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Introduction

Having a profound knowledge about the role of alkylalumi-
num compounds in the chromium-catalyzed selective trime-
rization reaction of ethene to 1-hexene is of great impor-
tance for the understanding of the active catalyst species. In
many cases only one special aluminum activator is suitable
for the desired ethene conversion in terms of activity and se-
lectivity.[1,2] Additionally, the molar ratio of co-catalyst to

chromium has a great influence on the outcome of the tri-
merization reaction.[3a] Up to now this has not been fully ra-
tionalized. Thus, it is rather complicated to find a new cata-
lytic system that contains, besides a suitable ligand and
metal source, an appropriate activator, all together showing
the desired catalytic characteristics. Several aspects concern-
ing this problem have been elucidated so far. It is known
that the alkylaluminum co-catalyst can fulfill different tasks
in the oligomerization reaction like alkylation,[1,4,5a,b] reduc-
tion of the chromium center,[1,2,3b, 4,5a,d] formation of a cation-
ic complex,[3b, 4a,5b, 6] and a counterion,[4a,6,7] where applicable
dehalogenation,[5] deprotonation,[2,3] and C�H activation,[2]

as well as acting as scavenger for impurities in the system.[6]

Nevertheless, further investigation on the role of the alkyl-
aluminum activator in this special catalytic transformation is
absolutely necessary.

Our group recently published the first results of a new ho-
mogeneous chromium-based trimerization catalyst for the
transformation of ethene to 1-hexene,[8,9a] including com-
plexation,[9b] deprotonation,[10] comprehensive kinetic inves-
tigations,[11a] and modeling,[11b] as well as heterogenization,[12]

using a new type of P,N donor ligand in conjunction with
CrCl3ACHTUNGTRENNUNG(THF)3 and Et3Al that produces co-monomer grade 1-
hexene in more than 90 % yield. New ideas about mechanis-
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tic differences between tri- and tetramerization of ethene
were also issued in recent times.[13]

Herein, we describe in more detail the organometallic
characteristics of Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)N ACHTUNGTRENNUNG(iPr)H (1) in presence
of trialkylaluminum compounds R3Al. These complexes
show what effect alteration of the ligand in catalysis can
have, which is of major interest concerning activation and
deactivation in catalysis. Thus, a better understanding of the
behavior and reactivity of this type of aminodiphosphanoa-
mine ligand in the catalytic system, especially in terms of
temperature dependence and residence time, is feasible.

Results and Discussion

This work describes, as a detailed extension of a short com-
munication,[9a] the reactivity, coordination chemistry, and
cleavage pathways of the novel aminodiphosphanoamine
Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)NACHTUNGTRENNUNG(iPr)H (1; PNPNH hereafter), used in se-
lective ethene trimerization, in the presence of trialkylalum-
nium compounds. Naturally, the question arises as to which
factors of the PNPNH-ligand are essential for the high selec-
tivity towards 1-hexene in the catalytic trimerization of
ethene. It could be shown that, besides the usage of chromi-
um as the metal, the PNPN structure and in particular the
terminal secondary amine function are crucial for C6-selecti-
vity.[9a] Exclusively, Et3Al shows considerable activity and se-
lectivity as an activator for the “Cr-PNPNH” system.

An important aspect, regarding the elucidation of the cat-
alytically active site, deals with the question of what kind of
alteration the ligand undergoes in the catalytic system,
where, due to its high complexity, several organometallic re-
actions could occur.

As the secondary amine function of 1 is essential for cata-
lytic selectivity to 1-hexene, we concluded that deprotona-
tion most likely to occur in the real catalytic system.[9a] This
could be supported by detailed deprotonation–metalation
studies of 1 with different organometal bases.[10]

To start with a simplified examination of the catalytic
system, we investigated the chemistry of the trimerization
ligand 1 in conjunction with the aluminum alkyls Me3Al and
Et3Al. Their reactions with 1 can give an important insight
into possible reaction activation and deactivation pathways
of 1 in catalysis. Therefore, stoichiometric experiments
under different thermal conditions were conducted.

To follow the reactions, 31P NMR spectroscopy studies
were carried out. Ligand 1 was dissolved in toluene, mixed
with R3Al, and heated at different temperatures. As report-
ed previously,[9a] different species depending on reaction
temperature and time could be identified. Here we expand
these investigations to have a complete overview of the re-
activity pattern of the ligand in conjunction with aluminum
alkyls.

