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Abstract: The synthesis, characterization, and ethylene polymerization behavior of a series of iron and cobalt
halide complexes, LMX(M = Fe, X=Cl,n= 2, 3, X=Br,n= 2; M = Co, X = Cl, n = 2), bearing
chelating 2,6-bis(imino)pyridyl ligands L [I= 2,6-(ArNCRY),CsH3N] is reported. X-ray diffraction studies

show the geometry at the metal centers to be either distorted square pyramidal or distorted trigonal bipyramidal.
Treatment of the complexes LMXwith methylaluminoxane (MAO) leads to highly active ethylene
polymerization catalysts converting ethylene to highly linear polyethylene (PE).iffeXatalysts with ketimine
ligands (R = Me) are approximately an order of magnitude more active than precatalysts with aldimine ligands
(R! = H). Catalyst productivities in the range 37580600 g/mmolh-bar are observed for Fe-based ketimine
catalysts, while Co ketimine systems display activities of-45040 g/mmolh-bar. Molecular weights\y)

of the polymers produced are in the range 140601000. Changing reaction conditions also affects productivity
and molecular weight; in some systems, a bimodal molecular weight distribution is observed. On the basis of
evidence gathered to date, the lower molecular weight fraction is a result of chain transfer to aluminum while
the higher molecular weight fraction is produced by a combination of mdiytransfer and some chain
transfer to aluminum.

1. Introduction systems also incorporate polar monomers such as methyl

Dramatic advances in metallocene catalyst technology begin-"’lcryl.ate into ethyleng gpd propylene copolymers, albeit with
I : s relatively low productivitieg115.16
ning in the early 1980s have impacted the polyolefins industry i -
and resulted in a number of new commercial processes for the The idea that late transition metal chelate complexes could
preparation of polyolefinic materials with new or improved Polymerizea-olefins has stimulated a search for other late-
performance parametefs’ In order to extend the range of transition metal pplymenzatlon catalysts; key advances have
polyolefinic materials produced, considerable effort has been recently been reviewed.We were attracted by the potential
devoted to the discovery of new families of catalysts. Of for using iron as a polymerization active center due to its low
particular interest are those catalysts that allow either for greaterc0st and ready availability. In parallel studies, Brookhart,
control over the resultant polymer properties of established DuPont, and this group have reported highly active ethylene
polyolefinic materials or for the production of new materias. ~ Polymerization catalysts based on iron(ll) and cobalt(ll) bearing
An important advance in late transition metal polymerization 2.6-bis(imino)pyridyl ligands®-23
catalyst technology was described by Brookhart and co-workers, —— -
who showed that Ni(ll) and Pd(ll) complexes incorporating lgééo)li]%hgji’z_’ézl}é’_’ Killian, C. M.; Brookhart, MJ. Am. Chem. Soc.
bulky a-diimine ligands are capable of polymerizing ethylene (11) Johnson, L. K.; Mecking, S.; Brookhart, Ml.Am. Chem. So¢996

anda-olefins to high molar mass polymets:14 These catalyst 118 267-268.
(12) Killian, C. M.; Tempel, D. J.; Johnson, L. K.; Brookhart, N

* To whom correspondence should be addressed. E-mail: V.Gibson@ Am. Chem. Socl996 118 11664.

ic.ac.uk. (13) Johnson, L. K; Killian, C. M.; Arthur, S. D.; Feldman, J.; McCord,
TImperial College. E. F.; McLain, S. J.; Kreutzer, K. A.; Bennett, M. A.; Coughlin, E. B;
*BP Amoco Chemicals Ltd. Ittel, S. D.; Parthasarathy, A.; Tempel, D. J.; Brookhart, M. S. (DuPont),
(1) Brintzinger, H. H.; Fischer, D.; Mbaupt, R.; Rieger, B.; Waymouth, WO 96/23010,1996 [Chem. Abstr1996 125 222773t].
R. M. Angew. Chem., Int. Ed. Endl995 34, 1143-1170. (14) Schleis, T.; Spaniol, T. P.; Okuda, J.; Heinemann, Jlhilupt, R.
(2) Bochmann, MJ. Chem. Soc., Dalton Tran$996 255-270. J. Organomet. Cheni998 569 159-167.
(3) Jordan, R. FAdv. Organomet. Chenil991 32, 325-387. (15) Mecking, S.; Johnson, L. K.; Wang, L.; Brookhart, MAm. Chem.
(4) Fink, G.; Muhaupt, R.; Brintzinger, H. HZiegler Catalysts: Recent Soc.1998 120, 888.
Scientific Inn@ations and Technological Imprement Springer-Verlag: (16) Heinemann, J.; Mbaupt, R.; Brinkmann, P.; Luinstra, Glacromol.
Berlin, Germany, 1995. Chem. Phys1999 200, 384—-389.
(5) Thayer, A. M.Chem. Eng. New$995 Sept 11 15-20. (17) Britovsek, G. J. P.; Gibson, V. C.; Wass, D Angew. Chem., Int.
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Figure 1. Molecular structure ofLl1 (isomorphous with the bromide

" M ® analoguel?).
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In this report we describe the full characterization of iron-
(1D-, iron(l)-, and cobalt(ll)-based precatalysts and the resultant ce
polyolefinic materials produced. Modification in metal center ciz2
and ligand architecture results in changes in polymerization rigure 2. Molecular structure of the cobalt compléx (isomorphous
activity and polymer molecular weight. We also report the with the iron analogu®).
effects observed on variation of the reaction conditions, such
as the concentration of methylaluminoxane (MAO), the time Table 1. Selected Bond Lengths (A) and Angles (Degrees) for
of reaction, the pressure of ethylene, and the temperature ofComplexesd, 11, 12, and14

polymerization. 9[M =Fe, 11[M = Fe, 12[M = Fe, 14[M = Co,
X=Cl] X=cl X = Br] X =Cl]
2. Results M—N(1) 2.088(4) 2.110(6)  2.103(6) 2.051(3)
M—N(7) 2.238(4) 2.271(6)  2.271(6) 2.211(3)
2.1. Synthesis and CharacterizationThe 2,6-bis(imino)- m—)'g((%) g%ig((g)) %g?g((g)) g-igg((g)) ggég((%)
E_yrldyl_ ligands 1-8, 2,6-(ArNCFé_L)2C5H3N, Were_prepared in M—X(2) 2266(2) 2.278(2) 2.418(2) 2.251(1)
igh yield from the condensation of two equivalents of the C(7)-N(7) 1285(6) 1276(9) 1.269(11)  1.277(5)
appropriate aniline with one equivalent of either 2,6-diacetyl- c(9)-N(9) 1.280(6) 1.280(8)  1.283(10)  1.280(5)
pyridine or 2,6-pyridinedicarboxaldehyde (Scheme 1). The 2,6- N(1)-M—N(7) 73.2(1) 72.7(2) 72.8(2) 74.0(1)
bis(imino)pyridyl ligandsl—8 may be classified by the nature  N(1)-M—N(9) 72.9(1) 73.0(2) 72.9(2) 74.0(1)
of Rt into ketimine (R = Me, 1—4) and aldimine (R = H, N(7)-M-N(9) 140.1(1)  1455(2)  145.4(3)  141.3(1)
N(1)-M—X(1) 94.6(1) 118.9(2) 118.7(2) 92.9(1)

5—8) ligands. Compound4d—8 were characterized by mi- N(7)Y-M—X(1) 100 6(1 102.4(2 102.5(2 100.6(1
croanalysisiH, 13C NMR, and mass spectrometry (see Experi- Nggg,M,xglg 102:58 96,'7((1)) 97,'0((2)) 102.'3((1))

mental Section). N(1)-M—-X(2) 147.91) 131.3(2) 132.3(2)  150.6(1)
The complexe€9—21 were synthesized in good yield by N(7)-M—X(2) 98.6(1) 97.8(2) 98.3(2) 98.29(8)
N(9)-M—X(2) 98.9(1) 102.3(2) 102.0(2) 98.84(8)

treating MX (M = Fe, Co; X= Cl, Br) with the corresponding
2,6-bis(imino)pyridyl ligand im-butanol at elevated tempera-
ture, while the Fe(lll) compleX2 was prepared by treatment
of FeCk with 8 in acetonitrile (Scheme 1). Crystals of9, 11, 12, and 14 suitable for X-ray structural
All the complexes9—22, were characterized by a variety of ~determination were grown from a layered &Hp-pentane
techniques including microanalysis, FAB mass spectrometry, (1:1) solution @), from acetonitrile {1, 12), or from a

X(1)-M—X(2) 117.5(1)  109.9(1)  109.1(1) 116.5(1)

UV —vis spectroscopy, magnetic susceptibility, aittiNMR concentrated CCl, solution (L4). The molecular structures of
spectroscopy. In addition, complex8s11, 12, and 14 were the iron complex11 (isomorphous with12) and the cobalt
subject to single-crystal X-ray diffraction studies. complex14 (isomorphous witt® which has been communicated

previously??) are shown in Figures 1 and 2, respectively, and
(20) Bennett, A. M. A. (DuPont), WO 98/27124998 [Chem. Abstr. selected bond lengths and angles are presented in Table 1.

199(’?1)1ég’en1n2§?7A3X],\'/| ACHEMTECH1999 July, 24-28 All four structures are closely related and possess ap-

(22) Britovsek, G. J. P.; Gibson, V. C.; Kimberley, B. S.; Maddox, P. Proximate, non-crystallographi€s symmetry about a plane

J.; McTavish, S. J.; Solan, G. A.; White, A. J. P.; Williams, DChem. bisecting the central pyridine ring and containing the metal atom
Coggué‘rﬁgsgeﬁdfg‘?% - Dorer, B. A Gibson, V. C.; Kimberley, B. S. and the two halogen atoms. In each complex theN\pyridyl)
Solan, G. A. (BP Chemicals Ltd.), WO 99/1298899[Chem. Abstrigeg  Pond is significantly shorter than the-MN(imino) bonds, with

130, 252793]. the formal double bond character of the imino linkages N(7)
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IH NMR spectra of isostructur@ and 14 along with the
corresponding iron aldimine comple’ in CD.Cl, at 293 K.

