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Introduction

Numerous authenticated examples of transition-metal ethyl-
ene complexes[1] are known today. Considerable focus has
been placed on nickel complexes, because they represent

key intermediates responsible for the “nickel effect”.
Whereas ethylene and triethylaluminum react under high
pressure and at 100 8C to give exclusively trialkylaluminum
compounds featuring long alkyl chains, the addition of small
amounts of nickel(II) salts leads to the formation of butene.
The synthesis of [NiACHTUNGTRENNUNG(C2H4)3] was reported as early as 1973.

[2]

The molecule has been suggested to exhibit a D3h-symmetric
structure in which the nickel and all the carbon atoms are
located in the same plane (called a “planar” structure).
Much effort has been directed into the analysis of the de-
tailed structure because the mechanism responsible for the
nickel effect includes the formation of such a complex,
which later forms a bond to trialkylaluminum, before under-
going an electrocyclic reorganization process. Quantum-
chemical calculations have confirmed the “planar” struc-
ture.[3] A second possible structure, namely the D3h-symmet-
ric “upright” structure, in which the midpoints of the ethyl-
ene ligands and the Ni atom occupy one plane, is energeti-
cally disfavored by about 117 kJmol�1 according to B3LYP[4]

and by about 187 kJmol�1 according to MP2[5] calculations.
The order has been explained qualitatively on the basis of
the Dewar–Chatt–Duncanson (DCD) model.[6] The s bonds
are expected to be of similar strength in both forms, but the
p bonds should be stronger in the planar form. However,
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the DCD model, although advantageous in providing
straightforward answers, has been shown in many cases to
be an oversimplification.[7] Many derivatives, including some
for Pd and Pt, have been structurally characterized in subse-
quent years; for example, the crystal structure of tris-
ACHTUNGTRENNUNG(bicycloACHTUNGTRENNUNG[2.2.1]heptene)platinum that features double-
bonded C atoms and a Pd atom in one plane.[8] [Pt ACHTUNGTRENNUNG(C2H4)2-
ACHTUNGTRENNUNG(C2F4)] is another example, which has been structurally char-
acterized and for which the planar geometry has been con-
firmed.[9] The Pt�C(F2) and Pt�C(H2) distances are 197 and
225 pm, respectively, and the C�C bond lengths are 144 and
136 pm for the coordinated C2F4 and C2H4 ligands, respec-
tively, which are thus slightly longer than that in free C2H4
(131.3 pm[10]). Very recently, the isoelectronic [Ag ACHTUNGTRENNUNG(C2H4)3]

+

ion was structurally characterized.[5] This ion was stabilized
with the aid of the weakly coordinating anion [Al{OC-
ACHTUNGTRENNUNG(CF3)3}4]

� and represents yet another example of the
“planar” structural type. However, the energy difference be-
tween the “planar” and “upright” form was estimated to be
much smaller (44 kJmol�1 according to MP2 calculations).
The interest in the properties of these benchmark com-

pounds has been further stimulated by a recent paper in
which it was suggested, on the basis of theoretical descrip-
tors extracted from quantum-chemical calculations, that the
C2H4 ligands in [NiACHTUNGTRENNUNG(C2H4)3] and also the C2H2 ligands in [Ni-
ACHTUNGTRENNUNG(C2H2)3] interact to a large extent, leading to homoaromatic-
ity.[4] According to these authors, this effect accounts for the
facile cyclization of the ligands. The obvious question arising
before one can judge the importance of this potential inter-
action is how strong this interaction is. Unfortunately, the
authors of reference [4] did not give a satisfactory answer to
this question. From an experimentalistRs point of view, the
vibrational properties are of great importance to confirm or
disprove such a hypothesis. A significant interaction be-
tween the C2H4 ligands must bring about a splitting between
the in-phase and out-of-phase combinations of the C�C
stretches, n ACHTUNGTRENNUNG(C�C), coupled with the deformations dACHTUNGTRENNUNG(CH2)
and, most sensitively, the wagging modes w ACHTUNGTRENNUNG(CH2), due to
the presence of significant interaction force constants (see
Discussion). The matrix-isolated [Ni ACHTUNGTRENNUNG(C2H4)3] molecule has
been studied in detail by using both IR[11] and Raman spec-
troscopy.[12] The inspection of the accumulated data, over-
looked by the authors of the article[4] on the homoaromatici-
ty of [Ni ACHTUNGTRENNUNG(C2H4)3], clearly shows that for all modes the inter-
action force constants are extremely weak, which would dis-
favor a homoaromatic effect. Reactions between Ni atoms
and C2H2 yielded only [Ni ACHTUNGTRENNUNG(C2H2)] and [NiACHTUNGTRENNUNG(C2H2)2], but not
[Ni ACHTUNGTRENNUNG(C2H2)3].

[13] Quantum-chemical calculations indicate that
the unknown 1:3 complex should not be completely flat
(leading to D3 instead of D3h symmetry) because of signifi-
cant steric repulsion between the hydrogen atoms of adja-
cent C2H2 ligands.

[4]

To further evaluate the electronic properties of this class
of compounds, we have studied the IR and Raman spectra
of the heavier homologue [Pd ACHTUNGTRENNUNG(C2H4)3] by using the matrix-
isolation technique. The matrix-isolation technique offers
not only the possibility to stabilize this molecule, but also

has the advantage that the bands/signals in the vibrational
spectra are sharp (rotations are quenched) and the interac-
tions with the surrounding environment are only very weak,
so that even small wavenumber differences between the
modes can be easily monitored. The molecule has already
been studied previously by using IR spectroscopy.[14] Howev-
er, we present for the first time Raman spectra for [Pd-
ACHTUNGTRENNUNG(C2H4)3] and Raman and IR data for the perdeuterated iso-
topomer [Pd ACHTUNGTRENNUNG(C2D4)3]. In addition to the experimental stud-
ies, quantum-chemical calculations were carried out, and all
of the accumulated data allow a more detailed understand-
ing of the electronic properties of this benchmark molecule.
Special consideration is devoted to possible ligand–ligand in-
teractions and comparisons with other related ethylene com-
plexes. We then analyze and compare the electron density
distribution in the three complexes [NiACHTUNGTRENNUNG(C2H4)3], [Pd ACHTUNGTRENNUNG(C2H4)3],
and [Pt ACHTUNGTRENNUNG(C2H4)3].

