having
different sets of terminal coligands, and suitable redox potentials for the transfer of one electron. Optimizations of 45e−

associative intermediates in the ligand substitution reactions indicate their possible involvement in the redox process with
reduction of the overall energy cost. Finally, according to MO arguments, the unique stability of the 42e− phosphido-bridged Pt3
clusters can be attributed to the simultaneous presence of three terminal halides.

1. INTRODUCTION

The seminal papers published 40 years ago by J. Chatt and P.
Chini reported the synthesis of new derivatives of general
formula Pt3(μ-CO)3(PR3)n (n = 3−4).1 Since then, many other
triangular platinum clusters (TPCs) with different bridging and
terminal ligands have been prepared and characterized. Today
more than 100 X-ray structures with a Pt3 triangular core have
been deposited in the CCDC archives,2 often with non-
equivalent Pt−Pt distances. Depending on the valence electron
count (VEC), the bond orders may vary between one and zero,
and also for the same VEC. In fact, the strengths of the Pt−Pt
linkages may be influenced by factors such as the nature of the
bridging and terminal ligands. The great interest in TPCs was
initially stimulated by studies on the relations between structure
and VEC in late transition metal clusters3 and by the search of
analogies with metal surfaces.4 Interestingly, these derivatives

are also building blocks for clusters with a higher nuclearity,
which can be achieved through the addition of other
mononuclear fragments, to give tetrahedra,5 butterflies,6 or
trigonal bipyramids.7 A single metal atom can link together two
TPCs to give a Pt3MPt3 sandwich,

8 with eclipsed or staggered
orientation of the triangles.9,10 Moreover, it is well-known that
the stepwise oxidation of the [Pt3n(CO)6n]

2− Chini clusters
results in the progressive stacking of Pt3(CO)3(μ-CO)3 units
giving rise to infinite chains, which can be discontinuous,
semicontinuous or continuous, depending on the size of the
cluster anion and on the organic or inorganic countercation.9d,e

This is not the case of TPCs with bulky phosphido bridges,
although we have shown that removal of one bridge from the
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Pt3(μ-PR2)3 core allows perpendicular bonding between the
naked Pt−Pt linkage to form hexanuclear species with a
dibridged tetrahedral core and an interesting redox behavior.11

More recently, we and others have used the TPCs as the
precursors of bi- or polycluster molecular assemblies, in which
two or more cluster units are interconnected not through new
metal−metal bonds but by organic, inorganic or organometallic
spacers.11a−c,12

The VEC of TPCs varies between 42 and 48 and depends on
the set of ligands and on the oxidation states of the metals. The
42e− species of general formula Pt3(μ-L)3L′3 contain terminal
L′ ligands such as CO, RNC, PR3 and three neutral π-acceptor
bridges (L = CO, RNC, SO2, R2E, with E = C, Si, Sn). The
formal Pt03 skeleton is normally equilateral with three short Pt−
Pt linkages (2.61−2.82 Å).1,3−10,13 Other 42e− species instead
involve three Pt(II) ions which, given their preference for the
local 16 electron configuration, allow single Pt−Pt bonds
consistently with an adjusted EAN rule.2 A matchless type of
42e− TPC is [Pt3(μ-dppm)3(μ3-CO)]2+ (dppm = bis-
diphenylphosphinomethane),14 which is the precursor of
many tris-dppm bridged derivatives with a higher electron
count. Clusters with VEC = 44 are numerous, and some of
them are derived from the mentioned 42e− precursors Pt3(μ-
L)3L′315 or [Pt3(μ-dppm)3(CO)]

2+,7d,16 upon addition of a
further two electron donor. The most common 44e− TPCs are
however the tris-phosphido-bridged ones of general formula
[Pt3(μ-PR2)3(L)3]

+11g,17,18 or Pt3(μ-PR2)3(L)2X.
12a,c,17−20 In

general, the Pt−Pt separations are longer than single bonds,
with distances around 3 Å. Also, depending on the nature of the
terminal ligands, the triangle can be equilateral or isosceles. In
particular, a single terminal anion may force the elongation of
the opposite Pt−Pt linkage even up to a breaking point (3.61 Å
in the case of H−),19b while the other two approach single bond
orders. Remarkable cases of cluster core isomerism have been
also reported for different crystallizations of clusters with
formula Pt3(μ-PR2)3(L)2X (X = aryl anion) with either an
“open” or a “closed” triangular shape.11a,20c TPCs with VEC =
4618,21 or 4822,23 are often based on the Pt3(μ-dppm)3 core
with some ligands perpendicular to the Pt3 plane. Some 48e−

species can be described as formed by three L4Pt
II-d8 fragments,

whose out-of-plane trans-ligands are the oxygen atoms of
bridging carboxylates.23 In these cases, the application of the
EAN rule based on the 18e− metal configuration predicts three
single Pt−Pt bonds, which indeed are among the shortest found
(2.51−2.61 Å).
In this paper we describe the synthesis and spectroscopic,

crystallographic, electrochemical and computational character-
ization of the new derivatives Pt3(μ-PBu

t
2)3X3 (X = Cl, Br, I)],

the first tris-phosphido bridged species with VEC = 42 and a
Pt3

6+ triangular core. Since the stability of 42e− TPCs with
three phosphido bridges is unprecedented, the role of the three
terminal halide ligands in favoring depopulation of a key
frontier MO has to be clarified. From the mechanistic
viewpoint, it is important to evaluate the TPC stabilization
upon oxidation and the energies associated with different
possible steps. To this aim, a detailed DFT investigation has
been carried out to monitor the electronic evolution of the
system and determine a realistic profile for the overall reaction.

2. RESULTS AND DISCUSSION
2.1. Syntheses. We have recently shown that the reaction

of the tricarbonyl cation [Pt3(μ-PBu
t
2)3(CO)3]

+, [Pt3(CO)3]
+

{Pt3 = Pt3(μ-PBu
t
2)3}, with an excess of halides affords the

44e− substitution derivatives Pt3(μ-PBu
t
2)3(CO)2X

(Pt3(CO)2Cl, X = Cl; Pt3(CO)2Br, X = Br; Pt3(CO)2I, X =
I).19a In CH2Cl2 solution, these clusters undergo two sequential
monoelectronic oxidations at potentials close to +0.3 and +0.9
V (vs SCE) (Table 1). The first step has the features of

chemical reversibility on the time scale of cyclic voltammetry,
while the second oxidation is coupled to chemical complica-
tions.19a The data suggested that suitable terminal ligands may
stabilize tris-phosphido bridged Pt3 derivatives with VEC <
44e−, previously unknown. Indeed, the chemical oxidation of
Pt3(CO)2I with 1 equiv of I2, carried out at room temperature
in dichloromethane solution, affords the triangular 42e− cluster
Pt3(μ-PBu

t
2)3I3, Pt3I3 (Scheme 1), in a high yield (77%). The

analogous derivative Pt3(μ-PBu
t
2)3Br3, Pt3Br3, was also

prepared by chemical oxidation of Pt3(CO)2Br with Br2 in
74% yield, although the reaction had to be performed at low
temperature (−20 °C) and required a more careful control of
the stoichiometry. In fact, less controlled conditions gave
mixtures of various derivatives, among which only a very low
amount of the desired product was identified. The attempted
synthesis of the trichloro derivative Pt3(μ-PBu

t
2)3Cl3, Pt3Cl3, by

chemical oxidation of Pt3(CO)2Cl with Cl2 was unsuccessful.

Table 1. Formal Electrode Potentials (V, vs SCE) and Peak-
to-Peak Separations (mV) in 0.2 M [Bun4N][PF6]/CH2Cl2
Solution

E°′ (ΔEp)a

cluster 44e−/43e− 43e−/42e−

2−/− −/0
Pt3Cl3 −1.32 (75) −0.74 (65)
Pt3Br3 −1.29 (65) −0.74 (60)
Pt3I3 −1.24 (75) −0.72 (70)

−/0 0/+
Pt3(CO)I2 −0.47b +0.06b

0/+ +/2+
Pt3(CO)2Cl +0.31 (60) +0.91c (70)
Pt3(CO)2Br +0.29 (60) +0.88c (70)
Pt3(CO)2I +0.28 (70) +0.86c (70)

+/2+ 2+/3+
[Pt3(CO)3]

+ +1.13 (90) +1.56d

aMeasured at 0.1 V s−1. bExtrapolated from the correlation of Figure 2
(see below). cPartially chemically reversible process. dCoupled to fast
chemical reactions.