Figure 3. Side-on views, perpendicular to the plane of the three ligand Figure 4
nitrogen atoms, ofg) the FeC} complex11and @) the CoC} complex '
14, showing the pronounced differences in coordination geometry and

the deviation of the metal centers from the ligand plane. . .
9 P intramolecular hydrogen bonding. Perhaps the only relevant

C(7) and N(9¥-C(9) having been retained N distances in observation is that the “basal” halogen atom X(2) is in each
the range 1.269(11)1.285(6) A]. Regardless of whether the ~case sandwiched between nonsubstituted phenyl carbon atoms.
substituents on the bis(imino)pyridine ligand backbone are 2,6- The Fe and Co complexes exhibit different electronic
diisopropylphenyl 9 and14] or 2,4,6-trimethylphenyl11 and environments. All of the complexes are paramagnetic. The
12], the planes of the phenyl rings are oriented essentially Fe(ll) complexes afford magnetic moments 5.3 BM,
orthogonal to the plane of the backbone [ranging betweén 77 consistent with four unpaired electrons, while the Co(ll)
and 90], the latter being coplanar to within 0.68.07 A. The complexes have moments of4.6 BM, consistent with three
principal differences between the 2,6-diisopropylphenyl- and unpaired electrons (Evans NMR method and Evans Balance
2,4,6-trimethylphenyl-containing complexes are in the deviation method*23.

of the metal atom from the Nigand plane and the distortions Although the complexes are paramagnettd, NMR spec-
from square pyramidal geometry at the metal center; indeed troscopy can be informative. Figure 4 shows e NMR

the 2,4,6-trimethylphenyl derivatives can be better regarded asspectra of the isostructural Fe and Co ketimine compléxes
trigonal bipyramidal. The deviation of the metal from the N and 14 along with the related iron aldimine compléx. The
ligand plane is noticeably greater in the 2,6-diisopropylphenyl spectra o® and14 show 8 paramagnetically shifted peaks that
species than in the 2,4,6-trimethylphenyl complexes with the can be assigned, on the basis of integration and proximity to
metal displaced by 0.56 A for botand14 but by only 0.09 the paramagnetic center, to ketimine protoAs= NCMe),

and 0.10 A for1l and 12, respectively. The differences in  isopropyl protonsB = CHMe,, C andC' = CHMe,), aromatic
geometry between the two pairs of compounds can best beprotons D = Hy, E = Hy), and pyridyl protonsk = Hy,, G =
appreciated in Figure 3, parts a and b, which provide views Hp). Contrastingly, the spectrum df7 shows 7 broad peaks
down the N(73-N(9) vector for one of each isomorphous pair that can be assigned to isopropy!l protoBst CHMe,, C =

(11 and 14, respectively). The different geometries, square CHMey), aromatic protons = Hy,, E = Hp), pyridyl protons
pyramidal for14 and trigonal bipyramidal fod1, can clearly (F = Hm, G = Hp), and the aldimine protongi(= CH=N). A

be seen, as can the very different angles subtended at the metd{ey difference between the ketimine speci@s 4) and the
centers by the pyridyl nitrogen N(1) and the two halogen aldimine speciesl(’) is the presence of two singlets for the
substituents; similarly the XM—X angles differ markedly =~ CHMe, protons C andC') in 9 and 14, while in 17 only one
(Table 1). Inspection of space-filling models does not reveal singlet is observedQ).

any <_1|om|nant steric mtera_lctlons that can be conS|dere_d to (24) Evans, D. FJ. Chem. Socl959 2003-2005,

contribute to the two very different geometries observed. Like-  (25) Evans, D. F.; Jakubovic, D. A. Chem. Soc., Dalton Trant98§
wise, there are no €H---X contacts indicative of strong 2927-2933.
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Table 2. Results of Ethylene Polymerization Runs with Precatal9st&2®
MAO activity

procatalyst (mmol/ yield (g/mmot Mpi® saturated i-propyl unsaturated unsaturated
run  (umol)  equiv)  (9) h-bar) M. MP Mu/MP peakl peak2 chainends chainends chainends chainend$
1 %(0.5) 0.5/1000 26.9 5340 611000 64000 9.5 246000 polymer insoluble 0.3
2 10°(0.6) 0.6/1000 56.5 9340 242000 9600 25.3 16000 1.2 0.6 06 f
3 11°(0.6) 0.6/1000 123% 20600 148000 14000 10.7 41000 0.7 0.2 0.5 f
4 12(0.7) 0.7/1000 1228 17550 141000 13000 10.8 34000 0.9 0.5 0.7 f
5 1%(0.6) 0.6/1000 22.8 3750 313000 3000 105.1 840 10000 2.0 1.3 05 f
6 14(0.6) 0.6/1000 3.7 450 14000 4200 3.3 12000 2.4 - 1.9 f
7 15°(0.6) 0.6/1000 10.2 1700 257000 1800 1445 1400 74400 5.9 - 5.2 6.7
8 16°(0.6) 0.6/1000 10.7 1740 234000 54000 2.3 397000 polymer insoluble 0.2
9 17 (6) 1.2/200 182 305 132000 3400 38.9 3400 2.8 - 2.3 2.8
10 18'(6) 1.2/200 337 560 108000 1900 57.3 1600 105000 5.6 - 56 f
11 19'(6) 1.2/200 20.3 340 230000 3900 58.4 4600 85000 2.8 - 21 f
12 200 (6) 1.2/200 32.8 550 152000 1800 83.5 1400 110000 5.5 - 51 f
13 21" (6) 1.2/200 205 340 1600 630 2.6 580 16.3 - 171 f
14 220(6) 1.2/200 26.4 435 112000 1600 70.5 1100 129000 6.4 - 6.2 f

a|sobutane solvent, 10 bar of ethylene, reaction time 1etermined by GPC at 13%C. ¢ Results from!3C NMR analysis, given per 1000
carbon atoms?Results from IR analysis, given per 1000 carbon atdiB$. °C, triisobutylaluminum scavengerNot recorded? 35 °C,
trimethylaluminum scavengetMass transport problems may have occurred.

The complexes are all intensely colored. In particular, the 16 (1740 g/mmoih-bar). For the aldimine-derived catalysts, Fe
Fe(ll)-ketimines §—13) are all blue in color while the Fe(ll)-  precatalyst20 displays a productivity of 550 g/mmdl-bar
aldimine (L7—20) species are greerbrown. A common feature  (Table 2, run 12), while the corresponding Co precatalist

of these iron species is a strong absorption in their-Wwig shows a lower productivity of 340 g/mmabtbar (Table 2, run
spectra at~700 NnM @may). 13).
2.2. Polymerization of Ethylene. 2.2.1. GeneralOn treat- The metal center also influences molecular weight. Fe

ment with methylaluminoxane (MAO), all of the complexes precatalyst, 11, and 13 yield M,/’s in the range 148000
9—22are active ethylene polymerization catalysts. Table 2 lists 611000. These Fe compounds share the same corresponding
the results of ethylene polymerization runs-4) with iron ligand environments as Co precataly4#%—16, which yield

and cobalt precatalyst3—22. These catalyst systems do not |ower My/s in the range 14000257000.

show any induction period; conversely, an immediate exotherm Compoundf0and22 possess identical ligand environments,
is generally observed. During the polymerization reaction a pyt20is based on Fe(ll) with two ancillary chlorides, white
decrease in activity is noticed, the final activity being typically js Fe(lll) with three ancillary chlorides. Polymerization tests
10-20% of the initial activity. When these complexes are \jth these related compounds (Table 2, runs 12, 14) reveal
combined with other Lewis acidic cocatalysts, including di- similar productivities of 550 g/mmei-bar for 20 and 435
ethylaluminum chloride, triethylaluminum, and combinations g/mmoth-bar for 22 and polymer products with similar mo-

of triisobutylaluminum/tris(pentafluorophenyl)borane, active po- |ecular weights and chain end types (Table 2).

lymerization catalysts also resdfthowever, we will focus on NMR spectroscopy was used to analyze the polyethylene
MAO-cocatalyzed polymerizations here. produced by the Fe and Co catalyst systems. NMR analysis of

Catalysts were tested under two different sets of polymeri- we holymers arising from both Fe- and Co-based precatalysts
zation conditions. Cobalt and iron catalysts with ketimine ligands g_55 raveals highly linear polyethylerf 23 NMR end group

(R* = CHs, 9—16) were tested at 10 bar of ethylene at 3D analysis of the polymers generated from Fe-based precatalysts
for 1 h, employing 1000 equiv of MAO and using triisobuty-  re\eals saturated end groups in addition to low levels of vinyl
laluminum as the scavenger (Table 2, ruas3). The aldimine- —nsatration (Table 2), whereas for all the Co precatalysts, the

based Fe and Co catalysts'(R H, 17—22) displayed relatively  yatiq of vinyl end groups/methyl end groups is approximately

low activities under the conditions employed in runs with 1.1 consistent with one saturated chain end and one unsaturated
ketimine catalysts. For this reason, Fe and Co aldimine-derived - ain end.

catalysts were tested at 10 times the catalyst loading, at a slightly
lower temperature (35C), and with trimethylaluminum as the

scavenger (Table 2, runs-44), affording overall more optimal changes in catalyst productivity and polymer molecular weight.

conditions for these systems. o . .. Changing the substituent on the imine functional group from a
To probe the nature of the polymerization reaction, we carried ketimine (R = CHs, 9—16) to an aldimine (R = H, 17—22)

out polymerizations over ranges of activator concentration,
reaction time, pressure, and temperature. The following subsec-
tions detail the results observed on precatalyst modifications
and the effect of varying the polymerization reaction conditions.

2.2.2. Effect of the Metal Center in the Polymerization of
Ethylene. The nature of the metal center has a large influence
on catalyst productivity. In general, Fe catalysts are more active
than the corresponding Co analogues (Table 2, Fe, ruig 1
Co, runs 6-8); under the conditions reported here, the most
active Fe. ketimine CatalYSt 1S ComF_"G?i (20600 g/mm°|h' (27) This catalyst has been optimized to a higher activity since our
bar)2” while the most active Co ketimine catalyst is complex preliminary report (ref 22).

(28) Roberts, G. C. KNMR of Macromolecules: A Practical Approgch
(26) Gibson, V. C. Unpublished results. IRC Press: Oxford, U.K., 1993.

2.2.3. Ligand Backbone Modification.Changes in the ligand
environments [2,6-(ArNCR,CsH3] of these systems result in

results in differences in productivity, molecular weight, and
molecular weight distribution.

