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Dinuclear, divalent acetylacetonato (acac) complexes of the type [M(acac){µ-C6H2(-NR)4}M(acac)] (M ) Ni, Pd)
have been prepared by the reaction of the corresponding bis(acac) metal precursor with 2,5-diamino-1,4-
benzoquinonediimines C6H2(NHR)2(dNR)2 (4a, R ) CH2-t-Bu; 4b, R ) CH2Ph; 4c, R ) Ph), which are metalated
and become bridging ligands, also like in the complex [(C8H11)Pt{µ-C6H2(-NCH2-t-Bu)4}Pt(C8H11)] (6) obtained
by the reaction of 4a with [PtCl2(COD)]. The complexes were fully characterized, including by X-ray diffraction for
[Ni(acac){µ-C6H2(-NCH2Ph)4}Ni(acac)] (9b) and [Pd(acac){µ-C6H2(-NCH2-t-Bu)4}Pd(acac)] (10a). The coordina-
tion geometry around the metal ions is square-planar, and a complete electronic delocalization of the quinonoid π
system occurs between the metal centers over the two N-C-C-C-N halves of the ligand. The nature of the
N substituent explains the differences between the supramolecular stacking arrangements found for [Ni(acac){µ-
C6H2(-NR)4}Ni(acac)] (9a; R ) CH2-t-Bu; 9b, R ) CH2Ph). The Ni complexes were evaluated as catalyst precursors
for ethylene oligomerization in the presence of AlEtCl2 or MAO as the cocatalyst, in particular in order to study
possible cooperative effects resulting from electronic communication between the metal centers and to examine
the influence of the N substituent on the activity and selectivity. These catalysts afforded mostly ethylene dimers
and trimers.

Introduction

The field of ethylene polymerization and oligomerization
catalysis with late transition metals has witnessed a phe-
nomenal growth over the past 10 years.1-7 It was triggered

by the discovery of highly active NiII and PdII precatalysts
for ethylene polymerization and oligomerization, which are
based on sterically hindered diimine ligands of type1.8 Some
catalysts produced oligomers in the range C6-C24 with a
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selectivity of 94% forR-olefins.8c Continuing research efforts
have produced other interesting N-N chelating ligands; in
particular, bis(amino) ligands29 and amino-imine ligands
3,10,11 which have been successfully applied to olefin
polymerization.3,5

It is obvious that the design of the organometallic
precatalysts, in particular the nature and the architecture of
the chelating ligands, is a key point for the control of their
reactivity and selectivity. In the course of our studies on the
use of functional ligands to design new active catalysts for
the oligomerization of ethylene,12-17 we noticed that the
coordination chemistry of 2,5-diamino-1,4-benzoquinonedi-
imine (dabqdiH2) ligands of type4 has remained very little
explored, despite the presence of two amino-imine chelating
sites in the same molecule. Such ligands could be viewed
as hybrids between the diamine and diimine type ligands
mentioned above. The first use of4 (R ) Ph) as a ligand

for the synthesis of metal complexes was only described in
1998 by Kaim and co-workers, who observed ap- to
o-quinone isomerization of azophenine induced by metal
coordination and the formation of a cationic mononuclear
copper complex.18 More recently, this group has also reported
a related neutral mononuclear Re complex19 whereas we
obtained, at the same time, the mononuclear tetracarbonyl

W complexescis-[W(CO)4{C6H2(NHR)2(dNR)2}] (5a, R )
CH2-t-Bu; 5b, R ) CH2Ph) from the corresponding ligands
4a and 4b, respectively.20 In 2000, Lever and co-workers

described the synthesis of a dinuclear Ru complex using4
(R ) H), but the product contained an oxidized form of the
bridging ligand, which prevented electronic communication
between the two metal centers.21 To the best of our
knowledge, only one Pt2 complex22 has been prepared by
metalation of a ligand of type4 (molecule4a for which R
) CH2-t-Bu) with [PtCl2(COD)]. The recent observations
that the COD ligand in [PtCl2(COD)] can undergo unusual
C-H activation reactions23 have led us to reexamine its
structure in this Pt2 complex (see below). The X-ray structure
of 6 revealed a benzoquinonediimine structure in which the
π system is fully delocalized between the metal centers and
over the N atoms of the bridging ligand.22

This dinuclear complex can be related to homodinuclear
oxalamidinato complexes of type7 recently reported by
Walther and co-workers.24 These authors have shown that

only the NiII complexes bearing terminal acac groups, with
their π system fully delocalized between the metal centers,
are selective precatalysts for the oligomerization or polym-
erization of ethylene upon activation with MAO or AlEt3.

