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The two-electron oxidation reactions of the neutral [(C6F5)2M(µ-PR2)2M′(NCCH3)2] (M ) M′ ) Pt or
Pd, M ) Pt, M′ ) Pd) complexes using I2 as oxidant have been investigated by experimental (R) Ph)
and electronic structure calculation methods (R) H). It was found that a reductive coupling of PR2 and
C6F5 takes place along the reaction pathway for all oxidized complexes. The most salient structural features
of the [(C6F5)2Pt(µ-PR2)2Pd(C6F5)2]2-, [(C6F5)2Pd(µ-PR2)2Pd(acac)]-, and [(C6F5)2Pt(µ-PR2)2PtI2] complexes
(experimental R) Ph) are reproduced very well by the B3LYP/lanl2dz calculations (R) H).

Introduction

The stability and flexibility of the M-P bonds in polynuclear
phosphido metal complexes have allowed the synthesis of a rich
variety of complexes with peculiar coordination modes of the
phosphido ligands.1-15

Oxidation of some of these polynuclear complexes resulted
in the formation of stable complexes, with all or some of the
metal centers in higher formal oxidation state.16,17 However in

some cases, the oxidation process is not the final step of the
process and other reactions follow. Thus, we have reported
recently that the addition of I2 to [NBu4]2[(C6F5)2M(µ-PPh2)2M′-
(C6F5)2] (M, M ′ ) Pt, Pd) yields at low temperature the
dinuclear platinum(III) derivative [(C6F5)2Pt(µ-PPh2)2Pt(C6F5)2],
while [NBu4]2[(C6F5)2M(µ-PPh2)2M′(C6F5)2] (M ) Pt, M′ )
Pd; M ) M′ ) Pd) do not afford, under similar conditions, the
expected M(III)-M′(III) compounds but the dinuclear M(II)-
M′(II) derivatives [NBu4][(C6F5)2M(µ-PPh2)(µ-I)M ′(C6F5)-
(PPh2C6F5)] (M, M ′ ) Pt, Pd) through a process that includes
oxidation to the M(III)-M′(III) derivatives followed by a
reductive coupling between a C6F5 group and a PPh2 ligand to
form the M(II)-M′(II) complexes containing PPh2C6F5.18

To get a better understanding of the reasons why in this type
of complexes the oxidation can be followed by an intramolecular
reductive elimination, we have now studied the behavior of the
neutral [(C6F5)2M(µ-PPh2)2M′(NCCH3)2] (M ) M′ ) Pt, 1; M
) Pt, M′ ) Pd,2; M ) M′ ) Pd,3) derivatives toward I2. In
this process, oxidation/substitution reactions and intramolecular
reductive elimination occur and the energetic and electronic
profile of the 2e oxidation/reduction of the neutral [(C6F5)2M-
(µ-PH2)2M′(NCCH3)2] (M ) M′ ) Pt or Pd, M) Pt, M′ )
Pd) complexes has been investigated at the B3LYP/lanl2dz level.

Results and Discussion

Synthesis of [(C6F5)2M(µ-PPh2)2M ′(NCCH3)2] (M ) Pt,
M ′ ) Pd, 2; M ) M ′ ) Pd, 3).The reaction of [NBu4]2[(C6F5)2-
Pt(µ-PPh2)2Pd(C6F5)2]19 with HClO4 (1:2 molar ratio, MeOH
solution) in CH3CN results in the selective breaking of the two
Pd-C bonds, affording C6F5H and [(C6F5)2Pt(µ-PPh2)2Pd-
(NCCH3)2], 2. Complex3 is prepared by reaction of [NBu4]-
[(C6F5)2Pd(µ-PPh2)2Pd(acac)]20 with HClO4 (1:1 molar ratio,
MeOH solution) in CH3CN. The protonation of the acetylac-
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‡ UniversitéIbnTofail.
§ University of Ioannina.
(1) Frenzel, C.; Somoza, F. J.; Blaurock, S.; Hey-Hawkins, E.Dalton

Trans.2001, 3115-3118.
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etonate ligand yields Hacac and coordination of two acetonitrile
groups. The synthetic procedures for these single complexes
imply straightforward coordination chemistry strategies, the
phosphido ligands maintaining the polynuclear fragment (see
Scheme 1).

Complexes2 and 3 have been characterized by elemental
analysis and IR and NMR spectroscopy. All data are given in
the Experimental Section and are in agreement with a structure
for 2 and3 similar to that established for compound1 (M )
M′ ) Pt) by X-ray diffraction.21

Reactions between [(C6F5)2M(µ-PPh2)2M ′(NCCH3)2] and
I2. The reactions of white or yellow suspensions of [(C6F5)2-
Pt(µ-PPh2)2M(NCCH3)2] (M ) Pt,1; Pd,2) in CH2Cl2/CH3CN
or CH2Cl2, respectively, with a CH2Cl2 solution of I2 (1:1 molar
ratio) at low temperature yield (Scheme 1) the dinuclear
derivatives [(C6F5)2Pt(µ-PPh2)2MI2] (M ) Pt, 4; Pd, 5), with
the metal centers in a formal oxidation state of III. Nevertheless
all attempts to isolate the homodinuclear derivative of palladium-
(III) [(C 6F5)2Pd(µ-PPh2)2PdI2] by reacting3 with I2 (1:1 molar
ratio) at 195 K, even for a very short reaction time, have been
unsuccessful. The palladium(III) complex, if obtained, evolves
very fast to a very insoluble material, the nature of which will
be discussed later.

The crystal structure of complex4‚2CHCl3 has been deter-
mined by X-ray diffraction, and it is shown in Figure 1. Selected
bond distances and angles are listed in Table 1.

Complex4 is a dinuclear compound involving two platinum
atoms bridged by diphenylphosphido ligands, with the Pt(µ-
PPh2)2Pt core nearly planar. Both platinum atoms are located
in square-planar environments, with the best least-squares planes
forming a dihedral angle of 9.3°. The Pt-C, Pt-P, and Pt-I
distances are as expected and comparable to distances found in
other complexes having the same ligands.16,17,22-25 The short
Pt(1)-Pt(2) distance (2.710(1) Å) is in agreement with a metal-
metal bond as expected for a dinuclear complex with 30 valence

electron count. The Pt-P-Pt angles are small (73.46° and
73.49°), and the P-Pt-P angles are large (105.50° and 106.24°).
This situation is responsible for the distortion in the angles
around the platinum atoms in their respective environments.
Finally, the C6F5 rings are planar and nearly perpendicular to
the respective coordination planes of the metal centers to which
they are bonded [88.0° Pt(1) and 83.6° Pt(2)].