Ketimine catalysts are more productive than their aldimine
analogues. Fe-based ketimine precatal@std1 give produc-
tivities in the range 534620600 g/mmolh-bar (Table 2, runs
1-3). The corresponding aldiminég, 18, and20 display lower
productivities in the range 36%60 g/mmoih-bar (Table 2,
runs 9, 10, 12).
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NMR analysis of the resultant polymers reveals that Fe-based "
ketimine precatalysts produce polymers both with isopropyl end L ,-“" '**-\
groups (triisobutylaluminum is employed as a reactor scavenger) kY
and with a greater number of saturated end groups than vinyl . Vo K [AIL{Fe] = 250:1
end groups (Table 2). For example, precataly@t(Table 2, RV o '-\‘ {i}};{i:ﬁl?%&.
\ [AI]:[Fe] = 2000:1

run 2) yields PE with small amounts of isopropyl chain ends oo f

and a ratio of unsaturated end groups to saturated end groups VoS o

of 1:2. Fe-based aldimine catalysts produce, at 10 bar ethylene [ AT o %)

pressure, polymers with a slight excess of saturated to unsatur-

ated end groups, whereas at lower pressure (1 bar) a more

substantial excess of saturated chain ends is observed. A 1:1

ratio of saturated to unsaturated end groups is observed for all _

Co precatalysts, irrespective of the ligand environment. AT it -
IH- and*C NMR analysis yields information on polymers . . . . .

for which M, is smaller than 30 008 To determine the end log MW

groups of higher molecular weight chains, we employed IR gjgyre 5. Effect of change in MAO concentration on the molecular

spectroscopy? The intensity of the peak at 910 cican be weight distribution using precatalyst

used to give an indication of the number of unsaturated end

groups. A series of samples that could be analyzed by NMR polymerization, we prepared two complexé4,and 12, with

spectroscopy was also analyzed by IR spectroscopy (Table 2),identical metal centers and bis(imino)pyridine ligands but with

revealing good correlation between IR and NMR spectroscopy chloride (L1) and bromide 12) substituents. The productivity

for low molecular weight samples. A series of samples of 1800 of the dichloride precatalydtl (20 600 g/mmoh-bar) is slightly

< My, < 54000 analyzed by this method indicated the vinyl
unsaturation at levels of 0.7 per 1000 carbon atoms. This
is comparable to the calculated values of 6:¥37 per 1000

higher than the dibromid&2 (17 550 g/mmath:-bar). The two
precatalysts (Table 2; runs 3 and 4) afford polymers with similar
properties.

carbon atoms for this range of molecular weights, assuming a  2.2.6. Effect of Reaction Conditions on Polymer Product.
single saturated end for each chain. IR studies on high molecularThe conditions of the polymerization reaction influence the
weight samples of runs 1 and 8 indicate that vinyl unsaturation productivity of the catalyst system employed and the nature of
is observed for these high molecular weight unimodal polymers. the polymer produced. To study these effects, we undertook a

2.2.4. Aryl Ring Ligand Modification. The second part of
the ligand to be modified was the aryl ring (Ar) attached to the
imino nitrogens. Fe-based ketimine precatalystsl3 reveal
that a reduction of steric bulk at ttegtho-aryl position results
in increases in activity and decreasesMp. Fe precatalys®
contains isopropyl groups in the ortho positions of the aryl rings
(Table 2, run 1) and displays a productivity of 5340 g/mimol
h-bar, approximately half that afrtho-dimethyl aryl derivative
10 (9340 g/mmoih-bar, Table 2, run 2). Th&l,, drops from
611 000 to 242 000 on changing framtho-isopropyl toortho-
methyl aryl groups. The replacement of one ortho group with a
bulky tert-butyl group and the other ortho group with a proton
(precatalystl3, Table 2, run 5) yields intermediate values of
productivity andM,,. Replacing thepara-aryl proton with a
methyl group results in an increase in productivity from 9340
to 20600 g/mmoh-bar and a decrease M,, from 242 000 to
148 000. In the case of the cobalt complexes-16, it is
observed that thertho-diisopropy! derivativel4 is less pro-
ductive and gives lower molecular weight polymers than
either theortho-monotert-butyl or the mesityl derivatived5
and16.

Fe-based aldimine precatalydigd—20 display trends similar

series of experiments under various conditions, employing Fe
and Co ketimine precatalys® 11, and 14.

(i) Effect of MAO. To examine the role of the cocatalyst in
the polymerization, we carried out several tests in which the
ratio of [MAOQ]/[Fe] was systematically varied from 250:1 to
2000:1. Figure 5 shows a series of GPC traces for four
polymerization tests of precataly8tat 25°C, 1 bar ethylene;
Table 3 lists the results.

At 250 equiv of MAO (Figure 5, trace 1) a broad unimodal
molecular weight distribution is observed, centered at 36 000
(Mpi). As the ratio of [MAO]/[Fe] is increased to 500:1 (Figure
5, trace in red), a broader distribution is observed, witfl,a
at 8500 and a shoulder at around 35 000. At 1000 equiv the
distribution has become clearly bimodal, with a lower molecular
weight fraction centered at 2800 and a higher molecular weight
fraction at 46 000. At 2000 equiv of MAO (Figure 5, trace 4),
the lower molecular weight peak is most prominent, accounting
for 70% of the sample, and the two fractions have drifted further
apart (2000 and 432 000, respectively.). These results parallel
the effects observed by Brookhart and Small, using MMAO as
cocatalyst?

Toluene Soxhlet extraction over 3 days of the bimodal product

to those of their ketimine analogues, although trends are lessobtained using 2000 equiv of MAO resulted in clean separation
pronounced, due to extremely broad polydispersities in the of the two fractions. Analysis of the PE end groupstiyNMR

polymer product. When the ortho positions are substituted with
ethyl and isopropy! groups (Table 2, runs 11,9), productivities
of 305 (17) and 340 19) g/mmoth-bar are observed, witkl,,'s
of 132 000 (7) and 230 00019). When smaller methyl groups
are substituted (compleb8), the productivity increases to 560
g/mmoth-bar, and\Vl,, decreases slightly to 108 000. Substitu-
tion of the para position with a methyl group has no apparent
effect on the aldimine-derived catalysts.

2.2.5. Effect of Halide Group Variation. To examine the
effect of the halide substituent on the precatalyst in the

(29) Haslam, J.; Willis, H. A.; Squirrel, D. C. Mdentification and
Analysis of Plastic2nd ed.; lliffe Books: London, U.K., 1972.

spectroscopy clearly showed that the lower molecular fraction
is essentially saturated (17.6 saturated end groups/1000 C versus
0.25 vinyl end groups/1000 C); end group analysis of the higher
molecular weight fraction is inherently more difficult due to
the low solubility of this material, but the presence of vinyl
end groups is indicated by4 NMR and IR spectroscopy.

(ii) Effect of Reaction Time. The reaction time can have a
significant effect on productivity, molecular weight distribu-
tion, and the polymer end groups as exemplified for Fe
precatalystll. As reaction time increases from 12 to 60 min,
the proportion of low molecular weight polymer decreases from
8% to 2%, and the position of the high molecular weight peak
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Table 3. Effect of Changes in [MAO] on the Bimodality of Polymer Employing Precata®jst

Mk
[MAQ]/[Fe] yield (g) activity (g/mmoth-bar) Muw Mn Muw/Mp peak 1 (%) peak 2 (%)
250:1 0.66 2640 140000 22000 6.5 36000 (100)
500:1 111 4400 111000 7800 14.3 8500 (100)
1000:1 1.54 6160 113000 3900 29.3 2800 (50) 46000 (50)
2000:1 1.03 4120 245000 2700 90.7 2000 (70) 432000 (30)

a[Fe] = 0.5umol, 1 bar ethylene pressure, toluene solvent, RT, reaction time 1 h.
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Figure 7. Effect of ethylene pressure on the yield of polymer

Figure 6. Effect of reaction time on bimodality of polymer employin .
g y ot poly ploying employing iron precataly<s.

precatalys®.
Table 4. Effect of Reaction Time on the Bimodality of the 18-
Polymer Employing Procataly4t1® 16 -
reaction activity Mok 4
time yield (g/mmok peak 1 peak 2 12 =
(min) (@) hba) My My MuM, (%) (%) >
10 4
12 20.5 44890 3600 53000 14.8 1000 (8) 31000 (92) g
36 325 23700 5400 146000 26.8 1000 (4) 43000 (96) » 87

60 36.6 16050 9400 208000 22.0 900 (2) 47000 (98)

6 °
a[Fe] = 0.57umol, 4 bar ethylene pressure, isobutane solvent, 50 4
°C, 100 equiv of MAO, triisobutylaluminum scavenger. )
rogressively shifts to slightly higher molecular weight, with a 0 ‘ : ' o
brog y ghty g g 0 2 4 6 8 10 12

high molecular weight shoulder appearing (Figure 6 and Table
4). As the reaction time increases, the number of saturated chain
ends (per 1000 carbon atoms) decreases from 1.9 to 1.1, theFigure 8. Effect of ethylene pressure on the yield of polymer
number of vinyl chain ends remains constant at approxi- employing cobalt precatalydt.

mately 0.7 per 1000 carbon atoms, and the number of ISOPro-1.p1e 5. Effect of Ethylene Pressure on Precatalygstnd 142

pyl chain ends decreases from 1.0 to 0.6 per 1000 carbon - —
atoms procatalyst ethylene yield activity
’ (umol) pressure (bar) (9) (g/mmoth-bar) Mok

Pressure (bar)

(iii) Variation in Ethylene Pressure. The ethylene pressure

can have an effect on both the yield and the molecular weight ggg'g% % ?‘8 iggg 2%888
distribution of the polymer. For example, employing precatalyst g (0:57) 4 109 4780 285000
9 at 1 bar ethylene with 2000 equiv of MAO, a polymer 9(0.57) 5 12.8 4490 329000
displaying a bimodal distribution (Figure 5, trace 4) is produced. 9 (0.57) 6 17.0 4980 304000
On increasing the pressure to 4 bar a unimodal distribution is ii gjg g g; ggg 1421888
observed with the a peak centered at 23 000. A similar effect is 14(7.4) 2 117 595 12000

ob§erved qsing precatalysﬂ. Under cond?tions in which 14(7.4) 10 17.0 230 12000

unimodal distributions of the molecular weight are observed,

the yield of PE increases linearly with pressure for both iron __°Isobutane solvent, reaction time 1 h, 50, 100 equiv of MAO,

and cobalt precatalysts while the activity of the catalyst and triisobutylaluminum scavenger.

the molecular weight remain essentially invariant. Figures 7 and )

8 show the linear dependence of yield on ethylene pressure usingemperatures (35, 50, and 7@), employing Fe precataly$t

Fe precatalyst® and Co precatalyst$4; Table 5 shows the ~ and Co precatalyst4. In both cases, two effects are observed.

effects on molecular weight (M) and activity. First, a significant reduction in the productivity of catalysts
(iv) Effect of Temperature on Catalyst Performance.A results [from 10 800 g/mmei-bar at 35°C to 1140 g/mmol

series of experiments were undertaken to determine the effecth-bar at 70°C (9); from 360 g/mmoih-bar at 35°C to 150

of temperature variation on catalyst performance. Table 6 showsg/mmoth-bar at 70°C (14)], and second, the molecular weight

the results of polymerizations performed at three different (Mpy) of the polymer is considerably reduced [from 386 000 at
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Table 6. Effect of Temperature on the Performance of Precatalysts ~ 3.2. Ligand Synthesis and CharacterizationThe relative