Scheme 1. Possible Pathways in the Transformation from
Pt3(CO)2I and to Pt3I3
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However, Pt3Cl3 could be obtained, analytically pure although
in very small yields (11%), by reacting Pt3(CO)2Cl with an
equimolar amount of PCl5. The latter reactant more efficiently
delivers Cl2 upon the equilibrium PCl5 ⇆ PCl3 + Cl2. In this
way, large local concentrations of Cl2, which otherwise induce
massive decomposition, are avoided.
Also, Pt3I3 and Pt3Br3 could be obtained, respectively, by

Pt3(CO)2I and Pt3(CO)2Br solutions, upon exhaustive
electrolysis at their first oxidation potential in the presence of
an excess of the corresponding halide anion (see Experimental
Section). Under similar conditions, the monochloro species
Pt3(CO)2Cl did not transform into Pt3Cl3. In view of these
results, the order Pt3I3 > Pt3Br3 > Pt3Cl3 was assumed for the
thermal stability of these species. Pt3I3 (violet), Pt3Br3 (pink)
and Pt3Cl3 (yellow) were isolated as air-stable solids and were
shown by X-ray diffraction to have crystallographic 3-fold
symmetry. The latter is maintained in solution as shown by
multinuclear (1H, 13C{1H}, 31P{1H} and 195Pt{1H}) NMR
spectroscopy. The interpretation of the NMR spectra is
straightforward (see Experimental Section) and will not be
further discussed here. A thermally stable salt of the 43e− cation
[Pt3(CO)2I]

+, later shown to be a key intermediate in the
formation of Pt3I3, was obtained by treating a CH2Cl2 solution
of Pt3(CO)2I with 1 equiv of [Cp2Fe]PF6. [Pt3(CO)2I]PF6 was
isolated as a brown-greenish solid, which analyzes correctly and
exhibits a νCO absorption at 2062 or 2072 cm−1 in the solid
state or in acetone solution, respectively, shifted at higher
wavenumbers in comparison to Pt3(CO)2I (2024 cm−1 in
CH2Cl2). Due to the paramagnetic nature of this 43e− species,
we observed only a very broad signal at δ = 12 ppm in the 1H
NMR spectrum, and even broader, scarcely informative,
resonances in the 31P and 195Pt NMR spectra. The species
converts back cleanly to Pt3(CO)2I when reacted with 1 equiv
of Cp2Co in CH2Cl2 solution.
2.2. Electrochemistry. The 42e− clusters Pt3X3 undergo

two separate one-electron reductions in CH2Cl2 solution, both
possessing features of reversibility in the cyclic voltammetric
time scale (Figure 1a). The two waves are fully reversible
[(ip)red/(ip)ox = 1.0 for scan rates, ν, between 50 and 500 mV
s−1] and diffusion controlled [(ip)red/ν

1/2 = constant], and the
peak-to-peak separations, ΔEp, are not far from the theoretical
value of 59 mV. In the cyclic voltammetry of Pt3I3 also a single

monoelectronic, partially chemically reversible, oxidation
process was observed at +1.43 V, indicating the attainment of
a 41e− species. The formal electrode potentials for the redox
changes exhibited by the Pt3X3 species, and the related
Pt3(CO)2X

19a and [Pt3(CO)3]CF3SO3,
11g are compiled in

Table 1. Upon bulk electrolysis at the first reduction process
(Ew = −1.0 V) the purple solution of Pt3I3 turns green and the
cyclic voltammetric tests, performed on the resulting
monoanion [Pt3I3]

−, confirm the profile already observed for
Pt3I3. This definitely validates the stability of the 43e− species
[Pt3I3]

− (Figure 1b). Conversely, the bulk electrolysis at the
second electron addition (Ew = −1.3 V) induces decomposition
of the cluster, as confirmed by an intense peak at E = +0.43 V,
which can be ascribed to the oxidation of the I− anion released
in solution.24

The current remains high also after the formal addition of
one electron to the 43e− TPC, while hydrodynamic
voltammetry with periodical renewal of the diffusion layer
indicates that the most reduced species [Pt3I3]

2− is
unattainable. As a general trend in Table 1, the separations
between the monoelectronic redox peaks for each given species
are in the range 430−580 mV. Conversely, any CO/I−

replacement shifts each redox peak of 700−850 mV toward
the cathodic region. For instance, the 44/43e− process
invo lv ing the different couples [Pt3(CO)3]

+ / 2 + ,
[Pt3(CO)2I]

0/+ and [Pt3I3]
2−/− occurs at +1.13, +0.28 and

−1.24 V, respectively. The difference between the last two
potentials is nearly doubled with respect to the first couple of
values, consistently with the potential existence of the
unobserved intermediates [Pt3(μ-PBu

t
2)3(CO)I2]

−/0,
[Pt3(CO)I2]

−/0. Eventually, consumption of Pt3I3 from the
solution was observed (Figure 1d). Comparable trends are
detected for the 43/42e− process.
Indeed, as shown by the plot in Figure 2, there is a linear

correlation [E°1 = 1.104 − 0.786n and E°2 = 1.586 − 0.764n for

E°1 (R = −0.99962 and P = 3.753 × 10−4) and for E°2 (R =
−0.9996 and P = 3.9723 × 10−4)]25 between the experimental
redox potentials and the n number of iodide ligands in the
clusters [Pt3(CO)3−nIn]

x−n (n = 0−3, x = 1−3). In this manner,
also the redox potentials for the unobserved species Pt3(CO)I2
can be estimated as −0.47 and +0.06 V for the 44/43e−

([Pt3(CO)I2]
−/0) and the 43/42e− ([Pt3(CO)I2]

0/+) trans-
formations, respectively.

Figure 1. Cyclic voltammogram recorded at a platinum electrode in
CH2Cl2 solution of (a) Pt3I3 (1.1 × 10−4 M), (b) [Pt3I3]

− generated
by bulk electrolysis, (c−d) after bulk electrolysis of Pt3I3 at the second
reduction process: (c) one electron addition, (d) exhaustive
electrolysis. [Bun4N][PF6] (0.2 mol dm−3) supporting electrolyte.
Scan rate 0.2 V s−1.

Figure 2. Linear correlation between redox potentials and number of
terminal iodide ligands in the species [Pt3(μ-PBu

t
2)3(CO)3−nIn]

x−n (n
= 0−3, x = 1−3). E°′1 (■) and E°′2 (●) refer to 44/43e− and 43/42e−

redox couples, respectively. Unfilled symbols correspond to the
extrapolated positions of the experimentally undetected redox couples
[Pt3(CO)I2]

x−2 with x = 1/2 and 2/3, respectively.
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2.3. Crystal Structures of Pt3X3. Single crystal X-ray
determinations were carried out for the 42e− clusters Pt3Cl3,
Pt3Br3 and Pt3I3. The compounds are isomorphous (space
group P63/m), hence only the Pt3I3 structure is shown in
Figure 3. Selected geometrical parameters of the three clusters
are reported in Table 2, with those of the known 44e− cation
[Pt3(CO)3]

+ for comparative purposes.

The Pt3X3 clusters share a 3-fold axis and the perpendicular
mirror plane, with only one independent atom of the type Pt,
and X plus a “PBut” moiety. The resulting molecular symmetry
is D3h (see below). The Pt−Pt separations are very similar (in
the range 2.589−2.579 Å), only those in Pt3I3 being slightly but
significantly (>5σ) longer than in the other analogues. Most
remarkable is the large ∼0.4 Å shortening of the Pt−Pt bond
lengths with respect to similar 44e− species, such as the cation
[Pt3(CO)3]

+ (av 2.97 Å).11g Such a difference is consistent with

an increase of the Pt−Pt bond order from 0.66 to 1.0, as it is
theoretically predictable on depopulating the higher σ* Pt3
level of these frameworks.26

The Pt−P distances are similar in all the 42e− structures, with
an average value of 2.289(4) Å, which is shorter than in the
44e− species [Pt3(CO)3]

+ (2.310(4) Å). An explanation for this
trend will be offered in the Theoretical Studies. The terminal
Pt−X separations at 2.332(3), 2.4545(6) and 2.6277(4) Å in
Pt3Cl3, Pt3Br3 and Pt3I3, respectively, follow the expected
trends based on the atomic radii and are in the lower range of
distances found in the few known Pt clusters with terminal
halides.11d,16f,19a,27 We also note minor asymmetries in the Pt−
P separations (at the 3σ level) and small deviations from the
ideal D3h values of bond angles (<1.5 deg, see Table 2) that
lower the molecular symmetry.

