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Abstract: A zirconium complex having two phenoxymine chelate ligands, bilsk(3-tert-butylsalicylidene)-
anilinato]zirconium(IV)dichloride 1), was found to display a very high ethylene polymerization activity of
550 kg of polymer/mmol of cah with a viscosity average molecular weigh,j value of 0.9x 10* at 25°C

at atmospheric pressure using methylalumoxane (MAO) as a cocatalyst. This activity is 1 order of magnitude
larger than that exhibited by GprCl, under the same polymerization conditions. The use @CBKCsFs)4/

i-BusAl in place of MAO as a cocatalyst resulted in extremely high molecular weight polyethy\&ng05

x 10% with an activity of 11 kg of polymer/mmol of cdt at 50°C. ThisM, value is one of the highest values
displayed by homogeneous olefin polymerization catalysts. Comhlaising PRCB(CsFs)4/i-BusAl as a
cocatalyst, provided a high molecular weight ethylepeopylene copolymenM, 109 x 104 with 8 kg of
polymer/mmol of cah activity at a propylene content of 20.7 mol %. X-ray analysis revealed that complex

1 adopts a distorted octahedral coordination structure around the zirconium metal and that two oxygen atoms
are situated in trans position while two nitrogen atoms and two chlorine atoms are situated in cis position.
DFT calculations suggest that the active species derived from cortglessesses two available bixated

sites for efficient ethylene polymerization. Changing timg-butyl group in the phenoxy benzene ring enhanced

the polymerization activity. Bi$J-(3-cumyl-5-methylsalicylidene)cyclohexylaminato]zirconium(lV)dichloride

(7) with MAO displayed an ethylene polymerization activity of 4315 kg of polymer/mmol ofhcat 25°C

at atmospheric pressure. This activity corresponds to a catalyst turnover frequency (TOF) value of 42 900/s
atm. This TOF value is one of the largest not only for olefin polymerization but also for any known catalytic
reaction. Ligands with additional steric congestion near the polymerization reaction center gave indkeased
values. The maximuriM, value, 220x 10* using MAO, was obtained with bisF(3,5-dicumylsalicylidene)-
2'-isopropylanilinato]zirconium(lV)dichloride1E). Thus, polyethylenes ranging from low to exceptionally
high molecular weights can be obtained from these zirconium complexes by changing the ligand structure and
the choice of cocatalyst.

Introduction complexes with diimine ligands,iron or cobalt complexes with
diimine—pyridine ligands'® nickel complexes with phenoxy
imine ligands!'® titanium complexes with diamide ligand!8
titanium complexes with two phosphineimide ligarflsand
tantalum complexes with two amiedgyridine ligands! Many

Research and development of high-performance olefin po-
lymerization catalysts has contributed significantly to the
advancement of organometallic chemistry and polymer chem-
istry and has made a dramatic impact on the polyolefin industry.

More thgn 40 milliqn tons of ponoIefin§ are produped eVery " (2)(a) Jordan, R. FAdy. Organomet. Chenl991 32, 325. (b) Marks,
year using catalytic olefin polymerization. Historically, the T.J.Acc. Chem. Re€992 25, 57—65. (c) Yang, X.; Stern, C. L.; Marks,

discovery of highly active catalysts results in the commercializa- ;i-si-h trASW; hcﬂf&féf&ds%mlelfe rloBO‘15\/;/23%301&}(151)&f,i\;j\trfiglgvsrvc':e an
tion of new polyolefins. A recent gxample is the dl.scovery of |t Ed. Engl.1995 34 1143-1170. (¢) Spaleck, W.: Kaber, Winter, A...
group 4 metallocene catalysts, which display very high ethylene rRohrmann, J.; Bachmann, B.; Antberg, M.; Dolle, V.; Paulus, E. F.
polymerization activity:~3 These high-performance olefin po-  Organometallicsl995 13, 954-963. (f) Harlan, C. J.; Bott, S. G.; Barron,

it ; ; ; _A. R. J. Am. Chem. Socl995 117, 6465-6474. (g) Leclerc, M.;
lymerization catalysts have made possible the industrial produc Brintzinger, H. H.J. Am. Chem. 504995 117, 1651-1652. (h) WU, Z.-

tion of linear low-density polyethylene, isotactic and syndiotactic jorgan, R. F.; Petersen, J..L.Am. Chem. Sod995 117, 5867-5868. (i)
polypropylene, syndiotactic polystyrene, etc. Bochmann, MJ., Chem. Soc., Dalton Tran$996 225-270. (j) Leclerc,

More recently, other classes of metal complexes have beenM: K.; Brintzinger, H. H.J. Am. Chem. Sod.996 118 9024-9032. (k)
. tigated y f P ti f olefi Grubbs, R. H.; Coates, G. Wcc. Chem. Re4996 29, 85-93. (1) Guerra,
Investigated as precursors for a new generation or olefin G.; Longo, P.; Cavallo, L.; Corradini, P.; Resconi,L.Am. Chem. Soc.

polymerization catalysts:22 Specifically, olefin polymerization 1997 119, 4394-4403. (m) van der Heijden, H.; Hessen, B.; Orpen, A. G.

catalysts have been developed from nickel or palladium J. Am. Chem. S0d998 120 1112-1113. _
(3) () Shapiro, P. J.; Cotter, W. D.; Schaefer, W. P.; Labinger, J. A,;

(1) (&) Sinn, H.; Kaminsky, WAdv. Organomet. Cheml98Q 18, 99. Bercaw, J. EJ. Am. Chem. S04994 116, 4623-4640. (b) Stevens, J. C.;
(b) Kaminsky, W.; Kiper, K.; Brintzinger, H. H.; Wild, F. R. W. PAngew. Timmers, F. J.; Wilson, D. R.; Schmidt G. F.; Nickias, P. N., Rosen, R.
Chem.1985 97, 507-508. (c) Kaminsky, W.; Arndt, MAdv. Polym. Sci. K.; Knight, G. W.; Lai, S. European Patent Application EP-416815-A2,
1997 127, 144-187. 1991.
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Table 1. Ethylene Polymerization with or CpZrCl, Using MAO as a Cocatalyst

complex MAO yield M, vinyl end groups
entry (umol) (mmol) AlizZr (9) acitivety x 1074 Mw/Mp /1000 carbons

1 1(0.2) 1.25 6250 3.29 197 0.8 2.21 2.38

2 1(0.02) 1.25 62500 0.92 550 0.9 2.06 2.38
3 1(0.02) 2.50 125000 0.89 536 0.7 2.01 2.36
4 1(0.02) 6.25 312500 0.82 494 0.7 2.05 241
5 1(0.01) 1.25 125000 0.42 508 0.6 2.05 2.36
6 CpZrCl, (0.5) 1.25 2500 1.13 27 104 2.61 0.03
7 CpZrCl, (0.2) 1.25 6250 0.46 28 100 231 0.03

aConditions: 0.1 MPa ethylene pressure,’25 solvent, toluene 250 mL; polymerization time, 5 nfiActivity, kg of polymer/mmol of cat.
¢ Stirring difficulty was encountered because of excessive polymer production.

of them display activities comparable to those of the metallocene
catalyst&>16.20and, in some cases, behave as living polymeri-
zation catalysts ofu-olefins14¢17b.19 Others are capable of
producing functionalized polyolefins via coordination polym-
erization of ethylene with functionalized olefinic monom&t&sté

Recently, we prepared transition metal complexes that feature
unsymmetrical chelating ligands in order to develop highly
active new olefin polymerization catalysts. Specifically, we
focused on the incorporation of bidentate ligands that afford
metal complexes with a pair of elscated sites, a prerequisite
for efficient olefin polymerization. Our efforts have led to a
family of group 4 transition metal complexes possessing two
phenoxy-imine chelate ligands, named “FI Catalysts”, which
display high catalytic performance for olefin polymerization
including living olefin polymerizatio? We describe herein the
catalytic performance of zirconium FlI Catalysts for olefin
polymerization.

Results and Discussion

Synthesis of Zirconium Complexes Having Two Phenoxy
Imine Ligands. In this study, we utilized zirconium complexes
possessing two phenoxymine chelate ligands. A general
synthetic route for these complexes is shown in Scheme 1 and
consists of three steps; the preparation of an ortho-formylated
phenol?® its condensation with an appropriate primary amine
to provide a phenoxyimine ligand, and complexation of Zrgl
with the ligand in a molar ratio of 1:2. Treatment of a phenol
derivatives with paraformaldehyde in the presence of a base
produced an ortho-formylated phenol in about-80% yield.
This formylated phenol readily reacted with a primary amine

(4) For recent reviews, see: (a) Biritovsek, G. J. P.; Gibson, V. C.; Wass,
D. F.Angew. Chem., Int. Ed1999 38, 428-447. (b) Ittel, S. D.; Johnson,
L. K.; Brookhart, M.Chem. Re. 200Q 100, 1169-1203.

(5) (a) Miyatake, T.; Mizunuma, K.; Seki, Y.; Kakugo, Nilakromol.
Chem., Rapid CommutB89 10, 349-352. (b) Miyatake, T.; Mizunuma,
K.; Kakugo, M.Makromol. Chem., Macromol Symp993 66, 203-214.