Results and Discussion

We will first briefly discuss the structures of the tris-
ACHTUNGTRENNUNG(ethylene) complexes [M ACHTUNGTRENNUNG(C2H4)3]. Detailed information is
already available. We then turn to our experimental vibra-
tional study on [Pd ACHTUNGTRENNUNG(C2H4)3] carried out for the matrix-isolat-
ed molecule. Finally, the charge density distribution will be
analyzed, providing detailed information about the bonding
in these systems.

Structures of the tris ACHTUNGTRENNUNG(ethylene) complexes : Structural details
for the tris ACHTUNGTRENNUNG(ethylene) complexes are already available from
experimental (X-ray and neutron diffraction), as well as
quantum-chemical studies. In the case of [Pt ACHTUNGTRENNUNG(C2H4)3], neu-
tron diffraction data provide detailed insight into the struc-
tural properties.[15] This study gave the following bond
lengths and bond angles: Pt�C 217.6(2), C�C 140.2(7), C�H
108.9(5) pm; Pt-C-C 71.2(1), C-C-H 121.2(4)/124.0(4), Pt-C-
H 110.8(3)/107.5, H-C-H 111.5(4)8. The structural parame-
ters obtained by our ZORA-BP86/I calculations (see
Table 1) are in excellent agreement with the experimental

results. Apart from the Pt�C bond length which differs by
only 1.8 pm, the bond lengths and angles are reproduced
within the experimental standard deviations.

Table 1. Calculated (ZORA-BP86/I) structural parameters (bond lengths
[pm], bond angles [8]) for the tris ACHTUNGTRENNUNG(ethylene) complexes [M ACHTUNGTRENNUNG(C2H4)3] (M=

Ni, Pd, Pt).

[Ni ACHTUNGTRENNUNG(C2H4)3] [Pd ACHTUNGTRENNUNG(C2H4)3] [Pt ACHTUNGTRENNUNG(C2H4)3]

C�C 139.4 138.9 140.6
C�H 109.1 109.0 109.0
M�C 204.3 222.2 219.4
C-M-C 39. 9 36.4 37.4
H-C-H 115.1 115.8 115.3
H-C-C 120.3 120.6 120.1
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Vibrational analysis of matrix-isolated [Pd ACHTUNGTRENNUNG(C2H4)3]: Al-
though vibrational studies have already been reported for
all [M ACHTUNGTRENNUNG(C2H4)3] complexes, we carried out a thorough vibra-
tional (IR and Raman) study for [Pd ACHTUNGTRENNUNG(C2H4)3] isolated in Ar
and in pure C2H4 matrices providing for the first time clear
evidence for some important vibrational modes (see below),
which were not reported in the previous studies. Figure 1

displays two characteristic regions of the Raman spectrum
of a C2H4 matrix containing Pd, showing a strong signal at
1266 cm�1 and a much weaker one at 1531 cm�1. On the
basis of experiments with different concentrations of ethyl-
ene and Pd in the matrix and control experiments with N2
and O2, both signals can be assigned to [Pd ACHTUNGTRENNUNG(C2H4)3].

[16] The
Raman spectrum of the matrix-isolated homologue [Ni-
ACHTUNGTRENNUNG(C2H4)3] has been shown to contain signals in similar regions
(at 1516 and 1242/1252 cm�1).[12]

IR spectra of the matrix-isolated molecule were also re-
corded, although some of the IR bands had already been re-
ported previously.[14] In our experiments, we used an Ar
matrix containing 10% of C2H4 instead of a pure C2H4
matrix because the C2H4 bands dominate thus masking huge
parts of the spectral region. Bands at 2920, 1525, and
1256 cm�1 appeared in the spectra generated by our experi-
ments and were assigned to [Pd ACHTUNGTRENNUNG(C2H4)3]. These wavenum-

bers are very close to those re-
ported earlier (2918, 1524, and
1255 cm�1).[14] An additional
very weak band was detected at
903 cm�1 (904 cm�1 in the earli-
er work). Thus our IR results
are in agreement with the earli-
er work. The wavenumber of
the IR band near 1525 cm�1 is
close to the signal at 1531 cm�1

in the Raman spectra, and the
wavenumber of the band near
1255 cm�1 in the IR spectra is
close to the signal at 1266 cm�1

in the Raman spectra. For com-
parison, these four features are
plotted together in Figures 2
and 3. It will be shown later

that the small energy differen-
ces provide useful information
about possible ligand–ligand in-
teractions.
The experiments were re-

peated, but this time with C2D4
in place of C2H4. In our Raman
experiments, signals at 312 and
1385 cm�1 can be assigned to
[Pd ACHTUNGTRENNUNG(C2D4)3] with certainty (see
Figure 4). These positions are
close to those reported for [Ni-
ACHTUNGTRENNUNG(C2D4)3] (344 and 1362 cm

�1),
which were there assigned to
the in-phase Ni�C and C�C
stretching fundamentals.[12] IR
spectra of the perdeuterated

matrix-isolated [Pd ACHTUNGTRENNUNG(C2D4)3] have not yet been published.
Our experiments gave evidence for a strong broad band at
1378 cm�1, and another broad band at 951 cm�1, which are
both assignable to [Pd ACHTUNGTRENNUNG(C2D4)3]. In the case of [NiACHTUNGTRENNUNG(C2D4)3],
bands in similar regions (at 1362 and 952 cm�1) were report-
ed. Figure 5 shows the Raman
signal at 1385 cm�1 together
with the IR band at 1378 cm�1.
Again, the small energy differ-
ence between the two features
is of significance for the follow-
ing discussion.
There can now be no doubt

that the tris ACHTUNGTRENNUNG(ethylene) complex
of Pd exhibits D3h symmetry
(see above). The high symmetry
is apparent from the fact that
the strongest signals observed
in the Raman spectra are
absent in the IR spectra and
vice versa. In D3h symmetry, the
vibrational fundamentals span
the irreducible representations
5a1’+4a2’+10e’+4a1’’+4a2’’+

Figure 1. Raman spectrum obtained for [Pd ACHTUNGTRENNUNG(C2H4)3] in a pure C2H4
matrix, excited with the 488 nm line of an Ar+ laser.