Recent studies with bis-chelating N,O systems of the type
2,5-dioxido-1,4-benzoquinonediimine able to stabilize various
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oxidation states of a metal are also worth mentioning in this
context.25 We decided to explore in more detail the coordina-
tion properties of dabqdiH2 ligands of type4, which are now
readily accessible and whose steric and electronic properties
can be fine-tuned.26,27 We first needed to find general
methods for metal complexation and anticipated that di-
nuclear late-transition-metal complexes, connected via the
extended conjugatedπ system of the ligand, could be
attractive candidates for the occurrence of cooperative effects
in catalytic reactions, in particular the oligomerization of
ethylene, which is a reaction of considerable interest in both
academic and industrial sectors.6,7,28-30 Cooperative effects
in catalysis are of great current interest31-33 and were recently
emphasized by the preparation of highly active dinuclear NiII

single-component catalysts for ethylene polymerization
containing a 2,5-disubstituted amino-p-benzoquinone ligand,
as in8a,32 or a 3,3′-bisalicylaldimine ligand, as in8b.33

In this paper, we reexamine the structure of the COD-
derived moiety in the Pt2 complex based on4 and describe
the preparation, structural, and dynamic properties of well-
defined dinuclear NiII and PdII complexes containing dabqdi

ligands. The capacity of NiII complexes to act as precatalysts
in the oligomerization of ethylene upon activation with Et2-
AlCl or MAO has also been investigated.

Results and Discussion

Reexamination of the Structure of the Pt2 Complex 6.
In 2000, we described the first dinuclear complex obtained
by the metalation reaction of4a.22 It was formed in a basic
medium and originally isolated in 15% yield based on its
precursor [PtCl2(COD)]. An X-ray analysis showed a crystal-
lographic disorder on the COD-derived moiety, which led
to its formulation as a C8H13 ligand,σ,π-bonded to the PtII

center. More recently, unusual base-promoted C-H activa-
tion in theR position to the coordinated olefin in the{Pt-
(COD)} fragment has been reported.23 This prompted us to
reexamine our reaction and improve the synthesis (see the
Experimental Section), and we now conclude that the correct
formulation for this ligand is C8H11, as shown in [(C8H11)-
Pt{µ-C6H2(-NCH2-t-Bu)4}Pt(C8H11)] (6). This is consistent
with mass spectroscopy data (MALDI-TOF) and the obser-
vation of the molecular peak atm/z ) 1019.5 (M+ 1). The
proposed mechanism for the transformation of the coordi-
nated COD ligand involves the formation of a cationic inter-
mediate from the reaction between [PtCl2(COD)] and ligand
4a (Scheme 1),22,26followed by monodeprotonation of a CH2

group by NEt3, leading to a (1,2-η2-6-σ-cycloocta-1,4-dienyl)
ligand, as was recently suggested for a related reaction with
a quinolinylamine ligand in the presence of NEt3.23a

Synthesis of Dinuclear NiII and PdII Complexes.The
dinuclear acetylacetonato (acac) complexes9 and10 were
obtained in good yields from the reaction between the
corresponding bis(acac) metal precursor and the known
dabqdiH2 ligands4a-4c22,26,27,34(Scheme 2).

This method was first applied to the synthesis of NiII

complexes with ligands4aand4c35 and is now fully detailed
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Scheme 1. Suggested Mechanism for the Formation of6
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and extended to ligand4b and to the synthesis of PdII

complexes. In these reactions, acetylacetone is eliminated
and neutral complexes of the type [(acac)M(µ-dabqdi)-
M(acac)]9 and10are obtained, in THF at room temperature
or in refluxing toluene for 12 h for the Ni complexes and in
refluxing toluene for 3 days for the Pd complexes. A slight
excess of the dabqdiH2 ligand was used for the synthesis of
the Pd complexes in order to convert all of the Pd precursor,
which is more difficult to separate from the reaction mixture
than the free ligand.

Complex10acould also be prepared in good yield by the
reaction between4a and 2 equiv of the mononuclear PdII

complex11,36 which also led after ligand redistribution to
the formation in ca. 25% yield of the bis(benzoquinonemon-
oimine)palladium(II) complex1336,37 (Scheme 3).

The formation of these products may be explained by a
higher basicity of the quinonic chelate than that of the
acetylacetonate chelate and of4a. Complex11 would react
first with 4a to form 10a, and the eliminated zwitterion12
would then react with11 still present in solution to afford
13, which precipitates in toluene.36

The synthesis of [(acac)Zn(dabqdi)Zn(acac)] (14) was also
attempted starting from [Zn(acac)2], but the product appeared
to be unstable in solution, unlike its Ni and Pd analogues.

In contrast, the reaction of4a with [Pt(acac)2] (1.6 equiv
of [Pt(acac)2] and 1 equiv of ligand) was unsuccessful owing
to the reduced reactivity of the Pt precursor.