9 and14 ease of synthesis of both the ligands, 2,6-(ArNJ38sHsN, and
procatalyst temperature yield activity the final metal halide complexeg2,6-(ArNCRY),CsHaN} MX
(umol) (°C) (9)  (9/mmoth-bar) Mk made precatalyst modification relatively straightforward (Scheme
9 (0.57) 35 12.3 10800 386000 1). In particular, we sought to modify four aspects of the
9 (0.57) 50 6.0 5260 237000 precatalyst: aryl ring-substituents, imino-substituents, halide
9 (1.1) 70 2.6 1140 14000 group, and metal center.
14 3 26.1 360 16000 Substituents on the aryl rin introduced th h f
14° (7.4) 50 17.0 230 12000 _ € aryl ring were introduced through use o
14 (7.4) 70 11.4 150 8800 the corresponding aniline in the condensation reaction that yields

the ligand. Ligands bearing ketimine {R= Me) or aldimine
(R = H) functionalities on the backbone were produced by
variation of the 2,6-dicarbonylpyridine starting material from
35°C to 14 000 at 70C (9); from 16 000 at 35C to 8800 at 2,6-diacetylpyridine to 2,6-pyridinedicarboxaldehyde. Use of the
70°C (14)]. appropriate metal halide yielded complexes with metal centers
2.3. Analysis of Decomposition Products of Activated of Fe and Co and ancillary chloride and bromide ligands.
Catalysts. To determine whether alkylaluminum species in Single-crystal X-ray diffraction analyses of Fe compleQges
MAO react with 2,6-bis(imino)pyridines ligands during polym- 11, and12and the Co comple%4 display similar coordination
erization to yield alternative active species, comp&was spheres (Figures 1 and 2). Indeed, identical solid-state structures
examined following activation with MAO and polymerization are observed for the isomorphous pa®s4 and 11,12
of ethylene. At several concentrations of MA@was stirred Significant differences between the isomorphous pairs, that is,
at 50°C in toluene fo 1 h orexposed to ethylene (1 bar) for the square pyramidal geometry f&14 and the trigonal
10 min at room temperature. The reaction was quenched by pyramidal geometry fol1,12 can be seen in the side-on view
addition of dilute HCI, and the organic layer filtered and shown in Figure 3. The origin of these structural differences is
extracted. Analysis by NMR spectroscopy revealed that only uncertain, but clearly, it demonstrates a certain degree of
the intact 2,6-bis(imino)pyridyl ligandLj was recovered. There  flexibility in the metal coordination geometry, which may be
was no evidence for nucleophilic attack at the imine functionality important for subsequent catalysis.
by a methyl anion. In a separate study, we have shown that = since Fe is a group 8 metal and Co a group 9 metal, it is
trimethylaluminum can react with 2,6-bis(imino)pyridines 10 expected that the electronic environments will differ between
give an aluminum complex containing the pyridyliminoamide  thejr complexes. This is confirmed by measurement of magnetic
moiety, but such attack only occurs on the free 2,6-bis(imino)- moments, which show the Fe(ll) complex&s-(L3, 17—20) to
pyridine molecule and only at temperatures in excess 689 possess four unpaired electrons (quintet multiplici§ 121 =
5) and Co(ll) complexesléd—16, 21) to have three unpaired
electrons (quartet multiplicity, 21 = 4).2425In addition the
3.1. General.The design of the Fe and Co catalyst systems H NMR spectra of the isostructural iron and cobalt complexes
described in this report is based on the observation that a 14-9 and 14 show different chemical shifts for the corresponding
electron alkyl cation is commonly postulated as the active protons (Figure 4).
species foro-olefin polymerizatior?:'” Here, we sought to A common feature of the Fe(ll) complexe®;13 and 17—
produce an active cationic 14-electron alkyl species through the 20, is that they are all intensely colored. The origin of the strong
use of a Group 8 metal with a neutral tridentate ligand, such ascolors is uncertain, and examples of spectroscopically character-
the bis(imino)pyridine ligand. Because bis-chelation was ob- ized five-coordinate Fe(ll) complexes bound by mono-chelating
served for sterically undemanding 2,6-bis(imino)pyridine tridentate ligands are raf@ The strong absorption displayed in
ligands?!~38 we chose to use ligands with bulky substituents the UV—vis spectra of all the Fe(ll) complexes a700 nm,
on the imino nitrogen donors. Aryl groups with substituents in  although uncertain, would seem attributable to metal to ligand
the ortho position produced the desired mono-chelation and ancharge transfer (MLCT). Further studies are underway to
active ethylene polymerization catalyst. Related mono-chelatedelucidate the orbital origin of this transition.

a|sobutane solvent, reaction time 1 h, 100 equiv of MAO, triisobut-
ylaluminum scavengeP. Two bars of ethylene Ten bars of ethylene.

3. Discussion

complexes have been reported for fiGo, Ru* and R4 3.3. Ethylene Polymerization.Upon activation with MAO,
(30) Bruce, M. D.; Gibson, V. C.; Redshaw, C.: Solan, G. A.; White, A. all Fe and Co complexe$—22 studied here are highly active
J. P.; Williams, D. JChem. Commuril998 2523-2524. ethylene polymerization catalysts. All of the catalysts convert
(31) Krumholz, Plnorg. Chem.1965 4, 612-616. ethylene to highly linear polyethylene, which is in contrast to
15%2_)1%?’ J. D Robinson, M. A.; Busch, D. khorg. Chem1967 6, the branching observed using Ni(ll)- and Pd@ddiimine
(33) Blandamer, M. J.; Burgess, J.; Haines, R. I.; Mekhail, F. M.; catalystst®14 Observations to date indicate that these systems
Askalani, P.J. Chem. Soc., Dalton Tran$97§ 10011008 are limited in their ability to incorporate higherolefins into
60&%4) Stoufer, R. C.; Busch, D. H. Am. Chem. Sod956 78 6016= growing polymer chains, which is also consistent with the lower
(35) Figgins, P. E.; Busch, D. Hl. Am. Chem. Sod96Q 82, 820 productivities reported for the polymerization of propyléfies8
824.
(36) Lions, F.; Martin, K. V.J. Am. Chem. S0d.957, 79, 2733-2738. (42) Haarman, H. F.; Ernsting, J. M.; Kranenburg, M.; Kooijman, H.;
(37) Onggo, D.; Craig, D. C.; Rae, D.; Goodwin, H. Aust. J. Chem. Veldman, N.; Spek, A. L.; van Leeuwen, P. W. N. M.; Vrieze, K.
1991, 44, 331—-341. Organometallics1997 16, 887—900.
(38) Scheer, C.; Chautemps, P.; Gautier-Luneau, |.; Pierre, J.-L.; Ser-  (43) Haarman, H. F.; Bregman, F. R.; Ernsting, J. M.; Veldman, N.;
ratrice, G.; Saint-Aman, BPolyhedron1996 15, 219-224. Spek, A. L.; Vrieze, K.Organometallics1997, 16, 54—67.
(39) Edwards, D. A.; Mahon, M. F.; Martin, W. R.; Molloy, K. C; (44) Haarman, H. F.; Bregman, F. R.; van Leeuwen, P. W. N. M.; Vrieze,
Fanwick, P. E.; Walton, R. AJ. Chem. Soc., Dalton Tran%99Q 3161— K. Organometallics1997, 16, 979-985.
3168. (45) Morassi, R.; Bertini, I.; Sacconi, ICoord. Chem. Re 1973 343—
(40) Edwards, D. A.; Edwards, S. D.; Martin, W. R.; Pringle, T. J.; 402.
Thornton, P.Polyhedron1992 11, 1569-1573. (46) Small, B. L.; Brookhart, MMacromolecule4999 32, 2120-2130.
(41) Cetinkaya, B.; @tinkaya, E.; Brookhart, M.; White, P. S. Mol. (47) Brookhart, M. S.; Small, B. L. (DuPont/UNC), WO 98/3061998

Catal. A: Chem1999 142 101-112. [Chem. Abstr1998 129, 149375r].
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process has also been observed for Ziegaitta system&3
Group 4 metallocened;>* 59 and lanthanocen&%! and is
dependent upon the alkyl aluminum concentration. Scheme 2
shows a likely pathway involving formation of an alkyl-bridged
Fe—Al species, which allows the growing polymer chain to be
exchanged for a new alkyl group. Although this type of chain
transfer might be expected to be zero order in ethylene, the
possibility of a first-order dependence here cannot be ruled out,
since a vacant site is still available at the iron center. It has not
proved possible to draw a firm conclusion since a system is
not available that undergoes chain transfer to aluminum
exclusively. In generaf3-H-transfer reactions, to the met# (
and C) or the monomerD), give one unsaturated chain end
per polymer chain (vinyl end groups), whereas chain transfer
to aluminum E) results in fully saturated polymer chains.

3.3.1 Precatalyst Modification.The first structural variable
to be explored was the nature of the metal center. Fe-based
precatalysts are more productive and afford higher molecular
weight polymers to the corresponding Co systems. Fe-based
precatalysts also exhibit different chain-transfer mechanisms
than the corresponding Co systems. NMR analysis of Fe-
produced polymers reveal both excess saturated chain ends and
incorporation of isopropyl end groups, indicating that chain
transfer in Fe systems involves a combinatiorngefl transfer
and chain transfer to aluminum (isopropyl end groups are
presumed to arise from triisobutylaluminum scavenger in the
reactor). In contrast, all Co polymers, produced at low ethylene
pressure (1 bar) and a large excess of MAO (2000 equiv), exhibit
a 1:1 ratio of saturated to unsaturated ends, characteristic of
chain transfer exclusively by-H transfer. In light of the
similarity of the solid-state structures for these systems, it is
unlikely that the differences in the behavior of the Fe and Co
precatalysts are due to steric effects. It would seem probable
that the different inherent electronic properties of Fe and Co
play an important role, possibly leading to the observed changes

In this study, we have examined the effects of variations of in the propagation and chain-transfer rates followed by the two

the precatalyst as well as the reaction conditions on catalystsystems.

activity and polymer properties. Before we discuss these aspects  The Fe(lll) precatalys?2 shows a similar activity compared

in more detail, a general outline of the polymerization mech- to its Fe(ll) analogu€0. Also the polymer properties observed
anism, that is, the propagation and chain-transfer pathwaysfor hoth catalysts are rather similar, suggesting that the same
involved, would be helpful, since it forms the basis of the active species is generated from both precatalysts. In this
subsequent discussion (see Scheme 2). A Cossee-type propag@ontext, reduction of Fe(lll) to Fe(ll) species by alkyl aluminum
tion mechanisr? (pathwayA, Scheme 2) is assumed, involving compounds is not uncomméa.

