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Dinuclear, divalent acetylacetonato (acac) complexes of the type [M(acac){ u-CsHz(==-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 CgH,(NHR),(=NR), (4a, R = CH,-t-Bu; 4b, R = CH,Ph; 4c, R = Ph), which are metalated
and become bridging ligands, also like in the complex [(CgH11)Pt{ z-CeHa(=-NCH,-t-Bu)4} Pt(CgH11)] (6) obtained
by the reaction of 4a with [PtCl,(COD)]. The complexes were fully characterized, including by X-ray diffraction for
[Ni(acac){ u-CeHz(==-NCH,Ph),} Ni(acac)] (9b) and [Pd(acac){ u-CeHa(==NCH,--Bu)s} Pd(acac)] (10a). The coordina-
tion geometry around the metal ions is square-planar, and a complete electronic delocalization of the quinonoid 7
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){ u-
CsHa(==NR)4} Ni(acac)] (9a; R = CHx-t-Bu; 9b, R = CH,Ph). The Ni complexes were evaluated as catalyst precursors
for ethylene oligomerization in the presence of AIEtCl, 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 by the discovery of highly active Niand Pd precatalysts
for ethylene polymerization and oligomerization, which are
based on sterically hindered diimine ligands of tjgeSome
catalysts produced oligomers in the rangg-C,, with a

The field of ethylene polymerization and oligomerization
catalysis with late transition metals has witnessed a phe-
nomenal growth over the past 10 ye&r§lt was triggered
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selectivity of 94% for-olefins& Continuing research efforts
have produced other interesting-Nl chelating ligands; in
particular, bis(amino) ligand®® and amine-imine ligands
3,011 which have been successfully applied to olefin
polymerization®®

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 ethylen&;” we noticed that the
coordination chemistry of 2,5-diamino-1,4-benzoquinonedi-
imine (dabqdiH) ligands of type4 has remained very little
explored, despite the presence of two amiimine 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 4f(R = Ph) as a ligand
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for the synthesis of metal complexes was only described in
1998 by Kaim and co-workers, who observedpa to
o-quinone isomerization of azophenine induced by metal
coordination and the formation of a cationic mononuclear
copper compleX® More recently, this group has also reported
a related neutral mononuclear Re complewhereas we
obtained, at the same time, the mononuclear tetracarbonyl

[ 1
W complexegis-[W(CO){ CsH2(NHR)(=NR);}] (58, R =
CH-t-Bu; 5b, R = CH,Ph) from the corresponding ligands
4a and 4b, respectively?® In 2000, Lever and co-workers

T T t-BuW
/N ~ NH | /N\‘
WS Pt . O
T ]
R t-Bu
5a R = CHyt-Bu
5b R = CH,Ph

described the synthesis of a dinuclear Ru complex uging
(R = H), but the product contained an oxidized form of the
bridging ligand, which prevented electronic communication
between the two metal centéfs.To the best of our
knowledge, only one RtcomplexX? has been prepared by
metalation of a ligand of typd (molecule4a for which R
= CHt-Bu) with [PtCL(COD)]. The recent observations
that the COD ligand in [PtG{COD)] can undergo unusual
C—H activation reactiorf§ have led us to reexamine its
structure in this Btcomplex (see below). The X-ray structure
of 6 revealed a benzoquinonediimine structure in which the
7t system is fully delocalized between the metal centers and
over the N atoms of the bridging ligarid.

This dinuclear complex can be related to homodinuclear
oxalamidinato complexes of typé recently reported by
Walther and co-worker¥'. These authors have shown that

M= Ni, Pd; T = acac, allyl
7

only the Ni' complexes bearing terminal acac groups, with
their r system fully delocalized between the metal centers,
are selective precatalysts for the oligomerization or polym-
erization of ethylene upon activation with MAO or AlEt
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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Scheme 1. Suggested Mechanism for the Formation6of
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oxidation states of a metal are also worth mentioning in this
context?> We decided to explore in more detail the coordina-
tion properties of dabqgdiHigands of typed, which are now
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ligands. The capacity of Nicomplexes to act as precatalysts

in the oligomerization of ethylene upon activation with-Et
AICI or MAO has also been investigated.

readily accessible and whose steric and electronic properties

can be fine-tuned@?” We first needed to find general
methods for metal complexation and anticipated that di-

nuclear late-transition-metal complexes, connected via the

extended conjugatedr 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 bot
academic and industrial sectér&?®-3° Cooperative effects
in catalysis are of great current intefést® and were recently
emphasized by the preparation of highly active dinucleér Ni
single-component catalysts for ethylene polymerization
containing a 2,5-disubstituted amipebenzoquinone ligand,
as in8a,%* or a 3,3-bisalicylaldimine ligand, as i8b.33