Figure 2. Comparison between
the in-phase and out-of-phase
n ACHTUNGTRENNUNG(C�C), d ACHTUNGTRENNUNG(CH2) modes of [Pd-
ACHTUNGTRENNUNG(C2H4)3] at 1531 and 1525 cm

�1

as observed in the Raman and
IR spectra.

Figure 3. Comparison between
the in-phase and out-of-phase
d ACHTUNGTRENNUNG(CH2), n ACHTUNGTRENNUNG(C�C) modes of [Pd-
ACHTUNGTRENNUNG(C2H4)3] at 1266 and 1256 cm

�1

as observed in the Raman and
IR spectra.

Figure 4. Raman spectrum obtained for [Pd ACHTUNGTRENNUNG(C2D4)3] in a pure C2D4
matrix, excited with the 488 nm line of an Ar+ laser.

Figure 5. Comparison between
the in-phase and out-of-phase
n ACHTUNGTRENNUNG(C�C) modes of [Pd ACHTUNGTRENNUNG(C2D4)3]
as observed in the Raman and
IR spectra.

www.chemeurj.org L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 10078 – 1008710080

H.-J. Himmel, M. Reiher, W. Scherer et al.

www.chemeurj.org


7e’’. Only the e’ modes are both IR and Raman active. The
a1’ and e’’ modes are only Raman active, and the a2’’ modes
are IR active only. The a2’ and a1’’ modes are both IR and
Raman silent. With the help of the selection rules, the effect
of isotopic substitution (H/D) and comparison with similar
molecules, and by using the results of quantum-chemical cal-
culations, we can assign the observed features in our spectra
without difficulty. In Tables 2 and 3 the observed wavenum-
bers are compared to those calculated. It can be seen that
the general level of agreement is very good. Our Raman ex-
periments thus agreed with two of the five a1’ modes,
namely the two modes with significant character from both
the in-phase C�C stretch and CH2 deformation at 1531 and
1266 cm�1 (n2ACHTUNGTRENNUNG(a1’) and n3 ACHTUNGTRENNUNG(a1’), respectively). In our IR experi-
ments, four of the ten e’ modes were traced (at 2920, 1525,
1256, and 903 cm�1), which can be described as out-of-phase
combinations of C�H stretches (n11(e’)) and C�C stretches
mixed with CH2 deformations (n12(e’) and n14(e’)).
A description of the molecular motions of these modes

was not found to be straightforward. Hence it is well known
that for free C2H4, the C�C stretch and CH2 deformation of

the same symmetry are heavily coupled, leading to a mode
at 1623 cm�1 and another at 1342 cm�1.[24] In C2H4 com-
plexes, this mixing is expected to be even larger because the
energetic difference between the two modes decreases. In
this light, it has previously been pointed out that it is almost
impossible to draw any conclusions about the bond proper-
ties just by inspection of the wavenumber shift upon coordi-
nation, because the degree of mode coupling varies from
complex to complex. Table 4 includes the experimental
wavenumbers of the two coupled n ACHTUNGTRENNUNG(C�C) and d ACHTUNGTRENNUNG(CH2)
modes for several complexes which have been studied by
using the matrix-isolation technique or in solution. It in-
cludes the complexes [FeACHTUNGTRENNUNG(C2H4)2],

[17] [Co ACHTUNGTRENNUNG(C2H4)n] (n=

1,2),[18] [Ni ACHTUNGTRENNUNG(C2H4)n] (n=1[19] and 2[20]), [Pd ACHTUNGTRENNUNG(C2H4)],
[21] [Pd-

ACHTUNGTRENNUNG(C2H4)3], [Pt ACHTUNGTRENNUNG(C2H4)3],
[35] [CuACHTUNGTRENNUNG(C2H4)n] (n=1–3),[22] AgACHTUNGTRENNUNG(C2H4),

and Au ACHTUNGTRENNUNG(C2H4),
[23] as well as the neutral main-group element

complexes [Li ACHTUNGTRENNUNG(C2H4)],
[24] [Al ACHTUNGTRENNUNG(C2H4)],

[25] and [InACHTUNGTRENNUNG(C2H4)].
[26] It

should be mentioned that silacyclopropylidene, SiC2H4, has
also been studied.[27] In this molecule the mode with the
highest degree of n ACHTUNGTRENNUNG(C�C) occurs at a wavenumber as low as
1011.9 cm�1. However, the electronic situation within this

molecule certainly differs signif-
icantly from that of all other
species. Most of the vibrational
information relies exclusively
on IR studies, giving thus espe-
cially in the case of the D3h-
symmetric trisACHTUNGTRENNUNG(ethylene) com-
plexes, where not all modes are
IR active, an incomplete set of
vibrational data. Some of the
complexes included in Table 4
have also been studied by
methods other than vibrational
spectroscopy. Thus, for exam-
ple, EPR spectra are available
for the matrix-isolated [Cu-
ACHTUNGTRENNUNG(C2H4)n] and [Ag ACHTUNGTRENNUNG(C2H4)n] com-
plexes,[28] and the UV/Vis spec-
trum of [Cu ACHTUNGTRENNUNG(C2H4)n] has also
been reported.[29] While most of
the atoms have been observed
to form stable p-bonded ethyl-
ene complexes, matrix experi-
ments show that Ti atoms react
further to give the two products
[H2Ti ACHTUNGTRENNUNG(C2H2)] and [HTi-
ACHTUNGTRENNUNG(C2H3)].

[30] The wavenumbers
from vibrational spectra record-
ed for [Ni ACHTUNGTRENNUNG(C2H4)3] and [Pt-
ACHTUNGTRENNUNG(C2H4)3] in petroleum ether sol-
utions are also included in
Table 4.[31]

The trends between the (cal-
culated) bond lengths and ob-
served wavenumbers of the C�
C stretching modes as given in

Table 2. Comparison between observed and calculated (ZORA-BP86/I level of approximation) wavenumbers
[cm�1] for [M ACHTUNGTRENNUNG(C2H4)3] (M=Ni, Pd, and Pt) with IR intensities [kmmol�1] and the Raman activities [V4amu�1]
of the calculated wavenumbers given in parentheses. Note that the experimental values refer exclusively to
matrix-isolation experiments.

