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Coordinated olefins, H2C�CHR, and phosphanes, PH2R:
a theoretical study of the R substituent effect
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Abstract

Five olefin complexes and five phosphane platinum(0) complexes of the type [Pt(PH3)2L] (L=H2C�CHR or PH2R; R=H, CN,
F, OH, NH2) were investigated by DFT methods using the B3LYP functionals to investigate the effects of the substituent R on
the donation and back-donation in the bonding of these ligands. A charge decomposition analysis (CDA) proved to be
particularly useful in this respect. Some expected trends are well reproduced, i.e. for olefins, particularly for H2C�CHCN,
back-donation is important while for phosphanes, particularly for PH2NH2, electron donation prevails. The variation of the
substituent R has a larger effect in phosphane complexes indicating that the electronic properties of a transition metal complex
may be more easily controlled by changing the substituent via a coordinated phosphane than via an olefin. Interestingly, the
intrinsic interaction energies �Eint are larger for olefins than for phosphanes indicating that olefins may be better ligands than the
latter under special conditions. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Undoubtedly olefins and phosphanes belong to the
most often used ligands in coordination chemistry and
the ‘fine tuning’ of the properties of transition metal
complexes is achieved by placing different substituents
onto these ligands. It was thus interesting to study the
electronic effect on the transition metal center evoked
by various electron-withdrawing and -donating sub-
stituents placed in olefins and phosphanes. As a model
system, we choose [Pt(PH3)2L] complexes for several
reasons. First, these species offer a good compromise
between a ‘model system’ and complexes that are rele-
vant in a ‘real’ laboratory environment. Moreover, such
trigonal planar platinum(0) complexes play an impor-
tant role in transition metal catalyzed reactions [1] and
hence understanding the substituent effects transmitted
by the ligands is especially important. A further reason

for choosing these model complexes relies on the fact
that the 14-electron fragment [Pt(PH3)2] is neither par-
ticularly electron-poor nor electron-rich and therefore
ideally suited to discuss metal–ligand binding within
the classical concept of donation and back-donation
developed by Dewar [2] and Chatt and Duncanson [3].
Finally, similar systems were thoroughly investigated
computationally (see selected Refs. [4–8]; a more com-
plete listing is given in [8]) facilitating comparisons. As
ligands L we choose monosubstituted olefins,
H2C�CHR, and phosphanes, PH2R, where R varies
from CN and F as electron-withdrawing to OH and
NH2 as electron-donating substituents.

Numerous platinum(0) complexes containing acrylo
nitrile, H2C�CHCN, as the ligand were described (for a
selection of recent examples see Refs. [9–11]).
Monofluoro ethylene, H2C�CHF, complexes are less
common but have been characterized for nickel(0) [12–
14] and ruthenium(II) [15]. Recent calculations with
H2C�CHF as the ligand have been performed on rhodi-
um(I) complexes [16]. Although substituted enol ethers,
R2C�CR1�OR2, and enamines, R2C�CR1�NR2

2, are
well-known ligands in transition metal chemistry [17]
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their parent molecules, H2C�CHOH and H2C�CHNH2,
were studied inadequately in coordination chemistry
[18]. Recently, the enamonnium complex [NiClH-
(PH3)2(H2C�CH�NH3)]+ has been theoretically investi-
gated in the context of the hydroammination reaction
of olefins [19].

Numerous complexes containing phosphanes of the
general formula PR2X (R=alkyl, aryl; X=F, NR2,
OR) have been described [17]. Remarkably, Mathey et
al. could also synthesize the parent molecules PH2F [20]
and PH2OH [21] stabilized by the [W(CO)5] fragment.
Also, the molecule PH2(CN) was prepared by a flash-
vacuum pyrolysis of a cyano-phosphirane [22] but
metal complexes with this molecule have not been
described to our knowledge and only a few cyano-phos-
phane complexes were reported in the literature [23–
26].

There is a general agreement on the fact that the
metal-to-ligand back-donation, b, which has largely
�-character, is of more importance for the stability in
olefin complexes than in phosphane complexes (see
Refs. [4–8] and the literature cited therein). In other
words, olefins are considered to be better ‘�-acids’ as
phosphanes, which in turn are better ‘�-bases’. Note,
however, that for both type of complexes the �-type
ligand-to-metal donation, d, is larger because of the
better overlap of the participating orbitals. Only, the
stabilizing effect of this donation may be—as any type
of ligand-to-metal donation—diminished by repulsive
2-center-4-electron interactions with occupied orbitals
of suitable symmetry on the metal center.