Fl! ~ N/Ar
I
\ _/NI:[/O\NixPP“f* PhypP O o N
\O/ 'l\'/ \Ph Ph/"lﬁ/o O
8a R ~Ns

Ar
8b

PPhs

In this paper, we reexamine the structure of the COD-
derived moiety in the Rtcomplex based od and describe
the preparation, structural, and dynamic properties of well-
defined dinuclear Niand Pd complexes containing dabqdi
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Results and Discussion

Reexamination of the Structure of the Pt Complex 6.
In 2000, we described the first dinuclear complex obtained
by the metalation reaction d@fa.?? It was formed in a basic
medium and originally isolated in 15% yield based on its

, Precursor [PtGICOD)]. An X-ray analysis showed a crystal-

lographic disorder on the COD-derived moiety, which led
to its formulation as a gHiz ligand, o,7-bonded to the Pt
center. More recently, unusual base-promotetHCactiva-
tion in the o position to the coordinated olefin in tHét-
(COD)} fragment has been report&dThis 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 gHii, as shown in [(€H11)-
PH u-CeHa(=+-NCH.-t-Bu)4} Pt(GH11)] (6). This is consistent
with mass spectroscopy data (MALDI-TOF) and the obser-
vation of the molecular peak a¥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 [PHCIOD)] and ligand
4a(Scheme 1¥>2?5followed by monodeprotonation of a GH
group by NE$, leading to a (1,2*-6-0-cycloocta-1,4-dienyl)
ligand, as was recently suggested for a related reaction with
a quinolinylamine ligand in the presence of NEf

Synthesis of Dinuclear Ni and Pd' Complexes.The
dinuclear acetylacetonato (acac) compleQemd 10 were
obtained in good vyields from the reaction between the
corresponding bis(acac) metal precursor and the known
dabqdib ligands4a—4¢?22627.34(Scheme 2).

This method was first applied to the synthesis of' Ni
complexes with liganddaand4c®® and is now fully detailed

(31) (a) Tanabiki, M.; Tsuchiya, K.; Motoyama, Y.; NagashimaCHem.
Commun.2005 3409-3411. (b) Luo, H.-K.; Schumann, H. Mol.
Catal. A: Chem2005 227, 153-161. (c) Guo, N.; Li, L.; Marks, T.
J.J. Am. Chem. So2004 126, 6542-6543. (d) Li, H.; Li, L.; Marks,
T. J.; Liable-Sands, L.; Rheingold, A. LJ. Am. Chem. So2003
125 10788-10789. (e) Abramo, G. P; Li, L.; Marks, T. J. Am.
Chem. Soc2002 124, 13966-13967.

(32) (a) Zhang, D.; Jin, G.-XOrganometallic2003 22, 2851-2854. (b)
Jin, G.-X.; Zhang, D. Chinese Patent CN 1436798, 2003 (to Changchun
Applied Chemistry).

(33) Hu, T,; Tang, L.-M.; Li, X.-F.; Li, Y.-S.; Hu, N.-HOrganometallics
2005 24, 2628-2632.

(34) Kimish, C.Ber. Dtsch. Chem. Ge4875 8, 1026.
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Scheme 2. Synthesis of the Dinuclear Complexgsind 10 toluene. Nevertheless, these acac groups do not prevent
F|* Fl* R R organoaluminum compounds from forming active catalysts
HN N4 2 Macac), (see below). _ _
j:/;[ N Spectroscopic Properties and Crystal StructuresThe
N7 NH -2 Hacac dinuclear complexes9 and 10 were characterized by
'L FL elemental analysis ari¢d and*3C{*H} NMR spectroscopic
M= Ni M= Pd methods, andOb was also characterized by mass spectrom-
4a R = CHt-Bu 9aR=CHytBu  10a R =CH,tBu etry. Both9b and10awere further characterized by X-ray
4b R = CH,Ph 9b R = CH,Ph 10b R = CHyPh diffraction. For each compound, th#¢1 NMR spectrum
4cR=Ph 9c R=Ph revealed a structure with the same symmetry as that for the

free ligand? but with no N—-H resonance. Furthermore, the

and extended to ligandb and to the synthesis of Pd  oq0nce of only one signal for each type of proton assigned
complexes. In these reactions, acetylacetone is eliminated,; e bridging and terminal ligands and the relative

and neutral complexes _Of th? type [(acaciitabqdi)- integration of all signals clearly proved the centrosymmetry
M(acac)]9 and10are obtained, in THF at room temperature ¢ tha molecules.