Crystals of the heteronuclear5 have been obtained at low
temperature, and although the resolution of the structure by
X-ray diffraction could not be completed (R ) 0.12), the
connectivity of the atoms has been established to be analogous
to that of complex4.

The IR spectra of4 and5 are almost superimposable. Two
absorptions in the 800 cm-1 region are observed in both cases,
in agreement with the presence of the cis “(C6F5)2Pt” frag-
ment.26,27 The absorption of the C6F5 group in the 950 cm-1

region provides information on the oxidation state of the metal
center bonded to the C6F5 groups. A wavenumber increase of
this absorption is observed by increasing the oxidation state of
the platinum or palladium center.16,20,26,28In the starting materials
1 and2 the absorption appears in both cases at 953 cm-1, while
for the oxidized4 and 5 these appear at 962 and 964 cm-1,
respectively, in keeping with the oxidation process. The19F
NMR spectra of4 and5 in CDCl3 show three signals in 2:1:2
intensity ratio due to theo-F, p-F, andm-F atoms, respectively,
and platinum satellites are observed in theo-F signal. This
pattern indicates that both C6F5 groups are equivalent and that
within each ring the twoo-F atoms are equivalent, as are the
m-F atoms as well. This is in agreement with the planarity of
the molecule observed in the solid state. The spectrum of
complex 5 has been recorded at low temperature to avoid
evolution of the product (see below). The31P NMR spectra of
4 and5 in CDCl3 show a very low field signal with platinum
satellites, from which the values of1JPt,Pcan be calculated (see
Experimental Section).

The reaction process that yields4 and 5 is formally the
oxidation of the M(II) derivatives by I2 and substitution of the
acetonitrile by the I- formed. Thus in both complexes the metal
centers display a formal oxidation state of III, and the total
valence electron count of 30 requires the presence of a metal-
metal bond. In agreement with this, the intermetallic distance
in 4 is short (2.710(1) Å), and the chemical shifts of the P atoms
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in the NMR spectra of both complexes appear at very low field.
These structural data are similar to the ones observed in the
diplatinum(III) derivative [(C6F5)2Pt(µ-PPh2)2Pt(C6F5)2] reported
previously.16

The oxidation of the acetonitrile derivatives1 and2 with I2

deserves some comments by comparing with the oxidation of
the pentafluorophenyl complexes. Treatment of the anions
[(C6F5)2M(µ-PPh2)2M′(C6F5)2]2- with I2 allows only the isola-
tion of the neutral diplatinum(III) intermediate [(C6F5)2Pt(µ-
PPh2)2Pt(C6F5)2] since the palladium-containing complexes
(PtPd, Pd2) can be neither isolated nor detected, and the
binuclear complexes [NBu4][(C6F5)2M(µ-PPh2)(µ-I)M ′(C6F5)-
(PPh2C6F5)] (M, M ′ ) Pt, Pd)18 are obtained instead as a result
of the intramolecular PPh2/C6F5 reductive coupling. The reac-
tions described here allow the isolation of not only the dinuclear
platinum(III) 4 but also the heterodinuclear derivative5.

It has to be noted that dinuclear platinum(III) complexes29,30

are well known today, while only one dinuclear palladium(III)
derivative has been reported so far.31,32Usually, these derivatives

display the metal centers in an octahedral environment with the
Pt-Pt bond perpendicular to the equatorial plane, while our
dinuclear derivatives display coplanar or nearly coplanar
platinum or palladium square-planar coordination environments
with the Pt-M (M ) Pt, Pd) bond and all Pt or M ligands
located in the same plane. As far as we know, complex5 is the
first heteronuclear palladium(III) derivative.

Finally, it is also important to note that usually the oxidative
addition of X2 (X ) halogen) to mononuclear Pd(II) and Pt(II)
complexes affords halo-M(IV) complexes33-39 through a 2e
oxidation process. Nevertheless the oxidative addition of I2 to
our dinuclear (anionic18 and neutral) phosphido derivatives of
platinum and palladium(II) complexes seems to be a rational
way to synthesize platinum(III) and palladium(III) derivatives.

Reduction Reactions of 4 and 5.The addition of NBu4BH4

to a solution of4 (2:1 molar ratio) allows the isolation of the
platinum(II) tetranuclear derivative [NBu4]2[(C6F5)2Pt(µ-PPh2)2-
Pt(µ-I)2Pt(µ-PPh2)2Pt(C6F5)2], 6, as a yellow solid (Scheme 1).
All spectroscopic features of6 are given in the Experimental
Section, and they are similar to those observed for the analogous
[NBu4]2[(C6F5)2Pt(µ-PPh2)2Pt(µ-X)2Pt(µ-PPh2)2Pt(C6F5)2] (X )
Cl,19 Br40). The reaction that gives6 can be understood as a
two-electron reduction of4 to give the anionic platinum(II)
[(C6F5)2Pt(µ-PPh2)2PtI2]2-, which after spontaneous elimination
of an iodide anion causes the dimerization and isolation of6 as
a solid (Scheme 1). This dimerization process has been observed
frequently.19,41

When NBu4BH4 is added to the heteronuclear complex5,
under conditions similar to those for4, instantaneously the
solution turns very dark in color. The IR and NMR spectra of
the black solid obtained led us to identify the platinum(II)-
palladium(II) complex [NBu4]2[(C6F5)2Pt(µ-PPh2)2Pd(µ-I)2Pd-
(µ-PPh2)2Pt(C6F5)2], 7, by comparing with an authentic sample
prepared by reacting the chloro derivative [NBu4]2[(C6F5)2Pt-
(µ-PPh2)2Pd(µ-Cl)2Pd(µ-PPh2)2Pt(C6F5)2]19 with KI (see Ex-
perimental Section). In addition other signals due to unidentified
products are observed.