Complexation of Me3Al led, even at room temperature,
to a chemical shift of the ligand�s two phosphorus atoms at
d= 46 and 70 ppm (Figure 1 b, compound 2 a), contrary to
the chemical shift of 1 at d=41 and 68 ppm (Figure 1 a).

Upon heating the mixture to 50 8C for 26 h, two new NMR
spectroscopy signals were observed at d=31 and 91 ppm, re-
spectively (Figure 1 b, compound 3 a), whereas the adduct
2 a was completely consumed during that time. When this
mixture was heated for a further 22 h to nearly 100 8C, the
signals changed completely (Figure 1 c, 4 a).

The same reaction sequence was observed by employing
Et3Al. The adduct 2 b that was formed at room temperature
showed signals in the 31P NMR spectrum at d=47 and
70 ppm, respectively. Deprotonation at 65 8C shifted the
phosphorus signals to d= 31 and 92 ppm (3 b). Heating at
95 8C for 26 h resulted again in a shift of the P signals to d=

36.8 and 41.5 ppm in an AB-pattern, indicating two similar
phosphorus atoms bound together (4 b).

The results of these NMR investigations led to the follow-
ing reaction pathway: First, the formation of an adduct
[Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)N ACHTUNGTRENNUNG(iPr)H] ACHTUNGTRENNUNG[AlR3] (2 a : R= Me; 2 b : R= Et)
takes place. Due to the high reactivity of the aluminum
alkyls, isolation has not been possible so far.

Second, the alumination of the N�H function with libera-
tion of the corresponding alkane to give an aluminum amide
[Ph2PN ACHTUNGTRENNUNG(iPr)P ACHTUNGTRENNUNG(AlR3)(Ph)N ACHTUNGTRENNUNG(iPr)] ACHTUNGTRENNUNG[AlR2] (3 a : R= Me; 3 b :
R=Et) and third its rearrangement to the cyclic compound
[NACHTUNGTRENNUNG(iPr)P(Ph)P ACHTUNGTRENNUNG(Ph2)N ACHTUNGTRENNUNG(iPr)] ACHTUNGTRENNUNG[AlR2] (NPPN hereafter) (4 a :
R=Me, 4 b : R=Et) by transamidation occurs (Scheme 1).

Deprotonation of 1 at 65 8C in the presence of Me3Al and
Et3Al, respectively, leads to the formation of complexes 3 a
and 3 b. Interestingly, in complexes 3 a and 3 b a second mol-
ecule R3Al is implemented, respectively. This could be
proven by X-ray analysis of 3 a and combustion analysis of
3 a and 3 b. The molecular structure of 3 a is depicted in
Figure 2. The terminal amide function forms a covalent
bond with the metal and the P2 atom acts as a donor giving
a chelating [PNPN]� fragment at the aluminum center. The
additionally coordinating molecule Me3Al is located at the
central phosphorus atom of the ligand backbone with a dis-
tance of 2.5831(10) �. One can discuss whether this second

Figure 1. 31P NMR spectroscopy results of: a) Compound 1 without any
Me3Al being present; b) Formation of 2 a and 3a after heating a 1/Me3Al
mixture for 4 h at 50 8C; c) Isolated 4a after heating a 1/Me3Al mixture
for 22 h at 85 8C; d) Isolated 5 a after heating a 1/Me3Al mixture for 5
days at 85 8C.
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molecule R3Al is of importance for catalytic activity in se-
lective trimerization.

It was possible to reverse the formation of the PNPN-Al
compounds 3 a and 3 b back to 1 by hydrolysis with equimo-
lar amounts of ammonium chloride or even with water. By
heating 3 a and 3 b for several hours in toluene at 85 8C rear-
rangement to 4 a and 4 b takes place, respectively. Both com-
pounds could be crystallized and analyzed by X-ray diffrac-
tion. The molecular structure of compound 4 a is depicted in
Figure 3.

A similar molecule to 4 a and 4 b was described previously
by Chivers et al.,[14] which was obtained by reaction of
DippN(H)PhPNRCR’NR (Dipp =2,6-iPrC6H3) (NPNCN
hereafter) with Me3Al.