2.4. Experimental Observations and Their Implica-
tions for Possible Mechanisms. The simplest conceivable
route to Pt3I3 is the concerted oxidative addition of I2 to
Pt3(CO)2I accompanied by expulsion of the carbonyl ligands
[path a in Scheme 1]. Although this process is evaluated by
DFT calculations (vide infra) to be as exoergonic as −50 kcal
mol−1, such an interpretation was abandoned because
inconsistent with the experimental evidence of 43e− inter-
mediates, unaccounted for by a concerted mechanism. Another
reasonable conjecture is that Pt3I3 forms through stepwise
oxidations of Pt3(CO)2I by I2 to give the 42e− dication
[Pt3(CO)2I]

2+ (steps b and c in Scheme 1). The simulta-
neously formed iodide anions would eventually substitute the
carbonyl ligands to give Pt3I3. Such a hypothesis was also
discarded, on the basis that the reduction potential of I2 in
organic solvents (+0.43 V),24 being intermediate between the
+0.28 and +0.86 V values of the first and the second oxidation
of Pt3(CO)2I (see Table 1), is inadequate for the second
oxidation. More detailed information on the mechanism was
provided by the electrolysis of a CH2Cl2 solution of Pt3(CO)2I
also containing 0.2 M [Bun4N]PF6. The imposed potential (Ew
= +0.4 V) was suited only for the first anodic step.
After the exhaustive one-electron oxidation, cyclic voltam-

metry (CV) showed only the profile of the monocation
[Pt3(CO)2I]

+, which is stable throughout the electrolysis time.
Importantly, 15 min after the addition of a 3-fold excess of
[Bun4N]I, the CV indicated the presence of equimolar amounts
of Pt3I3 and [Pt3(CO)3]

+ characterized by their well-known
profiles (see Table 1).19a The formation of the 1:1 mixture was
confirmed by the 31P NMR signals of the corresponding
species.
These appeared (still in rough 1:1 ratio, and together with

those of the reactant Pt3(CO)2I at δP = 171.8 and 64.6 ppm)
also in the early stages of its chemical oxidation with I2. In the
long run, the 31P NMR signals of Pt3(CO)2I and [Pt3(CO)3]

+

(δP = 154.6 ppm) vanished, leaving only the resonance of Pt3I3
at 405.3 ppm. In fact, while Pt3I3 accumulates, [Pt3(CO)3]

+

returns in circle in agreement with the right shift of eq 1, which
is also the basis for the synthesis of Pt3(CO)2I.

19a The
sequence of the possible events is illustrated in Scheme 2.

+ ⇆ ++ −Pt (CO) Pt (CO) I[ ] I CO3 3 3 2 (1)

Another informative series of experiments was carried out in
an acetone solution of the 43e− compound [Pt3(CO)2I]PF6,
prepared and isolated as described above. The species is stable
for several hours at room temperature, as confirmed by the IR
spectra (νCO = 2072 cm−1), whereas an added equimolar

Figure 3. An Ortep view of Pt3I3 with thermal ellipsoids drawn at 30%
probability. The H atoms are omitted for clarity.

Table 2. Bond Lengths (Å) and Angles (deg) for Pt3I3,
Pt3Br3, Pt3Cl3 and [Pt3(CO)3]

+a

Pt3X3

X = I X = Br X = Cl [Pt3(CO)3]
+

Pt−Pt′ 2.5893(3) 2.5786(3) 2.5818(3) 2.961(1)
2.982(1)

Pt−P 2.293(1) 2.286(1) 2.287(2) 2.307(4)
Pt−P′ 2.299(1) 2.291(1) 2.293(2) 2.314(4)
Pt−X 2.6277(4) 2.4545(6) 2.332(3)
Pt′− Pt−Pt″ 60.0* 60.0* 60.0* 59.76(2)

60.49(3)
X−Pt−P 93.67(3) 93.67(4) 94.4(1)
X−Pt−P″ 94.97(3) 94.91(4) 94.2(1)
X−Pt−Pt′ 149.47(2) 149.48(2) 150.0(1)
X−Pt−Pt″ 150.53(2) 150.52(2) 150.0(1)
Pt−P−Pt′ 68.64(3) 68.58(3) 68.62(7) 79.7(1)

80.5(1)
P−Pt−Pt′ 55.79(3) 55.81(3) 55.81(6) 50.0(4) av
P−Pt′−Pt 55.57(3) 55.61(3) 55.57(6)
P−Pt−P″ 171.36(3) 171.42(3) 171.37(7) 160.1(9)

aPrimed and doubly primed atoms are obtained from those unprimed
by the symmetry operations: (i) 1 − y, x − y, z; (ii) 1 − x + y, 1 − x, z.
*Symmetry imposed value.
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amount of [Bun4N]I rapidly generates the known 1:1 mixture of
[Pt3(CO)3]

+ and Pt3I3.
An excess of [Bun4N]I quantitatively converts [Pt3(CO)3]

+

into Pt3(CO)2I within a few minutes, while, after the addition
of [Bun4N]I and I2, only Pt3I3 was observed in solution. The
above experimental data support the key role of the 43e−

intermediate [Pt3(CO)2I]
+ in generating both [Pt3(CO)3]

+

and Pt3I3 (see eq 2), but do not provide any clear indication on
the nature of the redox reactants, nor on the chronological
order of the substitutions/redox steps. A significant answer in
this respect is provided by the computational approach (vide
inf ra).

+ ⇆ + ++ − +Pt (CO) I Pt (CO) Pt I2[ ] I [ ] CO3 2 3 3 3 3
(2)

By assuming that electron transfer occurs before CO/I−

scrambling, two identical 43e− [Pt3(CO)2I]
+ cations would

participate in a disproportion-like process leading to the 42e−

and 44e− species, [Pt3(CO)2I]
2+ and Pt3(CO)2I (eq 3a),

followed by the CO/I− substitutions shown in eqs 3b and 3c.

While eqs 3 would have the advantage of excluding the
unrealistic 43/42e− oxidation of [Pt3(CO)2I]

+ by I2, the
process is unlikely. For instance, the formation of the equimolar
mixture of Pt3I3 and [Pt3(CO)3]

+ in the early steps of the
reaction is in contrast with their formation in the two
independent equilibria 3b and 3c. In particular, the latter
equilibrium must be shifted toward Pt3(CO)2I in the presence
of an excess of I−, also consistent also with the +3.0 kcal mol−1

ΔG value obtained from DFT calculations (see Theoretical
Studies). Moreover, eq 3a has an extremely small equilibrium
constant (K3a ≅ 10−10), as derived from the redox potentials of
Pt3(CO)2I in Table 1. To this purpose, it is worth noting that
disproportion reactions like eq 3a and analogous ones of the
type 2LnM

n+ ⇆ LnM
(n−1)+ + LnM

(n+1)+, in which the three
species are identical except the charge, are generally
endoergonic because the addition of one electron to a given
system is comparatively less favored when the acceptor is less
positive. In other words, for the processes LnM

(n+1)+ + e− ⇆
LnM

n+ + e− ⇆ LnM
(n−1)+ it is usually observed that the former

has a higher E°, which gives a negative value of ΔE° for the

disproportionation reaction.28 Accordingly, we may evaluate
from the experimental redox potentials in Table 1 that the
disproportions of the 43e− species [Pt3(CO)3]

2+,
[Pt3(CO)2I]

+, Pt3(CO)I2 and [Pt3I3]
− are all endoergonic,

with a roughly constant energy cost (ΔG° = +9.9, +13.4, +12.2
and 12.0 kcal mol−1, respectively). Conversely, disproportion of
the metal oxidation state may take place when the environ-
ments of the two equal molecules are differently modified. As it
will be further discussed in the Theoretical Studies, such a
possibility may be achieved through alternative CO/I−

substitutions at the 43e− intermediate [Pt3(CO)2I]
+. For

example, the excess of I− may favor the sequential formation
of the 43e− derivatives [Pt3(CO)I2] and [Pt3I3]

− (eqs 4a and

4b), while the CO molecules released in solution may lead to
[Pt3(CO)3]

2+ (eq 4c). Given that up to four different 43e−

species might exist in solution, various redox couples are
possible, some of which have the proper potential for the
exchange of one electron. Certainly, the best couple
corresponds to the reactants in eq 4d, namely, [Pt3I3]

− and
[Pt3(CO)3]

2+, due to the largest difference (ΔE° = +1.85 V)
between the corresponding redox potentials (−0.72 V and
+1.13 V, respectively, in Table 1). As a further attractiveness of
the mechanism proposed in eqs 4a−d, the 42e− and 44e−

products Pt3I3 and [Pt3(CO)3]
+, formed in 1:1 mixture in the

early steps of the reaction, are simultaneously formed in eq 4d.
Since, except for [Pt3(CO)2I]

+, there is no experimental
evidence for any of the other possible 43e− intermediates,
systematic DFT studies were carried out. The purpose of the
latter was to evaluate the stability of the various possible
minima and construct an overall potential energy surface (PES)
to shed light on the most favorable succession of events.