migratory insertion of ethylene into a metal alkyl bond, whereby  The jigand environment around the metal center has a
the rate has a first-order dependence upon the ethyleneprofound effect on catalyst productivity and molecular weight.
concentration (i.e., pressure). Four different chain-transfer changing the ligand environment from a ketiminé éR Me)
pathways can be distinguished (Scheme 2). Two involve tg an aldimine (R= H) results generally both in a large drop
kinetically distinct-H transfer to metal processeB éndC),

a third3-H transfer to monomei), and a fourth chain transfer (5IQ) Steh”“_ghu-? Diebold, Jh Kirsten, R.;’ROV.; Iﬁ_rintzinger, H.-H.;

to aluminum E). B-H transfer to metal of typ® is a common 3%9 ing, S.; Mlhaupt, R.; Langhauser, Brganometallicl994 13, 964-
chain-transfer process, especially for late transition metal (51)Busico, V.; Cipullo, RMacromolecules994 27, 7538-7543.
catalysts. Thig3-H elimination reaction is unimolecular, that (52) Tsutsui, T.; Mizuno, A.; Kashiwa, NPolymer1989 30, 428-431.

is, independent of monomer concentration, provided that the Pol(;‘:’]). “gg{quSé3MélM'2¥§;_£\‘2“5“es' C. P, Tait P.J. T, Dias, A.R.
subsequent step, the associative displacement of the polymer ~(54) siedie, A. R.; Newmark, R. A.; Schroepfer, J. N.; Lyon, P. A.
chain by monomer, is fast and therefore is not the rate-deter- Organometallics1991, 10, 400-404.

mining step. If this is not the case, this chain-transfer process 33(?%)33852?73””1 M.; Lancaster, SAhgew. Chem., Int. Ed. Endl994
becomes @#-H transfer to metal of typ€, which is kinetically (56) Zambelli, A.; Longo, P.; Grassi, Aviacromolecules1989 22,
indistinguishable fromB3-H transfer to monomerLY). These 2186-2189.

chain-transfer pathways are both bimolecular, that is, first order ~ (57) Soga, K.; Kaminaka, Mviakromol. Chem1993 194, 1745-1755.

in monomer, and the latteD] has been postulated previously ggg gﬁ%ar{"}'g'ﬁ?“ﬂ;f&%’g%ﬁ?ﬁ.359'05%1%;3%0%" 15 38,

for certain metallocene cataly$ts:52 The fourth, less common

chain-transfer reaction is chain transfer to alumindh ([ his

(60) Pelletier, J. F.; Mortreux, A.; Petit, F.; Olonde, X.; Bujadoux, K.
Stud. Surf. Sci. Catall994 89, 249-256.

(61) Pelletier, J. F.; Mortreux, A.; Olonde, X.; Bujadoux, Kngew.
Chem., Int. Ed. Engl1996 35, 1854-1856.

(62) Yamamoto, A.; Morifuji, K.; Ikeda, S.; Saito, T.; Uchida, Y.;
Misono, A.J. Am. Chem. Sod.968 90, 1878-1883.

(48) Pellecchia, C.; Mazzeo, M.; Pappalardo, @acromol. Rapid
Commun.199§ 19, 651-655.
(49) Cossee, Rl. Catal. 1964 3, 80—88.
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in productivity and in a decrease in the molecular weight. These
results suggest that, for aldimine catalysts, the rate of propaga-
tion is decreased more than the rategdfl transfer (the major
chain-transfer process), resulting in lower productivites and B-H transfer \
lower molecular weights. Both Fe-based ketimine and aldimine
precatalysts terminate by a combination of chain transfer to
aluminum angs-H transfer, as shown by the ratio of saturated/ MA'
unsaturated end groups being greater than 1 and the incorpora-
tion of isopropyl groups (from AtBus scavenger) observed for
the ketimine-based catalysts. The observed differences between
ketimine and aldimine systems is most likely related to the
freedom of rotation of the aryl ring substituents. rate rate
Changing the ancillary halide from Bt2) to Cl (11) results
in a slight increase in activity but yields polymers exhibiting
comparable molecular weight and similar numbers of saturated

rate propagation rate

reaction time reaction time

(a) o)

and unsaturated end groups. This suggests that identical active N

species are responsible for the polymerization. g ~__
Changes in the substituents on the aryl ring influence

productivity but have more important consequences with respect reaction time reaction time

to molecular weight. Ketimine-based systems show some clear (© (@

trends, while trends in aldimine-based systems are less pro-rigure 9. Schematic representations of the effects of different reaction
nounced, due to extremely large polydispersities. From theseconditions on the rates of propagation and chain termination: (a) low
results, it can be concluded that an increase in steric bulk in MAO concentration, (b) high MAO concentration, (c) high pressure,
the ortho position results in a reduction of the rateSef (d) low pressure.
transfer, giving higher molecular weight polyethylene. It is
important to note here that, in reports by us and by Brookhart nounced bimodal molecular weight distribution, in particular
and co-workers, one single small ortho substituent leads to to a sharp increase in the ratio of the low (L)/high (H) molecular
oligomerization rather than polymerization cataly3t% weight fractions, as shown in Figure 5. The bimodal product
3.3.2. Reaction ConditionsAn interesting aspect of these that was obtained using 2000 equiv of MAO was fractionated
systems is that polymerization tests on a particular catalyst undervia Soxhlet extraction with toluene and end group analysis by
one set of conditions give a bimodal molecular weight distribu- *H NMR shows that the lower molecular weight fraction is
tion, yet for the same catalyst under slightly different conditions, almost fully saturated (17.6 saturated end groups/1000 C versus
a broad unimodal molecular weight distribution is obtained. 0.25 vinyl end groups/1000 C), indicating that chain transfer to
Bimodal molecular weight distributions indicate that two aluminum is responsible for this low molecular weight product.
processes are occurring. These processes may occur eitheFo explain this observation, we have to consider that an increase
consecutively or concurrently, and there are therefore two likely in the MAO concentration will cause an increase in the rate of
explanations to account for bimodality. First, there may be two chain transfer to aluminum, possibly exceeding the raje-f
active sites operating at the same time, and second, the moderansfer for some time during the polymerization, resulting in
of catalyst propagation and chain transfer may change duringan increase in the proportion of the lower molecular weight
the course of polymerization. fraction (L). Additionally, higher MAO concentrations lead to
The first possible explanation for a bimodal molecular weight a significant shift of fraction L to lower molecular weights. An
distribution is that the polymer produced may be the result of increase in the MAO concentration will enhance the rate of chain
two independent species. A starting point for studies into this transfer to aluminum which, combined with a constant rate of
possibility is the idea that the methyl groups in MAO react with propagation, will result in even shorter polymer chains. A
the imine functionality in the ligand system to give another graphical illustration of this is shown in Figure 9, wherein panel
active specie®’ Analysis of the decomposition post-polymer- a is representative of a low MAO concentration regime and
ization products does not confirm this; all that is recovered are panel b is the higher MAO concentration regime.
the original Iiggnd systems. One gxplanation as to why this does gy dies on the effect of reaction time reveal that at short time
not occur during the polymerization &fcould be due to the  intervals higher ratios of the low/high molecular weight fraction
stability of the iron complex. For methyl migration to occur,  4nq higher ratios of saturated/unsaturated end groups are found.
the aluminum would have to displace the ligand from the iron tpege ohservations imply that the low molecular weight portion
complex to form an adduct with trimethylaluminum (in MAQ). 4t the polymer, consisting of mostly saturated chains, is actually
A second, more likely explanation for bimodal molecular created early on in the course of the polymerization reaction.
weight distributions is that different polymerization mechanisms Tne rate of the chain transfer to aluminum will be highest at
are operating during polymerizatiqn. To explore. this possibili'gy, the beginning of the polymerization, when the Al concentra-
we undertook a series of experiments in which the reaction 4y is at its peak (see Figure 9b). As the polymerization reac-

conditions were varied. _ _ tion proceeds, depletion of the available alkylaluminum as a
The first variable explored was the relative ratio of cocatalyst egy|t of this chain-transfer reaction will decrease the rate of

to precatalyst, which leads to three effects. First, increasing the .hain transfer to aluminum, while the rate/»H transfer will
MAQ concentration results in higher productivities. This effect emain constant as it is only dependent upon the concentration
is most likely due to an increase in the number of active sites. 4t monomer. Consequently, at longer times this transfer process
Second, a greater proportion of MAO leads to & more pro- pecomes dominant, giving vinyl terminated higher molecular

(63) Small, B. L.; Brookhart, MJ. Am. Chem. Sod.998 120, 7143 weight products. Additionally, with time, the rate of chain
7144, transfer to aluminum may also decrease as the catalyst becomes
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increasingly embedded in the polymer (diffusion-controlled monomer or metal) and chain transfer to aluminum. The ratio
chain transfer). between the rates of these two chain-transfer processes and the
These conclusions are supported by studies on variations inrate of propagation is influenced not only through modifications
reaction pressure, a third parameter that affects bimodality. A to the catalyst but also by changes in reaction conditions,
series of experiments in which the pressure of ethylene wasallowing the resultant molecular weight distribution to be
increased revealed that, for both Fe and Co syst@masd14, systematically altered. Work is underway to understand more
respectively), the vyield of polyethylene increased but the fully the nature of the active site in these systems and, in
molecular weight did not (Figures 7 and 8, Table 5). The particular, the role and influence of the ligand substituents,
increase in yield is linear and demonstrates that the rate of which will allow further rational modification of these catalysts.
propagation has a first-order rate dependence on ethylene, in _ )
accordance with the proposed Cossee-type mechd#igime 5. Experimental Section
fact that molecular weight remained constant indicates that the 51 General. All manipulations were carried out under an atmo-
overall rate of chain transfer must also be first order in ethylene. sphere of nitrogen using standard Schlenk and cannula techniques or
This result implies thagf-H transfer to the metal (pathwdyin in a conventional nitrogen-filled glovebox. Solvents were refluxed over
Scheme 2) is not operating as the product-determining chain-an appropriate drying agent and distilled and degassed prior to use.
transfer process, since zero-order dependence on monomeFElemental analyses were performed by the microanalytical services of
concentration would be expected. Low molecular weight peaks the Department of Chemistry at Imperial College and Medac Ltd. NMR
account for~10% of the polymer under the conditions used in SPectra were recorded on a Bruker spectrometer at 250 Mijzhd
these experiments. Thus, assuming that only the low molecular®2-9 MHz (°C) at 293 K; chemical shifts are referenced to the residual
weight portion is subject to chain transfer to aluminum, one protio impurity of the deuterated solvent. Mass spectra were obtained

il ob . . i f using either fast atom bombardment (FAB), electron impact (El), or
will observe a rate equation consistent witH transfer C or chemical ionization (Cl). Gel permeation chromatographs (GPCs) were