As illustrated in Scheme 2, complexes 4 a and 4 b can be
viewed in terms of three resonance structures: phosphane–

phosphenium aluminate I, phosphonium–aluminate II or
amidophosphane–phosphazene–aluminum complex III.[14,15]

Resonance structure I is suggested by the P1�P2 bond
length of 2.2178(4) �, which is in the same range as Chivers�
molecule and at the upper limit of the range of published
values for phosphane–phosphenium cation complexes.[16] In-
terestingly, in 4 a the P�N bond from the four coordinated
phosphorus center (P2�N2) is 0.045 � shorter than P1�N1
with the three coordinated phosphorus atom, as observed
for the metalation of acylic NPNCN. The aluminum center
is coordinated more strongly to N1 than to N2, which is con-
sistent with the suggestion that the P2�N2 side has a larger
degree of ionicity. Accordingly, the resonance forms II and
III cause a contribution to the structure. Comparison of
bond lengths and angles shows the similarities of the solid
state structures of 4 a and 4 b (Table 1).

A rather astonishing difference between 4 a and 4 b is ob-
served in the 31P NMR spectra of these complexes. Though

Scheme 1. Stepwise reaction of Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)N ACHTUNGTRENNUNG(iPr)H (1) with R3Al to give the adduct [Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)NACHTUNGTRENNUNG(iPr)H] ACHTUNGTRENNUNG[AlR3] (2 a, 2b), alumination lead-
ing to [Ph2PN ACHTUNGTRENNUNG(iPr)P ACHTUNGTRENNUNG(AlR3)(Ph)N ACHTUNGTRENNUNG(iPr)] ACHTUNGTRENNUNG[AlR2] (3a, 3 b), rearrangement to [N ACHTUNGTRENNUNG(iPr)P(Ph)P ACHTUNGTRENNUNG(Ph2)N ACHTUNGTRENNUNG(iPr)] ACHTUNGTRENNUNG[AlR2] (4a, 4 b) and cleavage to give [Ph2PN-ACHTUNGTRENNUNG(iPr)AlR2]2 (5a, 5b) (a: R =Me; b: R= Et).

Figure 2. Molecular structure of 3a with thermal ellipsoids set at 50%
probability.[9a] The asymmetric unit contains two molecules, only one is
depicted. All hydrogen atoms have been omitted for clarity. Selected
bond lengths [�] and angles [8]: N1�P1 1.653(2), P1�N2 1.740(2), N2�P2
1.684(2), N1�Al1 1.879(2), P2�Al1 2.5093(10), P1�Al2 2.5831(10), N2-
P1-N1 105.08(10), P2-N2-P1 113.71(10), P2-Al1-N1 85.36(6).

Figure 3. Molecular structure of 4a with thermal ellipsoids set at 50%
probability.[9a] All hydrogen atoms have been omitted for clarity. Selected
bond lengths [�] and angles [8]: P1�P2 2.2178(4), N1�P1 1.6645(10), P2�
N2 1.6191(10), N1�Al1 1.8796(11), N2�Al1 1.9303(10), N1-Al1-N2
95.79(4).

Scheme 2. Resonance structures of R2Al[N ACHTUNGTRENNUNG(iPr)P(Ph)P(Ph)2N ACHTUNGTRENNUNG(iPr)] (4).

Table 1. Summary of important bond lengths [�] and angles [8].

Complex Ligand backbone Al�N R2Al�P N-Al-N

3a PNPN� 1.879(2) 2.5093(10) –
4a NPPN� 1.8796(11) – 95.79(4)

1.9303(10)
4b NPPN� 1.886(2) – 95.90(8)

1.928(2)
5a PN� 1.8768(12) 2.4783(5) –
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the two adjacent P nuclei are chemically very different they
cause similar shifts. Therefore, one would expect an AB-pat-
tern in the spectra. For 4 b this is true, but the spectrum of
4 a shows at first glance two very similar signals that are
overlapping. This was unexpected and we attribute this to
the nearly identical shifts of both phosphorus atoms at room
temperature beginning to form an A2-pattern. Nevertheless,
to exclude dynamic processes, e.g., shift of a Ph group from
one P to the other, that might produce identical nuclei on
the NMR time scale, we performed variable temperature
(VT)-NMR measurements. If it was a dynamic process, in-
creased temperature should lead to total overlapping of
both signals. Interestingly, the NMR spectra show a different
behavior. At higher temperatures the chemical shifts of both
phosphorus atoms, besides a slight shift downfield, start to
disperse, thus resulting in the expected AB-pattern with a
strong roof effect of the four peaks at a final temperature of
347 K. The missing symmetry of the molecule, indicated by
the three different Ph groups that were observed in VT-
NMR, and constancy of line shape in the applied tempera-
ture range are additional characteristics. These exclude a dy-
namic process and clarify the temperature dependence of
the chemical shifts of both P nuclei in 4 a, that is, apparently,
leading to nearly identical shifts at room temperature. One
reason could be a small but effective difference in ring size
or ring planarity.