or in refluxing toluene for 12 h for the Ni complexes and in - 5 g.\vional behavior of the NCHht-Bu groups of9a and
refluxing toluene for 3 days for the Pd complexes. A slight 10awas observed by variable-temperatike NMR. The

eg( cesds of thel daquu-ligand was used Iliorftr;]e sy;thems of signal of the CH groups appears as a very broad singlet at
t ﬁp;] comp egifs_ |nlor erto convfert a ho the Pd precursor, ;oo temperature and becomes an AB system below
which is more difficult to separate from the reaction mixture  coa10qcence temperatufdss ~ 8.5 Hz). For one of the two

than the free ligand. . ) CH, protons, the shape of the signal is that of a multiplet
Complex10acould also be prepared in good yield bYPthe instead of the expected doublet, and this is so far unexplained.
reaction betweeda and 2 equiv of the mononuclear Pd The AG* values calculated for this dynamic behavior are

complex11,% which also led after ligand redistribution to 55.3 and 61 kd/mol, respectively. This phenomenon, which

the formation in ca. 25% yield of the bis(benzoquinonemon- , - o+ observed with complexe.b and10b with the less

0|m|ne)pallad'|um(ll) complexL3*=7 (Scheme 3). , bulky NCH,Ph substituents, could be explained by steric
The formation of these products may be explained by a joractions between these €protons and the acac group,

higher basicity of the quinonic chelate than that of the as was already noticed in related systéfmshich hinders
acetylacetonate chelate and4z Complex11 would react the free rotation of the neopentyl group around theNC
first with 4ato form 10a and the eliminated zwitterioh2 bond at low temperature

would then react wittl1 still present in solution to afford The N==C=-C—H proton of 10a appears at room tem-
13_’|_\r’]Vh'Ch p;:eqpn;;mtes n tgluzrfél;. 4z | perature as a broad singlet, and the signal for the corre-
e synthesis o [(acac)Zn(dabqdi)Zn(acady(was also sponding H-C=C in the'3C{'H} NMR spectrum is broad
attempted starting from [Zn(aca};)but the product appeared and weak. This can be improved by increasing the pulse
to be unstable in solution, unlike its Ni and Pd analogues. delay to 2 s. Furthermore, a through-space interaction

between one Chproton 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 comple8b, 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 Tablgs 1

In contrast, the reaction @fa with [Pt(acac)] (1.6 equiv The structure 08b consists of a dinuclear centrosymmetric
of [Pt(acac)] and 1 equiv of ligand) was unsuccessful owing unit in which the dabqdi bridging ligand behaves as a bis-
to the reduced reactivity of the Pt precursor. chelate and bridges two (acac)Nragments. Examination

The formation of Ni or Pd' coordination oligomers was  of the bonding parameters within the NC2—C1-C3—
not observed in the reactions of Scheme 2, indicating the N2' and N2-C3—C1'—C2—N1' moieties reveals an equal-
stability and reduced reactivity of the acac ligands in ization of the C-C and C-N bond lengths, which is
complexes9 and 10, as was also observed in related consistent with a complete electronic delocalization of the
system@* which is also confirmed by the lack of reaction x system over these moieties. The-823 and C2-C3
betweenlOaand zwitterion12 in THF (in a 1:2 ratio) and  bonds, whose length of 1.497(4) A corresponds to a single
betweerllOaand 2 equiv of chlorotrimethylsilane in refluxing  bond, connect the twos6 subunits but do not provide
conjugation between thefd.The coordination geometry

(35) Siri, O.; Taquet, J.-p.; Collin, J.-P.; Rohmer, M.-M.!ri3ed, M.; i i i ;
Braunstein, PChem—Eur. J. 2005 11, 72477253 and references .arounq the Ni center is square planqr, and in contraa,
cited therein. in which the metal centers are slightly out of the plane
(36) \Ifavralltmtgg' F/;.; Sicriho'; Tsact12u§ct),3 Ji-fa'; ?2022?22 gﬂsg\/l’.nﬁi«d, M containing the atoms CiC3, the 2,5-dibenzylamino-1,4-
elter, R.J. Am. em. S0 . . I . .
(37) Taquet, J.-p.: Siri, O.. Braunstein, P.- Welter Jforg, Chem 2004 benzoqumonednmmg Ilgand and the two Ni(acac) fragments
43, 6944-6953. are nearly coplanar iib (Figure 2). These geometries lead
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Scheme 3. Alternative Synthesis oi0a
r—BuW (r-Bu
HN N
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to differences in the stacking arrangementQafand 9b,
imposed by the intermolecular steric crowding generated by

the four N substituents. Thus, the distances between the

normals to two successives @ngs are of 9.09 and 7.68 A
in 9aand9b, respectively. The shorter distancedinresults
in an intermolecular separation of 3.34 A between the Ni
centers (Figure 2).

