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The synthesis of the trinuclear phosphido complexes [NBu4]2[(CeFs)M(u-PPhy).M'(u-
PPhy),M"(CeFs).] (M, M, M" = Pd(ll), Pt(ll), 1—-5) is described. A study of the electrochemical
behavior of these complexes is reported. The chemical oxidation of the homonuclear platinum
derivative involving two electrons yields the complex [(CsFs)Pt(u-PPhy).Pt(u-PPhy),Pt(CsFs),]
(6), which contains Pt in average formal oxidation state 2.67. The structure of the complexes
has been established by spectroscopic means, and X-ray diffraction studies have been carried
out on 1 and 6. Quantum chemical calculations at the B3LYP level of theory, using the
LANL2DZ basis set, provide a satisfactory description of the structural, bonding, energetic,
and electronic properties of these phosphido-bridged trinuclear Ms(11) compounds modeled
as [(CF3).M(u-PH2):M' (u-PH5),M" (CF3),]2~ (M, M', M" = Pd(ll), Pt(ll), IM—5M) and the
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oxidation product [Pts(u-PH2)4(CF3)4] (6M).

Introduction

The stability of the M—P bonds in bridging phosphido
ligands allows the synthesis of cluster or polynuclear
complexes,! and their flexibility permits them to adapt
to a wide range of distances between the metal centers,
which they support. These distances depend on the
electronic environment of the metals involved in the
polynuclear framework (i.e., their oxidation state and
coordination number).
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Several years ago we studied the capability of the
diphenylphosphido ligand to build up pentafluorophenyl
palladium or platinum complexes of different nuclear-
ity,2 and as a result we described a series of clusters
that, essentially based on the typical square planar
(more or less distorted) coordination environments of
the Pd or Pt centers, adopt the structure required to
satisfy the electron demands of the metal centers. To
illustrate this, we have collected in Scheme 1 several
examples, prepared by us,® of the structures adopted
indicating the number of skeletal electrons.

Recently, we described the synthesis of the binuclear
Complex [(CsF5)2Pt(‘M-PPh2)2Pt(C6F5)2] Pt(“l)_Pt(lll)
(Scheme 1b) through oxidation of the [NBug]2[(CsFs)2-
Pt(u-PPhy),Pt(CsFs),] Pt(11)—Pt(11) species.® This prod-
uct is one of the very few complexes known that displays
platinum in square planar coordination with a Pt—Pt
bond and the Pt—ligand bonds in the same plane. In
contrast Pt(111)—Pt(l11) complexes displaying octahedral
environments with the Pt—Pt bond perpendicular to the
equatorial plane have frequently been reported. This
fact prompted us to probe further the possibility of using
phosphido palladium(l1) or platinum(ll) complexes to
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synthesize polynuclear complexes with metal centers in
oxidation states higher than II.

In this paper we describe two methods for the
syntheses of homo- or hetero-trinuclear complexes
[NBu4)2[(CeFs5)2M(u-PPhy),M' (u-PPhy),M" (CeFs)2] (M, M,
M" = Pd(Il), Pt(11)) with bridging phosphido ligands and
study their electrochemical behavior. In addition we
describe the synthesis of a novel trinuclear compound
[(CaF5)2Pt(ﬂ-PPh2)2Pt(ﬂ-Pth)zpt(CBFs)z] in which the
platinum centers display fractional formal oxidation
states of 2.67. Some of the complexes reported are
studied by X-ray diffraction methods, and a detailed
study of their electronic properties has been carried out
by means of density functional theory (DFT).

Results and Discussion

Syntheses of Trinuclear Complexes with All
Metal Centers in Oxidation State Il. The synthetic
strategy for the preparation of these trinuclear com-
pounds was based on previous observations related to
pentafluorophenyl phosphido complexes. As has already
been noted? the tetranuclear compound [NBu4]2[(CsFs)-
Pt(u-PPhy),M(u-Cl),M(u-PPhy),Pt(CsFs)2] (M = Pt, Pd)
reacts with bidentate chelating ligands in 1:2 molar
ratio to yield binuclear asymmetric complexes [(CeFs)2-
Pt(u-PPhy),M(L—L)]. On the other hand, reaction with
monodentate ligands in a 1:2 molar ratio results in the
formation of yellow binuclear complexes [NBug4][(CesFs)2-
Pt(u-PPh2)2MCIL]. The latter, after abstraction of the
chloride ligand, yields red (M = Pt) or dark purple (M
= Pd) complexes, [(CeFs)2Pt(u-PPh,),ML].%2 These bi-
nuclear 30-electron complexes display a Pt — M dative
bond reflected in the short Pt—M distance (2.6571 A,
M = Pd, L = PPhg) (Scheme 1a). Addition of monoden-
tate L or bidentate L—L ligands results in the formation
of 32-electron species, which are yellow and, as expected,
do not contain Pt — M dative bonds [(CsFs)2Pt(u-PPhy).-
ML].

Aiming to prepare trinuclear phosphido-containing
complexes of palladium or platinum, we decided to use
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Figure 1. Structure of the complex anion of 1', [Pta(u-
PPh3)4(CeFs)a]?.

the cis-[M(CsFs)2(PPhy),]2~ dianion (prepared in situ by
treatment of the neutral compound cis-[M(CgFs),-
(PPhzH),] (M = Pd, Pt) with n-BuLi)? as a chelating
diphosphine metalloligand toward the binuclear 30-
electron [(CgFs).Pt(u-PPhy),MPPh3] (M = Pd, Pt) com-
pounds (Scheme 2). Should these complexes react in a
1:1 molar ratio with displacement of PPhg, the chelate
effect being an important driving force, it would result
in a general method for the controlled synthesis of
trinuclear phosphido-bridged complexes (see Scheme 2).
The isolation of the complexes requires the addition of
NBuy4* to facilitate crystallization. Complexes 1, 4, and
5 were prepared by using this synthetic method (called
method a below). Attempts to prepare the analogous
[(C6F5)2Pt(/,t-PPhz)zpt(,u-Pth)de(CsF5)2]2_ Compound,
by reacting [(CsFs)Pt(u-PPhy),PtPPhs] with cis-[Pd-
(CsFs)2(u-PPh,),]%~, afforded a mixture of complexes,
which we have not been able to separate. Most of the
trinuclear complexes, 1—4, have also been prepared by
an alternative route involving bridge-assisted substitu-
tion processes in which the phosphido metalloligands
cis-[M(CgFs)2(PPhy)2]?~, M = Pd or Pt, are treated with
trans-[PdCl,(tht);] or cis-[PtCI,(CH3CN),] in a 2:1 molar
ratio (see Scheme 2, method b).

Structural Characterization of Complexes 1-5.
Crystal Structure of [PPN]2[(CeFs)2Pt(u-PPhy),Pt-
(ﬂ-Pth)th(CeF5)2]'2M€‘2CO (1"2M€2CO). To obtain
better crystals, suitable for an X-ray structure deter-
mination, complex 1 was also prepared as its PPN salt
(see Experimental Section). Thus, a single-crystal X-ray
structural determination was carried out on [PPN];-
[(CsFs5)2Pt(u-PPhy),Pt(u-PPh,),Pt(CsFs)2]-2Me,CO (1'-
2Me,CO). The structure of the anion of 1' along with
the atom-labeling scheme is shown in Figure 1. Selected
bond distances and angles are listed in Table 1. The
anion of 1' is a trinuclear complex containing three Pt-
() atoms with square planar configurations, bridged
by diphenylphosphido ligands, while pentafluorophenyl
groups act as terminal ligands. In the crystal structure
there is an inversion center located at Pt(1); hence both
“halves” of the complex are identical. The coordination
environments of the Pt(1) and Pt(2) atoms exhibit an
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Table 1. Selected Bond Lengths (A) and Angles
(deg) for Complex
[PPN]Q[Ptg(ﬂ-Pth)4(C5F5)4]‘ZMGQCO (1'-2MeZCO)a

Pt(1)—P(1) 2.364(1) Pt(1)-P(2) 2.371(1) Pt(2)-C(7) 2.077(5)
Pt(2)-C(1) 2.085(5) Pt(2)—P(2) 2.313(1) Pt(2)—P(1) 2.324(1)