At ratios larger than 1:1 (R3Al/1), which is the case under
catalytic conditions, parallel to the formation of 4 other
compounds are observed in 31P NMR spectra. They are
formed by addition of an excess of R3Al to a solution of 1,
heating to 85 8C for several days. As before, in the beginning
of the reaction deprotonation of the ligand�s amine function
and later rearrangement of 1 are observed. After 24 h heat-
ing additional signals show up in the 31P NMR spectra.
After five days 3 and 4 are consumed totally to form new
phosphorus-containing compounds as indicated by NMR
spectroscopy (31P NMR spectrum of 5 a shown in Figure 1 d).

Cooling the reaction solution of former 3 to room temper-
ature leads to the formation of colorless crystals. NMR spec-
troscopy and elemental analysis confirmed a uniform mate-
rial. By X-ray analysis it could be shown that the cyclic com-
plex [Me2Al-N ACHTUNGTRENNUNG(iPr)-PPh2]2 (5 a) (Figure 4) was formed.[17]

The other P-containing compound in the oily reaction mix-
ture could not be identified so far, but it should contain the
missing part [PhP-NiPr] of the original ligand backbone.

With Et3Al much more time (11 days at 85 8C) was
needed to complete the cleavage reaction. So far no crystals
could be obtained, but the 31P NMR spectrum clearly shows
the analogous signals for the complex [Et2Al-N ACHTUNGTRENNUNG(iPr)-PPh2]2

(5 b).
Compound 5 a could be isolated previously from the reac-

tion of lithiated Ph2PN ACHTUNGTRENNUNG(iPr)H with Me2AlCl but was not
crystallographically characterized.[18] Compound 5 b was syn-
thesized before by direct alumination of Ph2PN ACHTUNGTRENNUNG(iPr)H[19] and
it was reported to be the trimeric compound [Et2Al-N ACHTUNGTRENNUNG(iPr)-
PPh2]3. Isolation of 5 b out of the reaction mixture of 1 with
Et3Al (5 equiv) was not successful so far. Thus, it could not

be proven whether 5 b is dimeric in the solid state like 5 a or
trimeric as claimed in ref. [19].

The cleavage of the PNPN moiety by R3Al into an amido-
phosphane and a supposed iminophosphane, as shown in
Scheme 3, could be the reason for its rearrangement to com-
plex 4, as well as to the cyclic dimer 5. Accordingly, besides
5 an iminophosphane-AlR3 compound must be left in solu-
tion, which could not be isolated so far.

Testing of all the complexes described above in ethene
oligomerization showed expected results (Table 2). Com-
plexes 3 a and 3 b exhibited similar results to the in situ sys-
tem[9a] in terms of selectivity. This is a clear indication that
the aluminated ligand is part of the active trimerization spe-
cies. Employing 3 a and 3 b in catalytic experiments leads to
a linear ethene uptake for at least two hours, respectively.
Interestingly, with 1 a different curvature is observed. After
20 min the uptake is also linear (and parallel to the catalytic
curves of 3 a and 3 b) but prior to that the activity is much
higher. This leads to the kink-curvature described before
and an all-in-all higher activity.[9a] Up to now, we attribute
this behavior to the formation of two different trimerization

Figure 4. Molecular structure of 5a with thermal ellipsoids set at 50%
probability. All hydrogen atoms have been omitted for clarity. Important
bond lengths [�] and angles [8]: N1�P1 1.6479(12), N1�Al1A 1.8768(12),
Al1�P1 2.4783(5), P1-N1-Al1A 120.78(7), N1-Al1A-P1A 104.72(4), N1-
P1-Al1 119.09(4).

Scheme 3. Possible pathways for rearrangement and cleavage of the
PNPN backbone.
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species. One of these is obviously consumed after 20 min.
Complexes 3 a and 3 b instead directly seem to lead to the
second active species, which produces 1-hexene on a con-
stant level with very high selectivity.