(c) Aaltonen, P.; Seppala, J.; Matilainen, L.; Leské&fa Macromolecules
1994 27, 3136-3138. (d) van der Linden, A.; Schaverien, C. J.; Meijboom,
N.; Ganter, C.; Orpen, G. Al. Am. Chem. Sod.995 117, 3008-3021.
(e) Mitani, M.; Oouchi, K.; Hayakawa, M.; Yamada. T.; Mukaiyama, T.
Polym. Bull.1995 34, 199-202. (f) Fokken, S.; Spaniol, T. P.; Kang, H.
C.; Massa, W.; OkudaDrganometallics1996 15, 5069-5072. (g) Porri,
L.; Ripa, A.; Colombo, P.; Miano, E.; Capelli, S.; Melle, S.)/.Organomet.
Chem.1996 514, 213-217. (h) Fokken, S.; Spaniol, T. P.; Okuda, J.;
Sernetz, F. G.; Mihaupt, R.Organometallics1997, 16, 4240-4242. (i)
Sernetz, F. G.; Milhaupt, R.; Fokken, S.; Okuda, Nlacromoleculed997,

30, 1562-1569.

(6) (a) Tjaden, E. B.; Swenson, D. C.; Jordan, RCfganometallics
1995 14, 371-386. (b) Tjaden, E. B.; Jordan, R.Macromol. Sympl995
89, 231-235. (c) Bei, X.; Swenson, D. C.; Jordan, R.®rganometallics
1997, 16, 3282-3302. (d) Tsukahara, T.; Swenson, D. C.; Jordan, R. F.
Organometallicsl997, 16, 3303-3313. (e) Kim, I.; Nishihara, Y.; Jordan,
R. F.; Rogers, R. D.; Rheingold, A. L.; Yap, G. P. Arganometallics
1997 16, 3314-3323. (f) Repo, T.; Klinga, M.; Pietikaen, P.; Leskeéla
M.; Uusitalo, A. M.; Hakala, K.; Aaltonen, P.;lfgren, B.Macromolecules
1997 30, 171-175. (g) Jones, D.; Roberts, A.; Cavell, K.; Keim, W.;
Englert, U.; Skelton, B. W.; White, A. HJ. Chem. Soc., Dalton Trans.
1998 255-262.
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to afford a phenoxyimine ligand in approximately 86100%
yield. Complex formation was achieved by treatment of 2 equiv
of the lithium salt of the phenoxyimine ligand with ZrCl.
This route utilizes materials that are easily prepared, are
relatively stable, and display high reactivity. The overall yield
for the three steps is very good.

(7) (@) Mazzanti, M.; Rosset, J. M.; Floriani, C.; Chiesi-Villa, A.;
Guastini, C.J. Chem. Soc., Dalton Tran989 953-957. (b) Solari, E.;
Floriani, C.; Chiesi-Villa, A.; Rizzoli, CJ. Chem. Soc., Dalton Tran992
367—-373. (c) Corazza, F.; Solari, E.; Floriani, C.; Chiesi-Villa, A.; Guastini,
C. J. Chem. Soc., Dalton Tran4990 1335-1344. (d) Matilainen, L.;
Hlinga, M.; Leskela, M.J. Chem. Soc., Dalton Tran$996 219-225. (e)
Mack, H.; Eisen, M. SJ. Chem. Soc., Dalton Tran$998 917-921. (f)
Deelman, B. J.; Hitchcock, P. B.; Lappert, M. F.; Leung, W. P.; Lee, H.
K.; Mak, T. C. W. Organometallics1999 18, 1444-1452. (g) Qian, B.;
Scanlon, W. J., IV; Smith, M. R., lllOrganometallics1999 18, 1693~
1698. (h) Jones, D.; Cavell, K.; Keim, W. Mol. Catal. A1999 138 37—

52.

(8) (a) Cozzi, P. G.; Gallo, E.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C.
Organometallics1995 14, 4994-4996. (b) Cozzi, P. G.; Floriani, C.; Chiesi-
Villa, A.; Rizzoli, C. Inorg. Chem1995 34, 2921-2930. (c) Cozzi, P. G.;
Floriani, C. J.J. Chem. Soc., Perkin Trans.1D95 2557-2563.

(9) (a) Uhrhammer, R.; Black, D. G.; Gardner, T. G.; Olsen, J. D.; Jordan,
R. F.J. Am. Chem. S0d.993 115 8493-8494. (b) Brand, H.; Capriotti,
J. A,; Arnold, J.Organometallics1994 13, 4469-4473. (c) Martin, A.;
Uhrhammer, R.; Gardner, T. G.; Jordan, R@fganometallics1998 17,
382—-297.

(10) (a) Floriani, C.; Ciurli, S.; Chiesi-Villa, A.; Guastini, G\ngew.
Chem., Int. Ed. Engll987, 26, 70—72. (b) Shibata, K.; Aida. T.; Inoue, S.
Chem. Lett1992 1173-1176. (c) Brand, H.; Arnold, J. Am. Chem. Soc.
1992 114, 2266-2267. (d) Brand, H.; Arnold, JOrganometallics1993
12, 3655-3665. (e) Giannini, L.; Solari, E.; De Angelis. S.; Ward, T. R.;
Floriani, C.; Chiesi-Villa, A.; Rizzoli, CJ. Am. Chem. Sod995 117,
5801-5811.

(11) (a) Hagadorn, J. R.; Arnold, @rganometallics1994 13, 4670~
4672. (b) Flores, J. C.; Chien, J. C. W.; Rausch, M.ganometallics
1995 14, 1827-1833. (c) Herskovics-Korine, D.; Eisen, M. $. Orga-
nomet. Chem1995 503 307-314. (d) Walther, D.; Fischer, R.; @s,

H.; Koch, J.; Schwender, Bl. Organomet. Chenl996 508 13—22. (e)
Walther, D.; Fischer, R.; Friedrich, F.; Gebhardt, P.ri§&dH. Chem. Ber.
1996 129 1389. (f) Richter, J.; Edelmann, F. T.; Noltemeyer, M.; Schmidt,
H. G.; Shmulinson, M.; Eisen, M. S. Mol. Catal.1998 130, 149-162.

(9) Averbuj, C.; Tish, E.; Eisen, M. S. Am. Chem. So4998 120, 8640—
8646. (h) Littke, A.; Slema, N.; Bensimon, C.; Richeson, D. S.; Yap, G. P.
A.; Brown, S. J.Organometallics1998 17, 446-451.

(12) (a) Flores, J. C.; Chien, J. C. W.; Rausch, M.@dganometallics
1995 14, 2106-2108. (b) Oberthur, M.; Arndt, P.; Kempe, Rhem. Ber.
1996 129 1087-1091. (c) Fuhrmann, H.; Brenner, S.; Arndt, P.; Kempe,
R. Inorg. Chem.1996 35, 6742-6745.



Zr Complexes with Phenoxymine Chelate Ligands

Olefin Polymerization Using Complex 1. A zirconium
complex having two 3ert-butylsalicylideneaniline ligands, bis-
[N-(3-tert-butylsalicylidene)anilinato]zirconium(lV)dichlorid&),
was investigated as an ethylene polymerization catalyst using
methylalumoxane (MAO) as a cocatalyst at 26 under

ethylene at atmospheric pressure. The results are summarized

in Table 1.

Complex1 displayed an activity of 197 kg of polymer/mmol
of cath (entry 1), which is much higher than the activity
displayed by CgZrCl, (entry 7) at the same catalyst concentra-
tion. Difficulty with stirring was encountered for entry 1 because
of the large amount of polyethylene produced. Accordingly,
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Figure 1. Relationship between the polymerization time and the
polymer yield obtained with complelMAO. Conditions: 25°C, 0.1
MPa ethylene pressure; solvent, toluene 400 mL; compl&08umol;

screens were run with reduced catalyst concentrations in orderMAO (A1), 1.25 mmol.

to obtain a more accurate activity for compl&xAs a result,
complex1 was found to display a very high activity of 550 kg
of polymer/mmol of cah with a viscosity average molecular
weight (M,) value of 0.9x 10%. The activity obtained at reduced
catalyst concentration (550 kg of polymer/mmol of-baentry

2) was~20 times larger than that exhibited by £pCl, at 25
°C. The molecular weight distributio,/M;) of the polymer
obtained from compleg was 2.06, suggesting that the polymer
is produced by a single active speci@slransition melting
temperature T,,) of the polymer was 128C. Analysis using
13C NMR spectroscopy indicates that the polymer is a linear

(13) (a) Rogers, J. S.; Bazan, G. C.; Sperry, C. KI.LAm. Chem. Soc.
1997 119 9305-9306. (b) Bazan, G. C.; Rodriguez, G.; Ashe, A. J., IlI;
Al-Ahmad, S.; Kampf, J. WOrganometallics1997, 16, 2492-2494.

(14) (a) Johnson, L. K.; Killian, C. M.; Brookhart, M. 3. Am. Chem.
Soc.1995 117, 6414-6415. (b) Johnson, L. K.; Mecking, S.; Brookhart,
M. S.J. Am. Chem. S0d.996 118 267-268. (c) Killian, C. M.; Tempel,
D. J.; Johnson, L. K.; Brookhart, M. Am. Chem. Sod.996 118 11664.
(d) Mecking, S.; Johnson, L. K.; Wang, L.; Brookhart, M.J3SAm. Chem.
Soc.1998 120, 888-889.

