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Several N-functionalized bis(phosphanyl)amine ligands
respectively containing benzyl, furfuryl, thiophene-2-methyl,
thiophene-2-ethyl, and 2-picolyl groups (1la—e) were synthe-
sized and characterized. The ligands reacted with (DME)-
NiBr, in CH,Cl, to give their corresponding nickel com-
plexes [Ph,PN(R)PPh,NiBr,] [R = CH,C¢H; (2a), CH,C,H30
(2b), CH,C4H3S (2¢), CH,CsH4N (2d), and CH,CH,C4H3S
(2e)]. The structures of these complexes were established by
single-crystal X-ray crystallography. All these nickel com-
plexes were highly active towards ethylene oligomerization

in the presence of methylaluminoxane or Et,AICl, producing
a high content of butene (C4). Especially for 2e, which con-
tains a thiophene-2-ethyl pendant group, the oligomerization
products obtained at —40 °C contained 95.9 mol-% C4 frac-
tion with 100 mol-% 1-butene. Over 50 °C, however, these
nickel complexes underwent Friedel-Crafts alkylation of tol-
uene with ethylene and the olefin oligomers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The oligomerization of ethylene is one of the major in-
dustrial processes for the production of a-olefins. These ob-
tained oligomers can be used as comonomers in the poly-
merization of ethylene, plasticizers, and synthetic lubri-
cants.!! Since the pioneering work of Keim and co-
workers,?! nickel(IT)-based catalysts with various chelating
ligands such as N-N,3] O—P,1 P-N,[! and P—PI°l have been
extensively studied in the development of olefin oligomer-
ization processes.

In the past decade, bis(phosphanyl)amines with P-N-P
skeletons have been proved as much more versatile ligands,
and varying the substituents on both the P and N centers
gives rise to changes in the P-N-P angle and the conforma-
tion around the P centers.l’”! This feature enables the synthe-
sis of a wide range of four-membered ring systems contain-
ing transition metals such as Pd, Pt, Mo, Cu, and Ru,®
which have potential uses in catalysis. In addition, a number
of chromium complexes bearing the bis(phosphanyl)amine
ligands with various substituents on both the N and P
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atoms were studied as highly selective catalysts for ethylene
trimerization and tetramerization.””) Wass and Jordan also
reported that nickel complexes were efficient precatalysts
for ethylene polymerization, producing high molecular-
weight linear polyethylene.'”l However, nickel complexes
with these ligands are much less developed than chromium
complexes. Moreover, the majority of structure/property
correlation investigations for ethylene oligomerization or
polymerization with bis(phosphanyl)amines nickel catalysts
mainly focused on the influence of the P-donor moiety, es-
pecially bulky ortho-methoxy and 2-isopropyl groups in aryl
phosphanes.[1%-11]

Recently, Bercaw('?l and Hor!'3! synthesized chromium
complexes containing bis(phosphanyl)amines with N-func-
tionalized donor groups and found that the catalytic ac-
tivity and catalyst lifetime was higher than those lacking
an N-functionalized donor group on the ligand. Intensive
studies showed that the nature of the functionalized donor
would influence the catalytic activity and selectivity for ole-
fin oligomerization."> !4l Therefore, we speculated that a
bis(phosphanyl)amine with an N-functionalized donor
group would be a potential hemilabile tridentate ligand and
may provide stability to reactive intermediates or modify
the transition states in the oligomerization catalysis.

In the work reported herein, we synthesized and charac-
terized a series of new bis(phosphanyl)aminenickel(II) com-
plexes by introducing an N-functionalized donor group.
The effects of a functionalized donor on ethylene oligomer-
ization behaviors were examined. In addition, the influences
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of the reaction temperature, Al/Ni molar ratio, and different
co-catalysts on oligomerization activity and selectivity were
also investigated in detail.

Results and Discussion

The N-functionalized pendant groups were designed for
their potential ability to undergo reversible coordination to
nickel metal. The addition of a functional pendant at the
N-site would raise the denticity and coordinative flexibility
of these ligands. The donor functionality is represented by
benzyl (1a), furfuryl (1b), thiophene-2-methyl (1c¢), 2-picolyl
(1d), and thiophene-2-ethyl (le), ranging from weak to
moderate basicity. These new N-donor-functionalized bi-
s(phosphanyl)amine ligands were prepared from a function-
alized primary amine by classical aminolysis with Ph,PCl
in a one-step reaction (49-67.5% yield; Scheme 1).['31 All of
the products showed a single resonance in their 3'P NMR
spectra that lied in the expected region of 60-70 ppm,!'¢l
suggesting that both phosphorus atoms were chemically
equivalent in solution. The chemical shifts of compounds
1b—e were shifted downfield with respect to that of com-
pound 1la, and le had the lowest field resonance at § =
63.25 ppm. Compounds la—-e could be crystallized from
ethanol in air and were stable in the solid state, but they
underwent slow decomposition and oxidation in solu-
tion.l'7]

R
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Scheme 1. Preparation of ligands la—e and 1g.

However, it was found that ligand 1f (see Scheme 1) was
transformed into oxide 1g during purification by column
chromatography in air. This can be attributed to the pro-
longed exposure of the ligand solution to air. The structure
of ligand 1g was established by single-crystal X-ray crystal-
lography (Figure 1), and it was found that the P-N-P skel-
eton with a pyridyl-2-ethylene side chain extended from the
N-site.