2.5. Theoretical Studies. To gain an overview of the TPCs
of importance in this paper, DFT calculations were carried out
for clusters with all the possible combinations of terminal CO
and I− ligands and having VEC values in the range 44−42. The
functional used was B3LYP29 with the LANL2DZ basis set,30

and the approach included the conductor-like polarizable
continuum model (CPCM) for the dichloromethane solvent.31

As previously observed,19c the usage of the solvent is
fundamental to compare differently charged units. The
phosphorus bridges were treated as real PBut2 groups in
order to avoid major energy biases and possible under-
estimation of the steric effects. In summary we optimized
twelve species of generalized formula {Pt3(CO)nI3−n}

x−n, n = 0
→ 3, x = 1 → 3, in which the curly brackets help to distinguish
computed models from the experimental species.

2.5.1. Structural Aspects of Optimized Structures. We first
focus on {Pt3I3}, which is the ultimate and unprecedented
product of this chemistry. The agreement with the experimental
Pt3I3 structure of Figure 3 is satisfactory, its symmetry being
almost D3h. The computed Pt−Pt distances are somewhat
longer than the experimental ones (2.68 Å vs 2.59 Å), but still
correspond to single bonds. The effect is likely due to the
pseudopotential used for the Pt atoms,32 reflected also by a
similar ∼0.1 Å overestimation of the Pt−P distances. The Pt−I
distances are closer to the experimental ones (near 2.62 Å),

Scheme 2. Evolution of the Redox/Substitution Processes
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possibly because the pseudopotential, used also for the iodine
atoms, compensates the effects. Table 3 compares the most
important geometric variations for the twelve TPCs
{Pt3(CO)3−nIn}

x−n, n = 0 → 3, x = 1 → 3. The equilateral
Pt3 triangle in the symmetric 44e− models {Pt3(CO)3}

+ and
{Pt3I3}

2− is similarly expanded with respect to the 42e−

derivatives {Pt3(CO)3}
3+ and {Pt3I3}. The ∼0.4 Å difference

in Pt−Pt linkages implies the change of the bond order from 1
to 0.66.26 The geometry of {Pt3(CO)3}

+ is consistent with that
observed in [Pt3(CO)3]CF3SO3,

11g disregarding the ∼0.1 Å
overestimation of the Pt−Pt distances (3.10 vs 2.99 Å).
Moreover, the isolectronic {Pt3I3}

2− analogue (not exper-
imentally available) is found to be quite similar (Pt−Pt = 3.08
Å), hence the simple substitution of terminal ligands does not
seem to be crucial for the geometry of the Pt3 core. The Pt−I
distances (2.613 Å, average) are similar in all the I-containing
models. For TPCs with mixed terminal ligands, as in the series
starting with {Pt3(CO)2I} or {Pt3(CO)I2}

−, the Pt3 triangle is
isosceles.
No X-ray structure of any iodo-carbonyl derivative is

available, but the known analogue Pt3(μ-PBu
t
2)3(CO)2Cl

19a

confirms that the Pt−Pt vector opposite to the halide ligand is
more elongated (3.152 vs 2.855 Å) as found in our model
{Pt3(CO)2I} (3.34 vs 2.94 Å). Inverse shortening is instead
observed for the Pt−Pt vector opposite to CO (3.01 vs 3.11 Å)
in {Pt3(CO)I2}

−. On the other hand, it is known that the
nature of one terminal ligand affects the opposite Pt−Pt
interaction up to its cleavage in some extreme case, such as
Pt3(μ-PBu

t
2)3(CO)2H.

19b A general electronic analysis of the
latter phenomenon, also known as cluster-core (or Pt−Pt
bond) stretching isomerism,33,20 will be presented elsewhere.
The MO scheme of Figure 4 for a D3h TPC helps to

understand the geometric trends imposed by the electron
population.26 The Pt3 σ bonding framework is formed by radial
and tangential d orbitals, which form three lower bonding levels
(all populated) and three higher σ* ones. One of the latter, a2′,
lies in the frontier region and is vacant for VEC = 42,
consistently with three single Pt−Pt bonds. Two more
electrons in the level reduce the equivalent bond order to 0.66.
The a2′ level (Figure 4a) is not purely metallic, but has a

significant contribution from the in-plane phosphido p orbitals,
which mix in a bonding way to the metals (Figure 4b). Thus,
the electrons in a2′ reduce the Pt−P distances, as confirmed by
comparing the various redox series in Table 3. Although the
effect is not large (maximum difference of ∼0.04 Å), the D3h

TPCs with only CO or I− terminal ligands have shorter Pt−P
bond lengths in electron richer species.34

2.5.2. Energy Profiles. As anticipated, a concerted process
leading to the 42e− species {Pt3I3} by direct reaction between
{Pt3(CO)2I} and I2 (path a in Scheme 1) was reasonably
discarded in spite of the about −50 kcal mol−1 energy gain, as
determined from optimized components (see Supporting
Information). It is instead more probable that different TPCs
may be formed upon sequential substitution/redox steps.
Therefore, all the possible species (including the experimentally
undetected {Pt3(CO)I2}

n series) were optimized and are
outlined in Scheme 3, together with all the free energy
variations, ΔG. For the redox steps, also the corresponding
values, ΔG°redox, obtained through the Nernst equation35 from
the experimental or extrapolated redox potentials, are given in
italics (see Table 1 and the Experimental Section).
It is found that the equation ΔG°redox(exp) = 0.86(7)

ΔGredox(calc) − 13(8) kcal mol−1 correlates computed and
experimental ΔG values for the various redox steps. The
agreement appears satisfactory in view of the correlation
coefficient (R = 0.99) and the small probability factor (P < 1.0
× 10−4),25 as also confirmed by the plot in Figure 5. The most
ill-behaved species are those with the highest molecular charges,
likely because the counterions were neglected in the
calculations. For instance, the oxidation to [Pt3(CO)3]

3+ is
computed to cost +10.2 kcal mol−1 more than in the
experiment, while that of [Pt3I3]

2− is underestimated by 4.5
kcal mol−1. By neglecting the latter two points, the correlation
is expressed by the equation ΔG°redox(exp) = 1.0 (1)-

Table 3. Geometry Parameters of the Twelve Optimized Species in the 44−42e− Redox Triads with General Formula
{Pt3(CO)nI3−n}

x−n, n = 0 → 3, x = 1 → 3a

VEC L1−3 Pt1−Pt2 Pt1−Pt3 Pt2−Pt3 Pt1−P1 Pt2−P1 Pt2−P3 Pt−I Pt−(CO)

{Pt3(CO)3}
+ 44 (CO)3 3.10 3.10 3.10 2.37 2.37 2.37 1.87

{Pt3(CO)3}
2+ 43 (CO)3 2.89 2.89 2.89 2.39 2.39 2.40 1.89

{Pt3(CO)3}
3+ 42 (CO)3 2.73 2.74 2.75 2.41 2.41 2.40 1.93

{Pt3(CO)2I} 44 I(CO)2 2.95 2.94 3.34 2.36 2.34 2.40 2.62 1.86
{Pt3(CO)2I}

+ 43 I(CO)2 2.80 2.80 2.97 2.34 2.41 2.39 2.59 1.89
{Pt3(CO)2I}

2+ 42 I(CO)2 2.67 2.67 2.81 2.32 2.50 2.37 2.60 1.92
{Pt3(CO)I2}

− 44 I2(CO) 3.11 3.11 3.01 2.39 2.36 2.34 2.60 1.85
{Pt3(CO)I2} 43 I2(CO) 2.86 2.86 2.77 2.41 2.34 2.36 2.62 1.87
{Pt3(CO)I2}

+ 42 I2(CO) 2.75 2.74 2.65 2.43 2.32 2.38 2.64 1.89
{Pt3I3}

2− 44 I3 3.08 3.08 3.09 2.35 2.35 2.36 2.60
{Pt3I3}

− 43 I3 2.84 2.83 2.84 2.36 2.36 2.36 2.62
{Pt3I3} 42 I3 2.68 2.68 2.68 2.36 2.36 2.36 2.63

aIn compounds with mixed terminal ligands, Pt1 is the atom bound to the unique CO or I− ligand.