(15) (a) Small, B. L.; Brookhart, M. S.; Bennett, A. &. Am. Chem.
Soc. 1998 120, 4049-4050. (b) Britovsek, G. J. P.; Gibson, V. C;
Kimberley, B. S.; Maddox, J.; McTavish, S. J.; Solan, G. A.; White, A. P.;
Williams, D. J.Chem. Commurl998 849-850.

(16) (a) Wang, C.; Friedrich, A.; Younkin, T. R.; Li, R. T.; Grubbs, R.
H.; Bansleben, A.; Day, M. WOrganometallics1998 17, 3149-3151.
(b) Younkin, T. R.; Connor, E. F.; Henderson, J. |; Friedrich, S. K.; Grubbs,
R. H.; Bansleben, D. AScience200Q 287, 460-462.

(17) (a) Scollard, J. D.; McConville, D. H.; Payne, N. C.; Vittal, J. J.
Macromoleculesl996 29, 5241-5243. (b) Scollarad, J. D.; McConville,
D. H. J. Am. Chem. Soc1996 118 10008-10009. (c) Guen, F.;
McConville, D. H.; Vittal, J. JOrganometallics1996 15, 5085-5089. (d)
Gugain, F.; McConville, D. H.; Vittal, J. JOrganometallics1996 15, 5586
5590. (e) Scollard, J. D.; McConville, D. H.; Vittal, J. Organometallics
1997 16, 1810-1812. (f) Scollard, J. D.; McConville, D. H.; Vittal, J. J.
Organometallics1997, 16, 4415-4420.

(18) (a) Warren, T. W.; Schrock, R. R.; Davis, W. Kirganometallics
1996 15, 562-569. (b) Baumann, R.; Davis, W. M.; Schrock, R. R.
Am. Chem. S0d.997, 119, 3830-3831. (c) Schrock, R. R.; Schattenmann,
F.; Aizenberg, M.; Davis, W. MChem. Commurl998 199. (d) Warren,
T. W.; Schrock, R. R.; Davis, W. MOrganometallics1998 17, 308—-321.
(e) Schattenmann, F. J.; Schrock, R. R.; Davis, W.Qdganometallics
1998 17, 446-451. (f) Liang, L. C.; Schrock, R. R.; Davis, W. M.
Organometallics200Q 19, 2526-2531.

(19) (a) Shah, S. A. A.; Dorn, H.; Voigt, A.; Roesky, H. W.; Parisini,
E.; Schmidt, H. G.; Noltemeyer, MOrganometallics1996 15, 3176-3181.
(b) Horton, A. D.; de With, J.; van der Linden, A. J.; van de Weg, H.
Organometallicsl996 15, 2672-2674. (c) Tinker, S.; Deeth, R. J.; Duncalf,
D. J.; McCamley, A.Chem. Communl996 2623. (d) Cloke, F. G. N,;
Geldbach, T. J.; Hitchcock, P. B.; Love, J. B.Organomet. Cheni996
506, 343-345. (e) Male, N. A. H.; Thornton-Pett, M.; Bochmann, M.
Chem. Soc., Dalton Trand997, 2487-2494. (f) Tsuie, B.; Swenson, D.
C.; Jordan, R. FOrganometallics1997, 16, 1392-1400. (g) Jger, F.;
Roesky, H. W.; Dorn, H.; Shah, S.; Noltemeyer; Schmidt, H.GBem.
Ber. 1997, 130, 399-403. (h) Gibson, V. C.; Kimberley, B. S.; White, A.
J. P.; Williams, D. J.; Howard, R-Chem. Commun1998 313-314. (i)
Leon, Y. M.; Park, S. J.; Heo, J.; Kim, KOrganometallics1998 17, 3161
3163.

(20) Stephan, D. W.; Guerin, F.; Spence, R. E. V. H.; Koch, L.; Gao,
X.; Brown, S. J.; Swabey, J. W.; Wang, Q.; Xu, W.; Zoricak, P.; Harrison,
D. G. Organometallics1999 18, 2046-2048.

(21) Hakala, K.; L'dégren, B.; Polamo, M.; Leské]dl. Macromol. Rapid
Commun.1997, 18, 635-638.

polyethylene having virtually no branching (see Supporting
Information). Infrared spectroscopy reveals a vinyl end group
concentration 0f+2.4/1000 carbon atoms, which suggests that
B-hydrogen transfer is the main termination pathway. Increasing
Al/Zr ratio from 6250/1 to 312 500/1 gave rise to no significant
changes in the catalytic performance, except the activity in entry
1 (see Table 1, caption b). This observation confirms that chain
transfer to aluminum does not play a dominant role in chain
termination.

To investigate the catalytic lifetime of compléx ethylene
polymerizations were conducted for 5, 15, and 30 min. The
relationship between the polymerization time and the polymer
yield indicates that th&/MAO catalyst has a catalytic lifetime
of at least 30 min, as shown in Figure 1.

The effects of the polymerization temperature on the catalytic
activity of /MAO were studied. The results were compared
with those for CpZrCl, (Figure 2). In the case of GgrCl,,
the activity was 7 kg of polymer/mmol of catat 0°C and
gradually increased t6-100 kg of polymer/mmol of calh at
75 °C. In comparisonl/MAO provided 295 kg of polymer/
mmol of cath activity at 0°C. Moreover, its activity increased
to a maximum of 587 kg of polymer/mmol of ehtat 40°C.
Above 40°C, the activity decreased. However, over a temper-
ature range of 0 to 73C, the activity remained above 100 kg
of polymer/mmol of cath.

In addition to MAO, the catalytic performance of complex
with PhsCB(CsFs)4/i-BusAl as the cocatalyst was investi-
gated?+25This catalyst system gave unexpectedly high molec-
ular weight polyethylene. At 28C, complex1 with PrCB-
(CeFs)4 i-BusAl resulted in anM, value of 383x 10* with 4
kg of polymer/mmol of cah. Furthermore, at 58C, this catalyst
system produced exceptionally higher molecular weight poly-
ethylene ¢, 505 x 10% with 11 kg of polymer/mmol of cah.

In contrast, CpZrCl, with PhsCB(CsFs)4/i-BusAl produced

(22) (a) Fujita, T.; Tohi, Y.; Mitani, M.; Matsui, S.; Saito, J.; Nitabaru,
M.; Sugi, K.; Makio, H.; Tsutsui, T. Europe Patent, EP-0874005, 1998. (b)
Matsui, S.; Tohi, Y.; Mitani, M.; Saito, J.; Makio, H.; Tanaka, H.; Nitabaru,
M.; Nakano, T.; Fujita, TChem. Lett1999 1065-1066. (c) Matsui, S.;
Mitani, M.; Saito, J.; Tohi, Y.; Makio, H.; Tanaka, H.; Fujita, Them.
Lett. 1999 1163-1164. (d) Matsui, S.; Mitani, M.; Saito, J.; Matsukawa,
N.; Tanaka, H.; Nakano, T.; Fujita, Them. Lett200Q 554-555. (e) Saito,
J.; Mitani, M.; Matsui, S.; Kashiwa, N.; Fujita, TMacromol. Rapid
Commun.200Q 21, 1333-1336. (f) Saito, J.; Mitani, M.; Matsui, S.;
Kashiwa, N.; Fujita, TMacromol. Rapid Commur200Q 21, 1333-1336.
(g) Matsui, S.; Fujita, TCatal. Today2001, 66, 61—-71. (h) Matsukawa,
N.; Matsui, S.; Mitani, M.; Saito, J.; Tsuru, K.; Kashiwa, N.; Fujita,Jr.
Mol. Catal. A2001, 169 99-104. (i) Yoshida, Y.; Matsui, S.; Takagi, Y.;
Mitani, M.; Nitabaru, M.; Nakano, T.; Tanaka, H.; Fujita, Them. Lett.
200Q 1270-1271. (j) Saito, J.; Mitani, M.; Mohri, J.; Yoshida, Y.; Matsui,
S.; Ishii, S.; Kojoh, S.; Kashiwa, N.; Fujita, Angew. Chem. Int. Edin
press. (k) Saito, J.; Mitani, M.; Mohri, J.; Ishii, S.; Yoshida, Y.; Matsugi,
T.; Kojoh, S.; Nashiwa, N.; Fujita, TChem. Lett2001, 576-577.

(23) Wang, R. X.; You, X. Z.; Merg, Q. J.; Minz, E. A.; Bu, X. Bynth.
Commun.1994 24, 17571760.

(24) Chen, E. Y.; Marks, T. Xhem. Re. 2000 100, 1391-1434.
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Table 2. Ethylene Polymerization with or CpZrCl, Using PRCB(CsFs)4/ i-BusAl as a Cocatalyst
complex cocatalyst4mol) temp yield M,
entry (umol) PhCB(CsFs)4 i-BusAl (°C) (9) activity? x 1074
1 1(2.5) 5.0 100 25 0.84 4 383
2 1(2.5) 5.0 100 50 231 11 505
3 CpZrCl, (0.5) 1.0 250 25 0.77 18 59
4 CpZrCl, (0.5) 1.0 250 50 0.87 21 36

@ Conditions: 0.1 MPa ethylene pressure; solvent, toluene 250 mL

=1

& 700

—é 600 Complex 1

£ 500

E 400

é{, 300 ¢

? 200

§ 100. T ‘ l

09 20 40 60 80
Polymerization Temp. / °C
Entry Complex Temp.  Yield Activity My MwMn
c) (8)  (gpolymermmoleatty  x 107

1 1 0 0.49 295 0.9 2.06
2 1 25 0.92 550 0.9 2.06
3 1 40 0.98 587 0.8 2.32
4 1 50 0.83 496 1.0 273
5 1 75 0.17 100 0.7 2.38
6 CpZiCh, 0 011 7 122 326
7 CpZiCl, 25 046 28 100 231
8 Cp,ZrCl, 50 1.14 68 55 3.09
9 CpzxiCh, 75 172 103 18 2.16

Conditions: 0.1 MPa ethylene pressure, complex amount: 1; 0.02 pmol, Cp,ZrCl,; 0.2 pmol,

cocat. MAO (Al) 1.25 mmol, solvent; toluene 250 mL, polymerization time; 5 min.