[Ni ACHTUNGTRENNUNG(C2H4)3] [Pd ACHTUNGTRENNUNG(C2H4)3] [Pt ACHTUNGTRENNUNG(C2H4)3]
IR Raman calcd IR Raman calcd calcd Assigned

3046.9 (0/741.1) 3059.6 (0/501.9) 3052.3 (0/661.4) n1 (a1’)
1516 1504.9 (0/14.9) 1531 1517.1 (0/41.5) 1497.9 (0/9.7) n2 (a1’)
1252 1240.0 (0/10.5) 1266 1250.0 (0/109.4) 1224.7 (0/88.4) n3 (a1’)
928 938.5 (0/7.8) 918.4 (0/3.8) 958.9 (0/10.7) n4 (a1’)
358 365.6 (0/25.3) 321.5 (0/32.9) 385.5 (0/30.5) n5 (a1’)

3033.8 (0/0) 3059.5 (0/0) 3043.0 (0/0) n6 (a2’)
1410.8 (0/0) 1416.5 (0/0) 1415.9 (0/0) n7 (a2’)
926.1 (0/0) 898.6 (0/0) 929.6 (0/0) n8 (a2’)
454.2 (0/0) 394.7 (0/0) 442.6 (0/0) n9 (a2’)
3044.8 (32.3/11.7) 3059.5 (7.1/0.5) 3052.5 ACHTUNGTRENNUNG(21.8/1.9) n10 (e’)
3039.5 (47.2/162.8) 2920 3051.6 (41.6/78.3) 3046.4(57.7/153.2) n11 (e’)

1512 1501.6 (28.5/15.5) 1525 1512.3 (18.2/46.6) 1492.5 ACHTUNGTRENNUNG(7.6/27.2) n12 (e’)
1418.8 (5.4/11.4) 1420.8 (5.3/11.5) 1420.2 ACHTUNGTRENNUNG(2.0/18.3) n13 (e’)

1242 1238.8 (34.1/15.2) 1256 1246.9 (66.6/6.2) 1214.3 ACHTUNGTRENNUNG(77.1/2.5) n14 (e’)
917 937.2 (0.0/0.3) 903 911.2 (1.5/1.0) 946.1 (1.4/1.1) n15 (e’)

918.0 (4.0/5.1) 884.5 (15.7/5.6) 908.8 (2.6/6.1) n16 (e’)
404 441.6 (10.8/8.6) 403.0 (0.6/13.0) 461.6 (0.3/21.0) n17 (e’)
373 383.3 (53.0/5.9) 300.1 (36.2/0.7) 317.3 (31.8/4.3) n18 (e’)

221.1 (22.0/2.1) 146.3 (12.6/4.1) 136.7 (27.9/1.4) n19 (e’)
3101.7 (0/0) 3122.5 (0/0) 3115.1 (0/0) n20ACHTUNGTRENNUNG(a1’’)
1185.7 (0/0) 1185.9 (0/0) 1185.0 (0/0) n21 (a1’’)
921.8 (0/0) 929.1 (0/0) 916.2 (0/0) n22 (a1’’)
100.0 (0/0) 122.3 (0/0) 115.4 (0/0) n23 (a1’’)
3132.6 (41.5/0) 3148.0 (21.3/0) 3140.0 (24.7/0) n24 (a2’’)
818.3 (2.1/0) 807.9 (0.1/0) 809.2 (2.1/0) n25 (a2’’)
668.6 (2.0/0) 607.6 (0.2/0) 691.8 (0.2/0) n26 (a2’’)
208.5 (0.2/0) 138.2 (0.6/0) 155.8 (2.1/0) n27 (a2’’)
3128.5 (0/237.5) 3146.8 (0/164.3) 3139.4 (0/222.5) n28 (e’’)
3106.1 (0/163.9) 3123.2 (0/184.0) 3116.0 (0/196.3) n29 (e’’)
1207.3 (0/0.3) 1199.6 (0/1.5) 1198.5 (0/1.3) n30 (e’’)
916.0 (0/4.3) 935.6 (0/0.6) 908.9 (0/0.2) n31 (e’’)
798.2 (0/1.3) 799.7 (0/3.3) 801.0 (0/1.7) n32 (e’’)
644.4 (0/5.5) 577.2 (0/1.3) 658.5 (0/4.0) n33 (e’’)
102.5 (0/0.0) 91.9 (0/0.3) 86.6 (0/0.1) n34 (e’’)
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Table 4 do not agree in some
cases. For example, the bond
lengths in pm calculated by
Alexander and Dines by using
the B3LYP functional change in
the order [Fe ACHTUNGTRENNUNG(C2H4)] (143.5)<
[Co ACHTUNGTRENNUNG(C2H4)] (140.3)> [Ni ACHTUNGTRENNUNG(C2H4)]
(143.4)> [Cu ACHTUNGTRENNUNG(C2H4)]
(149.0 pm).[32] However, the ex-
perimentally observed wave-
numbers of the stretching mode
n ACHTUNGTRENNUNG(C�C) follow the trend [Co-
ACHTUNGTRENNUNG(C2H4)]> [Ni ACHTUNGTRENNUNG(C2H4)]< [Cu-
ACHTUNGTRENNUNG(C2H4)] (see Table 4). Calcula-
tions on the B3LYP level are
not able to reproduce this trend
in the wavenumbers, presuma-
bly because the mixing between
n ACHTUNGTRENNUNG(C�C) and d ACHTUNGTRENNUNG(CH2) is underes-
timated.[32] In summary, the ac-
cumulated data thus confirm, in
agreement to earlier accounts,
that the wavenumber of the
n2(a) mode should not be taken
as indicator of the bond
strength.
In the case of uncoordinated

C2D4, however, the mode cou-
pling is reduced due to the rela-
tively large energy separa-
tion.[24] The mode now assigna-
ble to a relatively pure C�C
stretch occurs at 1515 cm�1, and
another one assignable to the
CD2 deformation occurs at
981 cm�1. The signal at