The formation of NiII or PdII coordination oligomers was
not observed in the reactions of Scheme 2, indicating the
stability and reduced reactivity of the acac ligands in
complexes9 and 10, as was also observed in related
systems,24b which is also confirmed by the lack of reaction
between10a and zwitterion12 in THF (in a 1:2 ratio) and
between10aand 2 equiv of chlorotrimethylsilane in refluxing

toluene. Nevertheless, these acac groups do not prevent
organoaluminum compounds from forming active catalysts
(see below).

Spectroscopic Properties and Crystal Structures.The
dinuclear complexes9 and 10 were characterized by
elemental analysis and1H and13C{1H} NMR spectroscopic
methods, and10b was also characterized by mass spectrom-
etry. Both9b and10a were further characterized by X-ray
diffraction. For each compound, the1H NMR spectrum
revealed a structure with the same symmetry as that for the
free ligand22 but with no N-Η resonance. Furthermore, the
presence of only one signal for each type of proton assigned
to the bridging and terminal ligands and the relative
integration of all signals clearly proved the centrosymmetry
of the molecules.

A fluxional behavior of the NCH2-t-Bu groups of9a and
10a was observed by variable-temperature1H NMR. The
signal of the CH2 groups appears as a very broad singlet at
room temperature and becomes an AB system below
coalescence temperature (2JAB ≈ 8.5 Hz). For one of the two
CH2 protons, the shape of the signal is that of a multiplet
instead of the expected doublet, and this is so far unexplained.
The ∆Gq values calculated for this dynamic behavior are
55.3 and 61 kJ/mol, respectively. This phenomenon, which
was not observed with complexes9b and10b with the less
bulky NCH2Ph substituents, could be explained by steric
interactions between these CH2 protons and the acac group,
as was already noticed in related systems,37 which hinders
the free rotation of the neopentyl group around the C-N
bond at low temperature.

The N-C-C-H proton of 10a appears at room tem-
perature as a broad singlet, and the signal for the corre-
sponding H-C-C in the13C{1H} NMR spectrum is broad
and weak. This can be improved by increasing the pulse
delay to 2 s. Furthermore, a through-space interaction
between one CH2 proton and the N-C-C-H proton was
detected by nuclear Overhauser enhancement and further
shown by a H-H ROESY experiment at-40 °C.37

Green single crystals of complex9b, grown from a
dichloromethane solution, were used to determine its struc-
ture by X-ray analysis (Figure 1). Crystallographic data and
selected bond lengths and angles are reported in Tables 1-3.
The structure of9b consists of a dinuclear centrosymmetric
unit in which the dabqdi bridging ligand behaves as a bis-
chelate and bridges two (acac)NiII fragments. Examination
of the bonding parameters within the N1-C2-C1-C3′-
N2′ and N2-C3-C1′-C2′-N1′ moieties reveals an equal-
ization of the C-C and C-N bond lengths, which is
consistent with a complete electronic delocalization of the
π system over these moieties. The C2-C3 and C2′-C3′
bonds, whose length of 1.497(4) Å corresponds to a single
bond, connect the two 6π subunits but do not provide
conjugation between them.22 The coordination geometry
around the Ni center is square-planar, and in contrast to9a,35

in which the metal centers are slightly out of the plane
containing the atoms C1-C3, the 2,5-dibenzylamino-1,4-
benzoquinonediimine ligand and the two Ni(acac) fragments
are nearly coplanar in9b (Figure 2). These geometries lead

(35) Siri, O.; Taquet, J.-p.; Collin, J.-P.; Rohmer, M.-M.; Be´nard, M.;
Braunstein, P.Chem.sEur. J. 2005, 11, 7247-7253 and references
cited therein.
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43, 6944-6953.

Scheme 2. Synthesis of the Dinuclear Complexes9 and10
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to differences in the stacking arrangements of9a and 9b,
imposed by the intermolecular steric crowding generated by
the four N substituents. Thus, the distances between the
normals to two successive C6 rings are of 9.09 and 7.68 Å
in 9aand9b, respectively. The shorter distance in9b results
in an intermolecular separation of 3.34 Å between the Ni
centers (Figure 2).

The solid-state structure of complex10ais shown in Figure
3, and crystallographic data and selected bond lengths and
angles are reported in Tables 1-3. This structure is very
similar to that of the corresponding Ni2 complex9a.35 As
expected, the coordination geometry around the Pd centers
is square-planar. Further comments are not needed for this
structure, except the confirmation of the interaction between
one CH2 proton and the N-C-C-H proton, evidenced by
a H-H ROESY experiment at-40°C, with a H-H distance
of 2.05(2) Å.