It is a priori difficult to estimate the relative impor-
tance of ligand substituent effects on these donating,
accepting, and repulsive interactions in olefin and phos-
phane complexes. Therefore, we envisioned a systematic
computational study using high-level theoretical meth-
ods on the olefin complexes 1–5 and phosphane com-
plexes 6–10 shown in Scheme 1. Our aim is to analyze
the nature of the bonding in these complexes depending
on the substituent R and to determine, for which of
each of these two-electron donor ligand phosphanes
and olefins, the substituent effects are the most pro-
nounced. To this end, we have used the charge decom-
position analysis (CDA) procedure, developed by

Frenking et al. [27]. This method may be regarded as a
‘quantified’-Dewar–Chatt–Duncanson model provi-
ding information just about the above-mentioned quan-
tities, i.e. donation, back-donation, and repulsive inter-
actions. This is achieved by inspecting the orbital
contributions to the charge distributions in the complex
by: (i) the mixing of the filled orbitals of the ligand, L,
with the unfilled orbitals at the metal containing frag-
ment, [MLn

1] (donation, d); (ii) the mixing of the unfilled
orbitals of L with the filled orbitals at [MLn

1] (back-do-
nation, b); (iii) the mixing of the filled orbitals of L with
the filled orbitals at [MLn

1] (repulsive polarization, r);
and (iv) the mixing of the unfilled orbitals of L with the
unfilled orbitals at [MLn

1] (residual term, �). Although
quite recently, the CDA method has already been
proven to be a powerful instrument in analyzing the
metal–ligand bonding in transition-metal complexes
[28].

2. Theoretical methods

Full geometry optimizations for systems 1–10 were
carried out with the use of the B3LYP [29,30] density
functional level of theory and with the following basis
set. A 6-31G(d) basis set was employed for the first-
(H), second- (C, N, O and F), and third-row (P)
elements. The Hay and Wadt small-core relativistic
effective-core potential with a valence shell of double-�
quality (441/2111/21) was used on platinum [31]. Sets of
five d functions were used in the basis sets throughout
these calculations. This corresponds to the standard
‘Basis Set II’ defined by Frenking and collaborators
[32], and the level of theory used in this study will
hereafter thus be denoted as B3LYP/II. The optimized
structures were characterized by harmonic frequency
analysis as minima (all frequencies real). These molecu-
lar orbital calculations were performed with the GAUS-

SIAN 98 programs [33].
CDA [27] was performed using the program CDA 2.1

[34]. The charge distribution in the compounds was
calculated with the NBO partitioning scheme [35].

Total energies and complete sets of Cartesian coordi-
nates for the optimized geometries is available from the
authors on request.

3. Results and discussion

In Fig. 1 are presented the three-dimensional struc-
tures of 1–10 obtained from unconstrained geometry
optimizations using the B3LYP density functionals. In
Tables 1 and 2, key features of the optimized ge-
ometries of 1–5 and 6–10, respectively, are listed.
Experimental geometries of 1–10 are not available pre-
venting direct comparison. However, our level of calcu-Scheme 1. Molecules studied in this investigation.
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Fig. 1. Three-dimensional optimized structures of 1–10 at the
B3LYP/II level.

stance, in the tris(triphenyl)phosphine complex
[Pt(PPh3)3] [36] the Pt�P bond (2.266 A� ) is shorter by
0.04 A� than in the model compound [Pt(PH3)3] (6)
(Pt�P: 2.306 A� ) despite the fact that the latter is steri-
cally less encumbered. Since this systematic error is very
likely to be reproduced in any of the compounds inves-
tigated here, we believe that our results still elucidate
relative trends in a reliable way.