Complexations between (DME)NiBr, and ligands la-e
in CH,Cl, occurred readily at room temperature
(Scheme 2). All the complexes were stable and much-less
sensitive to moisture and oxygen. The structures of the
complexes were confirmed by elemental analysis, NMR
spectroscopy, and X-ray data. The 3'P NMR spectra of
2a—e respectively displayed a singlet at 6 = 52.47 ppm for
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Figure 1. Molecular structure of 1g. Hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: P1-O2
1.4714(19), P1-N1, 1.689(2), P2-O1 1.4766(19), P2-N1 1.691(2),
O2-P1-N1 112.60(11), O1-P2-N1  112.02(11), PI1-NI1-P2
124.11(12).

2a, 51.30 ppm for 2b, 52.36 ppm for 2¢, 52.33 ppm for 2d,
and 48.85 ppm for 2e. It is interesting to note that the *'P
NMR chemical shift of 2a was nearly identical to those of
compounds 2¢ and 2d, despite the presence of the thienyl
and pyridyl group in the latter complexes. This result indi-
cated that the pyridyl or thienyl group had little or no elec-
tronic influence on the phosphorus center.

R
| 'T 2a:R = CHy(CgHs)
N 2b:R = CH,(C4H50)
PN N
PhoP™ “PPhy Gp,ci, PhoP JPPh, 2¢R = CHy(CyHsS)
— 2 Ni 2d:R = CH,(C5HN)
+ (DME)NiBr, B” gy  2¢R = CHxCH(C4HyS)

Scheme 2. Syntheses of bis(phosphanyl)aminenickel(II) complexes
2a-e.

Crystals of nickel complexes 2a—e suitable for X-ray crys-
tallography were grown from CH,Cl,/hexane or CH,Cl,
solutions. ORTEP diagrams are shown in Figures 2, 3, 4, 5,
and 6 along with selected bond lengths and bond angles,
respectively.

All five complexes adopt a square-planar coordination at
the nickel atom and a near-planar four-membered chelate
ring (NiP,N), similar to previously reported bis(phos-
phanyl)amine nickel complexes.['>!8 However, the pendant
donors are located away from the metal and do not show
any bonding interaction with the nickel metal center in both
the solid state and solution, even the 2-picolyl (2d) and thio-
phene-2-ethyl (2e), like those bis(phosphanyl)amine Pd, Pt,
and Cr complexes reported elsewhere.[!2-13:17]

In general, the bond lengths and angles of 2a—e in the
solid state were very similar, with minimal structural differ-
ences due to the different functional groups. The shortest
Ni-P bond length was given in complex 2d [2.1161(13) A].
Similarly, their P-N bond lengths were within expected val-
ues in comparison to the aminophosphane transition-metal
structures.['” The two bite angles (P-N-P and P-Ni-P) of
all the complexes were nearly the same. The P-N-P angles
3017
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ranged from 96.36(12) (for 2e) to 98.0(2)° (for 2¢) and the
P-Ni-P angles lied in the range 73.39(3)-73.80(5)°. In com-
parison to those sterically encumbered chelates PNP-Ni
complexes [P-N-P 92.49(7)°; Ni-P 2.1611(6) A],[' the rel-
atively slight increase in the P-N-P angle [96.36(12)° for 2e;
98.0(2)° for 2¢] appeared along with a decrease in the Ni—P
bond lengths [2.1161(13) A for 2d; 2.1347(16) A for 2¢]. The
shorter Ni-P bond length and the more open interspace of
these complexes may afford more stable nickel species and
space for the insertion of ethylene during oligomerization,
which may explain why these nickel(II) bis(phosphanyl)
amine complexes were effective catalyst precursors for ethyl-
ene oligomerization.

Ethylene oligomerization was carried out with these
nickel complexes in the presence of methylaluminoxane
(MAO) or Et,AICI. The results of oligomerization reactions

Figure 2. Molecular structure of 2a. Hydrogen atoms and the
CH,CIl, molecule are omitted for clarity. Selected bond lengths [A]
and angles [°]: Nil-P1 2.1238(10), Nil-P2 2.1274(10), Nil-Brl
2.3314(6), Nil-Br2 2.3193(6), P1-Nil-P2 73.60(4), P2-Nil-Br2
94.02(3), P1-Nil-Brl 93.60(3), Br2-Nil-Brl 99.04(2), P1-N1-P2
97.61(14).

Figure 3. Molecular structure of 2b. Hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: Nil-PI
2.1278(8), Nil-P2 2.1285(8), Nil-Br1 2.3284(6) Nil-Br2 2.3312(5),
P1-NI1 1.692(2), P2-N1 1.696(2), P1-Nil-P2 73.74(3), P2-Nil-Brl
94.61(3), P1-Nil-Br2 92.19(3), Br1-Nil-Br2 99.61(2), P1-N1-P2
97.83(11).
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Figure 4. Molecular structure of 2¢. Hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [°]: Nil-Pl
2.1185(15), Nil-P2 2.1347(16), Nil-Br2 2.3225(10), Nil-Brl
2.3306(10), P1-N1 1.685(5), P2-N1 1.685(4), P1-Nil-P2 73.47(6),
P2-Nil-Br2 94.49(5), PI-Nil-Brl 91.81(5), Br2-Nil-Brl
101.29(4), P2-N1-P1 98.0(2).