The solid-state structure of compl@Rais shown in Figure

3, and crystallographic data and selected bond lengths anda[[d]eg]

angles are reported in Tables-3. This structure is very
similar to that of the corresponding Neomplex9a.3° As

expected, the coordination geometry around the Pd centersz
is square-planar. Further comments are not needed for thisdensity (calcd)

structure, except the confirmation of the interaction between
one CH proton and the N-C--C—H proton, evidenced by

a H—H ROESY experiment at40 °C, with a H=H distance

of 2.05(2) A.

Electronic Spectra. The electronic spectral data are
reported in Table 4. In contrast to the YVis absorption
spectrum of the free liganda, which shows an intense
absorption band at 339 nm corresponding to the> x*

Figure 1. ORTEP view of the Ni 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

4672 Inorganic Chemistry, Vol. 45, No. 12, 2006

t-Bu

Table 1. Crystal Data and Details of the Structure Determination for
Compound®b and10a

crystal data 9b 10a
formula Q4H44N404Ni2 C36H60N404Pd2
fw [g/mol] 810.25 825.68
cryst syst triclinic triclinic
space group P1 P1
a[A] 8.3480(10) 9.6470(10)
b [A] 11.403(2) 10.5210(10)
11.905(2) 11.1550(10)
95.18(5) 62.43(5)
p [deg] 110.25(5) 88.13(5)
y [deg] 111.35(5) 76.50(5)
VA3 959.5(7) 972.2(6)
1 1
1.402 1.410
[g/cn?]
w(Mo Ko) [mm~]  1.030 0.965
F(000) 424 428
temperature [K] 173 173
Omin, Omax[deg] 1.88,27.5 2.8,30.1
data setl; k; 1] —10/10;—12/14;—-15/15 —13/13;—12/14; 0/15
total data, uniq data, 7808, 4307, 5676, 5675,
R(int) 0.053 0.000
obsd datal[> 20(1)] 2993 4186
no. of reflns, no. of 4307, 244 5675, 208

param

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

Table 2. Selected Interatomic Distances (A) @b and 10a

9b 10a
c1-C2 1.395(4) 1.413(4)
c1-Cc3 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—-01 1.848(2) 2.009(2)
M—02 1.846(2) 2.008(2)

intraquinone charge transfé& that of the Pt complex6
revealed two strong absorptions at 479 and 50&%with
the latter corresponding to a metal-to-ligand charge-transfer
(MLCT) transition.

Similarly to the UV-vis absorption spectra d, the
dinuclear Nf complexes are characterized by two strong
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Figure 2. (A) CrystalMaker Views of the stacking arrangements generated in the solid st@geang (B) for comparison b®b. Color coding: N, blue;
O, red; Ni, green. H atoms have been omitted for clarity.

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 'Niand Pd
complexes with bridging ligands have been used in ethylene
oligomerization and polymerizatigit4ab.3+3338-40 |n the
neutral dinuclear Ni complexes of typel5 containing two

p_ R
Figure 3. ORTEP view of the Pdcomplex10a The CH; protons of the l:,h\ V3 |
neopentyl groups have been omitted for clarity. Thermal ellipsoids enclose ,N'\
50% of the electron density. Operators for generating equivalent, primed PhsP o R o PPh
atoms: —x, 1—vy, 1 —z I \Ni/ s
VAN
Table 3. Selected Bond Angles (deg) Bb and10a R P Ph
Ph,
o 10a R = aryl, 1,1-(n5CsHy)oFe

N1-M—N2 83.47(11) 80.14(11) R' = H, Ph, Me, SO3Na

N1-M—02 174.21(11) 172.62(9) 15

N1-M—-01 90.80(11) 94.27(10)

N2—M—02 91.02(11) 93.40(11) o o

N2—-M—01 173.68(10) 174.36(9) (P, O) chelates, a beneficial effect of the conjugation between

02-M-0O1 94.62(10) 92.13(10) the active centers separated by a short distance through the

spacer ligand R was noticed, which makes these complexes

Table 4. Electronic Spectrd (nm) in CHCl» ) e
much more active ethylene polymerization catalysts than the

compd #(log 9 mononuclear one¥.Furthermore, complexes of typg?4ab
o P Ejig%' 1 Eiég 8awith a delocalizedr system on the bridging ligarid and
9c 523 (4.22), 555 (4.29) 8b33 led to higher activities in ethylene oligomerization and/
10a 430 (4.45), 456 (4.64), 491 (4.82) or polymerization.
10b 437 (3.82), 456 (4.00), 488 (4.00)