Figure 2. Relationship between the polymerization temperature and
the activity. Conditions: 0.1 MPa ethylene pressure; complex amount,
1 0.02umol, CpZnCl, 0.2 umol, cocatalyst MAO (A1) 1.25 mmol;
solvent, toluene 250 mL; polymerization time, 5 min.

polyethylene having aiv, value of 59x 10* and 36x 10*

with activity values of 18 and 21 kg of polymer/mmol of dat

at 25 and 50C, respectively. As far as we know, the molecular
weight value, 505« 10%, displayed by comples with PhCB-
(CeFs)4/i-BusAl is one of the largest values displayed by
homogeneous olefin polymerization catalyxt3® From these
polymerization experiments, it is readily apparent that the choice

of cocatalyst can have a dramatic effect on catalyst performance

(see Table 234
Considering the observed difference in catalytic performance
as a result of using MAO and BBB(CsFs)4i-BusAl as

cocatalysts, the localized structures of the active species may

be modified depending on the aluminum species employed.
Treatment of compleg with 30 equiv ofi-BusAl in toluene at

25 °C, followed by treatment with water, exclusively afforded
N-phenyl-2-hydroxy-3ert-butylbenzylamine [phenoxyamine]

as an organic material (see Scheme 2). Alternatively, the

(25) (a) Deck, P. A.; Beswick, C. L.; Marks, T. J. Am. Chem. Soc.
1998 1201772-1784. (b) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. J.
Organometallics1997 16, 842—857. (c) Xie, Z.; Manning, J.; Reed, R.
W.; Mathur, R.; Boyd, P. D. W.; Bensi, A.; Reed, C. A.Am. Chem. Soc.
1996 118 2922-2928. (d) Jia, L.; Yang, X.; Ishihara, A.; Marks, T. J.
Organometallicsl995 14, 5-7. (e) Jia, L.; Yang, X.; Stern, C. L.; Marks,
T. J.Organometallicsl994 13, 3755-3757. (f) Stauss, S. HChem. Re.
1993 93, 927-942. (g) Chien, J. C. W.; Tsai, W. M.; Rausch, M. D.
Am. Chem. S0d.991, 113 8570-8571. (h) Yang, X.; Stern, C. L.; Marks,
T. J. Organometallics1991, 10, 840-842. (i) Ewen, J. A.; Elder, M. J.
Eur. Pat. Appl 426637, 1991Chem. Abstr1991 115 136987c, 136988d.
(j) Hlatky, G. G.; Upton, D. J.; Turner, H. W. U.S. Pat. Apgl59921,
1990; Chem. Abstr1991 115 256897v.

(26) Suzuki, N.; Masubuchi, Y.; Yamaguchi, Y.; Kase, T.; Miyamoto,
K.; Horiuchi, A.; Mise, T.Macromolecule00Q 33, 754—759.

; polymerization time, 5Auativity, kg of polymer/mmol of cath.

Scheme 2
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treatment of comples with MAO followed by treatment with
water quantitatively gave grt-butylsalicylideneaniline [phe-
noxy—imine]. These facts suggest that, by using@®B(CsFs)4/
i-BusAl as a cocatalyst, the active species derived from complex
1 may have a phenoxyamine ligand, which was produced from
the reduction of a phenoxyimine ligand by i-BusAl or
aluminum hydride compounds, contaminant-iBusAl, which
work as a reducing reagefit.

Complex 1 using MAO or PRCB(CsFs)4/i-BusAl as a
cocatalyst was also found to exhibit high catalytic performance
for ethylene-propylene copolymerizatioff. When MAO was
used as a cocatalyst, compléxproduced a low molecular
weight copolymerM, 0.5 x 10%, with 22 kg of polymer/mmol
of cath activity at 10.1 mol % propylene content. In contrast,
using PRCB(CsFs)4/i-BusAl as a cocatalyst, compleixproduced
a high molecular weight copolymei), 109 x 10%, with 8 kg
of polymer/mmol of cah activity at 20.7 mol % propylene
content (see Table 3).

Study of Molecular Stereochemistry for Complex 1.The
stereochemical structure of compléwas predicted using DFT
calculations. Because zirconium complexould exhibit five
possible isomeric structuresigl, -1l, -1ll, transl, -1l), DFT
calculations were performed to determine the most plausible
one. The relative formation energies of these five isomers are
listed in Scheme 3.

Of these, the structureisd was found to be the most
preferred. As shown in Figure 3a, the short=Z» bonds are
trans to each other in the structuces-.5¢ This arrangement
reduces steric congestion of the ligands and maximizes the
opportunity for O to Zrz-bonding through the utilization of
different Zr d-orbitals.

The calculations suggested that the two oxygen atoms occupy
trans positions (©Zr—0O* angle, 168.8), whereas the two
nitrogen atoms and the two chlorine atoms were situated in cis
positions (N-Zr—N* angle, 77.0; Cl-Zr—CI* angle, 103.2).

(27) (a) Giacomelli, G.; Caporusso, A. M.; Lardicci, Tetrahedron Lett.
1981, 22, 3663-3666. (b) Caporusso, A. M.; Giacomelli, G.; Lardicci, L.
J. Org. Chem.1982 47, 4640. (c) Overman L. E. McCready R. J.
Tetrahedron Lett1982 23, 2355-2358.

(28) For propylene polymerization at 2& at atmospheric pressure,
complexl/MAO produced an oligomer with an activity of 324 g/mmol of
cath, whereas comple¥’PhsCB(CsFs)4/i-BusAl provided isotactic polypro-
pylene My 20.6 x 10% Tr, 101.6°C; mm= 73.4%) with an activity of 68
g/mmol of cath.
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Table 3. Ethylene-Propylene Copolymerization Usirgor CpZrCl2

yield propylene M,
entry complex cocatalyst (9) activity® content (%) € x 10 Muw/Mn
1 1 MAO 4.66 22 10.1 0.5 2.45
2 CpZrCl, MAO 4.54 22 25.6 0.8 3.34
3 1 PhCB(CsFs)4/ i-BusAl 1.63 8 20.7 109 1.83
4 CpZrCl, PhCB(CsFs)4/ i-BusAl 1.48 7 115 13 1.86

aConditions: 50°C, 0.1 MPa; solvent, toluene 250 mL; polymerization time, 5 min; complexél; cocatalyst MAO 1.25 mmol, BEB(CsFs)4
5 umol/i-BuszAl 0.275 mmol.® Activity, kg of polymer/mmol of cat. ¢ Determined by GPC.

Calculated bond distance (A)
stage A stage B
ZeND 2232 2337

(b) X-ray Analysis

Figure 3. Structure of complex. X-ray analysis: Thermal ellipsoids
are shown at 50% probability level. Hydrogen atoms and a diethyl ether
molecule of crystal are omitted for clarity.

Stage B
Scheme 3 Figure 4. Calculated structure of ethylene coordinated active species
derived from complex.
KN o
/ﬂrlz?/CI &"Z?/CI _of the X-ray_ structural analysis_, suggesting that DFT c_alculf_ition
,;4 Cl 0\”'1‘ Ci is an effective tool for analyzing the structure of a zirconium

complex bearing two phenoxymine ligands.
Thus, an active species derived from comgldrr ethylene
polymerization was studied on the basis of DFT calculations to

cis-1l cis-111
(0.0kV/mol) | +253kImol  +19.5 kJ/mol

o—?l— o occf'__/_N determine why complek displayed exceptionally high ethylene

g //\Zn;/ ") g//.zko/ ) polymerization activity. As indicated by the X-ray analysis as
ol Cl well as the DFT calculations, the two chlorine atoms of complex
trans-1 trans-11 1 are in a cis configuration. DFT calculations suggest that a

+333kJ/mol  +37.3 kl/mol methyl cationic complex derived from complek has two
c . . . . available cislocated sites needed for efficient olefin polymer-
alculation relative formation energies of complex 1 . . . . . oo

isomers: based on isomeric structure cis-I ization (Figure 4). In addition, the calculations indicate that the

Zr—N bond distances trans to the alkyl chain lengthen consider-

The phenyl unit plane attached to thé position swung out ably during the polymerization process (stage A, 2.232 A; stage
the phenoxy benzene unit, forming a dihedral angle of 60.7 B, 2.337 A), whereas the corresponding-Z¥ distances remain