Reductive Coupling of PPh2 and C6F5 from M(III)
Complexes.When a CH2Cl2 solution of 4 or 5 is stirred at
room temperature for a long time (see Experimental Section),
the tetranuclear M(II) complexes [{(C6F5)M(µ-PPh2)(µ-I)M ′-
(PPh2C6F5)(µ-I)}2] (M ) M′ ) Pt, 8; M ) Pt, M′ ) Pd, 9)
crystallize as a yellow or brown solid, respectively. As we have
commented above, the dinuclear palladium(III) derivative cannot
be isolated from the addition of I2 to complex 3, but the
tetranuclear complex [{(C6F5)Pd(µ-PPh2)(µ-I)Pd(PPh2C6F5)(µ-
I)}2], 10, analogous to8 and 9, is obtained even working at
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Figure 1. Structure of complex [(C6F5)2Pt(µ-PPh2)2PtI2] (4).

Table 1. Bond Lengths (Å) and Angles (deg) for
[(C6F5)2Pt(µ-PPh2)2PtI 2]‚2CHCl3

Pt(1)-C(7) 2.065(4)
Pt(1)-C(1) 2.086(4)
Pt(1)-P(1) 2.2542(12)
Pt(1)-P(2) 2.2772(12)
Pt(1)-Pt(2) 2.7101(4)
Pt(2)-P(2) 2.2547(12)
Pt(2)-P(1) 2.2548(12)
Pt(2)-I(2) 2.6334(4)
Pt(2)-I(1) 2.6437(4)

C(7)-Pt(1)-C(1) 84.86(17)
C(7)-Pt(1)-P(1) 161.20(12)
C(1)-Pt(1)-P(1) 85.15(12)
C(7)-Pt(1)-P(2) 87.52(12)
C(1)-Pt(1)-P(2) 165.11(12)
P(1)-Pt(1)-P(2) 105.50(4)
P(2)-Pt(2)-P(1) 106.24(4)
P(2)-Pt(2)-I(2) 81.99(3)
P(1)-Pt(2)-I(2) 168.37(3)
P(2)-Pt(2)-I(1) 169.46(3)
P(1)-Pt(2)-I(1) 83.00(3)
I(2)-Pt(2)-I(1) 89.651(14)

1086 Organometallics, Vol. 25, No. 5, 2006 Ara et al.



low temperature. Only complex8 is soluble enough in the usual
organic solvents to grow crystals adequate for X-ray purposes,
and the structure of [{(C6F5)Pt(µ-PPh2)(µ-I)Pt(PPh2C6F5)(µ-
I)}2]‚4CH2Cl2 has been analyzed by X-ray diffraction. Figure
2 shows the structure of the complex, and selected bond
distances and angles are collected in Table 2.

This complex is a tetrametallic unit that can be regarded as
formed by two noncoplanar dinuclear moieties “{(C6F5)Pt(µ-
PPh2)(µ-I)Pt(PPh2C6F5)” held together by two bridging I ligands.
The halves of the molecule are related by an inversion center.
Each platinum atom lies in a square-planar environment formed
by two mutually cis iodide groups, a PPh2 ligand, and, finally,
a PPh2C6F5 ligand or a C6F5 group in the case of Pt(1) or Pt(2),
respectively. The PPh2 and I(1) are bridging both platinum
atoms, while I(2) links the two Pt2 subunits of the molecule.
The angles around Pt(1) range from 78.69(4)° to 104.73(6)°,
while for Pt(2) they range from 80.35(4)° to 96.54(18)°, showing
a greater distortion of the environment in the case of Pt(1). The
dihedral angle formed by the coordination planes of both
platinum atoms is 62.3°. The four platinum atoms P(2), P(2A),
I(2), and I(2A) form an almost perfect plane, and the C6F5 rings

form a dihedral angle with this plane of 100.8°. The shortest
Pt-Pt distance is 3.299 Å, excluding any kind of metal-metal
interaction.

The poor solubility of the complexes in common organic
solvents precludes obtention of NMR data for all but complex
8. The 19F NMR spectrum of8 shows three signals (2:1:2
intensity ratio) due too-F, p-F, andm-F atoms of the PPh2C6F5

ligand18,42-45 and five signals due to the five unequivalent atoms
of the C6F5 bonded to the platinum center. These signals are
broad and of low intensity, and although platinum satellites are
perceptible, the coupling values betweeno-F and Pt atoms
cannot be calculated accurately. Nevertheless, the number of
signals as well as their pattern indicated that the two organo-
metallic C6F5 groups are equivalent and that the twoo-F atoms,
as well as the twom-F ones, within each ring are unequivalent,
in agreement with the solid-state structure. This inequivalence
within each organometallic C6F5 group indicates that the
pentafluorophenyl ring is not free to rotate around the Pt-Cipso

bond in this nonplanar molecule. In the31P NMR spectrum two
signals at-1.0 and -59.7 ppm due to the phosphine and
phosphido ligands, respectively, are observed. The chemical shift
due to the P atom of the phosphido group appears at higher
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Figure 2. Structure of complex [{(C6F5)Pt(µ-PPh2)(µ-I)Pt(PPh2C6F5)-
(µ-I)}2] (8).

Table 2. Bond Lengths (Å) and Angles (deg) for
[{(C6F5)Pt(µ-PPh2)(µ-I)Pt(PPh2C6F5)(µ-I)}2]‚4CH2Cl2a

Pt(1)-P(1) 2.2019(16)
Pt(1)-P(2) 2.2989(16)
Pt(1)-I(1) 2.6223(5)
Pt(1)-I(2)#1 2.7556(5)
Pt(1)-Pt(2) 3.2286(4)
Pt(2)-C(31) 1.962(6)
Pt(2)-P(2) 2.2497(16)
Pt(2)-I(1) 2.5861(5)
Pt(2)-I(2) 2.6975(4)
I(2)-Pt(1)#1 2.7556(5)

P(1)-Pt(1)-P(2) 104.73(6)
P(1)-Pt(1)-I(1) 172.49(4)
P(2)-Pt(1)-I(1) 78.69(4)
P(1)-Pt(1)-I(2)#1 87.03(4)
P(2)-Pt(1)-I(2)#1 166.96(4)
I(1)-Pt(1)-I(2)#1 90.321(14)
C(31)-Pt(2)-P(2) 96.54(18)
C(31)-Pt(2)-I(1) 176.69(17)
P(2)-Pt(2)-I(1) 80.35(4)
C(31)-Pt(2)-I(2) 87.84(17)
P(2)-Pt(2)-I(2) 174.18(4)
I(1)-Pt(2)-I(2) 95.198(14)

a Symmetry transformations used to generate equivalent atoms: #1
-x+2, -y+1, -z+1.