D) as the predomlnant cham-;ransfer process. An increase iNgpained using a Waters 150CV (columns supplied by Shodex (807,
pressure results in a decrease in the proportion of low moleculargog, & 804)) (BP Chemicals Ltd.) at 13E. IR spectra of the polymers
weight product. This can be explained by considering that were recorded on a Nicolet 730 FTIR spectrometer. Magnetic Suscep-
increasing the pressure will result in an increase in the rate of tibility studies were performed using and Evans balance or by using
propagation and also the rate of tieH-transfer process but  the Evans NMR method (solvent, GDz; reference, cyclohexané}?®
not the rate of chain transfer to aluminum (Figure 9c). At higher ~ Compound 2,6-pyridinedicarboxaldehyde was prepared according
pressure$-H transfer will become the dominant chain-transfer 0 an established procedifewnhile 2,6-diacetylpyridine, MAO (10%
process, giving mainly vinyl terminated high molecular weight solut|qn in toluene), and all of the anilines were.purchased from Aldrich
polymer. As the pressure is lowered, the rate3ef transfer Chemical Co_. All other chemicals were obtained commercially and
- - . used as received unless stated otherwise.
will be reduced and chain transfer to aluminum can become

.- . . . 5.2. Preparations of 2,6-Bis(imino)pyridyl Ligands. 5.2.1. 2,6-
competitive or even dominant (Figure 9d). The change in the Diacetylpyridinebis(2,6-diisopropylanil) (1). To a solution of 2,6-

ratio of low/high molecular weight product with pressure seems gjacetylpyridine (1.50 g, 9.2 mmol) in absolute ethanol (25 mL) was

to indicate that the chain transfer to aluminum is not ethylene added 2,6-diisopropylaniline (3.46 mL, 18.4 mmol). After the addition

pressure-dependent, although some degree of diffusion controlof a few drops of glacial acetic acid, the solution was refluxed overnight.

cannot be ruled out. Upon cooling to room temperature, the product crystallized from
Experiments in which the temperature of the polymerization ethanql. After filtration the yellow solid was washed with cold ethanol

reaction was varied reveal that an increase in temperature resulté‘”ld dried in a vacuum oven (5C) c>3vern|ght to give 3.54 g (80%) of

in large decreases in productivity and molecular weight. Elevated 1. *H NMR (CDCL): 0 8.52 (d, 2H,)(HH) 7.8, PyHn), 7.94 (t, 1H,

: - . . Py-Hp), 7.1 (m, 6H, ArH), 2.78 (sept, 4H3J(HH) 5.6, CHMe;), 2.28
temperatures will result in higher propagation and chain-transfer (s, 6H. N=CMe), 1.18 (d, 24H, C#¥e,).15C NMR (CDCh,'H gated

rates, which would be expected to afford higher productivities decoupled):d 167.04 (N=C), 155.25 (Py-G), 146.25 (ArCy), 135.69
and lower molecular weight products. However, there are twWo (ar.c,), 123.75 (ArG,), 123.02 (PyS,), 122.57 (PyCy), 122.30 (Ar-
counter effects to this that are likely to be operating. First, a c,), 28.32 (N=C-Me), 23.21 (CHVe), 17.15 CHMe,). El mass
decrease in ethylene solubility at higher temperafdi®si.e., spectrumm/z 481 [M*]. Anal. (CssHaaN3) calcd: C, 82.32; H, 8.94;
lower monomer concentrations) will lead to reduced productiv- N, 8.73. Found: C, 82.11; H, 8.91; N, 8.69.

ity, and second, higher temperatures can result in higher rates 5.2.2. 2,6-Diacetylpyridinebis(2,6-dimethylanil) (2)By using the
of catalyst deactivation. It is a combination of these effects that Procedure described in (5.2.1) above, we obtahes a yellow powder

is likely to account for the observed temperature dependence.in 78% yield.H NMR (CDCly): 0 8.48 (d, 2H,*)(HH) 7.8, PyHm),
8.13 (t, 1H, PyH,), 7.98, 7.08-6.5, (m, 6H, ArH), 2.25 (s, 6H,

N=CMe), 2.05 (s, 12H, ®e). El mass spectrunmyz 369 [M*]. Anal.
(CasH27N3) caled: C, 81.30; H, 7.32; N, 11.38. Found: C, 81.11; H,
The synthesis and characterization of a new family of iron- 7.29) N, 11-32-_ o ) ) )

and cobalt-based ethylene polymerization precatalysts have beert]he5ﬁfgéezciS;glgg:g:ggﬂ:e(glz(iy)‘lia%(t)r\gewglggigﬁgé? ;;l:g\?v
?efc_”lt(’etc." .Ac“‘t’)a“og W'tth I'W‘EO produces h'tgh'ytr?c“vel d‘?at.a' powder in 60% yield2H NMR (CDCl): 6 8.50 (d, 2H23(HH) 7.9,
ysts; ketimine-based catalysts are more active than aldimine-p, 1y +'7 95 ¢ '1H, Pyki;), 6.94 (s, 4H, AtH), 2.33 (s, 6H, N-CMe),
based systems, and Fe is an order of magnitude more active; 5g (s, 6H, ®1e), 2.05 (s, 12H, ®le). °C NMR (CDCk,'H gated
than Co. These catalyst systems prc_)duce polymers with a widegecoupled):d 167.43 (N=C), 155.06 (PyE.), 146.22 (ArCy), 136.81
range of molecular weights, depending on the metal center and(Ar-C,), 132.21 (ArC,), 128.60 (PyS,), 125.16 (PyCy), 122.20 (Ar-
the 2,6-bis(imino)pyridyl ligand; steric bulk in the ortho position C), 20.76 (N=C-Me), 17.89 (ArMe,), 16.41 (ArMe;). Cl mass
of the aryl rings appears to be of critical importance. Two chain- spectrummz 397 M*]. Anal. (C;7Hz:N3) caled: C, 81.57; H, 7.86;

transfer pathways have been identifie-H transfer (to N, 10.56. Found: C, 81.42; H, 7.80; N, 10.30.
5.2.4. 2,6-Diacetylpyridinebis(2-tert-butylanil) (4).By using the

4. Conclusions

(64) Atiqullah, M.; Hammawa, H.; Hamid, HEur. Polym. J.1998 34, procedure described in (5.2.1) above, we obta#hasd a yellow powder
1511-1520.
(65) Fogg, P. G. T.; Gerrard, Wsolubility of gases in liquidswiley: (66) Alcock, N. W.; Kingston, R. G.; Moore, P.; Pierpoint, .Chem.

West Sussex, England, 1991. Soc., Dalton Trans1984 1937-1943.
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in 76% yield.*H NMR (CDCl): 6 8.42 (d, 2H,2J(HH) 7.8, PyHn),
7.94 (t, 1H, PyH,), 7.44, 7.21, 7.09, and 6.56 (m, 8H, Af), 2.43 (s,
6H, N=CMe), 1.39 (s, 18H, ®l). 3C NMR (CDChk,*H gated
decoupled):0 165.32 (N=C), 155.61 (PYyE,), 149.66 (ArCy), 139.77
(Ar-C), 136.86 (ArC,), 126.41 (Pycy), 123.75, 122.26 and 119.75
(Ar-C), 29.61 (QMe), 16.88 (N=C-Me). ElI mass spectrunmyvz 425
[M7]. Anal. (CoH3sN3) caled: C, 81.84; H, 8.29; N, 9.87. Found: C,
81.03; H, 8.29; N, 9.75.

5.2.5. 2,6-Diformylpyridinebis(2,6-diisopropylanil) (5).To a solu-
tion of 2,6-pyridinedicarboxaldehyde (0.101 g, 0.75 mmol) in absolute
ethanol (20 mL), were successively added 2,6-diisopropylaniline (2.1
equiv, 1.57 mmol, 0.26 mL) and one drop of glacial acetic acid, and
the resulting mixture was refluxed for 24 h. Upon cooling, yellow
crystalline 5 was obtained in high yield (0.270 g, 80%H NMR
(CDCly): 6 8.44 (s, 2H, N=CH), 8.40 (d, 2H,2J(HH) 7.6, PyHy),
8.00 (t, 1H, PyHp), 7.23 (m, 6H, ArH), 3.01 (sept, 4H3J(HH) 6.9,
CHMe,), 1.21 (d, 24H, CHey). 13C NMR (CDCk,H gated de-
coupled): 6 162.70 (N=C), 154.43 (PyC,), 148.30 (ArCy), 137.14
(Ar-Co), 124.54 (ArC;), 123.05 (Py€;), 122.90 (ArCp), 122.76 (Py-
Cm), 28.00 CHMe,), 23.44 (CHMey). Cl mass spectrummz 454
[(M+H)]. Anal. (CsiHsoN3) caled: C, 82.07; H, 8.66; N, 9.26.
Found: C, 82.02; H, 8.90; N, 9.54.

5.2.6. 2,6-Diformylpyridinebis(2,6-dimethylanil) (6).By using the
procedure described in (5.2.5) above, we obtathas a yellow powder
in 82% yield.*H NMR (CDCl): ¢ 8.43 (s, 2H, N=CH), 8.40 (d, 2H,
3J(HH) 7.6, PyHm), 8.00 (t, 1H, PyH,), 7.10 (d, 4H3J(HH) 7.4, Ar-
Hm), 6.99 (t, 2H, ArH,), 2.20 (s, 12H, AMe). 13C NMR (CDCh,*H
gated decoupled)d 163.16 (N=C), 154.45 (PyC,), 150.26 (ArCi),
137.32 (ArC,), 128.16 (PyCy), 126.77 (PyEn), 124.16 (ArC,), 122.69
(Ar-Cp), 18.31 (ArMe,). Cl mass spectrunmyz 342 [(M+H)*]. Anal.
(Ca3H23N3) caled: C, 80.94; H, 6.74; N, 12.32. Found: C, 80.62; H,
6.44; N, 12.29.

5.2.7. 2,6-Diformylpyridinebis(2,6-diethylanil) (7). By using the
procedure described in (5.2.5) above, we obtaihas a yellow powder
in 75% yield.*H NMR (CDCl): ¢ 8.44 (s, 2H, N=CH), 8.40 (d, 2H,
3J(HH) 7.6, PyHm), 8.00 (t, 1H, PyH,), 7.25 (m, 6H, ArH), 2.55 (q,
8H, 3J(HH) 7.5, Ar—CH;Me), 1.61 (t, 12H, Ar-CH,Me). 3C NMR
(CDCls,*H gated decoupled)d 162.79 (N=C), 154.45 (Py<,), 149.52
(Ar-Cip), 137.33 (ArCy), 132.69 (PyC,), 126.27 (PyCn), 124.36 (Ar-
Cy), 122.62 (ArCy), 24.68 CHMe), 14.58 (CHMe). ClI mass
spectrum,m/z 398 [(M+H)*]. Anal. (C;7HsiN3) calcd: C, 81.57; H,
7.86; N, 10.57. Found: C, 81.65; H, 7.69; N, 10.71.