Electronic Spectra. The electronic spectral data are
reported in Table 4. In contrast to the UV-vis absorption
spectrum of the free ligand4a, which shows an intense
absorption band at 339 nm corresponding to theπ f π*

intraquinone charge transfer,26 that of the Pt2 complex 6
revealed two strong absorptions at 479 and 504 nm,22 with
the latter corresponding to a metal-to-ligand charge-transfer
(MLCT) transition.

Similarly to the UV-vis absorption spectra of6, the
dinuclear NiII complexes are characterized by two strong

Scheme 3. Alternative Synthesis of10a

Figure 1. ORTEP view of the Ni2 complex9b. The aryl protons of the
benzyl groups have been omitted for clarity. Thermal ellipsoids enclose
50% of the electron density. Operators for generating equivalent, primed
atoms: 1- x, -y, -z.

Table 1. Crystal Data and Details of the Structure Determination for
Compounds9b and10a

crystal data 9b 10a

formula C44H44N4O4Ni2 C36H60N4O4Pd2

fw [g/mol] 810.25 825.68
cryst syst triclinic triclinic
space group P1h P1h
a [Å] 8.3480(10) 9.6470(10)
b [Å] 11.403(2) 10.5210(10)
c [Å] 11.905(2) 11.1550(10)
R [deg] 95.18(5) 62.43(5)
â [deg] 110.25(5) 88.13(5)
γ [deg] 111.35(5) 76.50(5)
V [Å3] 959.5(7) 972.2(6)
Z 1 1
density (calcd)

[g/cm3]
1.402 1.410

µ(Mo KR) [mm-1] 1.030 0.965
F(000) 424 428
temperature [K] 173 173
θmin, θmax [deg] 1.88, 27.5 2.8, 30.1
data set [h; k; l] -10/10;-12/14;-15/15 -13/13;-12/14; 0/15
total data, uniq data,

R(int)
7808, 4307,

0.053
5676, 5675,

0.000
obsd data [I > 2σ(I)] 2993 4186
no. of reflns, no. of

param
4307, 244 5675, 208

R1, wR2, GOF 0.0644, 0.1263, 1.041 0.0424, 0.0989, 0.792

Table 2. Selected Interatomic Distances (Å) in9b and10a

9b 10a

C1-C2 1.395(4) 1.413(4)
C1-C3′ 1.399(4) 1.401(4)
C2-C3 1.497(4) 1.493(4)
C2-N1 1.326(4) 1.329(4)
C3-N2 1.323(4) 1.332(4)
M-N1 1.874(3) 1.984(2)
M-N2 1.875(3) 1.987(3)
M-O1 1.848(2) 2.009(2)
M-O2 1.846(2) 2.008(2)
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absorptions in the range 400-600 nm corresponding to aπ
f π* intraquinone charge transfer and a MLCT.35 A
significant red shift is observed from9a or 9b to 9c, which
is attributed to an extension of the delocalization of theπ
system over the Ph substituents on the N atoms (Table 4).

The UV-vis absorption spectra of the dinuclear PdII

complexes10a and 10b are characterized by three strong
absorptions at nearly the same wavelengths but with a
significant blue shift in comparison to the Ni complexes.
The most intense absorption corresponds to a MLCT, and
the other two probably correspond to intraquinone charge
transfers. There is a difference in the absorption intensities
between10aand10b, which was not the case for9a and9b
(Table 4).

Catalytic Oligomerization of Ethylene. From a general
point of view, our dinuclear complexes are interesting
candidates for catalytic reactions because they are air-stable,
contain readily available ligands, and possess two potentially
reactive sites susceptible to showing cooperativity effects.
To our knowledge, only a few dinuclear NiII and PdII

complexes with bridging ligands have been used in ethylene
oligomerization and polymerization.2,24a,b,31-33,38-40 In the
neutral dinuclear NiII complexes of type15 containing two

(P, O) chelates, a beneficial effect of the conjugation between
the active centers separated by a short distance through the
spacer ligand R was noticed, which makes these complexes
much more active ethylene polymerization catalysts than the
mononuclear ones.40 Furthermore, complexes of type7,24a,b

8awith a delocalizedπ system on the bridging ligand,32 and
8b33 led to higher activities in ethylene oligomerization and/
or polymerization.

One of our objectives was to determine whether coopera-
tive effects resulting from electronic communication between
the metal centers would lead to improved catalytic activity
and/or selectivity, in particular for the production of short-
chain oligomers in the presence of only small quantities of
cocatalyst. The activity and selectivity of the catalysts were
compared to those of [NiCl2(PCy3)2], a typical catalyst for
the dimerization ofR-olefins.41 All selectivities reported in

(38) Bianchini, C.; Gonsalvi, L.; Oberhauser, W.; Se´meril, D.; Brüggeller,
P.; Gutmann, R.Dalton Trans.2003, 3869-3875.