Figure 5. Molecular structure of 2d. Hydrogen atoms and the
CH,Cl, molecule are omitted for clarity. Selected bond lengths [A]
and angles [°: Nil-P1 2.1161(13), Nil-P2 2.1282(13), Nil-Br2
2.3229(8), Nil-Brl 2.3241(8), P1-Nil-P2 73.80(5), P1-Nil-Br2
93.23(4), P2-Nil-Brl 93.71(4), Br2-Nil-Brl 99.38(3), P1-N1-P2
97.70(18).

conducted at 20 °C and atmospheric pressure are summa-
rized in Table 1. All the catalysts were highly active for eth-
ylene oligomerization with catalytic activities over 10° g eth-
ylene/(mol Ni h) and no polymer was found in the products.
GC-MS analyses confirmed that the products mainly con-
sisted of C4 (butene) as well as a small amount of C6 (hex-
ene) oligomers. Generally, all the bis(phosphanyl)
aminenickel complexes were highly active ethylene dimer-
ization precursors. Compared to [ArPN(Me)PAr]NiBr,
nickel complexes reported by Wass, 19201 the bis(phos-
phanyl)aminenickel complexes containing an N-function-
alized pendant group showed higher catalytic activity.

The structures of the nickel complexes influenced their
catalytic activities. The activity increased in the order of
increasing basicity of the N-functionalized pendant group:

Eur. J. Inorg. Chem. 2009, 3016-3024
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Figure 6. Molecular structure of 2e. Hydrogen atoms and the
CH,Cl, molecule are omitted for clarity. Selected bond lengths [A]
and angles [°]: Nil-P2 2.1198(8), Nil-P1 2.1245(8), Nil-Brl
2.3261(5), Nil-Br2 2.3283(5), P2-Nil-P1 73.39(3), P2-Nil-Brl
95.42(3), P1-Nil-Br2 93.56(3), Br1-Nil-Br2 98.088(19), P2-N1—
P1 96.36(12).

2a < 2b < 2¢ < 2d, which indicates that introduction of a
Lewis base group favors ethylene insertion. However, the
order of the selectivity was different from that of activity.
As shown in Table 1, complex 1a has the lowest selectivity
for C4 among complexes 2a—d, suggesting that introduction
of N-functionalized pendant groups can increase oligomer-
ization selectivity. Complex 2d with a 2-picolyl group had
relatively low selectivity (78.8%) for C4, although it showed
the highest catalytic activity. The selectivity for C4 (87.4%)
and 1-C4 (61.8%) of complex 2b with a furan-pendant
group was the highest. A reasonable explanation for the
catalytic activity enhancement and selectivity increase is
that the N-functionalized moieties may coordinate to the
nickel center after complexes 2b, 2¢, and 2d are activated
by MAO, and this coordination may also make the forma-
tion of the nickel species much more favorable for ethylene
insertion and selective for dimerization of ethylene. Similar
results had also been reported for Ti and Co complexes
with a thiophene pendant group, and DFT modeling stud-
ies showed that the thienyl sulfur atom or pyridyl nitrogen
atom had coordination interaction to the metal center.[?!]
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Varying the length of the pendant group also had an ef-
fect on catalyst activity. Catalyst 2e containing a thiophene-
2-ethyl group was less active than analogue 2¢ containing a
thiophene-2-methyl group. On the contrary, the selectivity
for linear a-olefins (1-C4 and 1-C6) increased substantially
with increasing the pendant length. Moreover, the selectiv-
ity for o-olefins and C4 would increase obviously in the
presence of a longer thiophene group, which may result
from easy coordination interaction of the thienyl sulfur
atom of 2e to nickel.[?!]

The choice of aluminum co-catalyst also has a significant
effect on the ethylene oligomerization reactions. Activation
of the nickel complexes with Et,AlCl instead of MAO made
the catalysts much more active, and a higher proportion of
C4 was obtained. As compared with the MAO system
(Table 1, Entry 4), the catalytic activity of 2d activated by
Et,AICI (Table 1, Entry 7) increased twofold and the C4
content increased from 78.8 to 98.5%. However, the selec-
tivity for the a-olefins decreased markedly, suggesting that
MAO was an effective co-catalyst to restrict olefin isomer-
ization for these P-N-P nickel complexes. Similar oligomer-
ization results were recently observed in nickel catalysts che-
lating tridentate pyrazolyl ligands.[*?!

Considering these nickel complex/MAO catalytic systems
would oligomerize ethylene with better selectivity for a-ole-
fins, MAO was selected as a practical activator to probe the
effects of reaction parameters such as temperature and Al/
Ni molar ratio on ethylene oligomerization. The oligomer-
ization results are shown in Table 2.

The reaction temperature strongly affected the catalytic
activities. With an increase in temperature from —40 to
50 °C, the catalytic activities reached a maximum value at
20 °C for 2a—c and —15 °C for 2e, whereas for 2d the cata-
lytic activity decreased continuously. It is noteworthy that
for all these catalytic systems, elevating the reaction tem-
perature to 50 °C led to a remarkable reduction in activity
(Table 2, Entries 5, 10, 15, 20), which may be ascribed to
the decomposition of the active catalytic sites and lower
ethylene solubility at high temperature.**! Variation of the
reaction temperature also influenced the distribution of the
products. As the temperature was increased, the proportion
of C4 and selectivity for 1-C4 and linear 1-C6 decreased
consistently. All the nickel complex/MAO systems showed

Table 1. Ethylene oligomerization catalyzed by 2a—e/MAO or Et,AICL[

Entry  Complex Co-catalyst AlNi Activityl®! Oligomer product distribution!® [mol-%)]
C4 Co6 1-C4 1-C6

1 2a (R = benzyl) MAO 400 2.81 76.9 23.1 48.9 13.2

2 2b (R = furfuryl) MAO 400 3.04 87.4 12.6 61.8 24.3

3 2¢ (R = thiophene-2- MAO 400 3.19 84.6 15.4 34.7 7.81
methyl)

4 2d (R = 2-picolyl) MAO 400 3.57 78.8 225 8.57

5 2e (R = thiophene-2- MAO 400 2.05 88.3 58.9 27.8
ethyl)

6 2a (R = benzyl) EtLAICI 200 5.62 83.5 16.5 11.3 2.9

7 2d (R = 2-picolyl) EGLAICI 200 6.84 98.5 1.5 3.44 1.31

a] Oligomerization conditions: 20 °C, 30 min, toluene (30 mL), complex (10 umol), ethylene pressure (0.5 atm); MAO as co-catalyst.