The molecular structure of compléxwas established using  practically unchanged (stage A, 2.032 and 2.025 A; stage B,
single-crystal X-ray diffraction. As shown in Figure 3b, complex 2.011 and 2.023 A). Changes in the-2 bond distance may
1 adopted a distorted octahedral structure around the zirconiumresult from electronic requirements as well as steric requirements
center. Selected bond distances, bond angles, and torsion angleand may play a role for displaying high activity.
for complex 1 are listed in Table 5. The two oxygen atoms Catalytic Performance of the Derivatives of Complex 1.
were situated in trans position {&Zr—Q" angle, 165.5(F). Complex1 was demonstrated to have high potential for olefin
Alternatively, the two nitrogen atoms were located cis to one polymerization. In addition, the steric and electronic environ-
another (N-Zr—N* angle, 74.0(2), and two chlorine atoms  ments of the metal center can be adjusted by modifying the

were also located cis to one another{Zr—CI* angle, 100.38- ligand structure, because the phenekyine ligand has multiple
(5)°). The torsion angle of ZN—C2—CP was 59.8(4). sites for introducing or changing the substituent(s). Hence, we
Consequently, the calculated isomeric structuces|, for investigated the catalytic performance of the derivatives of

complex1 was found to be entirely consistent with the results complex1.
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Table 4. Ethylene Polymerization Using Complexés 15MAQO?
~ZI'CIQ
R!
substituent complex yield M,
engry complex R R? R3 amt mol) (9) activity? x 1074 Muw/My,
1 1 H t-Bu Ph 0.02 0.92 550 0.9 2.06
2 2 Me t-Bu Ph 0.02 0.55 331 0.7 2.00
3 3 H Me Ph 5.00 0.18 0.4 0.3 231
4 4 H i-Pr Ph 5.00 0.39 0.9 0.6 2.48
5 5 Me amantyl Ph 0.02 1.19 714 1.2 2.69
6 6 Me cumyl Ph 0.01 1.75 2096 1.8 7.20
7 7 Me cumyl cyclohexyl 0.005 1.80 4315 15 1.88
8 8 H t-Bu 2-Me-GH, 0.50 1.68 40 32 2.13
9 9 H t-Bu 24-Pr-GsHa 0.50 241 58 113 2.61
10 10 H t-Bu 24-Bu-CgH4 5.00 0.23 0.1 >274 d
11 11 H t-Bu 3,5-dit-Bu-CgH- 0.10 2.03 244 2.6 1.79
12 12 H t-Bu 4+4-Bu-CgH4 0.10 2.26 271 0.7 2.03
13 13 H t-Bu 2,6-dii-Pr-GsHs 5.00 trace
14 14 Me adamantyl 2-Pr-GsH, 0.10 0.19 23 153 d
15 15 cumyl cumyl 24-Pr-GsHa 0.20 0.72 43 220 d

a Conditions: 25°C, 0.1 MPa ethylene pressure; MAO (Al), 1.25 mmol; solvent, toluene 250 mL; polymerization time, entfie1, 12, 14,
and 15 5 min, entries 10 and 13 30 miActivity, kg of polymer/mmol of cat. ¢ Obtained from the polyethylene soluble in Decalin under
intrinsic viscosity measurement conditiods2olymer did not dissolve wholly in-dichlorobenzene under GPC measurement conditions.

/‘ adamantyl \

Figure 5. X-ray structure of comple%. Thermal ellipsoids are shown
at 50% probability level. Hydrogen atoms are omitted for clarity.

Table 4 summarizes the catalytic performance of pheroxy
imine zirconium complexes as a result of introducing and/or
changing substituent(s) at thé-RR3 position.

(a) Polymerization Activity. These data demonstrate that
changing the alkyl substituent at thé Position significantly
affects the polymerization activity. For compl8xR2 = Me)
and complex4 (R? = i-Pr), activities decreased to 0.MI{ =
0.3 x 10% and 0.9 kg of polymer/mmol of cdt (M, = 0.6 x
10%, respectively. Alternatively, replacement of tteat-butyl
group at the Rposition in complex2 with a sterically larger
adamantyl group or a cumyl group enhanced polymerization
activity and slightly increased,, compared to comple®.
Complexess and 6 displayed activities of 714M, = 1.2 x
10% and 2096 kg of polymer/mmol of cdt (M, = 1.8 x 10%),
respectively.

The X-ray structure of complek is depicted in Figure 5.
The molecular structure of compléxis practically the same
as that of complexd (Table 5).

The enhancement in catalytic activity may be ascribed to the

Table 5. Selected Bond Distances, Bond Angles, and Torsion
Angles for Complexed and5?

1 5
Bond Distances (&)
Zr-0 1.985(2) 1.97(1)
Zr—N 2.355(2) 2.38(1)
Zr—Cl 2.4234(9) 2.372(4)
Bond Angles (deg)
O—Zr—0* 165.5(1) 162.4(1)
N—Zr—N* 74.0(1) 76.8(1)
Cl-Zr—CI* 100.38(5) 98.91(6)
0-Zr—N 91.10(9) 90.2(4)
O—Zr—N* 77.26(8) 78.1(4)
0-zr—ClI 95.27(7) 96.1(3)
O—zr—CI* 93.99(7) 94.8(3)
N—Zr—ClI 93.45(6) 92.0(3)
N—Zr—ClI* 164.30(6) 167.2(3)
Zr—0-C¢ 146.5(2) 148.5(8)
Torsion Angles (deg)
Zr—N—-Ca-CP 59.8(4) 63(1)

aNumbers in parentheses are estimated standard deviations of the
last significant figure. Atoms are labeled as indicated in Figures 3 and

anionic cocatalyst as a result of the introduction of bulkier alkyl
substituents in the Rposition. Separation of catieranion pair
allows more space for ethylene to coordinate to the metal and
for its insertion into the carbonmetal bond?® Moreover,
electronically, the separation increases the degree of unsaturation
associated with the cationic active species and thus enhances
the reactivity toward ethyleri®a
Changing the phenyl group on the imine nitrogen of complex
6 to a cyclohexyl group further enhanced activity, probably due
to the electron-donating effects of an aliphatic group at the R
position. Complex’, featuring a cyclohexyl group on the imine
nitrogen, afforded an unprecedented activity of 4315 kg of

g i VIt ! " (29) (a) Mack, H.; Eisen, M. SJ. Orgmet. Chem1996 525, 81—87.
effective separation between the cationic active species and thgb) Horton, A. D.; de Width, JChem. Commuri996 1375-1376.
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Scheme 4
o 2 9
N Ny ZrCl
LoD
3 4 1
04kg < 09kg << 550kg

¢ (9]

_jzzlrcr2 -g- ;ZrCIz
L%,

2096kg < 4315kg

G

?
2

331kg < 7l4kg <

Ethylene polymerization activity (-polymer/mmol-cat-h)

polymer/mmol of cah (My = 1.5 x 10% at 25 °C at

atmospheric pressure. This activity corresponds to a catalyst

turnover frequency (TOF) value of 42 90@&sn. To the best
of our knowledge, this TOF value is one of the largest not only
for olefin polymerization but for any catalytic reaction at
atmospheric pressure conditions (see Schenie?4§°

(b) Molecular Weight of the Polymer. The introduction of
an alkyl group at the ortho position of the phenyl group at the
RS position dramatically increased the molecular weight values
of polyethylene. Comple8 (R3, 2-methylphenyl) displayed an
M, value of 32x 10% In addition, complexd (R3, 2-isopro-
pylphenyl) provided anM, value of 113 x 10% which is
comparable to that obtained from £ZpCl,. Moreover, complex
10 (R®, 2-tert-butylphenyl) produced high molecular weight
polyethylene, which did not dissolve completely in Decalin
under the intrinsic viscosity measurement conditions. In fact,
the M, value for the soluble part of the polyethylene produced
by complex10was 274x 10% In contrast, the introduction of
m- or p-tert-butyl(s) on the phenyl group at the Bosition gave
no significant changes iM, values, as was observed for
complexesl1 and12. The described increase in tMy, values
is probably due to a decrease in fhydride elimination rate

J. Am. Chem. Soc., Vol. 123, No. 28, 26853

B
-43 kJ/mol

Model A

-29 kJ/mol

Figure 6. stabilization energiesAEs) as a result off-agostic
interaction. Cationic complex modefsandB stand for active species
derived from complexe& and 9, respectively. All hydrogens except
theS-hydrogen are omitted. An-propyl group is employed as a model
of a polymer chain.

(derived from complex 9)

an adamantyl or a cumyl group at thé Rosition, provided
polyethylene having highe¥l, values of 153x 10* and 220x
104, respectively.

These results suggest that molecular weight of the polymer
obtained from these catalysts are strongly dependent on the
bulkiness of the substituents placed in the vicinity of active site.
Table 4 together with Table 2 shows that zirconium complexes
having two phenoxyimine ligands are capable of controlling
the molecular weight of the resulting polymé,(0.3 x 10—

505 x 10% by changing the ligand structure and by the choice
of the cocatalyst (see Scheme 5).

that is a consequence of the increased steric congestion near

the polymerization centét. Theoretical calculations support this
explanation. Namely, the stabilization energyEg) as a result

of p-agostic interaction of the active species, derived from
complex9 (model B; Figure 6 right), is smaller than that for
complex1 (modelA; Figure 6 left), due to the steric repulsion
of a f-hydrogen and an isopropyl group. Thus, the introduced
o-isopropyl group sterically blocks access to transition state
needed to promotg-hydride elimination.