(39) (a) Chen, R.; Bacsa, J.; Mapolie, S. F.Polyhedron2003, 22, 2855-
2861. (b) Chen, R.; Mapolie, S. F.J. Mol. Catal. A: Chem.2003,
193, 33-40.

(40) (a) Tomov, A.; Kurtev, K.J. Mol. Catal. A: Chem.1995, 103, 95-
103. (b) Kurtev, K.; Tomov, A.J. Mol. Catal.1994, 88, 141-150.

(41) Commereuc, D.; Chauvin, Y.; Le´ger, G.; Gaillard, J.ReV. Institut.
Fr. Pét. 1982, 37, 639-649.

Figure 2. (A) CrystalMaker Views of the stacking arrangements generated in the solid state by9a and (B) for comparison by9b. Color coding: N, blue;
O, red; Ni, green. H atoms have been omitted for clarity.

Figure 3. ORTEP view of the Pd2 complex10a. The CH3 protons of the
neopentyl groups have been omitted for clarity. Thermal ellipsoids enclose
50% of the electron density. Operators for generating equivalent, primed
atoms: -x, 1 - y, 1 - z.

Table 3. Selected Bond Angles (deg) in9b and10a

9b 10a

N1-M-N2 83.47(11) 80.14(11)
N1-M-O2 174.21(11) 172.62(9)
N1-M-O1 90.80(11) 94.27(10)
N2-M-O2 91.02(11) 93.40(11)
N2-M-O1 173.68(10) 174.36(9)
O2-M-O1 94.62(10) 92.13(10)

Table 4. Electronic Spectraλ (nm) in CH2Cl2

compd λ (log ε)

9a 479 (4.13), 510 (4.17)
9b 486 (4.46), 519 (4.54)
9c 523 (4.22), 555 (4.29)
10a 430 (4.45), 456 (4.64), 491 (4.82)
10b 437 (3.82), 456 (4.00), 488 (4.00)
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the following refer to the total amount of products formed
in each catalytic test. In all cases, ethylene pressurization
resulted in a rapid exothermic event, indicative of no or very
short induction period. The results of the ethylene oligo-
merization tests for NiII complexes are reported in Tables 5
and 6. All PdII complexes were completely inactive in the
presence of Et2AlCl or MAO, consistent with observations
made on related systems.24b

In general, and despite the presence of two potentially
active sites, all catalysts were moderately active compared
to [NiCl2(PCy3)2] (Table 5) and completely inactive when
less than 6 equiv of AlEtCl2 was added. In general, it also
appears that complex9b with N-benzyl substituents is the
most active catalyst precursor, with either AlEtCl2 or MAO
as the cocatalyst. Thus, activation with only 6 equiv of
AlEtCl2 leads to a turnover frequency (TOF) of 22 000 (mol
of C2H4)/(mol of Ni)‚h for complex 9b. Increasing the
amount of AlEtCl2 to 10 equiv leads to an increased activity
of all catalysts. The most spectacular increase was observed
for 9a, from 10 500 to 30 500 (mol of C2H4)/(mol of Ni)‚h.
Only a slight increase of the activity of9a was observed
when 14 equiv of cocatalyst was used instead of 10 equiv.

The main products were C4 and C6 olefins in comparable
quantities. Increasing the amount of cocatalyst tends to favor
the formation of C6 oligomers in the case of9b and9c. Only
small quantities of octenes and no long-chain oligomers were
observed, which indicates that chain transfer is much faster
than chain propagation. Favored by the relatively low
pressure of ethylene, the branched fraction of the C6

oligomers (linear C6 include 1,5-butadiene, hex-1-ene, hex-

2-ene, and hex-3-ene), produced by insertion of butenes in
the Ni-C bond of the active species formed after the first
ethylene insertion in the catalytic ethylene oligomerization
process (C4 + C2, consecutive reaction), was significant
(around 50-65% of the C6 oligomers). Poor selectivities for
1-butene within the C4 fraction were observed (maximum
of 12%), comparable to [NiCl2(PCy3)2], and an increase in
the amount of cocatalyst resulted in a severe decrease of its
formation together with a decrease of the linear C6 fraction.
There are no notable differences beween the three complexes
in terms of selectivity.