[
[b] 10° g ethylene/(mol Ni h). [c] Determined by GC-MS.
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Table 2. Ethylene oligomerization catalyzed by 2a-e¢/MAO at different temperatures and Al/Ni molar ratios.[

Entry Complex AlNi T [°C] Activity!! Oligomer product distribution! [mol-%]
C4 Co6 1-C4 1-Cé
1 2a 400 —40 1.48 94.5 5.5 98.2 75.3
2 2a 400 -15 2.74 89.5 10.5 90.6 47.0
3 2a 400 0 2.74 86.8 13.2 67.2 21.8
4 2a 400 20 2.81 76.9 23.1 48.9 13.2
5l 2a 400 50 0.84
6 2b 400 —40 1.60 92.0 8.0 99.5 92.4
7 2b 400 -15 1.75 90.1 9.9 90.7 57.8
8 2b 400 0 2.74 88.5 11.5 73.2 34.3
9 2b 400 20 3.04 87.4 12.6 61.8 24.3
100 2b 400 50 0.85
11 2c 400 40 1.52 93.2 6.8 98.6 88.4
12 2¢ 400 -15 2.20 90.3 9.7 88.8 49.9
13 2¢ 400 0 2.59 90.2 9.8 64.7 23.5
14 2c 400 20 3.19 84.6 15.4 34.7 7.81
150l 2c 400 50 1.52
16 2d 400 —40 5.78 87.4 12.6 923 58.7
17 2d 400 -15 4.18 80.2 19.8 73.3 36.9
18 2d 400 0 3.88 72.6 27.4 55.7 29.8
19 2d 400 20 3.57 78.8 21.2 22.5 8.57
2011 2d 400 50 2.28
21 2e 400 —40 2.58 95.9 4.1 100 94.3
22 2e 400 -15 3.27 90.9 9.1 91.4 58.2
23 2e 400 0 2.58 90.8 9.2 71.6 36.3
24 2e 400 20 2.05 88.3 11.7 58.9 27.8
25Md] 2e 400 50 1.00
26 2a 200 20 2.58 76.5 235 54.8 16.0
27 2a 800 20 1.82 84.7 15.3 56.9 17.4
28 2d 200 20 2.89 78.3 21.7 30.8 15.6
29 2d 800 20 2.96 80.0 20.0 31.6 15.3

[a] Oligomerization conditions: 30 min, toluene (30 mL), complex (10 pmol), ethylene pressure (0.5 atm), MAO as co-catalyst. [b] 10° g
ethylene/(mol Ni h). [c] Determined by GC-MS. [d] Alkyltoluenes were the main products, and only trace amounts of ethylene oligomers

were detected.

similar evolution. These results indicated that the rate of
chain isomerization relative to that of chain transfer in-
creased with increasing temperature. Because ethylene solu-
bility in toluene would decrease with increasing tempera-
ture,*4 the loss of the selectivity for a-olefins with increas-
ing temperature could be partly due to lower concentrations
of ethylene in solution.”l At 40 °C, a very high C4 content
(95.9%) and selectivity of 1-C4 (100%) were detected for
the 2e/MAO system. Typical GC-MS analyses of the ethyl-
ene oligomers obtained by 2¢/MAO at different tempera-
tures are shown in Figure 7.

In addition, it should be pointed out that ethylene con-
sumption could only be observed in the first 2 min for
2a-e/MAO at 50 °C, indicating the fast decomposition of
active species at higher temperature. Surprisingly, at the ele-
vated temperature, alkyltoluenes were the main products,
and only trace amounts of oligomers were observed, which
was absolutely different from the products obtained at
lower temperature. The details of the alkylation products
are discussed below.

The effects of various Al/Ni ratios on ethylene oligomer-
ization were also investigated by using the 2a/MAO and
2d/MAO systems. As shown in Table 2, the experimental
results for ethylene oligomerization with a change in Al/Ni
molar ratio in the range from 200 to 800 at 20 °C showed
that the Al/Ni mole ratio had only a slight effect on the
3020
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a: 1-C4

b: trans-C4
c: cis-C4

d: linear 1-C6

—40°C

200 225 250 275
Retention time [min]

Figure 7. GC-MS analyses of ethylene oligomers obtained by 2e/
MAO at different temperatures (Table 2, Entry 21-24).

catalytic activity and distribution of the oligomers, suggest-
ing that it was not a dominant parameter controlling the
oligomerization.