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 [NigIPCy),], a typical catalyst for
the dimerization ofx-olefins?! All selectivities reported in

absorptions in the range 46600 nm corresponding tosa
— a* intraquinone charge transfer and a MLETA
significant red shift is observed frofa or 9b to 9¢, which
is attributed to an extension of the delocalization of the
system over the Ph substituents on the N atoms (Table 4).
The UV-vis absorption spectra of the dinuclear"Pd
complexeslOa and 10b are characterized by three strong
a_bsc_)r_ptlons at ”e?”}’ the Same wavelengths but with a(38) Bianchini, C.; Gonsalvi, L.; Oberhauser, W.nSil, D.; Briggeller,
significant blue shift in comparison to the Ni complexes. P.; Gutmann, RDalton Trans.2003 3869-3875.
i i (39) (a) Chen, R.; Bacsa, J.; Mapolie, S.Halyhedron2003 22, 2855~
The most intense absorption correspor_1ds to a MLCT, and 2861 (b) Chen. R Mapolie S. 5. Mol. Catal. A: Chem2003
the other two probably correspond to intraquinone charge 193 33-40.
transfers. There is a difference in the absorption intensities (40) i%)?’T?g?OQh ?; Kﬁrte%" KJ. Mp?,lj C'\;I':ltlal.CA:t ?gggi%‘? 11213 El?ga
H . urtev, K.; Tomov, . Mol. Catal. 3 — .
betweerlOaand10b, which was not the case f@aand9b (41) Commereuc, D.; Chauvin, Y.;"ger, G.; Gaillard, JRev. Institut.

(Table 4). Fr. P&. 1982 37, 639-649.
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Table 5. Influence of the N Substituent and of the Amount of EtAlCIsed as the Cocatalyst on the Oligomerization of Ethylene

9a 9a 9a 9b 9b 9c 9c NiClo(PCy),”
AIEtCI; (equiv) 6 10 14 6 10 6 10 6
selectivity G (mass %) 56 58 57 56 49 58 47 86
selectivity G (mass %) 40 38 40 40 44 36 48 14
selectivity G (mass %) 4 4 3 6 6 5 traces
productivity’ 5000 14500 16500 10500 15000 7000 11000 13000
TOF 10500 30500 34500 22000 31500 14500 23500 27000
linear Gs (mass %) 52 42 40 49 40 52 35
a-olefin (Cs) (mol %) 10 5 4 12 2 12 1 9
Ky @ 0.48 0.4 0.46 0.48 0.6 0.41 0.68 0.13

aConditions: 10 bar of @H4; 35 min; T = 30 °C; 4 x 10-2 mmol of the Ni complex; solvent, 15 mL of toluené&;Productivity: (g of GH4 consumed)/
(g of Ni)-h. ¢ TOF: (mol of GH4 consumed)/(mol of Nih. 9k, = mol of C¢/mol of Cj.

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

9a 9a 9%b 9%b
MAO (equiv) 100 200 100 200
selectivity G (mass %) 41 46 40 36
selectivity G (mass %) 44 43 47 49
selectivity G (mass %) 15 11 13 14
selectivity Go (mass %) 1
polymer (g) 0.25
productivity? 4000 3500 5500 3500
TOF 8500 8000 11000 8000
linear G (mass %) 52 52 50 54
a-olefin (Cs) (mol %) 15 15 12 16
Ky @ 0.71 0.62 0.77 0.9

aConditions: 10 bar of gHs; 35 min; T = 30 °C; 4 x 10-2 mmol of
the Ni complex; solvent, 20 mL of toluene? Productivity: (g of GHy4
consumed)/(g of Nih. ¢ TOF: (mol of GH4 consumed)/(mol of Nind k,
= mol of C¢/mol of Cs.

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 (¢ + C, consecutive reaction), was significant
(around 56-65% of the G oligomers). Poor selectivities for
1-butene within the Efraction were observed (maximum
of 12%), comparable to [NiGIPCys),], and an increase in
the amount of cocatalyst resulted in a severe decrease of its
formation together with a decrease of the lineafr@ction.
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, [NiCAPCys),] decomposed, wheref@s.
and 9b showed TOFs between 8000 and 11 000 (mol of
C.Hg)/(mol of Ni)-h (Table 5). As for the reactions with
AIEtCI,, the main products formed were ethylene dimers and

the following refer to the total amount of products formed trimers in comparable quantities, except fa with 200
in each catalytic test. In all cases, ethylene pressurizationequiv of MAO, where the product distribution was shifted
resulted in a rapid exothermic event, indicative of no or very toward the formation of goligomers and the formation of
short induction period. The results of the ethylene oligo- Cg oligomers increased to 13%. Small amounts of polymer
merization tests for Nicomplexes are reported in Tables 5 were only observed witBb and 200 equiv of MAO. It thus
and 6. All Pd complexes were completely inactive in the appears that, although MAO is a less suitable cocatalyst than
presence of BAICI or MAO, consistent with observations  AIEtCl, in terms of activity, this leads to a higher selectivity
made on related systerff$. for 1-butene. Thek, values given in Tables 5 and 6