P(1)-Pt(1)-P(2) 105.08(5) P(1)-Pt(1)-P(2) 74.92(5)
C(1)-Pt(2)—-C(1) 91.0(2) C(7)-Pt(2)—P(2)  94.17(14)
CL)-Pt(2)—P(2) 174.53(13) C(7)—Pt(2)—P(1)  170.66(14)
C(1)-Pt(2)-P(1) 98.10(13) P(2)-Pt(2)-P(1) 76.79(5)
C(19)-P(1)-Pt(2) 108.0(2) C(13)-P(1)—Pt(2) 116.1(2)
C(19)-P(1)-Pt(1) 114.9(2)  C(13)-P(1)—-Pt(1) 115.4(2)
Pt(2)-P(1)—Pt(1) 100.04(5) C(31)—-P(2)—Pt(2) 112.4(2)
C(25)—-P(2)—Pt(2) 111.9(2) C(31)-P(2)—Pt(1) 113.7(2)
C(25)—-P(2)—Pt(1) 117.0(2)  Pt(2)—P(2)—Pt(l) 100.14(5)

a2 The symmetry transformation used to generate equivalent
P(2") atom is —x, —y, —z.

essentially planar geometry, with the angle between the
two planes being equal to 152.7°. The Pt---Pt distance
of 3.592(1) A strongly suggests that no intermetallic
bond is present. As a consequence, the Pt—P—Pt bond
angles are quite large (ca. 100°), and the inner P—Pt—P
angles small (ca. 75°), as previously observed in analo-
gous phosphido-bridged platinum complexes without
Pt—Pt bonds. The Pt—P and Pt—C distances are in the
range commonly found for complexes of this kind.3—8

The IR spectra of 1, 2, and 4 show two absorptions of
similar intensity (in the range 760—780 cm™1, see
Experimental Section) assignable to the X-sensitive
mode of the CgFs groups,* in accord with the presence
of two mutually cis CgFs groups per metal center. In
the IR spectrum of complex 3 these bands are not well
resolved, whereas in complex 5, which contains two CgFs
groups bonded to a Pt center and two CgFs groups
bonded to Pd, three absorptions, one of them with higher
intensity, were observed in this region.

The F NMR spectra of 1-4 (see Experimental
Section) show three signals with intensities in the ratio
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2:2:1. One of them, with platinum satellites for com-
plexes 1 and 4, is characteristic of the o-F atoms, and
the two other signals at higher field are due to m-F and
p-F atoms. This 1°F NMR pattern indicates that all CgFs
moieties are equivalent in solution. The two halves of
each pentafluorophenyl group are likewise equivalent.
The 1°F NMR spectrum of 5 shows six signals in 2:2:2:
2:1:1 intensity ratio: two signals in the o-F region, one
of them with platinum satellites, two signals due to the
two types of m-F, and two signals (intensity ratio 1:1)
due to the two types of p-F atom. This pattern reflects
the presence of two equivalent CgFs groups bonded to a
platinum center and two equivalent CgF5s groups bonded
to palladium, as well as the magnetic equivalence of the
two halves of all CgFs moieties in solution.

The 3P NMR spectra of 1—5 show signals in the high-
field region (6 P from —105.3 to —126.4 ppm). The
spectrum of 1 shows a singlet signal in accord with the
presence of four equivalent P atoms for the isotopomer
in which 1%5Pt atoms are not present (29.3% abundance).
This signal is flanked by platinum satellites, due to the
presence of five isotopomers in which one, two, or three
metal centers are 1%5Pt. The signals due to the five
isotopomers are strongly overlapped; hence only the
doublet due to the isotopomer in which the central
platinum atom is 19Pt (A;X spin system, 14.9% abun-
dance) can be unambiguously identified from the spec-
trum and the 1Jp¢p value of 1606 Hz can be extracted.
In complex 2, in which all the metal atoms are pal-
ladium, the four P atoms are equivalent, and therefore
only one singlet signal is observed in the 3P NMR
spectrum. The spectrum of complex 3 shows the central
singlet and the expected doublet due to the 195Pt (A4X
spin system, 33.7% abundance), 'Jptp = 1485 Hz. The
spectrum of complex 4 shows the central singlet due to
the isotopomer in which 1°5Pt atoms are not present (all
P atoms are equivalent, 43.9% abundance) and platinum
satellites due to the isotopomers with one (AA'A”A"'X
spin system, 44.7% abundance) or two 1%°Pt atoms
(AA'A"A"XX'" spin system, 11.3% abundance). From the
signals due to the isotopomer with one 9Pt the 1Jpp
and N (Jaa’ + Jaa~) values can be extracted and are
found to be 1502 and 129 Hz, respectively. In complex
5, which contains two types of P atom (two P atoms
bridging two palladium centers and two P atoms bridg-
ing one palladium and one platinum center), the spec-
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trum shows a pattern typical of an AA'’XX' spin system,
the X part exhibiting platinum satellites. All data, which
can be extracted from the spectrum, are collected in the
Experimental Section. The 6P values in phosphido
derivatives are very informative about structure. Usu-
ally these values are found in the range of +300 to +50
ppm for complexes in which the metals bridged by PR,
groups are joined by a metal—metal bond and in the
range of +50 to —200 ppm when the metals are not
bonded.8 In our experience, the 6P values in complexes
with large M—M distances (no metal—metal bond)
appear at lower fields in the “M(u-PPhz)M” and “M (u-
PPhy)(u-X)M” fragments (0P = 48.9 ppm in [Pda(u-
PPh,)2(u-Cl)4(CsFs)4]>7;> —6.9 ppm in [Pty(u-PPhy)s-
(C6F5)4(CO)2);8 1.4 (X = Cl) or —31.4 (X = OH) ppm in
[Pt3(/,t-Pphz)g(‘u-X)(CsF5)2(PPh3)2]7) than in the “M(/,t-
PPhy),M” fragments (0P = —121.1 and —109.7 ppm in
[Pta(u-PPhz)5(CsFs)2(CsHsN)(CO)];3 —132.0 ppm in [Pto-
(u-PPh3)2(CeFs)2(phen)]?). So, the 6P values in complexes
1-5 are found in the range expected for complexes in
which two PPh; groups bridge two metal centers with-
out a metal—metal bond. In addition, it is noteworthy
that 0P in the homotrinuclear palladium complex 2,
—106.4 ppm, appears at lower field than in the homo-
trinuclear platinum complex 1, —126.4 ppm. Similarly,
the oP value for PPh; groups bonded to two palladium
centers in the heterotrinuclear complex 5, —105.3 ppm,
is higher than for the two PPh;, groups bonded to one
palladium and one platinum center in the same deriva-
tive 5, —123.6 ppm. The same trend can be observed in
the symmetric heterotrinuclear complexes 3 (Pd,Pt) and
4 (Pt,Pd): —110.3 and —118.0 ppm, respectively. Like-
wise, the dinuclear complexes [(CgFs)2M(u-PPhy),M'-
(CeFs)2]>~ (—105.6, —128.2, and —146.9 ppm for Pd,,
PdPt, and Pt; derivatives, respectively)? and the tetra-
nuclear derivatives [{(CeFs)Pt(u-PPh3)>M(u-Cl)}2]2~
(—113.1 or —133.2 ppm for M = Pd or Pt, respectively)?
show the same relationship. These data lead us to
conclude that in a diphenyphosphido complex the P
atom of the PPh; group is shielded upon substitution
of a palladium by a platinum center.