The rearranged products 4 a and 4 b show nearly no activi-
ty in ethylene oligomerization. This supports the idea that
the rearranged ligand, or a chromium complex thereof, is re-
sponsible for the decline of activity in trimerization catalysis
at temperatures higher than 90 8C.[9,10] Most ethene (>67 %)
consumed under these conditions is transformed into poly-
ethylene in both cases. The very small oligomer amounts are
nonselectively distributed with many isomers in every frac-
tion, meaning 1-alkenes are not always the favored prod-
ucts.

Complex 5 a and the reaction mixture comprising 5 b give
very low activity also yielding a nonselective distribution of
oligomers. The activities and product distributions caused by
the two complexes are quite similar even though 5 b was
only available in an oily product mixture. It is worth men-
tioning that each oligomer fraction consists of several iso-
mers.

These catalytic results clearly reveal that the special back-
bone of 1 (PNPNH) comprising a sec-amino function is ab-
solutely necessary for selective ethene trimerization.

Complex formation of the presented Al-complexes 3 a,
3 b, 4 a, 4 b, 5 a, and 5 b with CrCl3 ACHTUNGTRENNUNG(THF)3, the preferred
chromium salt in catalysis,[9a] is currently under investiga-
tion.

Conclusion

We herein presented results showing coordination, deproto-
nation, rearrangement and cleavage of Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)N-ACHTUNGTRENNUNG(iPr)H (1) by trialkylaluminum compounds R3Al (R=Me,
Et). These reactions are relevant for activation and deacti-
vation of the new selective ethene trimerization system con-
sisting of the ligand 1, CrCl3 ACHTUNGTRENNUNG(THF)3, and Et3Al that produ-
ces 1-hexene in more than 90 % yield and high purity. The
formation of an adduct [Ph2PNACHTUNGTRENNUNG(iPr)P(Ph)N ACHTUNGTRENNUNG(iPr)H] ACHTUNGTRENNUNG[AlR3]
(2) and the aluminum amide [Ph2PN ACHTUNGTRENNUNG(iPr)P ACHTUNGTRENNUNG(AlR3)(Ph)N-ACHTUNGTRENNUNG(iPr)] ACHTUNGTRENNUNG[AlR2] (3) are processes involved in the activation of

the system, whereas the rearrangement of 3 to the cyclic
compound [N ACHTUNGTRENNUNG(iPr)P(Ph)P ACHTUNGTRENNUNG(Ph2)NACHTUNGTRENNUNG(iPr)] ACHTUNGTRENNUNG[AlR2] (4) leads to its
deactivation. The cleavage of 3 by an excess of R3Al could
be the reason for its rearrangement to complex 4, as well as
to the cyclic dimer [R2AlN ACHTUNGTRENNUNG(iPr)P(Ph)2]2 (5). In conclusion,
this chemistry of 1 in the presence of alkylaluminum com-
pounds gives many hints on possible activation and deactiva-
tion mechanisms in catalysis, which are of great importance
for understanding the interaction of the aluminum alkyl ac-
tivator with the ligand in the corresponding catalytic selec-
tive trimerization system.

Experimental Section

All air and moisture sensitive compounds were handled under argon at-
mosphere by using standard Schlenk techniques or in a glove box. Prior
to use, nonhalogenated solvents (including deuterated solvents
[D6]benzene and [D8]THF) were freshly distilled from sodium tetraethy-
laluminate and stored under argon. All other chemical reagents and sol-
vents were obtained from commercial sources and were used without fur-
ther purification. The following spectrometers were used, for mass spec-
tra: MAT 95-XP and Finnigan Polaris Q and for NMR spectra: Bruker
AV300, AV400, and AMX400 spectrometers. Chemical shifts (1H, 13C)
are given relative to SiMe4 and are referenced to signals of the used sol-
vent: [D6]benzene (dH =7.16, dC = 128.0) and [D8]THF (dH =2.73, dC =

25.2). Chemical shifts for 31P are given relative to 85% H3PO4. The spec-
tra were assigned with the help of DEPT. Melting points were carried
out using sealed capillaries on B�chi 535 apparatus. Elemental analyses
were carried out using a Leco CHNS-932 elemental analyzer. Diffraction
data were collected on a STOE IPDS II diffractometer using graphite-
monochromated MoKa radiation. The structure of 5 a was solved by direct
methods (SHELXS-97)[20a] and refined by full-matrix least-squares tech-
niques on F2 (SHELXL-97).[20a] DIAMOND[20b] was used for graphical
representations.