We begin our discussion with the compounds
[Pt(PH3)2(C2H4)] (1) and [Pt(PH3)2(C2H3CN)] (2). For
comparison, we have included the experimental data
for [Pt(PPh3)2(C2H4)] (11) [37,38] and the symmetrically
substituted cyano-olefin complexes {Pt(PPh3)2[(NC)-
HC�CH(CN)]} (12) [39] and [Pt(PPh3)2(C2(CN)4)] (13)
[40] in Table 1. The calculations predict that 2 has: (i)
longer C�C and Pt�P bonds; (ii) shorter Pt�C bonds;
(iii) a larger C�Pt�C bond angle; and (iv) a more acute
P�Pt�P bond angle than 1. All these trends due to H by
CN substitution agree well with those observed in the
experimental geometries of 11–13 which gives further
confidence to our following discussion based on compu-
tational models.

All olefins show an elongation of the C�C bond by
about 7% upon complexation to [Pt(PH3)2] when com-
pared with the free state. For electron-poor olefins
H2C�CH(CN) and H2C�CHF in 2 and 3, respectively,
this effect is a little larger, for the electron-rich olefins
H2C�CH(NH2) and H2C�CH(OH) in 4 and 5 the effect
is slightly smaller than for the parent compound
H2C�CH2. Also, the metal-bonded carbon atoms devi-
ate significantly from planarity in all coordinated
olefins as is indicated by ��22° which measures the
angle between the bisector of the H�C1�H or H�C2�R
bond angles and the C1�C2 bond axis (�1 and �2,
respectively). Between the structures of the coordinated
olefins, only relatively little variation is seen (22.7°�
��28.4°) and these are non-systematic. In Table 1,
the atomic charges q according to NBO analysis are
included. In all cases the negative charge is accumulated
on the olefin and a slightly positive charge resides on
the platinum. As expected, this effect is the most pro-
nounced for the cyano-olefin complex 2 (�q=0.63e)
while (somewhat unexpected) the degree of charge sepa-
ration �q=q(Pt)−q(H2CCHR) in the other hetero-
substituted olefin complexes 3 (�q=0.45e), 4
(�q=0.42e) and 5 (�q=0.38e) differ only marginally
from the parent compound 1 (�q=0.45e).

The results for the tris(phosphan)platinum complexes
6–10 are listed in Table 2. A notable common feature
of the [Pt(PH3)2(PH2R)] complexes with R�H is that
the R substituent lies almost in the plane running
through the three phosphorus and the platinum atom
(see the small torsion angles P2�Pt�P�R listed in Table
2). On the other hand, in the parent compound
[Pt(PH3)3] (6) no P�H bond is aligned with the central
molecular plane. Although we have not investigated

lation is the same as the one utilized previously by
Frenking et al. [8] to analyze analogous platinum(0)
complexes of strained olefins [Pt(PH3)2(olefin)]
(olefin=C2H4 (11), C8H10, C9H12, C10H14, C11H16).
They have shown that their calculated structures agree
reasonably well with the experimental ones, but found
that the calculated Pt�C and Pt�P distances are system-
atically longer (by 0.03–0.05 A� ) than the experimental
values. The same observation is made here. For in-
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this matter systematically, we find that the Pt�P rota-
tion barriers are very low (�3 kJ mol−1). The Pt�P
bond lengths towards the substituted phosphane,
PH2R, are shorter in 7–10 where R�H while the

Pt�PH3 bonds—especially those lying to the same side
as the P�R bond—are slightly longer than in the parent
molecule 6. In contrast to the olefins, the coordinated
phosphanes do not alter their structures significantly

Table 1
Theoretical (1–5 calculated at B3LYP/II) and experimental (11–13) geometrical parameters (A� and °) and natural charges q

2 3 41 5 11 a 12 b 13 c

H1R CN F NH2 OH

Bond lengths
1.445 1.423 1.433 1.420 1.434 1.533C1=C2 1.4941.427

�(C1=C2) d +0.096 +0.094+0.088+0.098+0.106
2.126 2.143 2.144 2.1532.152 2.112Pt�C1 2.107 2.107
2.149 2.127 2.158Pt�C2 2.1712.152
2.311 2.343 2.333 2.341Pt�P1 2.2682.317 2.286 2.289

2.317 2.335Pt�P2 2.3072.3172.318
1.438 1.377 1.444 1.3971.089C2�R 1.375 1.413

Bond angles
39.5 38.9 38.9 38.4 39.7 42.6C1�Pt�C2 41.538.7

101.4104.4111.6106.3108.0P1�Pt�P2 106.1105.8107.3
�1

e 24.1 28.3 26.6 25.4 26.9
28.124.224.1�2

f 28.422.7

Natural charges
−0.34q(H2CCHR) −0.47 −0.35 −0.32 −0.29

q(Pt) +0.11 +0.16 +0.10 +0.10 +0.09

a From Refs [37,38]; average of X-ray structure values.
b From Ref. [39]; average of X-ray structure values.
c From Ref. [40]; average of X-ray structure values.
d Difference of CC bond length between complexes and the free optimized olefins. A positive value indicates an elongation due to the

complexation.
e Pyramidalization angle at C1.
f Pyramidalization angle at C2.