Oxidation Reactions. The complexes 1—-5 were
studied by cyclic voltammetry. In all cases the experi-
ments were carried out in CH,ClI; solutions using [NBug]-
[PFe] as the supporting electrolyte, a Pt disk electrode,
and a calomel reference electrode (SCE). The very low
solubility of the complexes makes it necessary to work
with dilute solutions, ca. 1 x 1075 M. All complexes show
oxidation waves in the range between —0.3 and 0.1 V
The cyclic voltammograms for complexes 1 and 4 exhibit
quasi-reversible oxidation processes in which the anodic
and cathodic peaks appear at —10 and —217 mV (1) and
—160 and —278 mV (4) at 100 mV s~ scan rate, but
the separation between them varies with scan rate (see
Figure 2). However, in the same potential range,
complexes 2, 3, and 5 show only the oxidation waves at
—170, —86, and —182 mV, respectively, the reduction
peak not being perceptible. In addition, the electro-
chemical behavior of complexes 2—5 also involves an
irreversible oxidation at higher potentials, 886, 984,
1.076, and 714 mV, respectively, at 100 mV s,

Chemical oxidation of complexes 1—5 was attempted

with Ag™. Reaction of a yellow suspension of [NBuy]»-
[(C6F5)2Pt(//t-PPh2)2Pt(/l-PPh2)2Pt(CaF5)2], 1, with Ag-
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Figure 2. Cyclic voltammogram for complex 4 in the range
—1.00to 1.25V at 50 mV s~ (solid line) scan rate showing
the quasi-reversible oxidation processes at E; = —160 mV,
E. = —270 mV and an irreversible oxidation at 1.076 mV.
Dotted line CV at 300 mV s~ scan rate (E; = —119.7 mV,
E. = —308.3 mV and an irreversible oxidation at 1115 mV.

ClO4 (1:2 molar ratio) in CH,CI, solutions for 3 h
resulted in the precipitation of metallic silver and the
formation of a dark red solution. After workup of the
mixture the neutral trinuclear cluster [(CgFs)2Pt(u-
PPh,),Pt(u-PPh,),Pt(CsFs),], 6, was obtained as a deep
red solid, which contains two metal centers in formal
oxidation state 111 and one in formal oxidation state 11
and hence contains a [Pt3]®* core. No evidence for the
formation of the trinuclear [(CeFs)2Pt(u-PPhy) Pt(u-
PPh;),Pt(CsFs)2]" cation with all the Pt centers in
formal oxidation state 111, [Pt3]°", was obtained. The
trinuclear mixed-valence compound 6 can be chemically
reduced to the Pt(ll) derivative 1 by reaction with NBu,-
BH, in CH.CI, in a 1:2 molar ratio.

Attempts to oxidize the other trinuclear complexes
(2—5) with Ag™ under similar conditions afforded very
dark solutions from which a mixture of Pt/Pd-containing
complexes was obtained. We have not been able to
separate and identify the compounds in these mixtures,
although the 3'P NMR spectra of the mixtures seem to
indicate that no complexes analogous to 6 are present.
These mixtures are currently being investigated further.

Crystal Structure of [(CgeFs)2Pt(u-PPhy)Pt(u-
Pth)th(Cer)z]'n-Csng (6-n-C5H12). The structure
of complex 6 along with the atom-labeling scheme is
shown in Figure 3. Selected bond distances and angles
are listed in Table 2. It is a neutral trinuclear compound
involving three Pt atoms [formally Pt(I111)—Pt(111)---Pt-
(11)] bridged by diphenylphosphido ligands, while the
pentafluorophenyl groups act as terminal ligands. In the
crystal structure of 6 there is a 2-fold axis passing
through all three platinum atoms. The Pt---Pt interme-
tallic distances are quite different; the Pt(1)---Pt(2)
distance of 2.776(1) A is indicative of a Pt(1)—Pt(2) bond,
whereas the Pt(2):+-Pt(3) distance is 3.674(1) A, ruling
out any Pt—Pt bond. The framework of the “Pt(2)(u-
PPh,),Pt(3)(CeFs)2” moiety is quite similar to that
described for complex 1'. However, some structural
parameters of the “(CeFs)2Pt(1)(u-PPh2),Pt(2)” moiety
are quite different. As a result of the Pt(1)—Pt(2) bond,
the inner Pt—P—Pt bond angles are smaller in 6,
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Figure 3. Structure of complex [Pt3(CsFs)s(u-PPhy)4] (6).

Table 2. Selected Bond Lengths (A) and Angles
(deg) for Complex [Pt3(CsFs)a(u-PPh3)4]-n-CsHy»
(6'”'C5H12)a

Pt(1)—-Pt(2) 2.777(1) Pt(1)-C(l) 2.078(10) Pt(1)—P(1) 2.280(3)
Pt(2)—P(1) 2.299(3) Pt(2)—P(2) 2.380(2) Pt(3)—C(7) 2.054(10)
PY(3)-P(2) 2.274(3)

C(1)-Pt1)-C(1)  86.7(6)
C()-Pt1)-P(1)  85.2(3)
C)-Pt(1)-Pt(2)  136.6(3)
P(1)—Pt(2)—P(2)  149.41(9)
P(2)—-Pt2)—P(2)  73.74(12)
C(7)—Pt(3)-C(7)  89.0(5)
C(7)-Pt(3)-P(2)  96.6(3)
Pt(1)-P(1)—Pt(2)  74.66(8)

C(1)-Pt(1)-P(1')  163.7(3)
P(1)—Pt(1)-P(1)  105.97(12)
P(1)—Pt(2)—-P(1)  104.70(13)
P(1)-Pt(2)-P(2)  96.69(9)
P(2)-Pt(2)—Pt(l)  143.13(6)
C(7)-Pt(3)-P(2)  174.3(3)
P(2)-Pt(3)-P(2)  77.77(13)
Pt(3)-P(2)—Pt(2)  104.25(10)

aThe symmetry transformation used to generate equivalent
primed atoms is —x + 2,y, —z + 3/2.

74.66(8)°, while the P—Pt—P angles are larger, at
around 105°. This complex is another excellent example
of the well-recognized flexibility of bridging phosphido
ligands which are able to adapt the M—P—M bond angle
to the M—M distance, according to the existence or not
of an intermetallic bond. The coordination environments
of Pt(1) and Pt(3) are planar, but that of Pt(2) is quite
distorted, probably due to the difference of the two inner
P—Pt(2)—P angles (104.70(13)° and 73.74(12)°). Thus
the dihedral angle formed by the Pt(2)—P(1)—P(1a) and
Pt(2)—P(2)—P(2a) planes is 38.4°. The Pt—P and Pt—C
distances are in the range commonly found for this kind
of complex.

The °F NMR spectrum of 6 (in deuteroacetone, HDA,
as well as in CD,Cl,) at room temperature shows three
signals in a 2:2:1 intensity ratio: one of them, with
platinum satellites, in the usual region for o-F atoms
and two signals at higher fields due to m-F and p-F
atoms. This pattern indicates that in solution the four
CeFs groups are equivalent, as are the two halves of
each pentafluorophenyl group. This is not in accord with
the structure of 6 in the solid state. Nevertheless, in
agreement with the solid-state structure, the spectrum
at 218 K in CD,Cl; shows six signals (intensity ratio
2:2:1:2:1:2): two signals, with platinum satellites, due
to two types of o-F, two signals due to two types of m-F,
and two signals for two types of p-F atoms. This pattern
is in accord with the presence of two types of CgFs
groups: two CgFs groups bonded to a Pt(l11) center and
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two CgFs groups bonded to a Pt(ll) one. The chemical
shifts indicate that at room temperature none of the
CeFs groups are bonded to a paramagnetic Pt center. A
variable-temperature study of the dynamic process gives
a AG value of 43 kJ-mol~1.

The 3P NMR spectrum of 6 in CD,Cl; at 218 K is in
accord with the structure in the solid state. It shows
two well-separated signals, as expected for an AA'XX’
spin system for the four P atoms, at 262.3 and —124.2
ppm. The downfield signal indicates the presence of two
diphenylphosphido groups bridging two metal centers
joined by metal—metal bond. Both signals appear as
broad pseudotriplets, and all we can extract from them
is the value of 112 Hz for N (Jax + Jax). Both signals
are flanked by platinum satellites due to the three
isotopomers, in which one platinum center is 9Pt
(14.8% each one) and the two 'Jpip values can be
extracted for each signal. Signals due to the three
isotopomers in which two platinum centers are 9Pt
(7.5% abundance each one) as well as to the one in which
the three metal atoms are 9Pt (3.8% abundance) were
not observed. No signals have been observed in the 3P
spectra of 6 at room temperature either in CD,Cl; or in
HDA. Nevertheless at 323 K in HDA a very broad signal
centered at ca. 60 ppm just emerges from the baseline.
The NMR spectra of 6 indicate that at room temperature
a dynamic process, which renders the two terminal Pt
centers magnetically equivalent, operates in solution.
These data are consistent with this being the higher
barrier process noted above.