Table 3. Crystal Data and Structure Refinement for
4‚2CHCl3 and 8‚4CH2Cl2

4‚2CHCl3 8‚4CH2Cl2

empirical formula C38H22Cl6F10I2P2Pt2 C76H48Cl8F20I4P4Pt4
fw 1587.18 3036.58
temp, K 100(2) 100(2)
wavelength, Å 0.71073 0.71073
cryst syst triclinic triclinic
space group P1h P1h
a, Å 9.2917(12) 11.0208(7)
b, Å 14.3188(18) 11.7041(7)
c, Å 17.576(2) 17.0947(6)
R, deg 85.143(2) 76.621(1)
â, deg 80.584(2) 78.267(1)
γ, deg 74.207(2) 81.452(1)
volume, Å3 2217.9(5) 2088.4(2)
Z 2 1
calcd density, Mg/m3 2.377 2.414
abs coeff, mm-1 8.198 8.577
F(000) 1468 1404
cryst size, mm 0.24× 0.16× 0.12 0.27× 0.20× 0.13
θ range for data

collecn, deg
1.48 to 23.27 1.80 to 29.74

limiting indices h, ( 10;k, ( 15;
l, ( 19

h, ( 14;k, ( 15;
l, ( 22

no. of reflns
collected/unique

14 429/6362
[R(int) ) 0.0196]

19 773/9686
[R(int) ) 0.0345]

refinement method full-matrix least-
squares onF2

full-matrix least-
squares onF2

no. of data/
restraints/params

6362/0/541 9686/0/523

goodness-of-fit onF2 a 1.015 0.941
final R indices

[I>2σ(I)]b
R1 ) 0.0205,
wR2 ) 0.0417

R1 ) 0.0343,
wR2 ) 0.0705

R indices (all data)b R1 ) 0.0231,
wR2 ) 0.0424

R1 ) 0.0447,
wR2 ) 0.0727

largest diff peak/hole, e Å-3 0.795 and-0.770 1.992 and-1.501

a Goodness-of-fit) [∑w(Fo
2 - Fc

2)2/(nobs - nparam)]1/2. b R1 ) ∑(|Fo|
- |Fc|)/∑|Fo|; wR2 ) [∑w(Fo

2 - Fc
2)2/∑w(Fc

2)2]1/2. w ) [σ2(Fo) + (g1P)2

+ g2P]-1; P ) [max(Fo
2; 0) + 2Fc

2]/3.
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field than for the starting material4 (280.5 ppm), in agreement
with the long intermetallic distance in8, 3.2286(4) Å, and at
lower field than for complexes that show the “Pt(µ-PPh2)2Pt”
system without a metal-metal bond. This value (-59.7 ppm)
is similar to those observed for other “M(µ-PPh2)(µ-X)M” (X
) Cl, Br, I, OH) frameworks without metal-metal bonds.7,18,40,46

The IR spectra of8-10 are almost superimposable, pointing
to an analogous structure for all complexes. In the three cases
an absorption at ca. 1520 cm-1 and another at ca. 980 cm-1 are
indicative of the presence of the PPh2C6F5 ligand.18,43 In
addition, in the 800 cm-1 region only one absorption is observed,
in agreement with the presence of only a C6F5 group bonded to
the metal center,26,27 while two absorptions are present for the
starting material in which two C6F5 groups are bonded to the
same metal center in a cis geometry. Complex9 contains two
platinum and two palladium centers, and, as in8 and10, only
one absorption is observed for the C6F5 group in the X-sensitive
region. The wavenumber of this signal appears at 804 cm-1

(15 cm-1 higher than for the palladium complex10), in
agreement with a structure in which the C6F5 groups are bonded
to the platinum centers;17,19,47 thus the two PPh2C6F5 ligands
have to be bonded to the palladium centers. This information
allowed a tentative assignment of the structure of9 as depicted
in Scheme 1.

The formation of8 and 9 from 4 and 5, respectively, are
new examples of the very rare reductive coupling process
between a PPh2 and a C6F5 anion bonded to M, which yields
the tertiary phosphine PPh2C6F5 (Scheme 1). This process seems
to indicate that the unusually planar dinuclear M(III) derivatives
4 and5 (30 valence electron count, one metal-metal bond) are
not stable enough and that the formation of the M(II) derivatives
is preferred even by using for reduction this unusual reductive
coupling.

The reaction of complex3 with I2, which results in the
formation of10, can be easily understood by considering that
in the intermediate palladium(III) [(C6F5)2Pd(µ-PPh2)2Pd(C6F5)2]
derivative (if formed) the Pd-C6F5 and Pd-PPh2 bonds should
be much more labile, this fact favoring the reductive coupling
and avoiding detection of this Pd(III) intermediate.

Finally, a great number of synthetic procedures and catalytic
processes in platinum and palladium chemistry are understood
by oxidative addition-reductive coupling (with or without
elimination) sequences.39,48-52 The addition to M(0) or M(II)
complexes gives M(II) or M(IV) derivatives (M) Pd, Pt),
respectively, and a reductive process regenerates new M(0) or
M(II) derivatives. Nevertheless the synthesis of the M(II)8-10
from the M(II) 1-3 is carried out through platinum or
palladium(III) intermediates.

DFT Calculations of the Geometric and Energetic Profile
of the Reaction of [(C6F5)2M(µ-PH2)2M ′(NCCH3)2] (M ) M ′
) Pt or Pd, M ) Pt, M ′ ) Pd) Complexes with I2 in the
Gas Phase.To furnish details on the structural and energetic
changes that accompany the reaction of the neutral [(C6F5)2M-