When MAO was used as the cocatalyst in the oligomer-
ization of ethylene, [NiCl2(PCy3)2] decomposed, whereas9a
and 9b showed TOFs between 8000 and 11 000 (mol of
C2H4)/(mol of Ni)‚h (Table 5). As for the reactions with
AlEtCl2, the main products formed were ethylene dimers and
trimers in comparable quantities, except for9a with 200
equiv of MAO, where the product distribution was shifted
toward the formation of C6 oligomers and the formation of
C8 oligomers increased to 13%. Small amounts of polymer
were only observed with9b and 200 equiv of MAO. It thus
appears that, although MAO is a less suitable cocatalyst than
AlEtCl2 in terms of activity, this leads to a higher selectivity
for 1-butene. ThekR values given in Tables 5 and 6
correspond to the molar ratios hexenes/butenes and not to a
Schultz-Flory constant. They are larger than those observed
recently for NiII catalyst precursors containing (P, N)
chelates.14

Conclusion

Dinuclear (acac)NiII and -PdII complexes with dabqdi
bridges,9 and10, have been prepared in order to examine
how metal coordination affects the electronic situation in the
6π + 6π ligand and to evaluate their potential in the catalytic
oligomerization of ethylene. The crystal structures of9b and
10a confirmed that in all complexes the geometry of the
metal ions is square-planar and a complete electronic
delocalization of the quinonoidπ system occurs between the
metal centers, over the two halves of the ligand. A strong
influence of the N substituent in the supramolecular stacking
arrangements of9a and 9b was revealed. Whereas the
dinuclear PdII complexes10a and10b were inactive in the
oligomerization of ethylene, the dinuclear NiII complexes
9a-9c were moderately active in the presence of AlEtCl2,
with a maximum TOF of 34 500 (mol of C2H4)/(mol of Ni)‚
h for 9a activated with 14 equiv of the cocatalyst. Neverthe-

Table 5. Influence of the N Substituent and of the Amount of EtAlCl2 Used as the Cocatalyst on the Oligomerization of Ethylenea

9a 9a 9a 9b 9b 9c 9c NiCl2(PCy3)2
7

AlEtCl2 (equiv) 6 10 14 6 10 6 10 6
selectivity C4 (mass %) 56 58 57 56 49 58 47 86
selectivity C6 (mass %) 40 38 40 40 44 36 48 14
selectivity C8 (mass %) 4 4 3 4 6 6 5 traces
productivityb 5000 14500 16500 10500 15000 7000 11000 13000
TOFc 10500 30500 34500 22000 31500 14500 23500 27000
linear C6 (mass %) 52 42 40 49 40 52 35
R-olefin (C4) (mol %) 10 5 4 12 2 12 1 9
kR

d 0.48 0.4 0.46 0.48 0.6 0.41 0.68 0.13

a Conditions: 10 bar of C2H4; 35 min;T ) 30 °C; 4 × 10-2 mmol of the Ni complex; solvent, 15 mL of toluene;b Productivity: (g of C2H4 consumed)/
(g of Ni)‚h. c TOF: (mol of C2H4 consumed)/(mol of Ni)‚h. d kR ) mol of C6/mol of C4.

Table 6. Influence of the N Substituent and of the Amount of MAO
Used as the Cocatalyst on the Oligomerization of Ethylenea

9a 9a 9b 9b

MAO (equiv) 100 200 100 200
selectivity C4 (mass %) 41 46 40 36
selectivity C6 (mass %) 44 43 47 49
selectivity C8 (mass %) 15 11 13 14
selectivity C10 (mass %) 1
polymer (g) 0.25
productivityb 4000 3500 5500 3500
TOFc 8500 8000 11000 8000
linear C6 (mass %) 52 52 50 54
R-olefin (C4) (mol %) 15 15 12 16
kR

d 0.71 0.62 0.77 0.9

a Conditions: 10 bar of C2H4; 35 min; T ) 30 °C; 4 × 10-2 mmol of
the Ni complex; solvent, 20 mL of toluene;b Productivity: (g of C2H4

consumed)/(g of Ni)‚h. c TOF: (mol of C2H4 consumed)/(mol of Ni)‚h.d kR
) mol of C6/mol of C4.
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less, they were highly selective for the formation of C4 and
C6 olefins but with poor selectivities for 1-butene. In the
presence of MAO, they were less active but slightly more
selective for 1-butene.

This new class of molecules represents one of the rare
examples of hybrid amino-imine ligands in which not only
their catalytic properties but also their potential as precursors
to mixed-valence complexes may be further tuned depending
on the nature of the N substituent.35 Further studies are
needed in order to rationalize the effect of the electronic
communication between the metal centers on the catalytic
activity and/or selectivity and to better understand the
influence of the N substituent on the molecular properties,
in particular for the preparation of dinuclear complexes with
more sterically hindered N substituents that could lead to
more selective catalysts and/or for the preparation of di-
nuclear complexes with different coordination geometries of
the metal centers.