This kind of dynamic behavior constitutes a clear
example of M—M bond migration which takes place
through an intramolecular electron transfer and which
is favored by the flexibility of the phosphido ligand.
Dynamic metal—metal bonds is not an unknown phe-
nomenon and it is being studied with great interest.®

The characteristic absorption bands of the pentafluo-
rophenyl groups in the IR spectrum near 950 cm~! are
very informative.* In this region of the spectrum,
complex 6 shows two absorptions of similar intensities
at 963 and 955 cm™1, whereas the starting material, the
anionic platinum(l1) species 1, shows only one absorp-
tion at 950 cm~! The shift of the frequency of one of the
absorptions to higher wavenumbers by 15 cm™1 is in
agreement with an increase in the formal oxidation
state in one of the two metal centers bonded to CgFs
groups. Complex 6, which involves two different cis-Pt-
(CsFs)2 moieties, shows three absorptions assignable to
the X-sensitive mode of the CgFs groups.

Computational Studies Using Density
Functional Theory

(a) Qualitative Description of the Electronic
Structures of the Complexes [Pts(u-PPh2)4(CsFs)a]"~
(n =2, 0). An understanding of the Pt—Pt interactions
and their influence on the reactivity and physical
properties of [Ptz(u-PPhy)4(CeFs)4]"~ (n = 2, 0) and
related compounds is based on the electronic structure

(9) (a) Bailey, D. A.; Balch, A. L.; Fossett, L. A.; Olmstead, M. M.;
Reedy, E. Inorg. Chem. 1987, 26, 2413. (b) Chisholm, M. H.; Clark, D.
L.; Hampden-Smith, M. J. J. Am. Chem. Soc. 1989, 111, 574. (c)
Houser, E. J.; Rauchfuss, T. B.; Wilson, S. R. Inorg. Chem. 1993, 32,
4069. (d) Houser, E. J.; Venturelli, A.; Rauchfuss, T. B.; Wilson, S. R.
Inorg. Chem. 1995, 34, 6402. (e) Liu, X.-Y.; Riera, V.; Ruiz, M. A.;
Tiripicchio, A.; Tiripicchio-Camellini, M. Organometallics 1996, 15, 983.
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Scheme 3

and bonding in their bridge Pt (u-PRy2), regions. Gener-
ally, allocation of the Pt—Pt-based valence electrons into
molecular orbitals of o, 7, 4, 0*, 7*, and o* symmetries
(in the framework of the through-ring bonding theory
in edge-sharing dimers of square planar complexes
suggested by Alvarez et al.1% could provide a wealth of
information regarding the chemistry that these tri-
nuclear platinum systems will possess.

Qualitatively, one expects four bridge MOs, which
arise from the interaction of the lone-pair combination
of the bridging PR, unit with the Pt,L4 orbitals of the
same symmetry. These MOs having ag, bay, bay, and byg
symmetry (first four orbitals shown in Scheme 3), along
with three more orbitals exhibiting high electron density
on the bridge atoms and having big, bz, and z*
symmetry are depicted schematically in Scheme 3. The
a* MO, together with o*, has distinctly lower d char-
acter than the other six orbitals, and its presence allows
d’—d” molecules to exist.’* The d8—d® [LoPt(11)(u-PRx),-
Pt(11)L2]?>~ compounds will have two bridging bonds and
then a sufficient number of electrons to fill up all six o,
o*, m, w*, o, and 6* PtPt orbitals resulting in no
intermetallic Pt—Pt bond. In contrast, the d’—d” [L,Pt-
(1D (u-PR2)2Pt(1)L;] compounds will have only 10
electrons to occupy the six PtPt orbitals, two bridging
bonds resulting in a formal single Pt—Pt bond. These
MO architectures built up from the simple extended
Huckel calculations! are quantitatively supported by
DFT calculations at the B3LYP level of theory as some

(10) Aullon, G.; Alemany, P.; Alvarez, S. J. Organomet. Chem. 1994,
478, 75.

(11) Shaik, S.; Hoffmann, R.; Fisel, C. R.; Summerville, R. H. J. Am.
Chem. Soc. 1980, 102, 4555.
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Figure 4. Structural parameters of [Pty(u-PH2)4(CF3)4]2~
(M) model compound taken from the crystal structure of
[Pts(u-PPh,)4(CsFs)4]?>~ (a) and those of a fully optimized
geometry at the B3LYP/LANL2DZ level of theory exhibit-
ing D2n symmetry (b) (bond lengths in A, bond angles in
deg).

of us have previously reported3® in a detailed DFT and
structural study of d8—d® [L,Pt(I1)(u-PH2)2Pt(11)L,]%>~
and d’—d7 [LoPt(111)(u-PH>).Pt(111)L] (L = CgFs) com-
plexes. In the latter study the ability of such DFT
methods (B3LYP functional, LANL2DZ, 6-31G basis set)
to reproduce experimental geometry and identify the
Pt---Pt bonding interactions and its variation on oxida-
tion in this class of complex was demonstrated.

(b) Electronic Properties and Bonding of the
Trinuclear [Pt3(u-PH2)4(CF3)4]2~ (1M) Compound.
The structural parameters of the model compound [Pts-
(u-PH3)4(CF3)4]>~ (1M) shown in Figure 4a are those of
the real [Pt3(u-PPh;)4(CeFs)4]2~ dianion (1) determined
experimentally by X-ray crystallography. Selected geo-
metrical parameters of the fully optimized geometry at
the B3LYP/LANL2DZ level of theory of the model
compound 1M are shown in Figure 4b. The optimized
geometry corresponds to a planar structure exhibiting
D2n symmetry. The two structures differ mainly in the
deviation of the coordination geometry of the real [Pts-
(u-PPhy)4(CeFs)4]? dianion (1) from planarity (the square
planar geometries of one terminal and the central
platinum atoms form an angle of 27.3°). Such a devia-
tion from planarity of 1 results in a structure for 1M,
which is about 152 kcal-mol~! higher in energy than the
optimized planar Dy, structure. The stabilization of the
nonplanar geometry of 1 adopting a chair conformation
could be attributed to both the bulk and electronic
effects of the bridging PPh, and the terminal CgFs
ligands. In effect, the substitution of PPh, and CgFs
ligands by the simpler PH, and CF3 ligands, respec-
tively, to obtain a computationally convenient size,
affects the computed geometrical parameters of 1M. In
general terms, the computed Pt—P bond lengths of both
the terminal and central Pt(ll) atoms in the optimized
planar Dy, structure are longer by 0.074 A (0.127 A)
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Figure 5. Highest occupied (HOMO) and lowest unoc-
cupied (LUMO) molecular orbitals of [Pts(u-PH2)4(CF3)4]?~
(M), along with a few more frontier MOs exhibiting
predominantly d,2 character localized either on the central
or terminal Pt(ll) atoms.

and 0.071 A (0.077 A), respectively, as compared to those
of 1M corresponding to the experimentally determined
geometry. The same is also true for the Pt---Pt distance
in 1M being 0.251 A longer than the experimentally
estimated value (3.843 vs 3.592 A). In contrast, the
computed bond angles are in fairly good agreement with
the experimental values, differing at most by 6.6°. The
computed dipole moments of both structures are 0.0 D.