1385 cm�1 in the Raman spectrum of [Pd ACHTUNGTRENNUNG(C2D4)3] is assigned
to the n ACHTUNGTRENNUNG(C�C) stretch, now significantly less mixed with the
dACHTUNGTRENNUNG(CD2) mode (the energy separation between the two
modes is much larger). The corresponding signal for [Ni-
ACHTUNGTRENNUNG(C2D4)3] occurs at 1362 cm

�1. The signal at 951 cm�1 is due
to the dACHTUNGTRENNUNG(CD2) deformation, for which again the coupling
with the n ACHTUNGTRENNUNG(C�C) stretch is much smaller than for [Pd-
ACHTUNGTRENNUNG(C2H4)3]. Finally, the signal at 312 cm

�1 is attributable to the
symmetric Pd�ACHTUNGTRENNUNG(C2D4) stretch. In the case of the [Ni ACHTUNGTRENNUNG(C2D4)3]
complex, a signal at 344 cm�1 was assigned to the corre-
sponding mode.
Very importantly, our spectra accumulated for [Pd ACHTUNGTRENNUNG(C2D4)3]

show that the in-phase n ACHTUNGTRENNUNG(C�C) mode, n2ACHTUNGTRENNUNG(a1’), is only slightly
higher in energy (by 7 cm�1) than the out-of-phase n ACHTUNGTRENNUNG(C�C)
mode, n12(e’). In the case of the in-phase mode, the C···C dis-
tance between C atoms of adjacent C2D4 ligands decreases
and increases to a maximum extent during the molecular
motion. In the case of the out-of-phase C�C stretch the
changes are smaller in total. The fact that the in-phase
mode lies energetically above the out-of-phase mode is indi-
cative of a small inter-ligand interaction. It is most likely

Table 3. Comparison between observed and calculated (ZORA-BP86/I level of approximation) wavenumbers
[cm�1] for M ACHTUNGTRENNUNG(C2D4)3 (M: Ni, Pd, and Pt) with the IR intensities [kmmol

�1] and the Raman activities
[V4amu�1] of the calculated wavenumbers given in parentheses. Note that the experimental values refer exclu-
sively to matrix-isolation experiments.

[Ni ACHTUNGTRENNUNG(C2D4)3] [Pd ACHTUNGTRENNUNG(C2D4)3] [Pt ACHTUNGTRENNUNG(C2D4)3]
IR Raman calcd IR Raman calcd calcd assigned

2229.0 (0/305.9) 2240.3 (0/186.7) 2231.6 (0/275.1) n1 (a1’)
1362 1343.4 (0/99.8) 1385 1362.8 (0/131.8) 1326.7 (0/79.5) n2 (a1’)
959 950.7 (0/31.0) 951.8 (0/26.8) 949.3 (0/24.2) n3 (a1’)
700 694.3 (0/13.4) 682.1 (0/9.1) 715.0 (0/17.2) n4 (a1’)
344 349.4 (0/21.7) 312 306.0 (0/28.8) 364.6 (0/25.3) n5 (a1’)

2192.5 (0/0) 2202.7 (0/0) 2198.6 (0/0) n6 (a2’)
1044.1 (0/0) 1048.5 (0/0) 1046.9 (0/0) n7 (a2’)
740.4 (0/0) 722.1 (0/0) 738.0 (0/0) n8 (a2’)
411.0 (0/0) 354.3 (0/0) 402.9 (0/0) n9 (a2’)
2229.8 (1.0/2.0) 2241.7 (0.0/5.4) 2232.8 (3.3/0.3) n10 (e’)

2178 2178 2197.0 (39.7/85.5) 2204.6(23.7/37.7) 2201.4(33.1/76.1) n11 (e’)
1362 1350.0 (52.8/25.9) 1378 1362.2(57.9/44.2) 1322.5(52.1/23.5) n12 (e’)

1051.4 (1.8/3.6) 1053.2 (1.4/3.1) 1052.1 (0.3/5.4) n13 (e’)
952 943.1 (5.3/2.1) 951 946.1 (16.9/0.1) 938.9 (25.1/0.5) n14 (e’)

745.7 (0.7/0.2) 727.5 (0.0/0.7) 749.8 (2.2/0.5) n15 (e’)
683 681.3 (0.3/0.9) 658.3 (6.1/1.5) 675.2 (0.0/0.1) n16 (e’)

400.9 (24.1/4.9) 363.5 (0.1/12.1) 420.3 (0.0/21.1) n17 (e’)
358 372.2 (41.5/8.6) 290.2 (37.9/0.4) 303.6 (33.0/3.1) n18 (e’)

206.4 (17.9/1.8) 136.0 (10.3/3.5) 127.1 (23.6/1.3) n19 (e’)
2311.8 (0/0) 2328.2 (0/0) 2322.6 (0/0) n20ACHTUNGTRENNUNG(a1’’)
949.1 (0/0) 953.5 (0/0) 947.1 (0/0) n21 (a1’’)
664.2 (0/0) 664.7 (0/0) 658.6 (0/0) n22 (a1’’)
82.4 (0/0) 100.9 (0/0) 95.3 (0/0) n23 (a1’’)
2330.3 (23.6/0) 2342.7 (12.6/0) 2337.1 (15.2/0) n24 (a2’’)
584.0 (0.9/0) 580.1 (0.0/0) 579.2 (0.8/0) n25 (a2’’)
503.2 (1.4/0) 449.1 (0.2/0) 512.7 (0.5/0) n26 (a2’’)
192.4 (0.1/0) 127.7 (0.5/0) 142.7 (1.7/0) n27 (a2’’)
2327.9 (0/116.0) 2342.1 (0/81.5) 2336.5 (0/108.4) n28 (e’’)
2314.8 (0/88.9) 2327.9 (0/96.7) 2322.5 (0/102.6) n29 (e’’)
959.3 (0/0.5) 961.1 (0/1.8) 952.5 (0/2.0) n30 (e’’)
663.1 (0/2.2) 670.8 (0/0.3) 654.8 (0/0.1) n31 (e’’)
570.7 (0/0.1) 574.2 (0/0.8) 573.8 (0/0.2) n32 (e’’)
470.3 (0/4.9) 417.1 (0/1.6) 477.8 (0/3.8) n33 (e’’)
84.6 (0/0.1) 76.1 (0/0.4) 72.3 (0/0.1) n34 (e’’)

Table 4. Wavenumbers for the coupled n ACHTUNGTRENNUNG(C�C) and d ACHTUNGTRENNUNG(CH2) modes
[cm�1] for some C2H4 complexes.