Experimental Section

General Procedures.All solvents were dried and distilled using
common techniques unless otherwise stated. All manipulations were
performed using standard Schlenk techniques under a dry N2

atmosphere.1H NMR (300 or 400 MHz) spectra were recorded on
a Bruker AC-300 or AMX-400 instrument, and13C NMR (100
MHz) spectra were recorded on a Bruker AMX-400 instrument.
MALDI-TOF mass spectra were recorded on a Biflex III Bruker
mass spectrometer. Elemental analyses were performed by the
Service de Microanalyses, Universite´ Louis Pasteur (Strasbourg,
France). 2,5-Dialkylamino-1,4-benzoquinonediimines4a and 4b,
azophenine4c, and complexes9a and9c were prepared according
to the literature.22,26,27,34,35Gas chromatographic (GC) analyses were
performed on a thermoquest GC8000 Top Series gas chromatograph
using a Hewlett-Packard PONA column (50-m length, 0.2-mm
diameter, and 0.5-mm film thickness). The∆Gq values calculated
for the dynamic behaviors were calculated with the usual ap-
proximation: ∆Gq ) 4.57Tc(9.97) ) log(Tc/δν).

Improved Synthesis of 6.Ligand 4a (0.10 g, 0.24 mmol) was
dissolved in 100 mL of CH2Cl2 in the presence of NEt3 (2 mL),
and solid [PtCl2COD] (0.179 g, 0.48 mmol) was added to the yellow
solution. The reaction mixture was stirred overnight at room
temperature, and the resulting green solution was evaporated under
vacuum. EtOH was then added to the crude product, and insoluble
6 was isolated by filtration and washed with a cold ethanolic
solution. Yield: 0.115 g (47%). MS (MALDI-TOF+): m/z 1019.5
([M + 1]+). Anal. Calcd for C42H68N4Pt2: C, 49.50; H, 6.73; N,
5.50. Found: C, 49.75; H, 6.75; N, 5.20.22

Synthesis of 9b.Ligand4b (0.30 g, 0.60 mmol) was dissolved
in 100 mL of THF, and solid [Ni(acac)2] (0.31 g, 1.20 mmol) was
added to the yellow solution, which turned rapidly brick red. The
reaction mixture was stirred overnight at room temperature, and
the resulting red powder of4b was filtered, washed with hexane,
and dried under vacuum. The filtrate was evaporated and redissolved
in dichloromethane. Red crystals suitable for X-ray analysis were
obtained by slow evaporation of this solution. Yield: 0.37 g (76%).
1H NMR (300 MHz, CDCl3, 298 K): δ 1.68 (s, 12 H, CH3 acac),
3.43 (s, 8 H, N-CH2), 4.60 (s, 2 H, N-C-C-H), 5.32 (s, 2 H,
CH acac), 7.23 (m, 20 H, aryl).13C{1H} NMR (100 MHz, CDCl3,
298 K): δ 25.58 (CH3 acac), 47.18 (N-CH2), 86.77 (H-
C-C-N), 101.76 (CH acac), 126.02, 127.34, 128.12 (aryl CH),
140.49 (aryl C), 166.68 (C-N), 186.73 (C-O). Anal. Calcd for

C44H44N4O4Ni2: C, 65.22; H, 5.47; N, 6.91. Found: C, 65.15; H,
5.40; N, 6.80.

Synthesis of 10a.Ligand4a (0.51 g, 1.23 mmol) and [Pd(acac)2]
(0.60 g, 2.00 mmol) were dissolved in 100 mL of toluene, and the
resulting solution was heated to reflux for 3 days. The green solution
was evaporated at room temperature, and the residue was washed
with cold hexane (4× 100 mL). This powder was then redissolved
in 100 mL of dry dichloromethane, and the solution was filtered
through Celite and evaporated under vacuum to afford10a as a
green powder. Green crystals suitable for X-ray analysis were
obtained at-30 °C in toluene. Yield: 0.56 g (55%).1H NMR (400
MHz, CDCl3, 328 K): δ 1.02 (s, 36 H, CH3), 1.93 (s, 12 H, CH3
acac), 2.85 (br s, 8 H, N-CH2), 5.22 (br s, 2 H, N-C-C-H),
5.30 (s, 2 H, CH acac).1H NMR (400 MHz, CDCl3, 213 K): δ
1.02 (br s, 36 H, CH3), 1.93 (br s, 12 H, CH3 acac), 2.67 (m,2JHH