As mentioned above, increasing the temperature to 50 °C
led to a quite different set of products. As shown in Fig-
ure 8§, GC-MS analyses confirmed that the products ob-
tained from 2a/MAO and 2d/MAO at 50 °C consisted of
C2 (A, C, E), C4 (B), and C6 (D) alkyl-substituted toluenes,
each as a mixture of regioisomers. The alkylation products
could be generated from Friedel-Crafts reaction between
ethylene or its oligomers and the toluene solvent.*®! Very

Eur. J. Inorg. Chem. 2009, 3016-3024
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recently, nickel complexes bearing [N,P]-five-membered
chelating rings were reported to catalyze reactions with eth-
ylene producing oligomers and alkylated toluenes.[*”)

|
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Figure 8. GC-MS analyses of products obtained with (a) AlICI;
(Table 3, Entry 5), (b) 2a/MAO (Table 3, Entry 1), and (c) 2d/MAO
(Table 3, Entry 2).

To further understand the Friedel-Crafts reaction in
such systems, 2a, 2d, MAO, AICl;, and NiBr,/MAO were
independently tested under identical conditions at 50 °C
and the results were compared with those obtained for the
2a/MAO and 2d/MAO systems. As shown in Table 3, when
MAO or nickel complexes 2a or 2d was used alone, neither
ethylene oligomerization nor the Friedel-Crafts reaction
was catalyzed, whereas AlCls, as a strong Lewis acid, could
typically catalyze the Friedel-Crafts reaction of ethylene
with toluene to produce C2-alkyl toluenes (A, C, and E).[*8
In addition, with the use of NiBr,/MAO, neither ethylene
consumption nor alkylated product was observed, suggest-
ing that the ligand was also an indispensable factor in the
initiation of the Friedel-Crafts reaction in the present cata-
lytic systems.

Until now, there have been only a few reports on the
mechanism of formation of the real active species for tolu-
ene alkylation in nickel complex/MAO catalytic systems.
According to our experimental results, we can presume that
the active species for ethylene oligomerization decomposes
rapidly at high temperature and transforms into a new
strong Lewis acid. The mechanism for the acid-catalyzed
alkylation of toluene involves ethylene or the produced
oligomer protonated at the acidic sites. Subsequently, the
protonated species (carbocation precursor) can react with

Eur|IC
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Conclusions

We successfully synthesized and characterized a series of
new bis(phosphanyl)amine ligands containing an N-func-
tionalized pendant group and their corresponding nickel
complexes. All the complexes are four-coordinate and have
a near-planar geometry at the nickel center. In the presence
of MAO or Et,AlClI, the nickel complexes showed high ac-
tivity for ethylene oligomerization, and the products ob-
tained were mainly dimers, with a small amount of trimer
with a high selectivity for linear a-olefins. However, a higher
selectivity for a-olefins (1-C4 or 1-C6) was obtained when
activated by MAO rather than Et,AICl. Both the catalytic
activity and selectivity for a-olefin oligomers were mostly
dependent on the structure of the complexes and the reac-
tion temperatures. Moreover, the activity increased in the
order of increasing basicity of N-functionalized pendant li-
gand: 2a < 2b < 2¢ < 2d. The catalysts afforded a higher
C4 content and better selectivity for linear a-olefins with
decreasing reaction temperature. Especially for complex 2e
with a thiophene-2-ethyl pendant group, the oligomeriza-
tion products containing 95.9 mol-% C4 fraction with
100 mol-% 1-butene were obtained at —40 °C. However, at
elevated temperatures (50 °C), the nickel complex/MAO
systems decomposed rapidly and underwent Friedel-Crafts
alkylation of toluene with ethylene and the olefin oligomers.

Experimental Section

General Methods: All manipulations involving air- and moisture-
sensitive compounds were carried out under an atmosphere of
dried and purified nitrogen by using standard Schlenk and vacuum-
line techniques. Toluene, hexane, and THF were dried with sodium
metal and distilled under an atmosphere of nitrogen; dichlorometh-
ane was dried with P,Os and distilled under an atmosphere of ni-
trogen. (DME)NiBr, was synthesized by the reaction of 1,2-di-
methoxyethane with anhydrous nickel(II) bromide, according to the
report in the literature.?”) Methylaluminoxane (MAO) was pre-
pared by partial hydrolysis of trimethylaluminum (TMA) in toluene
at 0-60 °C with Al»(SO4);'18H,0 as the water source. The initial
[H,O)[TMA] molar ratio was 1.3. Diethylaluminum chloride (Et,-
AICl) was obtained from the Institute of Chemical Engineering
(Shanghai) and diluted to 350 g/L solutions in n-heptane prior to
use. Anhydrous Nil! bromide (99 %), benzylamine (98 %), diphenyl-
phosphane chloride (95%), furfurylamine, thiophene-2-methyl-

toluene to produce the alkyl-substituted toluenes.!?6-28] amine, 2-(aminomethyl)pyridine, thiophene-2-ethylamine, and 2-
Table 3. The data of alkylation in toluene.[]
Entry Complex MAO Activity™ Alkylation products!®! [mol-%]

[mmol] A C D E
1 2a 4 0.84 19.0 71.4 0 9.6 0
2 2d 4 2.28 11.1 71.9 trace 11.0 0
3 2a 0 0 - — - - -
4 2d 0 0 - - - - -
5 AlCl; 0 0.69 86.3 0 11.0 0 2.7
6 NiBr, 4 0 - - - - _
7 - 4 0 - - - -

[a] Reaction conditions: 50 °C, 30 min, toluene (30 mL), complex (10 umol), ethylene pressure (0.5 atm). [b] 10° g ethylene/(mol Ni h).

[c] Determined by GC-MS (see Figure 8).
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(aminoethyl)pyridine were bought from Alfa Aesar Co. and used
without further purification. Other commercially available reagents
were purchased and used without purification.