Table 2
Theoretical geometrical parameters (A� and deg) and natural charges q for compounds 6–10 calculated at B3LYP/II

6 8 9 107
R NH2H OHCN F

Bond lengths
2.2772.306 2.260Pt�P 2.2852.245
2.305 2.309 2.311 2.3052.306Pt�P1

2.306 2.324Pt�P2 2.338 2.3282.313
1.419/1.422P�R 1.6721.7241.811 1.632

−0.003 +0.002�(P�R) a −0.005/–0.002 +0.015 +0.007

Bond and dihedral angles
116.2 116.8P1�Pt�P2 114.9120.0° 120.0

P2�Pt�P�R 0.98.74.7−89.3/28.9 0.0
299.5 298.2�P b 286.3 287.1 292.0

�(�P) c +4.1+6.3 +3.0+1.9 +2.8

Natural charges
+0.06 +0.03q(PH2R) +0.04 −0.03 +0.02

−0.13 −0.14q(Pt) −0.14−0.12 −0.13

a Difference of P�R bond length between complexes and the free optimized phosphanes. A positive value indicates an elongation due to the
complexation.

b Sum of the H�P�H and H�P�R bond angles around the phosphorus atoms.
c Difference of �P between complexes and the free optimized phosphanes. A positive value indicates a decrease of the pyramidality (increase

of �P).
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Table 3
CDA a and bonding energies (kcal mol−1) calculated at B3LYP/II

d b d/b RR �Molecule De
b �Eint

c

0.51 0.38 1.33 −0.43H −0.011 15.4 56.9
CN2 0.47 0.42 1.13 −0.45 −0.01 17.6 62.8

0.51 0.40 1.27 −0.44 −0.02 11.9 58.93 F
0.51 0.38 1.35 −0.46NH2 −0.024 6.6 54.7

OH5 0.50 0.37 1.37 −0.43 −0.02 9.9 53.9

0.38 0.23 1.676 −0.52H 0.02 9.7 28.3
0.35 0.29 1.20 −0.53CN 0.027 11.4 30.1

F8 0.46 0.34 1.35 −0.36 −0.04 19.6 44.3
9 NH2 0.49 0.27 1.78 −0.44 0.01 14.2 35.8

0.47 0.30 1.53 −0.45 0.00OH 16.310 38.7

a Donation d, back-donation b, repulsive part r, and residual term �.
b Dissociation energy of the Pt�P or Pt�CC bond (kcal mol−1).
c Interaction energy between the two fragments (Pt(PH3)2 and olefins or phosphanes) in the geometry that they have in the complex

(kcal mol−1).

upon binding to the platinum(0) center, i.e. neither the
P�R bond lengths nor the sum of the bond angles, �P,
change much when compared with the free phosphanes.
Significant effects are seen only for the P�CN bond of
the cyano-phosphane which becomes 0.015 A� longer
and for �P of PH3 which widens by +6.3° on complex-
ation. This finding agrees with experimental observa-
tion for aryl/alkyl phosphane complexes [41].

The NBO group charges at the PH2R phosphane
vary between +0.06e for PH2NH2 and −0.03e for
PH2CN in accord with the expectation that the first
behaves as an electron donating and the second as an
electron attracting phosphane. In all complexes, the
platinum centre bears a small negative charge, which
reveals that the net effect of all three phosphanes in the
coordination sphere is to augment the charge density at
the metal.

The results of the charge decomposition analyses are
compiled in Table 3. In all cases the residual term, �, is
quite small (�0.04) which is a necessary requirement
to allow the description of the structures of 1–10 as
donor–acceptor-complexes [27] and to interpret the
bonding in terms of the Dewar–Chatt–Duncanson
(DCD) model.