In general, and despite the presence of two potentially correspond to the molar ratios hexenes/butenes and not to a
active sites, all catalysts were moderately active comparedSchultz-Flory constant. They are larger than those observed
to [NiCly(PCys);] (Table 5) and completely inactive when recently for NI' catalyst precursors containing (P, N)
less than 6 equiv of AIEtGlwas added. In general, it also chelates?
appears that comple3b with N-benzyl substituents is the
most active catalyst precursor, with either AIEtGt MAO
as the cocatalyst. Thus, activation with only 6 equiv of Dinuclear (acac)Ni and -Pd complexes with dabqdi
AIEtCI; leads to a turnover frequency (TOF) of 22 000 (mol bridges,9 and 10, have been prepared in order to examine
of CoHz)/(mol of Ni)-h for complex 9b. Increasing the  how metal coordination affects the electronic situation in the
amount of AIEtC} to 10 equiv leads to an increased activity 65 + 65 ligand and to evaluate their potential in the catalytic
of all catalysts. The most spectacular increase was observedligomerization of ethylene. The crystal structure®bfand
for 9a, from 10 500 to 30 500 (mol of £&Ei,)/(mol of Ni)-h. 10a confirmed that in all complexes the geometry of the
Only a slight increase of the activity &fa was observed  metal ions is square-planar and a complete electronic
when 14 equiv of cocatalyst was used instead of 10 equiv. delocalization of the quinonoid system occurs between the

The main products were,@nd G olefins in comparable  metal centers, over the two halves of the ligand. A strong
quantities. Increasing the amount of cocatalyst tends to favorinfluence of the N substituent in the supramolecular stacking
the formation of G oligomers in the case &b and9c. Only arrangements oPa and 9b was revealed. Whereas the
small quantities of octenes and no long-chain oligomers weredinuclear P complexeslOa and 10b were inactive in the
observed, which indicates that chain transfer is much fasteroligomerization of ethylene, the dinuclear"Néomplexes
than chain propagation. Favored by the relatively low 9a—9c were moderately active in the presence of Alg(CI
pressure of ethylene, the branched fraction of the C with a maximum TOF of 34 500 (mol of £l4)/(mol of Ni)-
oligomers (linear ginclude 1,5-butadiene, hex-1-ene, hex- h for 9a activated with 14 equiv of the cocatalyst. Neverthe-

Conclusion
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less, they were highly selective for the formation afad CaaHaaN4OsNi2: C, 65.22; H, 5.47; N, 6.91. Found: C, 65.15; H,

Cs olefins but with poor selectivities for 1-butene. In the 5.40; N, 6.80.

presence of MAO, they were less active but slightly more  Synthesis of 10aLigand4a(0.51 g, 1.23 mmol) and [Pd(acak)

selective for 1-butene. (0.60 g, 2.00 mmol) were dissolved in 100 mL of toluene, and the
This new class of molecules represents one of the rare'esulting solution was heated to reflux for 3 days. The green solution

examples of hybrid amineimine ligands in which not only was evaporated at room temperature, and the residue was washed

their catalytic properties but also their potential as precursorswith cold hexane (4.< 100 mL). This powder was th_e : redissplved
. ~__in 100 mL of dry dichloromethane, and the solution was filtered
to mixed-valence complexes may be further tuned 'dependlngthrough Celite and evaporated under vacuum to aftdd as a
on the nature of the N substituefitFurther studies are  green powder. Green crystals suitable for X-ray analysis were
needed in order to rationalize the effect of the electronic optained at-30°C in toluene. Yield: 0.56 g (55%3H NMR (400
communication between the metal centers on the catalyticMHz, CDCl, 328 K): ¢ 1.02 (s, 36 H, CH), 1.93 (s, 12 H, CHl
activity and/or selectivity and to better understand the acac), 2.85 (br s, 8 H, NCHy), 5.22 (br s, 2 H, N-C=C—H),
influence of the N substituent on the molecular properties, 5.30 (s, 2 H, CH acacfH NMR (400 MHz, CDC}, 213 K): ¢
in particular for the preparation of dinuclear complexes with 1.02 (br s, 36 H, Ch), 1.93 (br s, 12 H, Chlacac), 2.67 (miJun
more sterically hindered N substituents that could lead to = 8-4 Hz, 4 H, N-CHH), 2.92 (d, )y = 8.4 Hz, 4 H, N-CHH),
more selective catalysts and/or for the preparation of di- 5.08 (s, 1 H, N~C=-C—H), 5.22 (s, 1 H, N~C--C—H), 5.32 (s,