5.2.8. 2,6-diformylpyridinebis(2,4,6-trimethylanil) (8). By using
the procedure described in (5.2.5) above, we obtaBed a yellow
powder in 80% yield*H NMR (CDCly): 6 8.42 (s, 2H, N=CH), 8.40
(s, 2H, PyHy), 8.0 (t, 1H,3J(HH) 8, PyH,), 7.0 (s, 4H, ArH), 2.33
(s, 6H, ArMe,), 2.19 (s, 12H, AMe,). **C NMR (CDCk,'H gated
decoupled):0 163.14 (N=C), 154.57 (PYyE,), 147.84 (ArCy), 137.24
(Ar-Cy), 133.52 (ArC,), 128.86 (Py<,), 126.80, (PyEny) 122.57 (Ar-
Cm), 20.79 (ArMe,), 18.27 (ArMe,). El mass spectrunmyz 369 [M*].
Anal. (GsH27N3) caled: C, 81.30; H, 7.32; N, 11.38. Found: C, 81.69;
H, 7.51; N, 11.11.

5.3. Complexation with MX; (M = Fe, Co; X = Cl, Br). 5.3.1.
Preparation of (2,6-Diacetylpyridinebis(2,6-diisopropylanil))FeCh
(9). A suspension ofl (0.92 g; 1.89 mmol) im-butanol was added
dropwise at 80°C to a solution of FeGl(0.24 g; 1.89 mmol) in
n-butanol (20 mL) to yield a blue solution. After being stirred at°&0
for 15 min, the reaction was allowed to cool to room temperature. The
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are observed in each case):86.2 (2H, PyHy), 39.6 (1H, PyH,),
16.3 (4H, ArHy), 13.4 (12H, ArMe), —11.3 (2H, ArH,), —17.0 (6H,
N=C(Me)). FAB mass spectrunmyz 496 [M*], 461 [M*-Cl], 425 [M*-
2Cl]. Anal. (GsH2/NsFeCh) calcd: C, 60.48; H, 5.44; N, 8.47.
Found: C, 60.11; H, 5.10; N, 8.0Lex (Evans Balance): 5.31 BM.

5.3.3. Preparation of (2,6-Diacetylpyridinebis(2,4,6-trimethyl-
anil))FeCl, (11). The procedure as above in (5.3.1) usthgnd FeCl
gave 11 as a blue powder in 64% yieldH NMR (CD.Cl,, broad
singlets are observed in each casé)83.7 (2H, PyHy,), 40.1 (1H,
Py-H,), 21.8 (6H, ArMey), 15.7 (4H, ArHy), 13.0 (12H, ArMe,),
—21.3 (6H, N=C(Me)). FAB mass spectrunmyz 523 M*], 488 [M*-
Cl], 453 [M*-2Cl]. Anal. (G7H3:1NsFeCh-1.5H,0) calcd: C, 58.82;
H, 6.22; N, 7.62. Found: C, 58.63; H, 6.20; N, 6.88« (Evans
Balance): 5.25 BM.

5.3.4. Preparation of (2,6-Diacetylpyridinebis(2,4,6-trimethyl-
anil))FeBr; (12). The procedure as above in (5.3.1) usBand FeBs
gave 12 as a blue powder in 61% yieldH NMR (CD.Cl,, broad
singlets are observed in each casé)80.4 (2H, PyHn), 39.7 (1H,
Py-H,), 22.3 (6H, ArMey), 15.6 (16H, ArH,, Ar-Me,), —18.5 (6H,
N=C(Me)). FAB mass spectrunmyz 613 M*], 533 [M*-Br], 453 [M*-
2Br]. Anal. (GHsziNsFeBp) calcd: C, 52.88; H, 5.10; N, 6.85.
Found: C, 52.82; H, 5.42; N, 6.5L.x (Evans Balance): 4.71 BM.

5.3.5. Preparation of (2,6-Diacetylpyridinebis(2-tert-butylanil))-
FeCl, (13). The procedure as above in (5.3.1) usihgnd FeCJ gave
13 as a blue powder in 85% yieldH NMR (CD.Cl,, broad singlets
are observed in each case):78.7 (2H, PyHy), 68.15 (1H, PyH,),
17.0 (2H, ArH), 1.70 (2H, ArH), —2.32 (18H, @®/e), —14.3 (2H,
Ar-H), —24.1 (6H, NC®13), —45.2 (2H, ArH). FAB mass spectrum,
m/z 551 M*], 516 [M*-Cl], 426 [M*-FeCh]. Anal. (CxgHzsNsFeCh)
calcd: C, 63.06; H, 6.39; N, 7.61. Found: C, 63.09; H, 6.69; N, 7.35.
uert (Evans NMR Method): 5.11 BM.

5.3.6. Preparation of (2,6-Diacetylpyridinebis(2,6-diisopropyl-
anil))CoCl; (14). The procedure as above in (5.3.1) usingnd CoC}
gave 14 as a light brown powder in 67% yieldH NMR (CD.Cly,
broad singlets are observed in each case)17.1 (2H, PyHy), 49.91
(1H, PyHp), 10.07 (4H, ArHy), 4.56 (6H, N=CCH3), —8.75 (2H, Ar-
Hy), —17.51 (12H,jPr-Me), —18.51 (12H,PrMe), —84.36 (6H,iPr—
CH). FAB mass spectrumm/z 575 M*-Cl]. uer (Evans NMR
Method): 4.55 BM.

5.3.7. Preparation of (2,6-Diacetylpyridinebis(2,4,6-trimethyl-
anil))CoCl; (15). The procedure as above in (5.3.1) usgand CoC}
gavel5as a green powder in 94% yield. The product was recrystalized
from hot 1,1,2,2-tetrachloroethane to give green neetheMR (CD,-
Cl,, broad singlets are observed in each cage}11.4 (2H, PyHy),
36.14 (1H, PyH,), 16.92 (6H, p-CH3), 6.33 (4H, ArH,), —0.65 (6H,
N=C—CHgs), —26.83 (12H, 6-CHs). Anal. (G;7H31N3CoCkL-0.5H:0)
calcd: C, 60.46; H, 6.01; N, 7.83. Found: C, 60.58; H, 5.79; N, 7.79.
uert (Evans Balance): 4.55 BM.

5.3.8. Preparation of (2,6-Diacetylpyridinebis(2-tert-butylanil))-
CoCl; (16). The procedure as above in (5.3.1) usthgnd CoC} gave
16 as a golden-brown powder in 83% yieltH NMR (CD.Cl,, broad
singlets are observed in each casé)111.8 (2H, PyHn), 50.4 (1H,
Py-Hp), 12.6 (2H, ArH), 10.4 (6H, NCC1s), 1.92 (2H, ArH), —11.7
(2H, Ar-H), —25.7 (18H, ®/e), —85.4 (2H, ArH). FAB mass
spectrumm/z 519 M*-CI], 484 [M*-2Cl]. uers (Evans NMR Method):
4.71 BM.

5.3.9. Preparation of (2,6-Diformylpyridinebis(2,6-diisopropyl-
anil))FeCl; (17). A suspension 05 (0.245 g, 0.55 mmol, 1 equiv) in

reaction volume was concentrated, and diethyl ether (30 mL) was addedn-butanol (10 mL) was added dropwise at®Dto a solution of FeGl
to precipitate the product as a blue powder, which was subsequently (0.070 g, 0.55 mmol) im-butanol (40 mL) to yield a dark green

washed with diethyl ether (X 10 mL), filtered, and dried to afford
0.93 g (81%) of9. 'H NMR (CD.Cl,, broad singlets are observed in
each case)s 81.7 (2H, PyHn), 81.1 (1H, PyH,), 14.9 (4H, ArHy),
—5.3 (12H,i-Pr-Me), —6.3 (12H,i-Pr-Me), —10.9 (2H, ArH,), —22.4
(4H,i-Pr—CH), —37.1 (6H, N=C(Me)). FAB mass spectrunmyz 607
[M*], 572 [M*-Cl], 482 [M*-FeCh]. Anal. (Cs3Ha3NsFeCh-0.5H,0)
calcd: C, 64.19; H, 7.18; N, 6.80. Found: C, 64.19; H, 6.90; N, 6.70.
uert (Evans Balance): 5.34 BM.

5.3.2. Preparation of (2,6-Diacetylpyridinebis(2,6-dimethylanil))-
FeCl, (10). The procedure as above in (5.3.1) usthgnd FeC] gave
10 as a blue powder in 78% yieldH NMR (CD.Cl,, broad singlets

solution. After being stirred for 15 min at 80C, the mixture was
allowed to cool to room temperature and was then stirred for a further
12 h. The solvent volume was reduced~+d mL and the reaction
mixture washed with diethyl ether (8 40 mL) to yield a dark green
powder of17 (0.205 g, 65%)H NMR (CD.Cl,, broad singlets are
observed in each casej 61.5 (2H, PyHy), 16.8 (1H, PyH,), 14.1
(4H, Ar-Hp), 2.1 (2H, ArHy), 1.4 (4H,i-Pr—CH), 0.6 (24H,i-Pr-Me),
—5.5 (2H, N=C-H). FAB mass spectrumm/z 576 M*], 544 [M*-
Cl], 454 [M*-FeCh]. Anal. (CsiH3zoN3sFeChk-H,0) calcd: C, 62.22; H,
6.91; N, 7.02. Found: C, 62.18; H, 6.73; N, 6.9Z« (Evans
Balance): 5.51 BM.
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Table 7. Crystal Data, Data Collection, and Refinement Parameters for Compexdds 12, and 14?