Measurement: Elemental analyses were performed with a Vario EL
microanalyzer. '"H NMR spectra were recorded with an INOVA
300 MHz instrument at room temperature in CDCI; solution for
ligands and an INOVA 400 MHz instrument at room temperature
in CDCl; solution for complexes, respectively, with tetramethylsil-
ane as external standard. The chemical shifts for 3'P NMR spectra
are reported in ppm at 121 MHz for ligands and 161.97 MHz for
complexes, with 85% H3PO, as external standard. The GC-MS
data were recorded with a Finnigan Voyager GC-8000 TOP series
GC-MS system with DB-5MS GC column. The following tempera-
ture program of the oven was adopted: 40 °C for 2 min, the tem-
perature was increased by 5 °C/min heating to 110 °C, and then the
temperature was increased by a 15 °C/min heating until 250 °C; this
value was kept constant for a further 2 min.

Syntheses of Ligands and Complexes

CsHsCH,N(PPh,), (1a): To a mixture of benzylamine (1.15mL,
10.5 mmol) and triethylamine (4.16 mL, 30 mmol) in THF (70 mL)
at 0 °C was added a solution of diphenylphosphane chloride (4 mL,
22 mmol) in THF (10 mL). The resulting solution was stirred for
20 h, after which the suspension was filtered through a layer of
Celite to remove the triethylammonium salt formed. Removal of
the solvent gave a pale-yellow oil. Crystallization from a concen-
trated ethanol solution at —20 °C yielded 3.12 g (6.57 mmol, 62.4 %)
of C¢HsCH,N(PPh,), (1a) as colorless crystals.'>) C;;H,,NP,
(475.5): caled. C 78.30, H 5.72, N 2.95; found C 78.12, H 5.73, N
2.94. 'TH NMR (300 MHz, CDCl,): 6 = 7.40-7.35 (m, 8 H), 7.33~
7.26 (m, 12 H), 7.14-7.07 (m, 3 H), 6.80-6.76 (m, 2 H), 4.55-4.48
(t, 2 H) ppm. 3'P NMR (121 MHz, CDCls): § = 60.37(s) ppm.

C4H3;0CH,N(PPh,), (1b): Colorless crystals of 1b were prepared
according to a similar method described for 1a in 55.4% yield.
C59H,sNOP, (465.46): caled. C 74.83, H 5.41, N 3.01; found C
74.92, H 5.45, N 2.95. "H NMR (300 MHz, CDCl5): 6 = 7.38-7.30
(m, 8 H), 7.29-7.21 (m, 12 H), 7.09 (m, 1 H), 6.07 (m, 1 H), 5.43
(d, 1 H), 4.33-4.27 (t, 2 H) ppm. 3'P NMR (121 MHz, CDCl;): §
= 63.24 (s) ppm.

C4H;SCH,N(PPh,), (1¢): Colorless crystals of 1¢ were prepared
according to a similar method described for la in 57.8% yield.
C,9H,5NSP, (481.53): caled. C 72.33, H 5.23, N 2.91; found C
72.60, H 5.25, N 2.82. '"H NMR (300 MHz, CDCls): 6 = 7.36-7.30
(m, 8 H), 7.28-7.24 (m, 12 H), 7.00 (m, 1 H), 6.71 (m, 1 H), 6.40
(d, 1 H), 4.63-4.56 (t, 2 H) ppm. *'P NMR (121 MHz, CDCls): 6
= 62.68 ppm.

CsH,NCH,N(PPhy), (1d): Colorless crystals of 1d were prepared
according to a similar method described for 1a in 67.5% yield.
C3oHy6N,P, (476.49): caled. C 75.62, H 5.50, N 5.88; found C
75.50, H 5.52, N 5.92. '"H NMR (300 MHz, CDCl;): 6 = 8.40 (m,
1 H), 7.44-7.38 (m, 8 H), 7.31 (m, 1 H), 7.29-7.25 (m, 12 H), 6.96
(m, 1 H), 6.65 (d, 1 H), 4.70-4.63 (t, 2 H) ppm. 3'P NMR
(121 MHz, CDCl;): 0 = 62.58 (s) ppm.

C4H;SCH,CH,N(PPh,), (1e): Colorless crystals of le were pre-
pared according to a similar method described for 1a in 49.2%
yield. C3oH,7NP,S (495.55): caled. C 72.71, H 5.49, N 2.83; found
C 73.01, H 5.58, N 2.72. '"H NMR (300 MHz, CDCl;): § = 7.42
(m, 8 H), 7.33 (m, 12 H), 6.98 (s, 1 H), 6.77 (s, 1 H), 6.41 (m, 1 H),
3.49-3.46 (m, 2 H), 2.48-2.42 (m, 2 H) ppm. >'P NMR (121 MHz,
CDCl;): 0 = 63.25 (s) ppm.

CsH,NCH,CH,N(OPPh,), (1g): To a mixture of 2-(aminoethyl)-
pyridine (1.5mL, 12.52mmol) and triethylamine (5.6 mL,
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40 mmol) in THF (70 mL) at 0 °C was added a solution of di-
phenylphosphane chloride (5.04 mL, 28 mmol) in THF (10 mL).
The resulting solution was stirred for 20 h, and then the suspension
was filtered through a layer of Celite to remove the triethylammo-
nium salt formed. Removal of the solvent gave 1f as a pale-yellow
oil. The crude product was purified by column chromatography
(hexane/ethyl acetate, 1:4) in air to afford exclusively the corre-
sponding oxide 1g. Crystallization from a concentrated ethanol
solution at —20 °C yielded colorless crystals (3.6 g). C3;HysN,O,P,
(522.51): caled. C 71.26, H 5.40, N 5.36; found C 71.42, H 5.48, N
5.28. 'H NMR (300 MHz, CDCls): 6 = 8.26 (s, 1 H). 7.85-7.79 (t,
8 H). 7.45-7.28 (m, 13 H). 6.96-6.94 (m, 1 H). 6.60-6.58 (m, 1 H).
3.75-3.70 (m, 2 H). 2.92-2.89 (m, 2 H) ppm. 3'P NMR (121 MHz,
CDCl): 0 = 30.17 (s) ppm.