However, complex13, possessing 2,6-diisopropylphenyl
group at the R position displayed practically no ethylene
polymerization activity, probably due to overwhelming steric
congestion derived from two isopropyl groups. The use of the
2,6-diisopropylphenyl substituent in ligands for olefin polym-

Experimental Section

General Comments. Materials. Dried solvents (diethyl ether,
tetrahydrofuran (THF), dichloromethamrehexanen-pentane) used for
complex synthesis were purchased from Wako Pure Chemical Indus-
tries, Ltd. and used without further purification. Toluene used as a
polymerization solvent (Wako Pure Chemical Industries, Ltd.) was dried
over ALO; and degassed by the bubbling of nitrogen gas. Phenol
compounds, amine compounds, and paraformaldehyde for ligand
synthesis were purchased from Aldrich Chemical Co., Inc., Wako Pure
Chemical Industries, Ltd., Acros Organics, or Tokyo Kasei Kogyo Co.,
Ltd. An ethylmagnesium bromide diethyl ether solution and an
n-butyllithium hexane solution were purchased from Tokyo Kasei
Kogyo Co., Ltd. and Kanto Chemical Co., Inc., respectively. ZrCl
CpZrCl, (Wako Pure Chemical Industries, Ltd.) and Z(@HF),

erization catalysts based on late transition metals has been(Strem Chemicals, Inc.) were used without further purification. Ethylene

employed to advantadé;1® but this is not the case in our
system.

Interestingly, changing the®ubstituent of compleQ from
the tert-butyl group to an adamantyl group or a cumyl group
further enhanced molecular weight. Thus, complekésand
15, having a 2-isopropylphenyl group at thé Rosition, and

(30) Alt, H. G.; Milius W.; Palackal, S. 3. Organomet, Chen1.994
472 113-118.

(31) DFT calculations suggest thgthydrogen transfer to ethylene is
sterically unfavored compared with that to the Zr metal for the Zr complexes
used in this study.

and propylene were obtained from Sumitomo Seika Co. and Mitsui
Chemicals, Inc., respectively. Cocatalysts: Methylalmoxane (MAO)
was purchased from Albemarle as a 1.2 M of a toluene solution, and
remaining trimethylaluminum was evaporated in vacuo prior to use.
PhCB(CsFs)4 (Asahi Glass Co., Ltd.) aneBusAl (Tosoh Akzo Corp.)
were used as received.

Ligand and Complex Analyses.NMR spectra were recorded on
JEOL 270 or NEC-LA500 spectrometers at ambient temperatures.
Chemical shifts for'H NMR were referenced to internal solvent
resonance and reported relative to tetramethylsilane. The melting point
(mp) of a ligand was measured by a melting point microapparatus from
Yanagimoto Seisakusho. FD-MS spectra were recorded on an SX-102A
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Scheme 5

(1) Steric effects of R substituents
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Mv values of polyethylene

from Japan Electron Optics Laboratory Co., Ltd. Elemental analysis
for CHN was carried out by a CHNO type from Helaus Co. Elemental
analysis for Zr was done using the ICP method with a Shimadzu ICPS-
8000 after dry ashing and dilute nitric acid dissolution.

Polymer Characterization. 13C NMR data for polyethylene were
obtained using-dichlorobenzene with 20% benzedgas a solvent at
120°C. The intrinsic viscosity#}] was measured in Decalin at 136
using an Ubbelohde viscometer. Viscosity average molecular weight
(My) values of polyethylene were calculated by the following equation:
32[p] = 6.2 x 107*M,%". M, values of ethylenepropylene copolymers
and molecular weight distributiomM,/M,) values of polyethylene and
ethylene-propylene copolymers were determined using a Waters 150-C
gel permeation chromatograph at 45using polyethylene calibration
and equipped with three TSKgel columns (two sets of TSKgelGMH
H(S)HT and TSKgelGMKB-HTL). o-Dichlorobenzene was employed
as a solvent at a flow rate of 1.0 mL/min. Transition melting
temperaturesT(,) of the polymers were determined by DSC with a
Perkin-Elmer DSC-7 differential scanning calorimeter, measured upon
reheating the polymer sample to 200 at a heating rate of 10C/
min. Propylene contents of the copolymers were determined by IR
analyses?

SynthesesLigand syntheses were carried out under nitrogen in oven-
dried glassware. All manipulations of complex syntheses were per-
formed with exclusion of oxygen and moisture under argon using
standard Schlenk techniques in oven-dried glassware.

Preparation of Bis[N-(3-tert-butylsalicylidene)anilinato]zirconium-

(IV) Dichloride (1). (a) Ligand Synthesis.A 3.0 M ethylmagnesium
bromide diethyl ether solution (18.5 mL, 55.5 mmol) was added
dropwise to a stirred solution of @rt-butylphenol (7.51 g, 50.0 mmol)

in THF (40 mL) at room temperature. After the mixture was stirred
for 2 h, toluene (100 mL) was added. After the diethyl ether and the
THF were removed by distillation, a mixture of triethylamine (7.59 g,
75.0 mmol) and paraformaldehyde (3.95 g (95% purity), 125.0 mmol)
in toluene (50 mL) was added, and the mixture was stirre®fh at

95 °C. The resulting reaction mixture was pourediitN HCI (250

Matsui et al.

gel using hexane as eluent to giveedt-butylsalicylaldehyde (7.33 g,
41.1 mmol) as a pale yellow oil in 82% yieltkHH NMR (CDCk): 6
1.43 (s, 9H{-Bu), 6.95 (dd, 1HJ) = 7.3, 7.3 Hz, aromatic-H), 7.40 (d,
1H, J = 7.3 Hz, aromatic-H), 7.53 (d, 1H, = 7.3 Hz, aromatic-H),
9.88 (s, 1H, CH=0), 11.79 (s, 1H, OH). To a stirred mixture oft&@-
butylsalicylaldehyde (2.34 g, 13.4 mmol) and molecular sieves 3A (2
g) in ethanol (20 mL), a solution of aniline (1.41 g, 15.1 mmol) in
ethanol (10 mL) was added dropwise over a 1-min period at room
temperature. The mixture was stirred for 16 h and filtered. The
molecular sieves 3A were washed with ethyl acetate (20 mL). The
combined organic filtrates were concentrated in vacuo to afford a crude
imine compound. Purification by column chromatography on silica gel
using hexane/ethyl acetate (10/1) as eluent gs(8-tert-butylsali-
cylidene)aniline (3.23 g, 12.8 mmol) as an orange oil in 95% yidid.
NMR (CDCl): 6 1.47 (s, 9H}-Bu), 6.82-7.48 (m, 8H, aromatic-H),
8.64 (s, 1H, CH=N), 13.95 (s, 1H, OH}*
(b) Complex SynthesisTo a stirred solution oN-(3-tert-butylsali-
cylidene)aniline (2.533 g, 10.00 mmol) in THF (100 mL)-a¥8 °C,
a 1.61 Mn-butyllithium hexane solution (6.52 mL, 10.50 mmol) was
added dropwise over a 5-min period. The solution was allowed to warm
to room temperature and stirred for 2 h. The resulting solution was
added dropwise over a 30-min period to a stirred solution of ZrCl
(THF), (1.886 g, 5.00 mmol) in THF (100 mL) at €. The mixture
was allowed to warm to room temperature and stirred for 15 h. After
removal of the solvent, the product was extracted with,Clk
Filteration following removal of the volatile gave a yellow solid. The
solid was recrystallized from a dichloromethane/diethyl ether (1/4)
solution at—40 °C to give complexl (1.743 g, 2.61 mmol) as
fluorescent yellow single crystals in 52% yieltH NMR (CDCk): 6
1.33-1.59 (m, 18Ht-Bu), 6.78-7.42 (m, 16H, aromatic-H), 8.12 (s,
2H, CH=N). EtO of crystallization: [1.20 (t, 6HJ = 5.2 Hz, CH),
3.48 (g, 4H,J = 5.2 Hz, CH)]. Anal. Found: C, 60.86; H, 5.36; N,
3.67; Zr, 12.70. Calcd for Zr&gH3zeN2O,.Cl, + ELO: C, 61.60; H, 6.26;
N, 3.78; Zr, 12.31. FD-MS, 664 (N).
Bis[N-(3-tert-butyl-5-methylsalicylidene)anilinato]zir-
conium(lV) Dichloride (2). Ligand N-(3-tert-Butyl-5-methylsali-
cylidene)aniline as orange crystals: mp 85. 'H NMR (CDCl) ¢
1.46 (s, 9Ht-Bu), 2.32 (s, 3H, Me), 7.057.38 (m, 7H, aromatic-H),
8.59 (s, 1H, CH=N), 13.50 (s, 1H, OH).2) as fluorescent yellow
crystals: 'H NMR (CDClg) 6 1.22-1.61 (m, 18Ht-Bu), 2.21-2.36
(m, 6H, Me), 6.78-7.45 (m, 14H, aromatic-H), 7.988.11 (m, 2H,
CH=N). Anal. Found: C, 61.87; H, 5.57; N, 3.81. Calcd for
ZrCseHaoN20,Cly: C, 62.23; H, 5.80; N, 4.03. FD-MS, 694 (W
Bis[N-(3-methylsalicylidene)anilinato]zirconium(lV) Dichloride
(3). Ligand N-(3-methylsalicylidene)aniline as a pale orange 6H
NMR (CDCl) ¢ 2.36 (s, 3H, Me), 6.767.49 (m, 8H, aromatic-H),
8.86 (s, 1H, CH=N), 13.59 (s, 1H, OH). 3 as a green-yellow
powder: *H NMR (CDCl;) 6 1.50-2.50 (m, 6H, Me), 6.567.62 (m,
16H, aromatic-H), 8.068.12 (m, 2H, CH=N). Anal. Found: C, 57.90;
H, 4.47; N, 4.74. Calcd for ZrggH»sN,0O.Cly: C, 57.72; H, 4.15; N,
4.81. FD-MS, 582 (M).
Bis[N-(3-isopropylsalicylidene)anilinato]zirconium(IV) Dichloride
(4). Ligand N-(3-isopropylsalicylidene)aniline as a red-brown oit4
NMR (CDCl) ¢ 1.16-1.52 (m, 6H, Me), 3.163.69 (m, 1H, CH),
6.78-7.57 (m, 8H, aromatic-H), 8.65 (s, 1H, GHN), 13.68 (br s, 1H,
OH). (4) as a pale green-yellow powdetH NMR (CDCl) 6 0.80—
143 (m, 12H, Me), 2.743.32 (m, 2H, CH), 6.137.37 (m, 16H,
aromatic-H), 7.89-8.17 (m, 2H, CH=N). Anal. Found: C, 59.86; H,
4.88; N, 4.46. Calcd for ZrgHsN,0O-Cly: C, 60.17; H, 5.05; N, 4.39.
FD-MS, 638 (M).
Bis[N-(3-adamantyl-5-methylsalicylidene)anilinato]zirconium-
(IV) Dichloride (5). Ligand N-(3-adamantyl-5-methylsalicylidene)-
aniline as an orange powder: mp-334°C.*H NMR (CDCl) 6 1.53—
2.30 (m, 15H, adamantyl), 2.34 (s, 3H, Me), 7=0042 (m, 7H,
aromatic-H), 8.59 (s, 1H, CHN), 13.72 (br s, 1H, OH).5) as yellow