The HOMO—-LUMO energy gap of 1M is 4.65 eV (4.62
eV for D,y structure), illustrating a well-defined closed-
shell electronic configuration consistent with the dia-
magnetic nature of the real compound. Moreover, a
group of five frontier MOs with eigenvalues in the region
of —1.52 to —2.14 eV exhibiting predominantly Pt d
character (Figure 5) is expected along with the HOMO
at —1.18 eV to be involved in the two-electron oxidation
of [Pta(u-PH2)4(CF3)4]?~ (1M) to [Pt3(u-PH2)4(CF3)4] (6M).
In effect the two electrons involved in the oxidation
process are electrons occupying the MOs localized
mainly on the P and Pt(ll) atoms. In addition, upon
removing the two electrons occupying the MOs, there
are appropriate d orbital residues located on the oxi-
dized metal centers to favor two-center—two-electron
interactions leading to the formation of a Pt(l11)—
Pt(l1l) intermetallic bond. Notice that the HOMO
exhibiting ag symmetry is a nonbonding MO being
primarily an out-of-phase combination of px wave func-
tions of the P atoms. On the other hand the LUMO with
ay, symmetry corresponds to Pt—P antibonding interac-
tions mainly localized on the central PtP4 chromophore.
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Figure 6. Structural parameters of [Pts(u-PH2)4(CF3)4]
(6M) taken from the crystal structure of [Pts(u-PPhy)s-
(C6Fs)4] (@) and those of a fully optimized geometry at the
B3LYP/LANL2DZ level of theory (b) (bond lengths in A,
bond angles in deg).

(c) Electronic Properties and Bonding of the
Trinuclear [Pts(u-PH2)4(CF3)4] (6M) Compound.
Exploring the existence of intermetallic Pt(111)—Pt(I11)
interactions in the oxidized product inferred from the
relatively short Pt(111)—Pt(I11) distance of 2.776 A in the
real [Ptz(u-PPhy)4(CeFs)s] compound 6, two possible
structures of the model [Pts(u-PH2)4(CF3)4] compound
have been studied at the B3LYP level of theory. The
first corresponds to the experimentally determined
geometry of [Pts(u-PPhy2)4(CesFs)4] 6 shown in Figure 6a
(6M). The second structure corresponds to the B3LYP/
LANL2DZ fully optimized geometry of 6M with the
selected structural parameters shown in Figure 6b. In
both structures the coordination environments of Pt(1)
and Pt(3) are planar, but that of Pt(2) is quite distorted.
The computed dihedral angle formed by the Pt(2)—P(1)—
P(1a) and Pt(2)—P(2)—P(2a) planes is 15.0°, much lower
than the experimentally determined value of 38.4° for
6. The fully optimized structure of 6M was found at
about 181 kcal-mol~! lower in energy than the structure
with the experimentally determined geometrical pa-
rameters. The substitution of PPh, and CgFs by PH, and
CF3 ligands, respectively, affects the computed geo-
metrical parameters of 6M. The Pt—P bond lengths of
both the terminal and central Pt atoms are overesti-
mated at the fully optimized structure. Thus, the
terminal Pt(11l)-P and Pt(Il)-P bond lengths are
longer by 0.19 and 0.21 A, respectively, while the central
Pt(111)—P bond lengths are longer by 0.07 A (0.11 A) as
compared to those of 6M with the experimentally
determined structural parameters. The same is also true
for the Pt(11D)—Pt(lI11) and Pt(l11)---Pt(l1) distances in
6M, being 0.202 and 0.134 A longer than the experi-
mentally estimated values (2.978 vs 2.776 A and 3.808
vs 3.674 A). The computed bond angles are in fairly good
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Figure 7. HOMO and LUMO of [Pt3(u-PH5)4(CF3)4] (6M).

agreement with the experimental values, differing at
most by 9.3°. In contrast to the unoxidized Pt(l11) (d®)
complex the computed structure of 6 illustrates that the
central Pt(I11) (d”) prefers to adopt a nonplanar four-
coordinated geometry, in line with the experimental
observations. The computed dipole moment of 6M is 6.7
D (7.90 D for 6M with the experimentally determined
geometry).

The HOMO of 6M, with an eigenvalue of —6.93 eV
(—7.45 eV for the optimized structure), corresponds to
Pt(11)—CF3 bonding interactions depicted schematically
in Figure 7. The Pt(ll) orbitals participating in these
bonding interactions are mainly an in-phase combina-
tion of d,2 and dy, orbitals. Further oxidation of 6 would
be expected to occur on the terminal Pt(Il) atom,
affording a fully oxidized Pt3(I11) compound. However,
such an oxidation would occur at high oxidation poten-
tial (approximately higher than 6.93 V according to
Koopmans’ theorem). This is consistent with the obser-
vation that chemical oxidation to the [Pt3]°* cation was
not detected in any of the oxidation processes. The
LUMO (Figure 7), with an eigenvalue of —5.21 eV
(—5.82 eV), corresponds to o* Pt(111)—Pt(l11) antibonding
interactions involving significant contributions from the
bridging phosphido ligands. The LUMO' character is
consistent with 6 being reversibly reduced to 1. The
HOMO—-LUMO energy gap is 1.72 eV (1.63 eV), indi-
cating that 6 has a singlet diamagnetic ground state.
Calculations performed on the triplet state, at the same
level of theory, illustrated that the latter is 40 kcal-mol—!
higher in energy.

Looking for bonding molecular orbitals which are
likely to contribute to Pt(I11)—Pt(l1l) intermetallic in-
teractions, the most important, with an eigenvalue of
—11.82 eV (—11.40 eV), is depicted schematically in
Figure 8. This MO was found at much lower energies
than those of all other metal-based orbitals and exhibits
strong Pt(111)—Pt(I11) o-bonding character.

From the analysis of Mulliken population results
given in Figure 9 the following conclusions can be
drawn: (a) The terminal Pt atoms acquire positive net
atomic charges, while the central one is negatively
charged with a computed negative net atomic charge of
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Figure 8. The o-bonding molecular orbital of [Pts(u-PHy)4-
(CF3)4] (6M) contributing to Pt(111)—Pt(l11) intermetallic
interactions.

Figure 9. Net atomic charges and bond overlap popula-
tions of [Pts(u-PH2)4(CF3)4] (6M) obtained from a Mulliken
population analysis.

—0.536 charge units, being equal to that of the central
platinum atom of the unoxidized compound 1M. In the
latter compound the terminal Pt atoms are almost
neutral, with net atomic charges of only —0.003 charge
units. Obviously, the central Pt atom is predicted to be
the nucleophilic center of the [Pts(u-PH2)4(CF3)4] com-
pound (6M). (b) The bond overlap populations of the
Pt—P bonds indicate that the formation of the Pt—Pt
intermetallic bond strengthens the Pt—P bonds (bop
values of 0.164 and 0.200 in the four-member ring
involving Pt—Pt interactions as compared to those of
0.145 and 0.196 in the four-member ring without Pt—
Pt interactions). Surprisingly, the bop values do not
correlate with the Pt—P bond lengths, as it should be
expected for covalent bonding and suggesting that in
the solid state other factors, such as packing forces and
steric interactions, are operating.'?> Most importantly,
the oxidation results in a significant weakening of the
Pt—P bonds formed by the bridging phosphido ligands
(compare the bop of the Pt—P bonds of the central and
terminal Pt atoms of the precursor dianion, being 0.201
and 0.265, respectively, to those of its oxidized product).
Upon oxidation of 1M to 6M, there is a remarkable
increase of the positive net atomic charge on the P atoms
of the bridging phosphido ligands (0.18 in 1M and 0.26
and 0.28 in 6M). (c) Interestingly, weak P---P interac-
tions exist between the phosphido ligands bridging the
central and terminal Pt atoms, reflected in the P---P
bond overlap population of 0.024.

(d) Electronic Properties and Bonding of Tri-
nuclear [Pds(u-PH2)4(CF3)a]?~ (2M), [(CF3).Pd(u-PH2).-
Pt(u-PH2).Pd(CF3)2]*~ (3M), [(CF3).Pt(u-PHz).Pd(u-
PH2)2Pt(CF3)2]27 (4M), and [(CF3)2Pt(ﬂ-PH2)2Pd(ﬂ-
PH,),Pd(CF3),]2~ (5M) Compounds. Our last models
were the other trinuclear compounds involving the

(12) Martin, A.; Orpen, A. G. J. Am. Chem. Soc. 1996, 118, 1464.
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Figure 10. B3LYP/LANL2DZ fully optimized structures
of trinuclear [Pd3(L{-PH2)4(CF3)4]27 (ZM), [(CFg)zpd(M-PHz)z-
Pt(u-PH2),Pd(CF3)2]*~ (3M), [(CF3)2Pt(u-PH2)oPd(u-PH,).-
Pt(CF3)2]27 (4M), and [(CF3)2Pt(,u-PH2)2Pd(,u-PH2)2Pd-
(CF3)2]2~ (5M) compounds (bond lengths in A, bond angles
in deg).