Figure 4. (a) Basic aspects of the Pt3 frontier MOs, populated up to
a2′ for VEC = 44; (b) DFT generated drawing of the a2′ wave function.
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ΔGredox(calc) − 4(18) kcal mol−1 and the dashed and solid
lines of Figure 5 become almost superimposed.
Incidentally, the Nernst equation35 permits derivation of

redox potentials from the computed ΔG value for each redox
step, giving E°calc values that compare satisfactorily with the
experimental ones (see Table S1 in the Supporting
Information). As confirmed by Scheme 3, the computed costs
of the 43e−/42e− oxidations are progressively overestimated for
the increasing number of CO ligands, while the corresponding
43e−/44e− reductions are less underestimated. The two effects
sum up in the disproportion of any 43e− species, so that the
computed process appears more endoergonic (∼+21 kcal
mol−1, average) than in the experiment (∼+12 kcal mol−1,
average). In spite of the latter difference, the general trends
seem fully validated. Thus, the addition of one electron to any
TPC naturally lowers the total energy, but the 43e−/44e−

transformation is less exoergonic than the corresponding 42e−/
43e−. An explanation is that the energy of the frontier a2′ level

(Figure 4) depends on its electron population (SOMO <
LUMO) being strictly related to the charge of the system (for
instance, more iodide ligands reduce the positive charge of the
Pt3 unit).
For similar reasons, the formation of any 44e− species is

comparatively more difficult than that of its 43e− precursor,
since the framework has one less positive charge hole.
Concerning the general substitution trends, one uncharged
CO ligand in place of an iodide is exoergonic when occurring at
a positively charged Pt3 framework, but endoergonic for an
uncharged or anionic one. Again, the electrostatic factors play
an important role over the entire mechanistic profile. In
addition, the replacement of one CO with an I− ligand is easier
at a less electron rich species (lower VEC), since metal−CO
back-donation is already less effective (calculated CO-
stretchings are reported in Table S2 in the Supporting
Information). The entire process starts with {Pt3(CO)2I}
which is easily oxidized by I2. Such experimental evidence is
validated by the DFT calculations, since the energy balance of
the corresponding eq 5 is as negative as −28.6 kcal mol−1 (the
single energy components are provided in the Supporting
Information). In contrast, a second oxidation of {Pt3(CO)2I}
by I2 to give {Pt3(CO)2I}

2+ (discarded in terms of redox
potentials) is endoergonic by +13.7 kcal mol−1.

+ → ++ −Pt CO I Pt CO I2{ ( ) } I 2{ ( ) } 2I3 2 2 3 2 (5)

As already remarked from the experimental findings, the
43e− derivative {Pt3(CO)2I}

+ is the key intermediate, which,
after alternative terminal ligand substitutions, might generate
the appropriate redox couple able to give the 42e− and 44e−

coproducts {Pt3I3} and {Pt3(CO)3}
+. In the iodide rich

environment, the {Pt3(CO)I2} and {Pt3I3}
− species can be

subsequently formed, and, according to Figure 2 and Scheme 3,
they are more prone to be oxidized to the corresponding 42e−

derivatives. The substitution to give {Pt3(CO)I2} is exoergonic
(8.8 kcal mol−1), while that leading to {Pt3I3}

− is slightly
endoergonic (+3.8 kcal mol−1). In contrast, the formation of
{Pt3(CO)3}

2+, as a potential redox partner (eq 4c), costs as
much as +23.6 kcal mol−1, although such a barrier may be
partially avoided (see section 2.5.3). The costly substitution
steps are eventually compensated by the significantly
exoergonic redox reaction between {Pt3(CO)3}

2+ and
{Pt3I3}

− (−37.2 kcal mol−1). The corresponding ΔG° value,
derived from the experimental potentials in Table 1, is not very
different (−42.6 kcal mol−1).
A more general problem, concerning the redox reaction

between two different 43e− TPCs, is that the single electron to
be transferred lies in the inner frontier a2′ level having Pt3 σ*
character (see Figure 4). This implies that the MOs of the two
molecules, which exchange the electron, are not reciprocally
directional and their overlap is practically null, even if the
molecules lie relatively close to each other. In this respect,
consider that the nature of the substitution reactions, pointed
out up to now, have not been examined in terms of their
potential associative/dissociative character. Depending on the
latter, the geometric and electronic features of the 43e− planar
clusters (in particular the SOMO) can be momentarily
perturbed. The problem is analyzed in the section 2.5.3.

2.5.3. Associative Intermediates in the Terminal Ligand
Substitution Reactions. A dissociative mechanism can be
reasonably dismissed in view of the about +26.0 kcal mol−1

energy cost for detaching one CO ligand from the 43e− species
{Pt3(CO)2I}

+ to form {Pt3(CO)I}+ (its optimized 41e−

Scheme 3. Free Energy Map (kcal mol−1) of All the Possible
Redox/Substitution Steps ([Pt3(CO)nI3−n]

x−n, n = 0 → 3, x =
1 → 3)a

aThe ΔG°redox values, from experimental potentials, are in italics.

Figure 5. Correlation (dashed line) between the calculated and the
experimental ΔGredox values for all the one electron reduction in the
series [Pt3(CO)3]

+, Pt3(CO)2I, [Pt3(CO)I2]
− (extrapolated with

empty circles) and [Pt3I3]
2−. The solid line corresponds to the ideal

match between calculated and experimentally based ΔGredox values.
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minimum is presented in the Supporting Information).
Conversely, 45e− associative intermediates (not transition
states!) are exoergonically formed as shown, for instance, by
{Pt3(CO)2I2}, which gains −5.1 kcal mol−1. The latter species,
shown in Figure 6a, has a perpendicular iodide ligand over one

CO-coordinated Pt atom (Pt−I = 3.01 Å), but the approached
tetra-coordination induces only minor geometric (hence
electronic) perturbations at the underlying Pt3 framework. In
fact, the Pt−Pt distances remain essentially unchanged and only
a minor out-of-plane bending of the phosphido bridges is
observed.
More interesting are the other two possible 45e− adducts

preceding {Pt3I3}
− and {Pt3(CO)3}

2+, which in principle
constitute a well-suited redox couple to form the 1:1 mixture
of {Pt3I3} and {Pt3(CO)3}

+ (eq 4d). The geometry of the
Pt3(μ-PR2)3 core in {Pt3(CO)I3}

− (Figure 6b) is essentially
unperturbed (the new Pt−I distance being as long as 4.11 Å),
but the adduct is still somewhat stabilized (2.3 kcal mol−1)
with respect to the substituted species {Pt3I3}

−. In the two
examined 45e− intermediates, the basic electronic picture does
not change, as the SOMO maintains the original a2′ character
highlighted in Figure 4. The situation is instead different for
{Pt3(CO)3I}

+ (Figure 6c), where one CO ligand has attacked
the key 43e− species {Pt3(CO)2I}

+.
The newly formed and perpendicular Pt−CO bond is rather

strong (1.94 Å) and affects the nature of the SOMO. The latter,
which is shown in Figure 7, clearly indicates that the unpaired
electron occupies a perpendicularly hybridized z2 orbital trans
to the entering CO.
At the same time, the a2′ Pt3 σ* level has to be fully

populated with a generalized expansion of the Pt3 triangle
(Figure 6c) similarly to 44e− species. Because of its outpointing
metal lobe, the new SOMO seems particularly suited to favor
the electron transfer from another 43e− TPC, such as
{Pt3(CO)I2} or {Pt3I3}

−, although the 45e− adduct {Pt3(CO)-

I3}
− of Figure 6b is a better candidate for having a similarly

featured SOMO. In spite of the +12.7 kcal mol−1 destabilization
of {Pt3(CO)3I}

+ with respect to the reactants {Pt3(CO)2I}
+ +

CO, the direct participation of the adduct in the redox process
avoids the much more expensive attainment of {Pt3(CO)3}

2+

(+23.6 kcal mol−1), otherwise considered to be the most
immediate precursor of the coproduct {Pt3(CO)3}

+.
Based on the DFT calculations, the probable steps can be

monitored with the help of Scheme 4. At the top, the initial

monoelectronic oxidation of {Pt3(CO)2I} by I2 exoergonically
leads to the formation of the key 43e− intermediate
{Pt3(CO)2I}