: : S - 1 H, CH acac), 5.33 (s, 1 H, CH acaé¥C{H} NMR (CDCls,
?hueclr?]aertaclo(r:r;pr):;is with different coordination geometries of 298 K): & 26.60 (CH acac), 29.26 (Wles), 35.50 (brCMes), 56.17

(N—CH,), 86.50 (br, H-C=-C==N), 100.80 (CH acac), 169.40
(C==N), 185.99 (G=NO). 13C{*H} NMR (100 MHz, CDC}, 233
K): 0 27.045 (CH acac), 27.05 (Cklacac), 29.18 (®le3), 29.34
General ProceduresAll solvents were dried and distilled using  (CMes), 34.99 CMe3), 36.23 CMej), 55.76 (N-CHy), 55.95 (N~
common techniques unless otherwise stated. All manipulations wereCHy), 85.78 (H-C—=NC--N), 86.88 (H-C--NC--NN), 100.17
performed using standard Schlenk techniques under a dry N (CH acac), 169.09 (€-NN), 169.32 (G-NN), 186.12 (G+-NO).
atmospheretH NMR (300 or 400 MHz) spectra were recorded on  The doubling of*H and 23C{*H} NMR resonances at very low
a Bruker AC-300 or AMX-400 instrument, anfdC NMR (100 temperature {60 °C) is so far unexplained. Anal. Calcd for
MHz) spectra were recorded on a Bruker AMX-400 instrument. CseHsoN4OsPch: C, 52.36; H, 7.32; N, 6.79. Found: C, 52.75; H,
MALDI-TOF mass spectra were recorded on a Biflex 1ll Bruker 7.50; N, 6.85.
mass spectrometer. Elemental analyses were performed by the Synthesis of 10bLigand4b (0.42 g, 0.96 mmol) and [Pd(acak)
Service de Microanalyses, Univefsit®uis Pasteur (Strasbourg, (0.47 g, 1.54 mmol) were dissolved in 200 mL of toluene, and the
France). 2,5-Dialkylamino-1,4-benzoquinonediimirssand 4b, resulting solution was heated to reflux for 3 days. The green solution
azopheninelc, and complexeSaand9c were prepared according  was evaporated at room temperature, and the residue was washed
to the literature?26.27.34.3Gas chromatographic (GC) analyses were with cold hexane (5< 100 mL). This powder was redissolved in
performed on a thermoquest GC8000 Top Series gas chromatograpi00 mL of a 9:1 mixture of dry dichloromethane/toluene, and the
using a Hewlett-Packard PONA column (50-m length, 0.2-mm solution was filtered through Celite and evaporated under vacuum
diameter, and 0.5-mm film thickness). Th&* values calculated to afford 10b as a brown powder. Yield: 0.43 g (49%H NMR
for the dynamic behaviors were calculated with the usual ap- (300 MHz, CDC}, 298 K): ¢ 1.88 (s, 12 H, CHacac), 4.12 (s, 8

Experimental Section

proximation: AGF = 4.57T(9.97) = log(T/ov). H, N—CH,), 4.87 (s, 2 H, N~C=C—H), 5.31 (s, 2 H, CH acac),
Improved Synthesis of 6.Ligand4a (0.10 g, 0.24 mmol) was 7.20 (m, 20 H, aryl), and signals for toluene. THE NMR
dissolved in 100 mL of CKCl; in the presence of NE{2 mL), spectrum could not be recorded owing to the poor solubility of