PA(11)-++Pd(I1)---Pd(11), 2M, Pd(11)-+-Pt(11)---Pd(I1), 3M,
Pt(I11)-+-Pd(11)---Pt(11), 4M, and Pt(I1)-+-Pd(11)---Pd(I1),
5M, skeletons. The structural parameters of the B3LYP/
LANL2DZ fully optimized geometries of 2M—5M are
shown in Figure 10. Surprisingly, there are no signifi-
cant structural changes upon substitution of Pd by Pt
atoms. The Pd—P and Pt—P bonds have almost the same
length. The same is also true for the P—Pd—P and
P—Pt—P bond angles. The only significant change
observed is the lengthening of the Pd—C bond by 0.018
A with respect to the Pt—C one.

The HOMOs at —0.858, —0.982, —1.056, and —0.97
eV for 2M, 3M, 4M, and 5M, respectively, correspond
to nonbonding MOs, being primarily an out-of-phase
combination of px wave functions of the P atoms. A
representative HOMO along with a LUMO for 2M is
depicted schematically in Figure 11. The HOMO's
character indicates that a two-electron oxidation of the
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LUMO

Figure 11. HOMO, HOMO-1, and LUMO of [Pd3(u-PH5)4-
(CF3)4]27 (ZM)

complexes would be expected to occur primarily on the
bridging phosphido ligands instead of the metal atoms.
However, the HOMO-1 shown also in Figure 11 corre-
sponding to M—P and M—C bonding interactions local-
ized on the terminal metal atoms having also a small
contribution from the d,2—y2 orbital of the central metal
atom could support the oxidation of the metal atoms,
as well.

Based upon the well-established maximum hardness
principle (MHP) the stability of the trinuclear dianions
follow the trend 1M > 3M > 4M > 5M > 2M with 5 =
2.309, 2.119, 1.929, 1.888, and 1.823 eV, respectively,
the hardness 7 defined by Parr and Pearson3 as 5 =
1/2(|P - EA) = 1/2(6LUMO - EHQMo) and where IP and
EA are the first vertical ionization potential and electron
affinity of the species, which in the framework of
Koopman'’s theorem can be approximated by exomo and
eLumo With opposite sign, respectively. In general terms
it can be seen that the stability of the compounds
increases as the number of Pt atoms increases.

Concluding Remarks

This paper presents general methods for the synthesis
of homo- or hetero-trinuclear phosphido-bridged com-
plexes. Cyclic voltammetry studies reveal the possibility
of oxidation of all of them. However, only the homo-
nuclear platinum derivative 1 is chemically oxidized to
a compound, which can be fully characterized, com-
pound 6. This species contains platinum in formal

(13) (a) Parr R. G.; Pearson R. G. J. Am. Chem. Soc., 1983, 105,
7512, (b) Pearson R. G. J. Chem. Educ. 1987, 64, 561. (c) Pearson R.
G. Acc. Chem. Res. 1992, 26, 250.
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oxidation state 2.67, i.e., two platinum centers in
oxidation state IlIl and the other one in Il. This
compound is noteworthy since (a) as far as we know, it
is only the second example of an homonuclear triplati-
num species with an average oxidation state above II.
The first, [Pt3(Hnonp)2(NOz)(bipy)s](ClO4)2(NOs), has
been described recently.'* (b) In complex 6 the Pt—Pt
bond is not perpendicular (or nearly perpendicular) to
the platinum coordination planes and the platinum
coordination planes are not parallel (or nearly parallel),
as is the case in [Pt3(Hnonp)2(NO3)(bipy)3](Cl04)2(NOs3)
and in most polynuclear platinum complexes exhibiting
oxidation states higher than 11.15 (c) The Pt—Pt bond is
clearly localized, in the solid state, between two plati-
num centers, displaying very different distances be-
tween the metal centers. However, this complex is
rather flexible in solution, and at room temperature all
the platinum environments are identical on the NMR
time scale, indicating an intramolecular M—M bond
migration. The use of DFT computational techniques
provides a satisfactory description of the structural,
bonding, energetic, and electronic properties of the
trinuclear Mjs(ll) complexes [(CF3)2M(u-PH2)2M' (u-
PH2),M"(CF3)2]>~ (M, M’, M" = Pd(ll), Pt(Il), models
for 1-5) and the oxidation product [Pts(u-PH2)4(CF3)4]
(a model for 6).

Experimental Section

General Procedures and Materials. C, H, and N analy-
ses, IR, NMR, and mass spectra, and cyclic voltammetry were
performed as described elsewhere.® Cyclic voltammetric stud-
ies were performed under argon using an EG&G model 273
potentiostat in conjunction with a three-electrode cell. The
three-electrode system consists of a platinum disk working
electrode, a platinum wire auxiliary electrode, and a saturated
calomel reference electrode (SCE) separated from the test
compartment by a fine-porosity frit. We used diluted solutions
in the test compounds because of the low solubility of the
trinuclear complexes in CH,Cl; and 0.1 M in [NBu4][PFs] as
supporting electrolyte. The measurements for complexes 1-5
were carried out in ca. 1 x 10~* M CH,ClI, solutions. Literature
methods were used to prepare cis-[M(CeFs)2(PPh2H),]?, [(CsFs)2-
Pt(/,{-Pth)zM(Pth;)],?’a [Pdc|2(tht)2],16 and [Ptclz(CH3CN)2].l7

Safety Note: Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Only small amounts
of material should be prepared, and these should be handled
with great caution.

Synthesis of [N BU4]2[(C6F5)2Pt([l-PPhz)zpt([l-Pth)zpt-
(C6F5s)2] (1). () To a THF solution (10 mL) of cis-[Pt(CsFs),-
(PPh2H).] (0.069 g, 0.077 mmol) was added at —78 °C LiBu
(hexane solution, 0.16 mmol). After 15 min stirring, [(CsFs)2-
Pt(u-PPh),Pt(PPhs)] (0.105 g, 0.077 mmol) was added. The
mixture, after reaching room temperature, was stirred for 1
h. The resulting solution was evaporated to dryness, and the
residue was treated with 'PrOH (15 mL). After filtration of a
small solid residue, a yellow solution was obtained. The
addition of NBu4sClO, (0.114 g, 0.333 mmol) results in the
precipitation of a yellow solid, which was filtered off and
washed with 2 x 2 mL of iPrOH. The yellow solid was
recrystallized from acetone/chloroform, yielding 1 (0.095 g, 50%
yield).

(14) Oskui, B.; Sheldrick, W. S. Eur. J. Inorg. Chem. 1999, 1325.

(15) Cotton, F. A.; Walton, R. A. Multiple Bonds between Metal
Atoms, 2nd ed.; Oxford University Press: Oxford, U.K., 1992.

(16) Usodn, R.; Forniés, J.; Martinez, F.; Tomas, M. J. Chem. Soc.,
Dalton Trans. 1980, 888.

(17) Hofmann, K. A.; Bugge, G. Chem. Ber. 1907, 40, 1772.
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(b) To a THF solution (10 mL) of cis-[Pt(CsFs)2(PPh2H)2]
(0.300 g, 0.333 mmol) was added at —78 °C LiBu (hexane
solution, 0.68 mmol). After 15 min stirring, [PtClz(CH3;CN)2]
(0.058 g, 0.166 mmol) was added and the resulting mixture
was stirred, after reaching room temperature, for 13 h. After
evaporation to dryness, the residue was treated with 'PrOH
(15 mL), yielding a yellow solution. The addition of NBusClO4
(0.114 g, 0.333 mmol) results in the precipitation of a yellow
solid, which was filtered off, washed with 3 x 2 mL of 'PrOH,
and recrystallized from acetone/chloroform (0.288 g, 70% yield).
Anal. Found (calcd for Cy04F20H112N2P4Pts): C 50.2 (50.4); H
4.6 (4.5); N 1.2 (1.1). IR (Nujol, X-sensitive CgFs): 768 and 777
cm™. Am = 180 Q7! cm? mol~. 1*F NMR (293 K, deuteroac-
etone, 282.4 MHz): 6 —112.5 (8 0-F, 3Jpy s = 281.3 Hz), —167.0
(8 m-F), —168.6 (4 p-F) ppm. 3P NMR (293 K, deuteroacetone,
121.4 MHz): 6 —126.4 (*Jptay)p = 1606 Hz) ppm. For X-ray
purposes [PPN]2[(CsFs)2Pt(u-PPhy).Pt(u-PPhy),Pt(CeFs)2], 1,
has been obtained (0.723 g, 85% yield) similarly to 1 by using
CiS'[Ptclz(CchN)g] (0097 g, 0.277 mmol), CiS-Liz[Pt(CeF5)2-
(PPhy);] (0.555 mmol), and PPNCI-1/2CH,Cl; (0.345 g, 0.555
mmol). Anal. Found (calcd for Cis4F20H100N2PsPt3): C 56.2
(56.3); H 3.2 (3.3); N 0.9 (0.9).