) 8.4 Hz, 4 H, N-CHH), 2.92 (d,2JHH ) 8.4 Hz, 4 H, N-CHH),
5.08 (s, 1 H, N-C-C-H), 5.22 (s, 1 H, N-C-C-H), 5.32 (s,
1 H, CH acac), 5.33 (s, 1 H, CH acac).13C{1H} NMR (CDCl3,
298 K): δ 26.60 (CH3 acac), 29.26 (CMe3), 35.50 (br,CMe3), 56.17
(N-CH2), 86.50 (br, H-C-C-N), 100.80 (CH acac), 169.40
(C-N), 185.99 (C-NO). 13C{1H} NMR (100 MHz, CDCl3, 233
K): δ 27.045 (CH3 acac), 27.05 (CH3 acac), 29.18 (CMe3), 29.34
(CMe3), 34.99 (CMe3), 36.23 (CMe3), 55.76 (N-CH2), 55.95 (N-
CH2), 85.78 (H-C-NC-N), 86.88 (H-C-NC-NN), 100.17
(CH acac), 169.09 (C-NN), 169.32 (C-NN), 186.12 (C-NO).
The doubling of1H and 13C{1H} NMR resonances at very low
temperature (-60 °C) is so far unexplained. Anal. Calcd for
C36H60N4O4Pd2: C, 52.36; H, 7.32; N, 6.79. Found: C, 52.75; H,
7.50; N, 6.85.

Synthesis of 10b.Ligand4b (0.42 g, 0.96 mmol) and [Pd(acac)2]
(0.47 g, 1.54 mmol) were dissolved in 200 mL of toluene, and the
resulting solution was heated to reflux for 3 days. The green solution
was evaporated at room temperature, and the residue was washed
with cold hexane (5× 100 mL). This powder was redissolved in
100 mL of a 9:1 mixture of dry dichloromethane/toluene, and the
solution was filtered through Celite and evaporated under vacuum
to afford 10b as a brown powder. Yield: 0.43 g (49%).1H NMR
(300 MHz, CDCl3, 298 K): δ 1.88 (s, 12 H, CH3 acac), 4.12 (s, 8
H, N-CH2), 4.87 (s, 2 H, N-C-C-H), 5.31 (s, 2 H, CH acac),
7.20 (m, 20 H, aryl), and signals for toluene. The13C NMR
spectrum could not be recorded owing to the poor solubility of
10b. MS (MALDI-TOF): m/z 905.955 ([M+ 1]+). Anal. Calcd
for C44H44N4O4Pd2‚0.2C7H8: C, 59.01; H, 4.97; N, 6.06. Found:
C, 59.40; H, 4.60; N, 6.10. No better analyses could be obtained
for this complex.

Catalytic Oligomerization of Ethylene. All catalytic reactions
were carried out in a magnetically stirred (900 rpm) 100-mL
stainless steel autoclave, as described in previous papers from this
laboratory.14,15 The interior of the autoclave was protected from
corrosion by a protective coating. All catalytic tests were started
at 30°C, and no cooling of the reactor was done during the reaction.
After injection of the catalytic solution and of the cocatalyst under
a constant low flow of ethylene, the reactor was pressurized to the
desired pressure. The temperature increase that was observed
resulted solely from the exothermicity of the reaction. The reactor
was continuously fed with ethylene by a reserve bottle placed on
a balance to allow continuous monitoring of the ethylene uptake.
In all of the catalytic experiments, 4× 10-2 mmol of the Ni
complex was used. The oligomerization products and remaining
ethylene were only collected from the reactor at the end of the
catalytic experiment. At the end of each test, the reactor was cooled
to 10 °C before transferring the gaseous phase into a 10-L
polyethylene tank filled with water. An aliquot of this gaseous phase
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was transferred into a Schlenk flask, previously evacuated for GC
analysis. The products in the reactor were hydrolyzed in situ by
the addition of ethanol (10 mL), transferred in a Schlenk flask,
and separated from the metal complexes by trap-to-trap distillation
(120°C, 20 Torr). All volatiles were evaporated (120°C, 20 Torr,
static pressure) and recovered in a second Schlenk flask previously
immersed in liquid N2 in order to avoid any loss of product. For
GC analyses, 1-heptene was used as an internal reference. The
required amount of complex was dissolved in 10 mL of chloroben-
zene and injected into the reactor. Depending on the amount of
cocatalyst added, between 0 and 5 mL of the cocatalyst solution
was added so that the total volume of all solutions was 15 mL.
When MAO was used as the cocatalyst, the total volume was
increased to 20 mL.

Crystal Structure Determination. Diffraction data were col-
lected on a Kappa CCD diffractometer using graphite-monochro-
mated Mo KR radiation (λ ) 0.710 73 Å). The relevant data are
summarized in Table 1. Data were collected usingφ scans, the
structures were solved by direct methods usingSHELX97soft-
ware,42,43 and refinement was by full-matrix least squares onF 2.
No absorption correction was used. All non-H atoms were refined

anisotropically, with H atoms introduced as fixed contributors
[d(C-H) ) 0.95 Å, U11 ) 0.04]. Full data collection parameters
and structural data are available as Supporting Information.
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