Compound n ACHTUNGTRENNUNG(C�C)+d ACHTUNGTRENNUNG(CH2) Ref.

C2H4 1623 1342
[Li ACHTUNGTRENNUNG(C2H4)] 1453[a] 1177 [39]

[Al ACHTUNGTRENNUNG(C2H4)] 1623 1340 [40]

[In ACHTUNGTRENNUNG(C2H4)] 1488 1201 [41]

[Fe ACHTUNGTRENNUNG(C2H4)2] 1491[a] 1221(e) [32]

[Co ACHTUNGTRENNUNG(C2H4)] 1504 1224 [33]

[Co ACHTUNGTRENNUNG(C2H4)2] 1465 1222 [33]

[Ni ACHTUNGTRENNUNG(C2H4)] 1468 1166 [34]

[Ni ACHTUNGTRENNUNG(C2H4)3]
[b] 1512 [35]

[Ni ACHTUNGTRENNUNG(C2H4)3] 1512/1516 1242 (IR/R) [11, 12]

[Pd ACHTUNGTRENNUNG(C2H4)] 1505 1216 [36]

[Pd ACHTUNGTRENNUNG(C2H4)3] 1525/1531 1266/1256 this work
[Pt ACHTUNGTRENNUNG(C2H4)3]

[b] 1503/1501 [35]

[Cu ACHTUNGTRENNUNG(C2H4)] 1475 1156/1138 (IR) [37]

[Cu ACHTUNGTRENNUNG(C2H4)2] 1505 1228 (IR) [37]

[Cu ACHTUNGTRENNUNG(C2H4)3] 1525 1252 [37]

[Ag ACHTUNGTRENNUNG(C2H4)] 1476 1152/1132 (IR) [38]

[Au ACHTUNGTRENNUNG(C2H4)] 1476 1144/1135 (IR) [38]

[a] Calculated value on the basis of a force field. [b] Solutions in petrole-
um ether.
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that a small repulsive interaction opposes shortening of the
inter-ligand distance. There can, however, also be a small at-
tractive interaction between the ligands which opposes an
increase in the ligand–ligand distance. Such an attractive in-
teraction would be in agreement with the “homoaromatici-
ty” model as suggested by Herges and Papafilippopoulos.[4]

However, the effect and thus the ligand–ligand interactions
can only be extremely tiny. Otherwise, if larger interactions
were present, the energetic difference between the two
modes should be much larger. This difference jDñ j (in
cm�1) correlates with the interaction force constant fCC,CC (in
Nm�1) between two C2D4 ligands through Equation (1),
where mC is 12.01:

[33]

D~n

3
¼ 130:3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2f CC,CC

mC

r
ð1Þ

Applying Equation (1), the interaction constant, fCC,CC, is
approximately 0.002 Nm�1. For comparison, in 1,3-buta-
diene, the corresponding interaction force constant, as deter-
mined from a normal coordinate analysis, is 76 Nm�1.[34]

This result strongly argues against any significant inter-
ligand interaction in [Pd ACHTUNGTRENNUNG(C2H4)3].

Charge density study : The spectroscopic results are support-
ed by an analysis of the theoretical charge density distribu-
tion of the [M ACHTUNGTRENNUNG(C2H4)3] com-
plexes (M=Ni 1; Pd 2 ; Pt 3)
(Figure 6). If not specified oth-
erwise we will refer to the
ZORA-BP86/TZ2P calculations
as our default method in the
following. The topology of the
negative Laplacian, L(r),[35] of
the nickel species 1 in the mo-
lecular plane (Figure 6b) does
not indicate any local charge
accumulation between the indi-
vidual ethylene ligands. In con-
trast, the valence shell charge
concentration (VSCC) of the
carbon atoms displays a locally
increased charge accumulation
pointing towards the nickel
atom as illustrated in Figure 6b
by arrows. These Ni�C-directed
polarization features at the
carbon atoms are opposed by
three areas of increased Lewis
acidity at the nickel atom in a
key–lock type scenario (Fig-
ure 6b). In these areas the
VSCC of the nickel atom is lo-
cally depleted. Topologically,
these zones can be identified as
(3,+1) critical points in the dis-
tribution of the negative Lapla-

cian and are marked in Figure 6a as regions of charge deple-
tion (CD) in the VSCC of nickel. As demonstrated by a
combined experimental and theoretical charge density study
of the electronically related monoethylene complex
[(C2H4)Ni ACHTUNGTRENNUNG(dbpe)] 4 (dbpe=1,2-bis(di-tert-butylphosphino)-
ethane), this polarization pattern of the charge density sig-
nals pronounced ethylene !Ni p back-donation.[36,37,38] We
note, however, in contrast to the monoethylene complex 4,
that in the trisethylene complexes 1–3 two carbon atoms of
neighboring ligands are sharing a single CD zone at the
metal center. Hence, despite the absence of any significant
direct interligand interactions all ligands are linked through
a concerted key–lock scenario involving the three zones of
charge depletion at the metal side.
The exocyclic curvature of the bond path at the Ni�C

bond critical point (Figure 6b) indicates that the p compo-
nent of the Dewar–Chatt–Duncanson (DCD) model[6] domi-
nates the metal-to-ligand bonding in [M ACHTUNGTRENNUNG(C2H4)3].