mL) at 0°C. The organic phase was separated, and the aqueous phas%rystals: IH NMR (CDCls) 6 1.30-2.41 (m, 30H+ 6H, adamantyl,

was extracted with diethyl ether (200 mt 3). The combined organic
phases were dried over P8O, and evaporated in vacuo to give a
yellow oil, which was purified by column chromatography on silica

(32) Chiang, RJ. Polyme.r Sci1959 36, 91-103.
(33) Tosi, C.; Simonazzi, TAngew. Makromol. Chenl973 32, 153.

Me), 6.80-7.42 (m, 14H, aromatic-H), 8.09 (s, 2H, &H). Anal.

(34) Single crystals of complexesand 5 displayedH NMR spectra
having small complicated peaks in addition to the peaks assignable for the
structure of typeisd, suggesting that the zirconium complexes investigated
in this study exist as isomeric mixtures in solution.
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Found: C, 68.04; H, 6.53; N, 3.41. Calcd for Zg8s:N,O.Cly: C,
67.74; H, 6.16; N, 3.29. FD-MS, 850 (M.
Bis[(3-cumyl-5-methylsalicylidene)anilinato]zirconium(lV) Dichlo-
ride (6). Ligand N-(3-cumyl-5-methylsalicylidene)aniline as an orange
oil: *H NMR (CDCl) 6 1.76 (s, 6H, cumyl-Me), 2.38 (s, 3H, aromatic-
Me), 7.11-7.41 (m, 12H, aromatic-H), 8.51 (s, 1H, E#\), 13.16
(br s, 1H, OH). 6) as a yellow powder:*H NMR (CDCL) 6 1.35—
1.65 (m, 12H, cumyl-Me), 1.762.11 (m, 6H, aromatic-Me), 6.25
8.05 (m, 24H+ 2H, aromatic-H, CH=N). 0.5E+O of crystallization:
[1.23 (t, 3H,J = 5.4 Hz, CH), 3.49 (q, 2H,J = 5.4 Hz, CH)]. Anal.
Found: C, 67.61; H, 5.49; N, 3.18. Calcd for ZgHsNO.Cly-
(0.5GH;00): C, 67.35; H, 5.77; N, 3.27. FD-MS, 818 (M
ZTC46H44N 202C | 2) .
Bis[(3-cumyl-5-methylsalicylidene)cyclohexylaminato]zirconium-
(IV) Dichloride (7). Ligand N-(3-cumyl-5-methylsalicylidene)cyclo-
hexylamine as a pale yellow powder: mp 387 °C. *H NMR
(CDCls) 6 1.09-1.68 (m, 10H, cyclohexyl-Ch}, 1.73 (s, 6H, cumyl-
Me), 2.33 (s, 3H, aromatic-Me), 3.68.22 (m, 1H, cyclohexyl-CH),
6.91-7.30 (m, 7H, aromatic-H), 8.25 (s, 1H, G#N), 13.40 (br s, 1H,
OH). (7) as a yellow powder!H NMR (CDCl) 6 0.84-2.00 (m, 20H,
cyclohexyl-CH), 1.83 (s, 6H, cumyl-Me), 1.96 (s, 6H, cumyl-Me), 2.27
(s, 3H, aromatic-Me), 2.37(s, 3H, aromatic-H), 3.47 (m, 2H, cyclohexyl-
CH), 6.90-7.48 (m, 14H, aromatic-H), 8.09 (s, 2H, €HN). 0.5EtO
of crystallization: [1.21 (t, 3HJ =5.3 Hz, CH), 3.49 (q, 2HJ=5.3
Hz, CH,)]. Anal. Found: C, 66.89; H, 6.22; N, 3.51. Calcd for
ZrCueHseN20,Clo(0.5GH100): C, 67.19; H, 5.99; N, 3.26. FD-MS, 830
(M+, ZrC45H56N202C|2).
Bis[N-(3-tert-butylsalicylidene)-2-methylanilinato]zirconium-
(Iv) Dichloride (8). Ligand N-(3-tert-butylsalicylidene)-2methyla-
niline as an orange oil*H NMR (CDCl) 6 1.50 (s, 9H,t-Bu), 2.49
(s, 3H, Me), 6.817.58 (m, 7H, aromatic-H), 8.60 (s, 1H, GHN),
13.61 (s, 1H, OH).§) as a yellow powderiH NMR (CDCl3) 6 1.08—
1.71 (m, 18H,t-Bu), 2.33-2.45 (m, 6H, Me), 6.447.70 (m, 14H,
aromatic-H), 8.08-8.28 (m, 2H, CH=N). Anal. Found: C, 61.85; H,
5.91; N 3.55. Calcd for ZrggH4oN2O,Clo: C, 62.23; H, 5.80; N, 4.03.
FD-MS, 694 (M).
Bis[N-(3-tert-butylsalicylidene)-2risopropylanilinato]zirconium-
(IV) Dichloride (9). Ligand N-(3-tert-butylsalicylidene)-2isopropy-
laniline as an orange oitH NMR (CDCl;) 6 1.26 (d, 6HJ = 5.6 Hz,
Me), 1.48 (s, 9H1-Bu), 3.46 (q, 1HJ = 5.6 Hz, CH), 6.85-7.50 (m,
7H, aromatic-H), 8.55 (s, 1H, GHN), 13.79 (s, 1H, OH).9) as a
yellow powder: *H NMR (CDCls) ¢ 0.90-1.35 (m, 12H+ 18H, Me,
t-Bu), 3.106-3.31 (m, 2H, CH), 6.367.70 (m, 14H, aromatic-H), 8.68
8.29 (m, 2H, CH=N). Anal. Found: C, 63.57; H, 6.41; N, 3.34. Calcd
for ZrCsoHasN-0,Cl,: C, 63.98; H, 6.44; N, 3.73. FD-MS, 750 (1
Bis[N-(3-tert-butylsalicylidene)-2-t-butylanilinato]zirconium-
(IV) Dichloride (10). Ligand N-(3-tert-butylsalicylidene)-2tert-bu-
tylaniline as an orabge oil*H NMR (CDCl) 6 1.42 (s, 9H,t-Bu),
1.43 (s, 9Ht-Bu), 6.60-7.69 (m, 7H, aromatic-H), 8.49 (s, 1H, GH
N), 13.57 (s, 1H, OH).X0) as a pale yellow powderrH NMR (CDCl)
0 1.43 (s, 18Ht-Bu), 1.47 (s, 18Ht-Bu), 6.85-7.60 (m, 12H, aromatic-
H), 8.35 (s, 2H, CH=N). Anal. Found: Zr, 12.06; C, 61.89; H, 6.99;
N, 3.13%5 Calcd for ZrG,Hs,N,O.Cly: Zr, 11.71; C, 64.76; H, 6.73;
N, 3.60. FD-MS, 778 (M).
Bis[N-(3-tert-butylsalicylidene)-3,5'-di-tert-butylanilinato]zirco-
nium(lV) Dichloride (11). Ligand N-(3-tert-butylsalicylidene)-35'-
di-tert-butylaniline as yellow crystals: mp 13637 °C. *H NMR
(CDClg) 6 1.37 (s, 18H,t-Bu), 1.50 (s, 9H), 6.867.49 (m, 6H,
aromatic-H), 8.64 (s, 1H, CHN), 14.10 (s, 1H, OH).X1) as a yellow
powder: 'H NMR (CDCls) ¢ 0.80-1.30 (m, 54Ht-Bu), 6.69-7.51
(m, 12H, aromatic-H), 8.35 (s, 2H, G#N). Anal. Found: C, 67.57;
H, 7.41; N, 3.34. Calcd for Zr&HesN.O.Cl,: C, 67.38; H, 7.6; N,
3.14. FD-MS, 890 (M).
Bis[N-(3-tert-butylsalicylidene)-4-tert-butylanilinato]zirconium-
(IV) Dichloride (12). Ligand N-(3-tert-butylsalicylidene)-4tert-bu-
tylaniline as a yellow oil:*H NMR (CDCl;) 6 1.36 (s, 9H, tBu), 1.49
(s, 9H,t-Bu), 6.82-7.54 (m, 7H, aromatic-H), 8.63 (s, 1H, GHN),
14.00 (s, 1H, OH).X12) as a yellow powder*H NMR (CDCl;) 6 1.14
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Table 6. Summary of Crystallographic Data for Complexes
1 and5