+ and free iodide anions. Subsequent substitution
reactions are fundamental to create different 43e− derivatives
with redox potentials suitable to one electron transfer. Initially,
the null concentration of free CO excludes any left side route in
Scheme 4. At the right side, one iodide can attack
{Pt3(CO)2I}

+, allowing sequential exoergonic formations of
the adduct {Pt3(CO)2I2} and of the substitution product
{Pt3(CO)I2}. The attack of a second iodide ligand to form
{Pt3(CO)I3}

− and eventually {Pt3I3}
− is similar but has some

small energy cost.
Upon the substitution with iodides, the higher concentration

of free CO in solution might allow the potential formation of
{Pt3(CO)3I}

+ and {Pt3(CO)3}
2+ in a sequence (left side of

Scheme 4). The processes are both destabilizing, but the former
adduct requires only about half energy compared to the latter

Figure 6. Optimized structures of the 45e− adducts: (a) Pt3(μ-
PBut2)3(CO)2I2, {Pt3(CO)2I2}; (b) [Pt3(μ-PBu

t
2)3(CO)I3]

−,
{Pt3(CO)I3}

−; (c) [Pt3(μ-PBu
t
2)3(CO)3I]

+, {Pt3(CO)3I}
+.

Figure 7. SOMO of the adduct [Pt3(μ-PBu
t
2)3(CO)3I]

+,
{Pt3(CO)3I}

+.

Scheme 4. Proposed Steps of the Reaction Mechanism
Triggered by I2
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substitution product. Therefore, also in view of its orbital
features (Figure 7), {Pt3(CO)3I}

+ may represent the proper
redox partner (bottom of Scheme 4) of either {Pt3I3}

− or
{Pt3(CO)I3}

− (the fact that both the 45e− species are minima,
rather than transition states, suggests that their lifetime may be
sufficient for their reaction to occur with an energy gain of
−23.8 kcal mol−1). Finally, Scheme 4 reminds that the
coproduct {Pt3(CO)3}

+ slowly converts into the 44e−

precursor {Pt3(CO)2I}, which can reenter in circle and react
with I2, till {Pt3I3} is quantitatively formed.36

2.5.4. The Role of Terminal Halides in Favoring 42e− vs
44e− TPCs. Since the tris-phosphido-bridged TPCs known up
to now have 44 valence electrons, we look for an explanation of
the unique role played by the terminal halides. A first intuitive
answer is the unbearable concentration of negative charges in
the hypothetical 44e− dianions [Pt3(μ-PR2)3X3]

2−, where
significant electron repulsions are already implicit in the Pt3
σ* character of the HOMO a2′ (Figure 4). Terminal ligands
with π-acceptor character limit through back-donation the
accumulation of electron density at the metals, while π-donor
halides have the opposite effect. The diagram of Figure 8a

shows how the HOMO is the product of a classical three-
orbital interaction, which involves the filled combination of the
phosphido p orbitals (right side) and both those formed by the
metal dπ and pπ ones (left side). The latter is the acceptor of the
phosphido electrons allowing one of the six Pt−P delocalized
bonds. However, the corresponding a2′MO also combines with
the corresponding filled combination of the dπ orbitals, which is
Pt−Pt antibonding by nature and raises the energy of the
HOMO.
According to perturbation theory,37 the dπ/pπ rehybridization

prevents a too high a2′ destabilization but, in this respect, the π
features of the terminal ligands determine a crucial difference
(Figure 8b). In fact, three π-donor halides, antibonding toward
the metal dπ orbitals, are already destabilizing for the HOMO,
which is prone to convert into the LUMO of 42e− species
(higher white bar in Figure 8a). This implies removal of the
Pt−Pt σ* electrons, hence shorter Pt−Pt distances.
The CO vs iodide ligands also peculiarly affects the nature of

the a2′ level in question (Figures 8b). While the CO π* levels
(upper drawing) positively overlap with the metal dπ ones (as
well as with the pπ bridges), the corresponding combination of
the halides is antibonding with the dπ one, forcing the pπ

bridges to fall on the nodal surfaces across the Pt−X linkages
(lower drawing). The practically null overlap does not allow the
favorable perturbation theory effect, which for 44e− species
reduces the HOMO destabilization. For this reason, {Pt3I3}

2−

and its congeners are undetected as the 42e− count is preferred.
Therefore, the two highest MOs (empty bars of Figure 8a) are
essentially contributed from Pt3 dπ and P3 pπ orbitals.
Similarly based arguments likely account for the exper-

imentally observed order of stability Pt3I3 > Pt3Br3 > Pt3Cl3.
Without going into deep orbital details, but referring to the
qualitative lower drawing of Figure 8b, it may be deduced that
the nodal surfaces perpendicular to the Pt−X vectors may be
somewhat shifted depending on the diffusion and energy
(electronegativity) of the various halide pπ orbitals, thus
affecting the critical ⟨P3|Pt3X3⟩ overlap. Only for three iodides,
the latter is practically null, hence the system has more
propensity than the others to be most stable in the 42e−

configuration.

3. CONCLUSIONS

This paper has presented the synthesis and full characterization
of the first examples of tris-phosphido-bridged clusters with 42
rather than the typical 44 valence electrons. This is possible
only with three terminal halides and we have focused in
particular on the formation of the best characterized Pt3I3
species. The latter has been prepared by an initial chemical (I2
oxidant) or electrochemical monoelectronic oxidation of the
44e− precursor Pt3(CO)2I, which affords the paramagnetic
43e− intermediate [Pt3(CO)2I]

+.
This undergoes ligand substitution processes with the

formation of two different 43e− frameworks, which can
exoergonically exchange one electron. The formation of the
latter redox couple is important to understand how a 42e−

product may be reached, since both chemical and electro-
chemical evidence exclude that the I2 oxidant can perform a
second monoelectronic oxidation. A single electron transfer
instead occurs between two 43e− TPCs to produce an
equimolar mixture of [Pt3(CO)3]

+ and Pt3I3. The reaction
continues with a new transformation of [Pt3(CO)3]

+ into
[Pt3(CO)2I]

+ due to the simultaneous presence of I2 and I− till
Pt3I3 is quantitatively formed. The DFT calculations have been
a precious tool to characterize all the intermediates which may
be formed in solution (many of them experimentally
undetected). All the species have been of importance to map
the overall energy profile for the series of substitution and
redox reactions and their relative sequence. Also, it has been
computationally proved that some 45e− associative intermedi-
ates with one tetra-coordinated Pt atom help smooth some
unfavorable energy cost along the entire pathway, which in
particular precede the well characterized Pt3I3/[Pt3(CO)3]

+ 1:1
mixture. Finally, some MO argument has been presented to
justify the role of the halides in stabilizing the unique 42e−

TPCs with three phosphido bridges, also with some hint on the
increasing stability in the order Pt3I3 > Pt3Br3 > Pt3Cl3.

4. EXPERIMENTAL SECTION
4.1. General Data. The reactions were carried out under a

nitrogen atmosphere, by using standard Schlenk techniques. Pt3(μ-
PBut2)3(CO)2X (X = Cl, Br, I) were prepared as previously
described.11a,b,19a Solvents were dried by conventional methods and
distilled under nitrogen prior to use. NMR spectra were recorded on a
Varian Gemini 200 BB instrument (200 MHz for 1H) at room
temperature (about 293 K) on CDCl3 solutions; frequencies are

Figure 8. (a) Different perturbation theory effects on the two frontier
levels of a2′ type in 44e− (black bars) and 42e− (white bars) TPCs. (b)
Comparison of the higher a2′ MO in presence of π-acceptor (upper
drawing) or π-donor (lower drawing) terminal ligands.
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referenced to the residual resonances of the deuterated solvent (H,
13C), to 85% H3PO4 (

31P), and to H2PtCl6 (
195Pt).