Synthesis of [NBU4]2[(C6F5)2Pd([l-Pth)de([l-Pth)de-
(CsFs)2] (2). Complex 2 was prepared similarly to 1, method
b, by using cis-[Pd(C¢Fs)2(PPh;H).] (0.200 g, 0.246 mmol), LiBu
(hexane solution, 0.50 mmol), and [PdClI(tht)] (0.044 g, 0.123
mmol) and 12 h stirring. The addition of NBu,ClO, (0.084 g,
0.245 mmol) results in the precipitation of an orange solid,
which was filtered off, washed with 3 x 2 mL of iPrOH, and
recrystallized from acetone/chloroform (2, 0.147 g, 54% yield).
Anal. Found (calcd for Ci04F20H112N2P4Pd3): C 56.1 (56.4); H
4.9 (5.1); N 1.3 (1.3). IR (Nujol, X-sensitive CgFs): 761 and 769
cm™l. Ay = 187 Q7! cm? mol~. °F NMR (293 K, deuteroac-
etone, 282.4 MHz): 6 —109.5 (8 o-F), —165.9 (8 m-F), —167.4
(4 p-F) ppm. 3P NMR (293 K, deuteroacetone, 121.4 MHz): 6
—106.4 ppm.

Synthesis of [NBU4]2[(C6F5)2Pd([l-Pth)th([l-Pth)de-
(CsFs)2] (3). Complex 3 was prepared similarly to 1, method
b, by using cis-[Pd(C¢Fs)2(PPh;H),] (0.200 g, 0.246 mmol), LiBu
(hexane solution, 0.50 mmol), and [PtCIl,(CH3CN),] (0.043 g,
0.123 mmol) and 6 h stirring. The addition of NBu,CIO,4 (0.084
g, 0.245 mmol) results in the precipitation of a solid, which
was filtered off and washed with 3 x 2 mL of 'PrOH. The
recrystallization from acetone/chloroform gives 3 as a yellow
solid (0.209 g, 74% yield). Anal. Found (calcd for CioaF20H112N2Ps-
Pd,Pt): C 54.1 (54.3); H 4.6 (4.9); N 1.1 (1.2). IR (Nujol,
X-sensitive C¢Fs): 775 cm™2, broad. Ay = 149 Q~* cm? mol .
F NMR (293 K, deuteroacetone, 282.4 MHz): 6 —109.5 (8
0-F), —165.9 (8 m-F), —167.4 (4 p-F) ppm. 3P NMR (293 K,
deuteroacetone, 121.4 MHz): 6 —110.3 (*Jptp = 1485 Hz) ppm.

Synthesis of [N BU4]2[(C3F5)2Pt(ﬂ-Pth)zpd(ﬂ-Pth)zpt-
(CsFs)2] (4). Complex 4 was prepared similarly to 1, method
a, by using cis-[Pt(CsFs)2(PPh2H),] (0.075 g, 0.083 mmol), LiBu
(hexane solution, 0.17 mmol), [(CsFs).Pt(u-PPhy),Pd(PPhs)]
(0.105 g, 0.083 mmol), and NBu,ClO,4 (0.057 g, 0.166 mmol).
Complex 4 was obtained as an orange solid (0.142 g, 72%).

Complex 4 was prepared similarly to 1, method b, by using
cis-[Pt(CsFs)2(PPhzH)2] (0.200 g, 0.222 mmol), LiBu (hexane
solution, 0.45 mmol), and [PdClI,(tht).] (0.039 g, 0.111 mmol)
and 2 h stirring. The addition of NBu,ClO, (0.076 g, 0.222
mmol) results in the precipitation of a solid, which was filtered
off and washed with 3 x 2 mL of iPrOH. The recrystallization
from acetone/chloroform gives complex 4 as an orange solid
(0.201 g, 76% yield). Anal. Found (calcd for CigsF20H112N2P4-
PdPt;): C 51.8 (52.2); H 4.3 (4.7); N 1.1 (1.2). IR (Nujol,
X-sensitive CsFs): 768 and 777 cm™. Ay = 175 Q7 cm? mol 2.
F NMR (293 K, deuteroacetone, 282.4 MHz): ¢ —114.0 (8
0-F, 3Jp e = 323.4 Hz), —168.5 (8 m-F), —170.2 (4 p-F) ppm.
1P NMR (293 K, deuteroacetone, 121.4 MHz): 6 —118.0
(XJpty.p = 1502 Hz, N = 129 Hz) ppm.
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Table 3. Crystal Data and Structure Refinement for [PPN];[Pts(u-PPh3)4(CsFs)4]-2Me,CO (1'-2Me,CO) and
[Ptg(C5F5)4(/4-PPh2)4]-n-C5H12 (6'n-C5H12)

1'-2Me,CO 6-n—C5H12

empirical formula C144H102F20N2P8Pt3-2MeZCO C72H40F20P4Pt3-n—C5H12
fw 3189.46 2066.34
temp (K) 293(1) 293(1)
wavelength (A) 0.71073 0.71073
cryst syst triclinic monoclinic
space group P1 C2/c
unit cell dimens

a(A) 12.663(2) 19.368(6)

b (A) 15.332(3) 24.760(7)

c(A) 19.264(5) 19.525(5)

o (deg) 67.20(2) 90

p (deg) 85.37(2) 117.90(2)

y (deg) 75.34(1) 90
volume (A3) 3335.0(12) 8275(4)
z 1 4
density(calc) (Mg/m3) 1.588 1.659
abs coeff (mm~1) 3.317 5.220
F(000) 1578 3952

diffractometer

26 range for data collect. (deg)
refinement method
goodness-of-fit on F2P 1.204
final R indices (I > 20(1))2
R indices (all data)

Siemens P3m
3.3—-50 (+h, £k, £I)

R1 = 0.0359, wR2 = 0.0843
R1 =0.0487, wR2 = 0.0903

Siemens P3m

3.3-50 (+h, +k, +I)
full-matrix least-squares on F2
1.027
R1 = 0.0447, wR2 = 0.0972
R1 = 0.0824, wR2 = 0.1220

aR1 = (3|Fo| — |Fc)/Y|Fol; WR2 = [SW(Fo? — F2)yw(F:2)?]Y2. ® Goodness-of-fit = [YW(Fo? — Fc?)2/(Nobs — Nparam)]¥2. W = [0?(F,) + (91P)?

+ g2P1™ % P = [max(Fo%; 0) + 2F:2]/3.