1 5
A. Crystal Data
empirical formula ZrG4H3zeN20.Cly/ ZrCygHsN,0.Cl;
Et,O
fw 740.92 851.08

crystal color, habit
crystal demens (mm)

colorless, prismatic  colorless, prismatic
0.28 0.20x 0.20 0.20x 0.20 x 0.20

crystal system monoclinic monoclinic
a(h) 25.464(9) 15.561(2)
b (A) 8.763(6) 19.636(2)
c(A) 17.119(6) 13.776(1)
S (deg) 100.00(3) 95.715(9)
V (A3) 3761(3) 4188.6(8)
space group C2/c (No. 15) Cc (No. 9)
4 4
Dealca (g/Cn¥) 1.177 1.350
Fooo 1376.00 1776.00
« (Mo Ka) (cm™?) 4.61 4.31
B. Data Collection
A (I\g‘o Ka radiation)  0.710 69 0.710 69
(A)
temperature°C) 23.0 23.0
20max 55.0 55.0
no. of total reflns 4707 4983

no. of unique reflns 4602R: = 0.030) 4812 R = 0.014)
C. Structure Solution and Refinement

no. of observns 3302 3799
(I > 3.0(1))

no. of variables 211 497

refln/param ratio 15.65 7.64

residuals: R; Rw 0.039; 0.041 0.033; 0.034

goodness-of-fit 1.87 1.13
indicator

max shift/error in 6.11 3.19
fit indicator

max peak in final diff 0.44 0.19
map (e/A3)

min peak in final diff —0.36 -0.21
map (e/A3)

(s, 18H,t-Bu), 1.37 (s, 18Ht-Bu), 6.68-7.42 (m, 14H, aromatic-H),
8.10 (s, 2H, CH=N). Anal. Found: C, 64.90; H, 6.70; N, 3.95. Calcd
for ZrCsHs,N,O,Clo: C, 64.76; H, 6.73; N, 3.60. FD-MS, 778 (M
Bis[N-(3-tert-butylsalicylidene)-26'-diisopropylanilinato]zirconium-
(IV) Dichloride (13). Ligand N-(3-tert-butylsalicylidene)-%'-diiso-
propylaniline as a yellow oil!H NMR (CDCl) 6 1.18 (d, 12HJ =
5.6 Hz, Me), 1.49 (s, 9Ht-Bu), 2.89-3.13 (m, 2H), 6.8%+7.52 (m,
6H, aromatic-H), 8.29 (s, 1H, GHN), 13.59 (s, 1H, OH).13) as a
pale yellow powder:'H NMR (CDCl;) ¢ 1.21 (d, 24H,J = 5.6 Hz,
Me), 1.49 (s, 18Ht-Bu), 2.89-3.20 (m, 2H, CH), 6.847.60 (m, 12H,
aromatic-H), 8.35 (s, 2H, CHN). Anal. Found: C, 66.44; H, 7.41;
N, 3.45. Calcd for ZrGgHeoN20-Clz: C, 66.16; H, 7.24; N, 3.35. FD-
MS, 834 (M").
Bis[(3-adamantyl-5-methylsalicylidene)-2isopropylanilinato]zir-
conium(lV) Dichloride (14). Ligand N-(3-adamantyl-5-methylsali-
cylidene)-2-isopropylaniline as a yellow powder: mp 16062 °C.
'H NMR (CDCly) ¢ 1.26 (d, 6H,J = 5.6 Hz, Me), 1.81(s, 6H,
adamantyl-CH), 2.12 (s, 3H, adamantyl-CH), 2.21 (s, 6H, adamantyl-
CHy), 2.31 (s, 3H, aromatic-C§)j, 3.41-3.68 (m, 1H, CH), 6.957.47
(m, 6H, aromatic-H), 8.48 (s, 1H, C#N), 13.50 (s, 1H, OH).X4) as
a yellow powder:*H NMR (CDCls) ¢ 0.80—-0.95 (m, 12H, isopropyl-
Me), 1.05-2.40 (m, 30H, adamantyl), 2.32 (s, 6H, aromatic-Me), 3.65
3.88 (m, 2H, CH), 6.467.55 (m, 12H, aromatic-H), 8.628.25 (m,
2H, CH=N) Anal. Found: C, 63.57; H, 6.41; N, 3.34. Calcd for
ZrC54H64N202CI2: C, 6335, H, 690, N, 3.00. FD-MS, 935 CM
Bis[(3,5-dicumylsalicylidene)-2-isopropylanilinato]zirconium-
(IV) Dichloride (15). Ligand N-(3, 5-dicumylsalicylidene)-2isopro-
pylaniline as a yellow oil:*H NMR (CDCl) ¢ 1.14 (d, 6H,J = 5.7

(35) Reasonable elemental analysis data for CHN were not obtained sinceHz, Me), 1.71 (s, 6H, cumyl-Me), 1.72 (s, 6H, cumyl-Me), 3-23.29

complex10 was unstable and decomposed on standing.

(m, 1H, CH), 6.88-7.39 (m, 16H, aromatic-H), 8.64 (s, 1H, GH\),
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13.16 (br s, 1H, OH).15) as a yellow powder!H NMR (CDCLy); 6.
1.14 (d,J = 5 Hz, 12H, isopropyl-Me), 1.71, (s, 12H, cumyl-Me),
1.73 (s, 12H, cumyl-Me), 3.763.80 (m, 2H, CH), 6.967.41 (m, 32H,
aromatic-H), 8.42 (s, 2H, CHN). Anal. Found: C, 73.57; H, 6.41;
N, 2.34. Calcd for Zr@H2N.O.Cl,: C, 73.48; H, 6.53; N, 2.52. FD-
MS, 1110 (M).

X-ray Crystallography. The x-ray structure analyses data were
collected using a Rigaku AFC7R diffractometer, and the structure
solution and refinement were performed by using the TeXan crystal
structure analysis packagfeExperimental data for the X-ray diffraction
analyses of complexesand5 are summarized in Table 6.

DFT Calculations.®” All calculations were performed at the gradient-
corrected density functional BLYP level by means of the Amsterdam
Density Functional (ADF) program. We used the triglSTO basis
set on the zirconium and the douleSTO basis set on the N, O, and
n-Pr as a model of a polymer chain and the sing®TO basis set on
the other atoms to calculate the optimized geometries. For energy
calculations, the triplé STO basis set on the zirconium and the double
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polymerization, except for using ethylene (100 L/h) and propylene (100
L/h) instead of ethylene as the olefin gas feed. After a prescribed time,
isobutyl alcohol (10 mL) was added to terminate the polymerization,
and the olefin gas feed was terminated. To a resulting mixture,
concentrated HCI (2 mL) was added, and the mixture was washed with
water (250 mLx 3) and concentrated in vacuo to give the polymer.
The polymer was dried in vacuo at 13Q for 10 h.

Conclusion

We demonstrated that a new family of zirconium complexes
with two phenoxy-imine ligands possesses the very high
catalytic performance for ethylene polymerization. Both the
maximum activity value, 4315 kg of polymer/mmol of dat
displayed by bid{i-(3-cumyl-5-methylsalicylidene)cyclohexy-
laminato]zirconium(lV) dichloride/MAO, and the molecular
weight value,M, 505 x 10% obtained from bid{-(3-tert-
butylsalicylidene)anilinato]zirconium(lV) dichloride/g@B-

¢ plus polarization STO basis set on the other atoms were used and(CeFs)4/i-BusAl are some of the highest values exhibited by

the quasi-relativistic correction was also added.
Ethylene Polymerization.Ethylene polymerization was carried out

homogeneous olefin polymerization catalysts including the
metallocene catalysts. Moreover, we revealed that the zirconium

under atmospheric pressure in toluene in a 500-mL glass reactorcomplexes are capable of controlling tNg values of poly-

equipped with a propeller-like stirrer. Toluene (250 mL) was introduced
into the nitrogen-purged reactor and stirred (600 rpm). The toluene

ethylene M, 0.3 x 10*-505 x 10* Therefore, the zirconium
complexes introduced in this paper have high potential as a new

was thermostated to a prescribed polymerization temperature, and theryeneration of olefin polymerization catalysts.

the ethylene gas feed (100 L/h) was started. After 15 min, polymeri-
zation was initiated by adding a toluene solution of the cocatalyst and
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