Compounds 1, 3 a, 3b, 4 a, and 4b were prepared according to published
literature procedures.[9a]

Oligomerization experiments were conducted as described previously.[21]

In all cases CrCl3 ACHTUNGTRENNUNG(THF)3 (0.1 mmol), 3a, 3b, 4a, 4b, or 5a (1.75 equiv)
were weighed in and dissolved in toluene (100 mL) and Et3Al (7 mmol)
was added. For oligomerization with 5b 0.090 g (�0.3 mmol of 5b) of
the oily product were applied together with the corresponding amounts
of CrCl3 ACHTUNGTRENNUNG(THF)3 and Et3Al given above.

Preparation of [Ph2PN ACHTUNGTRENNUNG(iPr)AlMe2]2 ACHTUNGTRENNUNG(5 a): Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)N ACHTUNGTRENNUNG(iPr)H
(1.50 g, 3.675 mmol) was dissolved in toluene (10 mL). Me3Al (5.6 mL,
2.0m Me3Al in toluene, 11.0 mmol) was added to the solution, which was
heated at 85 8C. After a color change from colorless to yellow and back
to colorless in a time scale of 120 h the reaction was completed. The solu-
tion was kept at room temperature until colorless crystals precipitated.
The precipitate was filtered and washed three times with pentane (5 mL).
The remaining solvent was removed in vacuum to give a colorless
powder (0.444 g; 30 % yield). M.p. 215 8C; 1H NMR ([D8]THF): d=7.36–
7.49 (m, 8H, Ar-H), 7.17–7.29 (m, 12 H, Ar-H), 3.32 (sept, J =6.6 Hz, 2 H,
CHCH3), 0.91 (d, J =6.6 Hz, 12 H, CHCH3), �0.72 ppm (d, J =1.1 Hz,
12H, AlCH3); 13C NMR ([D8]THF): d =144.9, 144.7, 133.3, 133.1, 128.3,
128.0 (4 � 6C, arom.), 50.30 (d, CHCH3), 27.44 (d, CHCH3), �6.45 ppm
(AlCH3); 31P{H} NMR ([D8]THF): d =46.5 ppm; MW: 598.65 gmol�1

[C34H46Al2N2P2]; elemental analysis calcd (%) C 68.21, H 7.74, N 4.68;
found: C 68.25, H 7.51, N 4.78.

Preparation of [Ph2PN ACHTUNGTRENNUNG(iPr)AlEt2]2 ACHTUNGTRENNUNG(5 b): Ph2PN ACHTUNGTRENNUNG(iPr)P(Ph)N ACHTUNGTRENNUNG(iPr)H
(2.0 g, 4.896 mmol) was dissolved in toluene (10 mL). Et3Al (12.88 mL,
1.9m Et3Al in toluene, 24.5 mmol) was added to the solution, which was
heated to 85 8C. After a color change from colorless to yellow and back
to colorless in a time scale of 11 days the reaction was complete. After
removal of the solvent in vacuum a colorless oil remains. 31P{H} NMR

Table 2. Oligomerization results with compounds 1, 3 a, 3b, 4 a, 4b, 5 a,
and the 5 b mixture.[a]

Compound Activity
[g gCr

�1 h�1]
Oligomer fraction [mol %]

Polymer [g]
C4 C6[b] C8 C10+

1 5200 4.7 90.7 (99.3) 1.3 3.4 0.09
3a 1890 3.6 89.5 (97.8) 1.7 4.6 0.16
3b 2750 3.6 90.1 (98.0) 1.5 4.8 0.11
4a 80 33.4 45.0 15.3 5.8 0.27
4b 140 34.1 37.5 18.2 10.2 0.68
5a 980 14.9 32.8 21.8 30.5 0.67
5b[c] 980 23.2 29.8 23.2 23.8 0.82

[a] Conditions: T =65 8C, 30 bar ethene, 1 h reaction time, total volume
toluene (100 mL), CrCl3 ACHTUNGTRENNUNG(THF)3 (0.1 mmol), compound (0.175 mmol),
AlEt3 (7 mmol). [b] In brackets: percentage of 1-hexene of total C6 frac-
tion. [c] Non-isolated complex employed.
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([D8]THF): d =46.9 ppm; unidentified side product: d= 44.7 ppm (ratio
1:1).
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