We discuss the olefin complexes 1–5 first. As Frenk-
ing et al. [8] pointed out, there are four molecular
orbitals in the complex, which contribute almost to the
same extent to the olefin–Pt donation. The three, which
are high in energy, contain the bonding C�C �-orbital
of the olefin and the one which is very low in energy
contains a significant contribution from the C�C �-
bonding orbital [42]. All four donate dominantly into
the dx 2–y 2 and dz 2 orbital of the platinum center. This
feature does not change significantly on the introduc-
tion of the substituents R into the olefin, i.e. there are
always mostly four molecular orbitals participating in
the donation. In the parent complex 1, there is one

molecular orbital, the HOMO-1, which is predomi-
nantly involved in back-bonding and contains a large
contribution from the C�C anti-bonding �*-orbital of
the olefin. This finding is in accord with expectations
due to the DCD model. In the complexes 2–5 contain-
ing the substituted olefins, mainly two molecular or-
bitals, the HOMO and the HOMO-1, are involved in
the back-donation because any of the chosen sub-
stituents R interacts via a lone pair (i.e. F, OH, NH2)
or multiple �-bond system (CN) with the coordinated
C�C unit in a bonding or anti-bonding way. This leads
to the somewhat paradox situation that the HOMO in
the substituted olefin complexes is involved in donation
and back-donation to almost the same extent. The data
in Table 3 show, that as a net effect neither the dona-
tion d nor the back-donation b differs largely dependent
on the nature of the substituent R. Nonetheless, the
expected trends become clearly visible in the d/b ratios
and acrylo nitrile is the strongest acceptor (d/b=1.13)
while the enol is the strongest donor olefin (d/b=1.37).

We now turn our attention to the phosphane com-
plexes 6–10. Again there are a number of molecular
orbitals involved in donation (three in 6 and 9, and four
in 7, 8, and 10 when only contributions d�0.05 are
considered), and back-donation (two in 6, 7, and 9, and
three in 8 and 10 with b�0.05). We have not explored
the compositions of the molecular orbitals in detail.
(One of the advantages of the CDA analysis relies
actually in the fact that the delocalized nature of molec-
ular orbitals is kept while it still can be interpreted
using classical terms from a localized bonding picture.)
Interestingly, based on the d values all phosphanes are
weaker donors than their olefinic counterparts while the
repulsive part r is significantly higher for 6, 7, and 10.
Only the PH2F complex 8 shows a lower r value than
its H2C�CHF counterpart. However all phosphanes are
also weaker acceptors and the d/b ratios in their com-
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plexes are larger than those of the corresponding olefin
complexes.

In contrast to the latter, some expected trends be-
come more clearly visible within the series of the phos-
phane complexes. Introduction of a �-donating
substituent on the phosphorus centre raises the d value
in the order NH2�OH�F with respect to the parent
molecule 6. This is in accord with the recent calcula-
tions by Frenking et al. which showed donation in
[Fe(CO)4PF3] [deq=0.56; dax=0.58] to be higher than d
in [Fe(CO)4PH3] [deq=0.40; dax=0.43] [43]. Only the
cyano-phosphane in 7 is a weaker donor than PH3 in 6.

All heterosubstituted phosphanes PH2R are better
acceptors than PH3. The molecular orbital which con-
tributes the most to b contains a contribution from the
�*-orbital of the P�R bond. Remember that this bond
lies in the central molecular plane hence placing the �*
orbital in a perfect position to interact with the occu-
pied dxy orbital on the platinum center. This type of
interaction has been also discussed in the context of
negative hyper-conjugation [41]. Fluorine is the most
electronegative substituent and the corresponding P�F
�*-orbital is the lowest in energy. Consequently, PH2F
shows the largest b value for back-donation. However,
back-donation is efficiently counterbalanced by its do-
nating ability and the d/b ratio is larger than for the
cyano-phosphane, which is the strongest electron-with-
drawing phosphane (d/b=1.205). On the other hand,
PH2NH2 in 9 is the strongest electron-donating phos-
phane of all ligands (d/b=1.785) considered in this
study.