[39] Despite
being weak, the presence of the corresponding DCD s com-
ponent is also revealed by a characteristic fingerprint dis-
played by the charge density distribution: The inwardly
curved bond path in the valence regime of the carbon atoms
is a clear hint for the presence of a noticeable ethylene!Ni
s donation.[36] Hence, the electronic structure of the M-
ACHTUNGTRENNUNG(C2H4)3 complexes can basically be described by using the

Figure 6. a) Isovalue map of the negative Laplacian (L(r)=1250 eV�5) of [Ni ACHTUNGTRENNUNG(C2H4)3] (BP86/III calculation).
The insert shows the relative orientation of the five regions of local charge depletion (CD; marked by green
spheres) and the six sites of local charge concentration (CC; blue spheres) in the valence-shell charge concen-
tration (VSCC) of the nickel atom. The global polarization pattern of the nickel atom can be described by a
trigonal prism the vertices of which are defined by the six CCs, whereas the faces denote the CD zones. Note
that the magnitude of the charge concentrations in the isotypic [M ACHTUNGTRENNUNG(h2-C2H4)3] complexes 1–3 decreases down
the row Ni>Pd>Pt and is highly dependent on the level of approximation employed (1=4044/1384/1332, 2=

833/240, 3=652/– eV�5 ; BP86/II, and ZORA-BP86/I, and BP86/III (value solely for 1) calculations, respective-
ly); b) L(r) contour maps; the arrows illustrate the key–lock scenario displayed by the polarized VSCC at the
carbon atoms and the charge-depletion (CD) zones at the central Ni atom in the molecular plane. Default con-
tour levels are drawn at 0.0, �2.0X10n, �4.0X10n, �8.0X10n eV�5, where n=0, �3, �2, �1; extra level at
900 and 1000 eV�5 ; the contour line at 800 eV�5 is omitted for clarity; positive and negative values are
marked by c and b lines, respectively. BCPs and RCPs are marked by * and &, respectively; the bond
paths are shown by solid lines.
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classical DCD model. No evidence can be found for the
presence of homoaromaticity.
This is further supported by the delocalization indices[40]

and the topological parameters of the C�C bond critical
points. We first note that the topology of the charge density
at the C�C bond critical points of the [M ACHTUNGTRENNUNG(C2H4)3] complexes
remains rather invariant with respect to metal substitution
(Table 5). The trend to reduced bond ellipticities across the

series 1>2>3 (e=0.25 (Ni)>0.24 (Pd)>0.22 (Pt)) suggests
that a metallacyclopropane character, as an alternative to
the DCD picture, might become more important for the
platinum complex 3 than for its first- and second-row transi-
tion-metal congeners 1 and 2. In line with this argument, 3
shows the most pronounced M�C bond path of the tris-
ACHTUNGTRENNUNG(ethylene)s as suggested by the smallest bond path ellipticity
(e=1.70 (Ni); 2.02 (Pd); 1.06 (Pt)). Hence, in direct compar-
ison with the theoretical benchmark ethylene 5 and benzene
6 (C�C bond orders (BO) of 2 and 1.5, respectively), we
find a significantly reduced double-bond character in all tris-
ethylenes: BO=1.47, 1.52, and 1.41 for 1, 2, and 3, respec-
tively. In comparison with the experimental benchmarks for
mono- and tetra-olefin complexes 4 and [NiACHTUNGTRENNUNG(cod)2] (cod=

1,5-cyclooctadiene)[36,39] 7 displaying bond orders of 1.56 and
1.61, respectively, we might conclude that the C�C bonding
characteristics in 1–3 do not show any unexpected behav-
ior.[41] This classification is also supported by computed elec-
tron delocalization indices for the C�C bond (dACHTUNGTRENNUNG(W,W’)C�C=

1.374/1.389 for 1 and 6, respectively) which do not differ sig-
nificantly. On the contrary, for the hypothetical C···C inter-
ligand interaction only a rather low delocalization index (d-
ACHTUNGTRENNUNG(W,W’)C···C=0.139) is calculated ruling out any significant co-
valent character.
We were motivated to compare the chemical reactivities

because of the topological similarity of the charge distribu-
tion in 1 and our experimental benchmark 4. In the follow-
ing we have therefore analyzed changes in electronic struc-
ture of these textbook examples of neutral d10 nickel ethyl-
ene complexes on protonation. As demonstrated by Spencer
and co-workers[42] earlier the b-agostic cationic nickel d8 spe-

cies [EtNiACHTUNGTRENNUNG(dbpe)]ACHTUNGTRENNUNG[BF4] 4[H
+] evolves from 4 when HBF4 is

employed as protonation reagent. In the case of 1 the same
reaction behavior is predicted by our quantum-chemical cal-
culations leading to the protonated version of the trisethy-
lene species 1[H+]. Analysis of the topology of the theoreti-
cal charge density of 1[H+] (Figure 7) highlights a simple
rule: The agostic hydrogen atom faces a zone of locally in-
creased Lewis acidity in the valence shell of the transition-

metal atom. Hence, the C�H
bond activation is controlled by
the local Lewis acidity of the
transition-metal atom in
1[H+].[43, 44] The protonation
step occurs in both cases, 1 and
4, according to the calculations
without any significant energy
barrier. Hence, also from a
chemical point of view 1 does
not display any additional ho-
moaromatic energy stabilization
relative to our mono-ethylene
complex 4.

Conclusion

To summarize, the Raman and IR spectra accumulated for
[Pd ACHTUNGTRENNUNG(C2H4)3] can be used to estimate the interaction between
adjacent C2H4 ligands in the complex. The interaction force
constant fCC,CC turns out to be 0.002 Nm

�1 (for comparison,
76 Nm�1 in butadiene). Analysis of the topology of the
charge density distribution and evaluation of electron deloc-
alization indices do not provide evidence for any significant
interligand interaction in combination with a homoaromatic
stabilization.[45] In contrast, the remarkable stability of these

Table 5. ZORA-BP86/I analysis of bond and ring critical points in 1–6 ; 1(r) is given in eV�3, 521(r) in eV�5 ;
all lengths in V.

4[a] 1 2 3 7[b] 5 6

C�C distance 1.4189(6) 1.394 1.389 1.406 1.391(2) 1.333 1.398
1(rb) 2.107(9) 2.055 2.085 2.018 2.137(7) 2.330 2.075
e 0.25 0.25 0.24 0.22 0.180(1) 0.30 0.18
521(rb) �20.88(3) �19.0 �19.7 �18.5 �20.8(1) �24.3 �20.0

T�C distance 1.9708(4) 1.9715(4) 2.043 2.222 2.194 2.130(9) 2.117(3) – –
1(rb) 0.671(6) 0.670(2) 0.600 0.533 0.632 0.548(7) 0.543(4) – –
e 1.03 1.05 1.70 2.02 1.06 2.5(3) 5.1(3) – –
521(rb) 8.393(13) 8.392(6) 5.4 4.9 4.4 4.98(4) 5.39(7) – –

ACHTUNGTRENNUNG[TC2] RCP 1(rr) 0.648 0.588 0.525 0.610 [b] – –
521(rr) 8.9 6.8 5.9 5.9 [b] – –

[a] Experimental data (two independent Ni�C distances), see ref. [36] [b] Experimental data (two independent
Ni�C distances), according to ref. [39] a ring critical point (RCP) has been located in the center of each of the
four rings; 521(rr) is positive; 1(rr) is very similar to the two corresponding bond critical points 1(rb) values
(D[1(rb)�1(rr)]=0.01–0.03 eV

�3).