data 9 11 12 14
formula Q;3H43N3CI2Fe C27H31N3CI2Fe C27H31N3Br2Fe Q3H43N3C|2CO
solvent 0.5HO MeCN MeCN 0.5HO
formula weight 617.5 565.4 654.3 620.5
color, habit blue platy needles blue platy needles blue prisms orange platy prisms
crystal size/mm 0.4 0.20x 0.03 0.57x 0.13x 0.03 0.23x 0.17x 0.05 0.67x 0.47x 0.10
crystal system triclinic monoclinic monoclinic _triclinic
space group P1 (no. 2) P2i/n (no. 14) P2:/n (no. 14) P1 (no. 2)
cell dimensions

alA 8.779(1) 14.569(2) 14.536(2) 8.748(1)
b/A 9.876(1) 15.099(1) 15.273(3) 9.866(1)
c/A 20.976(1) 14.554(2) 14.676(2) 20.970(3)
o/deg 83.70(1) - — 84.14(1)
Bldeg 88.18(1) 113.14(1) 112.41(2) 88.23(1)
K/deg 65.67(1) - — 65.68(1)
VIA3 1646.9(3) 2943.9(7) 3012.2(8) 1640.5(4)
z 2 4 4
DJg cn3 1.245 1.276 1.443 1.256
F(000) 654 1184 1328 656
radiation used CtKa Cu—Ka Cu—Ka Mo—Ka
w/mm-t 5.36 5.95 7.29 0.71
0 range/deg 2:160.0 4.4-60.0 3.6-60.0 2.3-25.0
no. of unique reflections
measured 4878 4365 4467 5372
observed|Fo > 40(|Fo) 3595 2535 2738 3713
absorption correction Gaussian semiempirical empirical semiempirical
max., min. transmission 0.84,0.31 0.63,0.38 0.73,0.29 0.96, 0.77
no. of variables 362 326 326 361
R: [b] 0.061 0.069 0.059 0.051
wWR [c] 0.144 0.144 0.118 0.099
weighting factors, b [d] 0.075, 0.566 0.067, 0.000 0.043, 0.000 0.042, 0.000
largest diff. peak, hole/e® 0.35,—0.48 0.30,-0.48 0.41-0.41 0.37-0.21

2 Details in common: graphite monochromated radiatiotscans, Siemens P4/PC diffractometer, 293 K, refinement basgdi 8iR; = 5 ||F|
= IFll/2IFol. *WRe = [YW(Fo® — FAYEW(F?)TY% Wt = 0%(F?) + (aP) + bP.

5.3.10. Preparation of (2,6-Diformylpyridinebis(2,6-dimethyl-
anil))FeCl; (18). The procedure as above in (5.3.9) usthgnd FeCl
gavel7 as a green powder in 60% yieltH NMR (CD.Cl,, broad
singlets are observed in each casé)66.2 (1H, PyH,), 15.4 (2H,
Py-Hn), 13.5 (4H, ArHp), 3.6 (2H, ArHp), 1.4 (12H, ArMe), —6.8
(2H, N=C-H). FAB mass spectrunmyz 467 [M*], 432 [M*-CI]. Anal.
(Ca3H23NsFeCh) caled: C, 59.00; H, 4.95; N, 8.97. Found: C, 58.65;
H, 5.16; N, 8.68u. (Evans Balance): 5.26 BM.

5.3.11. Preparation of (2,6-Diformylpyridinebis(2,6-diethylanil))-
FeCl, (19). The procedure as above in (5.3.9) usihgnd FeC] gave
19 as a green powder in 76% yielH NMR (CD.Cl,, broad singlets
are observed in each case):63.2 (2H, PyHy), 15.4 (1H, PyH)),
14.2 (4H, ArHy), 9.6 (8H, GH,CHy), 1.5 (2H, ArH,), —1.0 (12H,
CH,CHj3), —6.0 (2H, N=C-H). FAB mass spectrummvz 523 M7],
488 [M*-Cl], 398 [M*-FeCl]. Anal. (C,7H3:N3FeCh) calcd: C, 61.85;
H, 5.96; N, 8.01. Found: C, 61.97; H, 6.13; N, 7.94« (Evans
Balance): 5.36 BM.

5.3.12. Preparation of (2,6-Diformylpyridinebis(2,4,6-trimethyl-
anil))FeCl; (20). The procedure as above in (5.3.9) uségnd FeCl
gave 20 as a green powder in 76% yieltH NMR (CD,Cl,, broad
singlets are observed in each casé)66.8 (1H, PyH,), 17.5 (4H,
Ar-Hp), 15.0 (2H, PyH,), 13.5 (6H, ArMey), 1.4 (12H, ArMe,), 0.1
(2H, N=C-H). FAB mass spectrunmyz 496 [M*], 460 [M*-Cl], 425
[M*-2ClI], 370 M*-FeCh]. Anal. (CsHo7NsFeCh-0.5H,0) calcd: C,
59.43; H, 5.59; N, 8.32. Found: C, 59.12; H, 5.45; N, 843.(Evans
Balance): 5.29 BM.

5.3.13. Preparation of (2,6-Diformylpyridinebis(2,4,6-trimethyl-
anil))CoCl; (21). The procedure as above in (5.3.9) ust{.426 g,
1.15 mmol) and CoGI(0.15 g, 1.15 mmol) gav2l as a golden powder
in 65% (0.354 g) yield*H NMR (CD.Cl,, broad singlets are observed
in each case)o 88.0 (2H, PyHm), 14.3 (1H, PyH,), 7.3 (6H, p-CHy),
0.1 (2H, N=C-H), —2.2 (4H, ArHp), —19.6 (12H, ArMe,). FAB mass
spectrumm/z 500 (M*], 464 [M*-Cl], 429 [M+-2Cl], 370 (M*-CoC}].
Anal. (GisH27/N3CoChb+0.5H,0) caled: C, 59.07; H, 5.55; N, 8.27.
Found: C, 59.25; H, 5.40; N, 8.28.« (Evans Balance): 4.66 BM.

5.4. Complexation with FeCk. Preparation of (2,6-Diformyl-
pyridinebis(2,4,6-trimethylanil))FeCl; (22). To a solution of FeGl

(0.100 g, 0.615 mmol) in MeCN (50 mL) was addg{.227 g, 0.615
mmol). After the solution is stirred at room temperature overnight, a
precipitate is formed. Filtration and washing with diethyl etherx(3
30 mL) gives22 as red solid in 61% vyield (0.201 g). FAB mass
spectrumm/z532 M*], 497 [M*-Cl], 461 [M*-2Cl]. Anal. (GsHz7N3-
FeC}) calcd: C, 56.44; H, 5.08; N, 7.90. Found: C, 56.08; H, 4.96;
N, 7.61.

5.5. Analysis of Decomposition Products from 9 with MAO 5.5.1.
With 100 Equivalents of MAO. To a solution of9 (0.015 g, 0.025
mmol) in toluene (30 mL) was added MAO (100 equiv, 1.43 mL, 2.5
mmol). The orange solution was maintained stirring af60or 1 h.

The solution was cooled to ©C, and methanol was added followed
by dilute HCI (10%). The organic layer was separated, dried over
MgSQ;, and dried in vacud®H NMR in CDCl; indicated the presence
of free 2,6-diacetylpyridinebis(2,6-diisopropylani/as the only ligand
component.

5.5.2. With 1000 Equivalents of MAO.Using the procedure above
in (a) but introducing 1000 equiv of MAO (14.3 mL, 25 mmol) yielded
1H NMR consistent withl as the only ligand component after workup.

5.5.3. Ten Minute Polymerization with 100 Equivalents of MAO.

To a solution 0P (0.015 g, 0.025 mmol) in toluene (30 mL) was added
MAO (100 equiv, 1.43 mL, 2.5 mmol). The orange solution was stirred
for 5 min at room temperature and ethylene introduced (1 bar). After
10 min at room temperature, the polymerization was terminated by
the addition of methanol and dilute HCI (10%) at°G. The solid
polethylene was filtered, the organic layer was separated from the filtrate
and dried over MgS@ and the solvent was stripped ofid NMR in
CDCl; indicated only the presence of frek as the only ligand
component.

5.6. General Polymerization Procedures. 5.6.1. High-Pressure
Tests.A 1 L stainless steel reactor was baked out under a nitrogen
flow for at leas 1 h at >85 °C and subsequently cooled to the
temperature of polymerization. Isobutane (0.5 L) and trialkylaluminum
(triisobutylaluminum or trimethylaluminum) were introduced into the
reactor and stirred at reaction temperature for at least 1 h. Ethylene
was introduced into the reactor by back pressure of nitrogen. The
catalyst solution in toluene was then injected under nitrogen. The reactor
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pressure was maintained constant throughout the polymerization runThe C-H hydrogen atoms of the methyl groups boundspoor sp?
by computer-controlled addition of ethylene. The polymerization time centers were located from\F maps, idealized, assigned isotropic
was between 12 and 60 min. Runs were terminated by venting off thermal parameterd)(H) = 1.5U¢(C), and allowed to ride on their
volatiles, and the reactor contents were isolated, washed with aqueousparent atoms. The remaining—®& hydrogen atoms were placed in
HCI and methanol, and dried in a vacuum oven a0 calculated positions, assigned isotropic thermal parametgts) =
5.6.2. Schlenk-Line 1 Bar Ethylene TestsThe precatalyst was 1.2U(C) [U(H) = 1.8U(C-Me)], and allowed to ride on their parent
dissolved in toluene (40 mL) and MAO (10 wt % in toluene) added to atoms. The G-H hydrogen atoms i® and 14 could not be located.
produce an orange solution. The Schlenk tube was placed in a waterComputations were carried out using the SHELXTL PC program
bath and purged with ethylene, and the contents were magnetically systenf’
stirred and maintained under ethylene (1 bar) for the duration of the  The crystallographic data (excluding structure factors) for the
polymerization. The polymerization was terminated by the addition of structures reported in Table 7 have been deposited with the Cambridge
aqueous hydrogen chloride. The solid PE was recovered by filtration, Crystallographic Data Center as supplementary publication number
washed with methanol (50 mL), and dried (vacuum oven atGp CCDC 134109-134112. Copies of the data can be obtained free of

5.7. Determination of Vinyl Content by IR Spectroscopy.Vinyl charge on application to The Director, CCDC, 12 Union Road,
contents of polymers obtained by polymerization of ethylene using Cambridge, CB12 1EZ, UK (Fax, Int. code(1223)336-033; e-mail,
complexes9, 15, 16, and17 are listed in Table 2. teched@chemcrys.cam.ac.uk).

For each sample, the PE powder20 mg) was pressed to give a
thin film (thickness~100xm) suitable for IR examination. The vinyl Acknowledgment. BP Amoco Chemicals Ltd. is thanked
content was calculated from the intensity of the peak at 910,daking for financial support. Drs. J. Boyle and G. Audley are thanked

as background the average of the absorbance on either side of the peak,
The extinction coefficient used for this peak was #20. l?or NMR, IR, and GPC measurements, and Professor D. M. L.

5.8. X-ray Crystal Structure Determinations of 9, 11, 12, and Goodgame is thanked for his helpful discussions.
14.Table 7 provides a summary of the crystal data and data collection jag90449wW
and refinement parameters for compour@jsll, 12, and 14. The

structures were solved by direct methods, and the non-hydrogen atoms  (67) SHELXTL PC version 5.03, Siemens Analytical X-ray Instruments,
were refined anisotropically by full matrix least-squares base&%n Inc., Madison, WI: 1984,