Ce¢HsCH,N(PPh,);NiBr, (2a): Bis(phosphanyl)aminenickel(IT)
complex 2a was prepared by using a similar published pro-
cedure.'! A solution of CgHsCH,N(PPh,), (1a; 580 mg,
1.22 mmol) in CH,Cl, (20 mL) was added to a solution of (DME)-
NiBr; (415 mg, 1.34 mmol) in CH,Cl, (10 mL). The mixture turned
dark red. The mixture was stirred overnight, after which it was
filtered through a layer of Celite to remove the superfluous (DME)-
NiBr,. The solution was concentrated to ca. 5 mL by evaporation
under reduced pressure and addition of n-hexane (30 mL) gave a
brick-red solid powder. Product 2a was collected by suction fil-
tration and dried in vacuo. Yield: 715 mg, 84.4%. The complex was
dissolved in CH,Cly/hexane at room temperature, and then slow
diffusion under an atmosphere of nitrogen over one week gave crys-
tals suitable for X-ray crystallography. Cs;;H,;Br,NNiP, (694.0):
caled. C 53.65, H 3.92, N 2.02; found C 53.92, H 3.95, N 1.99. 'H
NMR (400 MHz, CDCls): 6 = 7.90-7.87 (m, 8 H), 7.65-7.61 (t, 4
H), 7.50-7.47 (t, 8 H), 7.08-7.05 (t, 1 H), 6.90-6.86 (t, 2 H), 6.39—
6.37 (d, 2 H), 3.93-3.87 (t, 2 H) ppm. *'P NMR (161.97 MHz,
CDCls): 0 = 52.47 (s) ppm.

C4H30CH,;N(PPh,),NiBr, (2b): By using a similar method as
adopted above, a mixture of 1b (520 mg, 1.12 mmol) and (DME)-
NiBr, (380 mg, 1.23 mmol) gave 2b (623 mg, 81.3% yield) as a
brick-red solid. The complex was dissolved in CH,Cl, at room tem-
perature, and then slow diffusion under an atmosphere of nitrogen
over one week gave crystals suitable for X-ray crystallography.
CyoH,5Br,NNiOP, (683.96): caled. C 50.93, H 3.68, N 2.05; found
C 51.20, H 3.71, N 2.15. "H NMR (400 MHz, CDCls): § = 7.93—~
7.87 (m, 8 H), 7.63-7.59 (m, 4 H), 7.51-7.47 (m, 8 H), 6.90-6.89
(m, 1 H), 6.02-6.00 (m, 1 H), 5.62-5.61 (d, 1 H), 3.78-3.73 (t, 2 H)
ppm. 3'P NMR (161.97 MHz, CDCIl5): § = 51.30 (s) ppm.

C4H3SCH,N(PPh,),NiBr, (2¢): By using a similar method as
adopted above, a mixture of 1¢ (585 mg, 1.22 mmol) and (DME)-
NiBr; (412 mg, 1.34 mmol) gave 2¢ (700 mg, 82% yield) as a brick-
red solid. The complex was dissolved in CH,Cl, at room tempera-
ture and then slow diffusion under an atmosphere of nitrogen over
one week gave crystals suitable for X-ray crystallography.
C,9H,sBr,NNiSP, (700.03): calcd. C 49.76, H 3.60, N 2.00; found
C 50.01, H 3.71, N 1.91. '"H NMR (400 MHz, CDCls): § = 7.91-
7.86 (m, 8 H), 7.66-7.62 (m, 4 H), 7.53-7.47 (m, 8 H), 7.98-7.96
(m, 1 H), 6.60-6.57 (m, 1 H), 6.21-6.20 (d, 1 H), 4.09-4.03 (t, 2 H)
ppm. 3'P NMR (161.97 MHz, CDCls): § = 52.36 (s) ppm.