Figure 7. a) Molecular structure of the protonated species [EtNi ACHTUNGTRENNUNG(h2-
C2H4)2]

+ 1[H+] as obtained from the BP86/III calculations and L(r)=
1100 eV�5 isovalue map. The agostic hydrogen atom is facing a valence
charge depletion (CD) zone at the central Ni atom in the plane spanned
by the agnostic Ni,C,C,H moiety. b) L(r) contour maps and molecular
graph displaying a pronounced Ni···H bond path in the molecular plane.
Default contour levels as specified in Figure 6b), except for the extra
contours at 1200 and 1500 eV�5.
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trisolefin complexes can be described in the framework of
the classical Dewar–Chatt–Duncanson model. Solely in the
case of the platinum compound the alternative metallacyclo-
propane bonding description becomes more important.
These findings are supported by the predicted chemical be-
havior of 1–3 on protonation. As in the case of the d10-con-
figured mono-ethylene species of Group 10 elements, proto-
nation leads directly to the agostic mono-alkyl species [EtM-
ACHTUNGTRENNUNG(h2-C2H4)2]

+ . Hence, we cannot find any indication (on the
basis of observable physical or chemical properties) which
supports the presence of relevant homoaromaticity in these
tris ACHTUNGTRENNUNG(ethylene) complexes. Accordingly, our study is in clear
contrast to the earlier suggestions by Herges and co-work-
ers.[4]

Experimental Details

Pd was evaporated by resistively heating a Pd filament (Chempur, purity
99.95%, 0.25 mm diameter) in a high-vacuum apparatus. The Pd vapor
was codeposited together with pure C2H4 (Messer, purity 99.95%) for
the Raman experiments and with up to 10% C2H4 in Ar (Messer, purity
99.998%) for the IR experiments onto a Cu surface cooled to 12 K by
using a closed-cycle refrigerator (Leybold LB510). Further details about
the matrix-isolation technique can be found elsewhere.[46] The experi-
ments were repeated with C2D4 (Sigma–Aldrich, purity 99%).

Raman spectra were recorded at a resolution of 0.5 cm�1 by using an XY
spectrometer from Jobin–Yvon equipped with a triple-monochromator
and a CCD camera detector. The l=488 nm line of an Ar+ laser was
used to excite the molecules. Raman spectra were measured without po-
larization of the laser light. An IFS 113v IR spectrometer from Bruker
was used to measure the IR spectra. Spectra in the region 400–4000 cm�1

were recorded at a resolution of 0.1 cm�1 with a MCT detector; spectra
in the region 200–700 cm�1 were measured by using a DTGS detector
working at a resolution of 0.2 cm�1.

It should be mentioned that the difference between some of the modes
that were detected in our study for the first time was so small (less than
10 cm�1) that the two modes could not be distinguished in the vibrational
spectra of the molecule as measured by routine methods (solid material
or solution, even at �50 8C, as well as any KBr disc or Nujol suspension
data). The advantage of the matrix-isolation technique is that the rota-
tions of the molecules in the matrix environment are quenched so that
purely vibrational bands/signals result exhibiting generally a small half-
width. In addition, hot bands are also absent due to the low temperature
of around 10 K. On the other hand of course, the matrix-isolation tech-
nique has the disadvantage of producing only small amounts of the de-
sired molecule so that intensity can be a problem.

Computational details : The molecular geometries of [Ni ACHTUNGTRENNUNG(C2H4)3], [Pd-
ACHTUNGTRENNUNG(C2H4)3], and [Pt ACHTUNGTRENNUNG(C2H4)3] were optimized in D3h symmetry by using
ADF[47,48,49, 50] employing the gradient-corrected BP86 density function-
al[51] and the TZ2P basis as implemented in ADF. The two-component
ZORA Hamiltonian was used to include relativistic effects. This method
will be denoted ZORA-BP86/I in the following. Note that the optimized
geometries were kept fixed during the subsequent charge density studies
to ensure that the interpretation of the results was not affected by deviat-
ing molecular structures. Vibrational normal modes and frequencies were
calculated from analytical energy gradients within ADF. IR intensities
and Raman activities [Eq. (2)]

Sp ¼ 45a02pþ 7g02p ð2Þ

where a02p and g02p contain the derivatives of the polarizability components
with respect to a given normal coordinate p, were obtained from the pro-
gram SNF.[52]

We compared the topology of the electron density distribution, 1(r), ob-
tained by two different approaches: 1) BP86/II-(effective-core-potential)-
type calculations by using the Stuttgart quasirelativistic small-core effec-
tive core potentials (ECPs), (RSC 1997 ECP; 28 electrons)[53] for the
metals and standard 6-311G ACHTUNGTRENNUNG(d,p)[54] bases for the remaining atoms as im-
plemented in Gaussian 03[55] and; 2) the quasirelativistic all-electron
ZORA-BP86/I model. In the case of the ADF calculations, numerical
analyses of density grid files were performed by using the INTEGRITY
program by P. Rabillier[56] and the program DGrid by M. Kohout.[57] Fi-
nally, the topology of 1(r) of [Ni ACHTUNGTRENNUNG(C2H4)3] and [EtNi ACHTUNGTRENNUNG(h

2-C2H4)2]
+ was ana-

lyzed analytically at: 3) the BP86/III level of approximation employing 6-
311G ACHTUNGTRENNUNG(d,p) bases as implemented in Gaussian 03 and a local version of
the AIMPAC software package[58] for the evaluation of Gaussian wave-
function files. Delocalization indices were calculated at the same level by
using the AIMDELOC01 script developed by C. F. Matta[59] and an ap-
proximation suggested by J. Poater and co-workers.[60]
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