4.2. Electrochemistry. Electrochemical measurements were
performed in 0.2 M dichloromethane solutions of [nBu4N]PF6 or
[nBu4N]X (X = Cl, Br, I) as supporting electrolyte. HPLC grade
dichloromethane (Sigma-Aldrich) was stored under nitrogen over 3 Å
molecular sieves. [nBu4N]PF6 (Fluka, electrochemical grade), [

nBu4N]
I (Fluka, electrochemical grade), [nBu4N]Cl (Fluka, puriss. p.a.) and
[nBu4N]Br (Fluka, electrochemical grade) were used as purchased.
Cyclic voltammetry was performed in a three-electrode cell having a
platinum working electrode surrounded by a platinum-spiral counter
electrode and the aqueous saturated calomel reference electrode
(SCE) mounted with a Luggin capillary, and containing a 5 × 10−4 M
analyte solution. A BAS 100W electrochemical analyzer was used as a
polarizing unit. Hydrodynamic voltammetry made use of a platinum
electrode with periodical renewal of the diffusion layer, obtained by
moving the solid electrode with a time-controlled knocker. Controlled
potential coulometry was performed in an H-shaped cell with anodic
and cathodic compartments separated by a sintered-glass disk. The
working macroelectrode was a platinum gauze; a mercury pool or a
platinum grid was used as the counter electrode. All reported potential
values are referred to the saturated calomel electrode (SCE). Under
the experimental conditions, the one-electron oxidation of ferrocene
occurs at E°′ = +0.39 V. Free energy values, ΔG°redox, were obtained
from the potentials E°(CH2Cl2)

abs through application of the Nernst
equation (ΔG°redox = −FE°(CH2Cl2)abs, where F is the Faraday constant
= 23.06 kcal mol−1 V−1),35 In actuality, E°(CH2Cl2)

abs corresponds to the
following combination:

° = ° + ° −E E E E(CH2Cl2)
abs

(CH2Cl2)
SCE

(SCE,aq)
abs

L (6)

where E°(CH2Cl2)
SCE is the value of the measured potential, E°(SCE,aq)

abs

is 4.522 V and EL is the interliquid potential, which depends on the
nature of the solvent as well as on the composition of the solution
(nature and concentration of the electrolyte).38 The exact amount of
the latter is unknown, but it is expected to represent only a minor
contribution,38 therefore it has been omitted in the present estimation.
4.3. Synthesis of Pt3I3. A solution of I2 (74 mg, 0.29 mmol) in 7

mL of CH2Cl2 was added to a solution of Pt3(CO)2I (350 mg, 0.29
mmol) in 15 mL of CH2Cl2. Immediately after mixing, the 31P NMR
spectrum of the solution showed the signals of Pt3I3 and [Pt3(CO)3]

+

(in roughly 1:1 ratio) together with those of the reactant Pt3(CO)2I.
The solution was stirred for 12 h at 25 °C. During this time the color
of the solution changed from brown to violet. Removal of solvent
afforded a violet solid. Further purification was accomplished by flash
chromatography using silica gel and hexane as eluent. Removal of
solvent in vacuo gave Pt3I3 as a violet solid in 77% yield (313 mg).
Violet single crystals of Pt3I3 suitable for X-ray analysis were obtained
by recrystallization from CHCl3.

1H NMR (200 MHz, CDCl3, 25 °C):
δ = 1.76 ppm (vt, 3J(H,P) + 5J(H,P) = 7.5 Hz). 13C{1H} NMR (50.3
MHz, CDCl3, 25 °C): δ = 52.5 (C, But), 32.0 ppm (CH3, Bu

t).
31P{1H} NMR (81.0 MHz, CDCl3, 25 °C): δ = 405.3 ppm (s, 2J(P,P)
= 242 Hz, 1J(P,Pt) = 1743 Hz, 2J(P,Pt) = −22 Hz).39 195Pt{1H} NMR
(42.8 MHz, CDCl3, 25 °C): δ = −3684 ppm (m, 1J(Pt,Pt) = 6434 Hz,
1J(P,Pt) = 1743 Hz, 2J(P,Pt) = −22 Hz).39 Elemental analysis calcd
(%) for C24H54I3P3Pt3: C 20.57, H 3.88. Found: C 20.48, H 4.03.
4.4. Electrochemical Synthesis of [Pt3(CO)2I]

+ and Reaction
with I−. A solution of Pt3(CO)2I (4.8 mg, 4 × 10−3 mmol) in CH2Cl2
(7.0 mL) containing [nBu4N]PF6 0.2 M was electrolyzed at the first
anodic step (Ew = +0.4 V). Upon the passage of 1 faraday per mole,
the yellow solution became dark brown and the current dropped to a
very small value. A cyclic voltammetry of the solution showed the
quantitative formation of [Pt3(CO)2I]

+. On adding [nBu4N]I (4.4 mg,
1.2 × 10−2 mmol) the solution changed color again and the reaction
was monitored by cyclic voltammetry. In 15 min a pink solution was
obtained showing two reduction processes at −0.72 and −1.29 V. The
solution was concentrated to 0.5 mL and analyzed by 31P NMR
analysis, which confirmed the formation of Pt3I3.
4.5. Synthesis of Pt3Br3. A CH2Cl2 solution (5 mL) of Br2 (6 μL,

0.12 mmol) was added to a solution of Pt3(CO)2Br (140 mg, 0.12

mmol) in 10 mL of CH2Cl2 cooled to −20 °C. The solution was
stirred for 1 h at −20 °C and then for 6 h at room temperature.
Removal of solvent afforded a pink solid. Further purification was
accomplished by flash chromatography using silica gel and hexane as
eluent. Removal of solvent in vacuo gave Pt3Br3 as a pink solid in 74%
yield (112 mg). Pink crystals suitable for the X-ray analysis of Pt3Br3
were grown by recrystallization from CHCl3.

1H NMR (200 MHz,
CDCl3, 25 °C): δ = 1.64 ppm (3J(H,P) + 5J(H,P) = 7.7 Hz). 13C{1H}
NMR (50.3 MHz, CDCl3, 25 °C): δ = 51.3 (C, But), 30.5 ppm (CH3,
But).31P{1H} NMR (81.0 MHz, CDCl3, 25 °C): δ = 403.9 ppm (s,
2J(P,P) = 240 Hz, 1J(P,Pt) = 1725 Hz, 2J(P,Pt) = −18 Hz).39
195Pt{1H} NMR (42.8 MHz, CDCl3, 25 °C): δ = −3401 ppm (m,
1J(Pt,Pt) = 6650 Hz, 1J(P,Pt) = 1725 Hz, 2J(P,Pt) = −18 Hz).39

Elemental analysis calcd (%) for C24H54Br3P3Pt3: C 22.87, H 4.32.
Found: C 22.68, H, 4.23.

4.6. Electrochemical Synthesis of Pt3Br3. A solution of
Pt3(CO)2Br (48 mg, 0.041 mmol) in CH2Cl2 (10 mL) with 0.2 M
[nBu4N][Br] was electrolyzed at the first anodic step (Ew = +0.4 V).
When 2 faradays per mole had passed, the current level had decreased
to a very small value. At this point, the electrolysis was considered to
be complete and the reaction was stopped. Upon the addition of
petroleum ether to the pink solution obtained, an oil separated out.
The oil was washed twice with petroleum ether and the extracts were
evaporated to dryness. The red residue was purified by column
chromatography using silica gel and acetone, then hexane and finally
dichloromethane as eluents. Removal of the solvent in vacuo gave
Pt3Br3 as a microcrystalline pink solid (38 mg, 0.03 mmol, 73% yield).

4.7. Synthesis of Pt3Cl3. The compound Pt3(CO)2Cl (80 mg, 72
mmol) was dissolved in CH2Cl2 (5 mL) and cooled to −40 °C. PCl5
(15 mg, 72 mmol) was added and the solution was stirred for 3 h at
−40 °C. The solution was then allowed to warm to room temperature.
All the volatiles were removed in vacuo, and the residue was washed
with acetone and was passed over a silica gel chromatographic column
(acetone, then hexane and finally dichloromethane as eluents).
Removal of the solvents in vacuo gave Pt3Cl3 as a microcrystalline
yellow solid (9 mg, 11% yield). Yellow crystals suitable for X-ray
analysis of Pt3Cl3 were grown by recrystallization from CH2Cl2. Anal.
Calcd for C24H54Cl3P3Pt3: C, 25.57; H, 4.83. Found: C, 25.43; H, 4.69.
1H NMR (200 MHz, CDCl3, 25 °C): δ = 1.59 ppm (3J(H,P) +
5J(H,P) = 7.5 Hz). 13C{1H} NMR (50.3 MHz, CDCl3, 25 °C): δ =
50.9 (C, But), 30.0 ppm (CH3, Bu

t). 31P{1H} NMR (81.0 MHz,
CDCl3, 25 °C): δ = 398.5 ppm (s, 2J(P,P) = 240 Hz, 1J(P,Pt) = 1736
Hz, 2J(P,Pt) = −22 Hz).39 195Pt{1H} NMR (42.8 MHz, CDCl3, 25
°C): δ = −3157 ppm (m, 1J(Pt,Pt) = 6720 Hz, 1J(P,Pt) = 1736 Hz,
2J(P,Pt) = −22 Hz).39 Elemental analysis calcd (%) for
C24H54Cl3P3Pt3: C 25.57, H, 4.83. Found: C 25.43, H 4.69.