CsH,NCH,N(PPh,),NiBr, (2d): By using a similar method as
adopted above, a mixture of 1d (542 mg, 1.14 mmol) and (DME)-
NiBr, (385 mg, 1.25 mmol) gave 2d (633 mg, 79.9% yield) as a
brick-red solid. The complex was dissolved in CH,Cl, at room tem-
perature, and then slow diffusion under an atmosphere of nitrogen
over one week gave crystals suitable for X-ray crystallography.
C30H,6BroN,NiP, (694.99): caled. C 51.85, H 3.77, N 4.03; found
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Table 4. Crystallographic date and refinement for 1f and complexes 2a—2e.
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1f 2a-CH,Cl, 2b 2c 2d-CH,Cl, 2e-CH,Cl,
Formula C3;H5N,0,P, C3,HooBr,CLNNIP,  CyH,sBr,NNiOP, C,oH,5sBr,NNiP,S, C3;HagBrsCLN,NIP,  C3HyoBr,CLN NI, P5S,
F, 522.49 77893 683.97 700.03 779.92 798.98
Crystal system monoclinic monoclinic monoclinic orthorhombic monoclinic monoclinic
Space group P2lc P2,/n P2,/n P2,2.2, P2lc P2,/n
aA] 13.1615(17) 11.1913(11) 8.9824(14) 8.791(2) 9.8374(16) 11.2597(12)
bA] 18.721(3) 18.3357(18) 21.020(3) 15.901(4) 18.276(3) 16.3578(17)
c[A] 11.1081(15) 15.9349(15) 14.631(2) 21.311(6) 18.292(3) 17.4648(17)
a[’] 90 90 90 90 90 90
AN 101.545(2) 94.252(2) 94.249(3) 90 98.537(3) 92.537(2)
7 [°] 90 90 90 90 90 90
VA% 2681.7(6) 3260.8(5) 2754.9(7) 2978.8(13) 3252.2(9) 3213.6(6)
Z 4 4 4 4 4 4
Deaiea. [gem ] 1.294 1.587 1.649 1.561 1.593 1.651
4 [mm] 0.194 3331 3.745 3.530 3.340 3.444
F(000) 1096 1560 1368 1400 1560 1600
Cryst. size [mm]  0.50 X 0.42x0.32 0.120.08 X 0.05 0.09 < 0.06 X 0.05 0.100.08 X 0.04 0.12%0.07 X 0.06 0.10 X 0.06 X 0.04
0[] 1.58-26.05 1.70-26.00 1.70-27.07 1.91-26.04 1.58-26.00 1.71-26.00
No. of data 12450 20163 18431 14298 17753 17480
collected
No. of unique 5266 6393 6045 5815 6376 6304
data Ry, = 0.0222 R = 0.0468 R, = 0.0390 Ry = 0.0499 R, = 0.0549 R = 0.0402
GOF on F* 1.046 1.030 1.015 1.067 1.025 1.020
Final R indexes ~ R; = 0.0500 R, =0.0383 R, =0.0328 R, =0.0425 R, = 0.0411 R, =0.0327
[I>20(D)] WwR, = 0.1257 wRy = 0.0979 wRy = 0.0770 wR, = 0.1104 WRy = 0.0947 wR, = 0.0767
R indexes R, = 0.0683 R, = 0.0583 R, =0.0617 R, = 0.0571 R, =0.0817, R, =0.0522
(all data) wR, = 0.1400 wRy, = 0.1113 wR, = 0.0887 wR, = 0.1188 wR, = 0.1197 wR, = 0.0868

C 52.10, H 3.79, N 4.05. '"H NMR (400 MHz CDCl;): § = 8.00—
7.94 (m, 9 H), 7.63-7.58 (m, 4 H), 7.50-7.45 (m, 8 H), 7.24-7.20
(t, 1 H), 6.94-6.91 (t, 1 H), 6.17-6.14 (d, 1 H), 4.03-3.98 (t, 2 H)
ppm. 3'P NMR (161.97 MHz, CDCls): § = 52.33 (s) ppm.

C4H;3;SCH,CH,N(PPh,),NiBr, (2¢): By using a similar method as
adopted above, a mixture of 1e (480 mg, 0.97 mmol) and (DME)-
NiBr, (328 mg, 1.07 mmol) gave 2e (585 mg, 84.5% yield) as a
brick-red solid. The complex was dissolved in CH,Cl,/hexane at
room temperature, and then slow diffusion under an atmosphere
of nitrogen over one week gave crystals suitable for X-ray crystal-
lography. CsoH,7Br,NNiP,S (714.06): caled. C 50.46, H 3.81, N
1.96; found C 50.68, H 3.91, N 1.85. 'H NMR (400 MHz, CDCl;):
0 =8.04-7.99 (m, 8 H), 7.70-7.66 (t, 4 H), 7.60-7.56 (t, 8 H), 7.02—
7.00 (d, 1 H), 6.77-6.75 (t, 1 H), 6.39-6.38 (d, 1 H), 3.05-2.94 (m,
2 H), 2.37-2.32 (m, 2 H) ppm. 3'P NMR (161.97 MHz, CDCls): §
= 48.85 (s) ppm.

Ethylene Oligomerization: The oligomerization under 0.5 atm of
ethylene was carried out in a typical procedure as follows. A 50-
mL flask was back-filled twice with ethylene, the proper amount
of MAO or Et,AICI was added, and then freshly distilled toluene
(30 mL) was added by syringe under an ethylene atmosphere at the
desired oligomerization temperature. The resulting mixtures were
stirred for a further 5 min, and the catalyst precursor in CH,Cl,
was injected by syringe. The reaction solution was vigorously
stirred under 0.5 atm of ethylene for the desired time. The flask was
cooled to 0 °C and then quenched with H,O (5 mL). About 2 mL
organic solution was dried with anhydrous Na,SO, for GC-MS
analysis.

X-ray Structure Determination: The crystals were mounted on a
glass fiber by using the oil drop scan method. Dates obtained with
the @-20 scan mode were collected with a Bruker SMART 1000
CCD diffractometer with graphite-monochromated Mo-K, radia-
tion (A = 0.71073 A). The structures were solved by direct methods,
whereas further refinement with full-matrix least-squares on F> was
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obtained with the SHELXTL program package. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were intro-
duced in calculated positions with the displacement factor of the
host carbon atoms. The unit cells of 2a, 2d, and 2e were found
to contain one free solvent molecule. Crystal data and processing
parameters for 1f and complexes 2a—e are summarized in Table 4.

CCDC-723879 (for 1f), -723880 (for 2a), -723881 (for 2b), -723882
(for 2¢), -723883 (for 2d), and -723884 (for 2e) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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