We plan to investigate the binding in the complexes
discussed above in more detail using an energy decom-
postion scheme (ETS) as was introduced by Ziegler and
Rauk [4,44,45]. However, a brief discussion of the
binding energies between the organometallic fragment,
[Pt(PH3)2], and the ligand L will be given here. As is
illustrated in Scheme 2, the interaction was evaluated
by calculating the adiabatic dissociation energy, De, and
the interaction energy, �Eint, which are both listed in
Table 3. The energy De is required to dissociate the
complex [Pt(PH3)2L] into the fragments [Pt(PH3)2] and
L, both in their ground state structures, i.e. [Pt(PH3)2]
being linear and L showing the structure of the uncom-
plexed ligand.

The energy �Eint measures the intrinsic binding be-
tween the fragment [Pt(PH3)2]* and L*, both having the
same structural parameters as in the complex
[Pt(PH3)2L]. The dissociation energy De is lower than
�Eint by the sum of the energies �Eprep

1 and �Eprep
2

which have to be spend to prepare both fragments,
[[Pt(PH3)2] and L, sterically and electronically for bond
formation, i.e. De=�Eint− (�Eprep

1 +�Eprep
2 ). For the

phosphane complexes 6–10, De and �Eint parallel each
other, i.e. the fluoro phosphane complex 8 shows the
largest and the phosphane complex 6 the smallest De

and �Eint values, i.e. all phosphanes, PH2R are better
ligands than the parent phosphane, PH3. For the olefin
complexes 1–5 the ordering of De and �Eint is different,
however, cyano-ethylene is clearly the strongest bound
olefin while the electron-rich olefins in 4 and 5 are
significantly weaker bonded than ethylene in the parent
complex 1. Note that the averaged dissociation ener-
gies, D e

av, are as expected lower for the olefin complexes
(D e

av=12.3 kcal mol−1) than for the phosphane com-
plexes (D e

av=14.2 kcal mol−1), however, the difference
is very small and all values lie within the same range.
On the contrary, �Eint is significantly larger by about
20 kcal mol−1 in the olefin complexes than in the
phosphane complexes. Since the distortion of the linear
to the bent [Pt(PH3)2] fragment [�(P�Pt)�0.07 A� ,
�(P�Pt�P)�74° for L=olefin; �(P�Pt)�0.06 A� ,
�(P�Pt�P)�62° for L=phosphane) is of the same
order of magnitude for all complexes 1–10, the differ-
ence between De and �Eint is mainly caused by the
distortion of the ligand from L to L* upon complexa-
tion. This means that in particular the preparation
energy, �E2

prep, paid in order to bind an olefin turns this
one into a relatively weakly bonded ligand. Although
any reasoning about this must await a more detailed
ETS analysis, it is plausible to assume that especially
the elongation of the strong C�C double bond is re-
sponsible for this effect.

4. Conclusions

The bonding in even simple model complexes is
already quite complicated and the ligand substituent
effects on donation, d, and back-donation, b, are not
easily foreseen and expressed in structural data in a
straightforward manner. Here charge decomposition
analyses are a useful instrument and may be helpful for
the fine-tuning of the properties of transition metal
complexes in order to adapt them better for their
purpose. Some expectations are confirmed by the CDA,
i.e. H2C�CHCN is the strongest electron accepting
ligand and PH2NH2 is the strongest electron donating
ligand. Other results are less obvious and in this re-
spect, the most important result of this study is the
observation that substituent effects in coordinated

Scheme 2. Illustration of the adiabatic dissociation energy, De, and
the interaction energy, �Eint. The asterisk indicates the structures of
the fragments [Pt(PH3)2] and L in the complex [Pt(PH3)2L].
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phosphanes are significantly larger than in the corre-
sponding olefins (expressed by the difference of d/b
values for 6–10, �d/b=0.58; for 1–5, �d/b=0.24).
The binding energies of the various ligands L were
estimated in a preliminary form by calculating the
adiabatic dissociation energies, De, and the intrinsic
interaction energies �Eint which do not include the
energies, �Eprep, necessary to prepare the organometal-
lic fragment [Pt(PH3)2] and the ligand L for bond
formation. Interestingly and counter intuitive, �Eint is
much larger in olefin complexes than in phosphane
complexes. This indicates that olefins, which possess a
ground state structure being already close to their struc-
ture in the complexed form, shall be excellent ligands.
This seems to be the case for complexes of strained
olefins where the C�C bond is incorporated in a non-
planar environment within a polycyclic cage [8]. Fur-
ther theoretical and experimental work in order to gain
a more detailed insight into these phenomena is under
way.
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