4.8. Synthesis of [Pt3(CO)2I]PF6. [Cp2Fe]PF6 (15 mg, 0.045
mmol) was added to a brown CH2Cl2 (3 mL) solution of Pt3(CO)2I
(52 mg, 0.043 mmol) with stirring. After 30 min the solvent was
removed in vacuo, the brown residue was washed with toluene and a
brown-greenish solid was filtered off, vacuum-dried and identified as
[Pt3(CO)2I]PF6 (49 mg, yield 85%). Anal . Calcd for
C26H54F6IO2P4Pt3: C, 23.15; H, 4.04. Found: C, 23.30; H, 4.09. IR:
solid state, 2062 cm−1; acetone solution, 2072 cm−1. 1H NMR (200
MHz, CDCl3, 25 °C): δ (ppm) = 12.0 (br s, CCH3). When we added
a CH2Cl2 solution of Cp2Co (0.05 M, 0.44 mL, 0.022 mmol) to a
CH2Cl2 solution of [Pt3(CO)2I]PF6 (30 mg, 0.022 mmol), the IR and
1H and 31P NMR spectra of the resulting solution exhibited only the
signals of Pt3(CO)2I and [Cp2Co]PF6.

4.9. Reactivity of [Pt3(CO)2I]PF6. 4.9.1. With [nBu4N]I. [
nBu4N]I

(8 mg, 0.022 mmol) was added to an acetone (2 mL) solution of
[Pt3(CO)2I]PF6 (30 mg, 0.022 mmol). Immediately after mixing, the
IR and the 31P NMR spectra of the solution showed the signals of
Pt3I3 (δP = 404 ppm) and [Pt3(CO)3]

+ (νCO = 2072 cm−1; δP = 151
ppm) (in rough 1:1 ratio). After addition of an excess of [nBu4N]I (50
mg, 0.135 mmol) and stirring for 4 h the IR and 31P NMR spectra
showed the disappearance of the signals of the Pt3(CO)3

+ and the
appearance of the signals of Pt3(CO)2I (νCO = 2025 cm−1, δP = 171.8
and 64.6 ppm).
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4.9.2. With [nBu4N]I and I2. [
nBu4N]I (8 mg, 0.022 mmol) and I2 (3

mg, 0.012 mmol) were added to an acetone (2 mL) solution of
[Pt3(CO)2I]PF6 (30 mg, 0.022 mmol). After 2 h of stirring, the
solution was concentrated to 0.5 mL and a 31P NMR spectrum showed
the presence of the signal of Pt3I3
4.10. Crystallography. Air stable crystals of Pt3I3, of Pt3Br3 and

of Pt3Cl3 were mounted on a Bruker APEX II diffractometer for the
unit cell, space group determination and data collection. Selected
crystallographic and other relevant data are listed in Table 4 and in the

Supporting Information. The space groups, unambiguously deter-
mined from the systematic absences, show that the three compounds
are isomorphous. Data were corrected for Lorentz and polarization
factors with the data reduction software SAINT40 and empirically for
absorption using the SADABS program.41 The structures were solved
by direct and Fourier methods and refined by full matrix least-
squares42 (the function minimized being ∑[w(|Fo|

2 − (1/k)|Fc
2|)2]).

The scattering factors used, corrected for the real and imaginary parts
of the anomalous dispersion, were taken from the literature.43 All
calculations and plotting were carried out by using the PC version of
SHELX-97,42 WINGX, ORTEP44 and Mercury programs.45

4.10.1. Structural Study of Pt3I3. The cell constants were refined by
least-squares, at the end of the data collection, using reflections up to
2θmax ≤ 58.2°. The data were collected by using ω scans, in steps of
0.3°. For each of the 1860 collected frames, counting time was 30 s.
The least-squares refinement was carried out using anisotropic
displacement parameters for all non-hydrogen atoms. The contribu-
tion of the hydrogen atom, in their calculated positions, (C−H = 0.96
(Å), B(H) = 1.5B(Cbonded) (Å

2)), was included in the refinement using
a riding model.

4.10.2. Structural Study of Pt3Br3. The cell constants were refined
by least-squares, at the end of the data collection, using reflections up
to 2θmax ≤ 57.7°). The data were collected by using ω scans, in steps
of 0.3°. For each of the 1500 collected frames, counting time was 30 s.
The least-squares refinement was carried out using anisotropic
displacement parameters for all non-hydrogen atoms, while the H
atoms were included in the refinement as described above.

4.10.3. Structural Study of Pt3Cl3. The values of the cell parameters
were refined at the end of the data collection using reflections up to
2θmax ≤ 58.7°. The data were collected by using ω scans, in steps of
0.5°. For each of the 1500 collected frames, counting time was 20 s.
The least-squares refinement was carried out using anisotropic
displacement parameters for all non-hydrogen atoms while the H
atoms were included in the refinement as described above.

4.11. Computational Details. All the calculations were carried
out within the Gaussian 09 package.46 The models used fully matched
the experimental compounds, as the substituents at the phosphorus
atoms were real But groups. Initial work by using much simpler PH2
bridges was dismissed to avoid any underestimation of the steric
hindrance effects. In the calculations, the B3LYP functional29 with
standard double-ζ quality LanL2DZ basis set was used for all the
elements.30 Polarization d functions were added on the P and I atoms.
For the heavier atoms (Pt and I), the Los Alamos effective core
potential was used. All calculations were carried out with the
conductor-like polarizable continuum model (CPCM) for a dichloro-
methane solution.31 The energy convergence criterion was set at 10−7

h. The latter value and the nonoptimal basis set were chosen as a good
compromise between the quality of the results and the highly requiring
complexity of the full models. Frequency calculations confirmed the
nature of any minimum structure. Based on the latter, also the free
energy contributions were evaluated for all the structures and were
exploited to construct potential energy surfaces, from which the most
probable reaction pathways were described. Accompanying qualitative
MO arguments have been developed with the CACAO package and its
graphic interface.47
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Table 4. Experimental Data for the X-ray Diffraction Study
of Pt3I3, Pt3Br3 and Pt3Cl3

Pt3I3 Pt3Br3 Pt3Cl3

formula C24H54I3P3Pt3 C24H54Br3P3Pt3 C24H54Cl3P3Pt3
mol wt 1401.55 1260.53 1127.19
data coll. T, K 295(2) 295(2) 295(2)
diffractometer Bruker APEXII
crystal size, mm 0.2 × 0.1 × 0.1 0.2 × 0.2 × 0.2 0.2 × 0.1 × 0.1
cryst syst hexagonal hexagonal hexagonal
space group (no.) P63/m (176) P63/m (176) P63/m (176)
a, Å 12.455(1) 11.9553(8) 11.662(1)
V, Å3 14.377(1) 14.656(1) 14.869(2)
Z 2 2 2
ρcalcd, g cm−3 2.410 2.308 2.137
μ, cm−1 133.72 149.87 123.30
T (min/max) 0.55/1.00 0.62/1.00 0.49/0.75
radiation Mo Kα (graphite monochromated, λ = 0.71073 Å)
θ range, (deg) 1.89 < θ <

29.41
1.97 < θ < 29.35 2.02 < θ < 29.72

no. of data collected 17940 22824 26959
no. of indep data 1801 1678 1712
no. of obsd rflns
(no)

1165 1485 1482

[ |Fo|
2 > 2.0σ(|F|2) ]

no. of params
refined (nv)

56 56 56

ext coeff 0.00265(9) 0.00026(6) 0.0007(1)
Rint

a 0.0213 0.0277 0.0763
R (obsd rflns)b 0.0183 0.0207 0.0384
R2

w (obsd rflns)c 0.0409 0.0431 0.0955
GOFd 1.048 1.095 1.308
aRint = ∑|Fo

2 − ⟨Fo
2⟩|/∑Fo

2. bR = ∑(|Fo − (1/k)Fc|)/∑|Fo|.
cR2

w =
{∑[w(Fo

2 − (1/k)Fc
2)2]/∑w|Fo

2|2]}1/2. dGOF = [∑w(Fo
2 − (1/k)

Fc
2)2/(no − nv)]

1/2.
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