and solid [PtG4COD] (0.179 g, 0.48 mmol) was added to the yellow 10b. MS (MALDI-TOF): m/z 905.955 ([M+ 1]*). Anal. Calcd
solution. The reaction mixture was stirred overnight at room for CsHsN4OsPd:0.2GHg: C, 59.01; H, 4.97; N, 6.06. Found:
temperature, and the resulting green solution was evaporated unde€, 59.40; H, 4.60; N, 6.10. No better analyses could be obtained
vacuum. EtOH was then added to the crude product, and insolublefor this complex.
6 was isolated by filtration and washed with a cold ethanolic  Catalytic Oligomerization of Ethylene. All catalytic reactions
solution. Yield: 0.115 g (47%). MS (MALDI-TOBP: m/z1019.5 were carried out in a magnetically stirred (900 rpm) 100-mL
(IM + 1]%). Anal. Calcd for GoHegNsPE: C, 49.50; H, 6.73; N, stainless steel autoclave, as described in previous papers from this
5.50. Found: C, 49.75; H, 6.75; N, 5.20. laboratory'415 The interior of the autoclave was protected from
Synthesis of 9b.Ligand4b (0.30 g, 0.60 mmol) was dissolved  corrosion by a protective coating. All catalytic tests were started
in 100 mL of THF, and solid [Ni(acag)) (0.31 g, 1.20 mmol) was at 30°C, and no cooling of the reactor was done during the reaction.
added to the yellow solution, which turned rapidly brick red. The After injection of the catalytic solution and of the cocatalyst under
reaction mixture was stirred overnight at room temperature, and a constant low flow of ethylene, the reactor was pressurized to the
the resulting red powder afb was filtered, washed with hexane, desired pressure. The temperature increase that was observed
and dried under vacuum. The filtrate was evaporated and redissolvedresulted solely from the exothermicity of the reaction. The reactor
in dichloromethane. Red crystals suitable for X-ray analysis were was continuously fed with ethylene by a reserve bottle placed on
obtained by slow evaporation of this solution. Yield: 0.37 g (76%). a balance to allow continuous monitoring of the ethylene uptake.

IH NMR (300 MHz, CDC}, 298 K): ¢ 1.68 (s, 12 H, CHacac), In all of the catalytic experiments, 4 10-2 mmol of the Ni
3.43 (s, 8 H, N-CHy), 4.60 (s, 2 H, N~C==C—H), 5.32 (s, 2 H, complex was used. The oligomerization products and remaining
CH acac), 7.23 (m, 20 H, aryl}3C{*H} NMR (100 MHz, CDC}, ethylene were only collected from the reactor at the end of the

298 K): 6 25.58 (CH acac), 47.18 (NCH,), 86.77 (H- catalytic experiment. At the end of each test, the reactor was cooled
C—=C-=N), 101.76 (CH acac), 126.02, 127.34, 128.12 (aryl CH), to 10 °C before transferring the gaseous phase into a 10-L
140.49 (aryl C), 166.68 (€-N), 186.73 (G=0O). Anal. Calcd for 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 anisotropically, with H atoms introduced as fixed contributors
analysis. The products in the reactor were hydrolyzed in situ by [d(C—H) = 0.95 A, U;; = 0.04]. Full data collection parameters
the addition of ethanol (10 mL), transferred in a Schlenk flask, and structural data are available as Supporting Information.

and separated from the metal complexes by trap-to-trap distillation

(120°C, 20 Torr). All volatiles were evaporated (120, 20 Torr, Acknowledgment. We thank the CNRS and the Minisge
static pressure) and recovered in a second Schlenk flask previouslyde la Recherche (Paris) for a Ph.D. grant (J.-p.T.) and the
immersed in liquid N in order to avoid any loss of product. For |nstitut Franais du P&ole for support. We are also grateful

GC analyses, 1-heptene was used as an internal reference. Theg . Agostinho and M. Mermillon-Fournier for technical
required amount of complex was dissolved in 10 mL of chloroben- assistance

zene and injected into the reactor. Depending on the amount of
cocatalyst added, between 0 and 5 mL of the cpcatalyst solution Supporting Information Available: X-ray data in CIF format.
was added so that the total volume of all solutions was 15 mL. 1his material is available free of charge via the Internet at http://
When MAO was used as the cocatalyst, the total volume was s acs.0rg. Crystallographic data for all structures in this paper
increased to 20 ml.. and a new, corrected CIF file for compl&have been deposited
Crystal Structure Determination. Diffraction data were col-  \jth the Cambridge Crystallographic Data Centre, under CCDC
lected on a Kappa CCD diffractometer using graphite-monochro- 37966, 237967, and 606694, respectively. Copies of this informa-
mated Mo Ko radiation ¢ = 0.710 73 A). The relevant data are jon may be obtained free of charge from The Director, CCDC, 12
summarized in Table 1. Data were collected usjngcans, the Union Road, Cambridge CB2 1EZ, U.K. (fax44-1223-336033;

structures were solved by direct methods usStgELX97soft- e-mail, deposit@ccdc.cam.ac.uk; web, http://ww.ccdc.cam.ac.uk).
ware#243and refinement was by full-matrix least squaresFoh

No absorption correction was used. All non-H atoms were refined 1C0600190

(42) Kappa CCD Operation ManuaNonius BV: Delft, The Netherlands, (43) Sheldrick, G. MSHELXL97, Program for the refinement of crystal
1997. structures University of Gottingen: Gottingen, Germany, 1997.
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