(µ-PH2)2M′(NCCH3)2] (M ) M′ ) Pt or Pd, M) Pt, M′ )
Pd) complexes with I2, the potential energy surfaces (PES) of
the reactions in the gas phase were computed by DFT methods
(at the B3LYP/lanl2dz level). Because of the computational cost
due to the relatively big size of the compounds under consid-
eration, to obtain a computationally convenient size, we used
models resulting upon substitution of only the phenyl groups
of the phosphido ligands by H atoms. Furthermore, the formation
of the neutral [(C6F5)2M(µ-PH2)2M′(NCCH3)2] (M ) M′ ) Pt
or Pd, M) Pt, M′ ) Pd) complexes upon acidifying acetonitrile
solutions of [(C6F5)2Pt(µ-PH2)2Pd(C6F5)2]2- and [(C6F5)2Pd(µ-
PH2)2Pd(acac)]- complexes has also been investigated at the
B3LYP/lanl2dz level of theory. An abbreviated report of this
computational study is discussed here, while a more detailed
account is given as Supporting Information. The equilibrium
geometries of the [(C6F5)2M(µ-PH2)2M′(NCCH3)2] (M ) M′
) Pt, M1; M ) Pt, M′ ) Pd; M2; M ) M′ ) Pd, M3)
complexes and the total electronic energies and selected
electronic properties of the complexes are given in Figure 4S
and Table 4S, respectively (Supporting Information). The salient
structural feature of the [(C6F5)2M(µ-PH2)2M′(NCCH3)2] (M )
M′ ) Pt, M1; M ) Pt, M′ ) Pd; M2; M ) M′ ) Pd, M3)
complexes is the flexible dihedral angle between the two MP2
planes that describes the degree of folding of the M(µ-PH2)2M′
ring along the P‚‚‚P axis.

The metal centers inM1 acquire a positive natural atomic
charge, which is slightly higher for the Pt center associated with
the MeCN ligand. The opposite is true for the metal centers in
M3, where the Pd center associated with the MeCN ligand
acquires a slightly lower positive natural atomic charge (Table
4S). In M2 the Pd is the metal center acquiring the higher
positive natural atomic charge. The N donor atom of the MeCN
ligands in all complexes acquires the higher negative natural
atomic charge amounting to-0.47 |e|. According to the
hardness values, both homonuclear complexes are more stable
than the heteronuclear one, with the stability following the trend
M1 > M3 > M2.The 3-D plots of the frontier molecular orbitals
(FMOs) directly involved in the oxidative addition of I2 to a
representative complex M2 are shown in Figure 3. Analogous
are the 3-D plots of the FMOs ofM1 andM3. The HOMO of
all complexes consists of an antibonding combination of ndz2

orbitals of the two metal centers mainly localized on the metal
center coordinated with the C6F5 ligands, having also a small
contribution from aπ MO of the C6F5 ligands in an out-of-
phase fashion. On the other hand, the LUMO consists of a
bonding combination of ndx2-y2 orbitals of the two metal centers
mainly localized on the metal center coordinated with the MeCN
ligands and having significant contribution from aσ* MO
localized on the CN moiety participating in an antibonding
combination mode.

The nature of the FMOs ofM1, M2, andM3 imply that the
HOMO of the I2 molecule, being aσ MO, could interact with

(46) Alonso, E.; Fornie´s, J.; Fortun˜o, C.; Martı́n, A.; Rosair, G. M.;
Welch, A. J.Inorg. Chem.1997, 36, 4426-4431.

(47) Usón, R.; Forniés, J.; Toma´s, M.; Martı́nez, F.; Casas, J. M.; Fortun˜o,
C. Inorg. Chim. Acta1995, 235, 51-60.

(48) Christmann, U.; Vilar, R.Angew. Chem., Int. Ed.2005, 44, 366-
374.

(49) Leca, F.; Sauthier, M.; Deborde, V.; Toupet, L.; Re´au, R.Chem.
Eur. J. 2003, 9, 3785-3795.

(50) Moncarz, J. R.; Brunker, T. J.; Glueck, D. S.; Sommer, R. D.;
Rheingold, A. L.J. Am. Chem. Soc.2003, 125, 1180-1181.

(51) Hristov, I. H.; Ziegler, T.Organometallics2003, 22, 3513-3525.
(52) Espinet, P.; Echavarren, A. M.Angew. Chem., Int. Ed.2004, 42,

4704-4734.

Figure 3. 3-D plots of the HOMO and LUMO of complexM2.
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the LUMO of the complexes which is mainly localized on the
metal center coordinated with the MeCN ligands. The HOMO-
LUMO interaction weakens both the I-I and M-NCMe bonds
due to charge transfer from a bonding (HOMO of I2) to an
antibonding orbital with respect to the M-NCMe bond MO of
the complex. Moreover, possible interactions of the HOMOs
of the complexes with the LUMO (aσ* MO) of the I2 molecule
could not be excluded. Such interactions contribute further to
the weakening of the I-I and M-NCMe bonds and the
formation of the final oxidation product [(C6F5)2M(µ-PH2)2M′I2]
(M ) M′ ) Pt, M4; M ) Pt, M′ ) Pd M5 (see Figure 5S,
Supporting Information).

Equilibrium Geometry, Electronic Structure, and Bonding
Mechanism in the [(C6F5)2M(µ-PH2)2M ′I 2] (M ) Pt, M ′ )
Pd; M ) M ′ ) Pt or Pd) Complexes. The equilibrium
geometries of the [(C6F5)2M(µ-PH2)2M′I2] (M ) M′ ) Pt,M4;
M ) Pt, M′ ) Pd; M5; M ) M′ ) Pd, M6) complexes, the
total electronic energies, and some electronic properties of the
complexes computed at the B3LYP/lanl2dz level of theory are
given in Figure 5S and Table 5S, respectively (Supporting
Information). Overall, the B3LYP/lanl2dz calculations reproduce
very well the experimentally observed structural parameters of
[(C6F5)2Pt(µ-PPh2)2PtI2], 4. The most characteristic structural
parameter of the complexes related with the reductive coupling
of PH2 and C6F5 is the narrowing of the P-Pt-Cipsoand P-Pd-
Cipso bond angles having the P atom common with the P-M-I
bond angle involving the longer M-I bond. This narrowing
forces the P donor atom of the bridging phosphido ligand to be
closer to the Cipsoatom of the C6F5 ligand; the P-Cipsoseparation
distances are 2.949, 2.880, and 2.781 Å forM4, M5, andM6,
respectively. The P-Cipsoseparation distances being shorter than
the sum of the van der Waals radii of the P and C atoms (3.246
Å) indicate the existence of weak P‚‚‚Cipso interactions, which
can promote the reductive coupling of PH2 and C6F5. It is
evident that the shorter P‚‚‚Cipso separation distance in the
dipalladium complexM6 corresponds to much stronger P‚‚‚
Cipso interactions, which account well for our unsuccessful
attempts to isolate the [(C6F5)2Pd(µ-PPh2)2PdI2] complex. Obvi-
ously, the [(C6F5)2Pd(µ-PPh2)2PdI2] complex immediately rear-
ranges to the tetranuclear complex10, through the reductive
coupling of PPh2 and C6F5. It should be noted that according
to the total electronic energies and the hardness values (Table
5S, Supporting Information) the stability of the complexes
follows the trendM6 > M5 > M4, which means that the
dipalladium complex is thermodynamically more stable; thereby
one would expectM6 to be isolated from the reaction mixture
as is the case forM4 and M5. However, it is the kinetic
instability of M6 toward the reductive coupling process
responsible forM6 being a transient species that could not be
isolated. Both metal centers inM4, M5, and M6 acquire a
positive natural atomic charge, which is lower in the metal center
coordinated with the iodide ligands. The iodide ligands acquire
negative natural atomic charge, with that more strongly coor-
dinated with the metal center bearing much higher negative
natural atomic charge (Table 5S, Supporting Information). The
two-electron (2e) reduction ofM4 and M5 enforces the
dissociation of one of the iodide ligands, yieldingM7 andM8,
respectively (Scheme 4S, Supporting Information). The overall
process is predicted to be exothermic, with exothermicities of
154 and 147 kcal/mol, respectively, at the B3LYP/lanl2dz level.