Synthesis of [N BU4]2[(C6F5)2Pt([l-PPhg)zpd([l-Pth)zpd-
(CeFs)2] (5). Complex 5 was prepared similarly to 1, method
a, by using cis-[Pd(CgsFs).(PPh;H),] (0.072 g, 0.088 mmol), LiBu
(hexane solution, 0.18 mmol), [(CsFs).Pt(u-PPhy),Pd(PPhs)]
(0.111 g, 0.088 mmol), and NBu4ClO,4 (0.058 g, 0.168 mmol).
Complex 5 was obtained as an orange solid (0.091 g, 45%).
Anal. Found (calcd for CioaF20H112N2P4Pd,Pt): C 54.2 (54.3);
H 4.7 (4.9); N 1.2 (1.2). IR (Nujol, X-sensitive CgFs): 759, 770,
and 780 cm™t. Am = 201 Q' cm? mol™. °F NMR (293 K,
deuteroacetone, 282.4 MHz): 6 —110.9 (4 o-F), —114.5 (4 o-F,
3Jpie = 319.6 Hz), —167.5 (4 m-F), —168.5 (4 m-F), —169.0 (2
p-F), —170.1 (2 p-F) ppm. 3P NMR (293 K, deuteroacetone,
121.4 MHz): 6 —105.3 (Pa), —123.6 (Px, *Jptp = 1639 Hz) ppm;
Jax =316 Hz, Jax = 36 Hz, |Jan| (or |JX,X’|) = 206 Hz, |Jx x|
(or |Janl) = 146 Hz.

Preparation of [(Cst)th(ﬂ-Pth)zpt(ﬂ-Pth)zpt(CGFs)z]
(6). To a yellow suspension of 1 (0.150 g, 0.060 mmol) in CH,-
Cl, (30 mL) was added AgClO, (0.035 g, 0.169 mmol), and the
mixture was stirred, at room temperature and in the dark,
for 3 h. The resulting red solution was filtered through Celite
to eliminate the Ag® and passed through silica gel (1 cm? x 10
cm). The filtrate was evaporated to 1 mL and kept in a freezer
(=20 °C) for 4 h. The resulting red crystals (6) were filtered
off and washed with 2 x 0.5 mL of CHCI; (0.080 g, 67% yield).
Anal. Found (CalCd for C72F20H40P4Pt3): C 43.0 (434), H 2.0
(2.0). IR (Nujol): 963 and 955 cm™1; 796, 787, and 776 cm™2.
FABT MS: m/z 1994 (C72F20H40P4Pt3) °F NMR (293 K, CD,-
Cly, 282.4 MHz): 6 —118.5 (8 0-F, 3Jpr = 298.0 Hz), —164.3
(8 m-F), —161.6 (4 p-F) ppm. **F NMR (218 K, CD,Cl,, 282.4
MHz): ¢ —118.3 (4 0-F, 3Jp¢r = 282.4 Hz), —120.1 (4 0-F, 3Jpir
= 273.9 Hz), —158.4 (2 p-F), —162.8 (4 m-F), —163.7 (2 p-F),
—165.0 (4 m-F) ppm. 3P NMR (218 K, CD,Cly, 121.4 MHz): d
262.3 (1‘]Pt,P = 1208 and 1261 HZ, N = Jax + Jax = 112 HZ),
—124.2 (*Jprp = 1894 and 1542 Hz) ppm.

Reaction of 6 with NBu,BH,. To a red solution of 6 (0.100
g, 0.050 mmol) in CH.CI, (20 mL) was added NBu,BH, (0.030
g, 0.116 mmol), and the mixture was stirred for 30 min. After
filtering through Celite, the solution was evaporated to dry-
ness, and CHCI; (3 mL) was added. The mixture was kept in
a freezer (—20 °C) for 5 h, and the yellow solid 1 was filtered
off and washed with 2 x 1 mL of cold CHCI; (0.074 g, 60%
yield).

X-ray Structure Determinations. Crystals of 1'-2Me,CO
suitable for X-ray diffraction studies were obtained by slow
diffusion of n-hexane into a solution of 0.020 g of 1' in 4 mL of
Me,CO. Crystals of 6:n-CsHi, suitable for X-ray diffraction
studies were obtained by slow diffusion of n-pentane into a
solution of 0.015 g of 6 in 5 mL of CH.Cl,. In both cases,
diffracted intensity data were taken from crystals mounted
at the end of a glass fiber and held in place with epoxy
adhesive. Crystal data and related parameters are given in
Table 3. For 1'-2Me,CO, 12 313 intensity data were collected,
from which 11 735 unique observations remained after averag-
ing of duplicate and equivalent measurements and deletion
of systematic absences (Rin: = 0.020), of these, 9709 with | >
20(l); an absorption correction was applied based on 360
azimuthal scan data. For 6-n-CsHi,, of the 7725 intensity data
(other than checks) collected, 7300 unique observations re-
mained after averaging of duplicate and equivalent measure-
ments and deletion of systematic absences (Rinx = 0.029), of
these, 5118 with | > 2¢(1); an absorption correction was applied
based on 720 azimuthal scan data. Both structures were solved
by Patterson and Fourier methods. All non-hydrogen atoms
were refined anisotropically. H atoms were added at calculated
positions (C—H = 0.96 A) with isotropic displacement param-
eters assigned as 1.2 times the equivalent isotropic U’s of the
corresponding C atoms. For the structure of 6-:2Me,CO, a final
difference electron density map showed seven peaks above 1
e A3 (max 1.82; largest diff hole —1.36 e A-3) lying closer than
1.1 A from the Pt atoms. For the structure of 2:n-CsH1,, the
atoms of the solvent molecule were refined isotropically and
their C—C distances restrained to be near 1.54 A. A final
difference electron density map showed no peaks above 1 e
A-3 (max 0.92; largest diff hole —0.69 e A-3). For both
structures, full-matrix least-squares refinement of the models
against F? converged to final residual indices given in Table
3. All calculations were carried out using the SHELXL-93
program.8

Computational Details. A central difficulty in applying
electronic structure methods to the polynuclear metal com-
plexes under consideration is their big molecular size, involv-
ing 150—300 atoms, most of them being heavy atoms. To obtain

(18) Sheldrick, G. M. SHELXL-93, a program for crystal structure
determination; University of Géttingen: Germany, 1993.
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a computationally convenient size for the compounds, we used
models resulting from substitution of the phenyl groups of the
phosphido ligands by H atoms, while the C¢Fs groups were
replaced by the CF; ones. The use of such models does not
alter the description of the “core” region of the compounds and
is ultimately the most efficient and productive route to
modeling the electronic structure and related properties of the
polynuclear platinum complexes. The electronic and energetic
properties of all model compounds were computed at the
Becke's three-parameter hybrid functional*® combined with the
Lee—Yang—Parr correlation functional®® abbreviated as B3LYP
level of theory, using the LANL2DZ basis set?! that includes
Dunning/Huzinaga full DZ on first row and Los Alamos ECPs
plus DZ for platinum and palladium atoms. The hybrid B3LYP
functional was used, since it gives acceptable results for
molecular energies and geometries, as well as proton donation,
and weak and strong H-bonds.3»22 In all computations no
constraints were imposed on the geometry. Full geometry
optimization was performed for each structure using Schlegel’s
analytical gradient method,? and the attainment of the energy
minimum was verified by calculating the vibrational frequen-
cies that result in the absence of imaginary eigenvalues. All
the stationary points have been identified for minimum
(number of imaginary frequencies NIMAG = 0) or transition

(19) Becke, A. D. J. Chem. Phys. 1992, 96, 2155. (b) Becke, A. D. J.
Chem. Phys. 1993, 98, 5648.

(20) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. 1988, B37, 785.

(21) Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985, 82, 5284.

(22) (a) Nicholas, J. B. Top. Catal. 1997, 4, 157. (b) Koch, W. R.;
Hertwing, H. Chem. Phys. Lett. 1997, 286, 345. (c) Curtis, L. A.;
Raghavachari, K.; Redfern, P. C.; Pople, J. A. Chem. Phys. Lett. 1997,
270, 419. (d) Smith, D. M.; Golding, B. T.; Radom, L. 3. Am. Chem.
Soc. 1999, 121, 9388. (e). Chandra, A. K.; Nguyen, M. T. Chem. Phys.
1998, 232, 299. (f) Nicholas, J. B. Top. Catal. 1999, 9, 181. (g) Arnaud,
R.; Adamo, C.; Cossi, M.; Millet, A.; Vallé, Y.; Barone, V. J. Am. Chem.
Soc. 2000, 122, 324.

(23) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214.
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states (NIMAG = 1). All calculations were performed using
the GAUSSIANGOS series of programs.?* Moreover, the qualita-
tive concepts and the graphs derived from the Chem3D
program suite? highlight the basic interactions resulting from
the DFT calculations.
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