To understand the dissociation of one of the iodide ligands
upon 2e reduction ofM4 andM5, we looked at the acceptor
orbital (the LUMO) of the complexes. The 3-D plots of the
HOMO and LUMO of a representative complexM5 are shown

in Figure 4. Analogous are the 3-D plots of the HOMO and
LUMO of M4 andM6. It can be seen that the LUMOs ofM4,
M5, andM6 correspond to Pt-P and Pd-P bonding molecular
orbitals localized mainly on the Pt(µ-P)2Pt, Pt(µ-P)2Pd, and Pd-
(µ-P)2Pd “rhombus”, respectively, with significant contribution
from Pt-I and Pd-I antibonding interactions related with the
weaker Pt-I and Pd-I bonds. Therefore, the 2e reduction of
the complexes accumulates electron density on the Pt-I or Pd-I
antibonding LUMOs, thus enforcing the dissociation of the
respective bonds and the formation of the monomeric species
M7 andM8 (Scheme 4S). The nature of the FMOs ofM7 and
M8 complexes (Figure 5) accounts well for their easy dimer-
ization, which is supported by favorable HOMO-LUMO
interactions.

Thus, one molecule could act as a ligand through its donor
orbital (HOMO) exhibiting high 5p(I) orbital character interact-
ing with the acceptor orbital (LUMO) exhibiting high nd(M)
character of the other molecule, resulting in the formation of
two M-I-M bridges. Along this line the formation of the
dimeric species6 and7 can be easily understood.

Concluding Remarks

The binuclear neutral M(II) derivatives [(C6F5)2M(µ-PPh2)2M′-
(NCCH3)2] (M ) M′ ) Pt,1; M ) Pt, M′ ) Pd,2) are oxidized
with I2, yielding the corresponding binuclear M(III) derivatives
[(C6F5)2M(µ-PPh2)2M′I2] (M ) M′ ) Pt, 4; M ) Pt, M′ ) Pd,
5). The oxidation reaction is accompanied by a substitution
process so that the iodo complexes are formed. The M(III)
complexes4 and5 are stable in the solid state, but in solution
they show a clear tendency to reduction. In the presence of a
reducing reagent such as [NBu4][BH4] the corresponding M(II)
derivatives [NBu4]2[(C6F5)2M(µ-PPh2)2M′(µ-I)2M′(µ-PPh2)2M′-
(C6F5)2] (M ) M′ ) Pt,6; M ) Pt, M′ ) Pd,7) are formed. In
the absence of a reducing agent, an intramolecular reductive
coupling of PPh2 and C6F5 takes place to form PPh2C6F5 and
M(II) derivatives [{(C6F5)M(µ-PPh2)(µ-I)M ′(PPh2C6F5)(µ-I)}2]
(M ) M′ ) Pt, 8; M ) Pt, M′ ) Pd, 9). For the binuclear
homometallic palladium compound [(C6F5)2Pd(µ-PPh2)2Pd-
(NCCH3)2], 3, the reaction with I2 does not allow the isolation
of the Pd(III)-Pd(III) derivative but only the complex resulting
from the reductive coupling, [{(C6F5)Pd(µ-PPh2)(µ-I)Pd-

Figure 4. 3-D plots of the HOMO and LUMO of complexM5.

Figure 5. 3-D plots of the HOMO and LUMO of complexM8.
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(PPh2C6F5)(µ-I)}2], 10, in keeping with the higher lability of
the palladium derivatives.

It is also noteworthy that although reduction to M(II)
complexes could also occur through the coupling of the PPh2

and I groups (formation of PPh2I), no evidence of such a process
has been obtained. In these complexes the formation of a P-C
bond is preferred to the formation of a P-I one.

The structural, bonding, electronic, and related properties of
all compounds studied herein have been satisfactory described
by DFT computational techniques at the B3LYP/lanl2dz level
of theory. The chemical behavior of the [(C6F5)2M(µ-PH2)2M′-
(NCCH3)2] (M ) M′ ) Pt or Pd, M) Pt, M′ ) Pd) complexes
toward their reaction with I2 was also explained in the
framework of the qualitative frontier molecular orbital theory.

Experimental Section

General Procedures and Materials.C, H, and N analyses were
performed with a Perkin-Elmer 240B microanalizer. IR spectra were
recorded on a Perkin-Elmer Spectrum One spectrophotometer
(Nujol mulls between polyethylene plates in the range 4000-350
cm-1). NMR spectra were recorded on a Varian Unity 300
instrument with SiMe4, CFCl3, and 85% H3PO4 as external
references for1H, 19F, and31P, respectively. Conductivities (acetone
c ≈ 5 × 10-4 M) were measured with a Philips PW 9509
conductimeter. Literature methods were used to prepare the starting
complexes [(C6F5)2Pt(µ-PPh2)2Pt(NCCH3)2],21 [NBu4]2[(C6F5)2Pt-
(µ-PPh2)2Pd(C6F5)2],19 and [NBu4][(C6F5)2Pd(µ-PPh2)2Pd(acac)].20

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

Synthesis of [(C6F5)2Pt(µ-PPh2)2Pd(NCCH3)2] (2). To a yellow
solution of [NBu4]2[(C6F5)2Pt(µ-PPh2)2Pd(C6F5)2] (0.300 g, 0.164
mmol) in acetonitrile (15 mL) was added HClO4 (0.327 mmol,
MeOH solution), and a yellow solid,6, starts to crystallize. After
1.5 h stirring at room temperature the mixture was evaporated to 3
mL, and iPrOH (3 mL) was added.6 was collected by filtration
and washed with 2× 0.5 mL of iPrOH (0.135 g, 76% yield). Anal.
Found (calcd for C40F10H26N2P2PtPd): C, 44.6 (44.8); H, 2.1 (2.4);
N, 2.45 (2.6). IR (Nujol, cm-1): 786 and 774 (X-sensitive C6F5

group);26,272313, 2286 (νNtC).53 19F NMR (293 K, deuteroacetone,
282.4 MHz,δ): -114.6 (4o-F, 3JPt,F ) 327 Hz),-162.4 (6m- +
p-F) ppm.31P{1H} NMR (293 K, deuteroacetone, 121.5 MHz,δ):
-130.4 (1JPt,P ) 1785 Hz) ppm.

Synthesis of [(C6F5)2Pd(µ-PPh2)2Pd(NCCH3)2] (3). To a yellow
solution of [NBu4][(C6F5)2Pd(µ-PPh2)2Pd(acac)] (0.440 g, 0.350
mmol) in acetonitrile (5 mL) was added HClO4 (0.350 mmol,
MeOH solution). After 30 min stirring the mixture was evaporated
to ca. 2 mL andiPrOH (3 mL) was added. A yellow solid,6,
crystallized, which was collected by filtration and washed with 0.5
mL of iPrOH (0.262 g, 75% yield). Anal. Found (calcd for
C40F10H26N2P2Pd2): C, 47.8 (48.1); H, 2.4 (2.6); N, 2.8 (2.8). IR
(Nujol, cm-1): 773 and 763 (X-sensitive C6F5 group); 2317, 2290
(νNtC). 19F NMR (293 K, deuteroacetone, 282.4 MHz,δ): -111.5
(4 o-F), -164.6 (2p-F), -164.9 (4m-F) ppm.31P{1H} NMR (293
K, deuteroacetone, 121.5 MHz,δ): -106.0 ppm.

Synthesis of [(C6F5)2Pt(µ-PPh2)2MI 2] (M ) Pt 4, Pd 5). M )
Pt. To a white suspension of1 (0.200 g, 0.170 mmol) in CH2Cl2
(5 mL)/acetonitrile (8 mL) at 213 K was added an acetonitrile
solution (8 mL) of I2 (0.046 g, 0.181 mmol). The color of the
suspension turned red, and after 20 min stirring at 213 K the mixture
was evaporated to 5 mL. The dark red solid,4, was filtered off
and washed with 0.5 mL of coldiPrOH (0.179 g, 78% yield). Anal.
Found (calcd for C36F10H20I2P2Pt2): C, 32.0 (32.1); H, 1.3 (1.5).

IR (Nujol, cm-1): 791 and 779 (X-sensitive C6F5 group).19F NMR
(293 K, CDCl3, 282.4 MHz,δ): -119.5 (4o-F, 3JPt,F ) 300 Hz),
-157.7 (2 p-F), -162.0 (4 m-F) ppm. 31P{1H} NMR (293 K,
CDCl3, 121.5 MHz,δ): 280.5 (1JPt1,P ) 1135,1JPt2,P ) 1716 Hz)
ppm.

M ) Pd, 5.To a yellow suspension of2 (0.110 g, 0.101 mmol)
in CH2Cl2 (6 mL) at 195 K was added a CH2Cl2 solution (5 mL)
of I2 (0.025 g, 0.101 mmol). After 5 min stirring at 195 K the dark
brown solution was evaporated to 1 mL and a brown solid start to
crystallize. Hexane (4 mL) was added, and the solid5 was filtered
off and washed with 1 mL of hexane (0.070 g, 55% yield). Anal.
Found (calcd for C36F10H20I2P2PtPd): C, 34.0 (34.3); H, 1.5 (1.6).
IR (Nujol, cm-1): 795 and 784 (X-sensitive C6F5 group).19F NMR
(213 K, CD2Cl2, 282.4 MHz,δ): -119.1 (4o-F, 3JPt,F ) 295 Hz),
-157.3 (2p-F), -161.5 (4m-F) ppm.31P{1H} NMR (213 K, CD2-
Cl2, 121.5 MHz,δ): 321.5 (1JPt,P ) 1273 Hz) ppm.

Reduction of [(C6F5)2Pt(µ-PPh2)2MI 2] (M ) Pt 4, Pd 5). M
) Pt. To a red solution of4 (0.100 g, 0.074 mmol) in CH2Cl2 (8
mL) was added a CH2Cl2 solution (1 mL) of NBu4BH4 (0.040 g,
0.155 mmol). The yellow solution was stirred for 3 h, then
evaporated to 1 mL.iPrOH (4 mL) was added, and after 15 min
stirring a yellow solid,6, was filtered off and washed with 2× 0.5
mL of iPrOH (0.076 g, 70% yield). Anal. Found (calcd for
C104F20H112I2P4Pt4): C, 42.8 (42.7); H, 4.0 (3.85); N, 1.2 (0.95).
ΛM ) 186 ohm-1 cm2 mol-1. IR (Nujol, cm-1): 782 and 773 (X-
sensitive C6F5 group). 19F NMR (213 K, deuteroacetone, 282.4
MHz, δ): -114.0 (8o-F, 3JPt,F ) 320 Hz),-166.2 (8m-F), -167.2
(4 p-F) ppm.31P{1H} NMR (213 K, deuteroacetone, 121.5 MHz,
δ): -142.3 (1JPt,P ) 1897 and 2447 Hz) ppm.

M ) Pd, 5.The same procedure used for reduction of4 from 5
(0.100 g, 0.079 mmol) and NBu4BH4 (0.045 g, 0.174 mmol) gives
a black solid, from which complex7 is identified by spectroscopy.

Synthesis of [NBu4]2[{(C6F5)Pt(µ-PPh2)2Pd(µ-I)}2], 7. To a
yellow solution of [NBu4]2[{(C6F5)Pt(µ-PPh2)2Pd(µ-Cl)}2] (0.160
g, 0.062 mmol) in acetone (20 mL) was added KI (0.096 g, 0.578
mmol). The mixture was stirred at room temperature for 20 h and
evaporated to dryness. The solid was extracted with CH2Cl2 (20
mL), and the solution was evaporated to ca. 1 mL.iPrOH (10 mL)
was added, and after 3 h stirring an orange solid,7, was filtered
off and washed with 3× 0.5 mL of iPrOH (0.109 g, 64% yield).
Anal. Found (calcd for C104F20H112I2P4Pt2Pd2): C, 45.5 (45.4); H,
4.25 (4.1); N, 1.0 (1.0).ΛM ) 181 ohm-1 cm2 mol-1. IR (Nujol,
cm-1): 785 and 780 (X-sensitive C6F5 group).19F NMR (213 K,
deuteroacetone, 282.4 MHz,δ): -113.6 (8o-F, 3JPt,F ) 327 Hz),
-166.2 (8 m-F), -167.2 (4 p-F) ppm. 31P{1H} NMR (213 K,
deuteroacetone, 121.5 MHz,δ): -131.4 (1JPt,P ) 1733 Hz)
ppm.

Synthesis of [{(C6F5)M(µ-PPh2)(µ-I)M ′(PPh2C6F5)(µ-I)}2] (M
) M ′ ) Pt, 8; M ) Pt, M ′ ) Pd, 9; M ) M ′ ) Pd, 10). M ) M ′
) Pt, 8.A red CH2Cl2 solution (15 mL) of4 (0.150 g, 0.111 mmol)
was stirred at room temperature for 60 h. The resulting yellow
solution was evaporated to 1 mL, and8 crystallized as a yellow
solid. Hexane (4 mL) was added, and the solid was filtered off
(0.099 g, 66% yield). Anal. Found (calcd for C72F20H40I4P4Pt4):
C, 32.4 (32.1); H, 1.3 (1.5). IR (Nujol, cm-1): 1522 and 983
(PPh2C6F5); 799 (X-sensitive C6F5 group).19F NMR (293 K, CD2-
Cl2, 282.4 MHz,δ): -112.9 (2o-F), -119.0 (2o-F), -124.2 (2
o-F, PPh2C6F5), -147.9 (2 p-F, PPh2C6F5), -160.2 (4 m-F,
PPh2C6F5), -164.3 (2p-F), -165.2 (2m-F), -166.4 (2m-F) ppm.
31P{1H} NMR (213 K, CDCl3, 121.5 MHz,δ): -1.0 (PPh2C6F5,1JPt,P

) 4684 Hz),-59.7 (PPh2,1JPt,P ) 2592 and 3287 Hz) ppm.
M ) Pt, M ′ ) Pd, 9.Complex9 was prepared in the same way

as for 5 (0.100 g, 0.079 mmol) with 15 h stirring at room
temperature.9 was formed as a brown solid (0.070 g, 70% yield).
Anal. Found (calcd for C72F20H40I4P4Pd2Pt2): C, 34.2 (34.3); H,
1.9 (1.6). IR (Nujol, cm-1): 1520 and 983 (PPh2C6F5); 804 (X-
sensitive C6F5 group).

(53) Murahashi, T.; Nagai, T.; Okuno, T.; Matsutani, T.; Kurosawa, H.
Chem. Commun.2000, 1689-1690.
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M ) M ′ ) Pd, 10.To a CH2Cl2 solution (8 mL) of I2 (0.051 g,
0.200 mmol) at 195 K was added3 (0.200 g, 0.200 mmol), and
the dark red solution was stirred for 3 min. The solution was
evaporated to 1 mL, and hexane (4 mL) was added. Complex10
crystallized as a red-brown solid (0.163 g, 70% yield). Anal. Found
(calcd for C72F20H40I4P4Pd4): C, 36.95 (37.0); H, 1.5 (1.7). IR
(Nujol, cm-1): 1521 and 983 (PPh2C6F5); 789 (X-sensitive C6F5

group).
Crystal Structure Determination. Crystals suitable for X-ray

diffraction of the complexes were obtained by slow diffusion of
n-hexane into solutions of 0.020 g of4 in chloroforme (3 mL) and
a saturated solution of8 in dichloromethane (3 mL), at 6°C.

Crystal data and other details of the structure analysis for the
three complexes are presented in Table 3. The crystals were
mounted on quartz fibers in a random orientation and held in place
with a fluorinated oil. Data collection was performed at 100 K
temperature on a Bruker Smart CCD diffractometer using graphite-
monocromated Mo KR radiation (λ ) 0.71073 Å) with a nominal
crystal to detector distance of 6.0 cm. A sphere of data was colleted
on the basis of threeω-scans runs (startingω ) -28°) at valuesφ
) 0, 120, and 240 with the detector at 2θ ) 28°. At each of these
runs 606 frames were collected at 0.3° intervals and 10 s per frame.
The diffaction frames were integrated using the SAINT package54

and corrected for absorption with SADABS.55 Lorentz and polariza-
tion corrections were applied. The structures were solved by direct
methods. All non-hydrogen atoms were assigned anisotropic
displacement parameters. H atoms were added at calculated
positions with equivalent isotropic displacement parameters set
equal to 1.2 times those of the corresponding parent atoms. Two
molecules of lattice CHCl3 for complex4 and four molecules of
lattice CH2Cl2 for complex8 were also found and refined with
anisotropic displacement parameters. Final difference electron
density maps showed some peaks above 1 e Å-3 for 8, but none of
them has chemical meaning. The structures were refined using the
SHELXL-97 program.56

Computational Details.The structural, electronic, and energetic
properties of all compounds were computed at Becke’s three-
parameter hybrid functional57,58 combined with the Lee-Yang-
Parr correlation functional59 abbreviated as the B3LYP level of

theory, using the LANL2DZ basis set60 that includes Dunning/
Huzinaga full DZ on first row atoms and Los Alamos ECPs plus
DZ for platinum and palladium atoms. In all computations no
constraints were imposed on the geometry. Full geometry optimiza-
tion was performed for each structure using Schlegel’s analytical
gradient method,61 and the attainment of the energy minimum was
verified by calculating the vibrational frequencies 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 states (NIMAG) 1). The natural bond
orbital (NBO) population analysis was performed using Weinhold’s
methodology.62,63All calculations were performed using the Gauss-
ian 03 series of programs.64 Moreover, the qualitative concepts and
the graphs derived from the Chem3D program suite65-66 highlight
the basic interactions resulting from the DFT calculations.
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